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Abstract

Thesis Abstract

“Construction of 2-Azabicyclo[m.n.0]alkane Ring Systems: Towards the Total Synthesis of (-)-
Stenine and Related Alkaloids”

The present dissertation is divided into four chapters. Chapter one deals with the significance
of 2-azabicyclo[m.n.0]alkane ring systems in the natural products and literature survey on the
preparation of cis-octahydroindole, cis-decahydroquinoline and cis-decahydro-[1H]-benzo[b]
azepine ring systems. Chapter two describes our synthetic planning and a successful general
synthetic route for the costruction of the three 2-azabicyclic ring systems using a common
intermediate. Chapter three depict the efforts toward the synthesis of Strychnos class of
alkaloids by utilizing our synthesized hexahydroindole scaffold. Similarly chapter four
describes an efficient approach toward the synthesis of stemona class of alkaloids and the
synthesis utilizes our synthesized cis-decahydro-[1H]-benzo[b]azepine scaffold.

Chapter 1: 2-azabicyclo[m.n.0]alkane ring systems and their importance in the natural
product synthesis.

[m.n.0]-Bicyclo-2-azaalkane scaffolds are embedded in various biologically important natural
products frameworks and their derivatives displaying potent diverse pharmacological and
physiological properties. These frameworks are well known and most popular in natural
products having 2-azabicyclo[3.4.0]nonane (octahydroindole), 2-azabicyclo[4.4.0]decane
(decahydroquinoline) and 2-azabicyclo[5.4.0]undecane (decahydro-1H-benzo[b]azepine)
rings (Fig 1). These three basic scaffolds (i.e. 1, 2 and 3) are present in biologically important
natural products such as strychnos, stemona, aspidosperma, amaryllidaceae, lycopodium,

lepadin and myrioneurinol class of alkaloids.

Ph. D. Thesis, Savitribai Phule Pune University, 2019 i
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Figure 1: Structures of the most abundant 2-azabicyclo[m.n.0]alkane ring system (m =3, 4,
5 and n=4.) including their alternate [UPAC nomenclature related to the both natural
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Abstract

Octahydroindole skeleton is present in strychnos, amaryllidaceae, aspidosperma, erythrina and
stemona class of alkaloids. Antimicrobial, antitumor or anticancer, cytotoxic, muscle relaxant
and hypotensive activities are known for strychnos alkaloids. Amaryllidaceae alkaloids have
DNA binding properties, antitumor, anti-viral, antifungal, and insect antifeedant activity.
Aspidosperma species have been commonly used in folk medicine as potential antimalarial
agents, antileishmaniasis; anti-inflammatory for uterus and ovary disorder. (+)-1bophyllidine,
(+)-desethylibophyllidine have antitumor activities.

The decahydroquinoline ring system is present in many naturally occurring biologically active
alkaloids such as cis-phlegmarine, lepadin, myrioneuron and lycopodium. These alkaloids
possess very important biological activities for wide range of therapeutic applications including

anticancer, neuroprotective (e.g. Alzheimer’s disease), analgesic and immunosuppressive.

The alkaloids related to the decahydro-1H-benzoazepine architecture comprises of stemona
alkaloids such as stenine, tuberostemonine, neostenine, neotuberostemonine. Iboga alkaloids
ibogamine and the lycopodium alkaloid fawcettimine also contain decahydro-1H-benzoazepin
e ring. Stemona alkaloids have been used for the treatments of respiratory ailments and also it

is associated with insecticidal, antihelmintic, antitussive and various neurochemical effects.

For the synthesis of these alkaloids large scale synthesis of 2-azabicyclic skeleton is required.
More important task is the asymmetric construction and proper stereochemical installation of
the 2-azabicyclic rings embedded in the polycyclic structures to accomplish the corresponding
total syntheses of the alkaloids. The later part of this chapter describes various synthetic

strategies developed for the construction of these three 2-azabicyclic scaffolds.

Chapter 2: Development of a General Synthetic Route to Access 2-Azabicyclo[m.n.0O]alka-

ne Ring Systems.

[6, 5], [6, 6] and [6, 7]-2-Azabicyclic framework offers an excellent platform for systematic
scaffolding towards the synthesis of diverse alkaloids. Although, numerous approaches are
developed for the construction of these bicyclic rings, there is no general strategy available to
construct such kind of azabicyclic scaffolds. In the context of the total synthesis of some
alkaloids having these scaffolds, we evaluated to develop a rational strategy to overcome the
synthetic challenges arising out due to the complexity of these natural products. To keep this
in mind, a common precursor or intermediate was visualised following a well-designed

chemical reaction (Fig. 2).

Ph. D. Thesis, Savitribai Phule Pune University, 2019 iii
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Figure 2: Conceptual overview of using a common intermediate to access 2-azabicyclic

skeleton

To demonstrate the synthetic potentiality of our approach, we have chosen to explore the wide
range of functionalisation and highly stereoselective ring opening of the facially biased,

strained bridge-azabicyclic ring 24 followed by ccyclisation(Scheme 1).

Reactive centers fo
functionalisation

NC ~ _ SO,Ph LI soph
ing opening o
SO.Ph by nucleophile Cyclisation
ARSI N h
Nﬁ NHBoc BocN
n=0,1,2
24 05 06

Scheme 1: Bridge-azabicyclic ring opening followed by cyclisation strategy.
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Synthesis of hydroindole scaffold:

In order to establish a stereoselective Michael addition step in the synthetic route, vinyl
magnesium bromide was used as a Grignard reagent to react with the primary scaffold 7-
azabicyclo[2.2.1]hept-2-ene 24. In the presence of cupric cyanide (CuCN) at -30 °C afforded
the Michael addition followed by in situ ring opening product 27.

,Ejloc SO,Ph SO,Ph SO,Ph
SO,Ph a | | b c | |
—_— —_— —_—
Lli\/// ? Z @/\
BocN

OH
NHBoc NHBoc
24 27 28 29
Hexahydroindole
scaffold

Scheme 2: Synthesis of hexahydroindole scaffold.

Reagents and conditions: a) Vinyl magnesium bromide( 1.8 eq), CUCN(1 eq), Dry THF + Ether
(1:1),-30°C, 4 h, 41%; b) i) 0.5M 9-BBN(1.5eq), 0 °C to rt, 12 h ii) 3M NaOAc, H20, 0 °C to
rt, 5 h, 62% (91% on brsm); c) mesyl chloride (MsCl), DMAP, EtsN (5eq), 0 °C to rt, 4 h, 76%.

Hydroboration of terminal olefin and the mesylation of the resulting alcohol 28 provided the
cyclised product to obtain the 2-azabicyclo[3.4.0]nonane skeleton (octahydroindole ring)
embedded with electron-deficient olefin 29 (scheme 2). Therefore, the olefin would direct for

further functionalisation of all the carbon centre of the carbocyclic ring.

The moderate yield (41%) of the Michael addition step using vinyl magnesium bromide and
inefficiency for scaling up the hydroboration necessitates to optimise the ring opening step and
subsequent cyclisation. Meanwhile, allyl magnesium bromide provided ring opening product
30 with an excellent yield. The oxidative cleavage gave the corresponding aldehyde 31 with
one carbon less and subsequent reductive amination with the tethered N-carbamate amine to

afford the desire hexahydroindole ring 29 (scheme 3).

EOC SOzPh SOzPh SOzph
SO2Ph —a> —b> —C>
/ N Yo
BocN

NHBoc NHBoc
24 30 31 29

Scheme 3: Scalable synthetic route for the synthesis of hexahydroindole ring system.
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Reagents and conditions: a) Allyl magnesium bromide( 1.8 eq), CUCN(1 eq), Dry THF + Ether
(1:1), -30 °C, 4 h, 93%; b) OsOs (0.01 eq), NalOs (4eq), 2,6-lutidine(2 eq),
dioxane:water(3:1),rt,2 h; ¢) NaCNBH3 (2 eq), THF:AcOH(9:1), 20 h, 91%.

Synthesis of cis-octahydroquinoline ring system:

With proof of the concept we planned to explore the potential of the synthetic intermediate 24
in the synthesis of other 2-azabicyclic ring system employing the same synthetic sequence The
most basic modification of the previously described synthetic route to hexahydroindoles would
be to vary the length of the carbon chain in the Grignard reagent to give the corresponding 2-
azabicyclic product. After having ring opening, product 32, we have followed the same reaction
pathway involving hydroboration and mesylation followed by cyclization with the tether Boc
protected amine to access cis-fused bicyclic ring. However, 33 failed to provide any cyclized
product 34 under the mesylation condition. We planned to follow deprotection-N-cyclization-
protection sequence to get the best yield of the cyclized product without any column
purification. The mesylate was subjected to N-Boc deprotection by in situ generated
trimethylsilyliodide (TMSI) followed by N-cyclization using ceasium carbonate as a mild base,

which gave the crucial cyclized product 34 (scheme 4).

Boc | |
\ b uy "
P a w H —»p
Lli\///soz h—> PhO,S NHBoc — PhO,S M NHBoc < hO,S NBoc

24 m H\

32

OH

Scheme 4: Synthesis of cis-octahydroquinoline ring system

Reagents and conditions: a) Allyl magnesium bromide( 1.8 eq), CUCN(1 eq), Dry THF + Ether
(1:1), -30 °C, 4 h, 93%; b) i) 0.5M 9-BBN in THF (1.5eq), Dry THF 0 °C to rt, 12 h ii) 3M
NaOAc, H202, 0 °C to rt, 5 h, 71% (90% on brsm); c) i) mesyl chloride(MsCl), EtsN, DMAP,
0 °C to rt, 2 h; ii) Nal, TMSCI, dry CH3CN, 0 °C to rt, 4 h; iii) Cs,COs3, dry CH3CN, rt, 48 h;
iv) Boc2O, EtsN, DMAP, 24 h, overall yield 51%.

Synthesis of cis-octahydro-2H-benzo[b]azepine scaffold:

Using the underlying philosophy and the principles developed for the hexahydroindoles,
octahydroquinolines ring systems, we postulate that it should be possible to access azepine ring
containing skeleton by lengthening the carbon chain of the corresponding Grignard reagent.

The Grignard reagent of 37 was derived from the TBS protected 1,4-bromoalcohol 36 which

Ph. D. Thesis, Savitribai Phule Pune University, 2019 Vi



Abstract

we made in multi-gram scale by refluxing tetrahydrofuran in presence of 40% hydrobromic

acid (scheme 5).

{ 5 a
Tetrahydrofuran 1,4-bromo butanol
35 36 37

Scheme 5: Preparation of TBS protected 1,4-bromoalcohol 37.

Reagents and conditions: a) 40% aqg. HBr, reflux, 2 h, 41%; b) TBSCI (1.2 eq), imidazole (2.2
eq), DMAP (0.1 eq) rt, 12 h, 88%.

The TBS protected Grignard reagent was reacted very smoothly with the common intermediate
24 to provide the desired ring opening product 38, which was subjected to 0.8N hydrochloric
acid to deprotect the TBS group. After having the alcohol 39, applied the same cyclization
protocol as in the case of cis-octahydroquinoline preparation to access the desire cyclized

product cis-octahydro-2H-benzo[b]azepine 41 (scheme 6).

Boc SO,Ph SO,Ph SO,Ph
N a b c
SO,Ph—— —_— —
/ OTBS
OH

NHBoc NHBoc NHBoc

OMs
24 Q( 38 39 40
O
O
¢
—d
0:8:0

41

Scheme 6: Synthesis of octahydrobenzo[b]azepine ring system.

Reagents and conditions: a) i) 48 (1.8 eq),Mg turnings (2.2 eq),dry ether; ii) CUCN(1 eq), Dry
THF + Ether, -60 °C to -30 °C, 4 h, 81%; b) i) 0.8N HCI, 0°C,2 h, ii) NaHCO3, 0°C, 86%; c)

Ph. D. Thesis, Savitribai Phule Pune University, 2019 vii
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mesyl chloride (MsCl), EtsN, DMAP, 0 °C to rt, 2 h; d) i) Nal, TMSCI, dry CH3CN, 0 °C to rt,
4 h, 1) Cs2COs, dry CH3CN, rt, 48 h, iii) Boc2O, EtsN, DMAP, 24 h, overall yield 48%.

Chapter 3: Synthetic Approach towards the Strychnos Class of Alkaloids.

This chapter represents an overview of Strychnos alkaloids including structural features and
synthetic challenges. This also describes literature survey on the total synthesis of (-)-tubifoline
and (-)-tubifolidine. In the later part of the present chapter, we have shown the utilization of
our synthesized hexahydroindole scaffold towards the synthesis of (-)-dehydrotubifoline, (-)-
tubifoline and (-)-tubifolidine.

The Strychnos alkaloids encompasses an important group of architecturally complex and
widely distributed monoterpenoid indole alkaloids. According to their biogenesis, they have
been classified into two classes, Strychnan and Aspidospermatan with a topographical
relationship. The most of the Strychnan alkaloids possesess curan type of skeleton which
contains a pentacyclic 3,5-ethanopyrrolo[2,3-d]carbazole framework (Fig. 2) bearing two
carbon appendage at C-20 (alkyl, alkylidene or oxygenated) and an oxidized one-carbon
substituent C-17) at C-16 ( hydroxymethyl, formyl or methoxycarbonyl). More than 125
alkaloids with the curan skeleton have been isolated, among which almost half of are the

Strychnos alkaloids (figure 3).

Ph. D. Thesis, Savitribai Phule Pune University, 2019 viii
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43 Tubifolidine, R=H

45 Norfluorocurarine, R = CHO
Curan skeleton and 5

biogenetic numbering Tubifoline, R =H (1,2-didehydro) 46 Fluorocurarine, R =CHO
6 Geissoschizoline, R= CH,OH (Np-  methyl)
44 19,20-Dihydroakuammicine, 47 Akuammicine, R = CO,Me
R = CO,Me (2,16-didehydro) 48 Mossambine. R = CO,Me
(14 S-OH)

49 Echitamidine, Ry = (S)-CHOHCH3; R, = H
50 20-Epilochneridine, Ry = Et; R, = OH
51 N,-Demethylalstogustine, R4 = H; R, = (R)-CHOHCH3

52 Alstogustine (N,-methyl) 54 Wieland-Gumlich aldehyde
53 19-Epialtogustine (N,-methyl)

CO,CH,

Aspidospermatan alkaloids, R = H, R = alkyl group

55 Condylcarpine , R =H, R'= CHCH;
56 lagunamine , R = H, R'= CH(OH)CH;

Figure 3: Representative Members of Curan and Aspidospermatan Alkaloids

Strychnos alkaloids belong to the monoterpenoid indole alkaloid incorporating a
spiro[pyrrolidine-3,3 -oxindole] associated with morphan scaffold (figure 4). Morphan scaffold
is 2-azabicyclo[3.3.1]nonane framework, prominently featured in many complex and
biologically active natural products as well as medicinal compounds of significant interest.
Indolomorphans are the most advanced scaffold for the synthesis of strychnos class of alkaloids

and it is the overall architecture of the corresponding alkaloids.
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Figure 4: Structural features of Curan alkaloids.

Our preliminary focus was to construct the morphan skeleton using our cis-hexahydroindole
scaffold 29 and then installation of the spiro[3,3 -oxindole]nonane framework at the final step
of the synthesis of (-)-tubifoline and (-)-tubifolidine.

After having hexahydroindole scaffold 29 in multi-gram scale in hand, it was envisioned that
the vinyl sulphone group will be converted into enone functionality by applying
dihydroxylation and subsequent hydroxyl group elimination. Furthermore, the enone would
undergo 1, 4-addition to provide the piperidine ring D through the formation of C15-C20 bond
and the ketone group would be the basis for Fisher indolization to provide diverse structures of
indole derivatives. Once N-alkylation will be done, the intermediate 60 would be ready for the
Heck coupling to form 2-azabicyclo[3.3.1]nonane ring. Fisher indolization on aza-[6,5,6]-
tricyclic core 61 would supply the required indolenin structures to furnish the corresponding

strychnos alkaloids.

Ph. D. Thesis, Savitribai Phule Pune University, 2019 X



Abstract

NBoc N =z
NBOC 1) dihydroxylation N-alkylation /\I(\
------------ » R REEEEEE
2) -OH elimination
PhO,S © o
» 59 60
N
74 =
N L7
2080 %ot H H
Heck N ('\%\(\o\\%?’\, . ’f CO;Me
coupling \0 47
....... » — Akuammicine
o)

Fisher ,
indolisation « .
v' A\ Norfluorocurarine
N
N L2 5
H H
43 Tubifoline
Tubifolidine

Scheme 7: An Overview of synthetic strategy for the synthesis of strychnos class of alkaloids

To affect the quantitative dihydroxylation of electron deficient olefinic double bond of the 29,
we used citric acid with the osmium tetroxide to accelerate the reaction. The hydroxy group
was converted to its mesylate using mesyl chloride and the mesylate was removed under basic

condition (Li.CQOz) to afford the crucial enone 59, which would carry our synthesis in forward.

NBoc NBoc NBoc
a b
] ]
PhO,S o 0
OH
29 62 59

Scheme 8: Synthesis of Enone 59.
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Reagents and conditions: a) OsO4 (6 mol%, 0.1M solution in tert-butanol), NMO (6 equiv.),
citric acid (3 equiv.), tert-butanol:water (2:1), 3 h at 0 °C and 30 min at rt, 88%; b) i) MsCl
(5 equiv.), dry DCM : dry pyridine (3:1), rt, 24 h, ii) Li.COs (5 equiv.), LiCl ( 10 equiv.), dry
DMF, reflux, 2 h, 67%.

After having 59 in hand, the crucial task was the selection of the coupling partner tethered with
the amine group for the Heck coupling required to form the piperidine ring D. The required
iodo compound for N-alkylation would be the mesylate product of (Z)-2-iodobut-2-1-ol which
have been derived from the crotonaldehyde. The iodination of crotonaldehyde was done by
using iodine in presence of potassium carbonate (K.COs3) and the reduction of the aldehyde 64
by sodium borohydride (NaBH4) gave required (Z)-2-iodobut-2-1-0l 65. The alcohol 65 yielded
the mesylated product 66 in 83% in the presence of mesyl chloride and triethyl amine.

a b HO
(@] — — 0] _ — —
i I
63 64 65
crotonaldehyde (Z)-2-iodobut-2-enal (Z2)-2-iodobut-2-en-1-ol

Sy Mso%

I
66
(Z2)-2-iodobut-2-en-1-yl methanesulfonate

Scheme 9: Synthesis of iodo compound 66.

Reagents and conditions:a)l2, K.COz DMAP (cat.), 3 h; b) NaBH4 (3 equiv.), MeOH, 0 °C, 2
h, 54% for two steps; ¢) MsCI, triethyl amine, DCM, rt, 2 h, 80%.

The N-alkylation process commenced with the deprotection of the N-carbamate using
trifluroacetic acid (TFA) and the deprotected amine was subjected to the iodo compound 66 in
presence of potassium carbonate which gave desired N-alkylated product 60. The reductive
Heck condition using palladium acetate in presence of tetra-butyl ammonium chloride (TBAC)
and sodium formate was effective reaction condition to perform this cyclization in moderate

yield. However, proton NMR studies showed that the product was not the desired one, instead
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it formed the aza-[6,5,6]-tricyclic core structure 67 with the isomerisation of the olefin of 61

for gaining stability over another isomer 61.

61 (0%)
Scheme 10: Synthesis of Tricyclic intermediate 67.

Reagents and conditions: a) i) Trifluoroacetic acid (TFA, 5 eq), dry DCM, 0 °C to rt, 5 h, ii)
66 (1.1 eq), K2CO3 (5 eq), dry acetonitrile (ACN), rt, 12 h; b) Pd(OAc). (0.1 eq), TBAC (2.5
eq), HCO:Na (1.6 eq), dry DMF, 80 °C, 3 h, 48% overall yield.

Owing to our sustained interest towards the synthesis of strychnos alkaloids and on careful
observation, we envisioned that though the intermediate 112 have lost the opportunity to
unravel our actual synthetic goal, but still there is some possibility to utilize the aza-tricyclic
intermediate 112 in the synthesis of tubifoline and tubifolidine. According to synthetic plan,
the Fisher indolisation product 113 of the tricyclic intermediate 112 would serve tubifoline 8
on reduction of the olefin and the reduction of imine will provide tubifolidine 7.

Fisher N olefin
indolisation \ reduction
................ >
-
N L3

imine reduction

-------- »
H
68 5
Tubifoline
N
N "»H
43
Tubifolidine

Scheme 11: Synthetic plan for the synthesis of tubifoline and tubifolidine.
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Chapter 4: Synthetic Studies towards the Total Synthesis of (-)-Stenine and (-)-Tuberos-

temonine:

This chapter begins with a brief introduction to stemona class of alkaloids and literature reports
for the toal synthesis of (-)-stenine and (-)-tuberostemonine. This chapter also discusses our
approach towards the synthesis of (-)-2-oxostenine, (-)-stenine and (-)-tuberostemonine.

Stenine is a stemona class of alkaloid, isolated from Stemona tuberosa of physiologically active
stemonaeceous plants, possess structurally novel and unique azepinoindole skeleton. The
challenging molecular architectures of the stenine alkaloids have motivated the development

of new strategies for the construction of their skeletons.
Retrosynthetic analysis:

From the perspective of retrosynthetic analysis of 19, as outlined in the scheme 12, the 2-
oxostenine 70 would be the common precursor for both stenine and tuberostemonine. Stenine
could be derived by the adjustment of the oxidation level at ring A (amide to amine conversion)
of 2-oxostenine and the stereoselective attachment of the furan derived y-butyrolactone at C-3
of the 2-oxostenine would provide tuberostemonine. After having systematic installation of all
the substituent over the cyclohexane ring along with the required azepane ring, the intermediate
71 would be ready for the two sequential cyclisation involving lactonization and amidation to
produce 2-oxostenine. The sulfonyl enone 72 could be a significant precursor for the
stereoselective installation of the ethyl substituent at C-10 and the hydroxyl group at C-11
position by following 1,4-conjugate addition and subsequent quenching by using oxaziridine
of the newly generated enolate. Because of the acidity of the allylic proton of the vinyl
sulphone, a directed allylic oxidation could be performed on 41 to obtain allylic oxidised
product 73 which will direct the functionalization of alpha carbon center of the ketone by the

enolate alkylation of the sulfonyl enone 73.
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Scheme 12: Retrosynthetic analysis for (-)-stenine and (-)-tuberostemonine.

The preparation of cis-decahydro-1H-benzo-[b]-azepine 41 was visualized from our ongoing
synthetic exploration of the optically pure 7-azabicyclo[2.2.1]heptene scaffold 24. The
stereoselective Michael addition on facially biased Michael acceptor (olefinic sulphone) 24 and
subsequent ring opening due to existing ring strain followed by cyclisation forms the desire

compound 41 in multi-gram scale.

After having 41 in hand, we proceeded to functionalize the allylic carbon centre to get the
desired allylic oxidised product 73. Pyridinium dichromate (PDC) in presence of tertiary-butyl
hydroperoxide (TBHP) resulted moderate yield (35-40% conversion) with the recovery of
starting material and it provided 85-90% conversion over two cycles with 65-70% yield. We

achieved the stereoselective enolate alkylation product 72 using iodoethyl acetate as an
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eletrophile and lithium hexamethylsilazide (LIHMDS) as a base. It was very necessary to
desulfonylate the sulfonyl enone 72, which will generate a enone 74 and that could be utilized
for the installation of the ethyl and hydroxyl group through a highly stereoselective 1,4-
conjugate addition followed by a-hydroxylation of the insitu generated enolate.
Desulfonylation of 74 using aluminium amalgam showed excellent conversion with good yield.
The conjugate addition was done using the lower order organocuprate (EtCulLi) reagent and
got the desired product 75. Hydroxy group at C-11 of 71 was installed by generating enolate
over intermediate 75, using lithium diisopropyl amide and subsequent oxidation with the

Davis’s oxaziridine.

O O

. a b CO,Et
PhO,S > NBoc —— gm -y —_— "
H \U Ph0,S” > 1™ NBoc PhO,S “NBoc

N é-\_)
72

73

O 0] 0]

HO
CO,Et -~

" ""NBoc

CO,Et CO,Et

e
«” "NBoc «” "NBoc

74

Scheme 13: Synthesis of fully substituted cyclohexane ring 71.

Reagents and conditions: a) PDC (3 equiv.), t-BuOOH (5M, 8 equiv.), dry DCM, 0 °C to rt,
20h, 66% over 3 cycles; b) 1.8 eq LIHMDS, dry THF, 5 eq iodoethylacetate, -78 °C to -20 °C,
57% (88% on brsm); c) 6 eq Al-Hg, THF:H20 (9:1), -30 °C to -20 °C, 3h, 86%; d) EtMgBr (2
eq), Cul (1 eq), LiBr (10 eq), TMSCI, dry THF, -78 °C. e) EtMgBr (8 eq), Cul (12 eq), LiBr
(15), dry THF, -70 °C to -40 °C, 7.5 h, 81%. : f) 5.2 eq LDA, dry THF, 10 eq Hexamethylpho-
sphoramide (HMPA), 2.2 eq ((1R)-(-)-(10-Camphorsulfonyl)oxaziridine)(Davi’s oxaziridine),
-78 °C to -10 °C, 82%.

We planned to perform intramolecular aldol reaction followed by subsequent tertiary hydroxy
group removal to provide the butenolide ring. This was envisioned by the acetylation of the

hydroxyl group (-OH to -AcO) using either highly reactive species acetyl chloride or acetic
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anhydride. Accordingly, the hydroxy compound 71 was treated with acetic anhydride (Ac20)
in presence of dry pyridine which gave expected acylated product 76, confirmed by mass and
proton NMR analysis. With the hope to have the aldol product in hand, the O-acetylated ketone
76 was treated with Potassium hexamethylsilazide (KHMDS) to give intramolecular aldol
reaction followed by the addition of excess acetic anhydride (Ac20) for the subsequent
hydroxyl group removal. As expected, we observed the formation of product 78 in HRMS.

78

Scheme 14: Formation of the butenolide ring by intramolecular aldol condensation.

Reagents and conditions: a) Ac2O:pyridine(dry) (1:1), 48h, 74%, 97% on brsm; b) 0.5 M
KHMDS in toluene (1.2 equiv.), excess Ac20 (30 equiv.), dry THF, -80 °C to -60 °C, 8 h.

We are now in the stage to purify the aldol condensation followed by dehydration product 78

to confirm the formation of the butenolide ring.

In summary, an effective synthetic route have been developed for the synthesis of cis-
hexahydroindoles, cis-octahydroquinolines and cis-octahydrobenzo[b]azepine embedded with
a versatile functionality (vinyl sulphone) for further functionalization towards the synthesis of

strychnos and stemona class of alkaloids.
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Chapter 1: 2-azabicyclo[m.n.0]alkane ring systems and their
importance in the natural product synthesis.
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1.1. Introduction:

A molecular scaffold present in the natural product provides basic shape, rigidity, or flexibility
of a molecule and their three dimensional spatial arrangement of various substituents or
appendages promotes molecular interactions with diverse biological targets. Therefore, it has
become a valuable basis in the field of medicinal chemistry and drug discovery.! [m.n.0]-
Bicyclo-2-azaalkane scaffolds are embedded in various biologically important natural products
frameworks and their derivatives displaying potent diverse pharmacological and physiological
properties.

These frameworks are well known and most popular in natural products having 2-azabicyclo
[3.4.0]nonane (octahydroindole), 2-azabicyclo[4.4.0]decane (decahydroquinoline) and 2-
azabicyclo[5.4.0]undecane (decahydro-1H-benzo[b]azepine) rings (Fig 1). These three basic
scaffolds (i.e. 1, 2 and 3) are present in biologically important natural products such as
strychnos,?  stemona,® aspidosperma,* amaryllidaceae,® lycopodium,® lepadin’ and
myrioneurinol® class of alkaloids. The stereochemical arrangements of these alkaloids are very
important to exhibit its biological activity. Although, both cis- and trans- stereochemistry of
the 2-azabicyclic ring junction is found in these alkaloids, we have focussed our attention to

explore alkaloids displaying cis-2-azabicyclic scaffolds.
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Figure 1: Structures of the most abundant 2-azabicyclo[m.n.0]alkane ring system (m =3, 4,

5 and n =4.) including their alternate [UPAC nomenclature related to the both

natural

products synthesis and drug discovery.
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Octahydroindole skeleton is present in strychnos, amaryllidaceae, aspidosperma, and erythrina
and stemona class of alkaloids. Antimicrobial, antitumor or anticancer, cytotoxic, muscle
relaxant and hypotensive activities are known for strychnos alkaloids.® Amaryllidaceae
alkaloids have DNA binding properties, antitumor, anti-viral, antifungal, and insect antifeedant
activity.!® Aspidosperma species have been commonly used in folk medicine as potential
antimalarial agents, antileishmaniasis; anti-inflammatory for uterus and ovary disorder. It has
also been found effective as contraceptive agents, anti-diabetes and for treating stomach
disorders, anti-cancer and in fever and rheumatism.** Erythrina alkaloids erysotramidine, -
erythroidine, and 3-demethoxyerythratidinone and cocculolidine have been widely used in folk
medicine. These are known to produce curare-like hypnotic effects and possess general CNS
activity. More specific pharmacological effects associated with members of this class of
alkaloid family include sedative, hypotensive and neuromuscular blocking activities.'? (+)-
Ibophyllidine, (+)-desethylibophyllidine have antitumor activities.™

Similarly hydroindole is a privileged scaffold found in both naturally occuring alkaloids as well
as in the marketed drugs. These include aeruginosine 298-A,* mesembrine,® daphniyunine
D, melotenine A,'” pancracine,®® stenine,'® albomaculine,?® epicoccin G,?! tubifoline,??
tabersonine,?® lycorine?* and a number of pharmaceutical products such as microcin SF608,2°
U93385,26 S17092,%" perindopril.?¢ Mavoglurant? is under active development by Novartis for
the treatment of Fragile X Syndrome (phase II-III), Parkinson’s disecase (phase II) and
Huntington’s disease (phase II). Octahydroindoles are also potentially useful as
organocatalysts and have been used as proline analogue. ** Many octahydroindole derivatives

have been used as chiral ligands or catalysts.3!
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Figure 2: Octahydroindole motif in diverse nitrogen-containing heterocycles.

The decahydroquinoline ring system is present in many naturally occurring biologically active
alkaloids such as cis-phlegmarine, 3 lepadin, ** myrioneuron® and lycopodium.® These
alkaloids possess very important biological activities for wide range of therapeutic applications
including anticancer, neuroprotective (e.g. Alzheimer’s disease), analgesic and

immunosuppressive.®
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The alkaloids related to the decahydro-1H-benzoazepine architecture comprises of stemona
alkaloids® such as stenine, 3 1°° tuberostemonine, 3 neostenine, * neotuberostemonine.*’ Iboga
alkaloids ibogamine*! and the lycopodium alkaloid fawcettimine*? also contain decahydro-1H-
benzoazepine ring. Stemona alkaloids have been used for the treatments of respiratory ailments
and also it is associated with insecticidal, antihelmintic, antitussive and various neurochemical

effects.®

The profound bioactivity, synthetically challenging unique structural features and low natural
abundance of these alkaloids have attracted considerable attention of synthetic organic chemist
to synthesize these alkaloids in multigram scale. For the synthesis of these alkaloids, large scale
synthesis of 2-azabicyclic skeleton is required. More important task is the asymmetric
construction and proper stereochemical installation of the 2-azabicyclic rings embedded in the
polycyclic structures to accomplish the corresponding total syntheses of the alkaloids which
elicited synthetically very useful strategies towards the desired target. The forthcoming section
would describe reported synthetic strategies to make 2-azabicyclo[m.n.0]alkane scaffolds.

1.1a. Reported synthetic strategies for the construction of 2-azabicyclo[m.n.0]alkane ring

systems:

1.1a.1. cis-hexa and octa-hydroindoles:

Wipf et al. have synthesized hexahydroindoles with high enantio- and diastereoselectivity in a
single step from L-tyrosine or its derivatives.**> Formation of hydroindole 45 was effected
directly by tyrosine oxidation using hypervalent iodine reagent (iodobenzene diacetate)
followed by methanolysis of the in situ formed spirolactone. This group has shown the
potentiality of the intermediate 45 in pyrrolidine based alkaloid synthesis with a specific

application for the first asymmetric synthesis of (-)-stenine.**
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Scheme 1: Phenolic oxidation of tyrosine followed by diastereoselective end-group-

differentiating cyclisation between amine and enone.

The reaction was very much dependent on the nature of the protective group R and also on the
scale of the reaction. The high diastereoselective cyclisation was promoted due to destabilizing
steric interactions in conformers 43, especially A 13-strain between the amide oxygen and the
methyl ester (E) substituent. The ester group in the conformer 43, situated just below the
dienone & system, prevented the required interaction between the dienone moiety and the amide

bond for cyclisation.

Backvall has prepared hexahydroindoles by palladium-catalyzed oxidation of conjugated
cyclic dienes; two nucleophiles were added in a regio- and stereospecific manner across the
diene.* Carboxylates, alcohols, and halides were used as nucleophiles. Palladium catalysed
reaction of amido diene 47 in the presence of an acid with benzoquinone being used as an
electron-transfer catalyst or oxidant afforded cis-oxyamidation product 48. But the reaction of
47 in the absence of lithium chloride gave 49 via a trans-1,4-oxyamidation. This dual
stereocontrol was achieved by the chloride anion which blocks the coordination of acetate
anion in the palladium complex of the catalytic intermediate, thus suppressing the cis-
migration of the acetate anion. As a result intermediate 50 would react with only external
acetate anion to give product 48 whereas intermediate 51 would produce 49 via a cis- migration

of the acetate anion.
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Scheme 2: Palladium —Catalyzed Stereocontrolled Intramolecular 1,4-Additions of amines to
Cyclic 1,3-Dienes.

Yeh also achieved a stereoselective synthesis of hexahydroindoles 53 as a single
diastereoisomer via a gold(l)-catalyzed intramolecular 1,4-hydroamination of cyclic 1,3-dienes
52.46

5% PhsPAUCI, 5% AgOTf

NHSO,Ar > MNSOAr
n Toluene, 85 °C, 18h n %
pn Ph Ph Ph
52 53
n =1, Ar = phenyl 88% 53a
n =1, Ar = 4-methylphenyl 88% 53b

n =1, Ar = 4-methoxyphenyl 85% 53¢

n =1, Ar = 4-fluorophenyl 80%  53d

n =1, Ar = 2,4,6-trimethylphenyl 0% 53e

Scheme 3: Intramolecular gold(l)-catalyzed hydroamination of cyclohexa-1,3-dienes.

The reactive catalytic species PhsPAuUOTT (generated in situ from PhsPAuCIl and AgOTY)
coordinats to the double bond adjacent to the tethered arylsulfonamide and forms an n?-alkene
gold(l) complex 52b. Reaction of arylsulfonamide moiety from the opposite face of the gold
center at the terminal position of the diene, facilitated the generation of n*-allylgold
intermediate 52c with the newly formed carbon-nitrogen bond. The cis-relative

stereochemistry at the ring junction was fixed by the tethered arylsulfonamide moiety which
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was aligned with the face of the cyclic diene. The triflate assisted allylic isomerisation of 52¢
to 52d and its tautomerisation to 52e followed by proton transfer from the NH or OH to the
carbon atom finally regenerated the active catalytic species from the intermediate 52f and

produced hexahydroindole derivative 53a.

©
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Scheme 4: A plausible reaction pathway of gold(l)-catalysed intramolecular hydroamination
of cyclohexa-1,3-dienes.

Hu, Wang et al. have developed an efficient synthetic protocol for the synthesis of

functionalized hexahydroindoles using palladium-catalysed domino coupling/cyclization of

1,6-enynes and aryl halides.*” 1,6-Enynes reacted very smoothly with the substituted aryl

bromides in the presence of 2 mol% palladium acetate as the catalyst, 4 mol% triphenyl

phosphine as a ligand and tributylamine as a base, producing corresponding functionalized

hexahydroindole derivatives.
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Pd(OAc), (2 mol%)
PPhs (2 equiv)

— (n-Bu)sN (2 equiv)
Q + T\ 7/ >

X AP DMF, 16h, 120 °C /
=R 9 eaui 70-85% yield d }a1
(1 equiv) (1.2 equiv)
56a R =CHj;, X =TsN
54a R =CHj, X=TsN R'=4-COMe 55a 56b R = Ph. X =TeN
54b R = Ph, X =TsN 3-Cl 55b ’
4-Cl 55¢
4-CN 55d
4-CO,Et 55e

Schem 5: Synthesis of hexahydroindoles by palladium —catalysed domino
coupling/cyclisation reaction
According to the experimental results obtained by the authors, they proposed a probable
reaction mechanism which is described in Scheme 6. The oxidative addition of the aryl bromide
to the palladium (0) produced arylpalladium species ArPdBr 57 which inserted in the triple
bond of the 1,6-enynes 54a. The syn-carbopalladation of the arylpalladium species 57 with 54a
generated alkenylpalladium intermediate 58 which involved further carbopalladation reaction
with the tethered olefin to afford an advanced intermediate 59. Finally the syn-elimination of
59 produced desired product 56a along with the HPdBr species which would react with the

base, used in the reaction, to regenerate the active palladium species Pd (0).

Pd(ll)

X l ArBr
\zAr
R Pd(0)
56a

X: i PdBr
ArPdBr
\ Ar
57

X
=R
X PdBr, 54a
58 R

Scheme 6: Proposed reaction mechanism of the reaction.
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Oppolzer et al. synthesized hexahydroindole scaffold employing intramolecular Diels-Alder
reaction that allows an application of linear precursor 60 to provide a 2-azabicyclic derivative
61 with two stereogenic centers in one cycloaddition step.*®

H
PR NN 160 °C [:::[j“>
| 16h N
CO,Me . :
38% yield H bone
60 o1

Scheme7: Intramolecular Diels-Alder strategy to access hydroindole scaffolds.
Vincent*®® and Carlos et al.**® *°¢ have developed a method to synthesize octahydroindole-2-
carboxylic acid by the hydrogenation of commercially available (S)-indoline-2-carboxylic acid
62 to afford diastereomeric (S,S,S)-63 and (S,R,R)-64 in 90:10 ratio which was purified by after
recrystallization. Vincent has used rhodium as a catalyst wheras Carlos used platinum oxide as
hydrogenation catalyst at atmospheric pressure. Particularly (S,S,S)-63 isomer has been used
as a surrogate of proline and phenylalanine in bradykinin, a linear nonapeptide hormone
involved in pain and inflammation.® The octahydroindole-2-carboxylic acid motif is present

in marine aeruginosins with potent antithrombotic properties.'# 4%

H
H,, PtO,, AcOH, 60 °C :
©j>‘CO2H 2, P10 - cCoH + le§—oozH
N =N N
H H H

62

Tn

(S,S,5)-63 (S,R,R)-64
90:10

Scheme 8: Hydrogenation of octahydroindole-2-carboxylic acid.
Hanessian et al. have synthesized 6-substituted octahydroindole and hexahydroindole-2-
carboxylic acid methyl esters by tandem Friedel-Crafts carbocyclization of nonactivated
tethered alkenes or alkynes with N-Acyloxyiminium ion in an intramolecular fashion.®* The
five membered N-Boc acyliminium ions derived from L-pyroglutamic acid undergoes Lewis
acid mediated (BF3 O2Et) tandem Friedel-Crafts carbocyclisation with tethered 4-butenyl and
4-butynyl to give stereodefined desired products 66 and 68 respectively.
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p—
BF;0,Et
AcO CO,Me >

N ArH, 50-78% yield Ar

COzMe

il T
oz

T

Boc oc
few minutes
65 66
Ar Tempertature Yield
Hs
c C I I e
(@]
-78 °C 70%
d -35°C 50%
MeO

/
/
BF,0,Et oo
: 2
AcO™N\ 7 CO,Me  Toluene, 50-78% yield
Boc
67

Scheme 9: Tandem Azonia-Prins/Friedel-Crafts reaction of 65 and 67 with a variety of
arenes as a solvent.
Landais et al. devised a strategy to construct 2-azabicyclo[4.3.0]nonane scaffold by Birch
reductive alkylation-desymmetrization (BRAD) sequence.®®> Desymmetrization of cyclohexa-
2,5-dienes through a diastereoselctive proton-hydroamination cascade produced

hexahydroindole derivatives.
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Ph
R Birch reductive N/\ n-BuLi RE\ Fh
alkylation H OMe (20 mol%) & N\
—> —>
THF MeO
69a R =CO,H 70a R =CO,H 71a R = CO,H
69b R =Ph 70b R=Ph 71b R = Ph

> 95% diastereoselectivity and
regioselectivity

Scheme 10: BRAD strategy to access 2-azabicyclo[4.3.0]nonane scaffolds.
According to the reaction mechanism, the reaction did not proceed through a direct
hydroamination of one of the diastereotopic olefins but involved a distereoselective protonation
of the pentadienyl anion 72 and produced intermediate 75 (more favourable than protonation
at C6). This would explain the presence of methoxy group in the chiral auxiliary which was
involved to form a tighter chelate with lithium, thus, promoting the stereocontrolled
protonation at C2. The resulting lithium amide added selectively onto the 1,3-diene at C6 to

afford an allylic anion 66. The hydroamination intermediate 66 could protonat at C3
predominantly to afford 71a or 71b.

eh Ph
R - n-BulLi R z
% . N
H/\ (20 mol%) 5 H
OMe —_ > @ . OMe
THF Li
72
70a or 70b
R Ph R Ph
" N e Nl Y Diastereoselective R‘ HaN—
@ iddﬁn protonation N _)
- -
OMes 3 > OMe Q
Li -
e 75 73

Protonation ];

R
R
Ph N Ph NfH &
X THE
OMe CI)
Me

71aor 71b 74

Scheme 11: Reaction mechanism of the diastereoselective protonation-hydroamination

cascade.
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Bonjoch and Bradshaw et al. reported a straightforward asymmetric synthesis of
octahydroindoles on the basis of an organocatalyzed Michael addition followed by a tandem
Robinson-aza-Michael double cyclization catalysed by PS-BEMP.% The strategy promoted the
construction of the substituted octahydroindoles with four stereogenic centers, excellent
enantioselectivities (up to 95%) and complete diastereoselective control in a single pot
operation. At the start of the reaction, the dicarbonyl compound 78 was first reacted with the
crotonaldehyde 77 through Michael addition followed by aldol condensation produced
cyclohexenone, necessary for the aza-Michael addition. Finally the intramolecular aza-Michael

addition to the cyclohexenone moiety gave 80.

o o 0] OI-‘_|
One pot reaction y H
RV\/CHO BulO R2 ) » BuO R?
H‘N 52-68% vyield R1* TN
_ N H Ts
78
80
92-95% ee
1-
R" = Me, heptyl, Ph, 4-OMeCgHj,, 4-CICgHy,, >99% dr

RZ = H, Bn.

Reaction Condition: 1) 79 (10 mol%), LiOAc (0.5 equiv),toluene, 0 °C, 24h; 2) Pd/C, Hy, i-PrOH;
3) PS-BEMP, (1 equiv), i-PrOH, rt, 72h

EtN, _NBu!

PZ
,,,,,TEPh N™ "N
N b
H  0OSiPh K)

79 PS-BEMP

Scheme 12: An organocatalysis-initiated tandem Robinson-aza Michael reaction leading to
octahydroindoles.
A C(sp3)-H activation protocol has been implemented to construct hexahydroindole

framework for the synthesis of aeruginosin marine natural products.®*

[Pd-(PCy3),] (10 mol%)

@BIH/ K,COj3, t-BuCO,K (30 mol%) ©j>_/OTBS
o OTBS > -
TBSO" N TBSO" N

A toluene, 120 °C \
COCF
COCF; 68-71% yield s

81 82

Scheme 13: C(sp3)-H activation to access hexahydroindoles.
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1.1a.2. cis-decahydroquinoline (cis-DHQ):

Frogs of the neutropical family Dendrobatidae are the remarkable source of DHQ alkaloids.
The most representative decahydroquinoline alkaloids is cis-195A (formerly called
pumiliotoxin C). There were no conclusive biosynthetic pathways for the origin of this class
of alkaloids in frogs. In 1979 Winterfeldt proposed that a polyketide triketone 83 undergoes
aldol condensation to produce cyclohexanone 84 and subsequent stepwise double condensation
with ammonia followed by reduction forms the DHQ skeleton which propagates in the
synthesis of pumilitoxin C 85.% This biosynthetic proposal for the formation of cis-DHQ
system has been substantiated by the chemical synthesis in 2008 by Amat and Joan Bosch.

Me Double Me
o Aldol reductive g H
condensatlon w amination (:I\/j
o O wd o O C C bond H N
reduction H J
83 84 Me
Pumiliotoxin C
85

Scheme 14: Biosynthetic proposal for the synthesis of cis-decahydroquinoline class of
alkaloids.
An enatioselective dynamic kinetic resolution and desymmetrization process that involved the
cyclocondensation of chiral amino alcohols with racemic, prochiral J-oxodiesters was
developed to prepare enantiopure polysubstituted piperidines.®” In order to explore the
synthetic potential of this method, the cis-decahydroquinoline scaffold was accessed by
performing cyclocondensation (in toluene at reflux in the presence of isobutyric acid) of (R)-
phenylglycinol 87 with cyclohexanone-based J-keto diesters 86 (4:1 mixture of cis/trans
isomers), which provided oxazolidine intermediate 89 and 90 instead of four (R = H) or eight
(R = substituent) diastereomeric mixtures. The process of desymmetrization, produced
corresponding tricyclic lactam 91 and 92 from which chiral auxiliary removal provided cis-
decahydroginoline. Reduction of the oxazolidine ring generated two diastereoisomers 93 and
94, separation of the diastereoisomer followed by the removal of the (R)-phenylglycinol
derived chiral auxiliary afforded corresponding enantiopure cis-decahydroquinoline 95 and 96

respectively.

Ph. D. Thesis, Savitribai Phule Pune University, 2019 15



Chapter 1

MeO,C

MeO,C

86

H

Me

Ph
CH,OPMB

60-90% vyield

CO,Me

HO
Ph%P
H
(@) N

H
93

HO co,Me
Toluene, reflux, 24h Pha,
Pha. S ~on “OH R
+ % Me,CHCO,H N
NH 75-86% yield
(1.5 equiv) MeO,C R
87 L _
ﬂ 88
COzMe B CO2Me COzMe
Ph,, r&n\_ Ph,. Ph, r k
O N_ = 0 + r\\cri
\T\i) - HN HN_ s
VR MeO,C R Me0,C” \/\=C R
H 2 I 2 H
92 - 89 90
dr yield (%)
3:1 86
7:3 75
4:1 82
7:3 83
LiAlH,, AICI,
THF, -78 °C, 18h
o GO2Me CO,Me CO,Me
k_ Hz , Pd(OH); Boﬁ BokE
E : MeOH, 80020 0w N + o_ N :
m 8h 70-97% yield \T\D
H R A
94 95 96

separeation of the diastereoisomers
by column chromatography

Scheme 15: Enantio-and diastereoconvergent cyclocondensation reactions for the synthesis

Over the last three decades diverse array of DHQ skeleton have been isolated which has

of enantiopure cis-decahydroquinolines.

generated a significant interest to organic synthetic chemist towards the syntheses of this class

of alkaloids. Around 80 publications have been dedicated to the syntheses of pumiliotoxin C
alone.® We will analyse here the synthetic approaches for the lepadin class of alkaloids
emphasizing strategic disconnections and the key steps used for the stereoselective assembly
of the DHQ ring system. The majority of the syntheses were based on the carbon-carbon bond

formation rather than carbon-nitrogen bond formation to construct the 2-azabicyclic ring. It
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was noticed that there is a strategic deficiency for the direct stereoselective formation of the
DHQ ring via carbon-nitrogen bond formation. A wide range of carbon-carbon bond formation
approaches was developed for the syntheses of lepadin class of alkaloids including aldol
cyclization, *° xanthate radical cyclization, % alkylation, ®* ene-yne-ene ring closing
metathesis®? and ring opening-ring closing metathesis (ROM, RCM).®3 Aza-cycloaddition was
employed for the lepadin synthesis which represented the example for the direct formation of

the DHQ ring via carbon-nitrogen bond formation.%* %
BnO

GHo O\]\\/j““OTBS — Z N o
o K/\\ N "We [3+3] - X ©
| Bz Aza-cycloaddition OMOM
100
Me)k‘\\‘

SN Me Cbz
CO,Me “NH Me
98 Kibayashi X Yo
Toyooka 2000 , OAC
1999 Chen |
Aldol 2017 OBn
cyclization Intramolecular 101
reductive
R s
5 1 amination s
X
O ® Hsung Xanthate radical
X N-R - S” TOEt
1 2008 cyclization
———— GNTMe —— 0o
NH | [3+3] . : Zard @\
Phl"”H\Ph Me Aza-cycloaddition epg_/lns 2002 N” Me
I
OTBS 107 a, 2004 CO,Me
106 _ Alkylative 102
ROM-RC Blechert gyclization
harette 2008
2008 RCM

Me
By OBn O Br
\ é@,oms
Me” X | | Me ” ""Me
H,C™ OBn N/'\‘/%CH2 103

|
105 PMB OH
104

N

Scheme 16: Synthetic approaches for the construction of DHQ ring system in the lepadin
alkaloids.
Recently, it was reported two directional synthetic protocol and tandem cyclisation for the

construction of cis-decahydroquinoline ring system.%® Two directional syntheses are capable
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of elevating the rapidity of the generation of molecular complexity by simultaneously

functionalizing each molecule twice per reaction.

HH H
N o hydrogenation N O
OEt ,> OEt
:H H
< O < O
OEt OEt 109
108
Tandem
Cyclisation
Two die_ctional o) 0 o)
Br synthesis /U\/\/U\/\)J\
BT g OEt
111 110

Scheme 17: Two directional synthetic approach to construct cis-DHQ ring system.

The key features of this strategy were the use of the two-directional synthesis for the
preparation of the symmetrical diketoester 110 followed by tandem cyclization using benzyl
amine (promoted by titanium chloride) to afford bicyclic intermediate 109. Hydrogenation of
the bicyclic intermediate 109 afforded DHQ ring system 108. The two-directional cross-
metathesis enabled to convert 112 directly into the diketoester 110. To make more cost
effective synthesis of the diketoester 110, authors have executed a two-step approach involving
a two-directional oxidative cleavage of the olefins followed by a two-directional Wittig-
olefination of the corresponding aldehyde which produced diketoester 110. The ketone 112
was prepared in multi-gram scale by reacting 5-bromo-1-pentene 111 with ethyl formate

followed by PCC mediated oxidation of the resulting alcohol.

Ph. D. Thesis, Savitribai Phule Pune University, 2019 18



Chapter 1

1) Mg, Et,0, 2h 0
Ethyl formate, 18h
—_— 3 AN

/\/\/Br
- 3
2) PCC, DCM, rt

Ethyl acrylate

Hoveyda-Grubbs

Il cat, DCM, rt, 5 days 0 fe) o
79% vyield

LN O NG NN -

or
1) OsO, (0.8 mol%)

111 o 112 o
24h, 89% yield NalO, (4 eq.), THF/H,0
Two diectional
synthesis 2) PhyP=CHCO,Et
-539 i
THF, 47-53% vyield BnNH,, TiCl; | Tandem
DCM, 40 °C Cyclisation
30% yield
H, (1 atm)
CI/\J/Y PtO,, EtOAC O/\J/\’//
H 96% yleld Y
OEt OEt
108 109

Scheme 18: Two-directional synthesis and tandem cyclization towards functionalized cis-

DHQ ring system.

Recently Bradshaw and Bonjoch reported a one pot preparation of cis-decahydroquinoline ring
system by organocatalyzed Michael addition reaction followed by a domino Robinson
annulation/intramolecular aza-Michael reaction cascade, promoted by a base (lithium
hydroxide) which led to enantiopure cis-decahydroquinoline.®” The dicarbonyl compound 114
was involved in the first Michael addition to the crotonaldehyde 113 which generated the
Robinson annulated product 115 via aldol condensation. The aldol condensation provided
cyclohexanone intermediate 115 for the neccessary aza-Michael addition giving rise cis-

decahydroquinoline derivative 116.
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o o O O
L ACHO OButW One pot reaction | o ¢
N, 72% vyield Me™ Hl}]
113 114 Ts T
115

Reaction Condition: 1) 79 (20 mol%), LiOAc (0.5 equiv),toluene, 0 °C, 24h;

2) LiOH.H,0 (1 equiv.), i-PrOH, H,O (10 equiv.), 24h o om
Ph OBu! J
Z N >u,,,|,Ph
) w =N
H  Osisph Me o Ts
79 3 H
116
85% ee

> 99%ee after recrystallization

Scheme 19: Organocatalyzed Robinson annulation/ aza-Michael reaction to access cis-
decahydroquinoline ring system.

1.1a.3. cis-decahydro-[1H]-benzo[b]azepine ring:

The Beckmann rearrangement has often been employed to transform oximes into an amide and
the conversion of cyclohexanone oxime into e-caprolactam.®® This reaction is used for the
construction of cis-octahydro-[1H]-benzo[b]azepine-2(3H)-one 119 ring from octahydronaph-
thalen-1(2H)-one 117.%° This approach is used to prepare aza-steroids by the Beckmann

rearrangement of the 120 to yield /74-hydroxy-¢-lactams 121 and 122 followed by reduction.
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1) NH,OH.HCI

NaOAC.3H20 1) Pt02 H2

methanol, reflux aceti(,: ac,id

2.5h, 72h
—_—

—_—
HN

2) SOCl, 2) LiAlH,, ether

-20 °C KOH 36 °C, 24h

117 71% yield 76% vyield 119

1) NH,OH.HCI

R NaOAc.3H,0
methanol, reflux
2.5h,

2) SOCly,
-30 °C KOH

121 122

120

1) CrOg, pyridine  |3) LiAIH,, ether 1) CrOs, pyridine | 3) LiAHy, ether

. o °
2) NaOH, hydrazine gs‘yc’_zzh 2) NaOH, hydrazine| o0 < 24M
hydrate, ethylene °vie hydrate, ethylene 87% yield
glycol, 200 °C glycol, 200 °C
43% yield 43% yield

R = OH, moderate yield
R = OAc, quantitative yield

119 123

Scheme 20: Application of Beckmann rearrangement in the synthesis of aza-steroids.

During the synthesis of (-)-ibogamine, construction of the cis-decahydro-[1H]benzo[b]azepine
ring was constructed efficiently employing Beckmann rearrangement of the cis-

octahydronaphthalen-1(2H)-one derivative 124 to obtain 7-membered lactam 126 moiety.”
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NH,OH.HCI p-TsCl, Et;N 0)

NaOAc,MeOH DMAP(cat)

3h, reflux DCM, 3h, rt 1 OH
OTIPS 81% yield OTIPS  74% yield :ﬁ

MeO' £
© OMe
126
124 125

O
Q%A
N
H

(-)-lbogamine
127

Scheme 21: Efficient construction of cis-decahydro-[1H]-benzo[b]azepine skeleton by

Beckmann rearrangement.

Jung et al. applied Beckmann rearrangement strategy using 129 to construct cis-decahydro-

[1H]-benzo[b]azepine skeleton 130 towards the synthesis of stenine.’

OPMB OPMB OPMB
4O NHOHHCI N-OF . TBDPSO
pyridine N B Tscl pyriine By
% viel - 12,
TBDPSO 93%yield  rappso 89% yield
H H :
128 129 130

Scheme 22: Beckmann rearrangement provided 7-membered cis-lactam ring towards the

synthesis of stenine.

cis-Decahydro-[1H]-benzo[b]azepine skeleton is also prepared by intramolecular reductive

amination for the synthesis of bicyclic alkaloid analogue 132 and 133.7
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BnNH, : AcOH (1:1)
NaBH3;CN, MeOH

70 °C, 24h

g
Molecular Sieves 4A
76% yield

132 133

Scheme 23: Intramolecular reductive amination for the construction of cis-decahydro-[1H]-
benzo[b]azepine derivatives.

In the context of the total synthesis of the stemona alkaloids, the organic chemist very often
have used different strategies to build 2-azabicyclic azepine ring efficiently with proper
stereoselectivity. In many approaches of the synthesis of stenine, the azepine rings have been
constructed at late stage using intramolecular N-alkylation®® and amidation** 7 1°° strategies.
However, other excellent strategies in this area include Padwa’s intramolecular Diels-Alder
cycloaddition”™ and Booker’s intramolecular [5+2] photocycloaddition of maleimide.3% 40
Jeffry Aube applied intramolecular Schmidt reaction to assemble the cis-decahydro-[1H]-

benzo[b]azepine core framework for the synthesis efficient synthesis of (-)-stenine.1% 372
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Scheme 24: Synthetic strategies for the construction of cis-decahydro-[1H]-benzo[b]azepine

ring
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1.1a.4. Summary

The above survey of literature highlights the significance of these three 2-azabicyclic ring
systems in the natural products. The synthesis of these core ring systems became the prime
tasks to execute the total synthesis of the corresponding alkaloids. A few recent reports on the
preparation of hexahydroindole and octahydroindole scaffolds was used to implement the total
synthesis of the corresponding natural products.

Several approaches are there to construct cis-DHQ ring system for the synthesis of lepadin
class of alkaloids. There are very few approaches to synthesize cis-DHQ ring for the purpose
of the total synthesis of the other corresponding alkaloids and also it lacks a highly
stereoselective, enantiopure method for the synthesis of cis-DHQ ring system.

The above documented literature reports on the synthesis of cis-decahydro-[1H]-
benzo[b]azepine ring demonstrate that there are no any general synthetic strategy or
stereoselective method except Beckmann rearrangement to construct the cis-decahydro-[1H]-
benzo[b]azepine. Most of the reports contain the formation of cis-decahydro-[1H]-
benzo[b]azepine ring at the very late stage of the synthesis involving N-alkylation, amidation
strategies and also intramolecular Diels-Alder cycloaddition to make the basic core framework

of the stenine, neostenine including cis-fused 7-membered azepine ring.

1.2. Objective of the present study:

Considering discussion, it is apparent that there is a need to develop a more general synthetic
route towards the synthesis of 2-azabicyclic ring systems which can make this ring system in
high diastereo and enantioselectivity in multi-gram scale. Furthermore, it should have structural
characteristics to functionalize for making diverse array of polycyclic natural product-based
scaffolds. The following chapter would describe our synthetic planning and successful general
synthetic route for the costruction of all the three 2-azabicyclic ring systems using a common

intermediate.
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2.1. Introduction:

Designing a synthetic strategy, which would be step economical and efficient is the most
important factor for the success of any synthetic campaign. Towards this end, synthetic
approaches of using just one common synthetic intermediate for readily synthesizing an array
of diverse natural products is progressively gaining ground and is called ‘collective total
synthesis’.! [6, 5], [6, 6] and [6, 7]-2-Azabicyclic framework offers an excellent platform for
systematic scaffolding towards the synthesis of diverse alkaloids. Although, numerous
approaches are developed for the construction of these bicyclic rings, there is no general
strategy available to construct such kind of azabicyclic scaffolds. In the context of the total
synthesis of some alkaloids having these scaffolds, we evaluated to develop a rational strategy
to overcome the synthetic challenges arising out due to the complexity of these natural

products. To keep this in mind, a common precursor or intermediate was visualised following

on,

(3aS,7a8)-octahydro-1H-indole
2-Azabicyclo[3.4.0]nonane
1a

inexpensive

startilfg — —_—

material
N
H

(4aS,8aS)-decahydroquinoline

Common reactive 2-Azabicyclo[4.4.0]decane
intermediate 1b
(5aR,9aR)-decahydro-2H-benzo[b]azepine(5a$,9aS)-decahydro-
1H-benzo[b]azepine

2-Azabicyclo[5.4.0Jundecane
1c

a well designed chemical reaction (Fig. 1).

\

Figure 1: Conceptual overview of using a common intermediate to access 2-azabicyclic

skeleton
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To demonstrate the synthetic potentiality of our approach, we have choosen to explore the wide
range of functionalisation and highly stereoselective ring opening of the facially biased,
strained bridge-azabicyclic ring 2 (Scheme 1)? followed by cyclisation.

Reactive centers fo
functionalisation

EOC Ring opening SO,Ph J /¢ SO,Ph
SO,Ph by nucleophile Cyclisation
—> _>
NN\ )n
Nﬁ)J NHBoc BocN
n=0,1,2
2 3 4

Scheme 1: Bridge-azabicyclic ring opening followed by cyclisation strategy.

Bridge-azabicyclic intermediate offers a strategic advantage for the systematic variation of
structural elements according to the essential motif and the size of the N-based heterocycles
present in the natural products, and also on the periphery of N-based ring heterocycles.
Functionalization of the reactive centres of the bridge-bicyclic intermediate uses some elements
of reaction control that could be standard in synthetic purpose, but owing to the specific shape
and strained nature of the system, strategically bond making, bond breaking with regio- and

stereocontrol are also feasible.

The most electrophilic centre of the embedded Michael acceptor in the ring would be used for
the proper functionalization according to the desire motif present in the natural products or
natural product based scaffolds. The specific shapes of the ring persuade highly stereoselective
Michael addition preferring the exo-attack over sterically hindered endo-attack. The existing
ring strain will promote the Michael adduct to release its strain by shifting the olefinic double
bond and the ring opening product would be ready for the necessary cyclisation to provide a
diverse array of fused bicyclic heterocycles.®* We planned to use the Grignard reagent as a
nucleophilic source in the presence of copper salt to make it a soft nucleophile and the ring size

would be decided by the corresponding chain length of the Grignard reagent.
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Roc SO,Ph
SO,Ph
Boc Bng’W . N CQ'/\
N Michael addition o
Ring

Ab/SOZPh n=012 ?gauzirr:?a?\ggcnjlrd 7 ’ op.>enin NHBOC
y 5 reagent and Cul_ or _opening,__
2
OTBS SO,Ph
g Roc

Common synthetic SO.Ph
intermediate n=1,2,3 M/2 OTBS

6 ™N—OTBS NHBoc

8 functionalised cyclohexane ring

systematic
cyclisation

SO,Ph
; ’,)n
BocN

11

cis-2-azabicyclic scaffolds

Scheme 2: Divergent synthetic route for the construction of cis-2-azabicyclic scaffolds.

2.2. Result and Discussions:

2.2A. Synthesis of common intermediate (1R,4S)-tert-butyl 2-(phenylsulfonyl)-7-
azabicyclo[2 .2.1]hept-2-ene-7-carboxylate:

The most important aspect of our approach is the smooth and efficient supply of common
intermediate 2 in multi-gram scale. To explore the synthetic versatility of 7-
azabicyclo[2.2.1]hept-2-en 2, it is important to develop first a scalable synthetic route for both
racemic as well as in enanatiomeric form, which could execute of our synthetic programme
very efficiently for the synthesis of diverse classes of natural products. Synthesis starts from
(1S,4R)-tert-butyl 2-oxo-3-(phenylsulfonyl)-7-azabicyclo[2. 2.1]heptane-7-carboxylate 12
which is enabled to prepare in multi-gram-scale.* The reduction of the ketone followed by the
elimination of the hydroxyl group would provide the primary scaffold 2. The reduction was
carried out by using lithiumborohydride (LiBH4) in THF at -78 °C, produced corresponding
alcohol 13 in excellent yield and the mesylation was done quantitatively by the treatment of

mesyl chloride in the presence of pyridine as a solvent. The mesylate was eliminated by
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refluxing in dichloromethane using pyridine as a base to afford the 7-azabicyclo[2.2.1]hept-2-

ene 2.2
Boc Boc
N LiBH, N 1) MsCl,EtsN Roc
A?/sozph Dry THF A?/SOzPh 0°C to RT,2 hr SO,Ph
> > /)
RT 2) Dry pyridine,
O 91% OH DCM, reflux  enantiopure (99% ee)
enantiopure exo/endo 90%
12 13 2

Scheme 3: Synthesis of the common intermediate 2.

The racemic form of 2 was synthesized on multi-gram scale in three steps (First two steps
were performed on 200g scale) from the commercially available trimethylsilyl acetylene.® 57

Dry DCM
0°CtoRT SO.Ph
TMS AICI PhSO,CI o 2
/// + 3 + 2 //
15 16 326 h, | 17
14 1.0eq 1.2 eq on 200g scale 62%
Boc
65 °C, neat N
d SO,Ph
SO,Ph /) > Ab/ 2
= + N 72 h 17
17 1200 on 200g scale 19
67%
24 eq
Boc
Boc N

N Hy , PdIC,
SO,Ph - Abzsozph
ﬂj /

CH3CN, RT, 12h )

96%

19 on 60g scale

Scheme 4: Synthesis of the common intermediate 2 in racemic form.

As the racemic form of 2 was available on multi-gram scale, we proceeded with the racemic
starting material (common intermediate 2) for our preliminary studies. The key step developed
in this approach is the highly stereoselective conjugate addition of Grignard reagent to the
bicyclic ring in presence of Cu(ll) salt followed by in situ ring opening of the Michael adduct.
After a very successful Michael addition using a Grignard reagent, the next step is to evaluate

the efficiency of the cyclization through direct N-alkylation or reductive amination/ amidation
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strategy to afford desired azabicyclic scaffold. In most of the cases N-alkylation strategy
proved to be the straightforward protocol for the cyclization. Once the basic parameters were
fixed, the modularity and generality of this process would be evaluated by varying the carbon

chain length in the Grignard reagent according to the required ring size.
2.2B. Synthesis of hydroindole scaffold:

In order to establish stereoselective Michael addition step in the synthetic route, vinyl
magnesium bromide was used as a Grignard reagent to react with the primary scaffold 7-
azabicyclo[2.2.1]hept-2-ene 2. Reaction in the presence of cupric cyanide (CuCN) at -30 °C
using the mixture of dry tetrahydrofuran and dry ether as a solvent (1:1), afforded the Michael

addition followed by in situ ring opening to produce 20.

Boc SO,Ph SO,Ph SOzPh
le/SOgPh a_ o CE/ b o CKA __C e Q\;
/ 4
OH
BocN

NHBoc NHBoc
2 20 21 22
Hexahydroindole
scaffold

Scheme 4: Synthesis of hexahydroindole scaffold (22).

Reagents and conditions: a) Vinyl magnesium bromide( 1.8 eqg)solution in dry THF (1.0 M),
CUuCN(1 eq), Dry THF + Ether (1:1), -30 °C, 4 h, 41%; b) i) 0.5M 9-BBN(1.5eq), 0 °C to rt, 12
h ii) 3M NaOAc, H20,, 0 °C to rt, 5 h, 62% (91% on brsm); c) mesyl chloride (MsCI), DMAP,
EtsN (5eq), 0 °C to rt, 4 h, 76%.

Hydroboration® of terminal olefin helped to install alcohol moiet at the terminal end of 20,
which was essential for the crucial cyclisation to obtain fused bicyclic compound 22.
Hydroboration was done by using 0.5M 9-BBN to obtain selective addition of boron hydride
on the more reactive terminal olefin rather than on the electron deficient olefin. On quenching
with hydrogen peroxide in the presence of mild base, sodium acetate produced the
corresponding terminal alcohol in 62% vyield. The alcohol 21 was then subjected to the
mesylation using mesyl chloride in the presence of triethyl amine and catalytic amount of N,
N-dimethyl aminopyridine. It was very pleasing to note that the cyclisation occurred in

mesylation condition through the nucleophilic substitution of O-mesylate group by the N-
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carbamate amine and obtained the 2-azabicyclo[3.4.0]nonane skeleton (octahydroindole ring)
embedded with electron-deficient olefin 22. Therefore, the olefin would direct for further
functionalisation of all the carbon centre of the carbocyclic ring.

One of the key problems, we have encountered that although the synthetic route was short but
the moderate yield (41%) of the Michael addition step using vinyl magnesium bromide has to
be optimised to afford hexahydroindole product 22 in multi-gram quantity and the
hydroboration was also not very efficient for scaling up the reaction. Meanwhile we used allyl
magnesium bromide for executing the Michael addition to evaluate the generality of this
synthetic protocol, and we observed an excellent yield (88%) of the Michael addition on our
common intermediate 2 which could give cyclised product by shortening one carbon atom
followed by reductive amination sequence. The oxidative cleavage would provide the
corresponding aldehyde with one carbon less which would go for reductive amination with the
tethered N-carbamate amine to afford the desire hexahydroindole ring 22. The oxidative
cleavage was done by using osmium tetroxide (cat. amount) and sodium periodate in the
presence of 2,6-lutidine, which produced the required aldehyde almost in quantitative yield,
used for further step without any purification. Reductive amination of aldehyde 24 was carried
out with excellent yield (91%) by the treatment of sodiumcyanoborohydride in presence of

acetic acid in THF.

Eoc SO,Ph SO,Ph SO,Ph
SOPh 2 o b —C
/ N\ \o
NHBoc NHBoc BocN
2 23 24 22

Scheme 5: Scalable synthetic route for the synthesis of hexahydroindole ring system (22).

Reagents and conditions: a) Allyl magnesium bromide( 1.8 eq), CUCN(1 eq), Dry THF + Ether
(1:1), -30 °C, 4 h, 93%; b) OsO; (0.01 eq), NalOs (4eq), 2,6-lutidine(2 eq),
dioxane:water(3:1),rt,2 h; c) NaCNBHs (2 eq), THF:AcOH(9:1), 20 h, 91%.

2.2C. Synthesis of cis-octahydroquinoline ring system:

With proof of the concept we planned to explore the potential of the synthetic intermediate 2
in the synthesis of other 2-azabicyclic ring system employing the same synthetic sequence. The

most basic modification of the previously described synthetic route to hexahydroindoles would
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be to vary the length of the carbon chain in the Grignard reagent to give the corresponding 2-
azabicyclic product. By lengthening the one carbon atom in the Grignard reagent, it should be
possible to obtain the decahydroquinoline ring system embedded with an olefinic sulfone
moiety. After having ring opening product 23, we have followed the same reaction pathway
involving hydroboration and mesylation followed by cyclization with the tether Boc protected
amine to access cis-fused bicyclic ring. However, 25 failed to provide any cyclized product 26
under the mesylation condition. In order to increase the nucleophilicity of the Boc protected
amine for the crucial cyclization, the corresponding mesylate of the alcohol 25 was subjected
to the strong basic condition (potassium tertiary butoxide) and observed the double bond
isomerisation of the vinyl sulphone. It is evident that the strong basic condition is responsible
for the double bond isomerization of the vinyl sulphone. Therefore, it is manifested that the
cyclization should be done either in mild basic condition or by reductive amination strategy
converting the alcohol into aldehyde. However, the reaction did not proceed under mild basic
condition (EtsN, K>COs, and Cs2COz) and starting material was recovered. It was also very
obvious that the nucleophilicity of the nitrogen has reduced due to the presence of the tert-

butyl carbamate moiety.

We planned to follow deprotection-N-cyclization-protection sequence to get the best yield of
the cyclized product without any column purification. The mesylate was subjected to N-Boc
deprotection by in situ generated trimethylsilyliodide (TMSI) ® followed by N-cyclization using
ceasium carbonate as a mild base, which gave the crucial cyclized product. The cyclized amine
was protected as a N-carbamate using Boc2O in presence of triethyl amine to afford the cis-

decahydroquinoline ring 26 embedded with the olefinic sulphone functionality.

Boc

N a | | b

O,Ph_2 g " —> " — > M
Lb/s 2 PhO,S” Y~ “NHBoc PhO,S8™ ~Y “NHBoc PhO,S” ~~ "NBoc

2 3 b

23

OH
26

Scheme 6: Synthesis of cis-octahydroquinoline ring system (28).

Reagents and conditions: a) Allyl magnesium bromide( 1.8 eq), CUCN(1 eq), Dry THF + Ether
(1:1), -30 °C, 4 h, 93%; b) i) 0.5M 9-BBN in THF (1.5eq), Dry THF 0 °C to rt, 12 h ii) 3M
NaOAc, H202, 0°C to rt, 5 h, 71% (90% on brsm); c) i) mesyl chloride(MsCl), EtsN, DMAP,
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0 °Ctort, 2 h; ii) Nal, TMSCI, dry CH3CN, 0 °C to rt, 4 h; iii) Cs,COs, dry CH3CN, rt, 48 h;
iv) Boc20, EtsN, DMAP, 24 h, overall yield 51%.

2.2D. Synthesis of cis-octahydro-2H-benzo[b]azepine scaffold:

Using the underlying philosophy and the principles developed for the hexahydroindoles,
octahydroquinolines ring systems, we postulate that it should be possible to access azepine ring
containing skeleton by lengthening the carbon chain of the corresponding Grignard reagent. At
the outset of the synthesis the adaptation of our synthetic strategy to these heterocycles would
be straightforward in concept, but it envisaged to be more challenging due to the difficulties in
forming 7-membered rings at the late stage of the synthesis. To effect this, we followed the
same synthetic plan involving Michael addition using Grignard reagent in presence of Cu(ll)
followed by in situ bridge-azabicyclic ring opening and the subsequent cyclisation. The
Grignard reagent of 29 was derived from the TBS protected 1,4-bromoalcohol 28 which we
made in multi-gram scale by refluxing tetrahydrofuran in presence of 40% hydrobromic acid
followed by OTBS protection using TBSCI in presence of imidazole, catalytic amount of
DMAP.X The TBS protected Grignard reagent was reacted very smoothly with the common
intermediate 2 to provide the desired ring opening product 30, which was subjected to 0.8N
hydrochloric acid to deprotect the -OTBS group. After having the alcohol 31, applied the same
cyclization protocol as in the case of cis-octahydroquinoline preparation to access the desire

cyclized product cis-octahydro-2H-benzo[b]azepine 33.

{ E a b
5 —_— HO\/\/\Br —>TBSO\/\/\Br

Tetrahydrofuran 1,4-bromo butanol 29
27 28

Scheme 7: Preparation of the TBS protected 1,4-bromoalcohol 29

Reagents and conditions: a) 40% aq. HBr, reflux, 2 h, 41%; b) TBSCI (1.2 eq), imidazole (2.2
eq), DMAP (0.1 eq) rt, 12 h, 88%.
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Eoc S0O,Ph SO,Ph SO,Ph
a b c
Lb,SOZPh—> —_— —_—
/ OTBS
OH

NHB NHBoc
ocC NHBoc OMs
2 Q( 30 31 32
@]
O
o)
_d o
O=S=|E)|
33

Scheme 8: Synthesis of octahydrobenzo[b]azepine ring system (33).

Reagents and conditions: a) i) 29 ( 1.8 eq),Mg turnings (2.2 eq),dry ether; ii) CUCN(1 eq), Dry
THF + Ether, -60 °C to -30 °C, 4 h, 81%; b) i) 0.8N HCI, 0°C,2 h, ii) NaHCOs3, 0°C, 86%; c)
mesyl chloride (MsCl), EtsN, DMAP, 0 °C to rt, 2 h; d) i) Nal, TMSCI, dry CHsCN, 0 °C to rt,
4 h, ii) Cs2COs3, dry CH3CN, rt, 48 h, iii) Boc20O, EtsN, DMAP, 24 h, overall yield 48%.

2.3. Summary:

An effective synthetic route have been developed for the synthesis of cis-hexahydroindoles,
cis-octahydroquinolines and cis-octahydrobenzo[b]azepine embedded with a versatile
functionality (vinyl sulphone) for further functionalization towards the synthesis of
corresponding natural products. The successful establishment of this synthetic strategy
prompted us to synthesize a diverse array of natural products having these three basic scaffolds.
The next chapter will discuss the application of this synthetic strategy and the efforts toward

the synthesis of various alkaloids.
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Chapter 2

2.5. Experimental Procedures and Spectral Data:

General Remarks:

Solvents used for chromatography were purified and distilled at respective boiling points using
known procedures (1). Petroleum ether used in the experiments was of 60-80 °C boiling range.
All reactions requiring anhydrous conditions were performed under a positive pressure of argon
using oven dried glassware (110 °C), which were cooled under argon. Solvents for anhydrous
reactions were dried according to Perrin et al.1 Benzene, DCM and triethylamine were distilled
over CaH> and stored over molecular sieves and KOH, respectively. THF and diethyl ether
were distilled over sodium benzophenone ketyl. All commercial reagents were obtained from
Sigma-Aldrich and Lancaster Chemical Co. (UK). n-BuLi was titrated using diphenylacetic
acid as an indicator. Reaction progress was monitored by TLC. TLC was performed on Merck
precoated 60 F254 plates and the spots were rendered visible by exposing to UV light, lodine,
phosphomolibdic acid, o-Anisol, KMNOA4, ninhydrin solutions. Column chromatography was
performed on silica gel 60-120/ 100-200 mesh. Typical syringe and cannula techniques were
used to transfer air and moisture-sensitive reagents. IR spectra were recorded on FTIR
instrument, for solid either as nujol mull, neat in case of liquid compounds or their solution in
chloroform. *H NMR spectra were recorded on Bruker 400 MHz, and 800 MHz instruments
using deuteriated solvent. Chemical shifts are reported in ppm. Proton coupling constants (J)
are reported as absolute values in Hz and multiplicity (br, broadened; s, singlet; d, doublet; t,
triplet; dt, doublet of triplet; ddd, doublet of a doublet of a doublet; m, multiplet). 13C NMR
spectra were recorded on Bruker 400 and 800 MHz instruments operating at 100 and 200 MHz
respectively. 13C NMR chemical shifts are reported in ppm relative to the central line of CDCI3
(6 77.16). Mass spectra were recorded on Azilant PE SCIEX API QSTAR pulsar (LC-MS). All
the melting points were recorded using electrothermal melting point apparatus (BUCHI,
MODEL NO. B540). Starting materials were obtained from commercial sources. Numbering
of compounds, schemes, tables, referencing and figures in abstract and chapters are

independent.
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Synthesis of (z) tert-butyl ((1S,2S)-3-(phenylsulfonyl)-2-vinylcyclohex-3-en-1-yl)carbam
ate (20):

vinyl magnesium
Boc bromide solution

N SO,Ph
sopn __CuoN_ P
/)
Dry ether + THF
NHBoc
2 20

The mixture of 2 (10.0 g, 29.8 mmol) and flame dried CuCN (1.6 g, 17.9 mmol, 0.6 equiv.) in
mixture of dry THF and ether (1:1, 150 mL) was charged into a 500 mL two neck jacketed
flask equipped with a magnetic stirring bar, argon gas balloon and was cooled to -80 °C
followed by vinyl magnesium bromide solution (1.0 M in dry THF, 38.7 mL, 38.7 mmol, 1.3
equiv.) was added dropwise via cannula over a period of 30 minutes. The reaction mixture was
allowed to stirr at -70 °C for 4 h, then gradually increased the temperature to -30 °C and stirred
further for 2 h. The temperature of the reaction mixture was raised to -10 °C and was quenched
with saturated ag. NH4CI (100 mL). The mixture was stirred for next few hours until it appeared
blue colour solution and the mixture was extracted with EtOAc (2 x 100 mL). The combined
organic layer was dried over sodium sulfate, concentrated and dried in vacuo and purified by
column chromatography (hexane : ethyl acetate, 7:3) to obtain 20 as a white gummy solid (4.4
g, 41%)

Yield: 41%
TLC: R =0.37 (SiO2, Hexane : Ethyl acetate = 3:1)

IH NMR (400 MHz, CDCls) §: 7.85 — 7.70 (m, 2H), 7.61 — 7.51 (m, 1H), 7.51 — 7.39 (m, 2H),
7.03 (br m, 1H), 5.51 — 5.14 (m, 1H), 5.12 — 4.85 (m, 1H), 4.52 (d, J = 8.5 Hz, 1H), 3.60 (br
m, 1H), 3.31 (dd, J = 7.6, 5.2 Hz, 1H), 2.45 (br m, 2H), 2.14 — 1.78 (m, 1H), 1.78 — 1.56 (m,
1H), 1.36 (br s, J = 5.2 Hz, 9H).

13C NMR (101 MHz, CDCls) &: 154.77, 141.01, 139.57, 138.11, 133.66, 133.27, 129.01,
128.31, 121.21, 79.55, 48.69, 41.69, 28.36, 25.53, 23.43.

HRMS (ESI): m/z calculated for C1gH2sNOsSNa ([M + Na]*) 386.1402, C19H29N204S ([M +
NH.]*) 381.1848 ; found 386.1406 ([M + Na]*) and 381.1855 ([M + NHa]*).
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Synthesis of (£) tert-butyl ((1S,2S)-2-(2-hydroxyethyl)-3-(phenylsulfonyl)cyclohex-3-en-1-
yl) carbamate (21):

SO,Ph  9-BBN SO,Ph
Dry THF
/
H,0, OH
NHBoc NaOAc NHBoc
20 21

To a solution of the 20 (0.52g, 1.43 mmol) in dry THF (5 mL) was added 0.5 M 9-BBN in THF
(7.4 mL, 3.7 mmol, 2.6 equiv.), at 0 °C. The mixture was stirred at RT for 12 h and the excess
9-BBN was quenched by adding water slowly at 0 °C. The hydroboration mixture was oxidised
by adding ag. 3.0 M NaOAc (4.8 mL, 14.3 mmol, 10 equiv.) followed by H>O; (30% in H20,
1.5 mL, 14.3 mmol, 10 equiv.). The reaction mixture was stirred at RT for 5 h, brine solution
was added and extracted with EtOAc (2 x 25 mL). The combined organic layer was dried over
sodium sulphate, concentrated and dried in vacuo and purified by column chromatography
(hexane:ethyl acetate, 2:3) to provide the product 21 as a colourless oil (0.34 g, 62%, 91% on

brsm).

Yield: 62%, 91% on brsm
TLC: R =0.46 (SiO2, Hexane : Ethyl acetate = 2:3)

IH NMR (400 MHz, CDCls) &: 7.83 (d, J = 7.6 Hz, 2H), 7.60 (t, J = 7.4 Hz, 1H), 7.53 (t, J =
7.5 Hz, 2H), 6.98 (br s, 1H), 5.55 (br s, J = 136.6 Hz, 1H), 3.74 (br m, 2H), 3.43 (br m, 1H),
2.67 (br m, 1H), 2.4 — 2.32 (m, J = 13.4, 8.7, 3.7 Hz, 2H), 1.96 (br m, 1H), 1.91 — 1.82 (m,
2H), 1.82 — 1.75 (m, 1H), 1.60 — 1.53 (m, 1H), 1.37 (s, 9H).

13C NMR (101 MHz, CDCls) &: 155.74, 143.47, 140.16, 139.85, 133.85, 129.78, 128.22,
79.73, 62.37, 49.81, 35.33, 33.55, 28.79, 25.65, 23.38.

HRMS (ESI): m/z calculated for CigH27NOsSNa ([M+Na]*) 404.1508, CigH3:N2OsS
(IM+NH4]*) 399.1959; found 404.1512 ([M+Na]*) and 399.1962 ([M+NHJ]").

Ph. D. Thesis, Savitribai Phule Pune University, 2019 46



Chapter 2

Synthesis of (x) (3aS,7aS)-tert-butyl 4-(phenylsulfonyl)-2,3,3a,6,7,7a-hexahydro-1H-indo
le-1-carboxylate (22):

SO,Ph mesyl chloride SO,Ph SO,Ph
dry DCM
_— _—
oH  EGN OMs
NHBoc DMAP NHBoc BocN
21 21a 22

To asolution of 21 (0.26 g, 0.7 mmol) in dry DCM (5 mL) was added methanesulfonyl chloride
(0.07 mL, 0.9 mmol, 1.3 equiv.) followed by triethyl amine (0.5 mL, 3.4 mmol, 5 equiv.) and
DMAP (0.1g, 0.8 mmol, 1.2 equiv.) at 0 °C. The reaction mixture was stirred at room
temperature for 6 h and quenched with water (10.0 mL). The reaction mixture was extracted
with EtOAc (2 x 25 mL) and the combined organic layer was dried over anhydrous sodium
sulphate, filtered and concentrated by rotary evaporation. The crude material was dried in
vacuo and purified by column chromatography (hexane:ethyl acetate, 3:1) to provide the
product 22 as a colourless oil (0.19 g, 76%).

Yield: 76%

TLC: Rf=0.52 (SiO2, Hexane : Ethyl acetate = 3:1)

'H NMR (400 MHz, CDCls) 8: 7.86 — 7.84 (d, J = 7.6 Hz, 2H), 7.63 — 7.59 (it, J = 7.4 Hz,
1H), 7.55 - 7.51 (t, J = 7.6 Hz, 2H), 7.13 (br s, 1H), 3.84 — 3.64 (m, 1H), 3.38 — 3.34 (dd, J =
22.6, 10.5 Hz, 1H), 3.31 - 3.16 (m, 1H), 2.84 — 2.60 (m, 1H), 2.49 — 2.33 (m, 1H), 2.30 — 2.16

(m, 2H), 2.16 — 1.95 (m, 1H), 1.75 — 1.50 (m, 1H), 1.44 — 1.37 (m, 9H), 1.34 — 1.24 (ddd, J =
16.8, 12.1, 5.1 Hz, 1H),

13C NMR (101 MHz, CDCls) &: 153.98, 141.00, 140.08, 139.66, 133.38, 129.22, 127.90,
79.45, 55.38, 45.20, 30.40, 28.45, 24.72, 23.30.

HRMS (ESI): m/z calculated for C1oH26NO4SNa ([M+Na]*) 386.1402; found 386.1405.
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Sy?ztg)esis of (x) tert-butyl ((1S,2S)-2-allyl-3-(phenylsulfonyl)cyclohex-3-en-1-yl)carbama
te :

Boc allyl magnesium
bromide solution SO,Ph

N
Ab/sozph CuCN >
Y Dry ether + THF X

NHBoc

2 23

The mixture of 2 (30.0 g, 89.4 mmol) and flame dried CuCN (8.0 g, 89.4 mmol, 1.0 equiv.) in
dry THF and ether (1:1, 400 mL) was charged into a 1 L two neck jacketed flask equipped with
a magnetic stirring bar, argon gas balloon and was cooled to -60 ‘C followed by allyl
magnesium bromide solution (1.0 M in diethyl ether, 143.1 mL, 143.1 mmol, 1.6 equiv.) was
introduced to the stirring mixture dropwise via cannula over a period of 45 minutes. The
reaction mixture was further allowed to stirr for 2 h at -60 °C, then gradually increased the
temperature to -30 °C over a period of 1 h and stirred further for 2 h at -30 °C. The temperature
of the reaction mixture was allowed to raise to -10 °C and was quenched with saturated aq.
NH4Cl (200 mL). The mixture was stirred for next few hours at room temperature until it
appeared blue colour solution and the mixture was extracted with EtOAc (2 x 100 mL). The
combined organic layer was dried over sodium sulfate, concentrated and dried in vacuo and
purified by column chromatography (hexane : ethyl acetate, 7:3) to obtain 23 as a white solid
(31.5 g, 93%)

Yield: 93%
TLC: Rf=0.42 (SiO2, Hexane : Ethyl acetate = 3:1)
m.p.: 103-105°C

IH NMR (400 MHz, CDCls) &: 7.82 (d, J = 7.4 Hz, 2H), 7.58 (tt, J = 8.5, 6.2 Hz, 1H), 7.53
7.46 (m, 2H), 7.04 (br m, J = 19.3 Hz, 1H), 5.76 (td, J = 16.7, 7.5 Hz, 1H), 4.99 (dd, J = 25.4,
13.6 Hz, 2H), 4.70 (d, J = 37.8 Hz, 1H), 3.59 (dd, J = 13.3, 6.3 Hz, 1H), 2.80 (s, 1H), 2.61 —
2.48 (m, 1H), 2.48 — 2.33 (m, 2H), 2.33 — 2.19 (m, 1H), 1.74 — 1.61 (m, 2H), 1.30 (s, 9H).

13C NMR (101 MHz, CDCls) &: 154.78, 141.98, 139.89, 139.73, 137.50, 133.35, 129.25,
127.80, 116.10, 79.28, 49.67, 35.93, 33.88, 28.32, 25.05, 23.28.

HRMS (ESI): m/z calculated for C20H27NO4SNa ([M+Na]*) 377.1661; found .
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Synthesis of () tert-butyl ((1S,2S)-2-(2-oxoethyl)-3-(phenylsulfonyl)cyclohex-3-en-1-yl)c
arbamate (24):

SO,Ph 0OsO, SO,Ph
NalO,4
2,6-lutidine A
NHBoc dioxan:water NHBoc
23 24

To astirred solution of 23 (10.0 g, 26.5 mmol) in dioxane-water (3:1, 150 mL) was added 2,6-
lutidine (6.1 mL, 52.9 mmol, 2.0 equiv.) followed by OsO4 (0.1 M solution in t-butanol, 2.65
mL,0.26 mmol), and NalO4 (2.1 gm, 9.75 mmol) at 0 °C. The reaction mixture was stirred at
room temperature (25 °C) until TLC revealed no starting material. After the reaction was
completed, it was diluted with EtOAc (100 mL) and water (100 mL) was added. The reaction
mixture was extracted with EtOAc (100 mL) and the organic layer was separated. The water
layer was extracted with EtOAc (2 x 50 mL). The combined organic layer was washed with
brine (50 mL) and dried over anhydrous sodium sulphate. The solvent was filtered and
concentrated by rotary evaporation. The crude aldehyde 24 was dried in vacuo and proceeded

further step for intramolecular reductive amination with the tether tert-butyl carbamate.

Synthesis of (£) (3aS,7aS)-tert-butyl 4-(phenylsulfonyl)-2,3,3a,6,7,7a-hexahydro-1H-indo

le-1-carboxylate (22):
SO,Ph SO,Ph
NaCNBH3
—>
No THF:AcOH

NHBoc BocN

24 22

The crude aldehyde 24 obtained by the oxidative cleavage of the allyl group was dissolved in
150 mL THF: AcOH (9:1) and sodium cyanoborohydride (3.3g g, 52.9 mmol) was added at
room temperature. The reaction mixture was stirred at room temperature for 20 h. The mixture
was neutralized with saturated sodium bicarbonate solution (100 mL) and extracted with ethyl
acetate (2 x 100 mL). The organic layer was separated and the water layer was extracted with
EtOAc (2 x 50 mL). The combined organic layer was washed with brine solution (50 mL),

dried over anhydrous sodium sulphate, concentrated, dried in vacuo and purified by column
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chromatography (hexane : ethyl acetate, 3:1) to obtain 22 as a colourless highly viscous oil (8.7
g, 91%).

Yield: 91%

TLC: Rf=0.52 (SiO2, Hexane : Ethyl acetate = 3:1)

HRMS (ESI): m/z calculated for C1gH26NOsSNa ([M+Na]*) 386.1402; found 386.1407.

Synthesis of (z) tert-butyl ((1S,2S)-2-(3-hydroxypropyl)-3-(phenylsulfonyl)cyclohex-3-en-
1-yl)carbamate (25):

SO,Ph  9-BBN SO,Ph
dry THF
H202 OH
NHBoc NaOAc NHBoc
23 25

To a solution of the 23 (1.0 g, 2.6 mmol) in dry THF (10 mL) was added 0.5 M 9-BBN in THF
(7.9 mL, 3.9 mmol, 1.5 equiv.), at 0 °C. The mixture was stirred at room temperature for 12 h
and the excess 9-BBN was quenched by adding water slowly at 0 °C. The hydroboration
mixture was oxidised by adding ag. 3.0 M NaOAc (5.3 mL, 15.9 mmol, 6 equiv.) followed by
H202 (30% in H20, 4.4 mL, 42.4 mmol, 16 equiv.). The reaction mixture was stirred at room
temperature for 5 h, brine solution was added and extracted with EtOAc (2 x 25 mL). The
combined organic layer was dried over sodium sulphate, concentrated and dried in vacuo and
purified by column chromatography (hexane:ethyl acetate, 3:7) to provide the product 25 as a
colourless oil (0.74 g, 71%, 90% on brsm).

Yield: 71%, 90% on brsm
TLC: Rf=0.40 (SiO2, Hexane : Ethyl acetate = 2:3)

IH NMR (400 MHz, CDCls) &: 7.83 (d, J = 7.5 Hz, 2H), 7.60 (t, J = 7.2 Hz, 1H), 7.53 (t, J =
7.5 Hz, 2H), 7.00 (br m, J = 18.4 Hz, 1H), 4.91 (d, J = 26.4 Hz, 1H), 3.47 (br m, J = 86.3 Hz,
3H), 2.62 (br m, J = 41.1 Hz, 1H), 2.32 ( br m, 3H), 1.75 — 1.50 (m, 6H), 1.29 (s, 9H).

13C NMR (101 MHz, CDCls) &: 155.09, 143.09, 139.94, 139.18, 133.47, 129.38, 127.82,
79.61, 61.86, 49.46, 35.55, 32.06, 28.43, 25.15, 23.37, 20.14.
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HRMS (ESI): m/z calculated for C20H290NOsSNa ([M+Na]*) 418.1664, C20H3oNOsS ([M+H]")
396.1845; found 418.1668 ([M+Na]*) and 396.1843 ([M+H]")

Synthesis of (£) (4aS,8aS)-tert-butyl 5-(phenylsulfonyl)-2,3,4,4a,8,8a-hexahydroquinoline
-1(7H)-carboxylate (26):

SO,Ph SO,Ph SO,Ph SO,Ph
_MsCl TMS' 052003
OH EtaN OMs Dry ACN OMs Dry ACN

NHBoc DMAP NHBoc

25 25a 25b

To a solution of 25 (1.0 g, 2.5 mmol) in dry DCM (20 mL) in a round-bottom flask equipped
with a magnetic stir bar and argon gas balloon was added methanesulfonyl chloride (0.29 mL,
3.8 mmol, 1.5 equiv.) followed by triethyl amine (0.88 mL, 6.3 mmol, 2.5 equiv.) and DMAP
(0.37g, 3.0 mmol, 1.2 equiv.) at 0 °C. The reaction mixture was allowed to stir at room
temperature for 2 h and quenched with water (15.0 mL). The reaction mixture was extracted
with EtOAc (2 x 25 mL) and the combined organic layer was dried over anhydrous sodium
sulphate, filtered and concentrated by rotary evaporation. The crude material was passed
through a short column of silica gel (100-200) using hexane:ethyl acetate (1:1), evaporated the

solvent by rotary evaporation and dried in vacuo.

TLC: R =0.54 (SiO2, Hexane : Ethyl acetate = 1:1)

IH NMR (400 MHz, CDCls) &: 7.82 (d, J = 7.3 Hz, 2H), 7.60 (t, J = 7.3 Hz, 1H), 7.52 (t, J =
7.4 Hz, 2H), 6.97 (br m, J = 23.5 Hz, 1H), 4.71 (d, J = 5.2 Hz, 1H), 4.11 (dd, J = 20.0, 6.7 Hz,
2H), 3.43 (br m, 1H), 2.99 (s, 3H), 2.63 ( br m, 1H), 2.38 (br m, 2H), 1.85 (br m, J = 10.9 Hz,
2H), 1.72 — 1.62 (m, 2H), 1.61 — 1.47 (m, 2H), 1.29 (s, 9H).

13C NMR (101 MHz, CDCls) &: 154.95, 142.90, 139.99, 139.28, 133.53, 129.44, 127.82,
82.21, 79.78, 70.33, 49.30, 37.53, 33.03, 28.38, 25.96, 24.97, 23.32.

HRMS (ESI): m/z calculated for Cu1H3i1NO7SoNa ([M+Na]*) 496.1440, C1H3:2NO-S;
(IM+H]") 474.1620,; found 496.1454 ([M+Na]") and 474.1630 ([M+H]").
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The mesylate compound was pure enough to proceed further for carbamate deprotection by
insitu generated trimethylsilyl iodide (TMSI) using Nal and trimethylsilyl chloride
(TMSCI).The mixture of freshly distilled trimethylsilyl chloride (0.39 mL, 3.0 mmol, 1.2
equiv.) and flame dried Nal (683.6 g, 4.5 mmol, 1.8 equiv.) in dry acetonitrile (CH3CN) was
charged into a 50 mL two neck round-bottom flask equipped with a magnetic stirring bar, argon
gas balloon and was cooled to -0 °C using ice-water bath. The mixture was stirred for 45
minutes and the solution of the crude mesylate in dry CH3CN was added. The reaction mixture
was stirred for 30 minutes and the ice-bath was removed. The mixture was allowed to stir at
room temperature for 4 h and the progress of the reaction was monitored by TLC to confirm
the complete removal of the tertiary butyl ester group. The red brown colored reaction mixture
was quenched by adding water (5 mL) and was diluted with ethyl acetate (25 mL). The reaction
mixture was transferred into a separating funnel and extracted with EtOAc (2 x 25 mL). The
combined organic layer was dried over anhydrous sodium sulphate, filtered and concentrated
by rotary evaporation. The crude material was dried in vacuo and proceeded further for
cyclisation with the removal of the -OMs (O-mesylate group) by the amine followed by -NBoc

protection of the cyclised amine.

To the solution of crude amine in dry CH3CN (20 mL) was added anhydrous caesium carbonate
(1.6 g, 5.0 mmol, 2.0 equiv.) and stirred for 48 h. The reaction mixture was diluted with
dichloromethane (DCM) and filtered through a Celite pad. The solution was concentrated by
rotary evaporation and the crude material was dissolved in dry DCM (10 mL). To the solution
Boc-anhydride (Boc20) (5.8 mL, 25.2 mmol, 10.0 equiv.) was added at 0 °C followed by
triethyl amine (1.7 mL, 12.6 mmol, 5.0 equiv.) and DMAP (1.54 g, 12.6 mmol, 5 equiv.) were
introduced to the reaction mixture and allowed to stir for 24 h at room temperature. The reaction
mixture was concentrated by rotary evaporation, dried in vacuo and purified by column
chromatography (hexane:ethyl acetate, 7:3) to obtain the product 26 as a colourless liquid (0.48
g, 51%).

Yield: 51%

TLC: Rf=0.52 (SiO2, Hexane : Ethyl acetate = 7:3)

IH NMR (400 MHz, CDCls) &: 7.85 (dd, J = 20.7, 8.3 Hz, 2H), 7.66 — 7.57 (m, 1H), 7.53 (dd,
J=8.9, 4.0 Hz, 2H), 7.09 (br m, 1H), 4.21 — 4.00 (m, 1H), 3.99 — 3.82 (m, 1H), 2.70 (dt, J =
25.1, 12.3 Hz, 1H), 2.56 — 2.40 (m, 2H), 2.40 — 2.32 (m, 1H), 2.33 — 2.15 (m, 1H), 2.01 — 1.92
(m, 1H), 1.63 — 1.50 (m, 2H), 1.50 — 1.42 (m, 2H), 1.41 (s, 9H).
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13C NMR (101 MHz, CDCls) &: 154.89, 140.19, 139.54, 133.40, 129.36, 127.92, 79.90, 49.36,
39.57, 34.62, 28.52, 25.87, 25.20, 25.20, 19.30.

HRMS (ESI): m/z calculated for C20H2sNOsSNa ([M+Na]*) 400.1558, C20H29NO4S ([M+H]")
378.1739; found 400.1558 ([M+Na]*) and 378.1740 ([M+H]").

Synthesis of 4-bromobutan-1-ol (28):

40% aq. HBr HO
- ~ N Br

(0)
Tetrahydrofuran 1,4-bromo butanol
27 28

Aqueous HBr (200.0 g, 1.2 mol, 48% in water) was added drop-wise to refluxing THF (298.2
mL, 1.8 mol, and 1.5 equiv.) over a period of 30 minutes. Refluxing was then continued for 2
hours. Following this the reaction was cooled, neutralised by adding solid NaHCO3 to the
reaction mixture and the resulting yellow organic layer was then separated. The organic layer
was washed with water (100 mL) followed by brine solution (60 mL). The aqueous layers were
then extracted with EtOAc and the organic extracts were combined and concentrated under
vacuum to give the crude product 28 (74.4 g, 41%) as a yellow liquid which was used without

further purification.

Synthesis of 4-Bromo-1-(t-butyldimethylsilyloxy)butane (29):

TBSCI
HO\/\/\ imidazole
Br ————> TBSO
" DmAP ~N"Br
1,4-bromo butanol
28 29

TBDMSCI (59.1 g, 392.1 mmol, 1.2 equiv.) was added to the stirred solution of 4-bromo-1-
butanol (50.0 g, 326.7 mmol), imidazole (48.9 g, 718.8 mmol, 1.2 equiv.) and 4-
dimethylaminopyridine (4.0 g, 32.7 mmol, 0.1 equiv.) in dry CH2Cl, (800 mL) at 0 °C. The
solution was stirred further 2 h at 0 °C, warmed to room temperature (25 °C) and stirring was
continued for 12 h. The reaction was quenched with aqueous NH4ClI solution (50 mL), brine
solution (100 mL) was added and the organic layer was separated. The water layer was
extracted with EtOAc (2 x 50 mL). The combined organic extracts were washed with aqueous

NaCl solution (2 x 50 mL), dried over anhydrous sodium sulphate, filtered and concentrated
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by rotary evaporation. The resultant oil was purified by column chromatography using
hexane:EtOAc (98:2) to afford 76.8 g (88 %) of the title compound 29 as a colorless oil.

Yield: 88%
TLC: Rf=0.64 (SiO2, Hexane : Ethyl acetate = 98:2)

IH NMR (400 MHz, CDCls) &: 3.64 (t, J = 6.1 Hz, 2H), 3.44 (t, J = 6.8 Hz, 2H), 1.98 — 1.89
(m, 2H), 1.69 — 1.60 (m, 2H), 0.89 (s, 9H), 0.04 (s, 6H).

13C NMR (101 MHz, CDCls) 8: 62.28, 34.01, 31.42, 29.64, 26.06, 18.43, -5.20.

HRMS (ESI): m/z calcd. for CioH23BrOSiNa*([M+Na]*) 289.0599, 291.0579
, found: 289.0589 ([M+Na]™) and 291.0568 ([M+Na]™)

Synthesis of () tert-butyl ((1S,2S)-2-(4-((tert-butyldimethylsilyl)oxy)butyl)-3-(phenylsulf
onyl)cyclohex-3-en-1-yl)carbamate (30):

BOC Mg metal SOZPh
Ab/sozph + B ~~—"0TBS CuCN
/ Dry ether OTBS
+THF NHBoc
2 29
30

A dry 500 mL three-necked round-bottomed flask was equipped with a magnetic stir bar, 500
mL pressure-equalizing dropping funnel and a reflux condenser under argon balloon pressure.
The flask was charged with an excess of thermally activated magnesium turnings (4.8 g, 196.8
mmol, 2.2 equiv.), two small pieces of iodine and stirred the solid mixture for 5 min. 10 mL of
dry diethyl ether was added to the reaction mixture. To the stirred mixture was added dropwise
a solution of 29 (43.0 g, 160.9 mmol, 1.8 equiv.) in 150 mL of dry diethyl ether. At the end of
the addition (2 h) the mixture was stirred further for 1 h to afford the solution of Grignard

reagent of 29.

The mixture of 2 (30.0 g, 89.4 mmol) and flame dried CuCN (8.0 g, 89.4 mmol, 1 equiv.) in
dry THF and ether (1:1, 200 mL) was charged into a 500 mL two neck jacketed flask equipped
with a magnetic stirring bar, argon gas balloon and was cooled to -60 °C followed by the
solution of the Grignard reagent 29 was added dropwise via cannula over a period of 30
minutes. The reaction mixture was stirred at that temperature (-60 °C) for 2 h, then gradually

increased the temperature to -30 °C and stirred further for 2 h. The temperature of the reaction
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mixture was raised to -10 °C and was quenched with saturated ag. NH4Cl (100 mL). The
mixture was stirred for next few hours until it appeared blue colour solution and the mixture
was extracted with EtOAc (2 x 100 mL). The combined organic layer was dried over sodium
sulfate, concentrated and dried in vacuo and purified by column chromatography (hexane :
ethyl acetate, 3:1) to obtain 30 as a highly viscous liquid (37.9 g, 81%).

Yield: 81%
TLC: Rf=0.38 (SiO2, Hexane : Ethyl acetate = 4:1)

IH NMR (400 MHz, CDCls) § 7.87 — 7.77 (m, 2H), 7.63 — 7.55 (m, 1H), 7.55 — 7.45 (m, 2H),
7.14 — 6.94 (m, 1H), 4.60 (d, J = 7.6 Hz, 1H), 3.67 — 3.58 (m, 1H), 3.54 (m, J = 5.3 Hz, 2H),
3.42 (s, 1H), 2.65 (br s, 1H), 2.46 — 2.26 (m, 2H), 1.82 — 1.42 (m, 4H), 1.39 (s, 9H), 1.32 — 1.13
(m, 4H), 0.89 (s, 9H), 0.04 (s, 6H).

13C NMR (101 MHz, CDCls) 6 155.00, 143.24, 140.40, 138.87, 133.33, 129.31, 127.95, 79.63,
63.25, 49.32, 36.79, 33.09, 29.76, 28.49, 26.14, 25.03, 23.82, 18.51, -5.10.

HRMS (ESI): m/z calculated for C27H4sNOsSSiNa ([M+Na]*) 546.2685; found 546.2676
([M+Na]").

Synthesis of (£) tert-butyl ((1S,2S)-2-(4-hydroxybutyl)-3-(phenylsulfonyl)cyclohex-3-en-
1-yl)carbamate (31):

SO,Ph 0.8N HCI SO,Ph
—_—
OTBS
NHBoc NHBoc OH
30 31

To a stirred solution of 30 (10.0 g, 19.0 mmol) in THF (150 mL) was added 0.8N HCI (202.8
mL, 162.3 mmol, 8.5 equiv.) at 0 °C. The reaction mixture was stirred further at the same
temperature (0 °C) for 2 h until TLC revealed no starting material. After the reaction was
completed, diluted with ether (150 mL) and water (100 mL) was added. The reaction mixture
was neutralised by adding solid NaHCOs at 0 °C. The mixture was extracted with EtOAc (100
mL) and the organic layer was separated. The water layer was extracted with EtOAc (2 x 100
mL). The combined organic layer was washed with brine (50 mL) and dried over anhydrous
sodium sulphate. The solvent was filtered and concentrated by rotary evaporation. The crude
alcohol 31 was dried in vacuo and purified by column chromatography (hexane: ethyl acetate,
1:9) to obtain 31 as a white solid (6.7 g, 86%).
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Yield: 86%
TLC: Rf=0.34 (SiO2, Hexane : Ethyl acetate = 3:7)
m.p.: 195-197°C

'H NMR (400 MHz, CDCls) &: 7.84 (d, J = 7.4 Hz, 2H), 7.61 (t, J = 7.4 Hz, 1H), 7.55 — 7.48
(m, 2H), 6.98 (br s, 1H), 4.69 (d, J = 7.6 Hz, 1H), 3.67 — 3.56 (m, 3H), 2.62 (br m, J = 25.7 Hz,
1H), 2.39 (br m, 2H), 1.81 (br m, 1H), 1.69 — 1.57 (m, 3H), 1.46 (br m, 2H), 1.40 (s, 9H), 1.26
(br m, J = 9.7 Hz, 3H).

13C NMR (101 MHz, CDCls) &: 155.07, 143.13, 140.15, 138.92, 133.43, 129.37, 127.96,
79.74, 62.18, 49.21, 36.76, 32.46, 29.24, 28.48, 25.49, 25.00, 23.84.

HRMS (ESI): m/z calculated for C21H31NOsSNa ([M+Na]*) 432.1821, C2:1H32NOsS ([M+H]")
410.2001; found 432.1827 ([M+Na]*), 410.2005 ([M+H]*).

Synthesis of () (5aS,9aS)-tert-butyl 6-(phenylsulfonyl)-2,3,4,5,5a,8,9,9a-octahydro-1H-be
nzo[b]azepine-1-carboxylate (33):

MsCl SO,Ph
SO,Ph A~ SO,Ph - ,
DMAP 2) Cs,CO5
NHBoc OH NHBoc OMs BocHN
31 32
33

The compound 31 (10.0 g, 24.4 mmol) was converted to the cyclized product 33 (4.6 g, 48%
yield) as a white solid applying the same reaction sequence (mesylation, carbamate
deprotection, cyclisation and carbamate protection) as described for the synthesis of compound
26 from 25.

SO,Ph

OMs
NHBoc

32
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() 4-((1S,6S)-6-((tert-butoxycarbonyl)amino)-2-(phenylsulfonyl)cyclohex-2-en-1-yl)buty
| methanesulfonate

TLC: Rf=0.42 (SiO2, Hexane : Ethyl acetate = 2:3)

'H NMR (400 MHz, CDCls) &: 7.85 (t, J = 6.8 Hz, 2H), 7.67 — 7.58 (m, 1H), 7.58 — 7.50 (m,
2H), 7.00 (br m, 1H), 4.83 — 4.62 (m, 1H), 4.28 —4.13 (m, 2H), 3.50 (br m, J = 91.1 Hz, 1H),
3.03 (br m, 3H), 2.65 (br m, J = 52.7 Hz, 1H), 2.40 (br m, 2H), 1.76 — 1.60 (m, 4H), 1.58 (br
m, J = 2.4 Hz, 1H), 1.46 (s, 9H), 1.33 — 1.14 (m, 3H).

13C NMR (101 MHz, CDCls) &: 154.96, 143.06, 140.13, 139.01, 133.45, 129.38, 127.84,
79.70, 69.64, 49.30, 37.48, 36.40, 29.17, 29.13, 28.43, 25.02, 25.01, 23.40.

HRMS (ESI): m/z calculated for C22H3sNO7S; ([M+Na]®) 510.1596, C22Hz7N207S:
(IM+NH4]*) 505.2042; found 510.1590 ([M+Na]*) and 505.2040 ([M+NH.]*).

SO,Ph

BocN
33
Yield: 48%
TLC: Rf=0.48 (SiO2, Hexane : Ethyl acetate = 7:3)
m.p.: 147-149°C

IH NMR (400 MHz, CDCls) &: 7.84 (d, J = 7.4 Hz, 2H), 7.61 (t, J = 7.4 Hz, 1H), 7.55 — 7.48
(m, 2H), 7.07 — 6.89 (m, 1H), 4.69 (d, J = 7.6 Hz, 1H), 3.67 — 3.56 (m, 3H), 2.62 (br m, J =
25.7 Hz, 1H), 2.39 (br m, 2H), 1.81 (br m, 1H), 1.69 — 1.57 (m, 3H), 1.48 — 1.45 (m, 2H), 1.40
(s, 9H), 1.28 — 1.23 (m, 3H).

13C NMR (101 MHz, CDCls) &: 155.07, 143.13, 140.15, 138.92, 133.43, 129.37, 127.96,
79.74, 62.18, 49.21, 36.76, 32.46, 29.24, 28.48, 25.49, 25.00, 23.84.

HRMS (ESI): m/z calculated for CiHxNOsS ([M+Na]*) 414.1715; found 414.1715
(IM+Na]").
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BM-V-OH

26 Chioroform-d

—572

—538
—374
—343

g f/

g

////

T z T T TR E
g 3 = 3 % BRIER
100 95 85 80 7.0 55 0 45 40 35 25 0 L5 10
f1 (ppm)
] J<
HNJLO
HO.
(o]
L
W\
st
[BM-V-OH
21 (COSY)
1
-
1 - F
2
- . -
I3
@& -
4
s
6
- 7
I8
T T T T T T T
85 80 55 50 45 40 30 25 20 15
2 (ppm)

f1 (ppm)

Parameter
Data File Name
Tie
Comment
Origin
Owner

Site
Spectrometer
Author
Solvent
Temperature

Pulse Sequence

2 Esperiment

Number of Scans
Receiver Gain
Relaxation Delay

Pules Width

7 Acquisition Time

Acquisition Date
Modifieation Date
Spectrometer Frequeny
Spectral Width

Lorwest Frequency
Nucleus

Acquired Size

Spectral Size

Parameter
Data File Name
Tide

Comment
Origin

Ovmer

Site
Spectrometer
Author

Solvent
Temperature
Pulse Sequence
Experiment
Number of Scan:
Receiver Cain
Relazation Delay

Pulse Width

7 Acquisition Time

AcquisitionDate.
Modification Date
Spectrometer Frequency
Spectral Widh

Lowest Frequency
Nucleus

Acquired Size

Spectral Size

Value
BMLV-0H
Anglo-2018

Bruker BioSpin CmbH

spect

82

L0000

129500

40894
2018-03-10T10:33:00
2018-05-10T10:33:34
400.13

80128

18445

1=

2768

5536

Valne (82, f1)
BALV-0H
Auglo-2018

Bruler BioSpin GmbH

amrsu

pect

cpen
1955
cosvzpppaf
1D-COsY

48

13845

129500

03072
2018-08-10T10:34:00

2018.08-10T10:44:23
(00.13, $00.13)
(33333,3333.3)
(69.3,69.3)

H, 15)

024,125
ae4,1029)

Ph. D. Thesis, Savitribai Phule Pune University, 2019

60



Chapter 2
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Parameter Value (2, fl)
1 DataTie Name B0
: Tie BN-0R
H 3 Comment BAallyl o slobal 1 COSY
4 Origin ‘Bruker BioSpin GubH
5 omer W
6 sie
7 Spectrometer et
o.__NH s Auttor
o 10 Temperarure a4
11 Pulse Sequence commat
| BM-6-0H ro 12 Experment mcosy
25 (COSY) 1 Nwmberersam 1
14 Recever Gain
= 16 Pulze Width
17 Acquisiion Time
Ly 18 Acquisiion Date
19 Modifcaion Date
- 20 Spectrometer Frequency 400.13)
31 Speciral Widh 19
s 22 Lowest Frequency 53)
3 Nuelews
- 4 Acquired Size 139
- - r4 - pectral Size (1024, 1024
- ' &
t6
- 7
te
T T T T T T T T T T T T T T T T T T -
85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 10 05 00
2 (ppm)
BM-6-OH k:
Parameter Value
1 DataFile Name EBM-6-0H
2 CEERELT " o ° tongey i preos
E g a a E a E ; ; ; ; ; % z 5 E 3 Comment BM-allyl to aleohel-1-13C
\ \/ / \\ ' \\\\ ‘ 4 Origim Bruker BioSpin GmbH
£ Ovmer hp
6 sie
7 Spectrometer spect
8  Author
5 somvent coen
10 Temperature 2935
11 Pulse Sequence 2gpe30
12 Esperiment »
H o 13 Number of Scans L4
\\s 14 Receiver Gain. 8192
W 15 Relazation Delay 20000
o OH 16 Pulse Width 12.6000
17 Acquisition Time 13631
18 Acquiifon Date 200801 07T18:5765
0 NH 19 Modification Date 2008-01-07TI
>r Y 20 Spectrometer Frequency 100.61
o] 1 Specteal Width 20038
13 22 Lowest Frequency -1948.7
25 ("'C-NMR) 23 Nudews L3¢
24 Acquired Size 768
25 Spectral Size 32768
I
I
I I |
| i } | | ' | |
h | . Ll
T T T T T T T T T T T T T T T T T T T T T
200 200 190 180 170 160 150 140 130 120 110 _ 100 90 80 70 60 50 40 30 20 1

f1 (ppm)

Ph. D. Thesis, Savitribai Phule Pune University, 2019 66



Chapter 2

>

H
‘%3\
o
OH

0.__NH
Ty

; o

3

e

2

BM-6-OMs

py

101

x;

7 o]

_a72
=470

q 3121

0se{

202-]

25

CH3 proton of
EToA

100

110

ri20

130

r140

f1 (ppm)

~ ] 204

~
o

w
5}

Ph. D. Thesis, Savitribai Phule Pune University, 2019

-0.5

-1.0

Parameter
1 DataFile Name
* Tide

3 Comment

+ osigin

& Omer

6 sie

7 Spectrometer

5 Autor

9 Solvent

10 Temperature

11 Pulse Sequence

13 Experiment

13 Number of Scans

14 Recsiver Gain

15 Relasation Delay

16 Pulse Wideh

17 Acquisiton Time

18 Acquiiton Date

19 Modification Date

20 Spectrometer Frequency
21 Spectral Width

22 Lowest Frequency

23 Nucleus

24 Acquired Size

25 Spectral Size

Parameter
1 DataFile Name
: T

3 Comment

4 orizn

5 Omer

6 st

7 Spectrometer

8 Aubor

5 Solvent

10 Temperaare

10 Pulie Sequence

1t Experiment

13 Number of Sexm:

14 Receiver Gain

15 Relusation Delay

16 Pukse Wideh

17 Acquisiion Time

18 Acquisiton Date

19 Modifiction Date

20 Spectrometer Frequency
21 Spectral Wid

21 Lowest Frequency

23 Nudews

2 Acquired Size

S Spectral Size

Value (2,71)
BALGOH

BALGOH

BLallyl o akobol-1-biqc
Bruker BioSpin Cmb
w»

spect

coen
937
eqeetgp
DHSQC

00958
0001071201202

2008-01-07T20:26:00
(400.13,100.61)
(5341.9,16666.7)

(265.3,-5296)
(U, 130)

Value

BM.60M:
BM.6OM:
BMeallyl o eyl

‘Bruker BioSpin GmbH

Loooo
sz000

9ms
2008-00-10TL3:28:56
00301-10T13:29:06
#0013

81508

16636

15

B

65536

67



Chapter 2

[— Vatae
BM-6-OMs ® | DuvaFleName BEeo
£ T T BLso:
e
g 3 Comment BM-allyl to mesyl-13C
& 4 Origin Bruker BioSpin CmbH.
8 g4 293 e R # FER-LELE ¢ Omer W
b §5H HAY &R ® -4 58 88833 ¢ e
[ VRN N [WIRNR o
" S Auor
9 sohvent coan
10 Tomperstre 1963
1 P sequence w0
12 Experment m
18 Numberofsems 614t
0o, _NH 14 Receiver G e
o 16 Pulee Widi 126000
17 Acuidon Time 13631
R
. ! 19 Modifieation Date 2008-01-10T19:26:22
25a (“C-NMR) 20 Spectrometer Frequency 10061
2 Syl Wadth s
-
3 Nucles e
4 Acauied Size e
3% Spectral See sez
|
CH; carbon of
EToAC
OCH. carbon of
B
C=O carbon of
BOAc
]
d L
| | UL
. . T T . . . T . T . T . . . T . . . T . .
M0 200 19 180 170 160 150 140 130 120 110 100 % 80 70 60 S0 40 30 20 10 0
1 (ppm)
[— Yatun
" e cowm | DuFlaNem  BMEOM
Br-e-ons 3 Fas % 5 g% smeax : ne .
<SR g (L a% § Comment BA-alih 1o oecsk15C DEPT
N ‘ VN & Orign Brukse Blatpin CankH
¢ Oraer o
6 e
T Specwamens et
e
s P e
o TR — 50
OMs 1L Pulse Soqmncs dapass
12 Espaion P,
O, NH 13 Neumber ofSenns 103
>y pfevagiied
o 1 Relaxation Delay 10000
16 P e
1 AT L3
18 AcquidenDun 200811034
25a (DEPT) e Ndte i T e
20 Spectemets Frogueney 10061
21 Specta Wit
2 Lot Frogmncs
Nt
p——
E—
|
CH,, carbon of
BOAC
! I
-
l . L \
(O-CH; carbon of
BOAC
200 190 180 170 160 150 140 130 120 110fi ( 10()) 90 80 70 60 50 40 30 20 10 0
ppm

Ph. D. Thesis, Savitribai Phule Pune University, 2019 68



Chapter 2

BM-6-N-CYCLISED

Parameter

Data File Name

Value

BM-6-N-CYCLISED

3 1
5 - S 013
E 3 Comment BM-6-N-CYCLISED
BEEREUGERFERARITE o one Brular ot it
RRRRREERARARERGAR : Oomer -
] et 6 Site
7 Spectrometer spect.
5 Autor
5 Soivemt cc:
10 Temperature 2947
r / / 11 Palse Sequence 230
J A 2 et /) -
13 Number ofscams %
H o 1t Receiver Gin 106
\‘s 1¢ Relazation Delay L0
by 16 Puse Width 12950
I7 Acquston Time 40894
18 Acquiston Date 201808.15T200700
19 ModifcadonDaie  20180619T200730
20 Spectrometer Frequency 400.13
21 Spectral Widin sozs
2 LowertFrequeney 1582
22 Nucleus =
24 Acquired Size 32768
26 SpectralSize o536
26 ('1I-NMR) water
1
Ll !
Wy ‘
TEe T T v el v
838 g Bad §88% 2% ®3%
333 2 sg2 2332 = 223
T T T T T T T T T T T T T T T T T T T T T T
00 95 90 85 80 75 70 65 60 55 50 45 0 35 30 25 20 15 10 05 00 -05 -0
f1 (ppm)
F— .
BM-6-N-CYCLISED 3 1 Dun Tk Sume BEN.CYABED
E I Tide Junl0-2018
2 3 Comment BUENCYCLISED 15C
8 525 288 82 g b ¥ 0IRR R o e
3 RER  HAY 2R ¢ s 3 54949 @ o -
| SN PN [ | [T SN oy
pectromer i
T Awber
s Solvat cocu
[T — s
11 Bule Sequence e
12 Expeiment -
H o 1 Nemberatsom 83
5 14 Recever Gain m
1 Beession ey 20000
r—— 10000
17 Acoubien Taoe 1301
O.__N 15 Acquistien Duse HI506.20T1L1400
Y T
[ —
>r i s
I Lo 19478
s
H Acquined St
26 (C-NMR) il
1
I
I
| | | 1l |
I . do A
r T T T T T T T T T T T T T T T T T T T T
10 200 190 180 170 160 150 140 130 120 ﬁi(m ) 100 90 80 70 60 50 40 30 20 10
ppm,

Ph. D. Thesis, Savitribai Phule Pune University, 2019

69



Chapter 2

BM-4-BROMO-OTBS v Parsmerer Valne
£ .
£ f— Dtz
8 AAOTBS 5 e e G o e = 3 Comment BM4EROMO OTES PURE
' 8 gIU9TT  HARRN3ELSYNIGY g + oren P —_—
\ ST TR AR [ - .
29 (C-NMR) Fpe— —
.
o s
10 Teams st
[ o
D ket 4
" R
.

21 Speetral Widdh L]

T
10.0 9.5 9.0 8.5 8.0 75 7.0 6.5 6.0 55 5.0

45 40 35 30 25 20 15 10 05 00 -05 -10
f1 (ppm)
f— Vel
BM-4-BROMO-OTBS b4
£ 1 Duwa File o Prr———
£ : T -
£ 3 Comment BMBRONO-OTESFURE 13
BN NAOTBS 2 ] s¥s2 2 8 4 oo b Slie Lot
' S d saa8 2 w £ Oue -
| et | o s
T Spectromener pect
29 (‘*H-NMR) 3w
3 Sabent cocu
R —— s
11 PuteSevornes -
1t Espaimaas »
1 SumberatSoms 11
1 Revsres Gin m

17 Acqubiton Tuse
I Acqebiton Dats

19 Modificrion Dute
Spectromens Frequency
Spectral Wit

22 Lowast Frogquency

-

Acqsirad s a8
E—— S8

T T T T T T T T T T T T T T T T T T T . . T T
MO 200 190 180 170 160 10 140 130 120 10 %nn ) %0 8 70 60 S0 40 30 20 10 0 -0
ppm

Ph. D. Thesis, Savitribai Phule Pune University, 2019 70



Chapter 2

BM-G-OTBS b T -
£ 1 D PN mesnmouo.oTS
2 : T [
5 r— p—
. =
danes 3\? ¢ o —
™
7 Sy -—
+ Ambor
* Sohent o
18 Temparaiurs o0
11 el Sequetics. e
S~ 13 Experimns M
15 Nembcaticm 4
T —— M
1 RebasienDiay LW
16 Pake 1290
1P AT at8
15 oD ST
fcnion Do
Spectrometr Frequeney 40013
et Wi sz
30 (lH-NMR) PR YR — 1iea
R n
Ry—— e
S ssese
o !
gin 3 2
3% | Ej 2
! ! ! ! ! ! ! ! ! ! ! ! ! | ! ! ! ! ! ! ! ! !
00 95 90 85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 10 05 00 -05 -
f1 (ppm)
BM-G-OTBS p— Vi
1 DutaFileName BA-G-OTBS TG pdata U e
: Tl Nort-2015
g 53 ARt g 8 # gagezay o ] 3 Comment BALC-OTBS PURE 13C
bl IR AR RN @ = AAAR S ! 4 Origin Bruker BioSpin GmbH
| VAP DN | NSRS )
¢ Omer .
o sin
7 Spectometer et
s Autor
s Solvent coen
U — w1
11 Bute Sequence i
12 Esperinent »
13 Nusberofseams 812
14 Reciver Cain m
16 RsestonDaby 20000
16 Pulse Widih 100000
17 Acquiiton Time 13631
18 AcquiddonDue  HISILITT
19 ModfiestionDaie 2008111712005

20 Spectrometer Frequeney 10061

30 (YC-NMR)

22 LoestFrequency I
23 Nucleus 1

24 Acquired Size 3776
38 SpectralSize g

T T T T T T T T T T T T T T T T T T T T T T
200 190 180 170 160 150 140 130 120 110 108 ( %O 80 70 60 50 40 30 20 10 0 -10
ppm

Ph. D. Thesis, Savitribai Phule Pune University, 2019 71



Chapter 2

BM-7-OH

26 Chloroform-d

7
7.
7
6.

'OH

_-470
=-4.68

3.67
3.65
364
3.61

{ !

Farameter
Data File Namme
Tuke

Comsens

Origia

Ormer
e

Spectrometsr
8 Aubor

9 Salvemt

TR —
11 Pubse Sequence
1 Experiment

13 Number of Scam:
14 Reeeiver Gain
18 Relaxation Delay
16 Pubis Widih

17 Acquisition Time

13 Acquisition Date

19 Modification Date

Value
BMT0H
Junte2018

EMLTOH

Bruher Bintpin Guabl

20 Spectrometer Frequesey #0013

1 Spectral Wideh

Lawest Froqueney
23 Nucleus

M Aeuleed St

T ]
31 ("H-NMR)
e T T T T
258 2 3 =] 2 =
g3 g g Z g3
0.0 9.5 9.0 85 8.0 75 7.0 6.5 6.0 5.5 5.0 4.5 4.0 35 3.0 25 2.0 15 1.0 0.5 0.0 -0.5 1.0
1 (ppm)
BM-7-OH Parameter
N aes eng i
S S50 a8 K ] A Lesee
g EEE IR R 3 g RS < oraa
VAD TN | A Y 6 :’““
+ oot
PR
31 (1_, C-N]\rﬂ{) 1 :m.ﬁnmmn
20 St Feges
1
"
i
I
L | L |
I LU L | )
10 200 190 180 170 160 150 140 130 120 “ %10) 100 20 80 70 60 50 40 30 20 1
ppm;

Ph. D. Thesis, Savitribai Phule Pune University, 2019

Valne

BM70H

H-PURE-13C
‘Bruker BioSpin CmbH

72



Chapter 2

BM-7-OMs

S52IIFARBRARRLEE ERE S82  § 8 § R82 BYRTIRT
SRERIRARRUARANRY B8 953 38 B GAER 8382383
e Y R I N A S
/
!
|
r
[ [ /[ |
J‘ /J / / /’ Ve J

e i e el i e
833 ] -1 - 5 a2 3 8 5583
528 g g E g 5 E 3 2258
00 95 90 85 80 75 70 65 60 55 50 _45 35 30 25 20 15 10 05 00 05 -0
f1 (ppm)
BM-7-OMs ®
E 1
2 B
2 B
2 g3z 98z 22 3 ] 2% DUYRIE .
2] B85 HEER BR g ¢ 58 8884549 :
| VND NS [ | | NS s
;
s
.
3 u
o ) :
o % .
u
XOYNH 15
o ,
N
w
32 (*C-NMR) E
u
!
I I
| |
| I
Lu 3| - J
20 20 19 180 170 160 150 140 130 0 10 10 9 8 0 6 50 4 30 0 1
ppm

Ph. D. Thesis, Savitribai Phule Pune University, 2019

Farnmeter

Data File Noume

Tids

1
3 Comment
4 Odign
£ Owuer

6 s

T Specmomerer
5 Aubor

3 Solvent

10 Temperarare
11 Pase Soguemes
12 Esperisment

13 Number of Sesa
14 Receiver G
15 Rebszasion Delay
16 Pabe W

17 Acquisition Time
15 Acquisition Date
15 Modificasion Date

20 Spectromates Frequeney

11 Spactml Wik
12 Lomest Froquemey
33 Nucke

4 Acysied Siae
35 Spectrl Siae

Parameter
Data il Nome
Tile

Comment

Origin

Ovmer

site
Spectrometer
Author

Solvent
Tempersture
Pulse Sequence
Esperiment
Nusber of Scan:
Receiver Gain
Relasation Delay
Pulse Width
Acquisifon Time
Acquisifon Date
Modificaton Date
Spectrometer Frequency
Spectral Widh
Lowest Fraquency
Nuckus

Acqired Size

Specteal Size

Valme

BMTOM:
Tambi-2018

P1506- 2012011831

Value
BALTOM:
Jun30-2018
BALTOM-1IC

‘Brules BioSpin GrmbH

20000
10.0000
13631

2015.06-30T20:24:00
0150630212603
1006

240385

19506

1

2768

32768

73



Chapter 2

BM-7-N-CYCLISED

2004
1.02-
z‘ue}}

7.26 Chioroform-d

k3
3

4 0531
047-]

0.47«1

053
055

42
Lais

Pave

124
1.21
1.21
Lz

|
|
o s

9.5 9.0 8.5 8.0 7.!

0

BM-7-N-CYCLISED

33 (C-NMR)

N
o

—155.08

- 142.59
406
T
<17

4.5
1 (ppm)

4.0 3.

-—79.38

- 72.16 Chloroform-d

—40.31
—38.10

T T T T T
10 200 190 180 170

T
110
f1 (py

pm)

T
100

90

80 70 60 50

Ph. D. Thesis, Savitribai Phule Pune University, 2019

Parsmerer

Data File Name

Spectrometer
Author
Selvemt
0 Tamperature
1 Pubie Seqwence

12 Experiment
13 Number of Seans

14 Receiver Gain

5 Relxxation Delay
5 Pube Widih

17 Acquisition Time

5 Acquiition Date

19 Modsfieason Dare
20 Spretsomete Fraquency
31 Spactral Whdih

32 Lowest Frequency

3 Nuclews

4 Aequired Size

£ Spectral Sae

Parameter
Data File Name
Tide

Comment
Origin

Ommer

site
Spectrometer
Author

Solvent
Temperature
Pulse Sequence
Experiment
Number of Scan:

Receiver Gain

5 Relaxation Delay

Pulse Width

7 Acquisition Tixme

Acquisition Date
Medification Date.
Spectrometer Frequency
Spectral Width

Lowsst Erequency
Nucleus

Acquired Size

S Spectral Size

CYCLISED
Brukur BisSpia CubH

L0800
129200

40894
2018-07-17T1:20:00
018071TT11:20043
013

si128

18847

|

3768

68836

Value
BMT-N-CYCLISED
Jul7-2008
BMT-N-CYCLISED
‘Bruler BioSpin CmbH

spect

10061
40382

19867
13C

22768

74



Chapter 2

%or% ,JULM

33 (HSQC) M-7-N-CYCLISED

1

8.0 7.5 7.0

Ph. D. Thesis, Savitribai Phule Pune University, 2019

100

r1i0

120

ri3o

140

f1 (ppm)

Eremerer
1 D Fie Nome
T T

3 Commemt

4 Oriein

5 Owar

& s

T e
5 Auher

5 St

18 Tomperaiure
11 Pue Segquance
15 Experiment

16 Pube Wideh
17 Aequition Tome

18 Acquiision Dain
19 Madifssien e

e

Vilue (2.0
BALTNAYCLISED
sz
BANCVCLISED-HSQC
Brubar Bintpin Gt

AT AL

5 L, 10061)
a3, 16g85T)
T
am e

75




Chapter 3

©

o)

Chapter 3: Synthetic Approach towards the Strychnos
Class of Alkaloids

Ph. D. Thesis, Savitribai Phule Pune University, 2019

76



Chapter 3

3.1. Introduction:

2-Azabicycles possessing octahydroindole skeletons represent an important scaffold because
of their prevalence in bioactive natural products and chiral drugs. Among these various
alkaloids, we have selected Strychnos class of alkaloids. The Strychnos alkaloids encompasses
an important group of architecturally complex and widely distributed monoterpenoid indole
alkaloids.® According to their biogenesis, they have been classified into two classes, Strychnan
and Aspidospermatan with a topographical relationship.? According to the biogenesis of this
class of alkaloids proposed by Scott 2 and Heimberger,* the alkaloids have been derived from
geissoschizine 1. Initially the extended tetracycle of 1 rearrange into dehydropreakuammicine
2, which is the biogenetic precursor for the both curan and aspidospermatan alkaloids. The C,
D, E tricycle of dehydropreakuammicine opens to give stemmadenine 3. The condylocarpine
skeleton generates with the rotation of the piperidine ring followed by reformation of the bond
between B and D ring. On heating Condyfoline isomerises into tubifoline, but heating

tubifoline does not yield condyfoline.

Strychnos alkaloids Aspidosperma alkaloids

MeO,C

1

Geissoschizine Dehydropreakuammicine Stemmadenine

OH

Precondylocarpine Condylocarpine

Figure 1: Biogenesis of Strychnos alkaloids

The most of the Strychnan alkaloids possesess curan type of skeleton which contains a
pentacyclic 3,5-ethanopyrrolo[2,3-d]carbazole framework (Fig. 2) bearing two carbon

appendage at C-20 (alkyl,alkylidene or oxygenated) and an oxidized one-carbon substituent C-
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17) at C-16 ( hydroxymethyl, formyl or methoxycarbonyl).> More than 125 alkaloids with the
curan skeleton have been isolated, among which almost half of are the Strychnos alkaloids.

6 7 Tubifolidine, R=H 11 Norfluorocurarine, R = CHO
g‘;;ae”n:'t‘ii'ﬁ?n:;;‘i’ng 8 Tubifoline, R = H (1,2-didehydro) 12 Fluorocurarine, R =CHO
9 Geissoschizoline, R= CH,OH (Np-  methyl)
10 19,20-Dihydroakuammicine, 13 Akuammicine, R = CO,Me
R = CO,Me (2,16-didehydro) 14 Mossambine. R = CO,Me
(14 S-OH)

15 Echitamidine, Rq = (S)-CHOHCHg; R, = H

16 20-Epilochneridine, R, = Et; R, = OH 20 Wieland-Gumlich aldehyde
17 N,-Demethylalstogustine, R4 = H; R, = (R)-CHOHCH;4

18 Alstogustine (Np-methyl)

19 19-Epialtogustine (N,-methyl)

CO,CH,

Aspidospermatan alkaloids, R = H, R = alkyl group

21 Condylcarpine , R = H, R'= CHCHj3
22 lagunamine , R = H, R'= CH(OH)CH3

Figure 2: Representative Members of Curan and Aspidospermatan Alkaloids

Since the milestone synthesis of strychnine by Woodword, © the Strychnan alkaloids have been
the subject of intensive synthetic investigation. The complicate structure of the strychnos
alkaloids has long been served as an inspiration to develop new synthetic methodology and
strategies. Much of this continuing inspiration has been focused on the synthesis of the
heptacyclic alkaloid strychnine, 8 while the pentacyclic curan alkaloids have received less

attention.
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3.1A. Structural features and synthetic challenge:

The curan alkaloids involve the pentacyclic alkaloids of the akuammicine-group as well as the
hexacyclic alkaloids of the diaboline and spermostrychnine groups which contain an additional
oxygenated ring linking C-17 with the two carbon chain at C-20.% 1° Strychnos alkaloids belong
to the monoterpenoid indole alkaloid incorporating a spiro[pyrrolidine-3,3-oxindole]
associated with morphan scaffold.!* Morphan scaffold is 2-azabicyclo[3.3.1]nonane
framework, prominently featured in many complex and biologically active natural products as
well as medicinal compounds of significant interest. Indolomorphans are the most advanced
scaffold for the synthesis of strychnos class of alkaloids and it is the overall architecture of the

corresponding alkaloids.

NH
- HN NS
Q — @ B + @/\
N CO,Me
H
24 25
(-)-Akuammicine Spiro[pyrrolidine-3,3-oxindole] Morphan

Indolomorphan
scaffold

(-)-Strychnine

Figure 3: Structural features of Curan alkaloids.

There are several different strategies for the construction of the spiro[pyrrolidine-3,3-
oxindole] 24,2 which can be classified into those that form the crucial quaternary center at C-
7 in the late stage of the synthesis and those in which the strategic bonds around C-7 are formed
at the initial stages of the synthesis.The synthetic strategies to access the morphan skeleton
developed so far can be classified into two distinct types: 1) the strategy which start from a
carbocyclic ring system and construct the nitrogen ring on top of it; 2) the strategies that start

with a piperidine ring and construct the carbocycle.!3
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3.1A.1. Synthetic approaches from carbocyclic ring:

The majority of the approaches involve C(1) or C(5) atom in the bridge-bicyclic ring forming
step, usually with a sp? hybridized carbon atom. The most successful approaches involve the
formation of the C(4)-C(5) bond which have been applied in the synthesis of the strychnos
class of alkaloids. The processes contain enolate alkylation, aldol reaction, metal promoted
coupling reactions such as the Heck reaction, palladium-catalyzed alkenylation of enolates and
radical procedures. The disconnection involving N-C(3) bond is rather unusual since it requires
a previous cis-stereochemical relationship between the nitrogen and the involved side chain of
the cyclcohexane derivative precursor.

:Synthetic approaches from piperidine drivatives ': Carbocyclic-type precursors to form the morphan backbone.

w Nl IR eTalelse:

27aMannich-type
(iminium,acyliminium salts) "
to form the C(1)-C(8) bond IE to form the C(1)-N bond

: : : '

. : H z
 Dieckmann N . ,

i cyclization k

E R : : :

2 H
RO,C co 1N 27i
2 ' 8 to form the N-C(3) bond
27g R R OJ,, s S Ny et it
H 7 - = A
N ' 6 ' R\@
' 27 H H‘s N:CH
RCM _ ' Morphan ; 2
, ring system !
_ : g sy : ‘ (6]
27h : : 275 1
to form the C(1)-C(7) bond : J X’ :
fTmmTmmmmmmmmmmmsommommomnnnes to form the C(3)-C(4) bond
g@ (O gj Qm @g @R@m
ozc CO2R :
n P :
to form the C(5)-C(6) bond J to form the C(4)-C(5) bond :

Figure 4: A conceptual overview of strategies to access morphan ring systems.
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3.1A.2. Synthetic approaches from piperidine derivatives:

The construction of the 2-azabicyclo[3.3.1]nonane ring by carbocyclic ring formation from a
piperidine ring has been less frequent than the aforementioned approaches, in which
heterocyclic ring formation is in the late stage of the process. The most common procedures
involve the formation of C(1)-C(8) bond, which usually involves an iminium or acyliminium
salt as a counterpart of a nucleophilic species and C(5)-C(6) bond formation involving several
strategies such as aldol reaction, Michael addition, radical mediated addition and dienolate
coupling reactions. The two protocols Dieckmann cyclization and ring-closing metathesis
involved in the formation of C(6)-C(7) bond.**

Few synthesis are known in the literature for these two alkaloids and this section would
describe the synthetic strategies developed to tackle the synthetic challenge given by
indolomorphan scaffolds for the synthesis of (-)-tubifoline and (-)-tubifolidine.

3.2. Literature precedents for the synthesis of (-)-tubifoline and (-)-tubifolidine:
3.2A. Synthesis of Tubifoline and Condyfoline by Harley-Mason:

The first synthesis of tubifoline was reported by Harley and Mason in 1968.° The
indolizino[8,7-b]indole 28 was treated with acetic anhydride, the intermediate acyl ammonium
ion underwent a nucleophilic ring opening to 30 and the addition of potassium cyanide to
tetraalkylammonium 31 proceeded in the similar manner as to 32.'° Presumably the acyl
ammonium ion was opened selectively due to the greater partial positive charge at the stabilized

a-aryl position.
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Scheme 1: Ring expansion of hexahydro-1H-indolizino[8,7-b]indole to
octahydroazonino[5,4-b]indole.

To affect the synthesis, indole 28 was opened with a functionalized anhydride and after careful
hydrolysis of the ester, all of the necessary carbons for several frameworks had been installed
in 33. Oxidation gave ketone 34, that cyclized upon exposure to strong base to form the D ring
of 35. Exhaustive carbonyl reduction by using Wolf-Kishner condition created the skeleton of
stemmadinine 36. Oxidation of the amine to an iminium species and the subsequent cyclization

gave both tubifoline 8 and condyfoline 37.

0 Et o] Et

o o N_ Cl N.  Cl
N I
@\/Qj 1)EtCHCIH—O—CCHCIE @%Q MnO, Q%Q
H 2) alkaline hydrolysis H OH H 0O
28 23 2
0
N 1) Wolff-Kish N (*)-Tubifoline
NaOCEtMe, D)—Et 1) Wolll-Kishner Et z
— 2 reduction ;
N 2) LiAIH, N\
N O N
H H
35 36

(+)-Condyfoline

Scheme 2: Synthesis of tubifoline and condyfoline by Harley-Mason
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3.2B. Synthesis of tubifoline and condyfoline by Ban:

Capitalizing on a novel photocyclization adapted from a Fries type rearrangement that converts
the tetrahydro-1H-carbazole 38 to 39 with 1,3-shift of acetyl group.’

Ac
hv
N EE— /
N N

Ac
38 39

Scheme 3: Fries type rearrangement of indole derivative 38.

Ban subjected the same condition on tryptamine derived indole derivative 40, which initially
formed the unstable intermediate 41 and 42 with the addition of a tethered nucleophile which
finally produced the macrolactam 43 through a subsequent rearrangement. Reduction of the
amide gave amine 44, the amine functionalization and regioselective oxidation intercepted the
Harley-Mason’s intermediate 34. Following the same synthetic sequence similar to Harley-
Mason, Ban continued to make varieties of the corresponding natural products including

tubifoline and condyfoline.
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Scheme 4: Synthesis of tubifoline and condyfoline by Ban.

Reagents and conditions:a) hv, 300W Hg lamp,ether, 90%, b) LiAlHa4, THF, reflux,4 h,54%;
c) EtCHCICOCI, NaHCO3, DCM, 1 h, 92%; d) 1,05, 80% (v/v) aq. THF, 18 h, 65%; e)
NaOCEtMey, THF, reflux, 1 h, 88%, a:f 3:2; f) KOH, N-H4.H>O, ethylene glycol, 2 h, 57%,
a:f 1:2; g) BoHe, THF, reflux, 1 h, 64%; h) PtO2, Oz, EtOAc.

3.2C. Formal synthesis of Tubifoline and Condyfoline by Snieckus:

Snieckus approached the synthesis of the stemmadenine ring system differently which did not
start with an indole derivative.'® He used 4-oxo piperidine to install the piperidine ring D via
Horner-Wadsworth-Emmons (HWE) process which produced 48. The ethyl group of 49 was
appended to the D ring by regioselective alkylation of the dienolate.!® Reduction of the double
bond of 49 followed by Madelung cyclization produced indole derivative 50,2° which upon
demethylation of the amine and exchange of the trichloromethylacetamide for a
monochloroacetamide provided macrocyclization precursor 51. Photocyclization of 51 and
reduction of 52 gave stemmadenine skeleton 36 which had previously been used to synthesize

tubifoline and condyfoline.
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Scheme 5: Synthesis of tubifoline and condyfoline by Snieckus.

Reagents and conditions:a) NaOEt, THF, 88%; b) i) n-BuLi(2eq.), TMEDA, ii) EtBr 80%; c) i)
Pd/C, H2, 85%, ii) t-BuOK, 340 °C, 76%; d) i) CIsCCH,COCI, 44%, ii) Zn, AcOH, 79%, iii)
CICH2COCI, NaOH, 72%, e) hv, Na2COs, 20% ; f) LiAlH4, THF, 63%.

3.2D. Asymmetric Synthesis of (-)-Tubifoline and (+)-Condyfoline by Bosch:

Almost two decades later, Bosch performed an asymmetric synthesis of (-)-tubifoline, 2* which
was heavily based upon the approach of Snieckus. Enzymatic resolution of a racemic mixture
of pyridyl ethanol 53 provided enantiomerically enriched in 96% ee. After reduction of the
benzylated pyridinium ion to the corresponding tetrahydropyridine 53a, Johnson-Claisen
rearrangement established the significant chiral center in 54. Indole synthesis and required
functional handle substitution gave the cyclization precursor 55, which is differed from
precursor 51 of Snieckus by containing an olefin and optical enrichment. The cyclization
produced 56, reduction of both the amide and the double bond gave intermediate 36 reported
by Harley-Mason. Finally oxidative cyclization produced (-)-tubifoline with a trace amount of
(+)-condyfoline.
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Scheme 6: Asymmetric synthesis of (-)-tubifoline reported by Bosch.

3.2E. Formal Synthesis of Tubifoline and Condyfoline, and Synthesis of
Dehydrotubifoline by Takano:

Takano synthesized tubifoline through stemmadenine skeleton, but by a different approach.
Alkylation of thioamide 57 with methylbromocrotonate produced sulfonium salt 58 which
underwent remarkable cascade reactions upon treatment with a base. Tautomerisation of the
sulfonium ion 58 to the thioamino ketene acetal and subsequent Claisen rearrangement
followed by isomerisation of the resultant vinyl bond generated 59 with the E-ethylidene
required for the final product. Bischler-napieralski-type cyclization garnered tetracycle 60 and
the reduction of the ester followed by the cyclization formed intermediate 61. Dissolving metal
reduction of 60 generated stemmadenine skleton 62 which was a formal precursor to both

tubifoline and condyfoline. Polonovski-Potier cyclization provided dehydrotubifoline 63.
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(*)-tubifoline

63 +

()-dehydrotubifoline (+)-condyfoline

Scheme 7: Formal synthesis of tubifoline and condyfoline, and synthesis of

dehydrotubifoline reported by Takano.?

Reagents and conditions: a) CH.BrCHCHCO:Me, quantitative; b) NaOMe, 83%; c) i) POCl3,
A, i) NaBH4, 54% E and 8% Z; d) i) DIBAL, PhH, 0 °C, ii) MsCl; e) Na, NH3, 81% from the
alcohol; f) i) mCPBA, 0°C, ii) TFAA, -78 °C to RT.

3.2F. Synthesis of Tubifoline by Bosch:

All of the approaches discussed so far shared the stemmadenine type skeleton as either the
target or the penultimate compound. Bosch et al. have developed a route to tetracyclic uleine
(66) type alkaloids and these scaffolds as common intermediates containing the A, B, C and D

rings of the strychnos alkaloids.

Their synthesis started with 64 which were made in two steps from isonicotinate; an iminium
ion was generated in situ with acid and indole was added as a nucleophile. The ethyl Grignard
was added in the presence of Copper catalyst to install the ethyl substituent and provided a
mixture of diastereomers of 65 that were cyclized in a Friedel-Crafts fashion giving the
dasycarpidan type structure 66.2 Lithium aluminium hydride reduction of the ketone followed
by epimer separation and deprotection gave the intermediate 67. Alkylation of amine 67
provided ethyl acetal which on exchanging generated thiomethyl acetal, a functional handle for

the introduction of the next ring. The cyclization was done by using dimethyl(methylthio)
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sulfonium fluoroborate (DMTSF) and reduction of the thiomethyl group of 69 with Raney
nickel which concomitantly reduced the indolenine and provided tubifolidine. Acylation of the
indolenine moiety of 69 proceeded with the tautomerization of the double bond which was
followed by desulfurization to give 70. The deprotection of the compound 70 under basic

condition furnished tubifoline.

CH,Ph
NC._N a N
_>
Z N
H
CO,Me
64 65

_g» (+)-tubifoline

. CO,Me
68 70

Scheme 8: Synthesis of tubifoline by Bosch.

Reagents and conditions: a) i) indole, AcCOH/H20, ii) EtMgBr, Cul(cat.), 85%; b) i) Ba(OH)z,
ii) PPA, 32%; c) i) LIAIH4, dioxane, A, 75%, (separated 1:1 mixture of epimers), ii) PA(OH)
(cat), Ho, 73% from B epimer; d) i) CH.BrCH(OEL)2, Na2COs, dioxane,A, 58%, ii) BF30Et,,
MeSH, 74%; e) DMTSF [dimethyl(methylthio)sulfonium fluoroborate], 0 °C, 52%; f)
i)CICO2Me, NaH, 67%, ii) Raney Ni, EtOH,A, 45%; g) NaOMe, MeOH, A, 80%.

3.2G. Synthesis of Tubifolidine by Bonjoch and Bosch:

Synthesis started from the multi-gram availability of the octahydroindole 73, which was
prepared from the 1,3-cyclohexadione 71 through one pot procedure involving the ozonolysis
of the allyl group followed by double (inter and intramolecular) reductive amination.?* The
closure of the piperidine D ring was done by forming C15-C20 bond involving intramolecular
conjugate addition of the enone derivative 73. The formation of the indoline ring at the final
step of the synthesis was performed by a reductive cyclization of the a-(2-nitrophenyl)ketone

moiety which gave tubifolidine.
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Scheme 9: Synthesis of tubifolidine by Bosch and Bonjoch.

Reagents and conditions: a) i) Oz (1 equiv.), DCM, -78 °C. 2 h, ii) CH3sNH2.HCI (4 equiv.),
NaBH3CN, MeOH, room temp., 4 h, 62% for two steps, iii) CICO,CHCICH3 (1 equiv.) DCE,
reflux, 3 h, iv)HMDS (3 equiv.), MesSil (2 equiv.), DCM/pentane (1:1), -20 °C, 6 h, v) PhSeCl
(1 equiv.), (PhSe)2 (1 equiv.), THF, -35 °C, 90 min, vi) Oz (1 equiv.), DCM, -78 °C, 3 min, then
i-PrNH2 (1 equiv.), 15 min. 52% for 4 steps; b) i)MeOH, reflux, 3 h, ii) Methyl vinyl ketone
(1:1), EtsN, MeOH, room temp., 1.4 h, 74% for two steps; c) i) (R)- a-methylbenzylamine (2
equiv.), 3A%-molecular sieves, THF, room temp., 4 days, ii) ag. AcCOH ( 20%), room temp., 24
h, 67%; d) (HSCH>)2 ( 8 equiv.), AcOH, BF3OEt; (5 equiv.), room temp., 24 h, 80%; e)BusSnH
(15 equiv.), AIBN, benzene, 80 °C, 16 h, 50%.

3.2H. Synthesis of Tubifolidine by Shibasaki:

Synthesis started from the optically pure 76 which was converted into an indole derivative 77
by applying a highly regioselective Fisher method followed by decarboxylation.?® The
protected indole (tert-butyl carbamate) underwent aldol condensation followed by dehydration
through the mesylate to give 78. The reduced ester was oxidized into the aldehyde 79, which
was subjected to reductive amination and the resulting amine was cyclized to form the
piperidine ring D by employing DDQ as an oxidant. The dithioacetal 68 was finally

transformed into tubifolidine.
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Scheme 10: Synthesis of tubifolidine by Shibasaki

Reagents and conditions: (a) i) PANHNH2.HCI (1.05 equiv), AcOH, 80 °C, ii) LiCl (2.0
equiv), H20 (1.0 equiv), DMSO, 180 °C, 92% (99% ee) (2 steps); b)i) (Boc)20 (1.2 equiv),
EtsN (2.0 equiv), DMAP (cat.), CH2Cly, rt, 97%; ii) LDA (1.3 equiv), THF, -78 °C;
acetaldehyde (2.0 equiv), iii) MsCI (1.5 equiv), i-Pr2NEt (3.0 equiv), toluene, rt; DBU (4.3
equiv), 50 °C, 89% (2 steps); c) i) DIBAL (3.0 equiv), toluene, -78 °C, conv. 97%; ii) MnO2
(excess), pentane, rt, 94%; d) 2,2-dimethoxyethanamine (2.1 equiv), Ti(O-i-Pr)s (2.5 equiv),
toluene, rt; NaBHa (10 equiv), CH30OH, 0 °C, 96%); e) TFA (excess), anisole (10 equiv), 0 °C,
98%; f) i) DDQ (1.1 equiv), NaHPO4 (10 equiv), degassed THF, -20 °C to 0 °C, conv. 67%,
ii) Hz, (PhsP)sRhCI (cat.), benzene:2-PrOH (5 : 1), rt, iii) EtSH (excess), BF3 .Et20 (8
equiv), MS 3A, CHCly, 0 °C to rt, 66% (2 steps); f) i) DMTSF (2.1 equiv), CH2Cl3, 0 °C,
68%; ii) LIAIH4 (4.8 equiv), THF, 0 °C, iii) Raney Ni (W2) (excess), EtOH, reflux, 35% (2
steps).

3.21. Asymmetric synthesis of (-)-Dehydrotubifoline and (-)-Tubifoline by Mori:

A novel approach for the synthesis of indole skeleton was developed by Mori et al. for the
purpose of the total synthesis of (-)-tubifoline. Treatment of a cyclohexenol derivative 81
having a silyloxymethyl group at the 2-position with N-tosyl-o-bromoaniline 82 in the presence
of Pd2dba and (S)-BINAPO gave compound 83 with 84% ee in 75% yield.?® The compound 83
was converted into 84 which gave indoline derivative 85 by the treatment of palladium acetate
and dimethyl phenyl phosphine in the presence of silver carbonate. The five membered ring C
was formed by the allylic oxidation of the necessary protected amine, which was made by the
reduction of the cyano group followed by the protection of the amine group using Boc-

anhydride. Transposition of the double bond position in the cyclohexene ring gave 88 which
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was used to form C15-C20 bond through Heck coupling which resulted dehydrotubifoline. The

reduction of olefinic double bond of dehydrotubifoline gave tubifoline in 32% yield.

OTBDMS OTBDMS CN
OCOzMe NHTS
D —- = U
Br N
T
NBoc NBoc NBoc
d e
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\ N N‘”
Ts Ts
87
Ngee —»@E%% HGFE%
N
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89
(-)- Dehydrotublfollne (-)-tubifoline

Scheme 11: Synthesis of (-)-dehydrotubifoline and (-)-tubifoline.

Reagents and conditions: a) Pdz(dba)s .CHCI3 (2.8 mol %) (S)-BINAPO (5.6 mol %) DMF, rt,
3h, 85%; b) (i) 4 N aqueous HClI, (ii) PBrs, (iii) NaCN, 86%; c) 2 mol % Pd(OAc)2, 4 mol %
Me2PPh, Ag>COs (1 equiv), DMSO, 90 °C, 17 h, 87%;d) (i) LiAlH4, (ii) Boc20, (iii) 10 mol %
Pd(OAC)2, 40 mol % benzoquinone, MnO: (2 equiv) AcOH, 50 °C, 20 h, 77%; e) i) 9-BBN,50
°C, then H20, ii) Swern oxidation, 70%; f) i) PhNTf,, KHMDS, ii)Pd(OAc)., PPhs, HCO-H,
iPraNet, 64%; g) 10 mol % Pd(OAc)2, BusNCI (1 equiv) K2COs (5 equiv) DMF, 60 °C, 3 h,
59%; h) Hy, PtO2, EtOH, rt, 32%.

3.3. Aim of the present study:

Our continuing interest in exploring the application of our synthesized three 2-azabicyclic
scaffold led us to envisage to find out an efiicient and scalable synthetic route for the total
synthesis of alkaloids with complex architecture. The following section will describe the efforts

to establish a synthetic route for the synthesis of strychnos class of alkaloids.
3.4. Designing of a synthetic plan:

The all three scaffolds are equipped with vinyl sulphone functionality which can be elaborated
to propagate the synthesis of natural products. Our preliminary focus was to construct the

morphan skeleton using our cis-hexahydroindole scaffold 1 and then installation of the
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spiro[3,3 -oxindole]nonane framework at the final step of the synthesis of (-)-tubifoline and (-
)-tubifolidine.

SO,Ph SO,Ph SO,Ph
N
N N
Boc Boc Boc
cis-hexahydroindole cis-octahydroquinoline cis-octahydrobenzo[b]azepine

Figure 5: 2-azabicyclo[m.n.0]alkane ring system.

The presence of olefinic double bond in the above mentioned three 2-azabicyclic rings allowed
the intermediate to undergo various transformation such as conjugate addition,?’
dihydroxylation,?®  epoxidation,?’?°  aziridination,®®  cyclopropylation,3®  Diel-Alder
cycloaddition,®? allylic oxidation for the functionalization of other carbon centers present in
cyclohexane ring. We have exploited the all three basic scaffold by using the synthetic potential

of embedded olefinic sulphone for the synthesis of natural products.
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Figure 6: Synthetic versatility of olefinic sulphone embedded in cyclohexane ring.
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After having hexahydroindole scaffold 90 in multi-gram scale in hand, it was envisioned that
the vinyl sulphone group will be converted into enone functionality by applying
dihydroxylation?8928"281 and subsequent hydroxyl group elimination.®® Furthermore, the enone
functionality which is a combination of two most popular reactive functional group such as a
ketone and electron deficient olefinic double bond, would undergo 1, 4-addition to provide the
piperidine ring D through the formation of C15-C20 bond® and the ketone group would be the
basis for Fisher indolization to provide diverse structures of indole derivatives.®* Once N-
alkylation of 104 will be done,® the intermediate 105 would be ready for the Heck coupling to
form 2-azabicyclo[3.3.1]nonane ring. Fisher indolization on aza-[6,5,6]-tricyclic core 106

would supply the required indolenin structures to furnish the corresponding strychnos

alkaloids.®

NBoc N z

NBoc 1) dihydroxylation N-alkylation /Y\

------------ »> R
2) -OH elimination
PhO,S ) o o

104 105

90

N

Heck
coupling
------- >
106

: N CHO
Fisher . et o ¢ 1

Ve S\, o\
indolisation & £ oe? “

Vv @ Norfluorocurarine

Tubifoline

Tubifolidine

Scheme 12: An Overview of synthetic strategy for the synthesis of strychnos class of

alkaloids.

Ph. D. Thesis, Savitribai Phule Pune University, 2019 93



Chapter 3

3.5. Results and discussions:

In order to test the feasibility of our strategy as depicted above, we needed to develop a
condition which could provide 104 in good amount and thus we proceeded to prepare alpha
keto hydroxy compound in quantitative yield which would provide the desired enone 104 by

elimination of the hydroxyl group.
3.5A. Synthesis of 104:

The synthesis of the alpha keto hydroxyl compound 107 commenced with the dihydroxylation
of the hexahydroindole scaffold 90, which was already synthesized in multi-gram quantity from
our common scaffold 7-azabicyclo[2.2.1]heptane in a very short and efficient way.

To affect the quantitative dihydroxylation of electron deficient olefinic double bond of the 90,
we used citric acid with the osmium tetroxide to accelerate the reaction.?® Citric acid makes an
adduct with osmium tetroxide, which plays the actual role in dihydroxylation and subsequent
removal of sulphone group provided the alpha hydroxyl compound 107 in 88% yield.

Citric acid has been shown to accelerate the reaction rates and improve the yields of cis-
dihydroxylations of various electron-deficient alkenes. Citric acid strongly binds to osmium
tetroxide to form monoglycolate 107a. Redox addition of monoglycolate 107a to the vinyl
sulphone provided mixed (bis)glycolate 107b species. Rate-limiting hydrolysis of the mixed
(bis)glycolate 107b afforded the desired acyloin and Os(VI) monoglycolate 107d.
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Scheme 13: Citric acid assisted osmylation of cyclic vinyl sulphone 90.

Addition of citric acid also increases catalyst turnover by preventing the formation of the
catalytically unreactive dioxoosmate dianion species 107c, which is formed upon
deprotonation of hydrated (bis)glycolate 107b.H2O at higher pH. The co-oxidant NMO convert
Os(V1) monoglycolate 107d into monoglycolate 107a. The proximal acidic moieties acts as a

buffer in hydrated (bis)glycolate 107b.H2O preventing buildup of dioxoosmate 107c.

NBoc NBoc NBoc
a b
—_— —_—
PhO,S o @)
OH
90 107 104

Scheme 14: Synthesis of Enone 104.

Reagents and conditions: a) OsO4 (6 mol%, 0.1M solution in tert-butanol), NMO (6 equiv.),
citric acid (3 equiv.), tert-butanol:water (2:1), 3 h at 0 °C and 30 min at rt, 88%; b) i) MsClI (5
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equiv.), dry DCM : dry pyridine (3:1), rt, 24 h, ii) Li2COs (5 equiv.), LiCl ( 10 equiv.), dry
DMF, reflux, 2 h, 67%.

The elimination was effected by converting hydroxyl group to its mesylate and the mesylate
was removed under basic condition. Mesylation was done using mesyl chloride in presence of
dry pyridine at room temperature and the mesylate was subjected to reflux condition in dry
dimethyl formamide (DMF) using lithium carbonate (Li.CO3) as a base to afford the crucial

enone 104, *® which would carry our synthesis in forward.
3.5B. Synthesis of 111:

After having 104 in hand, the crucial task was the selection of the coupling partner tethered
with the amine group for the Heck coupling required to form the piperidine ring D. Keeping in
mind the geometry of the olefin, we needed the vinyl iodo compound with Z configuration.
Therefore, the required iodo compound for N-alkylation would be the mesylate product of (Z)-
2-iodobut-2-1-ol which have been derived from the crotonaldehyde. The iodination of
crotonaldehyde was done by using iodine in aquous tetrahydrofuran (THF) in presence of
potassium carbonate (K-COz) and the reduction of the aldehyde 109 by sodium borohydride
(NaBHj4) in methanol which gave required (Z)-2-iodobut-2-1-0l 110. The alcohol 110 yielded

the mesylated product 111 in 83% in the presence of mesyl chloride and triethyl amine.®

H H
a b HO
@) — — O _ — —
| |
108 109 110
crotonaldehyde (Z)-2-iodobut-2-enal (Z)-2-iodobut-2-en-1-ol

c > MSO/§4\

I
111
(Z)-2-iodobut-2-en-1-yl methanesulfonate

Scheme 15: Synthesis of iodo compound 111.

Reagents and conditions:a)l>, K.COz DMAP (cat.), 3 h; b) NaBH4 (3 equiv.), MeOH, 0 °C, 2
h, 54% for two steps; ¢) MsClI, triethyl amine, DCM, rt, 2 h, 80%.
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3.5C. Synthesis of the aza-[6,5,6]-tricyclic Core 112:

Our next effort was to find a protocol to construct the piperidine ring D from the enone 104 in
a very efficient way and in enough amount so that we could be able to synthesize various
alkaloids. The N-alkylation process commenced with the deprotection of the N-carbamate
using trifluroacetic acid (TFA) and the deprotected amine was subjected to iodo compound 111
in presence of potassium carbonate which gave desired N-alkylated product 105. 33 At this
stage, we started to find an efficient protocol for the construction of the crucial piperidine D
ring. With the required N-alkylated product 105 in hand, we next explored the possibility of
performing conjugate addition with the hope to obtain cyclized product using tertiary butyl
lithium (t-BuLi), but could not produce effective result and failed to provide the desired
product. The use of Ni(COD); for the necessary cyclization also could not give the solution.®’
After several attempts, it was noticed that the reductive Heck condition using palladium acetate
in presence of tetra butyl ammonium chloride (TBAC) and sodium formate was effective
reaction condition to perform this cyclization in moderate yield. *® However, proton NMR
studies showed that the product was not the desired one, instead it formed the aza-[6,5,6]-
tricyclic core structure 112 with the isomerisation of the olefin of 106 for gaining stability over

another isomer 106.%8¢

NBoc N/Y\ N N
|
a b b \ —|— -
o 0 *H 0 *H
04 105

1

o)

112 106 (0%)
Scheme 16: Synthesis of Tricyclic intermediate 112.

Reagents and conditions: a) i) Trifluoroacetic acid (TFA, 5 eq), dry DCM, 0 °C to rt, 5 h, ii)
111 (1.1 eq), K2COs (5 €q), dry acetonitrile (ACN), rt, 12 h; b) Pd(OAc). (0.1 eq), TBAC (2.5
eq), HCO;Na (1.6 eq), dry DMF, 80 °C, 3 h, 48% overall yield.

This result stipulated that exo-double bond of compound 106 was catalysed again by palladium
species generated in the reaction mixture to afford the most stable analogue 112. According to
the mechanism of reductive Heck reaction as well as the nature of the palladium catalyst, it is
highly propabable that the isomerisation proceeded due to re-addition-elimination of [HPdX]
species (generated in the reaction mixture by the combination of hydrohalic acid and

palladium) toward the exo- double bond.
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After succeeding in carrying out the Heck coupling, we obtained aza-[6,5,6]-tricyclic product
104 in good yield, but it was not that tricyclic intermediate (106) as depicted in our proposed
synthetic plan.

Owing to our sustained interest towards the synthesis of strychnos alkaloids and on careful
observation, we envisioned that though the intermediate 112 have lost the opportunity to
unravel our actual synthetic goal, but still there is some possibility to utilize the aza-tricyclic
intermediate 112 in the synthesis of tubifoline and tubifolidine. According to synthetic plan,
the Fisher indolisation product 113 of the tricyclic intermediate 112 would serve tubifoline 8
on reduction of the olefin and the reduction of imine will provide tubifolidine 7.

N Fisher
\ indolisation

olefin
reduction

112 113

Tubifoline

Y

imine reduction

Tubifolidine

Scheme 17: Synthetic plan for the synthesis of tubifoline and tubifolidine.

3.5D. Re-assessment of the Proposed Synthetic Strategy to Access the Strychnos
Alkaloids:

Regrettably, several conditions were tried for the necessary Heck cyclization but in most of the
cases starting material decomposed or could not provide the desired tricyclic product 106. This
unfortunate problem of undesired olefin isomerisation outcome in crucial Heck coupling,
necessitated a reassessment of the proposed synthetic sequence to access the diverse strychnos
alkaloids. Since the hydrohalic acid and the corresponding HPdX species generated in the

reaction mixture was responsible for the undesired exo double bond isomerisation, thus we
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needed to perform the Heck reaction under basic condition to inhibit the formation of HPdX
species, and the product stability should be higher under the applied condition. To address this
issue, we first tried to find out the condition for this type of intramolecular Heck cyclisation
applied to the similar type of framework. We were very delighted by the literature report that
inspired us to develop an alternative synthetic sequence towards the synthesis of various
alkaloids. Viresh Rawal reported this type of Heck cyclisation on indole derivatives to make
indolo morphan skeleton and the transformation led to the synthesis of dehydrotubifoline. 3

NS

| 5% Pd(OAC),, K,COs,
. DMF, n-Bu;NCl, 60 °C
-
N H 79%)
\
H 63
114

Dehydrotubifoline

Scheme 18: Heck coupling to access morphan skeleton reported by Viresh Rawal.

This suggests that we need to have first Fisher indole product of the N-alkylated compound 97,

which would provide the desired Heck cyclized product 69.

7
N/\/\ Fisher l Heck
| indolization coupling
------- » EEEERREE

63
Dehydrotubifoline

105 114

Scheme 19: Proposed synthetic sequence for the synthesis of dehydrotubifoline.

Dehydrotubifoline could be used to synthesize akuammicine and other related alkaloids. This
cyclization also creates an opportunity to synthesize strychnine by increasing carbon chain

length and functional group manipulation of iodo compound.
3.6. Conclusion:

We have been able to construct the morphan skeleton which was the most difficult part of the
synthesis. The synthesis of the pivotal CDE ring system of the Strychnos alkaloids has been
achieved utilizing the cis-hexahydroindole scaffold 90. The synthetic potential of the

embedded olefinic sulphone moiety in the cyclohexane ring has been used to construct the
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morphan skeleton. The tricyclic CDE core is a set up for further elaboration toward the total
synthesis. Future effort will be aimed at the completion of the target alkaloids as well as the
exploration of our synthetic route towards other biologically important alkaloids.
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3.8. Experimental Procedures and Spectral Data:

Synthesis of (x) (3aS,7aS)-tert-butyl 5-hydroxy-4-oxooctahydro-1H-indole-1-carboxylate
(107):

NBoc
NBOC 504, NMO
citric acid
—
tert-butanol
PhO.S :water (2:1) ©
OH
20 107

To a magnetically stirred solution of 90 (2.0 g, 5.5 mmol) in tert-butanol/water (v/v 2:1 20mL)
was dissolved N-methylmorpholine-N-oxide (3.8 g, 33.0 mmol, 6 equiv.) and cooled to 0 °C.
To above stirred solution, 0.1 M OsO4 solution in tertiary butanol (1.6 mL, 0.16 mmol, 0.03
equiv.) was added followed by anhydrous citric acid (3.2 g, 16.5 mmol, 3.0 equiv.). The
resulting mixture was stirred vigorously at 0 °C for 3 h. The reaction mixture was allowed to
warm to room temperature (25 °C) and stirred further for 30 minutes. The stirred mixture was
re-cooled to 0 °C, diluted with ethyl acetate (50 mL) and saturated sodium bicarbonate solution
(50 mL) was added. The reaction mixture was quenched with saturated sodium thiosulfate
(Na2S203) solution (10 mL). The organic layer was separated and the aqueous phase was
extracted with ethyl acetate (2 x 50 mL). The combined organic phases were washed with brine
(1 x 50 mL), dried over anhydrous sodium sulphate (Na>SO.), filtered, and concentrated under
reduced pressure. The resulting crude product was passed through a short column of silica gel
(100-200) using hexane/ethyl acetate (3:2) and concentrated under reduced pressure to provide

a-hydroxyketone product 107 (1.2 g, 88% yield) as colourless viscous oil.

Yield: 88%

TLC: Rf=0.42 (SiO2, Hexane : Ethyl acetate = 1:1)

'H NMR (400 MHz, CDCls) 8: 4.45 (d, J=7.5 Hz, 1H), 4.34 — 4.22 (m, 1H), 4.22 — 4.11 (m,
1H), 4.06 (dt, J = 11.3, 6.3 Hz, 1H), 3.95 — 3.83 (m, 1H), 3.66 — 3.46 (m, 2H), 3.43 — 3.27 (m,
1H), 3.17 - 3.01 (m, 1H), 2.97 — 2.87 (m, 1H), 2.65 — 2.46 (m, 1H), 2.46 — 2.34 (m, 1H), 2.31
—2.16 (m, 2H), 2.04 (dddd, J = 15.0, 12.2, 10.4, 7.5 Hz, 1H), 1.97 — 1.86 (m, 1H), 1.72 — 1.49
(m, 2H), 1.47 — 1.40 (m, 9H).

13C NMR (101 MHz, CDCls) &: 210.90, 155.01, 79.78, 73.78, 54.91, 46.89, 34.33, 31.23,
28.60, 26.42, 24.00.
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HRMS (ESI): m/z calculated for Ci3H2:NOsNa ([M+Na]™) 278.1368; found 278.1368
([M+Na]").

Synthesis of () (3aS,7aS)-tert-butyl 4-oxo0-2,3,3a,4,7,7a-hexahydro-1H-indole-1-carboxy
late (104):

NBoc MsClI NBoc
dr ridine
y py
dry DCM
(@) (@)
OH
107 104

To a solution of 107 (0.7 g, 2.7 mmol) in dry DCM and dry pyridine (3:1, 10 mL) in a round-
bottom flask equipped with a magnetic stir bar and argon gas balloon was added
methanesulfonyl chloride (1.0 mL, 13.7 mmol, 5 equiv.) at 0 °C. The reaction mixture was
allowed to stir at room temperature for 24 h, diluted wih DCM (20 mL) and quenched with
water (5.0 mL). The organic layer was separated, washed with water (2 x 10 mL), dried over
anhydrous magnesium sulphate (MgSOa), filtered and concentrated by rotary evaporation. The
crude mesylate was dissolved in 15 mL of dry DMF together with dry lithium bromide (1.2 g,
13.7 mmol, 5 equiv.) and dry lithium carbonate (3.0 g, 41.1 mmol, and 15 equiv.). The reaction
mixture was refluxed for 2 h, then cooled to room temperature and poured into an equal volume
of ice- water. Brine solution (10 ml) was added to the reaction mixture and extracted with 2 x
50 mL of ether:hexane (7:3) mixture. The mixture was dried over anhydrous sodium sulphate
(Na2S0Og), evaporated the mixture of solvent by rotary evaporation and was dired in vacuo. The
crude enone was purified by column chromatography (hexane:ethyl acetate, 3:1) to obtain 104
as a white solid (0.43 g, 67%).

Yield: 67%

TLC: Rf=0.52 (SiO2, Hexane : Ethyl acetate = 3:1)
m.p.: 86-87°C

IH NMR (400 MHz, CDCls) & 6.86 — 6.81 (ddd, J = 10.1, 5.5, 3.0 Hz, 1H), 6.12 — 6.04 (ddd,
J=10.2, 2.7, 1.2 Hz, 1H), 4.44 — 4.22 (m, 1H), 3.54 — 3.33 (m, 2H), 2.96 — 2.78 (m, 2H), 2.52
~2.28(m, 1H), 2.23 — 2.15 (m, 1H), 2.13 — 1.96 (m, 1H), 1.46 (s, 9H).

13C NMR (101 MHz, CDCls) & 198.37, 154.42, 147.70, 129.26, 79.91, 55.41, 48.19, 45.86,
28.65, 25.00.
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I_[II\FleI\?]gESI) m/z calculated for CisH19NOsNa ([M+Na]*) 260.1263; found 260.1263
+Na

Synthesis of (Z)-2-iodobut-2-en-1-ol (110):

H HO
l5, K,CO4 o NaBH, /}4\
DMAP i MeOH |
THF:Water
110
108 109
crotonaldehyde (Z2)-2-iodobut-2-enal (Z2)-2-iodobut-2-en-1-ol

To a stirred solution of crotonaldehyde (108) (5.0 g, 71.3 mmol) in THF and water (1:1, 200
mL) was added K>COz3 (11.8 g, 85.6 mmol, 1.2 equiv.), 12 (27.1 g, 107.0 mmol, 1.5 equiv.) and
DMAP (1.7 g, 14.3 mmol, 0.2 equiv.) sequentially at room temperature. The reaction mixture
was stirred for 3 h, then diluted with EtOAc (100 mL) and washed with saturated aqueous
NaHSO3z (100 mL) and 0.1 M HCI (100 mL) successively. The organic layers were dried over
anhydrous NaSQg, evaporated the solvents and the crude product (109) obtained was used in
the next step without any purification. A solution of the crude product in CH3sOH (150 mL)
was cooled to 0 °C and NaBH4 (2.7 g, 71.3 mmol) was added in portions. The reaction mixture
was stirred for 2 h at 0 °C and the solvent was evaporated. The residue obtained was dissolved
in EtOAc (100 mL) and washed with 1 M NaOH solution (30 mL). The organic phase was
dried over anhydrous Na.SOg, filtered and concentrated under reduced pressure. The crude
alcohol was purified by column chromatography using hexane:ethyl acetate (3:1) to obtain 110

(7.6 g, 54% over 2 steps) as a clear, colorless oil.
Yield: 54%
TLC: Rf=0.43 (SiO2, Hexane : Ethyl acetate = 4:1)

IH NMR (400 MHz, CDCls) 8: 5.94 —5.92 (g, J = 6.4 Hz, 1H), 4.20 (d, J = 5.3 Hz, 2H), 2.75
(bs, J = 6.0 Hz, 1H), 1.77 (d, J = 6.4 Hz, 3H).

13C NMR (101 MHz, CDCls) 8: 131.21, 109.63, 71.53, 21.48.
HRMS (ESI): m/z calcd. for C4H710 ([M+Na]*) 220.9439; found: 220.9442 ([M+Na]™).
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(2)-2-iodobut-2-en-1-yl methanesulfonate (111):

HO MsCI
% Et;N MSO%
' Dry DCM I
110 111
(Z)-2-iodobut-2-en-1-ol (Z)-2-iodobut-2-en-1-yl methanesulfonate

To a stirred solution of the alcohol 110 (7.6 g, 38.4 mmol) in dry DCM (150 mL) was added
methanesulfonyl chloride (4.4 mL, 57.6 mmol, 1.5 equiv.) dropwise at 0 °C and the reaction
mixture was stirred for 10 minutes at the same temperature. Triethyl amine (8.0 mL, 57.6 mmol,
1.5 equiv.) was added to the reaction mixture and stirred further for 2 h. The excess mesyl
chloride was reacted with water (50 mL) and brine solution (30 mL) was added to it. The
organic layer was separated, dried over anhydrous Na>SOs, filtered and concentrated under
reduced pressure. Purification of the crude mesylate was done by column chromatography
using hexane:ethyl acetate (3:1) and obtained the mesylate (8.8 g, 80%) 111 as a pale brown
liquid.

Yield: 80%

TLC: Rf=0.52 (SiO2, Hexane : Ethyl acetate = 3:1)

IH NMR (400 MHz, CDCls) 8: 6.20 — 6.15 (qt, J = 6.4, 1.0 Hz, 1H), 4.87 (dd, 2H), 3.04 (s,
3H), 1.82 — 1.80 (dt, J = 6.4, 1.0 Hz, 3H).

13C NMR (101 MHz, CDCls) §: 138.44, 98.53, 77.44, 38.83, 21.81.

HRMS (ESI): m/z calcd. for CsHgl O3S ([M+Na]") 298.9215; found: 298.9220 ([M+Na]™).

Synthesis of () (3aS,7aS)-1-((2)-2-iodobut-2-en-1-yl)-3,3a,7,7a-tetrahydro-1H-indol-4(2
H)-one (105):

NBoc
1) TFA N/\/\

I
dry DCM

o 2) 103
K,CO5 o
104 dry ACN 105

To a stirred solution of the enone 104 (0.4 g, 1.7 mmol) in dry DCM (5 mL) under argon gas

balloon was added trifluoroacetic acid (0.64 mL, 8.4 mmol, 5 equiv.) dropwise at 0 °C. The
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reaction mixture was allowed to warm to room temperature and stirred for 5 h. The reaction
was monitored by TLC till the complete removal of the tertiary butyl carbamate group. After
complete removal of the Boc group, the reaction mixture was concentrated and the excess TFA

was also evaporated by using rotary evaporator.

The crude amine was dissolved in dry acetonitrile (5 mL) equipped with a magnetic stirrer bar
and argon gas balloon. The mesylate compound 111 (0.51 g, 1.8 mmol, 1.1 equiv.) and K.CO3
(1.1 g, 8.4 mmol, 5 equiv.) were added sequentially to the stirred reaction mixture at room
temperature. The reaction mixture was stirred for 12 h and filtered through a short pad of celite.
The solvent was evaporated under vaccum and the obtained N-alkylated product was pure
enough to proceed further for the crucial Heck cyclisation.

TLC: Rf=0.52 (SiO2, Hexane : Ethyl acetate = 3:1)

IH NMR (400 MHz, CDCls) &: 6.80 — 6.75 (dddd, J = 10.0, 4.6, 3.8, 1.2 Hz, 1H), 6.09 — 6.04
(dt, J = 10.2, 2.0 Hz, 1H), 5.88 — 5.82 (qt, J = 6.4, 5.2, 1.1 Hz, 1H), 3.60 — 3.53 (m, 1H), 3.25
~3.14 (m, 2H), 3.01 (dt, J = 15.4, 5.6 Hz, 1H), 2.82 — 2.75 (m, 1H), 2.56 — 2.51 (ddd, J = 7.0,
4.4, 2.1 Hz, 2H), 2.37 — 2.22 (m, 2H), 2.07 — 1.97 (m, 1H), 1.76 — 1.74 (ddd, J = 6.4, 1.5, 1.0
Hz, 3H).

Mass: m/z calculated for C12H1sNONa ([M+Na]*) 340.0174, C12H:7NO ([M+H]*) 318.0355;
found 340.0167 ([M+Na]*) and 318.0345 ([M+H]").

Note: As the compound is not stable enough on silica for purification, the data provided was

contain the mixture of product and iodo compound.

Synthesis of (£) (3aS,6R,7aS)-8-ethyl-3,3a,5,6,7,7a-hexahydro-1,6-ethenoindol-4(2H)-one
(112):

N / Pd(OAc),
| TBAC o

HCO2Na
@) dry DMF
80 °C

105 112 106 (0%)
A 100 mL two necke round bottom flask was charged with TBAC (dried under vacuum, 1.2 g,
4.2 mmol, 2.5 equiv.). The a, p-unsaturated ketone 105, HCO2Na (0.18 g, 2.7 mmol) and 5 mL

dry DMF were added, and the mixture was degassed using Freeze-Pump-Thaw (3 times). To
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this suspension Pd(OAc)2 (37.8 mg, 0.17 mmol, 0.1 equiv.) was added at room temperature
under argon atmosphere, and degassing was continued for an additional 10 min. The reaction
mixture was stirred at 80 °C for 3 h under argon gas balloon and was quenched with H>O (5
mL). The reaction mixture was extracted with EtOAc (2 x 20 mL), organic layer was separated,
washed with brine solution (2 x 5 mL), dried over anhydrous Na,SQg, filtered and concentrated
under reduced pressure. The obtained residue was subjected to column chromatography on
silica gel (100-200 mesh) using hexane:ethyl acetate (3:2) to afford 154.7 mg (48% overall
yield for three steps) of the morphan skeleton 112.

Yield: 48%
TLC: Rf=0.36 (SiO2, Hexane : Ethyl acetate = 3:1)

IH NMR (400 MHz, CDCls) 8: 5.39 (s, 1H), 3.45 (td, J = 7.5, 5.0, 2.2 Hz, 1H), 3.01 (dd, J =
8.6, 6.6 Hz, 2H), 2.61 — 2.56 (m, 1H), 2.55 — 2.52 (m, 1H), 2.49 — 2.47 (m, 1H), 2.46 — 2.37
(m, 3H), 2.34 — 2.29 (m, 1H), 1.90 — 1.81 (m, 3H), 0.93 (t, J = 7.4 Hz, 3H).

HRMS (ESI): m/z calculated for Ci2H1sNO ([M+H]") 192.1388; found and 192.1365
([M+H]").

Ph. D. Thesis, Savitribai Phule Pune University, 2019 110



Chapter 3

3.9. Spectras:

P—— [
BM-V-KETO HYDROXY 1 DwFMNem  BMYAETOVDRONY
¥ : T -
2 3 Commen BV KETO HVDROXY FROTON
3 4 or Brukar Bistpn Cabll
5] 5 Omar
A IR AR R R AR AR N8B0 eI R0 R RN INANARRR%2 85883855888 R a3 R0 RHARRERET i
jxpggafaditabelabaieieichibubibofufuviuiuligupede i peifc iR RNIRR R I AR I B i pepepepe iR i b b W R L R ‘
B i AR hinknin nikn 3 - wa
I i Auth
s S coc
IR — 62
s
m

o
»*0)4 i S _,//// e

17 Aequisiion Tise

18 Arquisiton Dare

P—
107 ("H-NMR)
=TT T T I T
341l s b oooa 2bd & 2 o
DY o= e = == neQ ] n S
33333 2 % 33 358 & 23
T T T T T T T T T T T T T T T T T T T
2.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 35 3.0 2.5 2.0 15 1.0 0.5 0.0
f1 (ppm)
BM-V-KETO HYDROXY Paramr
1 Data File Name
3 T
f 0 HYDROXY-LIC
2 2 4 d 8 EEEEE ' Braler Bistpin bl
g 9 )4 ki gfs i@ THdux . -
I »~ R | | IRR AR B
N : -
e
w1
11 Pube Sequence f—
0 i 12 Experiment o
6“ 13 Number of Seam: L H

14 Receiver Gain
1¢ Ralsxarion Dlay

13 17 Acquisition Time
107 ("C-NMR) N
10 Specrromeser Fraquency 10061

ezt Frequency 19474
23 Nuckems e
24 Acquined Size 768

35 Specrral Sine

T T T T T T T T T T T T T
210 200 190 180 170 160 150 140 130 120 o 110) 100 90 80 70 60 50 40 30 20 10
ppm

Ph. D. Thesis, Savitribai Phule Pune University, 2019 111



Chapter 3

BM-V-KETO HYDROXY

7367
54.80

o
Om
I

107 (DEPT)

46.78

2631

23.98
A

155 150 145 140 135 130 125 120 115 110 105 100 95 90 85 80 75 70 65 60 55 50
1 (ppm)
BM-V-ENONE g
H
£
5]
8 AAMNAR 2LLLTSRE 298L38B83
8 BHddn EenEiEmE gEREspEss
| AT AT G

104 ('"H-NMR)

] A wr
T T e (PSS SN Iy
g g g a 9 588 a
E = 2 3 3 333 a
T T T T T T T T T T T T T T T T T T T T T
00 95 90 85 80 75 70 65 60 55 50 4. 35 30 25 20 15 10 05 00

Ph. D. Thesis, Savitribai Phule Pune University, 2019

—
Data File Name
Tile

Comment
Origin

Omer

S
Specremener
Authes

Sobvent
Temperarure

Balazstian Delsy

o
Acquisition Time
Acyuition Data
Medificatom Date
Spacteemens Fraquensy

2 Speceral Widh

1
3
4

6
7

PR, S—
Nocheus

Acuired Size
Spactral Siam

Parameter
Data Fle Name
Title

Comment
Origin

Owner

Site
Spectrometer
Autbor

Solvent
Temperature
Pulie Sequence
Experiment
Number of Seans
Receiver Cain
Relaxation Delay
Palie Width
Acquiition Time
Acquisition Date

Modification Date

Spectrometer Frequency

Spectral Widih
Lowest Frequency
Nucleu:

Acquired Size

Spectral Size

Vabse
BM-V-KETO HYDROXY
Sepbé-2015-mmrn
BMV-KETO HYDROXY-DEPT
Brukar BiaSpin CumbH

ane

1000
S018.09-86TL:26:00

01805-86T14:26115
10061

10198

a8

3¢

e

e

Value

BAM-V-ENONE

2018

ONE-PROTON
Bruker BioSpin GibH

80128

112



Chapter 3

Parameter Value
BM-V-ENONE -
1 Data File Name BMV-ENONE
T Tide Mayl2-2018
3 Comment BMVENONELIC
| | | | | | 11 AN 6 st
7 Spectrometer pect
8 Author
o 9 Solvent et
»_ 10 Temperature 3029
N 11 Pulse Sequence el
12 Experiment )
13 Number of Sean: o2
14 Receiver Gain m
15 Relaxation Delay 20000
(o] H 16 Pulse Width 104000
H 17 Acquisiion Time L3631
15 Acquisidon Date 20154
19 Modification Date: 201808

20 Spactrometer Frequency 10061

21 Spaceal Wideh sz
104 (YC-NMR) 2 LowesFrememcy 19442
23 Nucleus 13C
24 Acquired Sie 6
2% SpectralSize e
| L L o ! |
|
N ) oo ) u e
iy W
T T T T T T T T T ; T T ; T i i ; i i
200 190 180 170 160 150 140 130 120 110 100 20 80 70 60 50 40 30 20
1 (ppm)
Parsmater
BM-V-ENONEy g 5 80 8 8 L Data File Nome
= o B g9 = g t Tide
‘ l ‘ ‘ 3 Comment BM-V-ENONE-DEPT
4 Origin Bruker BioSpin GmbH
& Owaer wamen
| e
N 8 Auther
9 Solvent (8 ek}
10 Temperature 06
11 Puie Sequence daproplae
13 Experiment IDDEPT.LSE
O H 13 Number of Scans 1024
H 14 Receiver Gain m
1£ Relasation Dalay 20000
16 Pules Wit 100000
17 Acquisition Time 20316
T 18 Acquisition Date 2018-05-13T06:59:00
104 (l)h] J) 19 Medification Date. 20184

20 Spectrometer Frequency 100.61

21 Spectral Width 161290
1 Lowest Frequency 160
3 Nucleus JE
4 Acquired Size 31768
25 Spestral Size 31768

T T T T T T T T T T T T T T
155 150 145 140 135 130 125 120 115 110 105 100 95 90 85
f1 (ppm)

T T T T T T T T T T T T T T
80 75 70 65 60 55 50 45 40 35 30 25 20

Ph. D. Thesis, Savitribai Phule Pune University, 2019 113



Chapter 3

o H 104 (HSQC)

H -
———/J BM-V-ENONE

2.5

L (ppm)

100

110

120

130

140

150

300-T

e
.
"
‘ ‘ = ‘ ‘ ‘ ‘ ‘
8.0 75 7.0 6.5 6.0 5.5 5.0 4.5
f2 (ppm)
BM-1-OH b
I
8
g
<1
5 828 S8 I3
& agas 53 s
e Y v
N [
P
HO |
I f
| |
J J
110 ('II-NMR)
| l n
T T T
s s g
g E E
e, ‘ ‘
0.5 10.0 9.5 9.0 8.5 8.0 7.5 7.0 6.5 6.0 .5 4.0

‘
5.0 4.
i (ppm)

-0.5

Parameter
Data File Name
Tie

Comment
Origin

Orvner

site
Spectrometer
Author

Salvene
Temperatare
Pulse Sequence
Esperiment
Number of Scans

Receiver Gain

5 Relaxation Delay

Pulie Wideh
Acquisition Time
Acquisiton Date
Modificaton Date
Spectrometer Frequency
Specteal Wideh

Lowest Frequency
Nucleus

Acquired Size

pectral Size

Parameter
Data File Name
Tie

Comment
Origin.

Ovner

site
Spectromater
Author

Solvent
Temperature

Pulse Sequence

2 Experiment

Nummber of Sean:
Receiver Grin
Relaxation Delay

Pulse Width

7 Acquisition Time

Acquistion Date
Modification Date
Spactromster Fraquency
Specteal Width

Lowest Frequency
Nucleus

Acquired Size

Spectral Size

Value (12, 11)
BMLV-ENONE
Mayl3-2018
BMLV-ENONE-HSQC
‘Bruker BioSpin GmbH.

coc
023

bsgeetzp
DHSQC

(40013, 100.61)
(22021, 16666.7)
(645,-829.0)
(8, 130)
(512,256
@151

Value
BMLOH
Mayl4-2018
BM-LOHFROTON
Bruler BioSpin CrmbH.

e
034

201805 14T19:30:44.
40013
s0128

Ph. D. Thesis, Savitribai Phule Pune University, 2019

114



Chapter 3

Parameser Ve
BM-I-OH ¥ 1 Data FleName Brion
& 1 T agti0ns
H ! Commen TLOELC
= a S 4 Origin Brakar Bisspim Ganbil
g g CR z s ome -
£ s
H ! : : ! T Specteomeser J—
5 Asthor
HO' = 5 Sobent oo
10 Temperwture LAY
I 11 Pulse Sequence. ekt
12 Erpariment m
15 Number of Sesms 16
M Racelver Caln m
. 13 . 1 Reluxation Delay 000
110 (*“*C-NMR) 16 P Wideh e
17 Acquistion Time e
13 Acquisilon Date MR- LTS
19 ModifcasonDuie S84 LTI9LE
30 Specmomessr Frequency 10041
1 Spacteal Widh a5
3 Lowert Freaneaer 18864
wehius i
24 Acquired Siae e
3% Spetteal Size i
1
T T T T T T T T T T T T T T T T T T T T
10 200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20
f1 (ppm)
BM-1-OMs o Paramater Yalne
.g 1 DataFile Name BMCLOM:
g 1 Tide Maplé2018
5 3 Comment EACLOM:-PROTON
% SERIEZEEEEIE 3 4 orien Bruber Bapin Gt
i gl i e i i 5 Omer mmrsu
€ Site
H g | 7 Spectrometer spect
L $ Autbor
e B ‘ 5 s
o [ 10 Temperature
1 | 11 Pulie Sequence
4 J J 12 Experiment »
13 Number of Scan: s
14 Receiver Gain B
1 18 Relaxation Delay 10000
111 (H-NMR) . 1o
17 Acquisiion Time 40894
18 Acquisition Date 018.05-16715:
19 ModificatonDate  2018-05-16T19:
20 Spectrometer Frequency 40013
10 Spactral Width 128
22 Lowest Frequency
23 Nuckeus
34 Acquired Size
25 SpectralSize
1
I
; | l
T e T T
-1 3 5 8
B 3 a a
T T T T T T T T T T T T T T T T T T T T T T
0.0 95 9.0 85 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 35 3.0 25 20 15 1.0 0.5 0.0 -0.5
f1 (ppm)

Ph. D. Thesis, Savitribai Phule Pune University, 2019 115



Chapter 3

BM-I-OMs

—138.44
—%8.53

111 (C-NMR)

774
<7716 Chieroform
—38.83

21.81

T T T T T T T T T T T T
210 200 190 180 170 160 150 140 130 120 _ 110 100 %0
1 (ppm)

BM-V-ENONE-ALK

—7.26 Chloroform-d

r (
o] H J 7
H
105 ("H-NMR)
T T N T
;D 9‘5 Q‘D B‘S 8‘.0 7‘5 7ID 6‘5 6‘.(} 5.‘5 5‘.0 ! 4‘.() 3‘5 Z‘. ZjO

4.5
1 (ppm)

Parameter
Data File Name
Tk

Comment
4 Origin

£ Ouner

6 s
Spactramanar
3 Autber

3 Salveat
Tessperatuse
ST TR

13 Ecperiment
13 Number of Seans
14 Receiver Gain

18 Reluxstion Delay
16 Pulee Width

17 Acquisieion s
13 Acquision Date
19 Modificstion Dste

Value
BMLOM:
Mx16.2018

BMIOM:-LC
Bruker BioSpin GubH

spect

m
20000

100000

L3631
2018.05.16T18:3600
0184516T18:89:38

30 Spectrammeter Frequency 10061

21 Speciral Width
11 Loweut Froqusncy
Nucheus

Acquired Size
Spectral Size

1
2
3
4 orige
6
s

s
10 Tempersture
11 Pube Sequence

20 Spectrometer Frequency
21 Spectral Widh

20 Lomest Ersquency

2 Nuckews

24 Acquired e

25 Spectral Szt

0385
A526
e
5768

Ve
BALV-ENONE-N-ALK-CRUDE
Aa252018
BALV-ENONE-N-ALK.CRUDE
‘Brker BieSpin CabH

Looon
129800

e

305 28TI-100
M0 ATIALL
w13

snzs

Ph. D. Thesis, Savitribai Phule Pune University, 2019

116



Chapter 3

BM-V-Morphan

—7.26 Chloroform-d

112 (‘I-NMR)

—539

1123
3121

T™MS

n

Parameter
Data File Name

o
B

Site
Spectrometer
Auther
Sofvent

_ 7

10 Temperature
11 Pubse Sequence
12 Experiment

13 Number of Scans
14 Receiver Gain
15 Relaxation Delay

19 Modification Date
20 Spectrometer Frequency
21 Spectral Widh

20 Lowest Frequency

23 Nuceus

24 Acquired Size

25 Spectral Size

166

L0000

129500

20447
2013-02-28T19:48:02
2018-02-25T19:48:56
40013

s0123

27560

H

16334

65536

Ph. D. Thesis, Savitribai Phule Pune University, 2019

117



Chapter 4

@
Chapter 4: Synthetic Studies towards the Total Synthesis of

o)

(-)-Stenine and (-)-Tuberostemonine.
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4.1. Introduction:

Stenine is a stemona class of alkaloid, isolated from Stemona tuberosa of physiologically active
stemonaeceous plants, possess structurally novel and unique azepinoindole skeleton.! The
Stemona alkaloids represent a class of polycyclic alkaloids with relatively complex structures.
Chinese and Japanese traditional medicines have for centuries utilized extracts of
stemonaeceous plants as remedies for the treatment of respiratory ailments.? 2 Water extract of
tuberosa roots used for both insecticidal and medicinal uses.*

Medicinal uses are
1) Treatment of respiratory diseases-
a) Pulmonary tuberculosis
b) Bronchitis
2) Antihelmintics (anti-parasitic for both human and cattle)

Around one hundred stemona alkaloids are reported, the structure of the thirty of them have
been elucidated by X-ray analyses, whereas others were determined from their spectroscopic
data and by chemical correlation.® One common feature among all the Stemona alkaloids is
the presence of 1-azabicyclo [5.3.0]-decane ring system. Stemona alkaloids have been divided
into five major groups-

1. Stenine

2. Stemoamide

3. Tuberostemospirone

4. Stemoamine

5. Parvistemoline

The core structure of the Stemona alkaloids are:
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Figure 1: Characteristic structural feature of the Stemona alkaloid group

Stenine, tuberostemonine, neostenine and neotuberostemonine belongs to the stenine group.®
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Figure 2: Representative members of Stenine group alkaloids

Ph. D. Thesis, Savitribai Phule Pune University, 2019 120



Chapter 4

Recently, interest in these alkaloid is further arose by the demonstration of effective in vivo
activity of skeletally related stemona alkaloids, neostenine and neotuberostemonine, against
citric acid-induced cough in guinea pig animal models.®® In addition, the Stemona alkaloid
tuberostemonine has demonstrated inhibitory activity on excitory transmission at the crayfish
neuromuscular junction.” The challenging molecular architectures of the stenine alkaloids have
motivated the development of new strategies for the construction of their skeletons. However,
only a small number of total syntheses have been reported to date ° and they are still limited to
quite a small number of targets, lacks concise synthetic sequence and with good yield. Two
asymmetric syntheses have been reported, which involved 25 and 30 synthetic steps,
respectively, with poor overall yield.1% 1% 11 Recently, another enantioselective synthesis is
published in 14 steps with 5.9% overall yield.*?

4.2. Literature report on the total synthesis of Stenine:

Before we embark upon our approach, it would be appropriate to examine the synthetic
approaches according to their strategies devised for assembling their intricate structures. The
major difficulties encountered in developing a synthetic strategy including the proper
installation of the multiple stereocenters over the cyclohexane ring are discussed here. Most of
the reported synthetic strategies rely on a Diels—Alder reaction as the key step in assembling
the core cyclohexane ring.

4.2A. Diels—Alder-Based Strategies:

4.2A.1. First total synthesis of (x)-stenine by Chen and Hart.:

The first total synthesis of racemic stenine was reported by Chen and Hart in 1990 and
completed through a 25-step linear sequence, starting from the tetraene 10.1%* 1% The strategy
involved stepwise construction of rings C, D, and A, followed by the formation of 7-membered
azepine ring B. The synthesis commenced with an endo-stereoselective intramolecular Diels—
Alder (IMDA) reaction that furnished ring C (11). The incorporation of the nitrogen atom by
an aminimide variant of the Curtius rearrangement set the stage for ring A formation by a
straightforward sequence. An Eschenmoser—Claisen rearrangement (14-15) and subsequent
iodolactonization (15-16) delivered the butanolide 16.
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Scheme 1: Synthesis of (+)-Stenine by Chen and Hart.
Reagents and conditions: a) Et2AICI, CHCIz, 85 °C, 67%; b)NH2NH2, MeOH, 87%; c)
MeC(OMe)2NMey, xylene,A, 93%, d) I>, THF, H20, 75%.
Ring B was subsequently formed by lactam formation after two-carbon homologation of the
side chain at C-9. Finally, Keck radical allylation at C-10, conversion of the allylic moiety into
the requisite ethyl substituent, methylation at C-13 on the convex side of the tetracyclic system,
and adjustment of the oxidation level at ring B by converting amide to amine, led to the target
compound Stenine. This pioneering synthesis paved the way for the utilization of other IMDA-
based strategies and established the iodolactonization/Keck allylation sequence for the
stereoselective installation of the ethyl group at C-10.
4.2A.2. Asymmetric total synthesis of (-)-Stenine by Morimoto et al.:
Morimoto et al. accomplished a highly stereocontrolled, 25-step synthesis of (—)-stenine, ! 119
which involved key IMDA which led to the simultaneous construction of a decalin skeleton
and four of the six stereogenic centers of the ring C. The Me,AIClI-catalyzed IMDA reaction
of the (E, E, E)-triene 17, bearing an oxazolidinone chiral auxiliary, proceeded smoothly to
produce the corresponding cycloadduct 18 with good facial and complete endo selectivity.
Sequential manipulation of the cycloadduct and introduction of the nitrogen functionality by

employing a modified Curtius rearrangement (as in Hart’s approach) furnished bicyclic
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intermediate 19. Rings A and D were formed by regioselective enolization of 19 under
thermodynamically controlled conditions followed by oxidative cleavage and stereoselective
iodolactonization, to afford the tricyclic intermediate 20. Allylation at C-10 and methylation at
C-13 were also accomplished by following the similar reaction condition used by Hart and
subsequent operations provided the intermediate 20 containing butanolide ring. Finally, after
removal of the methoxycarbonyl group, ring B was constructed by means of a 7-exo-tet

cyclization.

S S 1.3 eq.Me,AICI
DCM, -20 °C, Modified Curtius
= 72h rearrangement
—_—
A | o IMDA —_—
Ph

N.__O :
MPMO Me—g/\f MPMO\/\/

1) Enolate formation
2) oxidative cleavage
3) lodolactonisation

(-)- Stenine

Scheme 2: Asymmetric synthesis of (-)-stenine by Morimoto et al.
4.2A.3. Synthesis of Stenine by Jeffrey Aube (2002):

Aubé’s group executed a formal synthesis of racemic stenine in a 21 step sequence starting
from pentane-1,5-diol.}?® The key feature of the synthesis is the domino Diels—Alder/Schmidt
reaction which provided the formation of the rings A, B, C and the four stereocenters of the

cyclohexane moiety in a single chemical step, from the acyclic azidodiene precursor 22.

Treatment of 22 with MeAICl, afforded the azepinoindole 24 via cycloadduct 23 in 43% yield.
The overall transformation involved an endo IMDA cycloaddition, followed by a ring forming

(ring A) and ring (ring B) expansion process. Following the previous synthetic sequence,
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subsequent iodolactonization (24-25), stereoselective Keck allylation, and a- methylation
lactone provided intermediate 26, which could be transformed into stenine by applying the

same synthetic protocol developed by Hart.

OBn

BnO N §
/ =
NS >
Schmidt
reaction
22 23

24 25

Hart's
procedure

26 6

()-Stenine

Scheme 3: Synthesis of Stenine reported by Aube.

Reagents and conditions:a)MeAIClz, DCM, reflux, 43%; b) i) Na, NHa, ii) CrOz, H2SOs, iii)
I, NaHCOs3, 80% for 3 steps; c) i) allyltributyltin, AIBN,benzene, ii) LIHMDS, Mel, 67% for

two steps.
4.2A.4. Synthesis of Stenine by Aube (2" generation approach):

Having completed the synthetic effort towards the synthesis of stenine, their attention turned
to further development of the tandem Diels—Alder/intramolecular Schmidt reaction. In
particular, we noticed that the sequence could nicely accommodate intermolecular Diels—Alder
reaction. In a second-generation approach, Aubé and co-workers improved the efficiency of
the synthesis by combining an attractive intermolecular Diels—Alder reaction with a Schmidt
rearrangement which minimized fewer steps in starting material preparation than in the case of
intramolecular Diels-Alder/Schmidt sequence.*?® Treatment of the azidosilyloxydiene 28 with
cyclohexenone 27 in presence of stannic chloride (SnCls) afforded azepinoindole 30 that
originated from an exo selective Diels—Alder process which provided major product in 45%
yield. The most attractive feature of this new approach was that it allowed the early
incorporation of C-10 ethyl side chain with the correct relative configuration. An axially

directed alkylation at C-12 of the intermediate 30 was performed by using methyl bromo
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acetate as an alkylating reagent in the presence of a base LIHMDS. Subsequent reduction of the
ketone set the butyrolactone moiety by lactonization and the synthesis was completed by well
established procedures involving methylation of the lactone ring followed by amide to amine
conversion by using Lawesson’s reagent/Raney nickel. The total synthesis was accomplished

in nine steps from commercially available reagents and in 14% overall yield which is very

impressive.
N3
O
MSO N3
z a
rearrangement
Et
27 28 29 30
b
_>

31 6
(*)- Stenine

Scheme 4: Synthesis of Stenine reported by Aube (2nd generation approach).

Reagents and conditions: a) SnCls, -78 °C to rt, 70%; b) i) LIHMDS, BrCH.CO:Me, 73%, ii)
NaBH4, 64%.

4.2A.5. Padwa’s strategy for the synthesis of stenine:

In 2002, Padwa and Ginn reported a synthesis of racemic stenine starting from N-trimethylsilyl
g-caprolactam (32) in a 17-step sequence involving an exceptional Diels—Alder/ring
opening/1,2-methylthio shift cascade to attach rings A and C onto a precursor azepinone (ring
B) in a single operation.®®* Methylsulfenylation of one of the sulfur atoms of 33 with dimethyl
(methylthio) sulfonium tetrafluoroborate (DMTSF) induced a thionium-promoted cyclization
and the resulting dihydrofuran readily furnished furan 34 with the loss of acetic acid.
Intramolecular Diels-Alder (IMDA) cycloaddition followed by nitrogen-assisted ring opening
generated a zwitterionic intermediate (39), which after a 1,2-methylthio shift, provided the
tricyclic lactam 35. Subsequent reduction fixed the desired A/C trans and B/C cis ring fusions.

The butyrolactone ring formation was done through iodolactonization of 36, which proceeded
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by a stereoselective Keck allylation by Hart’s protocol for the installation of the ethyl group at
C10 position and the synthesis was completed by following the established procedure known

in the literature.

COMe CO,Me
0 | MeS |
OAc O e}
NTMS 2 s b /
7 N0 — ZSNTS0|——»  MeS
MeS

N-trimethylsilyl | _
e-caprolactam 33 2-methylthio-5-amido 35

32 furan 34

(%)- Stenine

Scheme 5: Synthesis of Stenine by Padwa.

Reagents and conditions: a ) i) LDA, ii) (MeS),CHCHO, iii) Ac:O 80% for 3 steps, iv)
MeO,CCH,CH=CHCH,COCI, 85%, b) DMTSF, NEts, 80%; c) i) Raney-Ni, EtOH, 92%; ii)
NaBH4, CeCls, MeOH, 77%; iii) Crabtree's catalyst, H2, CH2Cl>, iv) MsCI, NEts, DBU, 64%
for two steps. d) i) LiOH, H20, ii) I2, MeCN, 64%.

M302C\

MeS
=0
348 ——» N R —— 35

38 39
Cycloadduct

Scheme 6: Diels-Alder/ring opening/1,2-methylthio shift cascade.
4.2B. Wipf’s Strategy for the First Asymmetric Synthesis of (-)-Stenine:
The first enantioselective total synthesis of (-)-stenine was reported by Wipf and his co-
workers in 1995, 142 which involved a 26-step linear sequence starting from L-tyrosine. L-
tyrosine was converted into the key intermediate indolone 41 (enantio- and diastereomerically
pure) in a single step by the phenolic oxidation of 40 using hypervalent iodine reagent. The cis-

fused indolone is converted into the trans-fused stenine core upon reduction of a =-
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allylpalladium complex (41-42). An Eschenmoser—Claisen rearrangement was used for the
butyrolactone ring formation by iodolactonization of 44. Subsequent Keck allylation was
employed to install ethyl group at C10 position, acid amine coupling was used for B ring

formation and functional group manipulations provided the target alkaloid 6.

oH g
/©/\'/ NHCbz CO,Me b 7oA
H — e —_— N H
HO COH 1) Oxidation o N\ H 1) Reduction HO H Spr
2) |ntra_imo|ecu|ar_ _ H Cbz 2) Reduction of
conjugate addition the p-allypalladium
40 41 complex 42
c d

- e

1) Oxidation Claisen-Eschenmoser

2) Alkylation rearrangement
_— > _—

—_ e

lodolactonisation

(-)-Stenine

Scheme 7: First asymmetric synthesis of (-)-Stenine by Peter Wifp.

Reagents and conditions:a)Phl(OAc)2, NaHCOs, MeOH, 21-40 °C, 40-60%; b)i) Bz2O, Et:N,
i) NaBH4, CeCl3.7H20, 89%, iii) Pdz(dba)s.CHCI3z BusP, HCO.H/Et3N, 88%; c)i) TPAP,
NMO, ii) KHMDS, -80 °C, HC=CH(CH:)OTf, 46%; d)i) NaBH4, CeCl3.7H.0, ii)
H3zCC(OMe)2NMey, 130 °C, 77%.

4.2C. Wifp’s strategy for the First and Only Asymmetric Synthesis of (-)-
Tuberostemonine:

In their subsequent work, they have used the same trans-hexahydroindole 46 as a key
intermediate in the enantioselective synthesis of (-)-tuberostemonine through a 24-step linear
sequence.**® The most significant features of the synthesis is the azepine formation by RCM of
47 followed by regioselective hydrogenation, and the stereoselective attachment of the “east”-
side y-butyrolactone at C-3 by the treatment of a Weinreb amide derivative of 48 with the
lithiated asymmetric orthoester 49. An Eschenmoser—Claisen rearrangement (50-51),
selenolactonization, Keck allylation, and finally selective a-methylation of the fused lactone

afforded (-)-tuberostemonine.
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/@/\/NHCbZ
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HO CO,H

40

(-)-Tuberostemonine

Scheme 8: Asymmetric synthesis of (-)-tuberostemonine by Peter Wifp.

4.2D. Enantioselective Total Synthesis of (-)-Stenine by Zhang et al.:

In 2012, Zhang et al. reported an enantioselective sequential double Michael addition to
assemble a densely substituted cyclohexane core 57 and that the key azepinoindole
intermediate 58 was obtained by reductive amination followed by amidation.'>® 5 The
enantioselective Michael addition of nitroolefin 52 to B-ketoester 53 provided intermediate 54
which was processed for the required carbocyclization through the second intramolecular
Michael addition. The C-alkylation of the tricyclic ketone 58 using ethyl bromoacetate and
LIHMDS as a base followed by reduction of the carbonyl group set the formation of lactone
ring. The methylation of lactone ring and conversion of amide to amine employing established

protocol, produced the target alkaloid (-)-stenine.
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Scheme 9: Enantioselective total synthesis of (-)-stenine by Zhang et al.

Reagents and conditions: a) 56, 5 °C, the KOH/SiO», THF, sonicated in a water bath at 35 °C,
80% yield; b) i) acetic acid, H20, 90 °C, then Zn powder. The crude product was then heated
to 90 °C in toluene, 81% yield; ii) LiCl, H.O, DMSO, 155 °C, 89% vyield; c) [(CH3)sSi]2NLi,
THF, -78 °C, ethyl bromoacetate, 78% vyield; d) i) NaBH4, MeOH, 0 °C, 51% vyield after
recrystallization; ii) [(CH3)sSi]oNLi, THF, -78 °C, Mel, 65% yield; iii) Lawesson’s reagent,
CH2ClIy, iv) Raney Ni, EtOH, 25 °C, 90% yield over two steps.

4.2E. Asymmetric Total Synthesis of (-)-Stenine by Fujioka et al.:

In 2012, Fujioka et al. developed a new asymmetric desymmetrization strategy that employed
intramolecular haloetherification reaction of cyclohexadiene acetal 60 to generate substituted
cyclohexane 62.1° This reaction enabled the installation of the multiple chiral stereocenters
over the cyclohexane ring, which proceeded via a rigid cationic intermediate 61 and utilized
the chiral cationic auxiliary as a template that remained in the product. Hydroboration and

subsequent oxidation of the cyclohexane derivative 62 provided the enone 63, which was 63
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was utilized to install another three stereocenters by enolate alkylation and 1,4-conjugate
addition resulted 64. Hydrolysis of the acetal group in 64 followed by reductive amination of
the resulting aldehyde and intramolecular Mitsunobu cyclization produced the intermediate 65.
The enolate alkylation, intramolecular amidation and reduction of ketone for the necessary
lactone ring formation provided lactam 67 which was transformed to (-)-stenine by the known

protocol established in the literature.

Ph
I
Me
0 O uPh 1 X \/
a
Ph
Ph
"Br o)

60 61 62 63

NNs
§/ "y & d
[E— . —_—
(0] “u
/\/\

65

66 67
(-)-stenine

Scheme 10: Asymmetric total synthesis of (-)-stenine by Fujioka et al.
Reagents and conditions:a) NBS, MeOH, CH3CN, -40 °C to 0 °C, 63%; b) i) thexylborane, ii)
PDC, 53%; c) i) ) LIHMDS (1.2 equiv), allyl iodide (3.0 equiv), HMPA (10 equiv), THF, -78
°C, 3 h, 92 %, ii) 4-pentenyl magnesium bromide (2.0 equiv), Cul (0.5 equiv), THF, -78 °C, 3
h, 90 %; d) i)LIHMDS (1.5 equiv), ethyl iodide (10 equiv), HMPA (10 equiv), THF, -78 °C to
RT, 24 h, 57 % (80 % brsm), ii) O3, CH2Cl>, -78 °C, 15 min, then PPhs (8.0 equiv), RT, 1 h, 81
%, iii) PDC (10 equiv), DMF, RT, 24 h; iv) TMSCHN: (2.5 equiv), benzene/MeOH 4:1, RT, 30
min, 70 % (2 steps); e) i) Cs2CO3 (3.0 equiv), PhSH (1.5 equiv), CH3CN, RT, 12 h, ii) toluene,
reflux, 24 h, 95 % (2 steps), iii) NaBHa (3.0 equiv), MeOH, 0 °C, 1.5 h, 64 %. PDC =pyridini-

um dichromate.

Ph. D. Thesis, Savitribai Phule Pune University, 2019 130



Chapter 4

4.3. Summary of the literature reports:

From the above survey of literature reports, it is evident that only two asymmetric syntheses
have been reported, which involved 25 and 30 synthetic steps with poor overall yield, 11 110 143
14b Recently, another enantioselective synthesis have been published in 14 steps with 5.9%
overall yield.*? Biologically more potent alkaloid (-)-tuberostemonine has only one total

synthesis reported involiving 24 steps with 1.4% overall yield.
4.4. Objective of the present study:

Biological studies of the alkaloids belonging to the stenine group revealed that there is a high
demand of supply of sufficient number of compounds for their preclinical studies. Therefore,
with the aim of developing an efficient and scalable synthetic strategy we took up this challenge
to develop a conceptually new synthetic route to maximize the supply of the required amount

for total biological screening and preclinical studies.

4.5. Retrosynthetic analysis:

From the perspective of retrosynthetic analysis of 6, as outlined in the scheme 11, the 2-
oxostenine 68 would be the common precursor for both stenine and tuberostemonine. Stenine
could be derived by the adjustment of the oxidation level at ring A (amide to amine conversion)
of 2-oxostenine and the stereoselective attachment of the furan derived y-butyrolactone at C-3
of the 2-oxostenine would provide tuberostemonine. After having systematic installation of all
the substituent over the cyclohexane ring along with the required azepane ring, the intermediate
69 would be ready for the two sequential cyclisation involving lactonization and amidation to
produce 2-oxostenine. The most important task of setting up the key cyclohexane ring C
containing six contiguous stereocenters with proper stereochemical arrangement and
associated A, B and D ring junction stereochemistry. All the substituent could be installed
sequentially and stereochemistry would be guided by newly generated functionality and
stereocentre embedded in the cyclohexane ring. The sulfonyl enone 70 could be a significant
precursor for the stereoselective installation of the ethyl substituent at C-10 and the hydroxyl
group at C-11 position by following 1,4-conjugate addition and subsequent quenching by using
oxaziridine of the newly generated enolate. The stereochemistry of the conjugate addition of
the sulphonyl enone would be amenable by other functionalities installed at the outset of our

synthetic programme.

Ph. D. Thesis, Savitribai Phule Pune University, 2019 131



Chapter 4

LaWes ,
103 9en O, o
$H ), t W .
A 1) lactonisation HO,, CO,Et
O‘D F 2) amidation
N )

[\gfoms TH
o) o] B
Z H o 68

.,

O, . H W
m (-)-2-Oxostenine
AN H 07Xy

(-)-Tuberostemonine

1) desulphonylation 0 0o
2) conjugate enolate
: adaltion COEL  ikylation b allylic oxidation
— WNBoe ———> pho.s mNBog ———————>
3) hydroxy group PhOS U 2 U
installation
70 71
Conjugate addition
@ and Boc
PhO,S ~~ "NBoc cyclisation Dm in situ ring opening S0,Ph
Q ——— NS S - S ——— Y
2 oTBS
72 NN 74
73
cis-octahydro-2H >99% ee & de

-benzo[b]azepine scaffold )
Multi-gram Scale

Scheme 11: Retrosynthetic analysis for (-)-stenine and (-)-tuberostemonine.

The electron withdrawing property of the vinyl sulphone functionality embedded in the
cyclohexane ring of the intermediate 72 would guide to functionalize the next carbon centre of
the cyclohexane ring and that will direct the functionalization of another carbon centre.
Because of the acidity of the allylic proton of the vinyl sulphone, a directed allylic oxidation
could be performed on 72 to obtain allylic oxidised product 71 which will direct the
functionalization of alpha carbon center of the ketone by the enolate alkylation of the sulfonyl
enone.

The preparation of cis-decahydro-1H-benzo-[b]-azepine (72) was visualized from our ongoing
synthetic exploration of the optically pure 7-azabicyclo[2.2.1]heptene scaffold 74, which could
be alluded by a stereoselective Michael addition on facially biased Michael acceptor (olefinic

sulphone) followed by subsequent ring opening due to existing ring strain in 74.
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4.6. Results and discussions:

Retrosynthetic analysis was alluded to consider the multi-gram availability of the cis-
octahydro-2H-benzo[b]azepine intermediate 72 to achieve target alkaloids. We succeeded in
making the ring opened product 73 in multi-gram scale by conjugate addition and in situ
opening of the azabicyclic ring and also achieved the cyclised product 72 in good yield. The
preparation of the intermediate 72 have already discussed in detail in the chapter 3.

4.6.1. Synthesis of the allylic oxidised compound 71:

After having 72 in hand, we proceeded to functionalize the allylic carbon centre by employing
known allylic oxidation protocol in the literature. Corey’s allylic oxidation condition was
employed on the intermediate 72, but could not provide the allylic oxidised product in good
yield (10-15%). '

gy a
PhOzS/l_:QH NBeC > phos >y 1"NBoc

N

72 71

Scheme 12: allylic oxidation using Corey’s protocol.
Reagents and conditions: a) Pd(OH)2/C, t-BuOOH, K>CO3z, DCM, 0 °C to RT, 24h.
Therefore, we turned our attention to chromium based oxidant to get the desired allylic oxidised
product 71.1" Pyridinium dichromate (PDC) in presence of tertiary butyl hydroperoxide
(TBHP) resulted moderate yield (35-40% conversion) with the recovery of starting material

and it provided 85-90% conversion over two cycles with 65-70% yield.

O
PhO,S H"% H PhO,S > "NBoC
N H': H
72 71

Scheme 13: Allylic oxidation of 72.
Reagents and conditions: a) PDC (3 equiv.), t-BuOOH (5M, 8 equiv.), dry DCM, 0 °C to RT,
20h, 66% over 3 cycles.
4.6.2. Synthesis of the fully functionalized cyclohexane derivative 69:
The synthesis of the key cyclohexane ring C would set our synthetic plan towards the target
alkaloids. As we have planned the newly installed carbonyl functionality to direct the

fuctionalization of adjacent carbon center. Accordingly, we achieved the stereoselective
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enolate alkylation using iodoethyl acetate as an eletrophile and lithium hexamethylsilazide
(LIHMDS) as a base.?> 158150 The alkylation provided the desired product 70 in 57% yield
(88% on brsm) and the stereoselctivity was guided by the azepane ring formed at the outset of
our synthesis. It was very necessary to desulfonylate the sulfonyl enone 70, which will generate
aenone 75 and that could be utilized for the installation of the ethyl and hydroxyl group through
a highly stereoselective 1,4-conjugate addition followed by o-hydroxylation of the insitu
generated enolate. The desulfonylation was attempted using the very popular reaction condition
sodium-amalgam (6% Na-Hg) in tetrahydrofuran and methanol, 1° but this gave very poor result
with the formation of complex reaction mixture. We planned to employ a mild condition for
the effective desulfonylation and fortunately we got an excellent conversion with good yield
(88%) using aluminium amalgam in presence of tetrahydrofuran and water at -30 °C.%
0 o) 0

a COzEt b COzEt
- — _— '
PhO,S NBoc PhO,S "“"NBoc “"NBoc

7 70

Scheme 14: Enolate alkylation and desulfonylation of 71.
Reagents and conditions: a) 1.8 eq LIHMDS, dry THF, 5 eq iodoethylacetate, -78 °C to -20 °C,
57% ( 88% on brsm); b) 6 eq Al-Hg, THF:H>0 (9:1), -30 °C to -20 °C, 3h, 86%.
The efficient desulfonylation of 70 built a strong platform for the stereoselective installation of
ethyl group and subsequent hydroxyl group incorporation. To accomplish conjugate addition,
the desulfonylated product 75 was subjected to the Gilman reagent diethyl cuprate lithium
(Et2CuLi) in presence of trimethylsilyl chloride (TMSCI), 2! but it was unreactive to the enone

75, probably due to the steric hindrance for the 1, 4-conjugate addition.??

(o] (0]
b/\coza a \b/\cozEt
:\j;Boc —K> :\:";Boc

75 76
Scheme 15: Failed attempt of 1, 4-conjugate addition of 75 using higher order
organocuprate reagent.
Reagents and conditions: a) EtMgBr (2 eq), Cul (1 eq), LiBr (10 eq), TMSCI, dry THF, -78
°C.
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While boron trifluoride etherate was used to activate the carbonyl group of the enone, the mass
analysis confirmed the ethyl incorporation, but carbamate protection of amine could not
survived. Keeping in mind steric factor of the enone, we went through literature reports and
found that lower order organocuprates (RCuBFz) in presence of borontrifluoride etherate
(BF3.0Et,) are able to add to sterically congested enones in moderate yield.?® Inspired by the
literature report, we also employed the lower order organocuprate (EtCulLi) reagent and

smoothly formed the desired product 76 with 81% yield.?*

O O

@/\COZEt a \b/\cozEt
—>
""NBoc ""NBoc

(“:

75 76

Scheme 16: 1, 4-conjugate addition of 75 using lower order organocuprate reagent
(EtCuL.i).

Reagents and conditions: a) EtMgBr (8 eq), Cul (12 eq), LiBr (15), dry THF, -70 °C to -40 °C,
7.5 h, 81%.

After succeeding in carrying out the 1,4-conjugate addition, we visualised that hydroxy group
at C-11 would be necessary to form the butenolide ring, which we enabled to install by
generating enolate over intermediate 76, using lithium diisopropyl amide and subsequent
oxidation with the Davis’s oxaziridine.?>* 2> The stereoselctivity was guided by the adjacent

B-stereochemistry of the ethyl group resulting a-stereochemistry of the hydroxyl group.

(0] (0]
HO
\/é/\coza g \jé/\cozEt
«” "NBoc > i;Boc
76 69

Scheme 17: a-hydroxylation of the ketone 76.
Reagents and conditions: a) 5.2 eq LDA, dry THF, 10 eq Hexamethylphosphoramide (HMPA),
2.2 eq ((1R)-(-)-(10-Camphorsulfonyl)oxaziridine)(Davi’s oxaziridine), -718 °C to -10 °C, 82%.

The fully substituted cyclohexane derivative 69 was very crucial advanced intermediate for the

accomplishment of the synthesis. According to retrosynthesis, we were just two important
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cyclization step away from our target alkaloids. The lactonisation and lactamisation through
amidation would conclude the synthesis. We then moved forward with our all efforts to make
the butenolide ring.

4.6.3. Synthesis of the butenolide ring D:

With the required fully substituted cyclohexane derivative 69 in hand, we planned to make first
a butenolide ring with the methyl substitution at C-14, which upon selective hydrogenation
would provide both /5« and 154-stenine. To obtain the desired butenolide ring, we thought to
employ a Wittig-Horner olefination on the ketone followed by intramolecular lactonization.2®
But it was very unfortunate that after using five equivalent of Wittig-Horner reagent also the
ketone could not reacted and the subsequent betain ring formation was also failed. As a result
we observed only recovery of starting material, probably steric congestion could be the factor

for this failure.

(0]
Et0 ] Et0,C
P CO,Et
o i = Sy
\ﬁéﬁcoza 7 HOa, CO,Et
N
v~ ""NBoc N > "~ "NBoc
£ NaH, dry THF 5\—)
0°Ctort
69 78

Scheme 18: Failed attempt of Wittig-Horner reaction on the ketone 609.
Alternatively, we thought to perform intramolecular Wittig-Horner olefination to get the
desired butenolide ring. 2’ Accordingly, we proceeded to prepare the corresponding
phosphonate ester of the hydroxy ketone 69 for the intramolecular Wittig-Horner reaction. The
hydroxy ketone 69 was subjected to the required phosphono acetyl chloride in presence of
triethyl amine, whch could produce the required acylation product of the hydroxyl ketone 69

for the Wittig-Horner olefination.
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Scheme 19: Failed attempt for the acylation of the hydroxyl group of 69 using
phosphonoacetyl chloride 79.
Reagents and conditions: a) 79, EtsN, 0 °C to RT; b) 79, NaH, 0 °C to RT.
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However, it failed to give any conversion; instead starting material 69 was recovered back. The
steric congestion and the nucleophilicity of the hydroxyl group could be the major reason for
this inertness towards the acid chloride. Furthermore, we decided to use a strong base for this
acylation reaction which would provide the required butenolide ring through in situ Wittig-
Horner olefination of the corresponding tether phosphonate ester. Attempt to get the butenolide
product from the hydroxyl ketone intermediate 69 by using phophono acetyl chloride and
sodium hydride as a base also failed to provide the desired lactone 81. With this failure in mind,
further we thought to proceed stepwise formation of the butenolide ring through the
corresponding phosphonate ester intermediate 80. Accordingly, we attempted the N,N-
Dicyclohexylcarbodimide (DCC) mediated coupling of hydroxyl group and the corresponding
phosphono acetic acid 82.%7

HO/, O
\;éACOZEt ; . - COLEL

0 ;
EtO.] S
P__CO,H

EtO” \r
82

69 80

I

Scheme 20: Failed attempt for the DCC mediated coupling between the hydroxyl group of 69
and phosphonoacetic acid 82.

Reagents and conditions: a) 82, DCC, dry DCM, 0 °C to RT.

However, this attempt again gave very disappointing result and recovered the starting material.
These unfortunate outcome regarding the reactivity of the hydroxyl group of the intermediate
69 stipulating a detail investigation on the nucleophilicity of the hydroxyl group and
reassessment of the strategy to form the butenolide ring. After having detailed study on the *H
nmr, 3C nmr and HSQC data of the intermediate 69, we found four discrete peaks for the
corresponding hydroxy proton (-OH proton) in the *H nmr spectra of 69, which confirmed that
the protons of the hydroxy groups are engaged in hydrogen bonding probably with the adjacent
ketone group. This hydrogen bonding results in lowering of the nuclephiliciy of the oxygen
atom of the hydroxyl group.

Therefore, to obtain desired lactone ring, there were only left with options of either hydroxyl
group or ketone functionality manipulation, however, both were not responsive towards the
electrophillic or nucleophillic addition, respectively. Therefore, we needed to employ highly

reactive species for the functional group manipulation in case of both hydroxyl as well as with
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ketone. After having this conclusive decision, we were in a big dilemma for the selection of
the proper candidate among the hydroxyl group and the ketone group to generate a proper
functionality which would solve this issue. Instead of intramolecular Wittig-Horner, we
planned to perform intramolecular aldol reaction followed by subsequent tertiary hydroxy
group removal to provide the butenolide ring. This was envisioned by the acetylation of the
hydroxyl group (-OH to -AcO) using either highly reactive species acetyl chloride or acetic
anhydride. Accordingly, the hydroxy compound 69 was treated with acetic anhydride (Ac20)
in presence of dry pyridine which gave expected acylated product 83, % in good yield (74%,
97% on brsm), confirmed by mass and proton NMR analysis. With the hope to have the aldol
product in hand, the O-acetylated ketone 83 was treated with Potassium hexamethyl silazide
(KHMDS) to give intramolecular aldol reaction followed by the addition of excess acetic

anhydride (Ac,0) for the subsequent hydroxyl group removal.?®

0 OYO

a _b>
"
"NBoc Acetylation " NBoc Intramolecular
§\—) aldol reation
69 ) )
83 84
CO,Et
—>

""NBoc

85

Scheme 21: Formation of the butenolide ring by intramolecular aldol condensation.
Reagents and conditions: a) Ac2O:pyridine(dry) (1:1), 48h, 74%, 97% on brsm; b) 0.5 M
KHMDS in toluene (1.2 equiv.), excess Ac20 (30 equiv.), dry THF, -80 °C to -60 °C, 8 h.

As expected, we observed the formation of product in HRMS. We are now in the stage to purify
the aldol condensation followed by dehydration product to confirm the formation of the
butenolide ring.

4.7. Conclusion:

We have developed a highly stereoselective and flexible synthetic route toward the synthesis
of stemona alkaloids. The bridg-azabicyclic ring opening provided the crucial cyclohexane ring

with two stereocenters and embedded vinyl sulphone functionality which propagated to the
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formation of associated azepane and butenolide ring. The fully functionalized cyclohexane ring
C was achieved with high stereoselectivity. The intramolecular amidation will complete the
synthesis of 2-oxostenine which will be involved further in the total synthesis of stenine and

tuberostemonine.
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4.9. Experimental Procedures and Spectral Data:
Synthesis of (z) (5aS,9aS)-tert-butyl 8-oxo0-6-(phenylsulfonyl)-2,3,4,5,5a,8,9,9a-octahydro
-1H -benzo[b] azepine-1-carboxylate (71):

0]

Pyridinium
/@ dichromate
"“"NBoc (PDC)

H™s TBHP,dry DCM PhO.S™
0°C to RT

n
T

72 7

To a solution of the cyclised product 72 (4.0 g, 10.2 mmol) in 50 mL dry DCM in an ace
pressure tube equipped with a magnetic stir bar was added pyridinium dichromate (5.7 g, 15.3
mmol, 1.5 equiv.) at room temperature and stirred until PDC dissolved completely. The red
coloured solution was cooled to 0 °C under argon gas balloon and to it was added 5.0 M tertiary
butyl hydroperoxide solution in decane (8.2 mL, 40.8 mmol, 4 equiv.). The pressure tube was
sealed and stirred the reaction mixture 3 h at 0 °C. The reaction mixture was allowed to warm
to room temperature and stirred further 7 h at RT. The reaction mixture was recooled to 0 °C,
equal amount of PDC and TBHP was added sequentially. The reaction mixture was stirred
further 3 hat 0 °C and then 7 h at RT. The reaction was monitored by TLC. When TLC showed
incomplete consumption of the starting material, the reaction mixture was diluted with ether
(100 mL) and filtered through a short pad of celite. The solvent was evaporated by rotary
evaporator, dried under vacuum and the crude allylic oxidised product was subjected to the
same reaction oxidation for the complete consumption of the starting material 72. Purification
of the crude allylic oxidised product was done by column chromatography using hexane:ethyl
acetate (3:1) and obtained product (2.7 g, 66%) as a white solid.

Yield: 66%

TLC: R =0.48 (SiO2, Hexane : Ethyl acetate = 3:1)
m.p.: 114-116°C

'H NMR (400 MHz, CDCl3) 6: 7.91 (d, J=7.5Hz, 2H), 7.71 (t, J = 7.3 Hz, 1H), 7.60 (t, J =
7.5 Hz, 2H), 6.55 (s, 1H), 4.81 — 4.39 (m, 1H), 4.02 — 3.66 (m, 1H), 2.96 (br m, 1H), 2.85 (br
m, 1H), 2.78 (br m, 1H), 2.57 — 2.38 (m, 1H), 2.33 (br m, J = 23.7, 14.8 Hz, 1H), 2.08 (br m, J
= 13.6, 13.0, 5.5 Hz, 1H), 1.89 (br m, J = 20.7, 11.9 Hz, 1H), 1.70 ( br m, 1H), 1.36 (s, 9H),
1.25 (br m, 2H).
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13C NMR (101 MHz, CDCls) &: 196.41, 162.06, 154.70, 137.76, 134.71, 130.64, 129.82,
128.81, 80.47, 53.75, 41.11, 38.55, 38.11, 28.32, 27.21, 27.01, 24.40.

HRMS (ESI): m/z calculated for Co1H27NOsSNa ([M+Na]*) 428.1508, C21HzsNOsS ([M+H]*)
406.1688; found 428.1510 ([M+Na]*) and 406.1681 ([M+H]*).

Synthesis of (z) (5aS,9S,9aS)-tert-butyl 9-(2-ethoxy-2-oxoethyl)-8-oxo0-6-(phenylsulfonyl)-
2, 3,4,5,5a,8,9,9a-octahydro-1H-benzo[b]azepine-1-carboxylate (70):

o) (e}

!_iHMDS CO,Et
iodoethylacetate
P —> "y
PhO,S “'NBoc PhO,S \—”';BOC

: dry THF, -78 °C :
to -20 °C

71 70

The solution of allylic oxidised compund 71 (2.0 g, 4.9 mmol) in dry THF (15 mL) was charged
into a 50 mL two neck jacketed flask equipped with a magnetic stirring bar, argon gas balloon
and was cooled to -80 °C. To the stirring solution 1.0 M LiHMDS solution in dry THF (8.8
mL, 8.8 mmol, 1.8 equiv.) was added dropwise. The reaction mixture was allowed to warm to
-60 °C and stirred at that temperature (-60 °C) for 2 h, then gradually increased to +10 °C to -
20 °C within 1 h and stirred further at -20 °C for 1 h. The reaction mixture was recooled to -70
°C and iodo ethyl acetate (2.9 mL, 24.6 mmol, 5 equiv.) was added to the reaction mixture.
After stirring the reaction mixture 2 h at -70 °C, gradually increased the temperature by +10 °C
to -20 °C over 3 h and stirred further for 1 h. The reaction was quenched with saturated aqg.
NH4Cl (50 mL) and was extracted with EtOAc (2 x 50 mL). The combined organic layer was
dried over anhydrous sodium sulfate, concentrated, dried in vacuo and purified by column
chromatography (hexane:ethyl acetate, 3:1) to obtain 70 as a colourless liquid (1.4 g, 57%).

The starting material 71 recovered 0.73 g.
Yield: 57%, 88% on brsm
TLC: Rf=0.52 (SiO2, Hexane : Ethyl acetate = 3:1)

IH NMR (400 MHz, CDCls) &: 7.92 (dd, J = 9.8, 8.0 Hz, 2H), 7.76 — 7.67 (m, 1H), 7.61 (dd,
J=13.6, 7.5 Hz, 2H), 6.58 (s, 1H), 4.69 — 4.47 (m, 1H), 4.22 — 4.04 (m, 2H), 3.85 — 3.58 (m,
1H), 3.30 — 3.12 (m, 1H), 3.03 — 2.86 (m, 1H), 2.84 — 2.69 (m, 1H), 2.64 — 2.50 (m, 1H), 2.47
~2.40 (m, 1H), 2.39 — 2.26 (m, 2H), 2.13 — 1.95 (m, 2H), 1.4 (s, 9H), 1.26 (br m, 5H).
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13C NMR (101 MHz, CDCls) &: 197.09, 171.93, 161.20, 154.73, 137.73, 134.68, 130.26,
129.77, 128.76, 80.47, 60.97, 54.82, 42.40, 41.94, 38.70, 30.39, 28.33, 27.13, 25.98, 24.65,
14.16.

HRMS (ESI): m/z calculated for CsH3zsNO7SNa ([M+Na]*) 514.1875; found 514.1870
([M+Na]").

Synthesis of () (5aR,9S,9aR)-tert-butyl 9-(2-ethoxy-2-oxoethyl)-8-oxo0-2,3,4,5,5a,8,9,9a-o0c
tahydro-1H-benzo[b]azepine-1-carboxylate (75):

O Al-Hg 0
THF:Water
COEt (9:1) CO,Et
oy —> "y
PhO,S” Y~ “NBoc  _30°Cto v~ "NBoc
=\__) -20°C 3
70 75

Commercially available thin aluminum foil (0.33 g, 12.2 mmol, 6 equiv.) in strips about 0.8
cm long and 0.5 cm wide, were placed in a 50 mL beaker and was added 2% solution of
mercury(Il) chloride (0.33 g, 1.2 mmol, 1 equiv.) to cover the aluminum completely. The
solution was allowed to act upon aluminum for about 4 minutes. The excess solution of
mercury (I1) chloride (HgCl>) was then poured off and the obtained aluminum amalgam (Al-
Hg) was washed with water, ethanol, and finally with moist ether. The aluminum amalgam was
covered with 5 mL of moist ether and was transferred to the stirred solution of 70 (1.0 g, 2.0
mmol) in 20 mL THF:H.0 (9:1) at -30 °C. The reaction mixture was stirred further for 2 h at
the same temperature and was allowed to warm to -20 °C. After stirring for 30 minutes, the
reaction was monitored by TLC and stirring was continued until the TLC showed the starting
material disappeared. The reaction mixture was diluted with ether (100 mL) and filtered
through a short pad of celite. The solution was dried over anhydrous sodium sulfate,
concentrated, dried in vacuo and purified by column chromatography (hexane:ethyl acetate,

3:1) to obtain 75 (0.61 g, 86%) as a colourless liquid.
Yield: 86%
TLC: Rf=0.42 (SiO2, Hexane : Ethyl acetate = 4:1)

IH NMR (400 MHz, CDCls) §: 6.82 — 6.72 (m, 1H), 5.96 (dd, J = 10.2 Hz, 1H), 4.70 (dd, J =
38.3, 13.6, 5.8 Hz, 1H), 4.24 — 4.09 (m, 2H), 3.75 (dd, J = 14.8, 5.9 Hz) and 3.01 — 2.88(1H),
3.57 (dd, J = 15.1, 6.6 Hz, 1H), 3.23 (ddd, J = 10.8, 7.9, 4.0 Hz, 1H), 3.01 — 2.88 (m, 2H), 2.67
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— 2,53 (m, 2H), 2.38 (dd, J = 16.7, 4.0 Hz) and 2.67 — 2.53(1H), 2.26 (dd, J = 16.6, 3.5 Hz,
1H), 2.06 — 1.99 (m, 1H), 1.97 — 1.91 (m, 1H), 1.79 — 1.72 (m, 1H), 1.57 — 1.53 (m, 1H), 1.45
(s, 9H), 1.29 — 1.24 (m, 3H).

13C NMR (101 MHz, CDCls) &: 198.68, 172.93, 156.03, 151.66, 127.25, 80.10, 60.82, 54.36,
43.42, 42.94, 39.18, 30.67, 28.50, 26.23, 26.01, 24.77, 14.31.

HRMS (ESI): m/z calculated for C19H29NOsNa ([M+Na]*) 374.1943, C19H3oNOs ([M+H]")
352.2124; found 374.1942 ([M+Na]*) and 352.2122 ([M+H]").

Synthesis of (z) (5aR,6S,9S,9aR)-tert-butyl 9-(2-ethoxy-2-oxoethyl)-6-ethyl-8-oxo decahy
dro-1H-benzo[b]azepine-1-carboxylate (76):

0 O

EtMgBr (8 eq)
@AC% Cul (12 eq) CO,Et
—_— wy
""NBoc LiBr (15 eq) \_i;Boc

dry THF, -70 °C
to -40 °C

75 76

-

The mixture of anhydrous LiBr (1.8 g, 21.3 mmol, 15 equiv.) and flame dried Cul (3.2 g, 17.1
mmol, 12 equiv.) in dry ether (15 mL) was charged into a 100 mL two neck jacketed flask
equipped with a magnetic stirring bar, argon gas balloon and was cooled to -20 °C followed by
addition of 3.0 M ethyl magnesium bromide solution (3.8 mL, 11.4 mmol, 8 equiv.) dropwise.
The reaction mixture was stirred at the same temperature for 30 minutes, then cooled to -70 °C
and the solution of 75 (0.5 g, 1.4 mmol) in dry ether (5 mL) was added to the stirring reaction
mixture. After stirring 2 h at -70 °C, gradually temperature of the reaction mixture was raised
by +10 °C to -40 °C within 1 h and stirred further for 4 h till the completion of the reaction.
The progress of the reaction was monitored by TLC, diluted with dry ether (30 mL) and was
quenched with saturated aqueous solution of NH4CI (5 mL) at -40 °C. After stirring 30 minutes,
the temperature was gradually increased to 0 °C, added more saturated aqueous solution of
NH4CI (15 mL) and the temperature raised to RT (25 °C). The organic layer was separated and
the water layer was extracted with EtOAc (2 x 20 mL). The combined organic layer was dried
over anhydrous sodium sulfate, concentrated, dried in vacuo and purified by column

chromatography (hexane:ethyl acetate, 5:1) to obtain 76 as a highly viscous liquid (0.4 g, 81%).

Yield: 81%
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TLC: Rf=0.56 (SiO2, Hexane : Ethyl acetate = 5:1)

IH NMR (400 MHz, CDCl33) 8: 4.19 — 4.05 (m, 2H), 3.68 (br m, 1H), 3.59 ( br m, 1H), 3.18
(br m, 1H), 3.01 — 2.76 (m, 1H), 2.71 — 2.54 (m, 2H), 2.36 — 2.07 (m, 2H), 2.05 — 1.94 (m,
1H), 1.90 ( br m, 2H), 1.78 (br m, 2H), 1.54 (br m, J = 23.3, 13.3, 6.1 Hz, 4H), 1.43 (s, 9H),
1.25 (td, J = 7.1, 1.2 Hz, 5H), 0.94 — 0.86 (m, 3H).

13C NMR (101 MHz, CDCls) &: 208.87, 173.08, 155.85, 79.84, 60.71, 56.01, 46.23, 45.01,
42.11, 41.94, 38.92, 30.69, 29.11, 28.52, 26.79, 25.98, 24.94, 14.30, 11.94.

HRMS (ESI): m/z calculated for Co1H3sNOsNa ([M+Na]*) 404.2413, C21H3sNOs ([M+H]")
382.2593; found 404.2420 ([M+Na]*) and 382.2602 ([M+H]").

Synthesis of () (5aR,6R,7S,9S,9aR)-tert-butyl 9-(2-ethoxy-2-oxoethyl)-6-ethyl-7-hydroxy
-8-oxodecahydro-1H-benzo[b]azepine-1-carboxylate (69):

0]

(0]
HO
Davi's oxaziridine .
"NBoc — > \:;BOC

I

: dry THF, -78 °C :
to -10 °C

hn

76 69

Dry i-ProNH (0.51 mL, 3.62 mmol, 9.2 equiv.) indry THF (2 mL) was taken into a 25 mL two
neck jacketed flask equipped with a magnetic stirring bar, argon gas balloon and was cooled to
-0 °C followed by addition of 2.2 M n-BuLi solution (0.93 mL, 2.0 mmol, 5.2 eq) in hexane
dropwise. Stirring at 0 °C was continued for 30 min and cooled the solution to -70 °C. The
solution of 76 (0.15 g, 0.39 mmol) in dry THF (2 mL) was added to the stirring solution of
LDA in dry THF and stirring it further for 1 h. The temperature of the reaction mixture was
gradually raised by +10 °C to -15 °C within 1 h for the purpose of complete carbanion
generation and recooled it to -70 °C. Hexamethylphosphoramide (HMPA, 0.61 mL, 3.9 mmol,
10 equiv.) in dry THF (1 mL) and (1R)-(-)-(10-Camphorsulfonyl)oxaziridine (0.2 g, 0.86
mmol, 2.2 equiv.) in dry THF (1 mL) was added to the reaction mixture sequentially and stirred
at -78 °C for 1 h. The temperature of the reaction mixture was further gradually raise by +10
°C to -10 °C and stirred at -10 °C for 2 h. The reaction was quenched with saturated ag. NH4Cl

(5 mL) and was extracted with EtOAc (2 x 20 mL). The combined organic layer was dried over
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anhydrous sodium sulfate, concentrated, dried in vacuo and purified by column
chromatography (hexane:ethyl acetate, 6:1) to obtain 69 as a colourless liquid (0.12 g, 82%).

Yield: 82%
TLC: Rf=0.56 (SiO2, Hexane : Ethyl acetate = 6:1)

IH NMR (800 MHz, CDCls) §: 5.52 —5.25 (m, 1H), 4.68 (d, J = 7.4 Hz), 4.51 (d, J = 7.5 Hz),
3.73 (t, J = 11.9 Hz), 3.47 (d, J = 5.7 Hz) [1H], 4.30 — 4.22 (m), 3.96 (dd, J = 14.1, 5.1 Hz),
[1H], 4.22 — 4.08 (m, 2H), 3.60 (d, J = 15.1 HZ), ), 3.73 (t, J = 11.9 Hz), 2.56 (dd, J = 13.4,
3.5 Hz) [1H], 3.19 — 3.09 (m), 2.35 — 2.29 (M) [2H], 2.89 — 2.79 (m, 1H), 2.77 — 2.66 (m, 1H),
2.56 (dd, J = 13.4, 3.5 Hz), 2.38 (dd, J = 15.2, 4.5 Hz), [1H], ), 2.54 — 2.49 (m, 1H), 2.54 —
2.49 (M), 2.27 — 2.18 (m) [2H], 2.14 — 2.00 (m, 1H), 1.94 — 1.80 (m, 1H), 1.67 (br m, J = 12.4
Hz, 1H), 1.57 — 1.49 (m, 2H), 1.45 — 1.40 (m, 10H), 1.30 (dd, J = 7.1 Hz, 2H), 1.27 (dd, J =
12.1, 4.9 Hz, 1H), 1.22 — 1.13 (m, 1H), 0.99 (dt, J = 15.5, 8.7 Hz, 1H), 0.91 (t, J = 7.4 Hz, 1H),
0.84 (t, J = 7.4 Hz, 2H).

13C NMR (201 MHz, CDCls) 8: 205.56, 175.15, 155.57, 79.91, 70.56, 61.07, 52.63, 42.00,
40.08, 39.72, 36.29, 36.14, 31.20, 28.44, 26.08, 23.70, 20.53, 14.21, 9.69.

HRMS (ESI): m/z calculated for C21H3sNOgNa ([M+Na]*) 420.2362, C21H3sNOs ([M+H]")
398.2543; found 420.2369 ([M+Na]*) and 398.2543 ([M+H]").

Synthesis of (£) (5aR,6R,7S,9S,9aR)-tert-butyl 7-acetoxy-9-(2-ethoxy-2-oxoethyl)-6-ethyl-
8-oxodecahydro-1H-benzo[b]azepine-1-carboxylate (83):

0
excess Ac,O
COE dry pyridine COE
" RT, 48 h .
"NBoc - “"NBoc
Acetylation
69 83

To a stirred solution of the 69 (100 mg, 0.25 mmol) in dry pyridine (1 mL) under argon gas
balloon was added acetic anhydride (Ac20, 1 mL) dropwise at 0 °C. The reaction mixture was
allowed to warm to room temperature and stirred for 48 h. The progress of the reaction was
monitored by TLC till the significant conversion of hydroxyl functionality into —OAc group.

The reaction mixture was concentrated and the excess Ac.O was also evaporated by using
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rotary evaporator. Purification of the crude acetylated product was done by column
chromatography using hexane : ethyl acetate (6:1) and obtained the 83 (81.7 mg, 74%) as a
colourless liquid and starting material 69 was recovered 24.2 mg.

Yield: 74%, 97% on brsm
TLC: Rf=0.50 (SiO2, Hexane : Ethyl acetate = 6:1)

IH NMR (400 MHz, CDCls) &: 5.01 (d, J = 7.3 Hz, 1H), 4.16 — 4.07 (m, 2H), 4.04 — 3.97 (m,
1H), 3.89 (dd, J = 14.4, 3.9 Hz, 1H), 3.69 — 3.58 (m, 1H), 3.24 — 3.13 (m, 1H), 2.82 (dd, J =
16.9, 5.5 Hz, 1H), 2.73 — 2.63 (m, 1H), 2.62 — 2.51 (m, 1H), 2.50 — 2.45 (m, 1H), 2.44 — 2.33
(m, 1H), 2.29 — 2.19 (m, 2H), 2.17 (s, 1H), 2.08 (s, 2H), 1.42 (s, 9H), 1.25 (t, 3H), 1.20 (dd, J
= 14.0, 6.8 Hz, 2H), 1.13 (dd, J = 14.1, 7.2 Hz, 1H), 0.92 (t, 2H), 0.83 (t, J = 7.4 Hz, 3H).

HRMS (ESI): m/z calculated for C23H3z7NO7Na ([M+Na]*) 462.2468, C23H3sNO7 ([M+H]")
440.2648; found 462.2472 ([M+Na]*) and 440.2645 ([M+H]*).

Synthesis of (£) (4R,4aR,9aR,10R,10aS)-tert-butyl 4-(2-ethoxy-2-oxoethyl)-10-ethyl-2-0x
0-4,4a,7,8,9,9a,10,10a-octahydro-2H-benzofuro[5,6-b]azepine-5(6H)-carboxylate (85):

KHMDS

dry THF
-80 °C to -60 °C
—>

Intramolecular
aldol reation

83 84 85

The solution of O-acetylated compund 83 (10.0 mg, 0.022 mmol) in dry THF (0.5 mL) was
charged into a 10 mL two neck jacketed flask equipped with a magnetic stirring bar, argon gas
balloon and was cooled to -80 °C. To this stirring solution of 0.5 M KHMDS in dry toluene
(0.054 mL, 0.027 mmol, 1.2 equiv.) was added dropwise. The reaction mixture was stirred at -
80 °C for 1 h. Excess acetic anhydride (Ac20, 0.058 mL, 614.3 mmol, 30.0 equiv.) was added
to the reaction mixture and the reaction mixture was allowed to warm to -60 °C. After stirring
at -60 °C for 8 h, the reaction was quenched with saturated aq. NH4CI (2 mL) and was extracted
with EtOAc (2 x 5 mL). The combined organic layer was dried over anhydrous sodium sulfate,

concentrated, dried in vacuo.
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HRMS (ESI): m/z calculated for Cz3sH3ssNOeNa ([M+Na]™) 444.2362; found 444.2351
([M+Na]").
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