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'"H NMR and 3C NMR spectra were recorded on on JEOL ECS spectrometer operating at
400 and 100 MHz, respectively, using tetramethylsilane (TMS) as an internal standard.
Chemical shifts have been expressed in ppm units downfield from TMS.

Mass spectra were obtained by using electron spray ionization (ESI) and mass values are
expressed as m/z.

IR spectra were recorded on Agilent resolution Pro 600 FT-IR spectrometer, fitted with a
beam-condensing ATR accessory and peaks are reported in cm!.

Optical rotations were measured on Automatic polarimeter AA-65 and concentrations of
g/100 mL.

All reactions were monitored by Thin Layer chromatography (TLC) carried out on 0.25
mm E-Merck silica gel plates (60F-254) with UV light, I, ninhydrin and anisaldehyde in
ethanol as development reagents.

All solvents and reagents were purified and dried by according to procedures given in
Vogel’s Text Book of Practical Organic Chemistry. All reactions were carried out under
nitrogen or argon atmosphere with dry, freshly distilled solvents under anhydrous
conditions unless otherwise specified. Yields refer to chromatographically and
spectroscopically homogeneous materials unless otherwise stated.

All evaporations were carried out under reduced pressure on Heidolph rotary evaporator
below 40 °C.

Column chromatography were performed on silica gel (60-120, 100-200 and 230-400

mesh) using a mixture of hexane/ethyl acetate and dichloromethane/methanol as eluent.



ABSTRACT

The thesis entitled “Total Synthesis of Bioactive Natural Products Employing [3+2]
Cycloaddition and Chiral Catalysts” is divided into six chapters.

Chapter 1: A brief account of [3+2] cycloaddition reactions, organocatalzyed Michael addition
reactions, organocatalyzed aldol reactions, Jacobsen’s Hydrolytic Kinetic Resolution (HKR) and

Henry reaction.

Chapter 2: InCl; catalyzed diastereoselective approach for the syntheses of bisindole alkaloids

flinderoles A-C and desmethylflinderole C.

Chapter 3: An enantioselective approach towards the synthesis of hydroxylated piperidines and
its applications to the total syntheses of 1-deoxygalactonojirimycin, (-)-3-hydroxypipecolic acid

and (2R,3R)-3-hydroxy-2-hydroxymethylpiperidine.

Chapter 4: Enantioselective approach towards the total synthesis of (-)-(R)- and (+)-(S)-
rolipram.

Chapter 5: An attempt towards total synthesis of antidepressant drug (,S)-reboxetine.

Chapter 6: Conclusions and future Scope.

Chapter 1: A brief account of [3+2] cycloaddition reaction, organocatalzyed Michael
addition reactions, organocatalyzed aldol reactions, Jacobsen’s Hydrolytic Kinetic

Resolution (HKR) and Henry reaction.

Bioactive natural products are rich source of novel therapeutics. Thus, the search for
bioactive molecules from nature continues to play an important role in fashioning new medicinal
agents.! Asymmetric synthesis of bioactive molecules is in the forefront of synthetic organic
chemistry which allows the synthesis of complex, chiral, enantiomerically pure, polycyclic,
natural products as well as natural product-like derivatives. In the last two decades, many
powerful asymmetric reactions have emerged as a result of the growing need to develop efficient

and practical syntheses of biologically active compounds.? Asymmetric reactions have

iv



revolutionised organic synthesis and found considerable applications in the sphere of sequential
reactions. The construction and functionalization of these are central focus in organic synthesis
and the transition-metal catalyzed multi-step cascade or sequential reactions have provided an
effective alternative way for the synthesis of bioactive natural products.?

Catalytic asymmetric 1,3-dipolar cycloaddition is progressively growing by exploiting
the concurrently developed organocatalysis, Lewis acid catalysis and transition metal catalysis.*
1,3-Dipolar cycloaddition reactions are straightforward but powerful tool for the construction of
five membered heterocycles such as isoxazoles, isoxazolines, pyrazoles, pyrazolones and 1,2,4-
oxadiazolines etc.> Cycloaddition reaction is a process in which two or more 7 systems combine
to form a stable cyclic molecule, during which sigma bonds are formed between the termini of «t
systems without loss of any fragment, that follow a concerted mechanism.

The field of asymmetric organocatalysis is rapidly developing and attracts an increasing
number of research groups around the world. In particular, organocatalytic asymmetric synthesis
has provided several new methods for obtaining chiral compounds. In this connection, proline
and its derivatives available in both enantiomeric forms have emerged as the most practical and
versatile organocatalyst for a-functionalization of carbonyl compounds for e.g. Michael addition
of nitroalkanes to conjugated carbonyl and also the Michael addition of aldehydes to conjugated
nitroalkenes.

Organocatalysis is an upcoming field in asymmetric synthesis. Barbas,%¢ Shibasaki‘d-¢
and Trost®™¢ have outlined the examples of enantioselective direct aldol reactions, an important
class of metal- or proline-catalyzed transformations that do not require the pregeneration of
enolates or enolate equivalents. Proline has been shown to be an effective organocatalyst in
many asymmetric transformations such as aldol, Mannich and Michael reactions. MacMillan
effectively reported the proline catalysed enantioselective direct aldol reactions of a-
oxyaldehydes.”

The Jacobsen’s Hydrolytic Kinetic Resolution (HKR) of terminal epoxides catalyzed by
chiral (salen)Co(IIl) complex affords both recovered unreacted epoxide and 1,2-diol product in
highly enantioenriched form. As such, the HKR provides general access to useful, highly
enantioenriched chiral building blocks that are otherwise difficult to access, from inexpensive
racemic materials. The reaction has several appealing features from a practical standpoint,

including the use of H,O as a reactant and low loadings (0.2-2.0 mol %) of a recyclable and



commercially available catalyst. In addition, the HKR displays extraordinary scope, as a wide
assortment of sterically and electronically varied epoxides can be resolved to > or = 99% ee. The
corresponding 1,2-diols were produced in good-to-high enantiomeric excess using 0.45 eq. of
H,0. Useful and general protocols are provided for the isolation of highly enantioenriched

epoxides and diols, as well as for catalyst recovery and recycling.®

The Henry reaction is a base-catalyzed C-C bond forming reaction between nitroalkanes
and aldehydes or ketones. It is similar to the aldol addition and also referred to as the nitro
aldol reaction. Since the first report of Shibasaki and co-workers,” many efforts have been made
continuously in the literature for the introduction of stereoselectivity into the Henry reaction
(nitroaldol), using prochiral aldehydes and nitromethane in the presence of chiral complexes

especially Cu-catalyzed Henry reaction has received much attention in recent years.

Keeping in view the above points, the following objectives have been designed.

1. Total synthesis of bioactive natural products employing chiral catalysts.

2. Total synthesis of stereoisomers of Flinderoles; a naturally ocurring antimalarial, employing
[3+2] cycloaddition.

3. Jacobsen’s HKR of terminal epoxide and its application to the total synthesis of bioactive

natural products.

Chapter 2: InCl; catalyzed diastereoselective approach for the syntheses of bisindole

alkaloids flinderoles A-C and desmethylflinderole C.

Natural products chloroquine, artemisinin and other frontline drugs for the treatment of malaria
are becoming increasingly ineffective due to the development of drug resistance and therefore,
the search for new antimalarial drugs is again of even greater significance. Bis-indole alkaloids
flinderoles A-C (1-3) were isolated from the plant genus Flindersia along with the previously
known natural products borrerine, borreverine, isoborreverine and dimethylisoborreverine.!? The
flinderoles A-C (1-3) alkaloids have been shown to possess significant selective growth
inhibition against Dd2 (chloroquine-resistant) P. falciparum and exhibit antimalarial activity
with ICsy values between 0.15-1.42 uM.!0 These alkaloids are fast acting and are currently the
drugs of choice for the treatment of malaria through a different mechanism of action than that of

chloroquine and other drugs by interrupting the parasitic hemoglobin.
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N’R

Flinderole A1, R=H, Flinderole C 3, R=CHj;
Flinderole B 2, R = CHj3, Desmethylflinderole C 4, R=H

The synthesis of flinderole frameworks commenced with commercially available tryptamine §
which was protected as a phthalimide and subsequent selective bromination at the C2 position of
indole ring using pyridinium hydrogen perbromide furnished the bromide derivative 6!' in
excellent yield. The bromo indole derivative 6 was subjected to a intermolecular Heck coupling
reaction with 2-methyl-3-buten-2-0l in presence of tri-(o-tolyl)phosphine/Pd(OAc), which
afforded the alcohol derivative 7.'> The alcohol derivative 7 was subjected to InCl; catalyzed
[3+2] cycloaddition!3 reaction which furnished the flinderole frameworks 8 and 9 with 81% yield

in 3:2 diastereomeric ratios.

~ o =~
(o) =< I
NH, NN N o)
2-methyl-3-
@C i) phthalic anhydride (I\CB buten-2-ol A\ \
T r T
N i) pyr-HBr-Bry, N 75% N OH
H H H
5

97% (over 2 steps)

6 7

InCl; (20 mol %)

—_—

81%

Vi



The cleavage of phthalimide group of compound 8 with hydrazine monohydrate furnished the
bis-amine intermediate which on subsequent reductive amination with formaldehyde in presence
of Na(CN)BHjs/Methanol at 0 °C-rt furnished the target compound flinderole A 1 in excellent
yield. However, reductive amination of the bis-amine intermediate derived from compound 8
with formaldehyde in presence of Na(CN)BHj/acetonitrile and acetic acid at 0 °C-rt afforded the
flinderole B 2 in 82% yield. Flinderole C 3 and desmethylflinderole C 4 were synthesized from

bis-amine intermediate derived from compound 9 following an analogous series of reactions.

Me—N
i) NH,NH,.H,0
i) NH,NH,.H,0 ii) HCHO,
ii) HCHO, Na(CN)BHj3,
Na(CN)BH; CH3COOH
—— ——

88% 80%

i) NH;NH H,0 M ) Me \
ii) HCHO,  pe—N \ i) NHoNH2H.0 \
P W~ W
*,

H ii) HCHO,

Flinderole C 3

Na(CN)BHj,,
CH3;COOH Mkﬁ
82% Me 85%
N
\Me
Flinderole B 2 Desmethylflinderole C 4

Chapter 3: An enantioselective approach towards the synthesis of hydroxylated piperidines
and its applications to the total syntheses of 1-deoxygalactonojirimycin, (-)-3-

hydroxypipecolic Acid and (2R,3R)-3-hydroxy-2-hydroxymethylpiperidine.

Functionalized piperidines and their derivatives are one of the most important chemotherapeutic
N-heterocyclic  compounds  whereas  unnatural  polyhydroxylated  piperidines  1-
deoxygalactonojirimycin 10 exhibits interesting potent glycosidase inhibitory activity!# and
currently undergoing phase II clinical trial for the treatment of Fabry’s disease.!* 3-
hydroxypipecolic Acid 11 and its analogue, 3-hydroxy-2-hydroxymethylpiperidine 12, are
known as fagomine congeners due to their resemblance to the piperidine iminosugars which are
promising glycosyltransferases and glycosidase inhibitor. The (2R,3R)-3-hydroxy-2-

hydroxymethylpiperidine 12 is also found in the structure of the antimalarial isofebrifugine.
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OH

OH OH
Ho,’" > (I/
OH OH
OH N N
N H H
H

o
1-Deoxygalactonojirimycin 10 cis-(-)-3-Hydroxy (2R,3R)-3-Hydroxy-2-

pipecolic acid 11  hydroxymethylpiperidine 12
The synthesis of 1-deoxygalactonojirimycin 10 commenced with readily available mono
silylated ethylene glycol 13 which was exposed to Swern reaction conditions,'> subsequently L-
proline catalyzed MacMillan’s self aldol reaction’ furnished the aldol product 14 which on

spontaneous treatment with wittig reagent afforded the trans-olefinic ester 15.

OH Wittig OH
Swern oxi H olefination H DPPA, DEAD
A_OTPS ———— TIPSO. ——— TIPSO _n —_—
HO Self aldol o 85% OEt 88%
OTIPS OTIPS
13 14 15
OH
N o N;, OH O HO,,, OTIPS
3 H
0s0,, NMO TIPSO H H,, Pd/C (10%)
TIPSO A — \WOEt _— oTIPS
OEt 91% H 94% 07N
OTIPS TIPSO OH
16 17 18
OH OH
HO,,, OTIPS HO,,, OH
BH3;.SMe, 6N HCI
v oTIPS > OH
83% N N HCl
H H

19 10

The hydroxyl group of 15 was converted into azide 16 under Mitsunobu conditions.!® Then,
azide 16 on dihydroxylation using OsO4/NMO under Upjohn furnished the diol 17 as a single
diastereomer.!” The compound 17 was subjected to reductive lactamization under 1 atm H,
pressure in the presence of catalytic amount of Pd/C under basic conditions which furnished the
hydroxylated lactam 18 in excellent yield. The lactam 18 on BH;.SMe, mediated reduction
delivered the hydroxylated piperidine 19 in 83% yield. Finally, deprotection of silyl group of
compound 19 using 6N HCI under reflux conditions delivered the 1-deoxygalactonojirimycin 10

as salt form.

The synthesis of cis-(-)-3-hydroxypipecolic acid 11 and (2R,3R)-3-hydroxy-2-
hydroxymethylpiperidine 12 started with azide derivative 16, which was subjected to

hydrogenation in the presence of catalytic amount of Pd/C to deliver the lactam 20.



N OTIPS OTIPS
PSO : ~ Hp, PAIC (10%) _BHySMe; _6NHel
Et 95% OTIPS (Boc)20 87% OTIPS 91%
OTIPS

16 20 21 12

OH OH
51 __TBAF Ref. 15
89% N OH N OH
B H
oC 0

22

The lactam 20 was then treated with BH3;.SMe, to afford the piperidine moiety, which on
subsequent reaction with (Boc),O furnished the N-Boc derivative 21. Then global deprotection
of N-Boc and O-TIPS of piperidine derivative 21 was performed via reflux under acidic
conditions to deliver the (2R,3R)-3-hydroxymethylpiperidine 12 as salt form. On the other hand,
cleavage of silyl group of compound 21 using TBAF afforded the diol 22. The piperidine
derivative 22 on oxidation and N-Boc deprotection would furnish the cis-(-)-3-hydroxypipecolic

acid 11 using the known literature procedure.!®

Chapter 4: Enantioselective approach towards the total synthesis of (-)-(R)- and (+)-(S)-
rolipram.

(o)

(o]
NH NH
af D’d 7 Dd
(o) O
| |
CH; CH,3

(R)-Rolipram 23 (S)-Rolipram 24

The rolipram (23-24) are simple cyclo-GABA derivative possessing a catechol type ring at chiral
carbon (C-3). The (£)-rolipram was discovered and developed by Schering AG pharmaceutical
company at Berlin, Germany in early 1990' and it acts as a selective phosphodiesterase-4
inhibitor and potential antidepressant drug. (R)-rolipram 23 has also been proposed as a
antiinflammatory, immunosupressant, putative antiparkinsonian, neuroprotective, antipsychotic
and has been suggested for the treatment of multiple sclerosis.?’

The synthesis of (R)-rolipram 23 started with commercially available isovanillin 25 which on
treatment with cyclopentylbromide under basic conditions followed by 2C-Wittig olefination
afforded the trans-olefinic ester 26. The DIBAL-H reduction of ester 26 at -78 °C afforded a.f-

unsaturated aldehyde which was subsequently subjected to asymmetric Michael oxidative



esterification?! with nitromethane in the presence of catalytic amount of (R)-diphenylprolinol
silyl ether (10 mol%) to furnish the nitro aldehyde adduct which on in situ treatment with
NBS/MeOH furnished the y-nitroester 27. The compound 27 was then subjected to
intramolecular reductive lactamization under hydrogenation conditions to furnish the (R)-

rolipram 23.

o
o i) DIBAL-H, OMe
cyclopentylbromide, ii) CH3;NO,,
HO Ny Wittig olefination o N OEt TMS-prolinol, o NO,
(o) t
92% iii) NBS, 78%
i 7 ]
25 26 27
[0}

NH

Ha, PdIC (10%) go
I ————
92%
o)

23
In another approach, the synthesis of (R)-rolipram 23 commenced with treatment of the
isovanillin 25 with cyclopentylbromide under basic conditions followed by Henry condensation
reaction with nitromethane to afford the nitro olefin 28.22 Asymmetric Michael addition of
acetaldehyde to nitro olefin 28 in the presence of catalyst (R)-diphenylprolinol silyl ether (10
mol%) afforded the nitroaldehyde adduct, which on spontaneous oxidation with oxone and
subsequent esterification using TMSCI/EtOH successfully furnished the ester derivative 29.
Nitroester 29 underwent hydrogenation in the presence of catalytic amount of Pd/C in
EtOAC/Et;N to deliver the target compound (R)-rolipram 23. The (S)-rolipram 24 was also
synthesized by following an analogous series of reactions using the (S)-diphenylprolinol ether

catalyst during the asymmetric Michael addition step.

o
i) acetaldehyde OEt
o e S, N P
D/\ 7% O/ D/\/ |||) TMSCI,
o EtOH, 85% o

29

NH

Haz, PAIC (10%) O/
93%

xi



Chapter 5: An attempt towards total synthesis of antidepressant drug (5,5)-reboxetine.

Reboxetine is a selective norepinephrine reuptake inhibitor (NRI) which has been widely studied
for its pharmacological properties. Commercially available under the name Edronax, Prolift,
Vestra, and Norebox, reboxetine is indicated in the treatment of depressive disorder and is
marketed as a racemic mixture of the (R,R)- and (S,S)-enantiomers. However, the latter

enantiomer has a greater affinity and selectivity for the norepinephrine transporter (NET).?3

-

S,S-reboxetine, 30

wmQ

The synthesis of (S,5)-reboxetine 30 started with commercially available recemic styrene oxide
31 which was subjected to Jacobsen’s HKR?* in the presence of catalytic amount of (S,S)-

(salen)-Co-(salen) complex to afford (S)-styrene oxide 32 and (R)-styrene glycol 33.

(S,S)-Co(salen), o OH
p-nitrobenzoic & OH
acid .
air, H,0
31 32 33

Styrene glycol 33 was then protected as 1,2-benzylidene acetal which on regioselective reductive
opening with DIBAL-H afforded alcohol 34. Oxidation of alcohol 34 under Swern conditions
and subsequent treatment with nitomethane under Henry reaction conditions afforded the
nitoalcohol 36 in diastereomeric ratio. Compound 36 on reduction with Zn/CH;COOH followed
by treatment with chloroacetyl chloride in presence of base afforded the compound 37. The
chloro derivative 37 on treatment with #~-BuOK in i-PrOH and subsequent reduction of amide by
using BH3.SMe, afforded the corresponding amine which on subsequent reaction with (Boc),O
furnished the N-Boc derivative 38. The compound 38 on hydrogenation under 1 atm pressure in
the presence of catalytic amount of Pd/C (10%) furnished the amino alcohol 39. We have
optimized upto the intermediate 39, however unfortunately the similar approach published for

the same target molecule during progress of work.?>
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Characterization:

All the synthesized compounds were characterized by 'H and '3C NMR spectra were
recorded in CDCl; (unless otherwise mentioned) on JEOL ECS operating at 400 and 100
MHz, respectively. IR spectra were recorded on Agilent resolution Pro 600 FT-IR
spectrometer, fitted with a beam-condensing ATR accessory. HRMS were recorded using
Electron Spray lonization. Optical rotations were measured on Automatic polarimeter
AA-65. Column chromatography was performed on silica gel (60-120 and 100-200 mesh)
using a mixture of hexane/ethyl acetate and/or CH,Cl,/MeOH. The enantiomeric purity
(%oee) was determined by Thermofisher HPLC analysis using chiralpak IA chiral column.

Conclusion:

We have described herein enantioselective approaches for the synthesis of bisindole
alkaloids flinderoles A-C and desmethylflinderole C, hydroxylated piperidines and its
applications to the total syntheses of 1-deoxygalactonojirimycin, (-)-3-hydroxypipecolic acid and
(2R,3R)-3-hydroxy-2-hydroxymethylpiperidine, (-)-(R)- and (+)-(S)-rolipram respectively
employed [3+2] cycloaddition reaction, organocatalyzed aldol reactions, organocatalzyed
Michael addition reactions and Jacobsen’s Hydrolytic Kinetic Resolution (HKR). The merits of
these synthetic approaches are high enantio- and diastereoselectivity with high yielding reaction
steps. All the new compounds were characterized by 'H-NMR, 3C NMR, HRMS, %ee by

chiral HPLC and [a]p? for all new chiral compounds.
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CHAPTER 1

A brief account of [3+2] cycloaddition reactions, cganocatalzyed Michael
addition reactions, organocatalyzed aldol reactionslacobsen’s Hydrolytic
Kinetic Resolution (HKR) and Henry reaction




1.1 [3+2] cycloaddition reactions

1.1.1 Introduction

In this developing world, there is increase in dechéor the chiral compounds, as these are
found as a common motif in biologically active campds. The development of efficient
methods to provide enantiomerically enriched pre¢slus of great current interest to both
academia and industfyAmong the various methods employed for this puepasymmetric
catalysis provides an especially practical entty ithe asymmetric world in terms of chiral
economy and environmental consideratidrighe vibrant dynamics of the pharmaceutical
industry has lead to many novel technologies andwvative ideas for development of new

chemical entities.

Over the past few years the pericyclic reactioks &lectrocyclic reaction, cycloaddition and
sigmatropic rearrangement has gained importancengntioe scientists in relevant field.
Among them, from the chemical and biological viewind 1,3-dipolar cycloaddition
reactions have came out as one of the importaetdfjeycloaddition reactiorisAsymmetric
1,3-dipolar cycloaddition reactions are progredgiggowing by exploiting the concurrently
developed organocatalysis, Lewis acid catalysisteambition metal catalysfsCycloaddition
reaction is a process in which two or moresystems combine to form a stable cyclic
molecule, during which sigma bonds are formed bebhmie termini oft-systems without
loss of any fragment, that follow a concerted me@ra. These reactions are straightforward
but powerful tool for the construction of five meenbd heterocycles such as pyrazoles,

pyrazolones, isoxazoles, isoxazolines and 1,2, 4fiazalines etc.

The Huisgen cycloaddition is basically the reactadna dipolarophile with a 1,3-dipolar
compound that leads to 5-membered heterocycles.alkemes, alkynes and molecules that
possess related heteroatom functional groups @sicarbonyls and nitriles) are examples of
dipolarophiles. 1,3-Dipolar compounds contain one noore heteroatoms and can be
described as having at least one mesomeric steuthat represents a charged dipole. When
two or more chiral centers are generated duringehetion, diastereomeric transition states
and products can be obtained. In the Diels-Aldetaaddition, the endo diastereoselectivity
due to secondary orbital interactions is usuallweosbed. In 1,3-dipolar cycloadditions,
however, there are two forces that influence trestdreoselectivity: (i) the attractive

interaction (resembling secondary orbital intex@tsi in the Diels-Alder cycloaddition), (ii)



the repulsive steric interaction. Unfortunatelyesdbd two forces often cancel each other,

causing poor diastereo-selectivity in 1,3-dipokarloaddition reactions.

1,3-Dipolar cycloaddition reactions:

Huisgen and co-workers done an immense work byoexg the concept of 1,3-dipolar
cycloaddition reactions, now known as Huisgen cadtiition reaction§. Here, a five
membered ring is constructed by the cycloadditibéril ,@-dipole molecule (a three atom

entity; a-b-c) and dipolarophile (a two atom entitye) (Scheme 1).

(oo b b
a//b\j) — > a7 —— a7 \/c
\ . \
;}—'e d—e/ d—e
1 2 3

Scheme 1General mechanism for 1,3-dipolar cycloadditicacten.
1,3-Dipolar molecule is a species represented bit&wonic octet and sextet structures as

shown in Scheme 2. The three atoms can be a cotianied C, O and N.

+ +
Octet 2 b\c_ - bQ
structure @ - a c

Sextet + b _ -_b +
structure a” \c a” \c

Scheme 20ctet and sextet structures of 1,3-dipolar mokesplecies.

In all 1,3-dipoles, there are four electrons inethmparallelr-orbitals and they are both
nucleophilic and electrophilic in nature. This urtagty of the 1,3-dipole is of key
importance in understanding its reactivity. Thelaaphilic behaviour of the 1,3-dipole may
be stronger than its electrophilic nature. The @gdtition of compounds such as
diazomethane or nitrile ylides to electron defitidipolarophiles, takes place with a faster
rate than with electron rich multiple bonds. Theagite is true for ozone, which combines

preferably with electron rich dipolarophiles.

1.1.2. Mechanism of 1,3-dipolar cycloaddition reaains

The Z-electrons of the dipolarophile andr-électrons of the dipolar compound will

participate in a pericyclic concerted shift. Thediéidn is stereoconservative (suprafacial),
therefore the reaction is [4s+2s] cycloadditionh@ue 3), and is similar to the Diels-Alder
reaction. A condition for such a reaction to takacp is a certain similarity of the interacting
HOMO and LUMO orbitals, depending on the relativebial energies of both the

dipolarophile and the dipole.
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Scheme 3General mechanism of 1,3-dipolar cycloaddition tieac

Electron-withdrawing groups on the dipolarophilermally favor an interaction of the
LUMO of the dipolarophile with the HOMO of the dilgothat leads to the formation of the
new bonds, where as electron donating groups ondifp@arophile normally favour the

inverse of this interaction.

1.1.3 Application

We have applied the [3+2] cycloaddition reaction tfee synthesis of pyrrolo[1,Zlindoles
framework and its application to the total syntlsesé flindersial alkaloids as shown in
Scheme 4. The synthesis of flinderole alkaloids m@mced with commertially available
tryptamine 8 which was converted into tertiary alcohd via standard organic
transformations. The alcohBlwas subjected to Ingtatalyzed [3+2] cycloaddition reaction
in toluene which afforded flinderole framework® with 81% vyield in 3:2 diastereomeric
ratios, which on further functional group manipidas furnished the target molecules
flinderole A11, B 12, C 13 and desmethylflinderole 4.

flinderole A 11, R=H,
flinderole B 12, R = CHj3,
flinderole C 13, R =CHj;
desmethylflinderole C 14,R=H

Scheme 4Reagents and conditions. (a) InCk (20 mol%), toluene, 0 °C-rt, 4 h, 81%.



1.2 Organocatalyzed aldol reactions

1.2.1 Introduction

Organocatalysis is the acceleration of chemicaitreas with substoichiometric quantities of
organic molecules. Organocatalysis continues tarb@nportant strand of research and the
area is well established in the academic as wellinasndustrial sector§. Recently,
organocatalysis become one of the most powerfategy for the asymmetric synthesis of
chiral molecules. Organocatalysts are predominasdiymposed of carbon, hydrogen, sulfur
and other non metal elements. Organocatalystssofferveral advantages like metal free
catalysis which contributes to green chemistrglsb reduces the organic waste involved in
chemical transformation and saves time as wellad of manufacturing pharmaceutical
leads. Among various types of organocatalyisfgroline, a naturally occurring cyclic amino
acid, has been most extensively studied and calysarious powerful asymmetric
transformations such asfunctionalization, inter and intramolecular aldehction, Michael
addition, mannich and Diels-Alder reactions. Depetent of catalytic methods that avoids
the production of stoichiometric by-products whibeaintaining high levels of control
available from stoichiometric processes providesatmm-economical alternative for the
important transformations. Proline is referred dsraversal catalyst” due to its diversity of
organic transformations and high utility.

Aldol reaction is an important synthetic method elydused in organic synthesis. Indeed,
numerous catalysts for the aldol reaction have beported in recent years, including
enzymes, catalytic antibodies, organometals, orgatatysts and small molecules. Wiechert
and coworkers in 1971, introduced the intramoleacaldol reaction known as Hajos-Parrish-
Eder-Sauer-Wiechert reaction, where proline wasduss a catalyst in organic
transformatior?. Later, in 1997, Barbas and coworkers synthesizéeslant-Miescher ketone

via proline catalyzed Robinson annulation reaction.

1.2.2 MacMillan’s organocatalyzed direct aldol reattons of a-oxyaldehydes

In 2004, MacMillan developed a first direct, enasélective catalytic aldol reaction between
a-oxyaldehydes as both the donor and acceptor ammhaded this transformation to the self
and cross aldol reactithas shown in Scheme 5 and 6 respectively. Signifizathe
resultinga-oxyaldehyde products of this protocol were infaetrt toin situ proline-catalyzed
enolization or carbonyl addition. This stratergyloas a direct access to different

enantioselective protecteahti-1,2 diols and protected polyols. MacMillan exandinine



organocatalytic self coupling af-oxyaldehydesl5 in presence of 10 mol%-proline in
DMF/dioxane as a solvent afforded the desired gidotlucts16 with both gn-, anti- aldol
selectivity with 42-92% vyield and excellent 88-9&&4Scheme 5).

(o} (o] OH

JI\/OR 10 mol% L-proline J]\/'\/OR
H DMF/Dioxane, H
rt, 24-48 h R
15 16
Scheme 5.Self-aldol reactions of protectedoxyaldehydes (R = TIPS, TBDPS, Bn, PMB,
MOM, Ac, TBS).

Additionally, MacMillan performed cross-couplingtheena-oxyaldehyded 7 anda-alkyl-

Oun

substituted aldehydel3 in presence of 10 mol%-proline in DMF/dioxane which afforded
syn-,anti- cross-aldol products9 in 33-84% yield and good enantiomeric excess @%-6e)
(Scheme 6).

o) o O OH

JI\/OX JI\/R 10 mol%, L-proline Jj\/k/OX(R)
H + H H

DMF/ Dioxane, rt H
R(OX)

17 18 19
Scheme 6Cross-aldol reactions with protectedxyaldehydes (R = Me;Pr; OX = OTIPS,
OTBDPS, OBn).

1.2.3 The mechanism of aldol reaction

A general mechanism of proline catalyzed asymmeglficross aldol reaction is explained

in Figure 1. The aldehyd#) on treatment with proline generates enamine irgeiate21

D;coou
N

H
-Prolin

Rz
1 23
L
H,0
coo
+

[o} OH

R
R

Aun

e

i
20 R4
Eycoo'

o
\ R R)\/ R

R>\.(\/R2 E?,COOH |
Ho' .
1} N
RS

Figure 1. A general mechanism of proline-catalyzed self emods aldol reactions.



which on nucleophilic addition to same or differaldehyde22 synthesizes self/cross imine
intermediate Il . Finally, the imine intermediatdl on hydrolysis generates thg

hydroxyaldehyde derivatives3 with simultaneous release of organocatalyst.

1.2.4 Reaction conditions
The self aldol reaction af-oxyaldehyde (1 equivalent) in presence of 10 mpigsoline in

DMF or dioxane was carried out at room temperature.

Similarly, the asymmetric cross aldol reaction wesformed in DMF or dioxane. Both
acceptor (1 equivalent) and donor aldehydes (Svetrrits) were kept at ©€. A solution of
donor aldehyde in DMF or dioxane was added dropwasa mixture of acceptor aldehyde
and 10 mol%_.-proline in DMF or dioxane at 2C and resulting suspension was stirred for
24-48 h at £4C.

1.2.5 Application

We have applied the MacMillan’s organocatalyze@dtialdol reactions for the synthesis of
1-deoxygalactonojirimycir6, (2R,3R)-3-hydroxy-2-hydroxymethylpiperidin@7 and (-)-3-
hydroxypipecolic acid 28 as shown in Scheme 7. The synthesis of 1-

deoxygalactonojirimycin, ®,3R)-3-hydroxy-2-hydroxymethylpiperidine and

H

OH
a HOy,, OH OH
oTIPS —>— |TIPSO__A — —
N~ \/Y§o - OH — (I/OH
OTIPS N HCl N HCl
24 2 26 27
OH
N
H
o
28

Scheme 7Reagents and conditions: (a) i) (COCI}, DMSO, EgN, dry CHCly, -78°C to rt, 2
h; ii) L-proline (10 mol%), DMF, rt, 24 h, 90%.

moO

5

(-)-3-hydroxypipecolic aci28 commenced with readily available monosilylatedykthe
glycol 24 which on under Swern conditions and subsequembline catalyzed MacMillan’s
self aldol reaction furnished thenti-diastereomef5 as the major product along with its
column separablsyn-diastereomer in 4:1 ratio and 90% combined isdlateld which on

further functional group manipulations furnished thrget molecules.



1.3 Organocatalzyed Michael addition reactions

1.3.1 Introduction

Asymmetric organocatalysis has now become oneeofrtbst active and developing field of
research in asymmetric catalysis and it has besrodstrated a powerful tool for performing
stereoselective transformations which were clabigieghieved by using transition-metal or
enzymatic catalysi§. The Michael addition reaction is widely recognizedone of the most
important carbon-carbon bond-forming reactions igaaic synthesi& Several reagent
systems for this type of transformation that degend asymmetric catalysts have been
reported in the literatur€™ Organocatalyzed asymmetric Michael reactions wittiverse
combination of Michael donors and acceptors isafrtbe significant method. In particular, the
interest for environment-friendly and non-metal abgted asymmetric synthesis,has
focused considerable attention on the developmérgffacient organocatalyzed Michael

reactions:>**

1.3.2 Organocatalzyed Michael addition reaction onconjugated nitro-
olefins

The Michael addition reaction of a nucleophile withconjugated acceptor is one of the
useful approaches for the synthesis of nitroalkangkich are important synthetic
intermediates due to prevalence and various passibhsformations of the aldehyde and
nitro group to other useful functional groups. Rebe Hayashi and co-workers developed an
organocatalyzed asymmetric Michael reaction ofsubstituted aldehyde29 with
nitroalkenes30 in the presence of catalytic amount of diphenylpod silyl ether to furnish
the useful a-substitutednitro aldehydes31 in high enantio- (upto 99%ee) and
diastereoselectivity (upto 97sgn:anti) with good yield (upto 85%) (Scheme’8).

N LN NO
Ph 2
R./\7° + R\/\NOZ H  orms Jgo

hexane, rt R’
29 30 31

R’ = alkyl R = alkyl, aryl
Scheme 80rganocatalyzed Michael addition reaction of ajdkds

More recently, Hayashi and co-workers describedadiganocatalytic asymmetric Michael
addition reaction of acceptor nitroolefi@® with acetaldehyd82 in the presence of catalytic
amount of diphenylprolinol silyl ether to affordetla-unsubstituted-nitro aldehydes33 in
good yield (upto 77%) with excellent enantioseldtti(upto 99%ee) (Scheme 957



Ph

N Ph NO,
H  ormms

. PDs 20

1,4-dioxane, rt
30 32 33

R = alkyl, aryl
Scheme 90rganocatalyzed Michael addition reaction of ddetayde

R Ph
) 0 N Ph AR
O,N R H OTMS
34 Rv = alkyl, H
35
H,0

R\/\No2 + Xy

+
R N Ph N Ph
ON. = | oTtms OTMS
2 H Z “H
R* I \_/ R" |
[N
NO,

Figure 2. General mechanism for organocatalzyed Michaeltimhdieaction

A plausible mechanism for the organocatalzyed asgimenMichael addition reaction of
aldehyde to conjugated nitro-olefins is describedFigure 2. Initially, aldehyde4 on
treatment with TMS-prolinol organocatalyst genesad® enamine intermediakewhich on
nucleophilic addition to acceptor nitroolef80 furnish imine intermediatdl . Finally, the
intermediatell on hydrolysis generates the nitroaldehyde add@%fctwith simultaneous

release of organocatalyst.

1.3.3 Organocatalzyed Michael addition reaction ogonjugated aldehydes
The reverse combination of Michael addition reactia which donor nitro-alkane and
acceptor conjugated aldehyde reacts to form a -mltehyde adduct which is also
synthetically important, due to prevalence of thesesatile synthetic intermediates in
bioactive compounds and natural products.

Hayashi and co-workers described a synthetic melbgg using Michael addition of
nitromethane37 to acceptotrans-olefinic aldehydes6 in the presence of catalytic amount
of TMS-prolinol to furnish the nitroaldehyde add®& in good yield (up to 94%) and high
enantioselectivity (up to 95%e) (Scheme 10%°

Ph

. o

?\oﬁﬂl R Z
= /0

RNAN\Z + CHNO, —————— >

Benzoic acid, NO,
36 37 MeOH, rt 38

R' = alkyl, aryl
Scheme 100rganocatalyzed Michael addition reaction witliantethane



Ph

e~ 0

?‘oﬁm S
'WO + R/\NO - . . *

R 2 Benzoic acid,

R NO,
MeOH, rt
36 39 40

R' = alkyl, aryl R = alkyl
Scheme 110rganocatalyzed Michael addition reaction witlaatkanes

Hayashi and co-workers also described the Michafkditian of nitroalkane39 with
conjugated aldehyde36 in the presence of catalytic amount of TMS-prdlitwm afford the
nitroaldehyde adduetO in high enantio- (upto 96%e), diastereoselectivity of 1:4yn:anti
and good yield (upto 95%) (Scheme isl).

/ R'
>/ OTMS 36
N
OTMS I OTMS
Z H |
> R | |
R NO,

39
Figure 3. General mechanism for organocatalzyed Michaelt@ddieaction.

A general mechanism for asymmetric organocatalydidhael addition reaction of
nitroalkanes to conjugated aldehydes is describegigure 3. Initially, the aldehyd@6 on

reaction with TMS-prolinol generates an imine imediatel which on addition of donor
nitroalkane39 forms enamine intermediate. The intermediatél on hydrolysis forms the

nitroaldehyde adduetO with simultaneous release of organocatalyst.

1.3.4 Application

We have applied the organocatalzyed Michael additeactions for the synthesis dR){

rolipram 44 with two different stratergies. The synthesis Bj-(olipram 44 started with
commercially available isovanillidl which was converted into es#? via standard organic
transformations (Scheme 12). The es#& on DIBAL-H reduction at -78°C to a,-

unsaturated aldehyde and subsequent asymmetricadliabxidative esterification with
nitromethane in the presence of catalytic amount (B)-diphenylprolinol silyl ether (10
mol%) furnished the nitro aldehyde adduct whichiorsitu treatment with NBS/MeOH



furnished they-nitroester43 in 78% yield which on further functional group nyaudations
furnished R)-rolipram44.

Irmcrm“ crijé

*O‘

Scheme 12.Reagents and conditions. (a) i) DIBAL-H, CH.Cl,, -78 °C, 1 h; i) ®))-
diphenylprolinol silyl ether, CENO,, benzoic acid, MeOH, 16 h, rt; iii) NBS, 16 h°@,

78% (over three steps).

In another approach, isovanill#il was converted into nitro-olefid5 via standard organic
transformations (Scheme 13). The oledit on asymmetric Michael addition reaction with
acetaldehyde in the presence of cataly®tdiphenylprolinol silyl ether (10 mol%) in a
sealed tube afforded the nitroaldehyde adduct, hvbit spontaneous oxidation with oxone
and subsequent esterification using TMSCI/EtOH sssfully furnished the ester derivative
46 in 85% yield which on further functional group nyaudations furnishedR)-rolipram44.

Dﬁ Cf)@”“” crijé

NH

~Cf

Scheme 13.Reagents and conditions: (a) i) acetaldehyde Rj-diphenylprolinolsilyl ether,
1,4-dioxane, 4C to rt, 18 h; ii) oxone, DMF, rt, 12 h; iii) TMSCEtOH, rt, 12 h, 85% (over

three steps).
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1.4 Jacobsen’s Hydrolytic Kinetic Resolution (HKR)

1.4.1 Introduction

Enantiomerically pure epoxides are extremely vdRiabhemical compounds due to
controllable but high reactivity of epoxides couplsith the vast array of reactions they can
undergo with retention of stereochemical integriBne can envision a number of direct
routes to asymmetric epoxides. Jacobsen’'s HKR le®rbe one of rapid adoption in
asymmetric catalytic reaction as the method of @hoin organic chemistry with an
impressive number of its applications in total syasis of biologically active compounds and
natural products documented in the literafir&’he enantiopure terminal epoxides are
versatile building blocks in organic synthesis, Imat general and practical method was
available for their synthesis in enantiomericallyrgp form. In 1997, Jacobsen’s HKis
been emerged as a powerful tool for the preparafioth terminal epoxides and their
corresponding diols in enantioenriched fdfhRacemic epoxided7 were converted into
chiral epoxidegt8a and49a along with their corresponding chiral 1,2-didi8b and49b in

high enantiomeric excess using Jacobsen (salesp@plex50 (Scheme 14).

OH
Jacobsen's HKR
e

+ S _OH
(RR)-14b-0Ac R g
0 (R)- 48a (S)- 48b
R”
(+)-a7 o OH
Jacobsen's HKR /ﬂ . R )\/OH

(S,5)-14b-0Ac R
(S)- 49a (R)- 49b

Scheme 14Jacobsen’s HKR of epoxide.
The Jacobsen’s (salen) Co compiéx(Figure 4) catalyzed the HKR of a variety of teraiin

epoxides in a highly efficient mann?ér'.l'herefore the commercial

H"" ullH
\ / /
/ \ \
M = Co: (S,S)-50a M = Co: (R,R)-50a
M = Co-OAc: (S,S)-50b-OAc M = Co-OAc: (R,R)-50b-OAc

Figure 4. Structure of Jacobsen’s catalysts.
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synthesis of chiral epoxides such as propyleneepatyrene oxide, glycidyl ether, butadiene
monoepoxide and epichlorohydrin from racemic epesidas been implemented successfully

using Jacobsen’s HKR by decreasing the cost oktblesal epoxides for suppliers.

1.4.2 Preparation of catalyst and general experiméal conditions

Both the enantiomers of (salen)Co-Il compiékare either commercially available or can be
synthesized from the commercially available chiighnds with Co(OAg)** The Co(ll)
complex50aand50b (Figure 4) are inactive catalytically and requitles +3 oxidation state
of cobalt prior to the HKRia one-electron oxidation, produced an anionic ligésaden)Co-

[l complex which can be achieved easily by aerabication using a mild Bronsted acid.
Only water was not found to mediate oxidation reactbut a screen of additives revealed
that acetic acid was effective and the correspandio(lll) precatalys60-OAc (Figure 4)
was found to be efficient in HKR reactions becaakdéts easy preparation and reactivity.
Thus, two mole of Co(ll) pre-catalyst, two mole adetic acid and a half mole of oxygen
were converted into two mole of Co(lll) catalystdasne mole of water.

However, two useful methods for the formation ofngdex50-OAc (Scheme 15) have been
developed. Method\ constitutes the isolation &0.OAc as crude solid before the HKR. A
solution of Co(ll) complexs0 in toluene (ca. 1 M solution) was mixed with acedwd (2
equivalents) and subjected to open air for 30 hno@am temperature during which the color
of the reaction mixture changed from orange to dambwn. The resulting crude was
concentratedn vacuo to remove the volatile materials to afford #@OAc as a brown solid
which can be used without further purification. Ked B constitutes thén situ preparation
of 50.0Ac using HKR conditions by making a suspensioofll) complex50 and epoxide
or with epoxide/solvent followed by addition of AEOunder an aerobic conditions. The
catalysts obtained by above methédandB were then applied to a variety of epoxides. The
catalyst synthesized by above two methods leadspproximately identical results when
applied to 1-heptene oxid#®. Catalyst prepared by methBds preferable in these situations
as it avoids an extra solvent removal step. Howevielt less reactive substrates, catalyst
prepared by method was found to be more effective. Therefore, if HWRI not afford
epoxide in >99% ee with catalyst prepared by metBaafter optimization of solvent and

catalyst loading, then catalyst prepared by methodhs employed as an alternative.

12



Method A
0.5 mol% (R,R)-14b-OAc

0.55 eq. H,O
42% vyield
20 2 T B e P
51 Method B 52
0.5 mol% (R,R)-14a
2-3% AcOH >99% ee
0.55 eq H,0

43% yield
Scheme 15Development of HKR methods

Aside from the procedure for the preparation56fOAc, the other reaction parameters in
Jacobsen’s HKR for optimization were catalyst logdand choice of solvents for different
type of substrates. In most of cases, 0.55 equivadé HO relative to racemic epoxide
afforded the epoxide in >99%e. The epoxides with less solubility in water couladergo
resolution in high enantiomeric excess without #ddelition of solvent. While, the HKR of
high lipophilic epoxides provides chiral epoxideshigh ee's using water miscible organic
solvents such as tetrahydrofuran (THF), isoprojpglzol (IPA), or hexane-1,2-diol.
Generally, 1.0 equivalent of solvent relative t@emate was found to be sufficient for
Jacobsen’s HKR to a variety of substrates. Howeawer,catalyst loadings in the amount of
0.5 mol% or less relative to racemic epoxide warentl to be effective for most of the
substrates, but saturated sterically hindered satumated epoxides generally required up to 2
mol% of catalyst for achieving the complete resolut Initially, the reaction generally

started at GC followed by stirring at room temperature for 1241

Thus, the salient features of the HKR method ireltlte following: applicability to a wide
range of racemic terminal epoxides; the high abdita of racemic terminal epoxides; most
of which are quite inexpensive; access to highlangio-enriched products in close to
theoretical yields; the low catalyst loading (0.2B1%) and recyclability of HKR catalysts at
low cost; a scaleable and practical protocol; tee of water as the nucleophile for epoxide
ring opening and the ease of Jacobsen’s MKRoducts separation due to large polarity and

boiling point differences.

1.3.4 Application

We have applied the Jacobsen’s HKR reaction for dfnathesis of $S)-reboxetine57
(Scheme 16). The synthesis started with commeycalhilable recemic styrene oxids
which was subjected to Jacobsen’s HKR in the pssei catalytic amount oS)-(salen)-
Co-(salen) complex to afford®y-styrene oxidé4 34% with 99.6%ee and R)-styrene glycol
55in 47% with 93.9%ee, respectively, which was further subjected to déad organic

transformations to furnish intermedidi@
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OEt
o a \\\‘0 OH g
~Q — O YOy
—_ O\) ----- - =
6
53 54 55

Scheme 16Reagents and conditions: (a) (S9-Co(salen)p-nitrobenzoic acid, air, $¥0, 54in
34% andb5in 47%.

14



1.5 Asymmetric Henry reaction

1.5.1 Introduction

The treatment ofn situ generated nitronate species with the carbonyl camgoknown as
Henry (nitroaldol) reaction, is the most importeemid convenient carbon-carbon bond
forming method in organic synthe$fsThis method is a constructive and powerful toal fo
the synthesis of importarft-nitroalcohols** which facilitates the access to interesting and
highly functionalized intermediates like nitroalles) nitroketones, a,f-unsaturated
nitrocompounds, carbonyl compounds, 1,2-amino alcohols aa¢hydroxy carboxylic
acids®?® In Henry (nitroaldol) reaction, commercially oradkly available aldehydes8 on
reaction with nitromethan@7 gives thep-hydroxynitroalkane derivative§9 in one step
without any pretreatment (Scheme %3’

Chiral

0 + Ligand *
RTNA CH;NO, —— R/\l/\No2
Base OH

58 37 59

Scheme 17Asymmetric synthesis g#—hydroxynitroalkane derivatives.

Like all other catalytic asymmetric reactions, asyetric Henry reaction has also been
further divided into three main types of catalysthich include organocatalysts, metal
complexes and biocatalysts. Among the three typeatalytic asymmetric Henry reaction,
the metal complex catalyzed enantioslective Hemaction is a powerful method in the
synthesis of chiraly pure nitroalcohols. The resglt products, f-hydroxynitroalkane
derivatives60, can be used further to many possible transfoonatof the nitro group such
as to aminoalcohol derivatiVi by catalytic hydrogenatioff,to alkenes2 by dehydration, to
acid derivative63 by oxidation?® to carbonyl compoundé4 by Nef reactiof’ and etc

(Scheme 18).
RN o,

62
dehydration

Nef
Reaction

R/\i/§0
OH
64

Scheme 18Selected synthetic utilities of chir@lhydroxy nitroalkane derivatives
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During recent years, the development of ligand thasealytic system towards the making of
asymmetric protocols for Henry reaction has ate@atany researchers as seen by many

reports documented in the literatdfe.

In 1992, Sasai and co-workers reported the metalptex catalyzed asymmetric Henry
reaction by using§)-(2,2’)-binaphthol in conjunction with lanthanunikexide ** various
others complex catalytic systems have been suedlgssfexplored; for e.g.
copper/bisoxazoline complex&sand dinuclear zinc complex cataly3tsetc (Figure 5). In
1994, Najera and co-workers were first to publisbeghnocatalytic enantioselective example
of Henry reaction by using enantiomerically pureamdines as catalysts, affording
enantiomeric excess upto 54%Also, several efforts have been aimed at making an
asymmetric version of this catalytic process byngsiifferent metal ligand¥, using
organocatalysts’ optically active ligands, and bio-cataly$tfrom which most potential
results have been obtained with copper-based tiatalgmplex systems. The design and
synthesis of the novel ligands play an importane rm the efficient metal-catalyzed

asymmetric Henry reactions for the synthesis oicafly active nitro-alcohol derivatives.
—N N— N N—
:: /\Co/\ : :: Co/\

Figure 5. Some commercially available salen-cobalt complex
In a recent communication, it has been reportetl dsgmmetric Henry reaction could be
catalyzed by cobalt complexes of tertiary amineatiord S-hydroxynitroalkanes in high
enantioselectivities with good yiefd In another report, the Salen-cobalt comples®snd
66 which have been used previously for HKR were d@amd to be efficient catalysts for

asymmetric Henry reactions using the amine as bases

Catalyst 65 or 66 OH
2 mol%
No + cHnNo, —2mo) NO,
DIPEA, DCM,
X 67 37 -78°C 68

X

Scheme 19Asymmetric synthesis g--hydroxynitroalkane derivatives using salen ligands

Various derivatives aromatic aldehy@8& was examined by using commercially available
salen-cobalt complex85 and 66 for the asymmetric Henry reaction with nitrometh&7

using the DIPEA as base to furnigkhydroxynitroalkane derivative88 in good yield upto
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94% and excellent enantioselectivity (>98&) (Scheme 19). In 2008, Park and co-workers

developed a chiral bimetallic Co-(ll)-salen catalgssembled through hydrogen bonding,
which results in effective rate acceleration an@786 yield with excellent enantioselectivity

(96%ee).

Terada and co-workefssynthesized a new axially chiral guanidine bases applied it as

efficient chiral Bronsted base catalyst in the Hemneaction between nitroalkanes and
aldehydes (Figure 6). After an extensive screepingromising catalyst structures, catalyst
69, having 3,5-bis(trifluoromethyl)phenyl groups mduced in the 3,3-positions of the
binaphthyl backbone, was found to be the best imgeof both catalytic activity and

enantioselectivity.

Figure 6. Guanidine catalyst.

In addition, cinchona alkaloid derivatives have rbedso used as appropriate asymmetric

catalysts in the Henry reaction (Figure 7). Hiemsand co-workef$ reported moderate
results with the bifunctional structu@®. Later on, it was found that the replacement ef th
phenol moiety in compoundd with a better proton donor, such as a thiourea typoiesulted
in a more effective catalystl.** With the use of this modified organocatalyst, theect
enantioselective nitroaldol reaction of aromaticd aheteroaromatic aldehydes with

nitromethane results in very good yield and witlpioving enantioselectivities.

I w

Figure 7. Cinchona alkaloid derivatives.
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1.5.2 Application

We have applied the Henry (nitroaldol) reaction foe synthesis of§S)-reboxetine57
(Scheme 20). The synthesis started with commeycalhilable recemic styrene oxié3
which was converted into alcoh@® via number of organic transformatiorighe alcohol72

on oxidation under Swern reaction conditions anbisequent treatment with nitomethane
under Henry reaction conditions afforded the nitohbl 73 in 80% yield with 2:3syn:anti
diastereomeric ratio, which on further functionatogp manipulations furnished the
intermediates6.

OEt
©/<1 ©/'\/ ©/'\/\N02 ., NBoc

Scheme 20Reagents and conditions: (a) i) (COCI}, DMSO, EtN, CH,Cl,, -78°C to -60°C,
2 h; ii) CHsNO,, DIPEA, CHOH, rt, 1 h, 80%.

mo

Om
Olll
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InCl; catalyzed diaster eoselective approach for the syntheses of bisindole
alkaloidsflinderoles A-C and desmethylflinderole C

2.1 Introduction:

The Malaria is the most common, widespread lifedltening parasitic infectious disease in the
tropic and sub-tropic reasons of the worlds tod#ccording to WHO report, there were an
estimated 214 million new cases of malaria and @pprately half million deaths in 2015 alone
caused byP. falciparumand P. vivax. Natural products chloroquine, artemisinin and othe
frontline drugs for the treatment of malaria areding increasingly ineffective due to the
development of drug resistance and therefore, ¢hech for new antimalarial drugs is again of
even greater significance. Bis-indole alkaloidediroles A-C 11-13) were isolated from the
plant genusFlindersia along with the previously known natural productsrrerine 74,
borreverine75, isoborrevering6, and dimethylisoborreveririg? (Figure 8)? The flinderoles A-

C (11-13) alkaloids have been shown to possess signifisalaictive growth inhibition against
Dd2 (chloroquine-resistantp. falciparumand exhibit antimalarial activity with Kg values
between 0.15-1.4gM.2 These alkaloids are fast acting and are currehéydrugs of choice for
the treatment of malaria through a different medranof action than that of chloroquine and
other drugs by interrupting the parasitic hemogidbiThe flinderoles A-C 11-13) and
desmethylflinderole Cl4 have been synthetic targets of considerable isitetee to its high

antimalarial activity and with an array of functadities.

flinderole A11,R=H, flinderole C 13, R =CHj3
flinderole B 12, R = CH;, desmethylflinderole C 14,R=H Borreverine 75 dimethylisoborreverine 77, R = CH;

isoborreverine 76, R =H

Figure 8. Structures of flinderole and borreverine alkaloids
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2.2 Review of Literature:
Various elegant syntheses for the flinderole alkislo11-14) have been documented in the

literature? Some of the recent syntheses of flindersial aldal@1-14) are described below.

Kerr, M. A. et al. (2016)*

M. A. Kerr and co-workers reported the formal swsils of flinderole C13 using lewis acid
mediated nucleophilic ring opening of cycloprop&@@eby indoline78 as key stefScheme 21).
The acetylenic cyclopropane derivati¥@on treatment witlO-TBS protected indolin&8 in the
presence of Sc(OTH)(10 mol%), as lewis acid catalyst afforded theoiimte derivative80 in
80% vyield with 1:1 diaseteromeric ratio. The compdBO underwent oxidative radical

cyclization on treatment with Mn(OAg)o furnish the pyrroloindole8l in 80% yield.

OTBS OoTBS OTBS
Me, a b CO,Me
+ _— Z y CO2Me COM "”cozme

;; K Ve N
N CO,Me N
H == CO,Me 2\\\'\

Me Me

78 79 80 81

OTBS
OoTBS

COzMe

I "mCOMe — >

Bu3Sn
NTs

82 83 Flinderole C 13

NMe,

Scheme 21. Reagents and condition) Sc(OTf} (10 mol%), toluene, 108C, 1.5 h, 80%; (b)
Mn(OAc)s, MeOH, 70°C, 3 h, 80%); (c) Pd@IPPh), (5 mol%), HSnBy, THF, 0°C-rt, 30 min,
85%; (d) Pd(PP4)4 (5 mol%), toluene, 118C, 24 h, 58%; (e) ref 4a.

Next, for the synthesis of flinderole moiety, thengpound81 on exposure to HSnBun the

presence of PdglPPh). (5 mol%) afforded the vinylstanna® in 85% yield. The stannane
derivative 82 under Stille coupling conditions witN-tosylated-2-bromoindole furnished the
bisindole derivative83 in 58% vyield. With compoun@3 in hand, a series of functional group

manipulations were performed to afford the targetaetulel3.
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Dethe, D. H. et al. (2014)*

D. H. Dethe andco-workers reported the total synthesis of flinderd 11 and desmethyl
flinderole C14 starting from commercially available tryptamiBien three stepgScheme 22).
The tryptamine8 on coupling with 3-methylbut-2-enal followed bydtment with methyl chloro
formate furnished the derivati84 in 87% yield. The olefir84 on treatment with TFA furnished
the derivatives85a,b in 86% combined yield with 4:5 diastereomericaalihen, LAH reduction
of compound5a,b afforded the target compound flinderolelA and desmethyl flinderole ©4

in 83% and 86% yield, respectively.

NCO,Et
LI )
N N

Scheme 22. Reagents and condition&) i) 3-methylbut-2-enal, Ci€l,, 4 A sieves, 22C, 16 h;
ii) methyl chloro formate, pyridine, 8C-rt, 5 h 87% (over two steps); (b) TFA, &E, rt, 30
min, 86%; (c) LAH, THF, rt, 3 h, 83% foll and 86% forl4.

Flinderole A, 11 NHMe
Desmethyl Flinderole C 14

Dethe, D. H. et al. (2013)*
D. H. Dethe andco-workers reported the biomimetic total synthesésborreverine and
flinderole alkaloids (Scheme 23). The indole ddrixa86 on bromination with NBS at C2

CO,Me CO,Me CO,Me CH,OH
©j\§ a ©f\§,3, b \ 5 = N
N N N
H H OH H OH
86 87 88 89

=z

Scheme 23. Reagents and condition@) NBS, CCJ, reflux, 1 h, 67%; (b) 2-methyl-4-(tributyl-
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stannyl)but-3-en-2-ol, Pd(OAL)BWNCI, DMF, reflux, 3 h, 77%; (c) LiAIH, ELO,0 °Ctort, 3
h, 75%; (d) BE- OE% (10 mol%), CHCI,, rt, 15 min, 82%.

position furnished the derivative87 which on stille coupling with 2-methyl-4-
(tributylstannyl)but-3-en-2-ol afforded the alcohderivative 88 in 77% vyield. The LAH
reduction of esteB88 afforded the tertiary alcohol derivati8® which on lewis acid mediated
dimerization furnished the cyclized produé@a,b and91a,b with a combined yield of 82% in
5:1 and 4:1 diastereomeric ratios, respectivelye @lcohol90a on oxidation with IBX afforded
the aldehyde92a which on subsequent reductive amination with NHMeirnished
dimethylisoborreveriner7 in 82% vyield (Scheme 24). And reductive aminatwiabove

synthesized aldehyde in presence of Fe(exffprded the isoborreverirgs in 89% yield.

Scheme 24. Reagents and conditionga) IBX, EtOAc, reflux, 1 h, 80%; (b) NHMe
NaCNBH;,AcOH (cat.), MeOH, rt, 12 h, 82%; (c) NMe, NaBH, Fe(OTfy, CHCl,, rt, 30
min, 89%.

Flinderole B 12 MeN

Flinderole ¢ 13 Me2N

Scheme 25. Reagents and condition§a) IBX, EtOAc, reflux, 1 h, 74%; (b) NiMe, NaBH,,
Fe(OTfy, CHCIy, rt, 30 min, 75%; (c) NHMg NaCNBH;, AcOH (cat.), MeOH, rt, 12 h, 85%;
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(d) IBX, EtOAc, reflux, 1 h, 81%; (e) NHMeNaCNBH;, AcOH (cat.), MeOH, rt, 12 h, 81%.

By following an analogous series of reactions #irale A11, B 12 and C13 were afforded in
17%, 85%, 81% vyield, respectively (Scheme 25).

May, J. A. et al. (2012)*

J. A. May and co-workers reported the total synthed flinderole A11, B 12, and C13,
desmethylflinderole Cl4, borreverine75, isoborreverine/6, and dimethylisoborrevering7
employed the acid-promoted dimerization of the ratyproduct borrerine starting from

commertially available tryptamire(Scheme 26).

flinderole A 11 / desmethylflinderole C 14 isoborreverine 76

Scheme 26. Reagents and condition&) i) 3-methylbut-2-enal, Cigl,, 4 A sieves, 22C, 16 h;
ii) methyl chloro formate, pyridine, TC to rt, 5 h, 87% (over two steps); (b) LAH, THEflux,

2 h, 88%; (c) different conditions of acid, solveirhe, temperature.

The reaction of tryptaming with 3-methylbut-2-enal followed by treatment withethyl
chloroformate furnished the amine derivatd84ewhich on LAH reduction afforded the borrerine
74 in 88% vyield. The synthetic borrerin® on acid mediated dimerization under different
conditions furnished the borrevering, flinderoles A 11, desmethylflinderole Cl4 and
isoborreverine76 (Scheme 27). The treatment of borreriffe with methyl triflate in CHCI,
followed by reaction with TFA furnished the flindde B 12 in 21%, flinderole CL3 in 19%, and
dimethylisoborreverin&7 in 30% vyield.
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. N/
Borrerine 74 flinderole B 12 / flinderole C 13 / dimethylisoborreverine 77

Scheme 27. Reagents and condition&) i) MeOTf, CHCl,, 0°C; ii) TFA, 0°C-rt, 20 min (21%
for 12, 19% for13, 30% for77).

Dethe, D. H. et al. (2011)*

D. H. Dethe anao-workers in first report described the total sgsis of isomeric flinderoles B
12 and C13 from protectedryptophol95 as starting material (Scheme 28he hydroxyl group
of tryptophol 95 was acylated with acetic anhydride to synthesiampopund96 which on
subsequent formylation with dichloromethyl methyhex and stannic chloride afforded the
aldehyde derivativ87 in 80% vyield.

OoTBS

OR OR OTBS N \

N OH
4 . A Lo A / 100  OTBS
N N N \
\ \
S

] ] N
R H,95:| a R Ac,97:| c 99 \
R =Ac, 96 R =TBS, 98 101 SO,Ph

| 100 + 101 |

103a, b OH 104a,b ©O 102 oTBS

Scheme 28. Reagents and conditionga) AGO, DMAP, pyridine, CHCI,, rt, 6 h, 91%; (b)
dichloromethyl methyl ether, stannic chloride, £, -78 to -10°C, 1 h, 80%; (c) i) LiOH,
H,O, THF, rt, 3 h; ii) TBSCI, imidazole, Ci&l,, 0°C to rt, 6 h, 81% (over two steps); (d) i)
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PhP=CHCQEL,CHCl,, rt, 6 h, 91%; ii) Mel, Mg turnings; I(cat.), ExO, 0°C to rt, 2 h, 89%;
(e) Na/Hg, NaHPQ,, MeOH, rt, 1 h, 97%; (f) MsCI, B, THF, 0°C to reflux, 2 h, 81%; (g)
Cu(OTf), CHCly, rt, 30 min, 62%; (h) BFOEL, CHCl,, rt, 30 min, 78%; (i) IBX, EtOAc,
reflux, 1 h, 84%.

The compound®7 on hydrolysis of acetate group a@dTBS protection furnished the compound
98 in 81% vyield. The aldehyd®83 on 2C Wittig olefination and subsequent Grignagection
with methylmagnesium iodide afforded the alcohaiwdgive 99 in good yield. The deprotection
of phenylsulphonyl group of compour@® with Na/Mg gave the alcohol intermedial@0 in
97% yield.The alcohoB9 was transformed into its mesylate followed by @tiation reaction to
afford the olefin101. The treatment of compouri®0 and101 with Cu(OTf), afforded the TBS
protected adducl02, whereas intermediat#00 and 101 on BFR. OEt mediated cyclization
furnished the alcohdl03a and103b.

NMe, NMe,

Flinderole B 12 (major) Flinderole C 13 (minor)

105a, b

Scheme 29. Reagents and condition&@) NHMe, NaCNBH;, AcOH (cat.), MeOH, rt, 12 h,
91%; (b) Na/Hg, Ng&HPO,, MeOH, rt, 1 h, 62% foi2, 15% forl3.

The mixture of alcohol03a and103b on oxidation with IBX furnished the aldehydé4a,b in
4:1 diastereomeric ratio, which on reductive amamatvith dimethylamine afforded the mixture
of amines105a and 105b in 91% combined yield (Scheme 29). Finally, depbos of
phenylsulphonyl group of05a and105b furnished the flinderoles B2 and C13 in 62% and
15% vyield, respectively.
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2.2.1 Table 1. Comparison with the previous reported synthesdinaoliersial alkaloids.

Sr. Syntheses Key step Overall | No. of
No. yield steps
1. | ChemistrySelect 2016, 1, 4286 INnCl; mediated [3 + 2] 51% | Three

(flinderoles A, B, and C, cycloaddition
desmethylflinderole C)
2. | Org. Lett.2016, 18, 2142 lewis acid mediated - formal
. nucleophilic ring opening o synthesis
(flinderole C) . .
cyclopropane by indoline
3. | Org. Lett.2014, 16, 2764 lewis acid mediated 62% | three
_ _ dimerization
(flinderoles A, desmethylflinderole C
borreverine, caulindoles)
4. | J. Org. Chem2013, 78, 10106 [3 + 2] cycloaddition and 12% | six
_ Diels-Alder reaction
(flinderoles A, B, C,
dimethylisoborreverine,
isoborreverine)
5. [J. Am. Chem. So2012, 134, acid-promoted dimerizatior - four
6936
(flinderoles A, B, C, desmethylflinderole
C, isoborreverine, and
dimethylisoborreverine)
6. | J. Am. Chem. So2011, 133 BF;.OEt mediated [3 + 2] 17% | eleven
2864 cycloaddition reaction
(flinderole B and C)
2.3 Present Work:
Objective:

As part of our research programme aimed at devedpopiew synthetic approaches for the

synthesis of naturally occurring compounds, we becaterested in developing a new, general

and highly efficient synthetic approach for the thgsis of pyrrolo[1,2x]indoles framework and
its application to the total syntheses of flindesA-C (1-13) and desmethylflinderole @4

employing [3+2] cycloaddition and Heck couplingeians as a key steps.
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2.4 Resultsand Discussions:

Our hypothesis for the biosynthetic pathway begdh that the flindersial alkaloids have
tryptamine-isoprene based rearranged skeletonheandfore, flinderoles could be derived
from monomeric tryptamine dien@087 as a possible precurstr.The flinderole
frameworks could arise from dimerization reactiof toyptamine diene106 or
intermediatel07 via [3+2] cycloaddition reactio(Gcheme 30).

NPhth

5 @) [3+2]

107 \
PhthN \
@8_//—(

N

108

,uu/é\ ~— > Flinderoles
H

NPhth

Scheme 30. Proposed biosynthetic approach for the flinderoles.

As outlined in Scheme 31, the synthesis of flinteerfivameworks commenced with readily
available bromo compountil1® which was preparedia a two step sequence of protection of
tryptamine8 as a phthalimide, and subsequent selective brdimmat the C2 position of indole
ring using pyridinium hydrogen perbromide. The booimdole derivativel11 was subjected to a
crucial intermolecular Heck coupling reaction andusnber of reagent combinations (Table 1)
were tested to optimize the yield. We were indeeapply to observed that tro{
tolyl)phosphine/Pd(OAgJEtsN combination in acetonitrile (Table 1, entry 5joafled alcohol
derivative 9 as a isolable product in 75% vyiéldThe IR spectrum o® showed hydroxyl
absorption at 3383 cm The'H NMR spectrum gave olefin protons &t6.72 (doublet, one
proton) ando 6.11 (doublet, one proton) with the coupling cans$J = 16.0 and 16.5 Hz,

respectively indicatingyans-olefin.
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~ ~
[e] 0=< I
NH, N;E N~ o

Scheme 31. Reagents and condition§&) i) phthalic anhydride, B, toluene, reflux, 12 h; ii)
pyr-HBr-Br,, CHCkL:THF (1:1), -10 °C, 97% (over two steps); (b) 2-mt3-buten-2-ol,
Pd(OAc), tri-(o-tolyl)phosphine, BN, sealed tube, 108C, 5 h, 75%; (c) InGl (20 mol%),
toluene, 0 °C-rt, 4 h, 81%.

Our next aim was to carry out cycloaddition reacid alcohol derivativ®. Towards this
end, alcohoB was subjected to In€katalyzed [3+2] cycloaddition reactiom toluene
which furnished flinderole framework®99 and110 with 81% vyield in 3:2 diastereomeric
ratios and were separated by careful silica gelimal chromatography. ThiH NMR
spectrum of109 gave olefin protons at 6.25 (doublet, one prot@)3 (doublet, one
proton), with the coupling constaht 16.0, 16.0 Hz respectively, indicatitrgns-olefin.
The 'H NMR spectrum of110 gave olefin protons at 6.80 (doublet, one prot@n31
(doublet, one proton) with the coupling constart16.5, 16.4 Hz respectively, indicating

trans-olefin.
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Table 2. Optimization of intermolecular Heck crosscouplilegction.

Sr. No. Reagents Conditions Time (h) Yield (%)
1. Pd(PPE).Cl,, Ko,COs, DMF:H,O 90°C 2 No discernible
product
2. Pd(OAc) K,COs; Toluene Reflux 12 No discernible
product
3. Pd(OAc), K,CO; DMF:H,0O 90°C 2 No discernible
product
4, Pd(PP}4, Cy.NMe, Toluene 95C 48 Tracé
Tri-(o-tolyl)phos-phine/ Pd(OAg) 100°C 5 75

Et;N, acetonitrile

aProduct idenfied by mass spectroscopy.

Flinderole B 12

Desmethylflinderole C 14

Scheme 32: Reagents and conditionga) i) NHNH2.H,O, i-PrOH, rt, 4 h; ii) HCHO,
Na(CN)BHs;, MeOH, 0°C-rt, 5 min, (88% forll and 85% forl4, over two steps); (b) i)
NH,NH».H,0, i-PrOH, 0°C-rt, 4 h; ii) HCHO, Na(CN)BR CH:CN, acetic acid, 6C-rt, 10 h,
(82% for12 and 80% forl3, over two steps).

The cleavage of phthalimide group of compout@® with hydrazine monohydrate
afforded the bis-amine intermediate which on subseet] reductive amination with
formaldehyde in presence of Na(CN)BMeOH at 0°C-rt furnished the target compound
flinderole A11 in excellent yield (Scheme 32).



However, reductive amination of the bis-amine imediate derived from compouri®9 with
formaldehyde in presence of Na(CN)Batetonitrile and acetic acid at°C-rt afforded the
flinderole B12 in 82% yield. Flinderole A3 and desmethylflinderole @4 were synthesized
from bis-amine intermediate derived from compouldd following an analogous series of
reactions as shown in Scheme 32. The physical padrescopic data of flinderoles A-Q1{

13) and desmethylflinderole © were in full agreement with the literature data.

2.5 Research and Development (R & D):
2.5.1 Table 3. Optimization of bromination at the C2 positionidole ring.

~ ~
0= I 0= I
N o) N o)

N Entry 1-3 N\ B
8 111
0,
Entry Reagents Solvent Temp. (°C) | Time(h) R%Lgm
1 NBS CCly 0°Ctort 24 10
2 NBS CCly Reflux 30 20
3 pyridinium hydrogen| THF:CHCk -10°C 3 96
perbromide
(pyr-HBr-Bry)

NBS =N-bromo succinimide, Cgkt Carbon tetrachloride

For the synthesis of bromo phthaloyl derivatit®l, we have optimized a few reaction
conditions as described in table 3. First, indaewative8 on treatment with NBS in C¢at O
°C to rt for 24 h gave the compouddl in only 10% vyield (Table 3, entry 1). Next, indole
derivative 8 on treatment with NBS in Cglunder reflux conditions for 30 h provided the
compoundl1l in only 20% yield (Table 3, entry 2). Finally, &tenent of8 with pyridinium
hydrogen perbromide in THF:CH&At -10°C for 3 h gave the desired compoutid in good
yield of 96% (Table 3, entry 3).



2.5.2 Table 4. Optimization for intermolecular Heck cross couglieaction.

~
o
Nio

N\ Entry 1-5 N\
Br ——
H H OH
111 9
0,
Entry Reagents Solvent Temp. (°C) | Time(h) Rej";lltjgé
1 Pd(PPR).Cls, DMF:H,0 90°C 12 No discernible
K2CO;3 product
2 Pd(OAc), K,COs Toluene Reflux 20 No discernible
product
3 | Pd(OAc), KoCO3 | DMF:H,0O 90°C 36 No discernible
product
4 Pd(PPh)a, Toluene 95°C 48 Trace
Cy:NMe
5 Tri-(o-tolyl)phos- | acetonitrile 100°C 5 75
phine/ Pd(OAGQ),
EtsN

For the synthesis of tertiary alcohol derivat®jeve have optimized few reaction conditions as
described in table 4. Firstly, bromo indole deiiv@atl11 on treatment with Pd(PB)aCI/K,COs

in DMF:H,O at 90°C for 12 h does not proceed (Table 4, entry 1). Giteeno indole derivative
111 on treatment with Pd(OAgK.CQO; in tolueneat reflux for 20 h was not fruitful (Table 4,
entry 2). For the next trial by changing the sotvenDMF:H,O was notsuccessful (Table 4,
entry 3). Then, changing the reagent to PdgRfy.NMe in toluene at 95C for 48 h, there
was a trace of desired compoufidTable 4, entry 4). Finally, treatment i1 with tri-(o-
tolyl)phos-phine/ Pd(OAgJEt:N in acetonitile at 100C for 5 h gave the desired tertiary alcohol

9in 75% yield (Table 4, entry 5).
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2.6 Conclusion:

In conclusion, a short and expeditious biomimeticedyent approach for the synthesis of
pyrrolo[1,2«]indoles framework and its application to the tawahtheses of flindersial alkaloids
has been developed employing the Heck reaction[&r28] cycloaddition reaction as the key
steps. As compared to the previous reported syisthes have achieved flinderoles A-C1{13)

and desmethylflinderole @4 via InCl; mediated [3+2] cycloaddition as the key step. Far t
bromination at the C2 position of indole ring, pynium hydrogen perbromide was found to be
the best reagent. Whereas, for the intermoleculackHcross coupling reaction, only the
combination of tri-¢-tolyl)phosphine/Pd(OAGgJEt;N was the successful attempt. As compared
to previous strategies, we have achieved the tageapound in less number of steps with 51%
overall yield starting from readily available phiihade protected bromo-indol&ll. Moreover,
the synthetic strategy described has significargri@ for the syntheses of other analogues of

flindersial alkaloids and isoborreverine with irgsting pharmacological activities.
2.7. Experimental Section

2.7.1 General Experimental Details

All reactions were carried out under nitrogen ogosr atmosphere with dry, freshly distilled
solvents under anhydrous conditions unless othenspecified. All the reagents were added
eithervia syringe or cannula. Each distillation was perfadmmder an inert atmosphere. All
reactions have their respective temperatures withéir respective schemes. All evaporations

were carried out under reduced pressure on Heidolalny evaporator below 40 °C.

Chromatography

All reactions were monitored by Thin Layer Chrongatgphy (TLC) carried out on 0.25 mm E-
Merck silica gel plates (60F-254) with UV light.etth were stained by ninhydrin or anisaldehyde
in ethanol or KMnQ in water as development reagents followed by bnesting with a heat
gun. Column chromatography were performed on sdiela(60-120 and 100-200 mesh) using a

mixture of ethyl acetate/hexane and methanol/ dranhethane as eluent.
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Reagents and solvents

Solvents were obtained commercially and were us#dtbwut purification unless otherwise noted
in experimentals. Distilled water was used for g\agqueous reaction, work-up procedure, and in
the preparation of every aqueous solution usetamiork-up. For reaction solvent, gEl, was
distilled from CaH, and THF was distilled under,Nrom sodium benzophenone ketyl, all

immediately prior to use.

Spectroscopic M easurements

'H NMR and™*C NMR spectra were recorded on on JEOL ECS speetamoperating at 400
and 100 MHz, respectively, using tetramethylsildi®S) as an internal standard. Chemical
shifts have been expressed in ppm uri)sdownfield from TMS. Coupling constant3, are
listed in hertz (Hz). High resolution mass speotvare obtained by using electron spray
ionization (ESI) and mass values are expressed/as | spectra were recorded on Agilent
resolution Pro 600 FT-IR spectrometer, fitted watbeam-condensing ATR accessory and peaks
are reported in cth Yields refer to chromatographically and spectopécally homogeneous

materials unless otherwise stated.

2-(2-(2-Bromo-1H-indol-3-yl)ethyl)isoindoline-1,3-dione, 111°

To a stirred solution of tryptamin® (650 mg, 4.16 mmol) in toluene (15
mL) was added BN (0.86 mL, 6.24 mmol) followed by phthalic anhyki O:Q
(0.73 g, 4.99 mmol) and refluxed for 12 h. Evaporabf the solvent under N Yo
reduced pressure afforded the crude product whizh wged as such for thE@E\Cﬁ"
next step without further purification. {R 0.50, ethyl acetate/hexane 11 N e
vIV]; mp = 164-166°C; IR (CH.Cl,): v 3381, 2360, 1769, 1707, 742 ¢mH NMR (CDCl; 400
MHz): 6 8.09 (br s, 1H), 7.83-7.79 (m, 2H), 7.73 Jd& 7.8 Hz, 1H), 7.70-7.65 (m, 2H), 7.33 (d,
J=8.2 Hz, 1H), 7.17 (t) = 6.8 Hz, 1H), 7.11 (t) = 6.8 Hz, 1H), 7.07 (s, 1H), 4.00 ¢t= 7.8
Hz, 2H), 3.14 (tJ = 7.8 Hz, 2H);"*C NMR (CDC}k, 100 MHz):6 168.3, 136.1, 133.8, 132.0,
127.3,123.1, 122.0, 122.0, 119.4, 118.7, 112.2,01138.4, 24.4.

The residue thus obtained above was dissolved I€IEHHF (1:1, 20 mL) and treated with
pyridinium bromide perbromide (1.49 g, 4.65 mmadl}X0 °C. After completion of the reaction

as monitored byLC, the reaction was warmed to room temperature, cpezhwith saturated

aqueous N#5,03; and extracted with Cil, (3 x 10 mL). The combined organic phase was
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washed with brinedried over NgSO, and concentratedn vacuo Slica gel column
chromatography of the crude product usifeghyl acetate/hexane 1:7 v/\gs eluent
furnished the bromo compounddl (1.43 g, 97% over two stepa$ a light yellow solid.R; =
0.57, ethyl acetate/hexane 2:3 v/ujp = 168-17C°C; IR (CH.Cl,): v 3340, 2360, 1770, 1705,
1395, 743 cnt; *H NMR (CDCh, 400 MHz) :6 8.11 (br s, 1H), 7.82-7.78 (m, 2 H), 7.70-7.66
(m, 2H), 7.61 (dJ = 7.7 Hz, 1H), 7.25 (d] = 8.7 Hz, 1H), 7.13 (td) = 0.9, 6.8 Hz, 1H), 7.07
(td,J = 0.9, 7.8 Hz, 1H), 3.94 (§,= 7.3 Hz, 2H), 3.10 (f] = 7.3 Hz, 2H);*C NMR (CDC}, 100
MHz): ¢ 168.2, 136.5, 135.9, 133.9, 132.0, 127.5, 126.8,112122.3, 120.1, 119.0, 117.9,
115.8, 113.4, 111.8, 110.4, 108.6, 37.4, 23.9; HRESI) m/zcalcd for GgH13BrN,O," ([M +
Na]") 391.0098; found 391.0096.

(E)-2-(2-(2-(3-Hydroxy-3-methylbut-1-enyl)-1H-indol-3-yl)ethyl)isoindoline-1,3-dione, 9
A mixture of bromo compoundl1l (800 mg, 2.16 mmol), 2-methyl-3{ /i
o ~
N

buten-2-ol (0.28 mL, 2.70 mmol), palladium (Il) tate (24 mg, 5 mol%),
tri-o-tolylphosphine (132 mg, 20 mol%), and triethylami{®.38 mL, 2.70 °
mmol) in 5 mL of acetonitrile was purged with piglen gas for 10 minutes \
and heated at 10 in a sealed tube for 5 h. The mixture was theslecb

to room temperature and evaporated solventler reduced pressure. Silica gel column

chromatography of the crude product usifeghyl acetate/hexane 1:4 v/\gs eluent
furnished the alcohdd (600 mg, 75%)s ayellow oil. [Rf = 0.35, ethyl acetate/hexane 1:1
vIV]; IR (CH,Cl,): v 3383, 2920, 2360, 1770, 1705, 1396, 75I'chi NMR (CDCk, 400
MHz): 6 8.11 (br s, 1H), 7.84-7.79 (m, 2H), 7.71-7.66 (i),37.28 (s, 1H), 7.16 (td, = 0.9, 6.8
Hz, 1H), 7.09 (tdJ = 0.9, 7.8 Hz, 1H), 6.72 (d,= 16.0 Hz, 1H), 6.11 (d] = 16.5 Hz, 1H), 3.91

(t, J=7.8 Hz, 2H), 3.16 (1] = 7.8 Hz, 2H), 1.39 (s, 6H}*C NMR (CDCk, 100 MHz):5 168.2,
136.1, 136.0, 133.8, 132.3, 132.0, 128.5, 123.2,8,2119.6, 118.5, 114.9, 111.5, 110.5, 71.0,
38.4, 29.6, 23.1; HRMS (ESIm/z calcd for GsH.N,Os" (M + Na]*) 397.1498; found
397.1521.
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2-(2-((1R,3R)-3-((E)-2-(3-(2-(1,3-Dioxoisoindolin-2-yl)ethyl)-1H-indol-2-yl)vinyl)-3-methyI-
1-(2-methylprop-1-enyl)-2,3-dihydro-1H-pyrrolo[1,2-a]indol-9-yl)ethyl)isoindoline-1,3-
dione, 109

To a solution of alcohd (300 mg, 0.80 mmol) in 36 mL of toluen
was added InG(35 mg, 20 mol%) at 8C and stirred for 4 h at roon

temperature. The reaction was then quenched @aithhated aqueous
NaHCG; (20 mL) and extracted with ethyl acetate (3 x U0.nThe
combined organic phase wasashed with brine,dried over
anhydrous Nz50, and concentratedn vacuo The residue was

purified by silica gel column chromatography (etlhygetate/hexane

1:2 v/v) to afford diastereomd9 (168 mg, 46%) as yellow waxy
solid. [R = 0.20, ethyl acetate/hexane 1:4 v/v]; IR ¢CH): v 3378, 109
2924, 2360, 1769, 1703, 1394, 745%rtH NMR (CDCk, 400 MHz):6 8.83 (br s, 1H), 7.88-
7.82 (m, 2H), 7.74-7.69 (m, 2H), 7.67 (b5 8.2 Hz, 1H), 7.62-7.57 (m, 2H), 7.55-7.51 (m,)2H
7.43 (d,J = 7.7 Hz, 1H) 7.21 (s, 1H), 7.19 (s, 1H), 7.1357(fh, 2H), 6.90-6.86 (m, 1H), 6.83-
6.79 (m, 1H), 6.25 (dJ = 16.0 Hz, 1H), 6.13 (d] = 16.0 Hz, 1H), 5.27 (br & = 9.6 Hz, 1H),
4.23-4.11 (m, 1H), 3.98-3.83 (m, 4H), 3.18-3.09 @H), 3.02-2.96 (m, 1H), 2.66 (dd,= 7.8,
12.4 Hz, 1H), 2.25 (dd] = 9.16, 12.3 Hz, 1H), 2.00 (s, 3H), 1.83 (s, 3HY6 (s, 3H)*C NMR
(CDCls, 100 MHz):6 168.6, 168.2, 143.9, 135.9, 133.9, 133.8, 1333,11, 132.7, 132.3, 132.2,
131.9, 128.7, 124.2, 123.1, 122.8, 122.6, 120.2,51118.7, 118.5, 118.1, 116.9, 110.5, 110.4,
110.0, 103.0, 63.9, 51.2, 38.8, 38.2, 34.7, 28567, 24.7, 23.6, 22.4, 18.1; HRMS (ESi/z
calcd for GeHsoN4O4" ([M + NaJ*) 735.2898; found 735.2906.

2-(2-((1R,39)-3-((E)-2-(3-(2-(1,3-Dioxoisoindolin-2-yl)ethyl)-1H-indol-2-yl)vinyl)-3-methyl -
1-(2-methylprop-1-enyl)-2,3-dihydro-1H-pyrrolo[ 1,2-a]indol-9-yl)ethyl)isoindoline-1,3-

dione, 110

Further elution of the column (ethyl acetate/hexargv/v) furnished another diastereomié&d
(112 mg, 35%) as yellow waxy solid.{R 0.18, ethyl acetate/hexane 1:4 v/v]; IR ¢CH): v
3364, 2360, 1765, 1707, 1396, 744 trtH NMR (CDCk, 400 MHz):6 8.30 (br s, 1H), 7.84
(dd,J = 2.7, 5.4 Hz, 2H), 7.78 (dd,= 3.3, 5.4 Hz, 2H), 7.73-7.69 (m, 3H), 7.67 (dd; 3.2, 5.5
Hz, 2H), 7.60 (dJ = 7.7 Hz, 1H), 7.23 (s, 1H), 7.17 (t8i= 0.9, 6.8 Hz, 1H), 7.11 (m, 2H), 6.94
(t, J= 7.3 Hz, 1H), 6.85 (t) = 7.8 Hz, 1H), 6.80 (d] = 16.5 Hz, 1H), 6.31 (dl = 16.4 Hz, 1H),
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5.27 (br d,J = 9.1 Hz, 1H), 4.31-4.25 (m, 1H), 4.01-3.91 (m,)2
3.87-3.80 (m, 2H), 3.26-3.16 (m, 2H), 3.06-2.94 M), 2.57 (dd,)
= 8.2, 12.8 Hz, 1H), 2.27 (dd,= 8.2, 12.8 Hz, 1H), 1.89 (s, 3H
1.85 (s, 3H), 1.74 (s, 3H}*C NMR (CDCk, 100 MHz): o 168.3,
168.2, 143.0, 136.1, 133.9, 133.7, 133.2, 132.2,113131.1, 128.5,
1245, 123.1, 122.9, 120.2, 119.8, 118.8, 117.1,991110.5, 109.6,
102.6, 62.9, 51.5, 38.6, 38.5, 35.2, 29.6, 25.8,233.0, 22.4, 18.2;
HRMS (ESI) m/z calcd for GgHioN4Os" ([M+Na]®) 735.2898;
found 735.2909.

N-M ethyl-2-((1R,3R)-3-methyl-3-((E)-2-(3-(2-(methylamino)ethyl)-1H-indol-2-yl)vinyl)-1-
(2-methylprop-1-enyl)-2,3-dihydro-1H-pyrrolo[1,2-a]indol-9-yl)ethanamine, 11*

To a solution of compound09 (30 mg, 0.04 mmol) in 1 mL of
isopropyl alcohol was added hydrazine monohydr@t@04 mL,
0.09 mmol) at 0°C. The reaction mixture was stirred at roo

temperature for 4 h. The resulting solution watefdd, washed with

diethyl ether, dried over anhydrous JS&, and concentratedn Flinderole A 11
vacuo to furnish the crude bis-amine intermediate; $R0.20, MeOH/CHCI, 1:4 v/v]. The

resulting crude product was used as such for tkestep without further purification.

To a methanolic solution (1 mL) of above crude pridof bis-amine was added
formaldehyde (37% w/w in $#D, 0.03 mL, 0.42 mmol), Na(CN)BH4 mg, 0.07 mmol)
and stirred for 5 minutes at room temperatifeer completion of the reaction as monitored
by TLC, the mixture was diluted with diethyl ether and the amig layer separated. The
resulting organic phase was washed with brine, ddrw@er anhydroubla,SO,, and
concentratedn vacuo Silica gel column chromatography of the crudedpict using
(MeOH/CHCI, 1:6 v/v) as eluent furnished the target compoumaiérole A11 (17 mg,
88% over two steps) as white waxy solig:§ 0.30, MeOH/CHCI, 1:4 v/v];, IR (CH,CI,): v
3425, 2249, 2204, 1635, 1014, 994, 832, 756 ciH NMR (DMSO-ds, 400 MHz):6 10.94 (s,
1H), 7.49-7.42 (m, 1H), 7.39 (d,= 8.2 Hz, 1H), 7.33-7.28 (m, 1H), 7.17 @z 7.8 Hz, 1H),
6.99 (t,J = 7.3 Hz, 1H), 6.95-6.90 (m, 2H), 6.87 Jt= 7.3 Hz, 1H), 6.36 (d) = 16.0Hz, 1H),
6.08 (d,J = 16.0Hz, 1H), 5.21 (br &= 9.6 Hz, 1H), 4.17-4.10 (m, 1H), 3.43 (m, 1H),82Z.64
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(m, 8H), 2.57-2.50 (m, 2H), 2.33 (s, 3H), 2.24-2(&1, 1H), 2.18 (s, 3H), 1.87 (s, 3H), 1.73 (s,
3H), 1.70 (s, 3H),13C NMR (DMSOds, 100 MHz):0 143.6, 136.7, 133.2, 132.8, 132.3, 131.6,
131.4, 128.2, 125.2, 122.6, 120.5, 119.1, 118.8,611116.6, 111.8, 111.1, 110.4, 102.7, 63.7,
60.5, 51.5, 51.0, 34.7, 34.6, 29.3, 25.8, 25.24,2P8.3; HRMS (ES) m/zcalcd for GoHaoN4"
(IM+H] ™) 481.3353; found 481.3343.

2-((1R,3R)-3-((E)-2-(3(2-(Dimethylamino)ethyl-1H-indol-2-yl)vinyl)-3-methyl-1-(2-
methylprop-1-enyl)-2,3-dihydro-1H-pyrrolo[1,2-a]indol-9-yl)-N,N-dimethylethanamine, 12*

To a solution of compound09 (35 mg, 0.05 mmol) in 1 mL of
isopropyl alcohol was added hydrazine monohydrat@06 mL,
0.10 mmol) at 0°C. The reaction mixture was stirred at roo

temperature for 4 h. The resulting solution waterféd, washed

with diethyl ether, dried over N8O, and concentrateith vacuoto

Flinderole B 12

furnish the crude compound; R 0.2 (MeOH/CHCI, 1:4 v/v). The resulting crude was used as
such for the next step without further purificatidue to high polar nature of the compound.

To an acetonitrile solution (1 mL) of above crudeduct of bis-amine was added
formaldehyde (37% w/w in 0, 0.039 mL, 0.49 mmol) followed by sodium
cyanoborohydride (5 mg, 0.08 mmol) and acetic 48i05 mL) and stirred for 10 h at
room temperature. TLC monitoring showed completeveosion. The mixture was
diluted with diethyl ether and the aqueous layes watracted with diethyl ether (3 x 10
mL). The combined organic phase was washed withebrdried overNaSQO, and
concentratedn vacuo The silica gel column chromatography of the crpdeduct using
(MeOH/CH,CI, 1:9 v/v) as eluent furnished the target compournadeélole B12 (20 mg,
82% over two steps) as white waxy solRd= 0.40 MeOH/CH,CI,1:4 v/v); IR (CH.Cly): v
3430, 2929, 1615, 1420, 1345, 1040, 745, 6BANMR (DMSO-ds, 400 MHz):d 10.95 (s, 1H),
7.44-7.42 (m, 1H), 7.36-7.32 (m, 2H), 7.19 Jc&s 7.8 Hz, 1H), 7.02-6.93 (m, 3H), 6.88 Jt=
6.8 Hz, 1H), 6.41 (dJ) = 16.0 Hz, 1H), 5.81 (d] = 16.0 Hz, 1H), 5.27 (br dl = 9.6 Hz, 1H),
4.14-4.07 (m, 1H), 2.75-2.67 (m, 3H), 2.43-2.22 GH), 2.17 (s, 6H), 2.13-2.03 (m, 2H), 1.98
(s, 6H), 1.91 (s, 3H), 1.75 (s, GHfC NMR (DMSO-ds, 100 MHz):0 143.3, 136.8, 133.1, 132.8,
132.0, 131.7, 131.4, 128.1, 125.2, 122.0, 120.8,991118.7, 118.7, 116.4, 112.5, 111.2, 110.5,
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103.6, 64.1, 60.6, 60.2, 50.8, 45.0, 44.7, 34.719,2%.7, 21.4, 18.4; HRMS (ESIm/zcalcd for
CaHaNg™ ([M + H]") 509.3644; found: 509.3656.

2-((1R,39)-3-((E)-2-(3(2-(Dimethylamino)ethyl-1H-indol-2-yl)vinyl)-3-methyl-1-(2-
methylprop-1-enyl)-2,3-dihydr o-1H-pyrrolo[1,2-a]indol-9-yl)-N,N-dimethylethanamine, 13*

Flinderole C13 (20 mg, 80% over two steps) as white wa
solid. Ry = 0.40 MeOH/CHCI, 1:4 viv); IR (CH.Cly): v 3429,
2980, 2274, 2118, 1665, 1026, 824, 7$5NMR (DMSO-ds, 400
MHz): ¢ 10.97 (s, 1H), 7.41-7.36 (m, 2H), 7.23-7.15 (m, 2k
7.05-6.99 (m, 1H), 6.93-6.87 (m, 3H), 6.52 Jd= 16.0 Hz, 2H), Flinderole C 13
5.21 (br d,J = 9.6, 1H), 4.27 (dd) = 7.8, 9.6 Hz, 1H), 2.80-2.62 (m, 6H), 2.30-2.22 @&Hl),
2.15 (s, 6H), 2.10 (s, 6H), 1.78 (s, 3H), 1.6B(8), 1.67 (s, 3H)**C NMR (CDCl;, 100 MHz):
0143.1, 136.2, 133.2, 132.7, 131.5, 131.1, 13@8,4, 124.9, 122.9, 120.4, 119.5, 118.7, 118.6,
118.5, 116.7, 113.5, 110.5, 110.1, 103.8, 63.81,&9.9, 51.6, 44.9, 44.6, 36.2, 34.7, 25.8, 25.7,
22.6, 21.7, 21.6, 18.2; HRMS (E®Im/z calcd for GHaNs™ (M + H]") 509.3644; found:
509.3654.

N-M ethyl-2-((1R,3S)-3-methyl-3-((E)-2-(3-(2-(methylamino)ethyl)-1H-indol-2-yl)vinyl)-1-
(2-methylprop-1-enyl)-2,3-dihydro-1H-pyrrolo[1,2-a]indol-9-yl)ethanamine, 14*

Desmethylflinderole Cl4 (22 mg, 85% over two steps) as
white waxy solid R; = 0.3(MeOH/CH.CI; 1:4 v/v), IR (CHxCly):

v 3435, 2935, 1580, 1448, 1365, 1275, 1104, 809; HNMR
(DMSO-ds, 400 MHz):6 11.00 (s, 1H), 7.45-7.40 (m, 2H), 7.21
7.17 (m, 2H), 7.03-6.99 (m, 1H), 6.92-6.86 (m, 3669 (d,J = Desmethylfinderole C 14
16.4 Hz, 1H), 6.52 (dJ = 16.4 Hz, 1H), 5.21 (br d = 9.6 Hz, 1H), 4.32-4.25 (m, 1H), 2.86-
2.78 (m, 2H), 2.71-2.56 (m, 8H), 2.26 (s, 3H), 2(833H), 1.78 (s, 3H), 1.72 (s, 3H), 1.70 (s,
3H). **C NMR (DMSO-ds, 100 MHz):6 142.6, 136.5, 132.7, 132.5, 132.4, 132.0, 130.8,112
125.3, 122.2, 119.8, 118.6, 118.5, 118.3, 118.2,991112.7, 110.7, 109.7, 103.4, 62.7, 52.2,
52.1, 50.9, 35.3, 34.7, 25.5, 23.3, 22.8, 18.0; HRMSI) m/zcalcd for GoHaoN4s™ ([M + H]Y)
481.3353; found 481.3337.
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2.8 Spectra

1.'H and**C NMR spectra o111
2.'H and®*C NMR spectra 09
3.’H and’*C NMR spectra 0109
4.'H and®C NMR spectra 0110
5.'H and**C NMR spectra oi1
6.'H and**C NMR spectra 012
7.'H and®*C NMR spectra o13
8.'H and™*C NMR spectra ol4
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CHAPTER 3

An enantioselective approach towards the synthesis hydroxylated
piperidines and its applications to the total syntleses of
1-deoxygalactonojirimycin, (-)-3-hydroxypipecolic &id and (2R,3R)-3-
hydroxy-2-hydroxymethylpiperidine




An enantioselective approach towardsthe synthesis of hydroxylated
piperidines and its applicationsto the total syntheses of
1-deoxygalactonojirimycin, (-)-3-hydroxypipecolic acid and (2R,3R)-3-
hydr oxy-2-hydroxymethylpiperidine

3.1 Introduction:

Hydroxylated piperidines and their derivatives aome of the most important
chemotherapeutill-heterocyclic compounds due to their ubiquitouadttrral features either
as itself or as a part of more complex structuraliety in various biologically active
compounds and natural produttdmong them, unnatural polyhydroxylated piperidiries
deoxygalactonojirimycir26 exhibits interesting potent glycosidase inhibitamtivity” and
currently undergoing phase I clinical trial forethreatment of Fabry’s disease (Figuré 9).
Due to their inherent biological activities, 1-dggalactonojirimycin26 along with its other
stereoisomers have been shown as potential thdiegpdor different conditions including
cancer, diabetes, HIV, and heritable diseases asihaucher’s (lysosomal storage) dis€ase.
Other hydroxylated piperidines such@s(-)-3-hydroxypipecolic aci@8 forms an important
core of antitumor antibiotic tetrazomifé3,* while its reduced analogueR3R)-3-hydroxy-
2-hydroxymethylpiperidine27 forms an important core of potent antimalarial rage

isofebrifugine112 (Figure 9)*

OH OH OH
HO,,, OH
OH OH
N N
N OH H o H
H

cis-(-)-3-Hydroxy (2R,3R)-3-Hydroxy-2-
1-Deoxygalactonojirimycin 26 pipecolic acid 28 hydroxymethylpiperidine 27
_—OH
0o OH \
9 OH @ “Nme
N
H N N N
L§ H
N NH OMe (o}
Isofebrifugine 112 Tetrazomine 113

Figure 9. Structures of some hydroxylated piperidines and thexivatives.

Additionally, six membered cyclicis-(-)-3-hydroxypipecolicacid 28 and its stereoisomers have
been used in ligand binding studies, peptide strecstudies, used as organocatalysts and for
the drug designingf. Enantiomerically pure hydroxylated piperidines afetivatives have
been synthetic targets of considerable interesthgwip their wide range of important

biological activities and with an array of functadities.
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3.2 Review of Literature:

Various asymmetric syntheses for hydroxylated pidiees alkaloids  1-
deoxygalactonojirimycin26, cis-(-)-3-hydroxypipecolic acid28 and (R,3R)-3-hydroxy-2-
hydroxymethylpiperidine7 have been documented in the literaftiféost of the described
asymmetric syntheses have employed chiral pooloagpiviz. started from sugars, tartaric
acid, amino acids and heterocyclic compounfieme of the recent syntheses of 1-
deoxygalactonojirimycin26, cis-(-)-3-hydroxypipecolic acid28 and (R,3R)-3-hydroxy-2-
hydroxymethylpiperidin@7 are described below.

Britton, R. et al. (2017)>

R. Britton and co-workers described the total sgath of 1-deoxygalactonojirimyc6 from
readily available benzyl (3-oxypropyl)carbamaié4 in five steps (Scheme 33). The
synthesis began withR}-proline catalyzed:-chlorination of aldehydd14 which on aldol
reaction with dioxanone furnished the chlorohydrii$ in 66% vyield and 93%e. The
compoundll5 on hydrogenation using Pd/C afforded the pipeddierivativell6 in 72%
yield and 3:1 diastereomeric ratio. The treatmentidoropiperidine116 with NaOH in
ethanol furnished the epoxide derivatilE in 93% yield which on subsequent treatment of
free amine with (BogD afforded theN-Boc protected compountil8 in 76% yield. The
epoxidell8 on reaction with E5Q, in dioxane and water delivered the target compdénd
in 87% vyield.

OH  NHCbz

O NHCbz 2 mh
a . T . Y
H cl

114 2%

OH

o HO,, OH
(10, e |
Iy —
{0) N OH

Boc H
118 26

Scheme 33. Reagents and conditions: (a) dioxanone, NCS,Rj-proline, CHClI,, rt, 24 h,
66%; (b) B, Pd/C, MeOH, rt, 12 h, 72%; (c) NaOH, EtOH, rt, 7,293%; (d) BogO, EgN,
CH.Cly, rt, 12 h, 76%; (e) bSOy, 1,4-dioxane:HO, 100°C, 3 h, 87%.
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Ham, W. H. et al. (2016)*

W. H. Ham and co-workers reported the stereosekectiotal synthesis of 1-
deoxygalactonojirimycin26 starting from oxazine in four steps with 44.4% maleyield
(Scheme 34). The compourfid9 on treatment with NaH in presence of palladium (0)
catalyst furnished the olefih20 in 89% yield. The olefil20 on ozonolysis followed by
Grignard reaction with vinylmagnesium bromide affied the alcohol21 and 122 in 72%
combined yield with 10:1 diastereomeric ratio. Tdleohol 121 on acetate protection and
subsequent ring opening under Schotten-Baumantioeawonditions furnished the olefin
123 in 80% yield. The olefiri23 on ozonolysis and cyclization followed by Cbz d#pction
delivered the cyclized amirf24 in 68% yield. Finally, the global deprotection wisN HCI
furnished the 1-deoxygalactonojirimyd@6 in 81% yield.

OTBS OTBS OH OTBS OH
OTBS H H H H

4 S
o _a TBSO/M b TBso/\./\‘/k/ . TBSO/\'/\I/\/

TBSO/Y\/\/ §| H H
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119 120 Ph Ph 124 Ph 122
OBz OH
OTBS OH OTBS OAc
H _ cd H e AcO, oTBS f  HO, OH
1] = / o, 2y
T™BSO” Y - TBso/\/\r'\/
Na. 0 £ OTBS OH
§|/ CbzHN OBz N N

Ph 121 123 124 26

Scheme 34. Reagents and conditions: (a) NaH, TBAI, Pd(0) cat., 6C, 89%; (b) i) G,
MeOH, MesS; ii) vinylmagnesium bromide, THF, -78C, 72%; (c) AgO, 4-DMAP,
pyridine, CHCIy; (d) CbzCl, NaHC@ CH,Cl,/H,O (1:1) 80% (for two steps); (e) )30
MeOH, -78°C, then MeS; ii) Pd(OH)/C, H,, MeOH; (f) 6 N HCI, reflux, then Dowex-
50WX8, 81%

Ramapanicker R. et al. (2015)*

R. Ramapanicker and co-workers reported the destetective synthesis of 1-
deoxygalactonojirimycir26 employed the proline catalyzed asymmetriaminoxylation as
key step starting from higher homologue of Garneldehydel25 (Scheme 35). The
aldehydel25 on a-aminoxylation with nitrosobenzene in presencebggroline (20 mol%)
followed by Wittig olefination and subsequent treaht with Cu(OAc) in EtOH afforded
the alcohol126 in 69% yield. The alcohol26 on O-Bn protection afforded the protected
alcohol 127 in 94% vyield followed by dihydroxylation under Whn reaction conditions
furnished the dioll28 in 92% yield. The dioll28 on protection with 2,2- dimethoxypropane
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afforded the estet29 in 86% yieldwhich on further reduction with LAH gave the alcbho
derivative 130 in 96% yield. The compoun#i30 on O-Ms afforded the compoun#i31 in
excellent yield. Acidolysis of compouriB1 with HCI followed by treatment with $¥CO;
furnished the cyclized amin&32 which on hydrogenation using Pd/C afforded thgdar
compound26 in 95% yield.

EtOOC EtOOC EtOOC._ wOH COOEt

OBn 0 OBn
N W
Ho" d o'
_> —_—
BocN BocN BocN BocN BocN

T g

25 128 12

R o™ f o™ i, HO,, _h__ HO,,
- BocN o BocN {I/ ('I/
130 131 132 26
Scheme 35. Reagents and conditions: (a) i) D-proline, PhNO, DMSO, 15C, 3 h; ii)
PhsP=CHCOOELt, DCM, rt, 3 h; iii) Cu(OAg)EtOH, rt, 10 h, 69% (over three steps); (b)
NaH, BnBr, TBAI, DMF, 0°C-rt, 94%; (c) Os@ NMO, acetone:bD, 0°C-rt, 24 h, 92%; (d)
p-TSA, DMF, toluene, reflux, 1 h, 86%; (e) LAH, THIE, 3 h, 96%; (f) MsCl, EN, DMAP,
DCM, 0°C, 30 min, 99%; (g) i) HCI, MeOH, BC-rt, 2 h; ii) KCOs;, MeOH, 0°C, 12 h,
76%; (h) Pd/C (10%), 1 MeOH, rt, 12 h, 95%

©

Sudalai, A. et al. (2016)™®

A. Sudalai and co-workers disclosed the enantiotiet synthesis of 3-hydroxypipecolic
acid 28 employed the.-proline catalyzed-amination and Barbier allylation as the key steps
(Scheme 36). The aldehyd@33 on proline catalyzeda-amination with diethyl
azodicarboxylate followed by situ Barbier allylation with allyl bromide in presenoé Zn
and NHCI furnished the alcohol34 in 80% yield. The alcohol34 on DDQ mediated
intramolecular oxidative acetalization with beneyher afforded the benzylidine acel&8b
in 95% vyield. The acetdl35 on treatment with BrCHCO,Et in presence of GEO;furnished
the olefin136 which on hydroboration-oxidation delivered thenpairy alcohol137 in 70%
yield. The alcoholl37 was transformed into its mesylate which on subsetjuntramolecular
N-alkylation in presence of NaH afforded the pipiered derivative 138 followed by

deprotection of acetal and carbamate ester grotip& HCI furnished the compourad in
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62% yield. The deprotection of benzylidine acetalup of 138 afforded the alcohal39 in
95% yield and TBS protection of corresponding atdafforded the silyl ethet40 in 93%
yield. The selective primary TBS group deprotectainl40 followed by oxidation of the
primary alcohol and deprotection of the carbamatelg afforded the target compouB8lin
65% yield.
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Scheme 36. Reagents and conditions; (a) i) DEAD, L-proline, CHCN, 0°C, 3 h; ii) Zn, allyl
bromide, NHCI sat., 0°C, 1 h, 80%; (b) DDQ, 4 A MS, GEl,, -30°C, 6 h, 95%: (c)
BrCH,CO,Et, CsCOs, CHsCN, 80°C, 6 h, 78%; (d) BeiISMe, THF, 0°C, 1 h then, 10%
ag. KOH, HO,, 0°C, 1 h, 70%; (e) i) MsCl, B, CH,Cl,, 0°C, 2 h; ii) NaH, DMF, (°C, 3
h, 92% (over two steps); (f) 6N HCI, reflux, 2462% (g) CSA (cat.), CkDH, 0°C, 1 h,
95%; (h) TBSCI, imidazole, DMF, 2%, 6 h, 93%; (i) CSA (cat.), G®H, 0°C, 1 h, 86%;
() i) RuCls (cat.), NalQ, CCW/CHsCN/H,0, 25°C, 12 h; ii) 6N HCI, 24 h, 65% (over two
steps).

Chavan, S. P. et al. (2014)"

S. P. Chavan and co-workers reported the formdhsgis ofcis-3-hydroxypipecoloc aci@8
starting fromcis-aziridine-2-carboxylate employed the stereo amgioselective aziridine
ring opening as key step (Scheme 37). The aziriddzwas prepared fronb-mannitol
diacetonide which on reduction with LAH affordedetflcohol 143 in 90% yield and
subsequent protection with benzyl bromide furnistredcompound44 in 95% yield. Then
144 on treatment with PTSA in MeOH afforded the acaterdeprotected compourids
which on oxidative cleavage with sodium metaperiedand subsequent 2C Wittig

olefination of the corresponding aldehyde furnistiezlestef46 in 85% yield. The esteld6
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on regio and stereoselective ring opening of ameanoiety under acidic conditions gave the
amino alcohol147 in 85% yield. The compound47 on O-TBS protection followed by
cyclization under hydrogenation reaction conditidunsished the lactard49 in 88% vyield.
The reduction of lactani49 using BH.DMS and subsequent protection with (BQr)
afforded the compounti50 in 80% vyield. The target compou28 could be obtained from
150 by following the known literature procedJr‘é.
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Scheme 37. Reagents and conditions: (a) LAH, THF, 0°C, 1 h, 90%; (b) BnBr, NaH, TBA\I,
DMF, 95%; (c) PTSA, CEDH, 85%; (d) i) Nal@, (CHs).CO/H,O (2:1); ii) PRPCHCQEL,
PhCQH, PhMe, reflux, 85% (over two steps); (e) TFA, M/H,0 (9:1), 85%; (f) TBSCI,
Imidazole, DMAP, CHCI,, reflux, 90%; (g) H, 10% Pd(OHYC, EtOH, 88%; (h) i)
BH3.DMS, THF; ii) (BocYO, CHCl,, EN, 80% (over two steps).

Pansare, S. V. et al. (2012)"

S. V. Pansare and co-workers reported the syntl¢gi2S 3R)-3-hydroxypipecolic aci®8
starting from commercially available lactob®l in eight steps (Scheme 38). The lactabi

on vinylogous aldol reaction with benzaldehyde nesgence of catalyst59 provided the
alcohol152 in 74% vyield. The alcohd52 under hydrogenation reaction conditions afforded
the butyrolactond53 which on subseque@-mesylation of the secondary alcohol followed
by nucleophilic displacement with Ng®MF furnished the azido derivatiib5. The azide
derivative 155 on cyclization under hydrogenation reaction caodg using kKCOs/MeOH
afforded the lactami56 in 79% vyield. The amid&56 on reduction with BH.THF furnished
the piperidine derivativé57 in 96% yield. The piperidine derivatid&7 was first converted

to the N,O-bistrifluoroacetyl derivative and the trifluorodgate ester was replaced with an



acetate to delivet58 in 89% yield. The compountb8 on oxidation of the phenyl ring with

RuClk/NalO, followed by methanolysis of trifluoroacetamide aamktate afforded the target

compound28 in 58% yield.
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Scheme 38. Reagents and conditions. (a) PhCHO 159, CH,Cl, rt, 192 h, 74%; (b) K Pd/C,
rt, 4 h, 99%; (c) MsCl, BN, 0°C, 1 h; (d) Naly, DMF, 80°C, 4 h; (e) Pd/C, b K,COs;,
MeOH, rt, 4 h, 79%; (f) BEITHF, reflux, 5 h, 96%; (g) i) (GZEO)0, dimethylamino-
pyridine, E§N, CH,Cl,, 0 °C-rt, 12 h; ii) KCOs, THF, rt, 36 h; iii) (CECO)LO, Eg&N,
CH.Cl, rt, 12 h (89% over three steps); (h) i) R#S&alO,, CCL/CH3CN/HO, rt, 24 h; ii)
K2COs;, MeOH, rt, 12 h, 58% (over two steps).

321 Table 5 Comparison with the previous reported syntheses Dbf

deoxygalactonojirimycin26, cis-(-)-3-hydroxypipecolic acid28 and (R,3R)-3-hydroxy-2-

hydroxymethylpiperidin@7.
Sr. Syntheses Key step Overall | No. of
No. yield steps
1. | Under manuscript preparation | organocatalyzed self aldql 46% & | Six &
L reaction 56% five
(1-deoxygalactonojirimycin, (2R,3R)
3-hydroxy-2-hydroxymeth
ylpiperidine & 3-hydroxypipecolic
acid)
2. | Can.J. Chem. 2017, 1 o-chlorination and aldol 29% five
reaction

(1-deoxygalactonojirimycin)

3. | J. Org. Chem. 2016, 81, 7432 | Stereoselective addition to 44% Four
syn,anti-oxazine

(1-deoxygalactonojirimycin)

4. | J.Org. Chem. 2015, 80, 4776 | a-aminoxylation 35% eight

(1-deoxygalactonojirimycin)
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5. | Tetrahedron Lett. 2016, 57, L-proline catalyzed 18 & eight
2021 sequentiab-amination 23%

(3-hydroxypipecolic acid & (2R,3R)-
3-hydroxy-2-hydroxymeth

ylpiperidine)
6. | Tetrahedron Lett., 2014, 55, regioselective aziridine 24% ten
6423 ring opening

(3-hydroxypipecaolic acid)
7. | Org. Biomol. Chem. 2012, 10, | vinylogous aldol reaction 28% eight
2119

(3-hydroxypipecolic acid)

3.3 Present Work:

Herein, we are reporting a novel and flexible asce® the synthesis of 1-
deoxygalactonojirimycin26, cis-(-)-3-hydroxypipecolic acid28 and (R,3R)-3-hydroxy-2-
hydroxymethylpiperidin€7 employing the proline catalyzed MacMillan’s asyntneealdol
reaction, Mitsunobu inversion and Upjohn reactisrkay steps.

3.4 Results and Discussion:
Our synthetic approach towards the synthesis ofdxydiated piperidines and derivatives was
envisagedia the retrosynthetic route as outlined in Schemer&®. azido derivativé60 was
visualized as a synthetic intermediate from whietebxygalactonojirimycir26 could be
synthesizedvia catalytic hydrogenation followed by reduction ahide functionality and
following standard organic transformations. ThedaZi60 in turn could be accessed from
esterl61 by Mitsunobu inversion followed by asymmetric dihgxylation reaction.
OH
HO,, ('jiof OH OTIPS OH
o — L — CC
OH OH OTIPS OH
N N o N N
H H H
(o}
28

H

26

ﬂ ﬂ

162 27

N; OH O OH o}
TIPSO 2 —— TIPSO_ _A ——> TIPSO
v~ “OEt X okt NN
TIPSO  OH oTIPS
160 161 24

Scheme 39. Retrosynthetic analysis for hydroxylated piperidimad their derivatives.
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The cis-(-)-3-hydroxypipecolic acid8 and (R ,3R)-3-hydroxy-2-hydroxymethylpiperidine
27 could be obtained from common derivati¥®2 through amide reduction followed by
standard functional group manipulations. The laci&® in turn couldbe easily accessed
from ester161 via Mitsunobu inversion followed by catalytic hydroggion. The key
intermediate estet61 could easily be assembled from readily availablenoasilyl ether
protected terminal alcoh@4 via oxidation followed by MacMillan’s self aldol and g

olefination reactions.

The synthetic endeavour for 1-deoxygalactonojirimyab commenced with readily available
monosilylated ethylene glycd4, which can be easily synthesized from base catdlyz
selective protection of ethylene glycol with TIP${Scheme 40). Exposure of alcohz
under Swern conditiofind subsequentproline catalyzed MacMillan’s self aldol reaction
following the literaturé procedure furnished thenti-diastereome®5 as the major product
along with its column separabsyn-diastereomer in 4:1 ratio and 90% combined isdlate
yield, the™H NMR spectrum of25 gave aldehyde protons &t9.68 (singlet, one proton),
which on spontaneous treatment with (ethoxycarboettylene)triphenylphosphorane in
THF afforded thdarans-olefinic esterl6l in excellent yield. The IR spectrum $61 showed
hydroxyl absorption at 3450 ¢hand C=0 stretching at 1720 ¢m
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a g TIPSO _AL A
o\ OTIPS ——= [TIPSO No| oEt — P .
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24 25 161
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P c d
S0 N Noet —— § OBt — o OTIPS
TIPSO
OTIPS OH H
163 160 164
OH OH
HO,,, OTIPS HO,, OH
e f
— oTIPS — > OH
N N HCI
H H
165 26

Scheme 40. Reagents and conditions: (a) i) (COCI», DMSO, EgN, dry CHCl,, -78°C to r,
2 h; ii) L-proline (10 mol%), DMF, rt, 24 tgyn-isomer in 16% andnti-isomer in 74%; iii)
PPRCHCOOELt, THF, rt, 12 h, 85%; (b) DPPA, DEAD, TPRH, rt, 1 h, 88%; (c) OsQ
NMO, acetone:water (8:1), @-rt, 24 h, 91%; (d) b Pd/C (10%), BN, EtOAc, rt, 12 h,
94%; (e) BH.SMe, THF, 5°C, 12 h, 83%; (f) 6N HCI, reflux, 12 h, 88%.
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The*H NMR spectrum ofl61 gave olefin protons ak 6.98 (doublet of doublet, one proton)

with the coupling constant = 6.0 and 15.6 Hz andl 6.06 (doublet, one proton) with the

coupling constant] = 16.0 Hz, indicatingtrans-olefin and shows absence of aldehyde
protons.

Next, our attempt for conversion of free hydroxybgp of compound6l via O-mesylate
followed by nucleophilic displacement with NgBMF to azide 163 was sluggish.
Therefore, we performed the conversion of hydraygup of161 via DPPA/DEAD under
Mitsunobu condition which proceeded well to furnish the azith8 in 88% yield. The IR
spectrum of163 showed strong azide absorption at 2102 ckvith enantiomerically pure
azide 163 in hand, we then performed dihydroxylation usingONMO under Upjohn
conditions® which furnished the dial60 as a solitary diastereom®&The *H NMR of diol
160 indicated the absence of olefin protons.

Our next aim was to carry out the synthesis of bydated piperidine moiety. Towards this
end, compound60 was subjected to reductive lactamization undeinitd, pressure in the
presence of catalytic amount of Pd/C under basiadittons which furnished the
hydroxylated lactanml64 in 94% vyield. The lactami64 on BH;.SMe, mediated reduction
under anhydrous conditions afforded the hydroxdaigeridinel65 in 83% vyield. Finally,
O-TIPS deprotection of compourd®5 using 6N HCI under reflux conditions delivered the
deoxygalactonojirimycir26 as salt form in 88% yield. The physical and spectopic data of
1-deoxygalactonojirimycir26 were found to be in consonance with those repariethe

literature>®¢

Next, we moved further to extend the above develgbategy towards the synthesis of other
analogues of hydroxylated piperidines such s(-)-3-hydroxypipecolic acid28 and
(2R,3R)-3-hydroxy-2-hydroxymethylpiperidin@7 (Scheme 41). The synthesis @$-(-)-3-
hydroxypipecolic aci®8 and (&R,3R)-3-hydroxy-2-hydroxymethylpiperiding7 started with
azide derivativel63, which was subjected to hydrogenation in the preseof catalytic
amount of Pd/C under basic conditions to deliverldttam162 in 95% vyield (Scheme 41).
The lactam162 was then treated with Bf6Me, under anhydrous conditions to afford the
piperidine moiety, which on subsequent reactiorhwi#oc)»O/EtzN synthesized th&l-Boc
derivativel66 in 87% vyield.
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Scheme 41. Reagents and conditions: (a) H,, Pd/C (10%), BN, EtOAc, rt, 12 h, 95%; (b) (i)
BHs.SMe, THF, 5°C, 12 h; (ii) (Boc)O, E&N, DCM, rt, 12 h, 87%; (c) 6N HCI, reflux, 12
h, 91%; (d) TBAF, THF, rt, 12 h, 89%: () Ref. 12.

Finally, the concomitant global deprotectionMBoc andO-TIPS of piperidine derivative
166 was achieved in one puia reflux under acidic conditions which successfulslivered
the (R,3R)-3-hydroxymethylpiperidine27 as salt form in 91% vyield. The physical and
spectroscopic data of RBR)-3-hydroxymethylpiperidine166 were found to be in
consonance with those reported in the literatu®m the other hand, cleavage of triisopropyl
silyl group of compoundl66 using TBAF afforded the diol67 in 89% vyield. Finally
compound 167 on oxidation andN-Boc deprotection would furnish theis(-)-3-

hydroxypipecolic aci®8 using the known literature proceddfe.

3.5 Resear ch and Development (R & D):

3.5.1 Table 6. Optimization of conversion of alcohol to azide.

OH 0 N3 0
TIPSO __A N N0t Entry -7 miPso. X okt
OTIPS OTIPS
161 163
Entry Reagents Solvent Temp. (°C) Time (h) Result
(%oyield)
1 i) MsCl, EgN DCM 0°C to rt 20 min No desired
product
i) NaNs DMF 80 °C 12
2 i) MsClI, EgN DCM 0°C to rt 20 min No reactior
i) NaN3 DMSO 120°C 48
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3 i) TsCl, EgN DCM 0°C to rt 1 No reaction
i) NaNs DMF 80 °C 24

4 i) TsCl, DIPEA, DCM 0°Ctort 2 No reaction
DMAP
i) NaN3 DMSO 80°C 12

5 DPPA, DBU Toluene 8C to rt 24 No reactior

6 DPPA, EiN DMF 100°C 24 No reaction

7 TPP, DPPA, THF rt 1 88
DEAD

DEAD = Diethylazodicarboxylate, DPPA = Diphenylpbbsryl azide, TPP =

Triphenylphosphine

For the synthesis of azide derivatit63, we have optimized few reaction conditions as
described in table 6. The conversion of free hygdrgrxoup of compound6l via O-mesylate
followed by nucleophilic displacement with NaNh DMF at 80°C for 12 h was not
successful a¥H-NMR predicts the presence of mesyl group and ateption of one of the
TIPS protecting group (table 6, entry 1). Similafty changing solvent DMF to DMSO was
also not successful (table 6, entry 2). Then, comoe of hydroxyl groupvia O-Ts followed
treatment with Na®lin DMF at 80°C for 24 h was sluggish (table 6, entry 3). Sinhlar
conditions in entry 4 were also not working (tabJeentry 4). Then, treatment of alcohol with
DPPA/DBU in toluene at 6C to rt for 24 h was not fruitful (table 6, entry. Similarly,
treatment of alcohol with DPPA/f in DMF at 100°C for 24 h was sluggish (table 6, entry
6). Lastly, reaction of alcohol with TPP/DPPA/DEAD THF at rt for 1 h gave the azido
derivativel63 in 88% vyield (table 6, entry 7).

3.6 Conclusion:

In conclusion, we have developed a simple and iefficapproach for the synthesis of

hydroxylated piperidines and its applications toe thtotal synthesis of 1-
deoxygalactonojirimycin26, (2R,3R)-3-hydroxy-2-hydroxymethylpiperidin@7 and formal
synthesis otis-(-)-3-hydroxypipecolic aci@8 employing the proline catalyzed MacMillan’s

asymmetric aldol reaction, Mitsunobu inversion &fglohn reaction as key steps. We have

64



used MacMillan’s organocatalyzed self aldol reattas the source of chirality. For azide
formation of alcoholl61, DPPA/TPP/DEAD in THF was found to be the sucadsattempt
with good yield. We have achieved the synthesik-déoxygalactonojirimyci26 in six steps
with 46% overall yield and @ 3R)-3-hydroxy-2-hydroxymethylpiperidin27 in five steps
with 56% overall yield. Moreover, the described thytic strategy has significant potential
for further stereochemical variations at all thesgible positions to synthesize the other

hydroxylated piperidine alkaloids.
3.7 Experimental Section:

3.7.1 General Experimental Details:

All reactions were carried out under nitrogen ayoar atmosphere with dry, freshly distilled
solvents under anhydrous conditions unless othersgecified. All the reagents were added
eithervia syringe or cannula. Each distillation was perfadmeder an inert atmosphere. All
reactions have their respective temperatures witieir respective schemes. All evaporations
were carried out under reduced pressure on Heidolglny evaporator below 40 °C.

Chromatography

All reactions were monitored by Thin Layer Chrongatphy (TLC) carried out on 0.25 mm
E-Merck silica gel plates (60F-254) with UV lighthen were stained by ninhydrin or
anisaldehyde in ethanol or KMpQOn water as development reagents followed by brief
heating with a heat gun. Column chromatography weréormed on silica gel (60-120 and

100-200 mesh) using a mixture of ethyl acetate/hexas eluent.

Reagents and solvents

Solvents were obtained commercially and were usidowut purification unless otherwise
noted in experimentals. Distilled water was used dwery agueous reaction, work-up
procedure, and in the preparation of every agusolugion used in the work-up. For reaction
solvent, CHCI, was distilled from Cal} and THF was distilled under,Nrom sodium

benzophenone ketyl, all immediately prior to use.

Spectroscopic M easurements

'H NMR and**C NMR spectra were recorded on on JEOL ECS speetamoperating at
400 and 100 MHz, respectively, using tetramethstesl (TMS) as an internal standard.
Chemical shifts have been expressed in ppm ugjtsdgwnfield from TMS. Coupling
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constants,J, are listed in hertz (Hz). Optical rotations wemeasured on Automatic
polarimeter AA-65 and concentrations of g/100mLghiresolution mass spectra were
obtained by using electron spray ionization (E®W anass values are expressed as m/z. IR
spectra were recorded on Agilent resolution Pro BDAR spectrometer, fitted with a beam-
condensing ATR accessory and peaks are reportedcri'. Yields refer to

chromatographically and spectroscopically homogeseoaterials unless otherwise stated.

(2S,39)-3-hydroxy-2,4-bis((triisopr opylsilyl)oxy)butanal, 25°

To a stirred solution of oxalyl chloride (2.36 m27.46 mmol) in dry

mo

H

CH,Cl, (20 mL) at -78°C was added DMSO (4.02 mL, 56.72 mmol) rT"’SO\/'\|/§O
CH.Cl, (20 mL) dropwise over 15 min and stirred for aiddial 30 min at 25 0TS
-78°C. A solution of the monosilylated ethylene gly2d!(4.0 g, 18.31 mmol) in CiTI, (40
mL) was added dropwise to the above reaction mexéund stirred for another 30 min at -78
°C. Then E4N (11.20 mL, 80.52 mmol) in Ci€l, (30 mL) was added slowly at -?8 and

stirred for 1 h at room temperature. The mixtures widuted with water and organic layer

separated. The combined organic layer was driedanvgydrous N£&5O, and concentrated in
vacuo to give the crude aldehyde, which was usesliels for the next step without further

purification.

To a DMF (110 mL) solution of above crude aldehyetes added -proline (210 mg, 1.83
mmol) and stirred for 24 h at room temperature. fdseilting solution was diluted with ethyl
acetate (50 mL), washed successively with watex {® mL) and brine (2 x 10 mL). The
organic layer was separated, dried over anhydraS®I, concentrated in vacuo to afford
the anti/syn-diastereomeric mixture as pale yellowid. The anti-/syn-diastereomers were
separated and purified by silica gel column chramgaphy using EtOAc/hexane 1:99 v/v as
eluent to give thenti-diastereomel5 (5.8 g, 74%) as pale yellow liquidd NMR (400
MHz, CDCE) ¢: 9.68 (s, 1H), 4.26-4.24 (MH), 4.00-3.96 (m, 1H), 3.84 (dd,= 9.8, 6.5
Hz, 1H), 3.78 (ddJ = 9.5, 5.9 Hz1H), 2.40 (d,J = 3.04 Hz, 1H)1.11-1.03 (m, 42H)*C
NMR (100 MHz, CDC}) o: 202.3, 78.9, 74.2, 69.6, 62.6, 17.9, 17.8, 1P1283.

Ethyl(4R,5S,E)-5-hydr oxy-4,6-bis((triisopr opylsilyl)hex-2-enoate, 161

To a stirred solution of (ethoxycarbonylmethyleripjtenyl o

phosphorane (4.83 g, 13.86 mmol) in dry THF (30 nvas T'F’SO\/.\‘/§)L0Et
dropwise added a solution of the above aldeh3sl€4.0 g, 9.24 o

161

moO
I

mmol) in dry THF (30 mL) and stirred for 12 h abrm temperature. The reaction mixture
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was then concentrataeh vacuo and purified by silica gel column chromatograplsing
(EtOAc/hexane 1:49 v/v) as eluent to furnish thefinl161 (3.9 g, 85%) as a thick yellow
liquid. [Rs = 0.20, EtOAc/hexane 1:19 vivly]p? -41.0 (c 2.0, CHG); IR (CH,Cl,) v: 3450,
2943, 1720, 1364, 1174, 985, 757 tmH NMR (400 MHz, CDCJ) ¢: 6.98 (dd,J = 6.0,
15.6 Hz, 1H), 6.06 (dJ = 16.0 Hz, 1H), 4.62-4.60 (m, 1H), 4.19 (= 7.6, 14.4 Hz, 2H),
3.85-3.78 (m, 2H), 3.69-3.66 (m, 1H), 2.53 (s, 1HP9 (t,J = 6.8 Hz, 3H), 1.33-1.03 (m,
42H); **C NMR (100 MHz, CDGJ) J: 166.0, 146.4, 122.7, 74.8, 73.1, 63.5, 60.5, 6073,
17.9, 14.2, 12.3, 11.8; HRMS (ESI), calcd foseldssOsSi> [M + H]™ 503.3583; found
503.3581.

Ethyl(4R,5R,E)-5-azido-4,6-bis((triisopr opylsilyl)oxy)hex-2-enoate, 163
To a dry THF (15 mL) solution of alcoh&bl (3.5 g, 6.96 mmol)
were sequentially added triphenylphosphine (3.653392 mmol), | teso N
diethyl azodicarboxylate (2.20 mL, 13.92 mmol), hipyl OoTIPS

163
phosphorazidate (3.01 mL, 13.92 mmol) dropwiseoatir temperature and stirred for 1 h at

the same temperature. The reaction mixture was ¢beoentrated under reduced pressure
and purified by silica gel column chromatographyJE&c/hexane 1:99 v/v) to afford the
azide163 (3.2 g, 88%) as a yellow oil. [R 0.6, EtOAc/hexane 1 : 19 vivlg]p® +9.6 (c
1.0, CHCY); IR (CH.Cl,) v: 2924, 2866, 2102, 1717, 1462, 753'ctH NMR (400 MHz,
CDCl3) ¢: 6.93 (ddJ = 6.0, 15.6 Hz, 1H), 6.03 (d,= 16.0 Hz, 1H), 4.58-4.55 (m, 1H), 4.21
(q,J = 6.8, 14.0 Hz, 2H), 4.02 (dd,= 3.6, 10.8 Hz, 1H), 3.74-3.69 (m, 1H), 3.51-3(4Y,
1H), 1.30 (t,J = 7.2 Hz, 3H), 1.12-1.04 (m, 42H)Y*C NMR (100 MHz, CDG)) §: 165.9,
146.4, 122.2, 71.9, 67.7, 62.9, 60.5, 29.6, 17/98,114.1, 12.3, 11.8; HRMS (ESI), calcd for
Ca26Hs54N304Si; [M + H]* 528.3648; found 528.3628.

Ethyl(2R,3R,4S,5R)-5-azido-2,3-dihydr oxy-4,6-bis((triisopr opylsilyl)oxy)hexanoate, 160

To an acetone/water (18 mL, 8:1) solution of tHeea&163 (1.0 g, N, OH 0O

1.89 mmol) were added 0.1 M solution of Qsi@ toluene (0.94|TPSO OEt

mL, 5 mol %) and 50% solution &i-methylmorpholineN-oxide TIPSO 1606H

wmQ

(0.88 mL, 3.78 mmol) sequentially a0. After completion of the reaction as monitored by
TLC, sodium sulfite (238 mg, 1.89 mmol) was adde@® £&C and stirred for additional 1 h.
The crude product was then extracted with ethytadeq3 x 20 mL), dried over anhydrous
NaSQO,, concentrated in vacuo and purified by silica gellumn chromatography
(EtOAc/hexane 1:9 v/v) to provide the dit#0 (960 mg, 91%) as a white solid.;[R 0.4,
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EtOAc/hexane 1:4 viv]; mp = 172-178; [o]p®° +6.2 (c 1.0, CHG); IR (CH.Cl,) v: 3320,
2950, 2102, 1734, 1680, 1632, 1452, 858'ctil NMR (400 MHz, CDC)) o: 4.33-4.23 (m,
4H), 4.11-4.09 (m, 1H), 4.05 (d,= 5.2 Hz, 2H), 3.97 () = 7.2 Hz, 1H), 3.84-3.81 (m, 1H),
3.14-3.12 (m, 1H), 1.30 (f = 7.2 Hz, 3H), 1.14-1.05 (m, 42H}°C NMR (100 MHz,
CDCly) 0: 173.4, 74.0, 71.0, 70.1, 65.7, 62.7, 62.0, 18708, 14.0, 13.0, 11.8; HRMS (ESI),
caled for GgHseN306Si> [M + H]* 562.3702; found 562.3703.

(3R,4R,5S,6R)-3,4-Dihydr oxy-5-((triisopropylsilyl)oxy)-6-(((triisopr opylsilyl)oxy)methyl)
piperidin-2-one, 164

To an EtOAc (25 mL) solution of azidé0 (800 mg, 1.42 mmol) were
OH

added catalytic amount of &t and 10% Pd/C (100 mg) at roormofr:.ps

temperature. The reaction mixture was then sulgeitthydrogenation OTIPS

(o}
H
under 1 atmosphere pressure for 12 h. After thne tithe solution wag 164

filtered through Celite pad and washed with methaRoe filtrate was concentrated in vacuo
and purified by silica gel column chromatography(QE&c/hexane 1:4 v/v) to furnish the
lactam164 (650 mg, 94%) as a yellow liquid. {R 0.3, EtOAc/hexane 2:3 viv];o]p? -5.7

(c 1.5, CHCY); IR (CH,Cl,) v: 1680, 1409, 1390, 885 ¢in*H NMR (400 MHz, CDC))
6.16 (br s, 1H), 4.40-4.36 (m, 2H), 3.90-3.84 (r)),43.55-3.51 (m, 1H), 2.90 (br s, 1H),
1.18-1.03 (m, 42H)}*C NMR (100 MHz, CDGJ) 6: 171.9, 73.4, 69.7, 69.5, 64.2, 57.3, 18.2,
17.8, 12.9, 11.7; HRMS (ESI), calcd fop85,NOsSi, [M + H]* 490.3379; found 490.3364.

(3S,4R,55,6R)-5-((Triisopropylsilyl)oxy)-6-(((triisopropylsilyl)oxy)methyl)piperidine-
3,4-diol, 165

To a dry THF (15 mL) solution of lactai®4 (600 mg, 1.22 mmol) was

added BH.SMe (0.43 mL, 4.89 mmol) dropwise under argon &0 Ho,,h&jps

and warmed to room temperature for 12 h. The reaathixture was TIPS

H

then quenched by slow addition of MeOH (8 mL) o#dr. The reaction 165
mixture was then evaporated, diluted with water extdacted with ChCl, (3 x 20 mL). The

organic layer was dried over anhydrous8@;, concentratedh vacuo and purified by silica
gel column chromatography (EtOAc/hexane 2:3 viafford aminel65 (515 mg, 89%) as a
white solid. [R = 0.3, EtOAc/hexane 3:2 v/v]; mp = 181-1%3 [0]p? -46.0 (c 1.0, CHG);
IR (CH.Cl,) v: 3310, 1645, 1390, 878 c¢n'H NMR (400 MHz, CDCJ) §: 4.31 (t,J = 3.6
Hz, 1H), 3.96 (tJ) = 8.8 Hz, 1H), 3.85-3.81 (m, 1H), 3.70-3.66 (m)18162 (br s, 1H), 3.24-
3.20 (m, 1H), 2.89 (br s, 1H), 2.52-2.47 (m, 1HB8&L(br s, 3H), 1.19-1.02 (M, 42H)-*C
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NMR (100 MHz, CDCJ) &: 79.9, 74.9, 69.6, 69.4, 60.5, 47.2, 18.2, 17296,111.9; HRMS
(ESI), calcd for GiHsaNO4Si, [M + H]* 476.3586; found 476.3563.

1-Deoxygalactongjirimycin, 26°

A freshly prepared 6N HCI (10 mL) solution was adide aminel65
OH
(200 mg, 0.42 mmol) and refluxed for 12 h. The teacmixture was HO,,,.(S/\O/H
OH
N HCI

cooled to room temperature and washed with,@H (10 mL) to

- - -, H
remove organic soluble impurities. The aqueousrlégger was then 26

concentrated under high vacuum followed by overndylging under high vacuum furnished
the target compound 1-deoxygalactonojirimy2éin salt form as a light brown oil (57 mg,
85%). []p>° -54.5 (c 0.155, bO)]; [lit.> [a]p®® -54.8 (c 0.155, bD)]; IR (neat)v: 3358,
3045, 2962, 1657, 1556, 1290, 1164, 1056, 998,cri38 *H NMR (400 MHz, DO) o: 4.14
(br s, 1H), 4.08-4.01 (m, 1H), 3.87-3.75 (m, 2HE3B3.60 (m, 1H), 3.48 (dd, = 5.6, 12.4
Hz, 1H), 3.40-3.37 (m, 1H), 2.84 @,= 11.9 Hz, 1H);*C NMR (100 MHz, BO) é: 72.9,
66.9, 64.6, 60.0, 59.1, 46.1.

(5R,6R)-5-((Triisopropylsilyl)oxy)-6-(((triisopropylsilyl)oxy)methyl)piperidin-2-one, 162

To an EtOAc (25 mL) solution of azide3 (1.0 g, 1.89 mmol) wer

OTIPS
added catalytic amount of & and 10% Pd/C (50 mg) at room mom
(o} N
temperature. The reaction mixture was then suljettiehydrogenation .

162

under 1 atmosphere pressure for 12 h. After thig tithe solution was filtered through Celite
pad and washed with methanol. The filtrate was eotratedn vacuo and purified by silica
gel column chromatography (EtOAc/hexane 1:4) tmilr lactaml62 (820 mg, 95%) as a
semi solid. [R= 0.3, EtOAc/hexane 3:7 vIV]p]p?® -24.6 (c 0.9, CHG); IR (CH.CL,) v:
1670, 1415, 1390 cth *H NMR (400 MHz, CDCY)) 6: 6.06 (br s, 1H), 4.25-4.22 (m, 1H),
3.90-3.79 (m, 2H), 3.53-3.49 (m, 1H), 2.65-2.57 @A), 2.37-2.28 (m, 1H), 2.07-1.99 (m,
1H), 1.90-1.81 (m, 1H), 1.12-1.02 (m, 42HC NMR (100 MHz, CDGJ) 4: 171.0, 65.2,
64.5, 59.0, 28.1, 27.0, 18.0, 17.8, 12.5, 11.7; HRMESI), calcd for €Hs,NOsSi; [M + H]*
458.3480; found 458.3483.

tert-Butyl(2R,3R)-3-((triisopr opylsilyl)oxy)-2(((triisopropylsilyl)oxy)methyl)piperidine-
1-carboxylate, 166
To a dry THF (15 mL) solution of lactad62 (800 mg, 1.74 mmol) was added BSMe

(0.46 mL, 5.24 mmol) dropwise under argon 4C0and warmed to room temperature for 12



h. The reaction mixture was then quenched by sldditian of MeOH (8 oTPS
mL) over 4 h. The reaction mixture was then evajeokadiluted with water (I/OT,PS
N

Boc

and extracted with Ci€l, (3 x 20 mL). The organic layer was dried over =

anhydrous Nz50,, concentrated in vacuo and purified by silicagdumn chromatography
(EtOAc/hexane 3:7) to afford amine derivative whiwhs used as such for the next step
without further purification.

To a CHCI, (10 mL) solution of above synthesized amine wetéed triethylamine (0.53
mL, 4.05 mmol) followed by di(tert-butyl)dicarboreaf0.65 mL, 2.70 mmol) and stirred for
12 h at room temperature. The reaction mixture didiged with water, extracted with
CH.Cl,, dried over anhydrous NaO, concentratedn vacuo and purified by silica gel
column chromatography (EtOAc/hexane 1:99) to afft§@ (675 mg, 92%) as a colorless oil;
[R; = 0.65, EtOAc/hexane 1:19 vivli]p?® -32.5 (c 0.5, CHG); IR (CH.Cl,) v: 2938, 1685,
1523, 1249, 885 cih) *H NMR (400 MHz, CDC}) 6: 4.45-4.41 (m, 1H), 4.11-3.93 (m, 3H),
3.86-3.76 (m, 2H), 1.80-1.51 (m, 4H), 1.43 (s, 9H),2-1.00 (m,42H)**C NMR (100 MHz,
CDCl) 6: 155.2,79.1, 69.8, 58.1, 57.5, 37.1, 29.7, 28432, 18.0, 12.1, 11.8; HRMS (ESI),
calcd for GoHgaNO,Si [M+H] ™ 544.4212; found 544.4220.

(2R,3R)-3-hydr oxy-2-hydr oxymethylpiperidine, 27

A freshly prepared 6N HCI (10 mL) solution was adide compound.66 on

(200 mg, 0.36 mmol) and refluxed for 12 h. The teacmixture was (\/(/0”
N

H
27

.HCI

cooled to room temperature and washed withb@H(10 mL) to remove

organic soluble impurities. The aqueous layer layes then concentrated under high
vacuum followed by overnight drying under high vaeu furnished the target compound
(2R,3R)-3-hydroxy-2-hydroxymethylpiperidin@7 as a brown waxy solid (38 mg, 80%).
[a]p®°-13.1 (c 2.5, KO); [Iit.°° [a]p®-13.2 (c 2.51 , bD); *H NMR (400 MHz, BO) 5: 4.14
(br s, 1H), 3.83-3.79 (m, 1H), 3.74-3.69 (m, 1H}133.37 (m, 1H), 3.31-3.25 (m, 1H), 3.03-
2.96 (m, 1H), 2.04-1.90 (m, 2H), 1.75-1.67 (m, 2H% NMR (100 MHz, RO) J: 62.6, 60.4,
59.9,44.2, 28.4, 16.4.

tert-Butyl(2R,3R)-3-hydr oxy-2-(hydr oxymethyl)piperidine-1-car boxylate, 167"
To a dry THF (5 mL) solution of the compouh@6 (0.2 mL, 0.36 mmol) was on
added TBAF (1.10 mL, 1.0 M in THF, 1.10 mmol) abmo temperature anc (NI/OH

Boc
j 167

stirred for 12 h. The reaction mixture was diluteith ethyl acetate, washe

with water, dried over anhydrous M0, concentratedn vacuo and purified by silica gel
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column chromatography (EtOAc/hexane 1:1 v/v) to@ffthe compound67 (75 mg, 89%)
as a white solid. [R= 0.4, pure EtOAc Vv/V]; mp = 115-1PT {[a]p* -24.3 (c 0.7, MeOH)},
{lit. " [a]p>® -24.0 (c 0.7, MeOH)}; IR (CkLCly) v: 3315, 1720, 1680, 1435 ém'H NMR
(400 MHz, CDC}) d: 4.44-4.40 (m, 1H), 4.15-4.10 (m, 1H), 3.96-3.81, (H), 3.84-3.69 (m,
3H), 1.88-1.83 (m, 1H), 1.75-1.68 (m, 1H), 1.669L(&, 1H), 1.52-1.48 (m, 1H), 1.45 (m,
9H); **C NMR (100 MHz, CDGJ) ¢: 155.6, 80.2, 69.4, 59.3, 55.9, 39.6, 29.6, 2836;
HRMS (ESI) calcd for GH-,NO,4 [M + H]™ 232.1544; found 232.1544.
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3.8 Spectra:
1.*H and®*C NMR spectra 025
2.'H and**C NMR spectra o161
3.'H and**C NMR spectra 0163
4.'H and**C NMR spectra 0160
5.'H and**C NMR spectra 0164
6.'H and**C NMR spectra o165
7.*H and**C NMR spectra o026
8.'H and'*C NMR spectra 0162
9.'H and**C NMR spectra 0166
10.'H and**C NMR spectra 027
11.'H and**C NMR spectra o167
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CHAPTER 4

Enantioselective approach towards the total synthésof
(-)-(R)- and (+)-(S)-rolipram




Enantioselective approach towar dsthetotal synthess of
(-)-(R)- and (+)-(S)-rolipram

4.1 Introduction:

Chirally branched pyrrolidones are among the masdtive heterocyclic compounds in organic
chemistry due to their ubiquitous structural motifsratural and unnatural products with varied
biological activity: Among themy-aminobutyric acid (GABA) and its analogues rolipré4a-
44b), brivaracetaml68 and §)-pregabalin169 are useful division of compounds possessing
interesting pharmacological activities (Figure i0jhe rolipram 44a-44b) are simple cyclo-
GABA derivative possessing a catechol type ringhatal carbon (C-3y.The (+)-rolipram was
discovered and developed by Schering AG pharmaadompany at Berlin, Germany in early
1990 and it acts as a selective phosphodiesteraseiditothand potential antidepressant drug.
The most active enantiomemR)(rolipram 44a is an advanced novel class of effective
antidepressant drug with additional possible enfatibich act as selective inhibitor for cardiac
cyclic AMP phosphodiesterase, present in brairuéssnd mainly effective for the PDE4B and
subtype of PDE4. Additionally, (R)-rolipram 44a has also been proposed as a
antiinflammatory,  immunosupressanft, putative antiparkinsoniah, neuroprotectivé,
antipsychotit® and has been suggested for the treatment of feuttgerosis’ The [R)-44a and
(9-rolipram 44b have been synthetic target of considerable intefes academia and
pharmaceutical industries due to its high antidegaet activity combined with attractive
structural features.

o}

NH NH
(o] o \\\\‘d 07N HO
G/ O/ Et\“‘I\IrNH2 H>N
(o) (o]
I I °
44a 44b 168

Figure 10. Some structures of GABA derivative®ia-44b).

<
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4.2 Review of Literature:
Various elegant studies and syntheseRp#da and §)-rolipram44b have been documented in
the literature” Most of the synthesis described employed the bifanal catalyst mediated

asymmetric Michael addition of malonate nucleoshildesymmetrization of glutaric anhydride
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and the chiral heterogeneous catalysts as key Stepe of the recent syntheses R)f-44a and

(9-rolipram44b are described below.

Hamersak, Z. (2013)*¢

Z. Hamersak and co-workers reported the enanticthetesynthesis ofRf)-44a and ©)-rolipram
44b by cinchona alkaloid catalyzed opening of cyclinhydride (desymmetrization of glutaric
anhydride) as key step (Scheme 42). The aldehyternmediate170 was obtained from
commercially available isovanilliia O-alkylation with cyclopentylbromide in 95% yieldh&
aldehyde 170 on condensation with ethylacetoacetdtél followed by hydrolysis with
concentrated alkali afforded the glutaric acid imtediate which on subsequent treatment with
acetic anhydride furnished the anhydriti® in 93% vyield. The quinine mediated opening of
anhydridel72 with benzyl alcohol or cinnamyl alcohol furnishester173 in 98% vyield orl74

in 95% yield, respectively. The corresponding estetreatment with DPPA afforded the azide
derivative which was thermally rearranged into astable isocyanate intermediate and reacts
with a nucleophile to affordN-protected aminoester followed by thermal decarkaion to
furnish the cyclized producRj}-rolipram 44a in 51% vyield. The synthesis o§)rolipram 44b

was performed by following an analogous serieeattions as described in Scheme 42.

o
~ ~
o ~o 0 0
: ° O\Q OD
a b c
_ = _ = - =
170 \O
N
o - COOR
0o o COOH HN
)l\/u\o& o o 7o 173 R=Bn °
171 172 174 R=Cinn 44a

Scheme 42. Reagents and conditions. (a) i) piperidine, EtOH, rt, 2 days, 73%; i) KQH
H,O:EtOH, rt, 4 days, 74%; iii) A©, 110°C, 30 min, 93%; (b) quinine, BnOH or CinnOH, rt, 3
days, 98% fo 73 and 95% forl74; (c) DPPA, E#N, toluene, 90C, 30 min, 51%.

Liao, J. (2011)*

J. Liao and co-workers reported the total synthedigS)-rolipram 44b employed the Rh-
catalyzed asymmetric 1,4-addition of arylboronidado ethyly-phthalimidocrotonate by using
bis-sulfoxide ligands as key step (Scheme 43). {HEeethyl-4-bromobut-2-enoat&75 on
treatment with phthalimide potassium salt affordbd ethyly-phthalimidocrotonated76 in
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excellent yield. The compound76 which on treatment with 3-cyclopentoxy-4-MeghGz-
boronic acid178 in the presence of ligan®RR)-L 177 furnished the phthalimide intermediate
179 in 85% yield. The ester derivatid9 on phthalimide deprotection with hydrazine hydrate

and cyclization under basic conditions afforded tdrget compoundS-rolipram 44b in 78%

yield.
0 COOEt
COOEt _/_/
a N
_/=/ e —— %""S\ /S—é
Br ) \0 o/
R,R)-L 177
175 176 (RR)

COOEt

o B(OH), Q
— O—o MeO.
N N LI N _° .
" T

(o] o

o
° OMe EtOOC NH
176

178 179 44b

Scheme 43. Reagents and conditions: (a) Potassium phtahlimide, DMF, rt, 12 h, 90%) (b
[(RRL177-RhCl]; (2.5 mol%), CHCI»:H,O, KOH (50 mol%), 40°C, 1.5 h, 85%; (c) i)
NH.NH,, THF, 0°C-rt, 5 h; i) E§N, toluene, reflux, 20 h, 78% (over two steps).

Lin, G. Q. (2011)"®

G. Q. Lin andco-workers described the asymmetric synthesigRpfdlipram 44a employedthe

rhodium/diene-catalyzed asymmetric addition of lmoybnic acids tax,f-unsaturateg-lactams
(Scheme 44)The boronic acid derivativé78 on enantioselective addition to lactd®0 in the

presence of rhodium complé82 afforded theN-Boc protected lactam derivativi8l in 98%

yield with 99% ee (after single crystallizationhd& compound81 on N-Boc deprotection with

TFA furnished the final compoun®)-rolipram44a in quantitative yield.

o o
B(OH), Ph
(o] Boc\N Q HN Q
D sy b
Boc~y — ", — .,
/ v, K

Ph

OMe 182

OMe OMe
178 180 181 44a

g

Scheme 44. Reagents and conditions: (a) [RhCI(GHa)2]2/182 (3 mol% Rh), toluene/}D, EgN,
60°C, 98%; (b) TFA, CHCI,, 0°C-rt, quantitative.
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Dixon. D. J. (2008)

D. J. Dixon and co-workers reported the synthedis(R)-rolipram 44a employed the
enantioselective Michael addition of malonate nogleles as key step (Scheme 45). Isovanillin
41 on O-alkylation with cyclopentylbromide in presencelmse funished the aldehydé0 in
87% yield which on Henry condensation reaction ratéal the nitro olefi5 in 92% yield. The
olefin 45 on treatment with dimethyl malonate under enastegive Michael addition using
185 furnished the este83 in 96% yield with 94%ee. The nitro group ofl83 on reduction with
nickel boride afforded the-lactam 184 in 96% vyield followed by hydrolysis/thermolysis
furnished the decarboxylated produgj}-(olipram44a in 94% yield.

Q Q ? o o
HO. fo) fo) A _NO, MeO OMe
No a No b c
_a_ _b _c . NO,
MeO MeO' MeO
41 170 45 MeO 183
F1C

I 7 " \@
)—NH N
EtO

) N, NH FoC $

_d_ o ) — H
N/,
N

MeO 184 MeO 44a

Scheme 45. Reagents and conditions. (a) cyclopentylbromide, ¥COs;, DMF, 100°C, 30 h,
87%; (b) MeNQ, NH4OAc, 130°C, 24 h, 92%; (c185, dimethyl malonate, C}l,, -20 to 0°C,
96 h, 96%; (d) NiGLH,O, NaBH, EtOH, 0°C, 2 h, 96%; (e) i) LIiOH.KD, THF, rt, 2 h; ii)
PhMe, reflux, 12 h, 94%.

4.2.1 Table 7. Comparison with the previous reported synthesefRp#da and Q-rolipram
44b.

Sr. Syntheses Key step Overall | No. of
No. yield steps

1. | Tetrahedron Lett. 2017, 58, diphenylprolinol silyl ether | 66% & | Three
4333 [(R)-rolipram] catalyzed Michael addition 69%

2. | Tetrahedron: Asymmetry 2013, | desymmetrization of glutaric| 25% five
24, 217[(R)-rolipram] anhydride
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3. | Tetrahedron Lett. 2011, 52, 830 | Rh/(R,R)-1,2-bis(tert- 59% three
i butylsulfinyl)benzene
[(9-rolipram] complex
4. | Org. Lett. 2011, 13, 788 Rh/diene catalyzed - two
R1rol asymmetric addition of
[(R)-rolipram} arylboronic acids te., 8-
unsaturateg-lactams
5. | Org. Lett 2008, 10, 1389 Michael addition of malonate 63% SiX
[(R)-rolipram]
4.3 Present Work:

As part of research programme directed towardaslyenmetric synthesis of biologically active
compounds, we became interested in developing | ahd efficient route toR)-44a and ©)-
rolipram 44b with two different strategies employing the orgeatalyzed asymmetric Michael
addition, Henry condensation, Wittig olefinatiordareductive lactamization reactions as the key

steps.

4.4 Results and Discussion:

Our synthetic approach for the enantioselectivethmgis of pyrrolidone skeleto®86 was
envisionedvia the retrosynthetic route as depicted in SchemeThé. ester derivativé87 was
visualized as a synthetic intermediate from whighrgdidone 186 and rolipram 44a-44b) could
be easily synthesizeda intramolecular cyclization under hydrogenation ditions. The ester
derivative 187 in turn could be synthesized from olefi88 or 189 by means ofR)- and §-
diphenylprolinolsilyl ether mediated asymmetric kael addition reactions followed by
standard organic transformations. The nitro oldfierivative 188 could be derived from
commercially available isovanillin4l through base -catalyze®-alkylation and Henry
condensation reaction, whereas olefinic es88rcould be easily synthesized from isovaniliih
via O-alkylation and 2C-Wittig olefination. Thus, in paiple, both the enantiomers of rolipram
(44a-44b) along with different substitutions d@D-site could be accessed by two different
approaches.
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R' = cyclopentyl = Me, Et COOEt, 189

Scheme 46. Retrosynthesis of pyrrolidone skelettdyv.

The synthesis ofR)-rolipram 44a started with commercially available isovanildd which on
treatment with cyclopentylboromide under basic ctads followed by 2C-Wittig olefination
with (ethoxycarbonylmethylene)triphenylphosphoramel HF afforded therans-olefinic ester
42 in 92% vyield (Scheme 47). The IR spectrun#®dthowed olefin C=0 stretching at 1730 cm
! The'H NMR spectrum o#i2 gave olefin protons at 7.62 (doublet, one proton) and6.29
(doublet, one proton) with the coupling constdnt 16.0 and 16.0 Hz, respectively indicating
trans-olefin. The DIBAL-H reduction of este42 at -78 °C to a,4-unsaturated aldehyde and
subsequent asymmetric Michael oxidative esterificéf with nitromethane in the presence of
catalytic amount of R)-diphenylprolinol silyl ether (10 mol%) furnishetie nitro aldehyde
adduct which omn situ treatment with NBS/MeOH furnished thanitroeste4d3 in 78% yield.

With enantiomerically pure estdB in hand, it was then subjected to intramolecuéaluctive
lactamization under 1 atmyHbressure in presence of catalytic amount of PAd/EXDAC/EgN to
furnish the R)-rolipram 44a in 92% yield and >99%e™ {[ ¢]p>° -31.1 ¢ 1.05, CHOH), [lit."*'
[a]p® -31 € 1.05, CHOH)]}. The spectroscopical and physical data RErolipram 44a were
found to be in full agreement with the literatugad*™""

o}
HO. o N
D/§o a g OEt b
o o

Cfijécr"

Scheme 47. Reagents and condltlons. @) cyclopentylbromlde, ¥COs, DMF, 100°C, 30 h; ii)
PPhRCHCOOEL, THF, rt, 12 h, 92% (over two steps); (bPIBAL-H, CH,Cl,, -78°C, 1 h; ii)
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(R)-diphenylprolinol silyl ether, CENO,, benzoic acid, MeOH, 16 h, rt; iii) NBS, 16 h’@,
78% (over three steps); (cpHPd/C (10%), BN, EtOACc, rt, 12 h, 92%.

In another approach, the synthesis Bj-rolipram 44a commenced with treatment of the
isovanillin 41 with cyclopentylbromide under basic conditionddwled by Henry condensation
reaction with nitromethane to afford the nitro @ie#5 in 87% yield (Scheme 48" The IR
spectrum of45 showed olefin C=C stretching at 1650 tnThe'H NMR spectrum o#5 gave
olefin protons ab 7.96 (doublet, one proton) and’.51 (doublet, one proton) with the coupling
constantsJ = 13.6 and 13.6 Hz, respectively indicatitrgins-olefin. Asymmetric Michael
addition of acetaldehyde to nitro olef#5 in the presence of catalysR){diphenylprolinol silyl
ether* (10 mol%) in a sealed tube afforded the nitroaydehadduct® which on spontaneous
oxidation with oxon¥ and subsequent esterification using TMSCI/EtOHuccessfully
furnished the ester derivativé6 in 85% vyield. Our next endeavour was to carry the
intramolecular reductive lactamization at the niggoup site. Towards this end, nitroestér
underwent hydrogenation in the presence of cataiytiount of Pd/C in EtOAc/EN to deliver
the target compoundRf-rolipram 44a in 93% yield and >99%e'® {[o]p® -31.1 € 1.05,
CH5OH), [lit.™*" {[a]p® -31 € 1.05, CHOH)]}. The spectral and physical data &)<folipram

44a was found to be in consonance with those repantétue literaturec"H

Dﬂ o D/\V

crijécr"

Scheme 48. Reagents and conditions: (a) i) cyclopentylbromide, ¥COs;, DMF, 100°C, 30 h; ii)
CH3NO,, NH OAc, 130 °C, 24 h, 87% (over two steps); (b) i) acetaldehyd®)-

diphenylprolinolsilyl ether, 1,4-dioxane,°€ to rt, 18 h; ii) oxone, DMF, rt, 12 h; iii) TMSCI
EtOH, rt, 12 h, 85% (over three steps); (¢) Pld/C, E4N, EtOAc, rt, 12 h, 93%.

The ©-rolipram 44b was also synthesized in >998'° {[ «]p?®> +31.8 € 0.6, CHOH) [lit.*"

[a]o" +31 € 0.6, CHOH)]} following an analogous series of reactionsshewn in Scheme 48
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using the $)-diphenylprolinol ether catalyst during the asyntmieceMichael addition step. The
spectral and physical data &){rolipram 44b was found to be in accordance with the literature

datattcd

4.5 Conclusion:

In conclusion, we have disclosed a novel, short pratecting group free enantioselective
syntheses ofR)-44a and §)-rolipram 44b from commercially available isovanillin as a dtagt
material employing theR)- and §-diphenylprolinol silyl ether mediated asymmetkitichael
addition reaction as key step. We have used dippsiyol silyl ether catalyzed Michael
addition reaction as the source of chirality. Asnpared to the previous synthesis we have
achieved the target compound)-folipram 44a in high overall yield, 66% and 69% with two
different strategies after three column chromatpigi@ purification steps. The merits of our
synthesis are high enantioselectivity (i.e. >9@# and high yielding reaction steps. The
synthetic approach also has significant potenbalthie variation aD-alkyl site to synthesize

variousy-pyrrolidone derivatives with expected increasbimlogical activities.
4.6 Experimental Section:

4.6.1 General Experimental Details:

All reactions were carried out under nitrogen ogosr atmosphere with dry, freshly distilled
solvents under anhydrous conditions unless othenspecified. All the reagents were added
eithervia syringe or cannula. Each distillation was perfadmmder an inert atmosphere. All
reactions have their respective temperatures withér respective schemes. All evaporations
were carried out under reduced pressure on Heidolalny evaporator below 40 °C.

Chromatography

All reactions were monitored by Thin Layer Chrongaphy (TLC) carried out on 0.25 mm E-
Merck silica gel plates (60F-254) with UV light,eith were stained by ninhydrin or anisaldehyde
in ethanol or KMnQ in water as development reagents followed by bnesting with a heat
gun. Column chromatography were performed on sgdiela(60-120 and 100-200 mesh) using a

mixture of ethyl acetate/hexane and methanol/ dranhethane as eluent.
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Reagents and solvents

Solvents were obtained commercially and were us#dtbwut purification unless otherwise noted
in experimental. Distilled water was used for evagyeous reaction, work-up procedure, and in
the preparation of every aqueous solution usetamiork-up. For reaction solvent, gEl, was
distilled from CaH, and THF was distilled under,Nrom sodium benzophenone ketyl, all

immediately prior to use.

Spectroscopic M easurements

'H NMR and™*C NMR spectra were recorded on on JEOL ECS speetamoperating at 400
and 100 MHz, respectively, using tetramethylsildi®S) as an internal standard. Chemical
shifts have been expressed in ppm uri)sdownfield from TMS. Coupling constant3, are
listed in hertz (Hz). High resolution mass speotvare obtained by using electron spray
ionization (ESI) and mass values are expressed/as | spectra were recorded on Agilent
resolution Pro 600 FT-IR spectrometer, fitted watbeam-condensing ATR accessory and peaks
are reported in cth Yields refer to chromatographically and spectopécally homogeneous
materials unless otherwise stated. The enantiorperity (ee) was determined by Thermofisher

HPLC analysis using chiralcel 1A chiral columny(®!, 4 x 250 mm).

Ethyl (E)-3-(3-(cyclopentyloxy)-4-methoxyphenyl)acrylate, 42

To a THF (10 mL) solution of (ethoxycarbonylmetmggtriphenyl
(o}
phosphorane (1.7 g, 4.92 mmol) was added dropwiselwdion of o:©/\)koﬂ
cyclopentyl substituted aldehyde synthesized freavanillin 41 in O/o
I 42

THF (5 mL) and stirred for 12 h at room temperatdiee reaction

mixture was then concentratadvacuo and purified by silica gel column chromatographings
(EtOAc/hexane 1:9 v/v) as eluent to furnish trens-olefin 42 (875 mg, 92%) as a thick yellow
liquid. IR (CHCL,) v: 2241, 1730, 1374 ch *H NMR (400 MHz, CDC}) ¢: 7.62 (d,J = 16.0
Hz, 1H), 7.08-7.05 (m, 2H), 6.83 (d,= 8.8 Hz, 1H), 6.29 (d]) = 16.0 Hz, 1H), 4.82-4.76 (m,
1H), 4.25 (gJ = 6.8, 14.0, 2H), 3.84 (s, 3H), 1.99-1.78 (m, 6HE6-1.56 (m, 2H), 1.32 (§,=

7.2 Hz, 3H);**C NMR (100 MHz, CDGJ) o: 167.1, 151.8, 147.6, 144.5, 127.0, 122.1, 115.4,
112.9, 111.3, 80.2, 60.1, 55.8, 32.6, 32.6, 243(9,214.2; HRMS (ESI), calcd for;@,30," [M

+ H]" 291.1591; found 291.1576.
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Methyl (R)-3-(3-(cyclopentyloxy)-4-methoxyphenyl)-4-nitrobutanoate, 43
To a CHCI, (10 mL) solution of este42 (400 mg, 1.37 mmol) wag

(o]
added DIBAL-H (0.85 mL, 1.51 mmol, 1.75 M in tol@nat -78°C OMe
and stirred for 1 h at the same temperature. Thetiom mixture was O/O oz

(o)
I 43

guenched with saturated aqueous solution of sogiotassium tartrate

and stirred for additional 30 min. The organicelayas separated and the aqueous phase was
extracted with CHCI, (3 x 20 mL). The combined organic layer was dreaeér anhydrous
NaSO, and concentrateth vacuo to give a,f-unsaturated aldehyde as a yellow liquid, which
was used as such for the next step without fugthefcation.

To a CHOH (0.5 mL) solution of above aldehyde was addémethan€0.2 mL, 4.13 mmol),
(R)-diphenyltrimethylsiloxymethylpyrrolidingd mg, 0.02 mmol) and benzoic acid (33 mg, 0.27
mmol) at room temperature. After stirring the mnetdior 16 h, reaction mixture was then cooled
to 4 °C,N-bromosuccinimidg730 mg, 4.13 mmol) was added and the mixture wiagd for
additional 16 h. Then, the reaction mixture waterfdd through a pad of celite, washed with
EtOAc, dried over anhydrous p&0, and concentrateish vacuo. The crude product was purified
by silica gel column chromatography (EtOAc/hexarty 1o furnish the methylestdB (450 mg,
78%) as a yellow liquida]p>-20.5 € 0.8, CHOH); IR (CH,Cl,) v: 1726, 1525, 1360 ¢ *H
NMR (400 MHz, CDCY}) ¢: 6.81 (d,J = 7.6 Hz, 1H), 6.74-6.71 (m, 2H), 4.77-4.67 (m,)2H
4.62-4.57 (m, 1H), 3.94-3.87 (m, 1H), 3.81 (s, 3BH3 (s, 3H), 2.74 (dl = 7.6 Hz, 2H), 1.97-
1.77 (m, 6H), 1.66-1.56 (m, 2H}*C NMR (100 MHz, CDG)) ¢: 171.1, 149.6, 147.7, 130.3,
119.0, 114.2, 112.0, 80.4, 79.6, 55.9, 51.9, 39776, 32.7, 32.7, 24.44{RMS (ESI), calcd for
Ci17/H24NOg" [M + H]* 338.1598; found 338.1582.

(R)-Rolipram, 44a™"
To an EtOAc (25 mL) solution of methyles#3 (100 mg, 0.30 mmol)

(o]
were added 10% Pd/C (30 mg) and catalytic amourtsd at room o NH
temperature. The reaction mixture was then sulgeiténydrogenation g

(o}
I 44a

under 1 atmosphere pressure for 12 h. After thepbetion of reaction,

the solution was filtered through Celite pad andsheal with methanol. The filtrate was
concentratedn vacuo and purified by silica gel column chromatograpBy(Ac) to furnish the
(R)-rolipram 44a (68 mg, 92%) as a white solid with >998& [R; = 0.2, pure EtOAc]mp =
130-132°C; {[0]p?®-31.1 € 1.05, CHOH), [lit.** [a]p®-31 € 1.05, CHOH)]}. IR (CH,Cl,) v:

96



3450, 1535, 1280 chm 'H NMR (400 MHz, CDCY) é: 6.85-6.71 (m, 3H), 6.01 (brs, 1H), 4.79-
4.74 (m, 1H), 3.83 (s, 3H), 3.77-3.72 (m, 1H), 3%80 (m, 1H), 3.40-3.36 (m, 1H), 2.76-2.64
(m, 1H), 2.47 (ddJ = 9.2, 16.8 Hz, 1H), 1.97-1.79 (m, 6H), 1.64-1(66 2H); *C NMR (100
MHz, CDCk) o: 177.5, 149.0, 147.8, 134.3, 118.7, 113.6, 11804, 56.0, 49.6, 39.9, 37.9,
32.7, 24.0HRMS (ESI), calcd for gH,oNOs™ [M + H]* 276.1594; found 276.1595.

The enantiomeric puritye€) was determined by HPLC analysis using a Chiralalchiral
column (4.6 x 250 mm) using mobile phase of (24&gamel-PrOH, flow rate of 1 mL/min at 25
°C, UV detection at 210 nm)RJ-enantiomer:,t= 32.668 min, §-enantiomer:t= 36.624 min.

(E)-2-(Cyclopentyloxy)-1-methoxy-4-(2-nitr ovinyl)benzene, 45

To a DMF (70 mL) solution of isovanillidl (500 mg, 3.28 mmol) was

0. X NO,
added KCO; (680 mg, 4.92 mmol), cyclopentylbromide (0.45 ng D/\/
4.27 mmol) and heated at 168G for 30 h. After the completion o (I) 45

reaction as monitored by TLC, the mixture was codie room temperature, quenched with
saturated aqueous NEI solution and extracted with EtOAc (3 x 40 mLheTorganic extracts
were combined, washed with water, dried over artiyslNaSQO,, concentratedh vacuo to give
cyclopentylaldehyde as a brown liquid, which wa®clly used for the next step without further
purification.

To a stirred solution of the above crude aldehyds added nitromethane (15 mL), ammonium
acetate (250 mg, 3.28 mmol) and heated at°C3for 24 h. The reaction mixture was cooled to
room temperature, concentratéd vacuo, dissolved in a mixture of Gi€l,/H,O (1:1) and
extracted with CEHCI, (3 x 50 mL). The combined organic layer was washét brine, dried
over anhydrous N&O; concentrated under reduced pressure and purbiedsilica gel
chromatography (EtOAc/hexane 1:19) as eluent toighrthe compound5 (750 mg, 87% yield)
as a light yellow solid[R; = 0.6, EtOAc/hexane 1:9 v/vinp = 138-140°C; IR (CH.Cl)) v;
1650, 1522, 1380 cthh *H NMR (CDCk, 400 MHz)¢: 7.96 (d,J = 13.6 Hz, 1 H), 7.51 (d] =
13.6 Hz, 1 H), 7.16-7.13 (m, 1 H), 7.01 (brJds 1.6 Hz, 1 H), 6.90 (d] = 8.8 Hz, 1 H), 4.82-
4.78 (m, 1 H), 3.91 (s, 3 H), 2.02-1.79 (m, 6 H){Q1.64 (m, 2 H)*H NMR (CDCk, 100
MHz) 0. 153.7, 148.0, 139.5, 134.9, 124.2, 122.5, 11B13,.6, 80.6, 56.0, 32.7, 24.0; HRMS
(ES)), calcd for G4H1gNO,4" [M + H]* 264.1231; found 264.1233.
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Ethyl (R)-3-(3-(cyclopentyloxy)-4-methoxyphenyl)-4-nitr obutanoate, 46

To a 1/4-dioxane (0.3 mL) solution of catalystR)-( 0
diphenyltrimethylsiloxymethylpyrrolidine (30 mg, @@ mmol, 10 OEt
mol%) was added compound5 (250 mg, 0.94 mmol) ancO/0 "o
acetaldehyde (0.53 mL, 9.49 mmol) in a sealed titbé °C. After ? a6

stirring the reaction mixture for 18 h at room tesrgiure, the reaction mixture was quenched
with 1N HCI (5 mL). The aqueous phase was extraattd EtOAc (3 x 10 mL), washed with
brine, dried over anhydrous p&0O, and concentrateth vacuo to afford the crude aldehyde
which was used as such for the next step withatiidu purifcation.

To a DMF solution of above synthesized aldehyde agded oxone (580 mg, 1.89 mmol) and
stirred at room temperature for 12 h. The resultemction mixture was diluted with water and
extracted with EtOAc (3 x 10 mL). The organic egtravas washed with brine, dried over
anhydrous Nz50, concentratedn vacuo to obtain the crude acid which was used as sucthéo
next step without further purification due to mgar nature of the compound.

To an ethanolic solution (4 mL) of above crude agad added trimethylsilyl chloride (0.24 mL,
1.89 mmol) and stirred at room temperature for 1ZHe reaction mixture was then quenched
with saturated aqueous NaHg®olution, extracted with EtOAc (3 x 10 mL), driedreo
anhydrous Ng50O, and concentratech vacuo. The crude product was purified by silica gel
chromatography using (EtOAc/hexane 1:9) as eluerite nitroested6 (280 mg, 85%) as a
yellow liquid. [o]p® -23.7 € 1.0, CHOH); IR (CH.Cl,) v: 1668, 1520, 1390, 1205 &m'H
NMR (400 MHz, CDC}) d: 6.80 (d,J = 8.0 Hz, 1H), 6.75-6.72 (m, 2H), 4.76-4.67 (m,)2H
4.62-4.57 (m, 1H), 4.08 (¢, = 6.8, 14.0 Hz, 2H), 3.94-3.86 (m, 1H), 3.81 (4),32.73 (d,J =
7.6 Hz, 2H), 1.94-1.80 (m, 6H), 1.63-1.59 (m, 2@)8 (t,J = 6.8 Hz, 3H);™*C NMR (100
MHz, CDCk) o: 170.6, 149.5, 147.7, 130.4, 119.1, 114.2, 11203, 79.6, 60.8, 55.9, 39.7,
37.8, 32.7, 32.6, 23.9, 14.6{RMS (ESI), calcd for gH6NOg" [M + H]* 352.1755; found
352.1734.

(R)-Rolipram, 44a™"

To an EtOAc (25 mL) solution of ethyles#6 (100 mg, 0.28 mmol) were added 10% Pd/C (30
mg) and catalytic amount of §& at room temperature. The reaction mixture was thejected

to hydrogenation under 1 atmosphere pressure fdn. 1&fter the completion of reaction, the

solution was filtered through Celite pad and wash&ld methanol. The filtrate was concentrated
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in vacuo and purified by silica gel column chromatograpBy(QAc) to o
furnish the R)-rolipram1 (70 mg, 93%) as a white solid, >9%4 [R; = OD/dNH
0.2, pure EtOAc]; mp = 130-13%; {[o]p® -31.1 € 1.05, CHOH), O/

[lit. 1 [a]025-31 (¢ 1.05, CHOH)]}. T

The enantiomeric puritye€) was determined by HPLC analysis using a Chiralpalchiral

column (4.6 x 250 mm) using mobile phase of (24&gamel-PrOH, flow rate of 1 mL/min at 25
°C, UV detection at 210 nm)Rf-enantiomer:;t= 32.768 min, §-enantiomer:;t= 36.994 min.

(S)-Rolipram, 44b™Y

White solid, >99%ee. [R; = 0.2, pure EtOAc]; mp = 131-13€; {[«]p* o
+31.8 € 0.6, CHOH) [lit.™ [o]p" +31 € 0.6, CHOH)]J}; *H NMR (400 Eg”“
MHz, CDCE) o: 6.83-6.71 (m, 3H); 6.08 (brs, 1H), 4.79-4.74 @hi), [ ] Oj@
3.83 (s, 3H), 3.77-3.72 (m, 1H), 3.67-3.59 (m, 1BI%10-3.36 (m, 1H), (I) )
2.76-2.60 (m, 1H), 2.48 (dd,= 9.1, 16.9 Hz, 1H), 1.97-1.79 (m, 6H), 1.64-1(86§ 2H); *°C
NMR (100 MHz, CDCY§) ¢: 177.6, 149.1, 147.8, 134.3, 118.7, 113.6, 118005, 56.1, 49.7,
39.9, 37.9, 32.7, 24.8§RMS (ESI), calcd for gH2:NO3" [M + H]* 276.1594; found 276.1589.
The enantiomeric puritye€) was determined by HPLC analysis using a Chiralpalchiral
column (4.6 x 250 mm) using mobile phase of (24&gamel-PrOH, flow rate of 1 mL/min at 25
°C, UV detection at 210 nm)Rf-enantiomer:;t= 32.521 min, §-enantiomer:;t= 35.654 min.

4.7 Spectra:

1.'H and**C NMR spectra o#i2
2.'H and®*C NMR spectra 043
3.'H and®*C NMR spectra ofi4a
4."H and™*C NMR spectra ofi5
5.’H and’*C NMR spectra 086
6.'H and™*C NMR spectra ofi4b
7.HPLC data o#i4a and44b
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Thermofisher HPL C System Report

Application: HPLC
Sample Name: RoliRaman (Racemic)
Mobile Phase: hexanePrOH (96:4)

Injection Volume: 20 uL

ROLI RAMAN FIN,

0
O
o

Column: &icel IA (5 uM, 4 x 250 mm)
Wavelength: 210 nm
Flow Rate: 1 mL/min
Sample Conc: 1 mg/mL

Roli Ram [GAVAR VLIS

0
N
i

g;ﬁdo""

Rac-Rolipram

)
O
o

AsotaaenAal]
W
*
a

WVL:210 nm

N3
U'l‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\
o |
N
®
o

25.0
12.5
-0O. \ ‘ \ — 1 — 1 - - 1 T T 71 T T 1 T
30.0 32.0 34.0 36.0 38.0 40.0
Retention Time [Mmin]
No. RT Height Area Area
(min) mAU mAU*min %
1 31.89 39.816 50.668 52.88
2 35.31 33.902 45.150 47.12
73.718 95.818 100
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Thermofisher HPL C System Report

Application: HPLC
Sample Name: RoliRamaR-Rolipram)
Mobile Phase: hexanePrOH (96:4)

Injection Volume: 20 uL

Column: &icel IA (5 uM, 4 x 250 mm)
Wavelength: 210 nm
Flow Rate: 1 mL/min

Sample Conc: 1 mg/mL

80.0 7ROLI RANMAN FIN/ Roli Ram WVL;;::Q) Xf
7: )
62.5; : 0. NH
g5o.o—: (I) a4
25.0
12.5;
—0-5;‘\“‘\“\"\“‘\“‘\“‘\“‘
25.0 28.0 30.0 32.0 34.0 36.0 38.0 40.0
Retention Time [Min]
No. RT Height Area Area
(min) mAU mAU*min %
1 32.768 51.063 36.79 99.97
2 36.994 0.019 0.01 0.03
51.082 36.80 100
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Thermofisher HPL C System Report

Application: HPLC
Sample Name: RoliRamag&-Rolipram)
Mobile Phase: hexanePrOH (96:4)

Injection Volume: 20 uL

ROLI RAMAN FIN,

o
0
0

Column: &icel IA (5 uM, 4 x 250 mm)
Wavelength: 210 nm
Flow Rate: 1 mL/min
Sample Conc: 1 mg/mL

Roli Ram UV Vvis

o

o
T
(o)
| 44b

)
o N
o @

AsotaaeinAl)
0]
N|
i

WVL:210 nm

25.0
12.5;
0.5 — 1 T — 1 - 1 T 1 T T
25.0 28.0 30.0 32.0 34.0 36.0 38.0 40.0
Retention Time [min]
No. RT Height Area Area
(min) mAU mAU*min %
1 32.521 0.017 0.01 0.02
2 35.654 51.108 50.21 99.98
51.125 50.22 100
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CHAPTER 5

An attempt towards total synthesis of antidepressérdrug
(S,5)-reboxetine




An attempt towardstotal synthesis of antidepressant drug (S,S)-reboxetine

5.1 Introduction:

Morpholine ring structures are among the most Igicklly active heterocyclic compounds in
organic chemistry due to their ubiquitous strudtanatifs in natural and unnatural products
with varied range of biological activifyReboxetine is a selective norepinephrine reuptake
inhibitor (NRI) which has been extensively studiedits pharmaceutical properties and used
as medicine for the treatment of hyperactivity digs and depression (Figure 11).
Reboxetine has been commercialised under the nandestra, Norebox, Prolift, Integrex,
Edronax for the treatment of depression, narcolepsl/cocaine dependence disorder and as
a racemic mixture of the5§)-57 and ] R)-190 enantiomers. However$5g)-57 enantiomer

is by far the more effective one and highly selextfor the norepinephrine transporter

(NET)?
OEt OEt OEt
A,

(S,S)-reboxetine, 57 (R,R)-reboxetine, 190  (R,S)-reboxetine, 191

Figure 11. Structures of$9-57, (R,R)-190 and(R,S)-reboxetinel91.

O
wmQ

5.2 Review of Literature:

Various elegant synthesis fo8$)-reboxetine57 have been documented in the literature
based on optically active starting materfathemical resolutiofi,asymmetric epoxidatich,
hydrolytic kinetic resolutiort, asymmetric transfer hydrogenatioand dihydroxylatior.

Some of the recent synthesis §fS)-reboxetines7 are described below.

Chen, H. B. (2017)*

H. B. Chen and co-workers reported the strereodesdrsynthesis of reboxeti®& from the

readily available aldehyd&92 employed the chiral amino alcohol-copper (II) bated

diastereoselective nitroaldol reaction as the kiep Scheme 49). The aldehyd82 on

treatment with nitromethane in presence of catdlysturnished the nitroaldol addud®3

and194 (syn/anti 10.4:1) in 86% yield. Th®-TBS protected compourt®3 on deprotection
with 3N HCI afforded the dial95 which on hydrogenation using Pd/C followed by tineant

with chloroacetyl chloride in the presence of bafferded the chloroacetamide derivative
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196 in 71% yield. The amide derivativi96 was subjected to cyclization usitgBuOK
followed by amide reduction with LAH and subsequé&hBoc protection furnished the
morpholine derivative56 in 70% vyield. Finally, the derivativé6 was transformed to
reboxetines7 in 85% yield by following the known literature rhed.>®®

OTBS oTBS oTBS Ph Ph
H -0 2., /-:\/\ + H H
ph” NF Ph” N NO, Ph/\‘/\NOZ R—N  OH
OH OH R,
192 193 194 L1, Ry, Ry = -(CHy)s
0TBS OH OH
H c H J\/m
Ph/\_/\NO L Ph/\_/\NOZ _° 5 Ph/\_/\N
OH OH OH
193 195 196

Scheme 49. Reagents and conditions. (a) CuOAc.HO, L1, MeNG,, rt, 3 d, 86%; (b) 3N
HCI, MeOH, rt, 3 h, 84%; (c) i) 10% Pd/C,HVeOH, rt, 12 h; ii) CICHCOCI, K,CO;, 0

°C, 1 h, 71%; (d) i}-BuOK, t-BuOH, rt, 2 h; ii) LAH, THF, 0°C-reflux, 6 h; iii) (Boc)O,

THF, rt, 12 h, 70%; (e) i) CByr PPh, imidazole, DCM, rt, 2 h; ii) 2-ethoxyphen®{BuOK,

t-BUOH/THF, reflux, 12 h; iii) TFA, DCM, rt, 6 h, 85%

Yeung, Y. Y. et al. (2014)%®

Y. Y. Yeung and co-workers reported the formal bgsts of reboxetin®7 starting from
commercially available epichlorohydrih97 employed theN-bromosuccinimide induced
electrophilic multicomponent reaction as key st8pheme 50). The epichlorohydrl87 on
treatment with ethylen@99, NBS 198 and NsNH 200 at -30°C and subsequent treatment
with base afforded the morpholine derivati2@l in 66% yield. The compoung0l on
substitution with acetate followed by hydrolysisrfished the alcohol derivati#92 in 93%
yield. The alcohoR02 on deprotection of nosyl amide group and subsddueatment with
(Boc)O afforded theN-Boc protected derivative03 in 80% vyield. Finally, the compound
203 was converted into final target compound reboxetd by following the known

literature method®
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Scheme 50. Reagents and conditions: (a) i) -30°C, 24 h; ii) K,COs, MeCN, 25°C, 66% (over
two steps); (b) i) AcOK, DMF, 96C, 16 h, 81%; ii) KCOs;, MeOH/HO, 25°C, 16 h, 93%;
(c) i) n-PrSH/LIOH, CHCN, 25°C, 8 h: ii) (Boc)O, NaOH, CHCIl,/H,0, 25°C, 4 h, 80%

(over two steps).

Lee H.K. etal. (2013)*

H. K. Lee and co-workers reported the stereoselesynthesis of reboxtirey employed the
dynamic kinetic resolution mediated asymmetricgfanhydrogenation reaction (ATH) of 2-
benzoylmorpholin-3-ones as key step (Scheme 518. NFbenzyl-3-morpholinone€04 on
condensation reaction witi-aroylmorpholine05 in the presence of LDA furnished the
benzyl-2-aroylmorpholin-3-on206 in 93% yield. The dynamic kinetic resolution medat
ATH reaction of206 with catalyst §9-209 afforded the alcohol R3S)-207 and (&3R)-
208 in 90% combined yield.

OH

WS SaCE Eﬁ@ e ;
Ef@
Eﬁ@ - Ej*© - Em - U*@

212 R= anf
207 210 211 57,R=H

Q=+
ll'O
o
=

Scheme 51. Reagents and conditions: (a) LDA, THF, -78 to 10C, 93%; (b)209, HCOOH,
EtsN, CH.Cl,, 35°C, 24 h, 99%; (c) BETHF, THF, 60°C, 2 h, then MeOH, 97%; (d)
PhPBR, CH,Cl,, 50°C, 95%:; (€) 2-EtO-phenot;BuOK, t-BUOH/THF (3:1), 80°C, 24 h,
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91%; (f) a-chloroethyl chloroformatejPrLNEt, CHCl,, 50°C, 4 h, then MeOH, reflux, 2
h, 86%.

The lactan207 on reduction with Bt THF delivered the morpholine benzyl alcoBaD in
97% vyield which on subsequent treatment withsFE%L synthesized the corresponding
morpholine bromide derivative2ll in 95% vyield. The compoun®ll on bromide
displacement with 2-ethoxyphenol in the presencet-BUOK afforded theN-benzyl-
protected derivativ1? in 91% vyield. The compoun#l2 on treatment withu-chloroethyl
chloroformate and subsequent methanolysis furniiredarget molecules(S)-reboxetines7

in 86% vyield.

In another approach, the 2-ethoxyphenyl group weecilly incorporated in compour2llO
with retention of configuration at the benzylic gims (Scheme 52). Thus, reaction of benzyl
alcohol 210 with the tricarbonylchromium complex of 1-ethoxyftf@orobenzeneé13 in the
presence of NaH, which on subsequent oxidativerdetnation with iodine afforded th-

Bn protected reboxetine derivati?d2 in 88% yield. TheN-Bn derivative212 on reaction
with a-chloroethyl chloroformate followed by methanolysisnished the target molecule
(§9)-reboxetinegs7 in 86% vyield.

OH
H OEt H o
(o] F 0. H
( ~ ( pege
+ —_— —_— E
N Cr(CO); N N

Bn

210 213 212 57

Scheme 52. Reagents and conditions: (a) i) NaH, DMF, rt, 2 h; ii) 4, THF, 0°C to rt, 1 h,
88%; (b)a-chloroethyl chloroformatejPrpNEt, CHCl,, 50°C, 4 h, then MeOH, reflux, 2
h, 86%.

Ko, S.Y.etal. (2012)%®

S. Y. Ko and co-workers described the synthesid@)-reboxeinel9l starting fromtrans-
cinnamyl alcohol in nine steps and with 43% oveyald (Scheme 53). Thigans-cinnamyl
alcohol 214 on protection with TBDMSCI afforded the compou2itb which on Sharpless
AD reaction furnished the did16 in 95% vyield. The compoungl6 on thionyl chloride
followed by oxidation with RuGIH,O furnished the cyclic sulfa®l7 in excellent yield. The
compound217 on TBDMS deprotection with TBAF followed by nucfaalic displacement
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with sodium azide and subsequent treatment witth@xgphenol afforded the azidd8 in
84% vyield. The azido alcohol derivatidd8 on reduction under hydrogenation conditions
furnished the amin@19 in 88% yield. The amine intermediaBi9 on treatment with
chloroacetyl chloride afforded the chloroacetanddevative220 in 84% yield. Finally, the
compound220 on cyclization using-BuOK delivered the aming21 which on BH.DMS
mediated amide reduction furnished tRe5-reboxetinel9l in 73% vyield.

o, 0

Y/

OH S.

H 7

NS a N b 2 c Q,
Ph” " NoH ——= P "otBOMS — > pp” Ny NoteDMS /—Q_
P

\O d
—_—

h OTBDMS

214 215 216 217

Scheme 53. Reagents and conditions: (a) TBDMSCI, imidazole, DMF, rt, 12 h, 100%; (b)
AD-mix-a, methanesulfonamideBuOH/H,O, 0°C, 9.5 h, 95%; (c) i) SOGIEt:N, CH,Cly;

ii) NalO,4, RuCk.H,O, CCL/H,O/CHCN, 0°C, 1 h, 100%; (d) i) TBAF, THF, rt, 30 min; ii)
NaNs, THF, HO, 70°C, 21 h; iii) 2-EtOGH4OH, NaOH, HO, reflux, 5 h, 84%; (e) H
Pd/C,EtOAc, 30 min, 88%; (f) CICKCOCI, EtO, aq NaHC®@, -10°C-rt, 10 min, 84%; (g)-
BuOK, t-BuOH, rt, 1 h, 99%; (h) BEIDMS, THF, 0°C to reflux, 20 h, 73%.

5.2.1 Table 8. Comparison with the previous reported syntheseS&)-reboxetines7.

Sr. Syntheses Key step Overall | No. of
No. yield steps
1. - HKR and Henry reaction - -

2. | Org. Biomol. Chem. 2017, 15, | copper (Il) catalyzed nitroaldgl 30% five

5395 reaction
3. | J. Org. Chem. 2014, 79, 4644 | NBS induced electrophilic - nine
multicomponent reaction
4. | J.Org. Chem. 2013, 78, 8396 | dynamic kinetic resolution 66% Six

mediated asymmetric transfe
hydrogenation reaction of 2-
benzoylmorpholin-3-ones

116



5. | Tetrahedron: Asymmetry Asymmetric dihydroxylation 43% ning
2012, 23, 650

5.3 Present Work:

Herein, we have attempted a new synthetic strategyhe §S)-reboxetine57 employing

Jacobsen’s HKR and Henry reaction as key steps.

5.4 Results and Discussion:

Our retrosynthetic approach for the synthesis $§){reboxetine57 is outlined in
Scheme 54. Accordingly, we envisioned that tB&){reboxetine57 could be obtained
from the amine protected derivati222 by mitsunobu inversion with 2-ethoxyphenol

OEt
OBn OBn
o
: H NBoc 4 NO, ,
©/\/\NH 0\) H

57 222 73 53

mo
Oom

Om

Scheme 54. Retrosynthetic approach t8,9)-reboxetines7.

followed byN-Boc deprotection. The derivati&2 in turn could be synthesized from nitro-
alcohol 73 via hydrogenation followed by standard organic tramsfitions. The nitro
derivative73 could be obtained from recemic styrene oX68eia Jacobsen’s HKR followed

by in situ Henry reaction.

The synthesis of§S)-reboxetine57 started with commercially available recemic stgren
oxide 53 which was subjected to Jacobsen’s HKR the presence of catalytic amount of
(§9-Co-(salen) complex to afford th&){styrene oxidé4 along with R)-styrene glycob5

in 34% and 47% yield, respectively (Scheme 55).

OH
E)/ QO a E)/\I"“o C J o
53 54 55
Scheme 55. Reagents and conditions. (a) §9)-Co(salen)p-nitrobenzoic acid, air, $D, 12 h,

54 in 34% andb5 in 47%.

The styrene glycob5 on protection with benzaldehyde dimethyl acetalpnesence of
catalytic amount of PPTS and subsequent regiosaawductive opening with DIBAL-H at
-40 °C afforded the monobenzyl protected alcof@in 85% yield (Scheme 56). The alcohol
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72 on oxidation under Swern reaction conditiSh@nd subsequent treatment with
nitomethane under Henry reaction conditions affdrthee nitoalcohol73a and 73b in 80%

combined vyield with 2:3syn:anti diastereomeric ratio which were separated byasigel
column chromatography.

OH OBn OBn n
OH OH
a2, _b NO, . Y~ “NO;,
OH H
55 72 73a

OB
73b

Om

dr; syn:anti = 2:3

Scheme 56. Reagents and conditions. (a) i) PhCH(OMe), CsHs, PPTS, reflux, 1 h, 88%; ii)
DIBAL-H, -40°Ctort, 2 h, 85%; (b) i) (COG) DMSO, EtN, CH,Cl,, -78°C to -60°C, 2
h; ii) CH3NO,, DIPEA, CHOH, rt, 12 h,73ain 32% and/3b in 48%.

The nitro derivative73b on reduction with Zn/CECOOH followed by treatment with
chloroacetyl chlorid® in presence of base furnished the chloro derieg®28 in 83% vyield
(Scheme 57). The compour223 on cyclization in the presence BBuOK afforded the
amide derivative which on reduction with BBMS and subsequent treatment with (BgO)
furnished theN-Boc protected derivative?22 in 72% vyield. The derivative222 on
debenzylation using Pd/C under hydrogenation camditfurnished the amino alcohsb in
85% yield.We have optimized upto the intermedi&& however unfortunately the similar

approach published for the same target compouddércourse of current worR.

OBn OBn OBn

(0]
Y NO, a ”Jl\/ ¢ b Y NBoc c
H H 6\)

73b 223

Om
Qi
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m
On -
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Scheme 57. Reagents and conditions: (a) i) Zn, CHCOOH, HO, 0 °C to rt, 3 h; ii)
CICH,COCI, EgN, CH,Cl,, 45 min, 83%; (b) i}-BuOK, i-PrOH, rt, 2 h; ii) BH.SMe,, THF,

0 °C to rt, 6 h; iii) (Boc)O, NaOH, THF:HO, rt, 4 h, 72%; (c) b Pd/C, MeOH, rt, 12 h,
85%; (d) i) 2-ethoxyphenol; ii) TFA.
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5.5 Conclusion:

In conclusion, a simple and flexible enantioselectotal synthesis 0§5S)-reboxetine57 has
been attempted employing the Jacobsen’s HKR andyH®action as key step®/e have
optimized upto the intermediat&b, however unfortunately the similar approach became
published for the same target molecule during megof work. As compared to previous
reported synthesis forSQ)-reboxetine, the merits of our synthesis are higbio- and

enantioselectivity with high yielding reaction step
5.6 Experimental Section:

5.6.1 General Experimental Details:

All reactions were carried out under nitrogen agyaar atmosphere with dry, freshly distilled
solvents under anhydrous conditions unless othersgecified. All the reagents were added
eithervia syringe or cannula. Each distillation was perfadmeder an inert atmosphere. All
reactions have their respective temperatures witieir respective schemes. All evaporations

were carried out under reduced pressure on Heidolalny evaporator below 40 °C.

Chromatography

All reactions were monitored by Thin Layer Chrongaphy (TLC) carried out on 0.25 mm
E-Merck silica gel plates (60F-254) with UV lighthen were stained by ninhydrin or
anisaldehyde in ethanol or KMpOn water as development reagents followed by brief
heating with a heat gun. Column chromatography weréormed on silica gel (60-120 and
100-200 mesh) using a mixture of ethyl acetate/hexand methanol/ dichloromethane as

eluent.

Reagents and solvents

Solvents were obtained commercially and were usidowut purification unless otherwise
noted in experimentals. Distilled water was used dwery agueous reaction, work-up
procedure, and in the preparation of every aquseoligion used in the work-up. For reaction
solvent, CHCI, was distilled from Cal} and THF was distilled under,Nrom sodium

benzophenone ketyl, all immediately prior to use.

Spectroscopic M easurements
'H NMR and**C NMR spectra were recorded on on JEOL ECS speetamnoperating at
400 and 100 MHz, respectively, using tetramethstsl (TMS) as an internal standard.
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Chemical shifts have been expressed in ppm ugjtsdgwnfield from TMS. Coupling
constants,J, are listed in hertz (Hz). Optical rotations wemeasured on Automatic
polarimeter AA-65 and concentrations of g/100mLghiresolution mass spectra were
obtained by using electron spray ionization (E®W anass values are expressed as m/z. IR
spectra were recorded on Agilent resolution Pro BDAR spectrometer, fitted with a beam-
condensing ATR accessory and peaks are reportedcri'. Yields refer to

chromatographically and spectroscopically homogeseoaterials unless otherwise stated.

(R)-1-Phenylethane-1,2-diol, 55°
A mixture of styrene oxid&3 (5.0 g, 41.61 mmol),§9-Co(salen) (125 mg, oH
0.20 mmol), HO (1.49 g, 83.22 mmol) anp-nitrobenzoic acid (70 mg, ©/'\/°”

0.41mmol) was stirred at room temperature for 1ZHe resulting reaction

55
mixture was purified by silica gel column chromatgghy (EtOAc/hexane 1:4 v/v) to afford

the R)-55 (2.3 g, 47%, 93.9%se) as dark liquid. [R= 0.3, EtOAc/hexane 1:1 viviH NMR
(400 MHz, CDC}) d: 7.37-7.28 (m, 5H), 4.81-4.78 (m, 1H), 3.81 (kikl), 3.70-3.63 (m,
1H), 2.82 (brs, 2H)**C NMR (100 MHz, CDGJ) d: 140.6, 128.4, 127.9, 126.0, 74.5, 67.8.

(R)-2-(Benzyloxy)-2-phenylethan-1-ol, 72

To a stirred mixture of didd5 (2.0 g, 14.47 mmol) in benzene (50 mL) was 0Bn

added benzaldehyde dimethylacetal (2.20 g, 14.40lmMPTS (361 mg, ©)\/°”
1.44 mmol) and refluxed for 1 h. The;Et(1 mL) was added to the mixture 72

followed by solvent evaporatiom vacuo. The resulting mixture was purified by silica gel
column chromatography (EtOAc/hexanes 1:49 v/v)ftord the 1,2-benzylidene acetal (2.8
g, 88%). To a solution of above 1,2-benzylidengaida dry CHCl, (30 mL) at -4°C was
added DIBAL-H (12.4 mL, 21.71 mmol, 1.75 M in tohe&) dropwise and the reaction
mixture was warmed to room temperature over a gesio2 h, then re-cooled to  and
treated with saturated aq solution of potassiumiusodtartrate. The solid material was
filtered through a pad of Celite and concentratedacuo. Silica gel column chromatography
of the crude product using EtOAc/hexane (1:4 v&/elent afforded monobenzyl protected
alcohol72 (2.4 g, 85%) as a yellow liquid. {R 0.2, EtOAc/hexane 1:9 v/v]; IR (CH&J:
3327, 1856, 1680, 1605, 1365 ¢mH NMR (400 MHz, CDCY) d: 7.39-7.28 (m, 10H), 4.54-
4.50 (m, 2H), 4.31 (d) = 11.4 Hz, 1H), 3.74-3.69 (m, 1H), 3.63-3.57 (h),12.55 (brs,
1H); *C NMR (100 MHz, CDG) ¢: 138.3, 137.8, 128.5, 128.4, 128.1, 127.8, 121128,9,
82.2,70.6, 67.2.
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(1R,29)-1-(Benzyloxy)-3-nitr o-1-phenylpropan-2-ol, 73b

To a stirred solution of oxalyl chloride (1.87 g2 mL, 14.73 oBn
mmol) in dry CHCI, (20 mL) at -78C was added dropwise DMS(O)\/\NOZ
(2.37 g, 2.10 mL, 30.44 mmol) in GEl, (15 mL) over 15 min. The "
reaction mixture was stirred for 30 min and a solubf benzyl protected alcoh@R
(2.20 g, 9.82 mmol) in C¥Ll, (15 mL) was added dropwise over 15 min. The reacti
mixture was stirred for 30 min at -60 °C and thesNE4.36 g, 5.70 mL, 43.20 mmol)
was added dropwise and stirred for 1 h. The reaatias quenched with ag NaHgO

O

73b

(30 mL) solution and the organic layer was sepdrakbe aqueous layer was extracted
with CH,CI,; (3 x 20 mL) and the combined organic layer washadswith brine,
dried over NaSO, and concentratenh vacuo to give the crude aldehyde, which was
used as such for the next step without furtherfigation.

To the methanolic (5 mL) solution of the above bgsized aldehyde, DIPEA (1.90 g,
2.50 mL, 14.73 mmol) and nitromethane (710 mg, 063 11.78 mmol) were added.
The reaction mixture was stirred for 12 h at roemperature. After completion of the
reaction as monitored by TLC, the reaction mixtwas evaporated, diluted with
water, extracted with EtOAc, dried over J$&), concentrated and purified by silica
gel column chromatographiigtOAc/hexane 1:5 v/v) to furnish tisgn-73a (800 mg, 32%)
and further elution of the column furnished #mi-73b diastereomer (1.32 g, 48%) as a pale
yellow liquid. [R = 0.35, EtOAc/hexane 1:4 vivig]p*®® +35.2 € 1.0, CHC}); IR (CHCL) v:
3177, 2930, 1705, 1476, 1326 ¢mH NMR (400 MHz, CDCY) d: 7.42-7.30 (m, 10H), 4.65-
4.54 (m, 2H), 4.51-4.142 (m, 2H), 4.38-4.31 (m, 1KR9-4.21 (m, 1H)}*C NMR (100
MHz, CDCk) o: 137.0, 136.3, 128.9, 128.5, 128.0, 128.0, 12¥29,6, 127.4, 127.3, 81.4,
77.4,72.2,70.9.

N-((2S,3R)-3-(Benzyloxy)-2-hydr oxy-3-phenylpropyl)-2-chlor oacetamide, 223

To an ice-cooled solution aBb (1.5 g, 5.22 mmol) in ACOH: O 0Bn o

(30 mL, 1:1 v/v) was added Zn dust (8.1 g, 125.3afyrand the ’ HJ\/C'
mixture was vigorously stirred for 3 h at room tergiure. After Hm

Qi

completion of reaction as monitored by TLC, reattweas quenched with aqg NaHgO he
organic phase was separated, dried oveiSNg filtered, concentrateth vacuo and used
further without purification.

To a solution of above synthesized amm&eCN/CHCI, (1:9,100 mL) at 0 °C was added
EtN (1.03 mL, 7.83 mmol) and chloroacetyl chlorid®@4L, 5.74 mmol)dropwise. After
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being stirred at room temperature for 45 min, th&ction was quenched with a solution of
1IN HCI (20 mL),extracted with EtOAc, dried over B0Q,, concentrated and purified
by silica gel column chromatography by usiMgOH:CH,Cl, (1:49 v/v) to afford the
compound223 (1.35 g, 83%) as a yellow liquid. {R 0.2, MeOH/ CHCl, 1:9 v/V]; [o]p®° = -
20.8 £ 1.5, CHC}) ; IR (CHCE) v: 3250, 2960, 1655, 1609, 1420, 131082 cnt; *H NMR
(400 MHz, CDCY) o: 7.40-7.28 (m, 10H), 7.05 (brs, 1H).53-4.47 (m, 1H), 4.36 (d,= 6.0

Hz, 1H), 4.27-4.22 (m, 1H), 3.95 (s, 2H), 3.89-3(&3 1H), 3.31-3.24 (m, 1H), 3.20-3.14
(m, 1H); **C NMR (100 MHz, CDC}) ¢: 166.6, 137.6, 128.7, 128.7, 128.4, 128.0, 127.9,
127.8, 127.5, 82.6, 73.7, 70.8, 42.4, 41.3.

tert-Butyl (S)-2-((R)-(benzyloxy)(phenyl)methyl)mor pholine-4-car boxylate, 222
To a solution 0223 (1.0 g, 2.99 mmol) in-PrOH (100 mL) at GC was 0Bn

added dropwisé-BuOK (840 mg, 7.48 mmol) solution irRPrOH (50 ©)\/JBOC

mL). After being stirred at room temperature fdr,2he reaction mixture 292

Om

was quenched with a 1N HCI solution (20 mL) and #o@eous layer was extracted with
EtOAc (3 x 15 mL), dried over anhydrous J8&, andconcentratedh vacuo.

To a dry THF (10 mL) solution of above synthesitattam was added Bt6Me, (4.50 mL,
8.98 mmol) dropwise under nitrogen af® and warmed to room temperature for 6 h. The
reaction mixture was then quenched by slow addioeOH (8 mL) over 4 h. The reaction
mixture was then evaporated, diluted with water extdacted with ChCl, (3 x 15 mL). The
organic layer was dried over anhydrous,8(@,, concentratedn vacuo and used as such for
the next step without purification.

To a THF:HO (10 mL) solution of above synthesized amine wadded NaOH (239 mg,
5.99 mmol), diert-butyl)dicarbonate (1.3 g, 5.99 mmol) and stirred # h at room
temperature. The reaction mixture was diluted wititer, extracted with EtOAc, dried over
anhydrous Ng50O,, concentratedh vacuo and purified by silica gel column chromatography
(EtOAc/hexane 1:9 v/v) to afforZl2 (820 mg, 72%) as a colorless pale yellow liquit.#

0.4, EtOAc/hexane 1:4 viv]p]p®® = -55.2 € 2.0, CHC}); IR (CHCk) v: 3547, 3420, 2801,
1680, 1425, 1416, 1236, 1203 ¢mH NMR (400 MHz, CDGJ) §: 7.39-7.28 (m, 10H), 4.69
(s, 1H), 4.58-4.53 (m, 1H), 4.35-4.26 (m, 2H), 3380 (m, 1H), 3.77-3.71 (m, 1H), 3.64-
3.60 (m, 1H), 3.52-3.46 (m, 1H), 2.95-2.87 (m, 1HK9 (t,J =12.1, 23.8 Hz, 1H), 1.47-1.39
(m, 9H); *C NMR (100MHz, CDCJ) §: 154.7, 140.8, 137.7, 128.5, 128.5, 128.3, 127.9,
127.7,127.6, 126.9, 79.9, 78.3, 70.5, 66.5, 683, 42.8, 28.2.
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tert-Butyl (S)-2-((R)-hydr oxy(phenyl)methyl)mor pholine-4-car boxylate, 56**

To a solution o222 (500 mg, 1.30 mmol) in MeOH (10 mL) was add
catalytic amount of Pd/C and the mixture was dirrat room

temperature for 12 h. The reaction mixture waer@d through Celite,
concentratedn vacuo and purified by silica gel column chromatograpkEy(QAc/hexane 1:4
v/v) to furnish56 (320 mg, 85%) as a white solid.;[R 0.1, EtOAc/hexane 2:3 v/v]; mp =
150-152°C; {[¢]p*° = +3.5 € 2.35, CHCY), [Lit.>4{[ 0]p?°+3.45 € 2.35, CHCJ); IR (CHCE)

v: 3635, 3420, 2870, 1650, 1410 tntH NMR (400 MHz, CDCY) §: 7.39-7.29 (m, 5H),
4.53 (d,J = 7.7 Hz, 1H), 3.97 (d) = 13.2 Hz, 1H), 3.59-3.47 (m, 4H), 3.00-2.93 (rhi),2
2.69 (brs, 1H), 1.49-1.39 (m, 9HJC NMR (100MHz, CDCJ) §: 154.6, 140.0, 128.5, 128.4,

126.8, 80.0, 79.2, 78.4, 66.3, 44.7, 43.5, 28.2.

‘U OH

O

©)\gsoc

56
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5.7 Spectra:

.*H and**C NMR spectra 065
.'H and™C NMR spectra of2
.*H and™C NMR spectra o73b
.*H and**C NMR spectra 0223
.'H and™C NMR spectra 022
.'H and™C NMR spectra 056

o O A WN P
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Conclusions and future Scope

6.1 Conclusions

In conclusion, we have described the total synthesf flinderoles A-C 11-13),
desmethylflinderole  C 14, 1-deoxygalactonojirimycin 26, (2R,3R)-3-hydroxy-2-
hydroxymethylpiperidine27, formal synthesis otis-(-)-3-hydroxypipecolic acid?8, (R)-44a,
(9-rolipram44b and also made an attempt to synthes&®-feboxetines7. Herein, a short and
expeditious biomimetic divergent approach for tlyatisesis of functionalized pyrrolo[1Z-
indoles framework, along with its application te ttotal syntheses of flindersial alkaloids have
been described employed Heck cross coupling and 23 cycloaddition reactions as the key
step. The overall yield for flinderoles A-@1(13) and desmethylflinderole @4 were 51% in
three steps starting from readily available phthale protected bromo-indol&ll. Moreover,
the synthetic strategy described has significargri@ for the syntheses of other analogues of
flindersial alkaloids and isoborreverine with irgsting pharmacological activities. The synthesis
of hydroxylated piperidines and its applications tthe total synthesis of 1-
deoxygalactonojirimycin 26, (2R,3R)-3-hydroxy-2-hydroxymethylpiperidine27 and formal
synthesis ofcis-(-)-3-hydroxypipecolic acid28 were achievedby employing the proline
catalyzed MacMillan’s asymmetric aldol reaction,tddinobu inversion and Upjohn reaction as
key steps. The 1-deoxygalactonojirimy@was synthesized in six steps with 46% overalldyiel
and (&R,3R)-3-hydroxy-2-hydroxymethylpiperidin€27 synthesized in five steps with 56%
overall yield. Moreover, the described synthetiategy has significant potential for further
stereochemical variations at all the possible posst to synthesize the other hydroxylated
piperidine alkaloids. Next, a short and protectgrgup free enantioselective synthesesR)f (
44a and §)-rolipram 44b were achieved from commercially available isoMan#l employing
the R)- and §-diphenylprolinol silyl ether mediated asymmetkiichael addition reaction as
key step. The overall yields for th&){rolipram 44a were 66% and 69% with two different
strategies after three column chromatographic jgatibn steps. The merits of our synthesis are
high enantioselectivity (i.e. >99%¢) and high yielding reaction steps. The synthepipraach
also has significant potential for the variatiorOaslkyl site to synthesize variogspyrrolidone

derivatives with expected increase in biologicdivétees. Also, an attempt towards a simple and
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flexible enantioselective total synthesis dJj-reboxetine 57 was made by employing
Jacobsen’s HKR and Henry reaction as key stepsmirgs of this synthesis are high regio- and
enantioselectivity with high yielding reaction ssef\ll the new compounds were characterized
by *H-NMR, *C-NMR, HRMS, %e by chiral HPLC andd]p* for all new chiral compounds.

6.2 Future scope of the work
Few futuristic suggestionsrelated with the present work arelisted below:

1. The synthetic strategy described in chapter 2 stgasficant potential for the syntheses of
other derivatives of flindersial alkaloids, isolmrerine and other potent antimalarial
natural products with interesting pharmacologicdivties.

2. The described synthetic strategy in chapter 3,itng®rtance for further stereochemical
variations at all the possible positions to syntteeshe other hydroxylated piperidine
alkaloids as well as further extension to otherestisomers and analogues by simply
changing the L- or D-proline in MacMillan’s selfdall reaction.

3. The synthetic approach described in chapter 4, k& significant potential for the
variation atO-alkyl site to synthesize varioyspyrrolidone derivatives with expected
increase in biological activities. Th&){ or (R)-configuration of GABA derivative could
be manipulated by simply changing th§)-(and R)-configuration of the catalyst
diphenylprolinol silyl ether during asymmetric Ma#l addition step

4. The synthetic strategy explained in chapter 5, c¢doé used for the synthesis of
structurally diverse stereoisomers of antideprassaboxitine and highly potent
norepinephrine reuptake inhibitors (NRI) by scregnithe different catalysts in

asymmetric Henry reaction.
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1. Introduction

(1S,2R)-Ephenamine 1, (1S,2S)-pseudoephenamine 2, and their
aminoalcohol analogues (1S,2R)-1,2-diphenyl-2-aminoethanol 3
and (15,25)-1,2-diphenyl-2-aminoethanol 4, respectively, have been
used as chiral auxiliaries in diastereoselective alkylation reactions,
providing easy access to enantiomerically pure alcohols, carboxylic
acids, o-methyl o-amino acids,’ and Williams amino acid synthe-
sis.” The biological activity of ephenamine and pseudoephenamine
analogues significantly varies and depends on the substituents
present at the amino functional group. Therefore, the introduction
of N-substituents in ephenamine and pseudoephenamine analogues
is of great importance for the syntheses of pharmaceuticals and chi-
ral auxiliaries.®> Ephenamine has been used to resolve penicillin and
glycine derivatives,” and also in a salt form of penicillin G, an antibi-
otic additive used to stimulate growth in livestock and poultry.®
Ephenamine-glutamine salts have been used to provide effective
amounts of glutamine for human consumption® (Fig. 1).

Various methods for the syntheses of (15,2R)-ephenamine 1 and
(1S5,2R)-3 in their different stereoisomeric forms, mainly based on
chiral pool or auxiliary supported approaches, have been docu-
mented in the literature.” In continuation of our research program
toward the asymmetric syntheses of bioactive compounds,® the
Sharpless asymmetric dihydroxylation and cyclic sulfite methodol-
ogy were envisioned as powerful tools for synthetic functional
group transformations. Herein we report a new and short synthesis
of (1S,2R)-ephenamine by employing Sharpless asymmetric dihy-
droxylation as the source of chirality and cyclic sulfite methodol-
ogy as the key steps.

2. Results and discussion

As outlined in Scheme 1, the synthesis of (15,2R)-ephenamine 1
began with commercially available trans-stilbene 5, which upon

* Corresponding author. Tel.: +91 175 239 3832; fax: +91 175 236 4498.
E-mail address: skpandey@thapar.edu (S.K. Pandey).
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aminoethanol

(S,R)-1,2-diphenyl-2-
aminoethanol

Figure 1. Structures of 1,2-diphenyl-2-aminoalcohols.

treatment with osmium tetraoxide and potassium ferricyanide as
the co-oxidant, in the presence of (DHQ),PHAL under Sharpless
asymmetric dihydroxylation conditions® furnished diol 6 in 97%
yield (99% ee) {[«]3° = +95.5 (c 1.28, C,Hs0H) [Lit.!° [«]® = +95.2
(c 1.28, CoHsOH)]}.

With enantiomerically pure (1S5,25)-1,2-diphenylethane-1,2-
diol 6 in hand, we then subjected it to treatment with thionyl chlo-
ride in the presence of EtsN as the base to afford 7, which upon
subsequent treatment with NaNs3 furnished azido alcohol deriva-
tive 8 in 89% yield. Concomitant one-pot reduction of the azide
group and Boc protection of the resulting amino alcohol were car-
ried out via hydrogenation in the presence of catalytic amounts of
Pd-C (20%) and Boc,0 to afford Boc protected amino alcohol
derivative 9 in excellent yield. The Boc protected derivative via
LAH reduction furnished (1S,2R)-ephenamine 1 as a white
crystalline solid in 83% yield, {[«]%’=+32.7 (c 0.5, C,Hs0H)
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A Short Total Synthesis of the Antimalarial Flindersial

Alkaloids

Ramandeep Kaur, Yuvraj Garg, and Satyendra Kumar Pandey*®

A short, efficient and novel approach for the syntheses of bis-
indole alkaloids flinderoles A—C, and desmethylflinderole C, is
being described. The synthesis utilizes the optimized inter-

Introduction

Malaria is the most common, widespread and life-threatening
parasitic infectious disease in the tropic and sub-tropic regions
of the worlds today.™ According to WHO report, there were an
estimated 214 million new cases of malaria and approximately
half million deaths in 2015 alone caused by P. falciparum and P,
vivax. Natural products chloroquine, artemisinin and other
frontline drugs for the treatment of malaria are becoming in-
creasingly ineffective due to the development of drug resist-
ance and therefore, the search for new antimalarial drugs is
again of even greater significance. Very recently, Avery and co-
workers isolated bis-indole alkaloids flinderoles A—C (1-3) from
the plant genus Flindersia along with the previously known
natural products borrerine 5, borreverine 6, isoborreverine 7
and dimethylisoborreverine 8 (Figure 1).%

The Flinderoles A—C (1-3) alkaloids have been shown to
possess significant selective growth inhibition against Dd2
(chloroquine-resistant) P. falciparum and exhibit antimalarial ac-
tivity with 1C5, values between 0.15-1.42 uM.” These alkaloids
are fast acting and are currently the drugs of choice for the
treatment of malaria through a different mechanism of action
than that of chloroquine and other drugs by interrupting the
parasitic hemoglobin.”! The flinderoles A—C (1-3) and desme-
thylflinderole C 4 with pyrrolo[1,2-alindoles skeleton have been
synthetic targets of considerable interest due to its high anti-
malarial activity and with an array of functionalities. Therefore,
in order to achieve flinderole alkaloids and their analogues in
larger quantities for further biological evaluation, it is highly
desirable to develop a short and efficient synthetic approach.
More recently, various elegant syntheses for the flinderole alka-
loids have been documented in the literature.”! As part of our
research on the syntheses of bioactive compounds,” astonish-
ing biological properties and attractive structural features
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molecular Heck coupling and InCl; catalyzed stereo- and re-
gioselective [3+ 2] annulation reactions as the key steps.
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Flinderole C 3, R = CH3
Desmethylflinderole C 4, R=H Dimethylisoborreverine 8, R = CH3

Isoborreverine 7, R=H

Figure 1. Structures of borreverine and flinderole alkaloids.

prompted us towards the short total syntheses of flinderoles
A—C (1-3) and desmethylflinderole C 4. Herein, we wish to re-
port a new, short and efficient synthetic approach for the flin-
deroles A—C (1-3) and desmethylflinderole C 4, employing Heck
coupling and InCl; mediated [3+ 2] annulation reactions as the
key steps.

Our hypothesis for the biosynthetic pathway began with
that the flindersial alkaloids have tryptamine-isoprene based re-
arranged skeleton and therefore, flinderoles could be derived
from monomeric tryptamine diene 11 as a possible precursor.*
The flinderole frameworks could arise from dimerization re-
action of tryptamine diene 11 with intermediate 12 via [3+ 2]
annulation reaction (Scheme 1).
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A novel, efficient and protecting group free enantioselective synthetic approach of (—)-(R)-1 and (+)-(S)-
rolipram 2 is described employing the organocatalyzed asymmetric Michael addition, Henry condensa-
tion, Wittig olefination and reductive lactamization reactions as key steps.
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Introduction

Chirally branched pyrrolidones are among the most bioactive
heterocyclic compounds in organic chemistry due to their ubiqui-
tous structural motifs in natural and unnatural products with var-
ied biological activity.! Among them, y-aminobutyric acid (GABA)
and its analogues rolipram (1-2), brivaracetam 3 and (S)-prega-
balin 4 are useful division of compounds possessing interesting
pharmacological activities (Fig. 1).” The rolipram (1-2) are simple
cyclo-GABA derivative possessing a catechol type ring at chiral car-
bon (C-3).> The (+)-rolipram was discovered and developed by
Schering AG pharmaceutical company at Berlin, Germany in early
1990* and it acts as a selective phosphodiesterase-4 inhibitor
and potential antidepressant drug.

The most active enantiomer (R)-rolipram 1 is an advanced novel
class of effective antidepressant drug with additional possible
emetic,” which act as selective inhibitor for cardiac cyclic AMP
phosphodiesterase, present in brain tissue and mainly effective
for the PDE4B and subtype of PDE4.° Additionally, (R)-rolipram 1
has also been proposed as a antiinflammatory,” immunosupres-
sant,/ putative antiparkinson-ian,® neuroprotective,’ antipsy-
chotic'® and has been suggested for the treatment of multiple
sclerosis.'® The (R)-1 and (S)-rolipram 2 have been synthetic target
of considerable interest for academia and pharmaceutical indus-
tries due to its high antidepressant activity combined with attrac-
tive structural features. Various elegant studies and syntheses of
(R)-1 and (S)-rolipram 2 have been documented in the literature.’
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In 2008, Dixon and co-workers''’ reported an enantioselective

total synthesis of (R)-rolipram in six steps employed the
bifunctional catalyst mediated asymmetric Michael addition of
malonate nucleophiles as key step. Recently, Kobayashi and co-
workers''? described the continuous flow asymmetric synthesis
of (R)- and (S)-rolipram employed the chiral heterogeneous
catalysts as key step. As part of our ongoing research programme
directed towards the asymmetric synthesis of biologically active
compounds,'? we became interested in developing a short and effi-
cient route to (R)-1 and (S)-rolipram 2 with two different strategies
employing the organocatalyzed asymmetric Michael addition,
Henry condensation, Wittig olefination and reductive lactamiza-
tion reactions as the key steps.
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Fig. 1. Some structures of GABA derivatives (1-4).
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Abstract: A new and rapid asymmetric synthesis of anti- and
syn-3,y-dihydroxynitroalkanes through an organocatalytic tan-
dem a-aminooxylation-Henry reaction is described. The target
diol derivatives were synthesized in good yields, with excellent
enantioselectivities, and low to moderate diasteroselectivities,

under mild conditions. The synthesis of the antineoplastic and
antipsoriatic drug (-)-L-threo-sphinganine demonstrates the
synthetic utility of the building blocks generated in the devel-
oped reaction.

Introduction

Enantiopure 1,2-diols are versatile chiral building blocks, and
they have been used widely as starting materials for the asym-
metric synthesis of drugs and biologically active natural prod-
ucts.!" Various methods for the synthesis of 1,2-diols have been
documented in the literature.>3! The Sharpless asymmetric di-
hydroxylation (AD) of trans olefinsi! is one of the most efficient
reactions, leading to syn 1,2-diols with high enantiomeric ex-
cesses (ee's); cis olefins give rise to anti 1,2-diols with low enan-
tioselectivity.®®! Recent developments in asymmetric catalysis
have included organocatalytic a-aminooxy-group-directed tan-
dem reactions; these reactions lead to enantiopure compounds
in a rapid and atom-economical one-pot catalytic process.! We
envisioned that a reactive a-aminooxy aldehyde intermediate
2, generated from the organocatalytic a-aminooxylation!?'-2n]
of an aldehyde 1, could undergo in-situ trapping with nitro-
methane under Henry reaction conditions,'™ followed by cleav-
age of the phenylamine moiety to give a 3,y-dihydroxynitroal-
kane 3 [Equation (1)].

OH
ONHPh
o %-aminoxylation /j\/O Henry reaction RA\%NO
R/V —_— R / — 2
OH
1 2 3
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Based on this idea, we describe in this paper a highly enan-
tioselective one-pot tandem approach to p,y-dihydroxynitro-
alkanes, containing a nonterminal 1,2-diol unit. The reaction
involves the organocatalytic a-aminooxylation of aldehydes fol-
lowed by an in-situ Henry reaction.

Results and Discussion

In our preliminary experiments, we used 3-phenylpropionalde-
hyde (4) as a model substrate, nitrosobenzene, DMSO as the
solvent, and L-proline as the catalyst (Scheme 1).

PhNO, o
L-proline (30 mol-%)/ OH H
Ph._~._-0 DMSO,rt, 30 min Ph\/'\/\NO + Ph \/'\‘ANO
— e e . - A )
then CH3NO,, DIPEA, 2
4 rt, 12 h, 42% OH OH
anti-5a (S,R) syn-5b (R,R)
>99% ee >99% ee

Scheme 1. Strategy for in-situ trapping of reactive a-aminooxylated aldehyde
intermediates.

Nitromethane and the base DIPEA (diisopropylethylamine)
were used in the second step, and were added to the a-amino-
oxylation reaction mixture when all the nitrosobenzene had
been consumed. Pleasingly, the tandem reaction proceeded
smoothly to give products anti-5a and syn-5b in 42 % yield,
along with the expected O-NHPh-protected derivative of 5 in
low yield (12 %). It is known that partial N-O bond cleavage
may occur in situ during a-aminooxylation reactions.2? Also,
removal of the N-phenylamino group could be achieved either
by catalytic hydrogenation®”! or by Cu'-catalysed reactions.!®!
Compounds anti-5a and syn-5b were separated by silica gel
column chromatography. We found that there was no dia-
stereoselectivity in the second step (anti-5a/syn-5b, 1:1), but
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