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ABSTRACT

This study has focused on the synthesis of trudcatelogues of the hydroxyethylene
dipeptide isosteres, such as Ritonavir®, curremtlyclinical use as HIV-1 protease
inhibitors. The reactions of pyridine-2- and quinet2-carbaldehydes with methyl
acrylate, in the presence of 1,4-diazabicyclo[2dttane (DABCO) or 3-
hydroxyquinuclidine (3-HQ) as nucleophilic cataljshave afforded a series of Baylis-
Hillman adducts, acetylation and cyclisation of g¢hhave provided access to a series of
indolizine-2-carboxylate esters. The carboxylic daci obtained by base-catalyzed
hydrolysis of these esters, have been coupled vatlous protected (and unprotected)
amino compounds using the peptide coupling ageht;carbonyldiimidazole (CDI), to
afford a series of indolizine-2-carboxamides asoiizthe-based truncated Ritonavir®
analogues in quantitative yield. Aza-Michael reawwsi of pyridine-3-carbaldehyde-
derived Baylis-Hillman adducts with various amimmmpounds have provided access to
a range of pyridine-based products as mixturesiadtereomeric aza-Michael products.
The assignment of the relative stereochemistryhef dza-Michael products has been

established using 1-D and 2-NOESY experiments angpater modelling techniques.

Computer modelling studies have also been condwriestlected aza-Michael products
using ACCELRYS Ceritssoftware, followed by interactive docking into th#V-1

protease receptor site, using AUTODOCK 4.0. Thekohar studies have revealed
hydrogen-bonding interactions between the enzyndetlasm synthetic ligands. Saturation
Transfer Difference (STD) NMR experiments have amsbcated binding of some of the
aza-Michael products to the HIV-1 protease subtg@penzyme, thus indicating their

binding and possible inhibitory potential.
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Introduction

1.INTRODUCTION

1.1.HIV/AIDS

The Acquired Immunodeficiency Syndrome (AIDS) pandedates as far back as 1959
to a human blood sample collected in West-Centfat#’ By 1971 AIDS had spread to
several regions of the world, killing its first k@ped victim in 1979. AIDS presents a
severe immune deficiency that involves the deswnobf helper T-cells and is usually
accompanied by multiple opportunistic infectionsiethmay later be dominated by
Kaposi's sarcomaa rare skin diseas€.An aggressive and deadly variantKsdposi's
sarcomawas isolated by Friedman-Kien and his colleagne$981 from homosexual
men who exhibited low levels of the helper T-ceD4count! Gallo and co-workers
showed in 1984, from “serological and viral isadatistudies”, that AIDS arises from
infection with a human retrovirus similar to thosé the family of Human T-cell
Lymphotropic virus types | and Il (HTLV-I and -If).In 1983, the collaboration of
Montagnier in France and Gallo in America resulted the isolation of human
immunodeficiency virus (HIV) from cultured humanlsdor the first time and, in 1985,
showed it to be the causative agent of AfDS.

HIV belongs to a family of rapidly mutating viruseslled lentivirused. This family
includes retroviruses like Simian Immunodeficientyus (SIV), visna virus and Equine
Infection Anaemia Virus (EIAVY.HIV is divided into two strains, HIV-1 and HIV-2hé
former being the deadly, dominant form that acceufdr nearly 90% of global
HIV/AIDS deaths. HIV-2 was discovered in 1986 arsl less transmissible and
pathogenic, with lower levels of viral load andveés progression to AID&Both forms
of the virus are believed to have originated thtougyoss-species infection from
chimpanzees to humans. The primate reservoir of-HRNas been identified from sooty
mangabeydervocebus atyschimpanzee species from Western Africa, the regibere
HIV-2 is known to be endemic, while HIV-1 origindtérom Pan troglodytes troglodytes
(P.t. troglodyt®, a common chimpanzee species in Central AffiCaHIV-1 is further
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divided into three sub-strains, M (Major), N (Neand O (Outlier), with M being the
main strain responsible for the global AIDS epidemFurthermore, sub-strain M is
divided into nine subtypesjz., A-D, F-H, J and K! Subtype C is the most abundant,
accounting for 47% of new HIV-1 infections, espégian Sub-Saharan Africa and
Asia*!* Subtype A is the second most abundant sourcefeétion, making up 30%,
while subtype B, which is dominant in North Ameriaad Eastern Europe, makes up

12%; the rest is due to “inter-subtype recombimtis: °

Since the discovery of HIV/AIDS in 1981, the dise#&sestimated to have killed some 25
million people world-wide with 68% of the reportatkaths in Sub-Saharan Africa.
Currently it is estimated that there are nearlyrdilion people living with the virus,
including 2.5 million children, and 5 million newfections every yedf *’Although the
death-toll has reached millions, AIDS has becomeaaageable chronic disease provided
appropriate treatment programmes are implementedieMer a vaccine still remains a
necessity, especially for third-world countrieselikhose in Africa and Asia where the

highest number of new infections and deaths arerteg annually.

1.1.2. HIV-1 viral structure and life cycle

The gut lining-lymphoid tissue, which is rich in @0O0°-cells, has been recognized as the
primary site for HIV-1 replicatioi.HIV-1 has developed unique shielding mechanisms
that prevent it from being recognized by the hosistibodies; these include the
interaction of its cellular receptors with thosetloé host’'s cell and a dense carbohydrate
sheet that surrounds its otherwise exposed antigas avoiding neutralization by
antibodies? It is also very important to note that the HIV-éngme does not have the
necessary genes for the production of this dendmbgdrate sheet but relies entirely on

the host’s cellular material for this feat(fré®2°
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Figure 1. Mature HIV-1 virion structure. (Reproduced with rpéssion from the
publisher.y*

Other features which lie on the surface of the Higarticles (Figure 1) are: -

0] the viral lipid membrane lined with spikedikstructures consisting of
glycoprotein 120 (gp 120), a sub-unit that mediatieal attachment to the
host’s receptors and co-receptors unnoticed bgnitibodies; and

(i)  glycoprotein 41 (gp 41), the transmembranesubthat initiates fusion of the
virus with the host’s cell membrang?

In the HIV-1 core, there are two regulatory genasandrev, and four accessory genes,
viz., vif, vpr, vpuandnef, that contain the genetic material necessaryh@production of
proteins that enable the virus to infect othersselhd a nucleocapsid protein calledp7.

The HIV-1 viral particles exhibit very specific limg in that they only bind to cells
bearing CD4, a protein that functions in immunegeition. The first step in the HIV-1
life-cycle (Figure 2) involves recognition of tharget cell by the virion. The gp 120
binds to CD4 molecules and anchors the virion ®adall surface; this process leads to

fusion, and uncoating (which is not well undersfoiben occuré®?°
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Following fusion with the host’s cell membrane amcoating of the viral particle, a
single-stranded viral RNA is transcribed into dasbtranded DNA by the first virally
encoded enzyme, reverse transcriptase (HIV-RT). {faescribed viral DNA is then
transported to the cell’'s nucleus where it is inagd with the host’s genetic material by
another viral enzyme, integrase (HIV-IN). Activatiof the cell follows and this results
in transcription of the viral DNA into messenger RKMRNA). 2> This mRNA is then
translated into viral polyproteins which are cledvato individual proteins by the
protease enzyme (HIV-PR). HIV-PR functions as air‘@d molecular scissors” by

hydrolyzing thegagpol precursor protein$. The individual proteins and two molecules
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of viral RNA then assemble within the envelope emotto form a mature virion which
buds out of the cell, leaving the infected celldie. The new virions then infect other
healthy host cells, repeating the cy€leBy examining the life cycle of HIV-1 several
target sites for viable therapeutic agents cardbetified; one of these sites is the fusion
stage. Inhibiting the fusion process would previiet viral particles from entering the
host’s cell thus stopping the life cycle beforewven begins. One way of achieving this
would be to alter the CD4 receptors and co-receptarthe cell’'s surface because HIV
viral particles bind specifically to this proteirotecule? 2’ ?®0One of the mechanisms for
disguise, which the virus uses, is its dense caudiraite sheet and interference with this

sheet could make the virus vulnerable to neutrétindy antibodie$®

There are three other obvious sites that couldabgeted in the HIV-1 life-cycleviz.,
reverse transcriptase (HIV-RTY,integrase (HIV-IN)’ and protease (HIV-PR§. The
transcription stage of the viral RNA to DNA woulcde severely compromised by
inhibiting the HIV-RT enzyme. The critical problewith the HIV-RT enzyme lies in its
inability to proof-read amino acid sequences; ésdr prone’ habit increases the risk of
drug resistance and the emergence of new mulsteesi straing. > Inhibiting the HIV-
IN enzyme would stop the integration of the virali® into that of the host. The third
enzyme, HIV-PR, has shown tremendous potentialdfolg discovery because of its
cleavage of polyproteins into mature viridinhibition would lead to the production of
immature virions lacking the ability to infect otheells, thus lowering the viral load in
HIV positive patients. The critical importance diese enzymes in the viral life-cycle

makes them promising targets for drug discovery.

Unless the viral life-cycle is interrupted, virugfection spreads rapidly throughout the
body, resulting in a weakened and compromised inemgystem, thus leading to the
inability of the body to protect itself against @pjunistic infections like pneumonia,

diarrhoea and tuberculosis (TB).
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1.1.3. The HIV-1 protease enzyme and its function

HIV-1 protease (HIV-PR) belongs to a family of adphprotease enzymes, which
includes enzymes like renin and pepsin, all of Whiave a hydrophobic core cavity**
HIV-PR is a homodimer made up of a pair of idert@8 amino acid residue protein
chains, and has a,Gxis of symmetry. The active site of HIV-PR is dted at the
“bottom” of the enzyme’s cavity near the dimeriteiface (Figure 3), and is lined with a
pair of catalytic triads, comprising the residu&sp 25 (or 25’) - Thr 26 (or 26’) - Gly 27
(or 27°)2% 3 The cavity of the active site is covered by twexible flaps, one from each
monomer, and these play a critical role during sabs binding. The flaps are situated at
the “top” of the catalytic site and have exteng@esheet regiond’ The dimeric interface
is largely made up of and stabilized by four aratigtlel p-sheets formed by N and C
terminal strand$® 312 Among the catalytic triad residues, Asp 25 and 28/e been
identified as the critical components involved fie tcatalytic action of the enzyré-

ray crystallographic analysis of HIV-PR revealstra&ural water molecule located just

above the catalytic residues; this structural wet@ssential for the hydrolysis of peptide
bonds?% 293

Figure 3. Ribbon representation of the structure of HIV-1ltpase enzyme. (Reproduced
with permission from the publishefy*
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The standard nomenclature commonly employed foHRhePR-inhibitor (or substrate)
complex was developed by Bergaral, ?* **and is shown in Figure 4, where.S.S,
are the binding pockets in the enzyme’s active &g are referred to as subsites, while
P:....P, denote the corresponding amino acid residues ef péptide inhibitor or

substraté’ The amide C-N bond at which cleavage occurs iaedrthe scissile bond.

© /\
P,

S, Sy

Scissile bond

Figure 4. Standard nomenclature for HIV-PR-peptidic subst@eplexes. (Adapted
from References 22, 36 and 37).

As indicated earlier, HIV-PR functions by hydrolygi the viral gagpol precursor
proteins into mature structural proteffis® The proposed catalytic mechanism of HIV-
PR uses the structural water molecule in hydrolyzive scissile amide carbonyl bond of
the substrate (Figure 8Y3" This structural water molecule is activated by the

catalytic aspartyl residues, Asp 25 and 25, foimthe active sité?
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Figure 5. Catalytic action of HIV-PR enzyme. (Adapted fronference 37.)

Therefore, for the protease inhibitor to be effextiand viable it must be non-
hydrolysable i(e. non-cleavable) around the/Py: region. HIV-PR inhibitors can either
be peptide or non-peptide based syst&m¥>"Since 1995, the U.S Food and Drug
Administration (FDA) has approved for clinical use ten HIV-PR inhibitors illustrated

in Figure 6. These are the eight peptide baseditoins: Invirase (Hoffmann-La Roche,
1995), Ritonavir (Abbott Laboratories, 1996), IraWr (Merck, 1996), Viracept

(Agouron Pharmaceuticals, 1997), Amprenavir (GlardBKline, 1999), Kaletra

(Abbott Laboratories, 2000), Reyataz (Bristol-MyerSquibb, 2003), Lexiva

(GlaxoSmithKline, 2003); and the two non-peptidesdzh Tipranavir (Boehringer
Ingelheim, 2005) and Darunavir (Tibotec Inc, 2066}®
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Since the introduction of these anti-HIV-1 drugsngothirteen years ago, millions of
people’s lives have improved significantly, resudtin an apparent decline in the number
of HIV/AIDS-related deaths, especially followingethntroduction in 1996 of Highly
Active Antiretroviral Therapy (HAART), which invoks the combination of HIV-PR
and HIV-RT*Although these drugs have improved people’s likejr effectiveness
decreases over time due mainly to drug toxicity eegistance. Moreover, their use is
inhibited by high costs and patient compliancenituenced by unpleasant side-effects.
There is thus a pressing need for new and imprareds that can overcome these
obstacle$® ““*'The present study has focused on the HIV-1 pretéd#/-PR) enzyme
as an attractive target since its structure andtiom are well established. Particular use
has been made of Baylis-Hillman methodology in pdimg access to a series of
pyridine- and indolizine-based potential inhibitors

1.2. Properties and synthesis of indolizines

Indolizine 1, also known as pyrrolo[1,&}pyridine, consists of a X0 conjugated
electronic structur& Indolizines are important structural motifs freqtig found in
nature and have been used as key scaffolds inhthenaceutical industry due to their
broad spectrum of biological activity. The indatiei skeleton is also found in naturally
occurring erythrina alkaloids such as 3-dimethoytreatidinone2 andp-erythrolidine3,
alkaloids possessing potent central nervous sy§@NS) activity”® Indolizines were
first discovered in 1890, and prepared in 1912 bkioBz from a-picoline and acetic
anyhydride!* They are weak bases, and when reacted with agstraid they form salts.

The generally accepted numbering of the indolizsnghown in the parent systeim

@)
. OMe
6| X 8 O OMe
N

OMe

D

10
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1.2.1. Biological Importance of indolizines

Indolizines are structurally similar to indoles ambindoles, which are important
“molecular templates” for many naturally occurrintperapeuticé>*’ Indolizine
derivatives have been reported to exhibit valudddogical activity against diseases,
such as cancer and HM* Indolizine derivatives have also been shown to be
antagonistic against neurokinin B (NKB), which islibved to be a major factor in
chronic diseases, such as asthma, in psychiatsmrairs and in certain inflammatory
diseases! > Furthermore, Riset al *? have shown that some indolizine derivatives,
especially indolizines with an oxygen atom at Cdkipon, i.e. O-protected indolizine
esters, ethers and sulfonates, exhibit activityiregdipid peroxidation. Gundersegt
al. *® have reported that indolizine derivatives, oxydedaat C-1, are potent anti-
oxidants which inhibit 15-lipoxygenase, an enzymeolved in the oxidation of “low
density lipoproteins”, thus leading to the devel@mmof atherosclerosis, prostate cancer
and spontaneous abortion in animals. Indolizinevd@ves have also been reported to
inhibit tyrosine phosphatases (TPP) which are nesipte for the virulence of various
pathogenic bacteriayiz., salmonella typhiminium(the typhus pathogen) angkrsinia

pestis (the plague pathogeff).

Recently, indolizine derivatives have been repoaggotential calcium entry blockefs,

cardiovascular agents: **anti-5-hydroxytryptamine’>>® anti-histamine>*° anti-

acetylcholine®®®® anti-tumor,*®*" >’

anti-mycobacterium tuberculosigTB) *® and
anticancer agenfs: *° They also appear to have potential in the treatnoérangina

pectoris and as central nervous system depresSatits>

Different methods for the synthesis of indolizineridatives, which are summarized in
the review by Uchida and Matsumotd, include: - condensation reactionise( the
Scholtz **°° and Chichibabin reactiond' 9, 1,3-dipolar cycloadditiof> *4°% %%%nd
1,5-dipolar cycloadditiod* ®3®* Another particularly useful method for the synikesf

indolizine derivatives involves the use of the Bsflillman methodology>"°

11
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1.2.2. Condensation reactions: the Scholtz and Gifiibabin reactions

The Scholtz reaction involves heating a mixture 2efmethylpyridine4 and acetic
anhydride5 at 200-220°C to give “picolide” or 1,3-diacetylmiizine 6 which, on
hydrolysis, affords indolizind (Scheme 1§ This method was applied in the preparation
of 1-acetyl-5-methylindolizines and 1-benzyliden@awr3-phenylindolizines by

Boekelheide in 1959 and by Krohnke and co-workerkd71, respectivel§ '

4 JAN

200-220°C

Y

Scheme 1

In 1927, Chichibabin reported a useful modificatiohthe Scholtz reaction for the
synthesis of 2-alkyl- and 2-arylindolizines, whishbsequently became known as the
Chichibabin reactiofi! This modification involves base-mediated cyclisati of
quaternary pyridinium salt§* ® thus, treatment of the picoline derivativevith ana-
haloketone8 gives the pyridinium sa® which, on treatment with the base, affords an

akyl- or arylindolizinel0 (Scheme 25°

Scheme 2

12
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The Chichibabin reaction is deficient in that it asly useful for the synthesis of
indolizines bearing substituents on the five merabtaing, and is thus not suitable for
the synthesis of unsubstituted indolizing$® However, modification of the Chichibabin

reactions has broadened the scope of this methgylolo

1.2.3. Synthesis of indolizinesia 1,3-dipolar cycloaddition

Intermolecular 1,3-dipolar cycloaddition providesvary powerful approach to the
synthesis of five-membered heterocyclic syst&mg®°% ® This reaction involves
addition of a heteroaromathd-ylide 11 to an electron-deficient acetyled@ or alkene
under dehydrogenating conditions to give indolizileeivativesl3 (Scheme 3§> 4849 61-

% However, the dehydrogenation was later shown tarrecessary, and higher yields

were obtained under mild conditioresd.the use of solid support).

| N R? AN
0% + Pd/C, solvent |
N If - NN, R
o —
1
R RS RL R?
11 12 13
Scheme 3

The intermolecular 1,3-dipolar cycloaddition reantiis particularly valuable in
indolizine synthesis, being a simple two-step psséé However, the reaction suffers
from low vyields and regioselectivity problems wheansymmetrical, highly
functionalized or sterically hindered acetylenee arsed as substrat®s.Another
drawback is the fact that the pyridinium salt imtediates are highly hygroscopic, and

are usually unstabf&: ®*

13
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1.2.4. Synthesis of indolizinesia 1,5-dipolar cycloaddition

Uchida and Matsumoto have described 1,5-dipolaloegdition (sometimes referred to
as intramolecular 1,5-dipolar cycloaddition) as tm®st powerful method for the
synthesis of heterocyclic compourfsThe indolizine derivatives synthesized by this
method were first reported in 1962 by Zecher andhitke* This synthesis involves
treatment of a pyridine derivativé with an allyl halidel4 under mild conditions to
afford the correspondingN-allylpyridinium halide 15 in reasonable vyield. Th&-
allylpyridinium halide is then treated with a mid@se i(e. potassium carbonate) to give a
stable dihydroindolizind 6, which can generally be isolated; rapid oxidatioen affords

the indolizinel7 (Scheme 43¢

AN H R3
| +

= _ =

N R1 R2

7 X

14
| X
R N™Ny—R3
17 R

Scheme 4
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1.3. The Baylis-Hillman reaction

In 1968, Moritaet al " reported for the first time, the reaction of adehyde with
various acrylic compounds in the presence of a phos catalyst,
tricyclohexylphosphine. Four years later, in 19Baylis and Hillman from the Celanese
Corporation of New York were granted a patent fomilsr reactions, obtaining higher
yields using a cyclic tertiary amine catalyst, #ljdzabicyclo[2.2.2]octane (DABCO)
18."° Following their success, a wide range of otherlicyand non-cyclic amine
catalysts, such as quinuclidin&9, 3-hydroxyquinuclidine (3-HQ)20 and 1,8-
diazabicyclo[5.4.0Jundec-7-ene (DBJL emerged for this transformation, which was
later referred to as the Baylis-Hillman (B-H) or hta-Baylis-Hillman reactiori® This
reaction permits the formation of a carbon-carbondat thea-carbon of the vinylic
moiety, giving rise tay,B-unsaturated adducts from readily available stgnivaterials.”

8 Theseo,p-unsaturated Baylis-Hillman adducts are particylasseful as synthetic

precursors in organic and medicinal chemi&ry.

@ & gL

The Baylis-Hillman reaction thus involves the canglof aldehyde2 and activated
alkenes23, in the presence of a tertiary amine or phosploaalyst to afford allylic
alcohols with a new stereogenic centre (designatighl an asterisk4 (Scheme 5).
Various aldehydes are used with activated alkesegh as alkyl vinyl ketones,
acrylonitrile, vinyl sulfones, acrylamides, alleniesters, vinyl sulfonates, vinyl

sulfoxides, vinyl phosphonates and acrylate esfef$®*

15
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N

22

Scheme 5

23

OH O

3 Amine catalyst

L
E

24

Baylis-Hillman methodology may be sub-divided intbree types of reactions:

(i) asymmetric, (ii) intramolecular and (iii) norssymmetric and non-intramolecufarin

1986, Brown and co-workers were the first groupshmw the versatility of Baylis-

Hillman products in asymmetric synthe&isThe goal of the asymmetric Baylis-Hillman

reaction is to selectively control the stereochémyisf the resulting products, and in so

doing, produce an enantiomerically pure adduct ighhenantiomeric (ee) or

diastereomeric excess (de) (>98%3° This selectivity has been achieved in various

ways as illustrated in the following three examples

(a) Using a chiral Michael acceptor, such as ateyderivative®5 (Scheme 65’

o 0
. H >7 O OH
o | DABCO
25
26

Scheme 6

O *
7.5 kbar

21 hours

27

100% de
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(b) Using chirally modified electrophiles, such #s phenylmethyl oxoacetat28
(Scheme 75’

Ph
O 0 Ph
y >L
OJ\H/ " Me,S, Ticl, R
0 O
28 CHZCI2 *
29 o)
30
> 95% de
Scheme 7

(c) Using chiral catalystse(g the chiral DABCO derivative33; Scheme 8§> 8788
Ideally, chiral reagents and/or catalyst(s) use@sgmmetric Baylis-Hillman reactions
need to be easily removed at the end of the rematid readily availabl&.

O % 33
H Hk Hydroquinone (1 mol%)
+ ‘ 10 kbar, THF
O,N 30 °C
31 32
N
EN OR
33 OR

Scheme 8

Frateret al, in 1992, were the first to describe an intramal@cuBaylis-Hillman
reactionfollowed by Murphy in 1998%°? Intramolecular Baylis-Hillman reactions occur
when both the aldehyde and the activated alkeneetiesi are present in the same

compound35, and are in sufficient proximity for the reactitmoccur (Scheme 9). The

17
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intramolecular Baylis-Hillman reaction provides genient access to cyclic ketones that
contain am-hydroxy group, but relatively few substrates aadily available to undergo

this reactior’’

H OH
© DABCO H
/ CO,CH, > CO,CH,
35 36
Scheme 9

Over the last two decades, the Baylis-Hillman rneachas gained popularity due to its
atom economy and the mild reaction conditions giyarequired®® > However, in many
cases there are limitations, such as very longtimatimes, low to moderate yields and
the lack of “a universal solvent system” suitabte &ll substrate¥>°® A number of
physical and chemical methods have been developéchvaddress these shortcomings.
These methods may not only accelerate the reachah,also activate “previously
unreactive” substratés1%? Chemical methods have been shown to be more ci@nten
than physical methods because they do not reqoirespecialized equipmeft® Among
the chemical methods employed in accelerating gndi®Hillman reaction are the use of
aqueous solutions or hydrogen donor solvéhtS?ionic liquids® highly basic amines
104 and Lewis acid or basic catalySfs.’®® Microwave irradiation, high pressure,
sonication or ultrasound and temperature variagom among the most widely used

physical method&® 190106

1.3.1. Mechanism of the Baylis-Hillman reaction

The generally accepted mechanism (Scheme 10) doBd#lylis-Hillman reaction is based
on data obtained from both kinetic and computatishadies®™ *°’ The first step involves
conjugate addition of a tertiary amine catalysttihe activated alkene (or Michael

acceptor) 23, affording a zwitterionic enolate intermediaB.®®> This zwitterionic

18
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intermediate then attacks the aldehg@do give an aldol type zwitterionic intermediate
38 a step previously thought to be the rate detengistep (RDSJ" **However, the
results of theoretical studies suggest that prdtansfer to give another zwitterionic
enolate intermediat@9 is the rate determining step. SubsequenrgzElimination of the
catalyst then gives the desired prod2dtlIt is important to note that, to date, none & th

zwitterionic intermediates have been isolated expantally.

O
O
)k d 30 Amine catalyst OH O
R™H + ( R - , N
‘ R™ &« R + / \\Rl
22 ”3 R3 R?
24
.. A
N
/DR
R3 R2

Elg

2

H © ’
A\\\_ O‘;) H | oH Q
/J/L\R' R R RDs R L OR
>N
> |

R

3 .
RSO R0 R NN
0\
ﬁ/ R R 5\
R1 . R R1
37 ' 38 ' 39
Scheme 10
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1.3.2. Applications of the Baylis-Hillman reaction
Careful examination of the Baylis-Hillman reactionechanism suggests that this

transformation may be defined as a one-pot comiomaif successive Michaef’® Aldol

109, 110 h113

and Elimination reactions. Diels-Ald&r Friedel-Crafts;** Mannich*** and ring-
closing metathesi$' are among the many organic transformations whiatehbeen
carried out on Baylis-Hillman adducts in the symsiBeof various natural and unnatural
biologically important products, such as peptitiésazetidined’® carbamates!’
acrylamides;*® methyleneB-hydroxylactones? B-lactams'*® and acaterif?’an inhibitor

of cholesterol acyltranferase.

o O OH O OAc O
)k + o _PABCO 5 )\ oRt
H | OEt ’
40 41 42 43
X
44 OSiMe,
NaCN
H,SO,
COH | oH

COH A)\)\’iCOZH
X OH 48 COH
47 COH

Scheme 11

In 1982, Drewest al **!

were the first to exploit the versatility of theagis-Hillman
reaction when they synthesized integerrinecic dd@idScheme 11) and retronecic acid
48, two commonly occurring necic acids, which argy Compounds found in many

senecio alkaloid$??*?® The synthesis involved reaction of acetaldehg@ewith ethyl
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acrylate4l in the presence of DABCO, to yield Baylis-Hillmawalduct42, which was
subsequently acetylated. The acetylated Bayligitili adduc#t3 was then reacted with
2-trimethylsilyloxybut-2-ene44 to obtain the ester produet5; hydrolysis to the
carboxylic acid46, followed by a cyanohydrin reaction and furthedtotysis yielded
integerrinecic acidl7.*** **In 1983, Hoffman and Rabe also utilized the Bapiman
reaction in conjunction with the Diels-Alder reactiin synthesizing mikanecic acid as a
racemic mixturé?®> Mikanecic acid is a terpene dicarboxylic acid,raduct of alkaline
hydrolysis of the alkaloid mikanoidine obtainedrfrGenecio mikanioides otté’

OH O

CHO 9
/©/ + rlkOMe - OMe
H..C..O |

29~14 H..C. O

29~14
51
49 50

\ O
(@]
N OMe
N OH
H29C14O
H,C,.0 53 52
O
Q OH
N 0 N o)
o/\[ >< ., OH
O H,,C,,0
H29Cl4o
54 55

Scheme 12

Daset al, **" have also demonstrated the application of Baylisridn methodology in
the synthesis of the active hypocholesterolemicnggek-903 55, which contains the

(E)-a-methylcinnamic acid moiety as the key structuralit.u The preparation of
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compounds5 involves reaction of 4-(myristyloxy)benzaldehy#i@with methyl acrylate
50ain the presence of DABCO as a catalyst, to afdaglis-Hillman adduc61, which
is then reduced to the estf, hydrolysis of which gives the cinnamic acid dative 53.
Esterification of the cinnamic actlBB affords the protected compoubd. Deprotection

by removal of the acetonide group finally affords-R03 55 (Scheme 12).

Another critically important application of the BeyHillman reaction has been in the
synthesis of heterocyclic systems including indoks.

1.3.2.1. Application of Baylis-Hillman reaction in the synthesis of indolizine
derivatives

In 1990, our research group at Rhodes Universitg Wee first to apply the Baylis-
Hillman methodology in the synthesis of indoliziderivatives (see section 1.4%)In
2003, Basavaiabt al. °° reported an efficient one-pot synthesis of indnbzderivatives
employing the Baylis-Hillman reaction. In this meth pyridine-2-carbaldehydg6 is
reacted with various conjugated alken2Z3 in acetonitrile, under the inluence of
triflouromethanesulfonate (TMSOTf) and basic coiodis, to afford indolizine
derivatives57 (Scheme 13).

N
A O |
| N TMSOTTf (leq) K,CO, (aq) N7
= R > -
N~ “CHO CH,CN
0°C—rt, 12 hrs R
56 23 4
57
Scheme 13

Within the same year, Basavaiah and Rao also mgbdine synthesis of indolizine-fused-

chromone derivatives using Baylis-Hillman methodyld*® Chromones8 were shown
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to react with pyridine-2-carbaldehy8é in methanol, in the presence of trimethylamine,

to afford the corresponding Baylis-Hillman addu&8 When the adduct$9 were

refluxed in acetic anhydridé the indolizine-fused-chromone derivativé® were

obtained in good yields (Scheme 14).

@fﬁfl

56

Scheme 14

@] OH
MeN R | N
O
59 o o
ML
5
O
R
o) N N
60
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1.4. Previous work done in our research group at Rbdes

1.4.1. Synthesis of various heterocyclic derivatige

As mentioned earlier in the previous section, tippliaation of the Baylis-Hillman
methodology in the synthesis of indolizine derive was first reported by Kaye and
Bode in 19907 This approach involved the treatment of variowdehydess6a-c with
methyl acrylatés0a methyl vinyl ketoneé0d, ethyl vinyl ketones0e or acrylonitrile50f

in chloroform, in the presence of DABCO at room pemature, to give the corresponding
Baylis-Hillman adducts5la-f in good yields after 3 days. Distillation of theayis-
Hillman adductstla-f afforded the indolizine derivatived3a-f in low yields (Scheme

15, route 1)%’

3 R
( R DABCO XN
CHCI | _ OH
N

56a-C S0af 6la-f

RS O O
®)
N
Rt

Rl R2 R3
a| H H COMe
CO,Me

o
T

<

®

P
oy @]
o:<

63a-f

c| -[CHL, CO,Me

62a-f
dl H H come a
el H H COEt
fl H H CN
Scheme 15
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The method was then modified to improve the vyielgs refluxing Baylis-Hillman
adducts6la-f in acetic anhydridé to obtain the acetylated Baylis-Hillman derivatve
62a-f°" ° Thereafter, thermal cyclisation of the acetylaBaylis-Hillman derivatives
62a-fafforded the indolizine derivativé8a-fin good yields (Scheme 15, route ).

Attention was also given to -: (i) the synthesis widolizine-2-carboxamides from the
reaction of indolizine-2-carboxylic acid with vau® amines in the presence of the
coupling agent, 1,1'-carbonyldiimidazole (CDiY; (ii) exploring physical organic
properties of these indolizine-2-carboxamides, amtipular Dynamic NMR studies of
rotational isomerism® and (iii) kinetic and mechanistic studies on toenfation of

indolizine derivativewia thermal cyclisation of the acetylated Baylis-Hilmadduct®

Success in the synthesis of indolizine derivatiueghg Baylis-Hillman methodology
prompted further investigations into the preparati other heterocyclic systems. These
studies led to the chemoselective synthesis ofrcbne derivative§6 (Scheme 16, path
I) and coumarin derivative&7 (Scheme 16, path Il) from various salicyldehy@dsand
activated alkene$0a, or 50d.*°*3 Also, the synthesis of quinoline and quinolone
derivatives from the reactions of 2-nitrobenzaldi§8 and methyl acrylatéOa or ethyl
acrylate50b in the presence of DABCO, afforded the Baylis-iéin adduc69, which
was then subjected to catalytic hydrogenation tordfa mixture of quinoling0 and 2-
quinolone 71 derivatives (Scheme 1¥*'** The applicability of the Baylis-Hillman
methodology was also shown in the synthesis ofrbeyelic systems containing sulfur
heteroatom(s), namely the thiochromerigs:** where 2-mercaptobenzoic aci@ was
reduced to mercaptobenzyl alcohe8, followed by spontaneous formation of the
disulphide 74. The disulphide was then subjected to the Bayilbridn reaction

conditions to afford the desired thiochromene denre 75 (Scheme 18).
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OH O
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OH
COH COH
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SH LAH SH S
_— S + |
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73

74 50
72
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CcO
S

75
Scheme 18
1.4.2. Previous work on HIV-1 protease inhibitors
Attention within the group has also been given he preparation of Baylis-Hillman
derived heterocyclic systems as analogues of Ritnrf& *®an HIV-1 protease inhibitor
(Figure 7). The heterocyclic systems employed ligg study were chromene, coumarin
and thiochromene derivativé®. The approach involved the attachment of the amino

termini of the hydroxyethylene dipeptide isost&@@ (Scheme 19) to the synthesized

heterocyclic systemga a coupling reaction.

Ph
@) : (0]
Ao I
Ph

Ritonavir

Figure 7. Ritonavir structure.
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DSy A% aad

O
N OH
R
| o~ o
81
Ph
OH <
Y NH,
Ph 76 0
N OH
[ X
77: X=0
78: X=S
Ph X
o
? 3
AN N/Y\:/ AN
: OH < O
X AN
79: X=0
80: X=S

Scheme 19
Reagents: EDC, HOBt, g, DMF

The first step in the synthetic sequence involvesl greparation of the hydroxyethylene
dipeptide isostere moiety6 following a literature method. A series of coumaz+
carboxylic acids81 were then coupled to the free terminal amino gsoapthe non-
hydrolysable dipeptide isostei®, in the presence of the coupling agdwtethyl-N'-
(dimethylaminopropyl)carbodiimide hydrochloride (ER and 1-hydroxybenzotriazole
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(HOBU), to affordbis-coumarin Ritonavir® analogué® (Scheme 19, path I). The same
synthetic procedure was applied to the chromodfieand thiochromene-2-carboxylic
acids 78 to afford the correspondingis-chromene andis-thiochromene Ritonavir®
analogues (Scheme 19, path®®)***In computer modelling studies, the ligarit-82
showed negative Van der Waals protein-ligand ictéva energies, indicating their
potential to bind to the HIV-1 protease receptoritya*> Furthermorejn vitro enzyme-
inhibition assays indicated that some of theseagnueds have the potential to act as HIV-
1 protease inhibitor§?

1.5. Aims of the present study

Ritonavir®

Heterocyclic | . —
moiety Hydroxyethylene dipeptide isostere

\ R2

Peptide moiety
Pseudo-peptide moiety

Figure 8.

In light of the previous work done in our reseagecbup, the aims of the present study
have been to synthesize pseudo-peptide based tednR&onavir® analogues bearing an
indolizine or pyridine heterocyclic moiety as pdiah inhibitors of HIV-1 protease

(Figure 8). More specifically, this project hasahxed the following objectives.

29
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(i)

(ii)

(iii)

(iv)

The preparation of a range bFsubstituted indolizine-2- and pyrrolo[1,2-
ajquinoline-2-carboxamides and pyridine-based azehslel adducts using
Baylis-Hillman methodology.

The application of 1-D and 2-D NMR spectroscopy andhputer modelling
techniques in assigning the relative stereocheynisfr the aza-Michael
products.

The application of AUTODOCK 4.0 software to explanesilico docking of
the synthetic ligands in the HIV-1 protease enzyeoeptor cavity.

Saturation transfer difference (STD) protein NMRalgmis of the binding

potential of various ligand systems.
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Results and Discussion

2. DISCUSSION

In line with the identified aims, attention in thdiscussion will be given to: - the
preparation of Baylis-Hillman adducts (Section 2thermal cyclisation of the Baylis-
Hillman adducts to afford indolizine derivativese(@on 2.2); one-pot synthesis of
indolizine derivatives (2.2.1); synthesis of indale-2-carboxamide and pyrrolo[1,2-
ajquinoline-2-carboxamide derivatives (Section 28)nthesis of aza-Michael products
(Section 2.4); and, finally, computer modelling, lecular docking and protein NMR

studies of selected compounds (Section 2.5).

2.1. Preparation of Baylis-Hillman adducts

In this study, Baylis-Hillman methodology was ugedorepare pyridine- and quinoline-
based Baylis-Hillman adducts. The approach developeour research group by Bode,
®67 involved the reaction of aldehydé&$a-c, gand h with methyl acrylate50a in
chloroform, using DABCO or 3-hydroxyquinuclidine-E8Q) as the nucleophilic catalyst
(Scheme 20). The reactions proceeded as anticiphedrude products were purified by
flash chromatography to afford the desired addéttsc, gandh in yields ranging from
good to excellent as shown in the Table 1. In ezade, the progress of the Baylis-
Hillman reaction was monitored by thin layer chraoggaphy (TLC) and it was observed
that all of the aldehydes were completely consuimetthe presence of DABCO except

quinoline-2-carbaldehyd&6c which had undergone little conversion after 7sday

1 2
Rt . OH © | R R
CHO + al H H
— P ~

N O bl H Me

RZ
56a-c, g-h c| -CH,
6la-c, g-h gl H H
hl H H

Scheme 20

Reagents: (i) DABCO or 3-HQ, CHLI
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This problem was solved by using 3-HQ as the catahgain the reaction was monitored
by TLC and, after 4 days, conversion to the dedadis-Hillman adduc6lcwas found
to be almost complete. The addudita-c, g and h were fully characterized by
spectroscopic (IR, 1- and 2-dimensional NMR) analys

Table 1 Reaction times and yields of the Baylis-Hillmadducts6la-c, gand h.
(scheme 20)

Compound name Time (hrs)  Yield (%)
a | Methyl 2-[hydroxy(pyridin-2-yl)methyl]acrylate 72 30
b | Methyl 2-[hydroxy(6-methylpyridin-2- 48 87
yl)methyl]acrylate
c | Methyl 2-[hydroxy(quinolin-2-yl)methyl]acrylate 96 96
g | Methyl 2-[hydroxy(pyridin-3-yl)methyl]acrylate 72 0D
h | Methyl 2-[hydroxy(pyridin-4-yl)methyl]acrylate 72 97

Figure 9 illustrates the assignment of significartdton signals in théH NMR spectrum

of compound6lc The spectrum reveals a singlet at 3.67 ppm qoorging to the
methoxy group (OMe), a broad singlet at 5.68 ppma wuthe hydroxyl proton (OH) and
three signals, characteristic of Baylis-Hillman guots, at 5.87, 5.97 and 6.36 ppm
corresponding to the methine proton on the sterd@ogeentre C-3 and the diastereotopic
vinylic methylene protons, respectively. The quinelring protons resonate, as expected,
in the aromatic region, with the two doublets @27and 7.82 ppm due to the 3’- and 4'-
methine protons, respectively. The two triplet& &2 and 7.70 ppm are due to the 7’-
and 8’-methine protons, while the doublets at &@f 8.11 ppm are due to the 6’- and
9'-protons. The correspondifdC NMR spectrum (Figure 10) of produgtcexhibits 14
carbon signals as expected. The methoxy carbamaéss at 51.6 ppm, the stereogenic
centre C-3 resonates at 71.7 ppm, the methylermaat 127.1 ppm, the aromatic and
vinylic (C-2) carbons in the range of 118-160 ppmd ¢he carbonyl carbon at 166.3 ppm.
Infra-red spectroscopy revealed the hydroxyl (ORg aarbonyl (C=0) stretching bands
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at 3260 and 1735 ch respectively, while the base peak in the lowle#m mass
spectrum atvz 244 corresponds to the protonated molecular ion.

OMe

9-HeH 4Hpy 8HSH

8.1C 8.0C 7.9C 7.8C 7.7C 7.6C 7.5( 7.4C
ppm (t1

-
=
o
=
I

4660 L
dz60 1
o0oe | —

8.C 7.C 6.C 5.C 4.C
ppm (t1

Figure 9. 400 MHz'H NMR spectrum of the Baylis-Hillman addu&tcin CDCk.

C-3 OMe

15C 10C 50
ppm (t1)

Figure 10. 100 MHz**C NMR spectrum of the Baylis-Hillman addutcin CDCk.
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With the multi-functional Baylis-Hillman adducts mand, a number of transformations
could be achieved. Examples of these transformaiilociuded oxidation of the hydroxyl
group (Dess-Martin§> (pathA), cyclisation (pattB), conjugate addition (pat@) > **

and nucleophilic substitution with allylic rearrargent ({’) (pathD) (Scheme 21).
/kﬁk
Ar

Cyclisation product

Scheme 21

2.2. Thermal cyclisation of the Baylis-Hillman addats into
indolizine derivatives

2.2.1. Step-wise synthesis of indolizine derivatige

Only those Baylis-Hillman adducts containing a eoghilic centre at position 2 of the
attached heterocyclic system are able to undeitganolecular cyclisation. The first step
in the cyclisation method involved refluxing the yBis-Hillman adducts6la-c with
acetic anhydrid® to give the acetylated Baylis-Hillman addu6fa-c.In the event, the
acetylated derivatives were isolated together witie corresponding indolizine
derivatives 63a-c (Scheme 22). Moreover, during the acetylation dfiuect 61¢ an
acetylated indolizine derivativ@3 was formed and isolated as a minor product (5.8%).
Thermal cyclisation to indolizine derivatives cam dchieved directly without acetylating
the Baylis-Hillman adductéla-g but Bode®®® had discovered that this leads to lower

indolizine yields. Changing the hydroxyl group ditBaylis-Hillman adducts into an
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acetoxy group affords a better leaving group. $tmactures of all the productéda-c

and63a-q obtained were confirmed B and**C NMR analysis.
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~N Rt N .

L _oH i R X
e ON — F0Re |

o) stepl R o R2 NN
@)
6la-c ~ O 0
g \
+

62a-c

63a-c
iii
step 2
AN
Rl
| X NT N
R2 N™ N AcO o
— K \
@)
3 \ 83
63a-c

Scheme 22
Reagents: (i) Acetic anhydride, reflux, 30 minui@$;NaHCOs-ice; (iii) 120 °C.

The only significant differences between thd NMR spectrum of the acetylated
derivative62c (Figure 11) and that of the precur&drc (Figure 9) are the disappearance
of the hydroxyl proton signal at 5.68 ppm and thpemrance of the new methyl signal of
the acetoxy group at 2.17 ppm, thus confirming yagon of the hydroxyl group.
Similarly, the differences between tH€ NMR spectrum (Figure 10) of compou6dic
and that of compoun@2c (Figure 12) are the appearance in the latter efsignals at

20.9 and 169.5 ppm due to the acetyl methyl anlloted carbons, respectively.
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OAc OMe
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8.C 7.C 6.C 5.C 4.C 3.C
ppm (t1
Figure 11 400 MHz'H NMR spectrum of the Baylis-Hillman addu&2cin CDCk.
OMe
C:OC:O ‘ ‘
\ \ \
150 100 50
ppm (t1)

Figure 12 100 MHz*C NMR spectrum of the Baylis-Hillman add2cin CDCk.

The structure of compourgB is supported by the 1-D and 2-D NMR, IR, high-taton
mass spectroscopy (HRMS) data and the fragmentgtadtern in the low-resolution
mass spectrum. The isolation of compow@®&lwas surprising due to the fact that the
acetoxy functional group, a good leaving group, wti$ attached and it was located at

C-1 (not C-3) of the indolizine system. The progbseechanism (Scheme 23) for the
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formation of compound3 involves conjugate addition of the acetate woa an
allylic rearrangement pathway [to the Baylis-Hillmadduct1c (R=H) or its acetylated
derivative 62c (R=Ac)] to afford the acetylated compouBda Subsequent loss of a
proton to another acetate ion then yields a resmiatabilised anioB4b. Intramolecular
cyclisationvia the “aza-Nazarov” cyclisatiof® affords compound5, which is further

stabilized by the loss of a second proton to dgieedcetylated indolizine derivatigs.

X AN
f" X
g OR
N — y— - = N
(o N R 7
o \.  ~COMe
Me
O H 2
@‘/61 ~ 84b OAc
Aco@ 84a azaTNa.zarov
cyclisation .
® Yy
NTN H oN ‘\|
— AcO CO,Me
ACO  coMe H
83 85
Scheme 23

The'H NMR spectrum (Figure 13) of compouB8 reveals clearly the disappearance of
the characteristic Baylis-Hillman vinylic protonssually found in the region 5.5-6.5
ppm, while a number of new signals are presenthe dromatic region. The upfield
singlets at 2.42 and 3.86 ppm are due to the agetod methoxy protons, respectively.
The data from the HSQC spectrum (Figure 14) wasd tseassign the aromatic signals
and confirm other signal assignments. The carbgnats resonating at 113.8 and 114.3
ppm correlate with 3- and 9-methine protons at &8#6@ 7.88 ppm, while the carbon
signals at 111.0, 122.7 and 124.7 are assigndtetquaternary carbons, C-1, C-2 and C-
3a, respectively, because of the lack of correbatm any proton signals. Similarly, the

signals beyond 129.3 ppm correspond to the othartepary carbons, C-5a and C-9a and
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the carbonyl carbons, as evidenced by the laclooklation with any proton signals in
the HSQC spectrum (Figure 14). Infra-red spectrpgcrevealed the two carbonyl
stretching bands at 1701 and 1752’cwhile the base peak in the low-resolution mass
spectrum aimn/z209 corresponds to the loss aHgO, from the molecular ion involving,

we suggest, the loss of methyl acetasethe fragmentation detailed in Scheme 24.
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Figure 13 400 MHz'H NMR spectrum of compour@Bin CDCk.
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Figure 14. HSQC NMR spectrum of compouB@in CDCL.

39



Results and Discussion

The second step in the cyclisation sequence inddieating the acetylated addué®a-c

at 120 °C for 1hr to obtain the indolizine derivas63a-cin 70-77% yield (Scheme 22).
The mechanism proposed by Boeleal °°®’ for the observed cyclisation involves the
addition-elimination sequence as outlined in Sch@®meThe first step (contrary to the
proposed mechanism for compouB®) is the intramolecular cyclisation, which is
followed by allylic rearrangement and loss of thaving group, designated OR (ll) and,

lastly, loss of a proton to give rise to the futlynjugated indolizine derivative (llI).
R" RII

X |\
— OR'
A S N

Rll

R NN, =

Scheme 25

Figure 15 illustrates the assignment of the pratigmals in the'H NMR spectrum of
compoundé3b. The spectrum, like that of compouB8, reveals that the characteristic
Baylis-Hillman vinylic proton signals have disappe#, while a number of new signals
are present in the aromatic region; the single&%Q and 3.90 ppm correspond to the 5-
methyl (C-10) and the methoxy protons, respectivEhe doublets at 6.43 and 7.32 ppm
are due to the 8- and 6-methine protons, and tighets at 6.91 and 7.72 ppm are due to
the 1- and 3-methine protons, respectively. FieNMR spectrum (Figure 16) shows the
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expected 11 carbon signals, with the 10-methyl aarbesonating at 18.5 ppm, the
methoxy carbon at 51.4 ppm and the carbonyl caabd®5.8 ppm.
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6-H 74 8H
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Figure 15. 400 MHz'H NMR spectrum of compourBb in CDCh.
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Figure 16. 100 MHz**C NMR spectrum of compour&Bb in CDCk.
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2.2.2. One-pot synthesis of indolizine derivatives

Following the one-pot procedure described by Basaet al., ®° 2-acetylindolizines3d,
2-propanoylindolizine 63e and indolizine-2-carbonitrile 63f were synthesized
successfully in 91, 39 and 66% yield, respectiy@gheme 26), from the reaction of
pyridine-2-carbaldehyd&6 with methyl vinyl ketone50d, ethyl vinyl ketone50e and
acrylonitrile 50f in the presence of trimethylsilyl chloride (TMSCIinstead of the
triflouromethanesulfonate (TMSOTTf) used in the oral publication. These compounds
have been synthesized previously in our group, u€M\BCO as the cataly§t:®’
However, attempts to generalize the applicatiorthis method® failed to yield the
desired products when the activated alkenes, meitryllate50a phenyl vinyl sulfone
50gand phenyl vinyl sulfonat&Oh, were used.

R
X a| COMe
| b R . | 4| Meco
P + Lol N
N~ “CHO W - . e| EtCO
56 f| CN
63d-f h| PhOSQ
Scheme 26

Reagents: (i) TMSCI (1 eq), GBN, 0 °C to rt, 12 h.; (ii) KCO; (aq)

The assignment of signals in the NMR spectrum of compoun@3f are shown in
Figure 17. Thé®C NMR spectrum (Figure 18) shows the expected Baresignals, with
the nitrile carbon resonating at 116.4 ppm. Infrd-spectroscopy confirmed the presence
of the nitrile stretching band at 2355 ¢nwhile the base peak in the low-resolution mass

spectrum ain/z142 corresponds to the molecular ion.
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Figure 17. 400 MHz'H NMR spectrum of compour®Bf in CDCh.
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Figure 18. 100 MHz**C NMR spectrum of compour@Bf in CDCk.
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2.3. Synthesis of indolizine-2- and pyrrolo[1,&]quinoline-2-
carboxamides

The procedure followed for the preparation of immiak-2-carboxamide89-107, first
reported by Bod&®®in 1994, involves a two step process. Hydrolysithefindolizine-
2-carboxylate esters to afford indolizine-2-cardaxgcids was effected by refluxing the
esters in ethanolic potassium hydroxide for 16 ling neutralized acids were then
reacted with amines using 1,1’-carbonyldiimidaz@@®I) as the coupling agent. In the
present study, the indolizine-2-carboxylic aci@®a-c were obtained in quantitative
yields using this approach, and their formation wasfirmed by NMR, IR and low-
resolution MS analysis. The carboxylic acids wdnrent reacted with various amino
compounds, viz., 1-methyl-5-(diethylamino)butylamine88, Sbenzylcysteamine90,
glycine ethyl este®2, L-serine ethyl ested4, glycine methyl este®6, L-proline methyl
ester 98, and the dipeptideé\-acetyl-glycine-lysine methyl est&00, in the presence of
(CDI), to afford the corresponding indolizine-24gsaxamides89-101 (Scheme 27, Table
2). Amines available as hydrochloride salts wengtna¢ized by the addition of a base and
the novel indolizine-2-carboxamid88-101 were all fully characterized by spectroscopic
(IR, 1- and 2-dimensional NMR) and elemental (HRMS8alysis.

2.3.1. Coupling withS-benzylcysteamine hydrochloride

The indolizine-2-carboxylic acid87a-cand CDI were each dissolved in dry DMF and
the mixtures heated at 40°C for 5 minutes. Theeeatihe mixtures were allowed to cool
to room temperature and then treated vithenzylcysteamine hydrochlorideé0 and
pyridine, an organic base, to neutralize the hylarade salt and release the nucleophilic
amine (Scheme 27). Purification of the crude pregluasing preparative layer
chromatography afforded the corresponding indodéiZZacarboxamide derivativéxsla-c

in 64-97% (see Table 2).
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Scheme 27 Reactions of indolizine87a-cwith amino compoundsRH, (see Table 2)
using the coupling agent CDI in DMF.
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Table 2 Reaction yields of indolizine-2-carboxamid&9-101, with the general
structure:-

NHRS3

Compound Yield (%)

89 H H -CH(CH;)(CH,)sN(CH,CHs), 69
91a H H -(CH,),SCH,Ph 64
91b H Me -(CH,),SCHPh 79
91c -C4Ha- -(CH,),SCH,Ph 97
93a H H -CH,CO,Et 66
93b H Me -CH.CO,Et 40
93c -CaHy- -CH,CO,Et 58
95a H H -CH(CH,OH)CO,Et 47
95b H Me -CH(CHOH)CO,Et 44
95¢c -CaHs- -CH(CH,OH)CO,Et 34
97b H Me -CHCO,Me 82
97c -CaHy- -CH,COMe 70
99 H Me -[(CH,)sC(H)CO:Me] 50
101 H H -(CHy)4sCH(COMe)N;H-C405 60
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The’H NMR spectrum (Figure 19) of the indolizine-2-caxamide91b reveals a singlet
at 2.46 ppm corresponding to the 5-methyl protartsiplet at 2.69 ppm corresponding to
the 11-methylene protons, a multiplet at 3.61 pmmesponding to the 10-methylene
protons and the singlet at 3.74 ppm correspondinthé¢ 12-methylene protons. It is
important to note that the 10-methylene protonsxdbappear as a triplet because they
also couple to the NH amide proton. The multiplet727 ppm is due to the phenyl
protons (14-H, 15-H and 16-H). The remaining signalthe aromatic region correspond
to the indolizine protons, while the NH amide prot@sonates at 6.68 ppm. THE
NMR spectrum (Figure 20) shows the 17 expectedoradignals, with the 5-methyl
carbon resonating at 18.5 ppm and the ti¥benzylcysteamine methylene carbons (C-
10, C-11 and C-12) resonating at 35.7, 31.1 an@ BPm, respectively. The aromatic
carbon signals lie downfield with the amide cardararbon, being the most deshielded,
resonating at 165.0 ppm. The DEPT 135 spectrunuf€igl) confirms the presence of
only three methylene carbons, while the COSY spett(Figure 22) reveals vicinal
couplings A) between the NH proton and 10-methylene protous(Bhbetween the 10-

and 11-methylene protons.
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Figure 19. 400 MHz'H NMR spectrum of compour@iLb in CDCh.
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Figure 20. 100 MHz*C NMR spectrum of compour@ilb in CDCk.
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Figure 21 DEPT 135 NMR spectrum of compou8iib in CDCk.

The data from HSQC spectrum (Figure 23) was usednéirm other signal assignments
in compound91b, with the 5-methyl protons at 2.46 ppm correlattogthe carbon

resonating at 18.5 ppm and the 10-, 11- and 12yiestd protons correlating to carbon
signals at 31.1, 35.7 and 38.0 ppm, respectivehe assignments of the quartenary
carbons lying downfield is also confirmed becauseythave no correlation with any

protons.
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Figure 22 400 MHz COSY NMR spectrum of compou@tb in CDCk.
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Figure 23 HSQC NMR spectrum of compou@dbin CDCl.

50



Results and Discussion

2.3.2. Coupling with glycine ethyl ester hydrochlode

The indolizine-2-carboxylic acid87a-c were also reacted with glycine ethyl ester
hydrochloride92, following the procedure used for the carboxamiféa-g to give
indolizine-2-carboxamide93a-c (Scheme 27, Table 2). Figure 24 illustrates the
assignment of signals in thie NMR spectrum of the indolizine-2-carboxami@@b. The
triplet at 1.29 ppm corresponds to the 12-methgtgns, singlets at 2.24 and 4.21 ppm to
the 5-methyl and 10-methylene protons, respectivaaty the quartet at 4.24 ppm to the
11-methylene protons. In the aromatic region signals are observed, five
corresponding to the indolizine protons and theabiroultiplet at 6.80 ppm to the NH
proton. The™C NMR spectrum (Figure 25) shows the 14 expectebocasignals, with
the 12- and 5-methyl carbons resonating at 14.118h@ ppm, 10- and 11-methylene
carbons resonating at 41.5 and 61.5 ppm, respgctared the two carbonyl carbons at
165.1 and 170.4 ppm. The DEPT 135 spectrum (Fig@jeconfirms the presence of the
two methylene carbons, C-10 and C-11.

5-CH,
12-CH,
11-CH,
J .
¥ 2 i Y Y Y L
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@ 8 88 8 2 3 38
rr 1~ ‘1t | 1 1.t 1 1. 1. [ vt 1 1. [ v 1 1 T ] T Tt T 1T ] T T T 1
7.C 6.C 5.C 4.C 3.C 2.C

1 (t1

Figure 24. 400 MHz'H NMR spectrum of compour@Bb in CDCk.
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Figure 25. 100 MHz**C NMR spectrum of compour@Bb in CDCk.
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Figure 26. DEPT 135 NMR spectrum of compou@8b in CDCk.
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2.3.3. Coupling with L-serine ethyl ester hydrochlade

The indolizine-2-carboxylic acid87a-c were also reacted with L-serine ethyl ester
hydrochloride94, following the procedure described for the synthed carboxamides
91a-¢ to afford the chiral indolizine-2-carboxamid@sa-cin reasonable yields (Scheme
27, Table 2). ThéH NMR spectrum (Figure 27) of the indolizine-2-caxamide95a
reveals a triplet at 1.27 ppm (which overlaps vt hydroxyl signal) corresponding to
the 5-methyl protons, the doublet at 4.03 ppm &odiastereotopic 3-methylene protons,
the quartet at 4.24 ppm to the 4-methylene protmsthe multiplet at 4.83 ppm to the 2-
methine proton. The DEPT 135 spectrum (Figure 28)fioms the presence of two
methylene carbons.
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Figure 27. 400 MHz'H NMR spectrum of compour@bain CDCk.
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Figure 28 DEPT 135 NMR spectrum of compou@8ain CDCl;

2.3.4. Coupling with glycine methyl ester hydrochlode

The indolizine-2-carboxylic acid87b-c were also reacted with glycine methyl ester
hydrochloride96, following the procedure described for the synithed carboxamides
9l1a-g to afford indolizine-2-carboxamide¥/b-c (Scheme 27 and Table 2). Figure 29
illustrates the assignment of signals in th¢ NMR spectrum of the indolizine-2-
carboxamided7c. The singlet at 3.80 ppm corresponds to the metipogtons and the
doublet at 4.27 ppm to the 10-methylene protonshdénaromatic region nine signals are
observed, eight corresponding to the indolizinaratic protons and the broad multiplet

at 6.75 ppm to the NH proton.
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Figure 29. 400 MHz'H NMR spectrum of compour@7cin CDCk.

2.3.5. Coupling with L-proline methyl ester hydrochoride

Indolizine-2-carboxylic aci®7b was reacted with L-proline methyl ester hydrocider
98, following the procedure described for the synihe$ carboxamide9la-¢ to afford
indolizine-2-carboxamid®9 (Scheme 27 and Table 2). THé NMR spectrum (Figure
30) of the indolizine-2-carboxamid@® reveals a multiplet at 2.00 ppm corresponding to
the 3-methylene protons, the splitting of the 4imyksne proton signals with one proton
resonating as a multiplet at 2.13 ppm (4-Ha) ardatiher at 2.30 ppm (4-Hb), singlets at
2.48 and 3.75 ppm corresponding to the 5-methytgrs and the methoxy group,
respectively. The multiplet at 3.96 ppm correspotmigshe 5-methylene protons, the
quartet at 4.69 ppm to the 2-methine proton andsidpeals in the aromatic region to the

indolizine protons.

55



Results and Discussion

g OMe
5-CH3;
4
4-Hb 4-Ha
3-CH,
5-CH,
N
U )
o P
= N W PPN
N & 3 388
T T | T T T T | T T T T |
4.C 3.C 2.C

ppm (1]

Figure 30. 400 MHz'H NMR spectrum of compour@D in CDCk.

2.3.6. Coupling with the unprotected amine 88 andhe dipeptide 100
1-Methyl-5-(diethylamino)butylamin®&8 and N-acetyl-glycine-lysine methyl ester00
were the only two unprotected amino compounds eyaplsuccessfully in the synthesis
of indolizine-2-carboxamidesyiz.,, compounds39 and 101, respectively (Scheme 27,
Table 2). Figure 31 shows thid NMR spectrum of the indolizine-2-carboxamig@ the
triplet at 1.00 ppm corresponding to the 15- andmié&thyl protons, the doublet at 1.23
ppm to the 10-methyl protons, the multiplet at 1PpHn to the diastereotopic 11- and 12-
methylene protons. The multiplet at 2.44 ppm is tu¢he 13-methylene protons, the
quartet at 2.52 ppm to the 14- and 14’-methylemm¢oms, the multiplet at 4.21 ppm to the
methine proton of the stereogenic C-10. The remgisignals are due to the indolizine

aromatic protons and the NH proton.
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Figure 31 400MHz'H NMR spectrum of compourP in CDCk.

The 'H NMR spectrum (Figure 32) of the indolizine-2-oaxamide 101 reveals
multiplets at 1.40 and 1.56 ppm corresponding t® 1 and 4-methylene protons,
respectively, the signals at 1.76 and 1.88 pprhécseparated 6-methylene protons (6-Ha
and 6-Hb), the singlet at 1.99 ppm to thel3-megmgtons, the two multiplets at 3.36
and 3.50 ppm to the separated 3-methylene pro®#ka(and 3-Hb), the singlet at 3.70
ppm to the methoxy protons, the doublet at 4.02 pprthe 10-methylene protons; the
multiplet at 4.47 ppm to the 7-methine proton; sikgnals at 7.10, 7.76 and 7.89 ppm are
due to the three NH protons and the rest of theatsgare due to the indolizine protons .
The DEPT 135 spectrum (Figure 33) confirms thegmes of five methylene carbons.
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Figure 32 400MHz'H NMR spectrum of compountd1in CDCh.
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Figure 33 DEPT 135 NMR spectrum of compouh@lin CDCE.
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2.3.7. Attempted synthesis of other indolizine-2-choxamides

Indolizine-2-carboxylic acidB7a was also treated with piperazid®2 1,3-diamino-2-
hydroxypropanel04 and ethylenediamin@06 following the procedure used for the
carboxamide®1la-c but after being stirred overnight, the TLC plateowed that no
products had formed from the mixtures. The threetunes were allowed to stir further
for five days at room temperature Bt NMR analysis indicated that no reactions had
occurred. This problem might be solved by convgrtthe carboxylic acids into the
corresponding and more reactive acid chloridedpviohg the procedure described by

Ankalgi and co-workers’

2.4. Synthesis and characterization of aza-Michaeldducts

The aza-Michael reaction is a carbon-nitrogen bémuning reaction between,-
unsaturated carbonyl compounds and nitrogen nuellesg*’ The reaction witha,B-
unsaturated esters usually takes place under basititions or in the presence of an
acidic catalyst to afforg-amino esterd*® In the present study, the procedure described
by Perimutter and Tabone in 1988 was used to syizth¢he aza-Michael product86a-
.19 The Baylis-Hillman adducB1lg was reacted with various amino acid est&s (
benzylcysteamine hydrochlorid#), glycine ethyl and methyl ester hydrochlorid#?
and96, L-serine methyl ester hydrochlori®d, L-proline methyl ester hydrochloridis
and benzylamind08) in methanol and triethylamine @&t) at O °C for 4 days (Scheme
28).'H NMR spectroscopic analysis indicated the formmatib diastereomeric mixtures
of the aza-Michael product09a-f The diastereoselectivity was poor ranging frddn 2
to 40% for the product&09a-ebut much better fol09f (Table 3). Purification of the
crude diastereomeric mixtures by preparative laygomatography permitted isolation
and characterization of the diastereomeric compsnareach case. In the reactions with
the achiral amines,S-benzylcysteamine90, benzylamine 105 and glycine ester
hydrochlorides92 and 96, the diastereomeric products, in each case, @&asupred to
comprise a pair of racemic components. In reactwil the chiral L-serine and L-
proline ester hydrochloridest and98, however, all four of the possible products, inkea

case, would be expected to be diastereomeric.
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Scheme 28

Reaction conditions: (i) MeOH, 0°C, 4 d Kydrochloride salts neutralized with &t
* New stereogenic centre.)

Table 3. Reaction yields, diastereomeric ratios and % af.e¢he aza-Michael products
109a-f

Diastereomeric Total yield
Compound % d.e.” (%) ©
ratio ®

109a -CHPh 1:1.5 20 69

109b -(CH,),SCH:Ph 1:2 33 41

109c -CHCOMe 1:2.6 44 75

109d -CH,CO,Et 1:1.6 23 96

109e -CH(CH,OH)COMe 1:1.3 13 31

109f 1.7 75 76

& Determined by 400 MHZH NMR s,pectroscopy.b % Diastereomeric excessYield before purification.
d
RoN.
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2.4.1. Synthesis of benzylamine aza-Michael produiO9a

Figure 34 illustrates the doubling of signals’id NMR spectrum of the crude aza-
Michael productl09g indicating that the amine product was a diasteexec mixture.
The diastereomeric ratio was calculated from thensities of the respective 3-methine
signals (Figure 34). Preparative layer chromatdgyagdforded the diastereomet89a
and109g in 33 and 14% yield, respectively.

"

ppm (1.

Figure 34 400 MHz 'H NMR spectrum of the crude diastereomeric aza-Bth
productsl09ain CDCk.

The'H NMR spectrum (Figure 35) of diastereom@9a reveals well separated signals
for each of the diastereotopic 4-methylene protant) the 4-Ha signal overlapping the
2-methine proton signal at 2.77 ppm; the 4-Hb pro&sonates at 3.18 ppm. The singlet
at 3.65 ppm is due to the methoxy protons, the @tsiat 3.71 and 5.32 ppm to the 5-
methylene and 3-methine protons, respectively, thedsignals in the region 7.21-8.59
ppm to the phenyl, hydroxide and pyridyl protonee°C NMR spectrum (Figure 36)
shows the expected 15 signals, with the 4-methydeke2-methine carbons resonating at
47.5 and 50.9 ppm, respectively, the methoxy carabd2.1 ppm, the 5-methylene
carbon at 53.9 ppm, the 3-methine carbon at 74m @pd the carbonyl carbon at 172.5
ppm. The DEPT 135 spectrum (Figure 37) confirms phesence of two methylene

61



Results and Discussion

carbons. The COSY spectrum (Figure 38) revealsaaoupling between the 2- and 3-
methine protonsA) and between the 2-methine and one of the 4-matkyprotons (4-
Hb) B). The HSQC spectrum (Figure 39) shows correlatetween the 3-methine
proton and the carbon (C-3) resonating at 74.4 pim;4-Ha and 4-Hb methylene
protons correlate to the carbon resonating at gjgrd and the 5-methylene protons to the
carbon resonating at 53.9 ppm. In the HMBC specttbigure 40), the cross-peaks
andB (andB’) reveal a three-bondX ;) connectivity between the 3-methine proton and
the carbonyl carbon, and between both of the 4-ylmtle protons and the carbonyl
carbon. The diastereomet89a and109a exhibit significant differences in their NMR

spectra, as is immediately evidenced from a coraparof theirH NMR spectra (Figure
41).
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Figure 35. 400 MHz'H NMR spectrum of diastereom&d9a in CDC.
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Figure 36. 100 MHz**C NMR spectrum of diastereom&®9a in CDCk.
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Figure 37. DEPT 135 spectrum of diastereom@0g in CDCk.
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ppm (f2;

Figure 38 400 MHz COSY spectrum of diastereori®fg in CDCk.
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Figure 39. HSQC spectrum of diastereoni€9g in CDCk.
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Figure 40. HMBC spectrum of diastereom&09g in CDC.
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Results and Discussion

The 'H NMR spectrum (Figure 41) of diastereoni€9a reveals that the 2- and 4a-
methine signals do not coalesce as they do in peetsum of diastereomet09a,

whereas the opposite effect is observed for thara} 6’-methine proton signals.
OMe

8 4-Ha and 2-+
2'-H
6-H |

Y [ s

2H and 6-H aH ZH
M 4-HRY , 4-Ha

oy gy
=

©

T

ppm (t1’

Figure 41 400 MHz 'H NMR spectrum of diastereomdi09a in CDCk, with the
spectrum of diastereom&09a superimposed in blue.

2.4.2. Synthesis of th&-benzylcysteamine aza-Michael products 109b

Figure 42 illustrates thtH NMR spectra of the crude mixture obtained from téaction
with Sbenzylcysteamine hydrochlorid®0 (Scheme 28) and of the separated
diastereomerd09b; and 109h,. In the'H NMR spectrum (Figure 42c) of the major
diastereomel 09y, signals in the region 2.60-3.02 ppm are cleaolved while in the
spectrum of diastereome09; (Figure 42b) they overlap. In the former spectrum
(Figure 42c), the triplets at 2.55 and 2.71 ppnrespond to the 6- and 5-methylene
protons, the multiplets at 2.83, 2.95 and 2.98 ppiihe diastereotopic methylene proton,
4-Ha, the 2-methine proton and the second methyteaoton, 4-Hb, respectively. The
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singlets at 3.60 and 3.71 ppm are assigned to #thaxy group and the 7-methylene
protons, respectively, the doublet at 5.32 ppmh&3-methine proton and the signals in
the region 7.21-8.59 ppm to the phenyl and pyngtons.

(a) Crude mixture

.

(b) Diastereomet09b;

3-H

N

(c) Diastereomet09h, OMe 6-C

Ar-H

6T L

-39¢ L

ppm (t1

Figure 42 Comparison of the 400 MHH NMR spectra of the crude mixture (a) and the
separated diastereomeric compondf@h, (b) and109b;, (c) in CDCk.
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Signal assignments are supported by the DEPT 183H&QC data. Thus, for the major
diastereomerl09h,, the DEPT spectrum (Figure 43) confirms the preseaf four

methylene carbons, as required, while the HSQC tspac(Figure 44) was used to
confirm the assignments of carbon signals, with 4Hda and 4-Hb, and 5-methylene

protons correlating to the carbon signals at 48cb48.1 ppm, respectively.

OMe
109h, C-3 -2
c-5
C-6
o4 C-7
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15C 10C 5C
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Figure 43. DEPT 135 spectrum of diastereonmi®9b, in CDCl.
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Figure 44. HSQC spectrum of diastereoni€9h, in CDCb.
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2.4.3. Synthesis of the glycine methyl ester aza-hiael products 109c

Figure 45 illustrates th#H NMR spectra of the crude mixture obtained from teaction
with glycine methyl ester hydrochlorid®6 (Scheme 28) and of the separated
diastereomerd09g and109¢, the latter spectrum (Figure 45c) being that &f mhajor
product.

(a) Crude mixture
~
6

(b) Diastereomet09¢; 6-CHs 5-CH;

%

\
A B j J

\/

(c) Diastereomet09¢,

59 F =
60 >
120 € >_
1368701 F-
\___

.

N

T

Te
4i0¢ L
=456'T |

8.C 7.C 6.C 5.C 4.C 3.C
ppm (1!

Figure 45. Comparison of the 400 MHH NMR spectra of the crude mixture (a) and the
separated diastereomeric componéi®8g (b) and109¢ (c) in CDCE.
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A significant difference between thel NMR spectra of diastereomet§9g and109¢

is that, in the spectrum (Figure 45b) of diasteren09¢q, the 2-methine proton

resonates at high field than in the spectrum oftdi@omerl09¢ (Figure 45c) where it

appears downfield compared to the 4-methylene psotm Figure 45c, the multiplet at
2.81 ppm corresponds to the diastereotopic 4-metieyprotons, the multiplet at 3.17
ppm and the doublet at 3.39 ppm to the 2-methideSamethylene protons, respectively.
The singlets at 3.61 and 3.72 ppm are due to th#naxg group and the 6-methyl

protons, the doublet at 5.27 ppm to the 3-methim¢op and the signals in the region
7.21-8.59 ppm to the pyridyl protons.

2.4.4 Synthesis of the glycine ethyl ester aza-Mia&l product 109d

OMe

3xC=C

15¢ 10¢ 5C
ppm (f1]

Figure 46. 100 MHz**C NMR spectra of the crude (blue) and the purifiestereomeric
componentl09d; (black) in CDC}.

72



Results and Discussion

Figure 46 illustrates th&’C NMR spectra of the crude mixture (blue) obtaifredn the
reaction with glycine ethyl ester hydrochlori@2 (Scheme 28) and of the recovered
diastereomerl09d (black) after purification. In thé’C NMR spectrum (blue) of the
crude mixture, many of the signals are doubled-iratication of a diastereomeric
mixture, purification of which gave only one produthe*C NMR spectrum (black) of
the purified productl09d shows the expected 14 signals, with the 7-metlayban
resonating at 14.1 ppm, the 4-, 6- and 5-methytambons at 48.2, 50.3 and 51.5 ppm,
respectively, the methoxy carbon at 52.0 ppm, than2l 3-methine carbons at 52.1 and

73.8 ppm, respectively, and the two carbonyl caskairl71.9 and 172.4 ppm.

2.4.5. Synthesis of the L-serine methyl ester azaithael product 109e

L-serine methyl ester hydrochlori®d was also reacted with the Baylis-Hillman adduct
61gto afford a diastereomeric mixture of the aminowaggives109e(Scheme 28). Figure
47 illustrates théH NMR spectrum of the crude mixture still showitg tcharacteristic
Baylis-Hillman adduct signals (an indication of @meplete reaction) and the 3-methine
protons of the newly-formed diastereomeric produatsthe region 5.16-5.29 ppm,

labelled in green.

ppm (f1,
Figure 47. 400 MHz'H NMR spectrum of the crude mixture Hd9ein CDCk.
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Purification of the crude mixture by preparativesda and high performance liquid
chromatography (HPLC), permitted removal of the IBapillman adduct61g but failed

to separate the diastereomeric products. HeNMR spectrum (Figure 48) of the
mixture exhibits the doubling of the 3-methine sigrwhile the Baylis-Hillman adduct
signals observed in Figure 47 are clearly absamtthBr purification is still needed to
obtain clean products but was precluded by timesitamts. The signals can,
nevertheless, be assigned as follows; the mudi@e®.72, 2.81, 2.85 and 3.32 ppm are
due to the diastereotopic 4-methylene protons (&hth4-Hb), while the 2”-methylene
proton signal overlaps with the amino and the 2himet proton signals, respectively. The
singlet at 3.59 ppm corresponds to the hydroxyupgrdhe signals at 3.66, 3.72 and 5.12
ppm to the methoxy groups and the 3-methine protoespectively; the remaining
signals in the region 7.30-8.55 ppm are due tgtmelyl protons.

OMe
OH
2"-CH, and NH
4-Hb
>
4-Ha
3-H /
J 2-H
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8.C 7.C 6.C 5. 4. 3.0
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Figure 48 400 MHz 'H NMR spectrum of the chromatographed mixture of
diastereomer$09ein CDCl.
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2.4.6. Synthesis of L-proline methyl ester aza-Miael products 109f

Figures 49 and 50 illustrate the assignment of th&IMR signals for the separated aza-

Michael product409f; and 109%, obtained from the reaction with L-proline metlegter
hydrochloride98 (Scheme 28).

6-OCHj3
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1-Hb and 5-Hk
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Figure 49. 400 MHz'H NMR spectrum of diastereom&@9f; in CDCk.
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Figure 50. 400 MHz'H NMR spectrum of diastereom&@9f, in CDCl.
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The spectrum of the diastereom#@9f, (Figure 49) reveals greater separation and
resolution of almost all the signals, comparedht® spectrum of diastereom&@9f,. In
the spectrum of diastereomBd9f; the multiplets at 1.87, 2.16, 2.34, 2.81, 2.92 ara8
ppm are attributed, respectively, to the 4-, 3-add 5-methylene protons and to the 2'-
and 2-methine protons, the singlets at 3.31 an8 Bpm to the methoxy groups, the
doublet at 5.32 ppm to the 3’-methine proton aradignals in the region 7.21-8.59 ppm
to the pyridyl protons. Th&C NMR spectrum of diastereom2@9f; (Figure 51) shows
the expected 16 carbon signals, with the 4- andeBtene carbons resonating at 23.7
and 29.5 ppm, respectively, the methoxy groupdt &nd 52.7 ppm, the 2-, 2’- and 3'-
methine carbons at 57.8, 66.6 and 75.9 ppm, raspbgtand the two carbonyl carbons
at 171.4 and 173.6 ppm. The DEPT spectrum (Fig@jecbnfirms the presence of the
four methylene groups.
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Figure 51 100 MHz**C NMR spectrum of diastereom&d9f; in CDCk.
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Figure 52 DEPT 135 spectrum of diastereomi@®9f; in CDCl.

2.4.7. Assignment of the relative stereochemistryf the aza-Michael adducts
109a-f

%0 wrote that “the most crucial part of structural adlation of

Gomez-Palomat al,
organic molecules in organic chemistry is the asialpf their stereochemical features”.
Stereochemistry plays a significant role in thectegly and biological activity of organic

molecules, and various techniques for assigningeetiiemistry have been developed,
especially in the last five decades. Among theskrtigues, nuclear magnetic resonance-
151153 and computer modelling-baséd***® methods have been particularly useful in
assigning the relative stereochemistry of simplé even complex organic structures. In
the present study, both of these techniques werploged to assign the relative
stereochemistry at the new stereogenic centrdgeiaza-Michael producif9a(Scheme

29), as a model study for the other aza-Michaeldpets 109b-f. For the sake of
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argument, the C-3 stereogenic centre was arbytraskigned §. The Baylis-Hillman
precursor6lg is presumed to be racemic and the asymmetric trmtueffected in the
aza-Michael reaction with benzylamid®5 S-benzylcysteamine hydrochlorid#0, the
hydrochloride salts of glycine ethyl and methytees 92 and 96, at least, will be
mirrored by both enantiomersd. the () enantiomer of the precurséd.g will afford

the (R, 39 and (&, 35 aza-Michael adduct$09 in the same diastereomeric ratios as
the (R) must afford the (8 3R) and (R, 3R) products]. The chiral amino nucleophiles,
used in the preparation of the aza-Michael prodd€&3e and f, however, may well

influence the stereochemical outcome in these wse<s.

2.4.7.1. NMR-Based methods

Vicinal proton-proton coupling®Js 1) constants between protons on adjacent stereogenic
centers can give an indication of the spatial ¢aton of such protons relative to each
other. Dihedral angles can be calculated from tieea coupling constants using the
Karplus curve™®*%r Karplus equation*®and the usual “rule” employed Jgans>Jeis. 2
However, this “rule” fails when the structures hdlieee or more stereogenic centres or
when hydrogen-bonding “involves” the stereogeniotee™? **The vicinal coupling
constants between 2- and 3-methine protons wesasured for diastereomer89a and
109a and found to be 4.84 and 3.93 Hz, respectivelggssting that diastereom&d9a
istrans(i.e 2R, 35 and109g is cis (2S5 3S). However, the vicinal coupling constants are
not very different, and intramolecular hydrogen-thoy may give rise to a “pseudo-
cyclic” structurel09a’ (Scheme 29). Such a 6-membered hydrogen-bonddatemeay
well be expected in this case, and this is reifdrby the data obtained from thid
NMR and IR spectra of these compouniil89a and109g), where the IR spectra were
measured in CGlat different concentrations, suggesting that trms®pounds indeed

adopt the hydrogen-bonded conformations.
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109a’

Scheme 29

In order to explore the structures more carefullyand 2-D nuclear Overhauser effect
(NOESY) experiments were conduct&d®® The NOESY experiment reveals direct,
through-space interactions between nuclei and depandent of the through-bond
couplingst®® 141%The 2-D phase-sensitive NOESY spectrum of diasteeed09a
(Figure 53) reveals cross-peaks showing the folgwthrough-space correlationsa)(
between the 2- and 3-methine protons, suggestaigttie protons may be on the same
side of the hydrogen-bonded, dominant conformatbrihe molecule i(e. syn; (B)
between 3-H and the 4-Hb methylene proto@y;wWeak NOE interaction between the 3-
methine and the methoxy protons; aBg &nd g) between the 3-methine and the 4’- and
2’-methine protons of the pyridine ring. The 2-D B®Y spectrum of diastereomer
109a (Figure 54) does not show any correlation betwher2- and 3-methine protons of
diastereomell09a or between the 3-methine and methoxy protonscings-peaksB),

(D) and E) are observed, suggesting that the 2- and 3-neegiaotons may be on the

opposite sides of the molecules(anti).

In order to verify these results, 1-D selective ietmn NOESY experiments were
performed on the same molecules by applying a Hetet80° Gaussian pulse on the 3-
methine proton in each case. This magnetizatioonig transferred to protons that are
correlated to the excited nucleus and does not shoge that are not correlated. The
results illustrated in Figure 55 confirm the 2-D E®Y data for diastereom&09a since
the excitation of 3-H results in clear NOE diffecersignals for 2-H, 4-Ha and Hb, 2’-H

and 4’-H. Figure 56 illustrates the correspondilegults for the diastereoméi09g

79



Results and Discussion

showing NOE difference signals for 4-Hb, 2'-H aneH4 thus also supporting the 2-D
NOESY data.

The intensities of the signals in the 1-D NOE d#fece spectra can be plotted against
mixing times to obtain NOE build-up curves whictostd follow a linear, or close to
linear relationshig®® The data obtained from the 1-D NOE difference eixpents for
diastereomerl09g are shown in Table 4 and exhibit the expectedalinelationship
between 100 and 700 ms; beyond this range abndi@sabecome evident with the
intensities 2’-, 4-Hb, 2-methine and methoxy prosignals beginning to decrease. This
pattern beyond 700 ms may be due to the nucleidodie magnetization obtained from
the excitation of the 3-methine proton to the sumaing medium. Figure 57 shows the 1-
D NOE build-up curves and?Rvalues obtained for the region that obeys thealine
relationship,i.e. 100 to 700 ms. The build-up curves also confire tesults observed
from the 2-D NOESY data of diastereoni€)9a, thus we can be confident that the 2-
and 3-methine protons in the dominant conformasipo{ diastereomet09a are on the
same sidedyn. Similarly, the data (Table 5) from the 1-D NOHEea&fence experiments
for diastereomell09a show abnormalities beyond 500 ms, this may alsduzeto the
nuclei losing magnetization to the surrounding rmaedior to the scalar couplings
between the nucléP? Thus, the region plotted in the graph (Figure 58)he one that
appears to obeys the expected linear relationskapfiom 100 to 500 ms). Again the

results support those observed from the 2-D NOE&H df diastereomdr09a.
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Figure 53 600 MHz 2-D NOESY spectrum of diastereom@8g in CDCk, and the
structure showing the proposed relative configorai(R, 3S) at C-2 and C-3.
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Figure 54. 600 MHz 2-D NOESY spectrum of diastereoni€®9a in CDCk, and
structure showing the proposed relative configaratiat C-2 and C-3 83S).
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Figure 55 600 MHz 1-D NOE difference spectra for diastereor09a recorded over
different mixing times, following selective exciiah of the 3-H nucleus.
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Figure 56. 600 MHz 1-D NOE difference spectra for diastereor09g recorded over
different mixing times, following selective exciiat of the 3-H nucleus.
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Table 4. Signal intensity values obtained from the 1-D N@ference experiments for
diastereomet09a.

OMe

Expno time(ms) 8.77-8.67% 7.83-7.73 3.85-3.79 3.41-3.3¢ 3.02-2.8%
102 100 1.4237 0.8652 0.2586 1.3520 1.4359
103 200 2.8741 1.6409 0.3498 1.2608 3.4091
104 300 4.0471 2.2931 0.5214 2.16238 4.2319
105 400 5.1111 2.9519 0.6754 2.6882 5.2161
106 500 6.0475 3.4435 0.7455 3.13198 6.061P
107 600 6.8809 3.9811 0.8535 3.3666 6.8530
108 700 7.6126 4.3677 0.9174 3.5182 7.2858
109 800 8.2165 4.8435 1.0101 3.6796 7.7402
110 900 8.8555 5.1208 1.0998 3.797H 8.227P
111 1000 8.9216 5.1417 1.068 3.7736 8.1376

& Integration ranged(ppm)
¢2H =4-H ®mOMe m4-Hb e2-H
85 R* =0.9874
75 ,
R =0.9618
6.5
]
£ 55
2 2 _
S a5 R® =0.9897
£
g 357 . R* =0.9387
S 254
157 L = R’ =0.9798
__a R=0.
0.5 - —a——— N
057 100 200 300 400 500 600 700
mixing time (Ms)

Figure 57. 1-D NOE build-up curves measured for five diffgreauclei (2’-H, 4’-H,
OMe, 4-Hb and 2-H) when 3-H was selectively excitediastereomet09a.
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Table 5. Signal intensity values obtained from the 1-D N@iference experiments for
diastereomet09a.

2'-H 4'-H 4-Hb 4-Ha
EXxp no time(ms) 8.79-8.68 7.87-7.78 3.33-3.2% 3.174-3.09
102 100 1.1504 0.4686 1.4056 0.9021
103 200 2.0875 1.1580 2.5077 1.7414
104 300 2.1081 1.5111 3.3865 1.9265
105 400 2.6661 1.5487 3.5890 2.138(
106 500 3.0298 1.6419 3.3016 2.3676
107 600 2.7485 1.8013 3.3567 2.1559
108 700 3.0009 1.9958 3.1440 2.1289
109 800 3.0638 2.0905 2.7955 1.9271
110 900 2.5710 1.8693 3.4746 1.7751
111 1000 2.7225 2.0101 2.5145 1.8617

& Integration ranged(ppm)

e 2'-H = 4'-H A 4-Hb m 4-Ha
4
R =0.7329
3.5 -
A A
3- R’ =0.9276
0
2 257 % R°=0.8781
c
[J]
E 2
8 ~ R =0.8067
c 1.5+
1 -
0.5+ [
o T T T T T 1
0 100 200 300 400 500 600
mixing time

Figure 58 1-D NOE build-up curves measured for five diffgrauclei (2’-H, 4’-H, 4-Ha
and 4-Hb) when 3-H was selectively excited in diedmerl09a.
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2.4.7.2. Computer modelling-Based methods

The goal of using computer modelling techniques wasestablish the most stable
conformers of the aza-Michael produdi@9a-f In order to achieve this, geometrical-
optimization of selected structures was conducteduding an exploration of their
conformational space in order to locate the globaima. The modelled structures of the
four diastereomers of compoud@9awere minimized using the Universal Force Field,
18 followed by molecular dynamics simulation using @eriug software package’
Dynamics simulations were performed by applying amiion steps using the quench
dynamics method with a thousand steps between basndhe trajectory data files
obtained from the simulations were analyzed andt¢helowest energy conformers of
each of the four theoretical diastereomers of camgdd09awere saved, and the lowest
energy conformer was assumed to be the global mimirm each case. Table 6 shows
the number of the conformer in each Boltzmann pafu, the stereochemistry, energy,
dihedral angle (and the corresponding vicinal cimgplconstant) and the distance
between H and H; obtained for each conformer, whet@9a(l) and 109a(I’), and
109a(ll) and 109a(II’) are enantiomeric pairs of diastereom&@®a. Enantiomers are
mirror-images of each other and are expected te fdantical physical properties, except
for their ability to rotate plane-polarized lighy qual amounts in opposite directidfi%.
In theory, enantiomers are expected to have thee samergy in molecular dynamics
simulations (a random search method) but the eeeihtained here for the enantiomeric
systems were clearly different, although the déferes are small (< 1 kcal.rifdl This is
attributed to the large number of torsions in ttezedisomers 0£09a for which an even
more systematic search of conformational spacebmayecessary. Nevertheless, ths, (2
3S and R, 3R) enantiomers appear to be more stable than tRe 38 and 5, 3R)
enantiomers, as evidenced by their lower energyesal The geometries of the four
conformers were then optimized at the B3LYP [é%lwith a 6-31G(d) basis s&t
using the Gaussian 03 packad®, and Figure 59 shows the orientation of, the 3-
methine proton, relative togthe 2-methine proton (Figure 59) in each case.

The percentage diastereomeric excess obtainedh&rata-Michael product$09a-f

(Table 3, page 60), with the second fractiob89g-f;) being more favoured in each
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case, can be explained by an analysis of the NMRcamputer modelling results. From
Table 6, the dihedral angles obtained for the loemergy R, 3R/2S, 3S enantiomers
[109a(l) and 109a(l")] are closer to 90° than the higher energy enardrsndR, 352S
3R, [109a(ll) and 109a(ll")], and hence should have smaller coupling constdnta
typical Karplus curve, a dihedral angle ca 90° corresponds to negligible vicinal
coupling constant®*®° These theoretical results are consistent with esigerimental
NMR data, where the favoured diastereomi®9¢) has a smaller coupling constant than
diastereomet09g. Measurements of the distances between the 23-anethine protons
in the modelled structures (Table 6, Figure 59patthat the larger separation (> 3A) of
these protons in the geometry-optimized conforneéithe R, 3R/2S 3S enantiomers is
consistent with the absence of an NOE interactims109a. The corresponding
distances between the vicinal protons (1.6 + 0.3&he modelled conformers of th&2
392S 3R enantiomers, however, is consistent with the inadgt strong NOE interactions

observed fod09a.

Assuming similar stereochemical preferences foroalthe other aza-Michael products
109b-f, we suggest that the less favoured, first setiadtdreomerd09a-f, exhibit 2R,
392S 3R configurations, while the more favoured second ($69a-f,) exhibit R,
3R/2S, 3S stereochemistry. A detailed mechanistic study wde¢ needed to determine
whether the observed diastereoselectivity is duenetic or thermodynamic factors.

Table 6. Results from the molecular dynamics simulatioas@g the quench dynamics
for the stereomeric possibilities b®9a

Conformer | conformer Ener Dihedral | *Ju Distance
Stereochemistry gy_l angle/(°) (H2) (Ha-
number name (kcal.mol™)
Hg)/A
887 109a(l) 2R, 3R 54.63 107.7 1.27 3.082
587 109a(l") 2S 3S 53.8 109.8 1.39 3.074
139 109a(Il) 2R, 3S 57.08 50.5 4.61 1.867
751 109a(Il’) 2S 3R 56.8 57.6 3.76 1.357
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Figure 59. Gaussian B3LYP/6-31G(d) optimized structureshefstereocisomers 4D9a
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2.5.1n silico receptor-site docking and protein NMR studies of
selected compounds

2.5.1. Docking experiments using Autodock 4.0

The aza-Michael productd09a-f had all been subjected to energy minimization and
optimization as described in section 2.4.7.2 (Feg60), and were selected for molecular
docking, choosing only the theoretical structurekilating thetrans conformations on the
C-2 and C-3 carbons as ligands. The HIV-1 proteasgyme structure (LIHXW, an x-ray
diffraction structure complexed with Ritonavir®) svalownloaded from the Brookhaven
Protein Database (PDB) (Figure 61). The inhibitor, Ritonavir®, was removed from the
enzyme’s active site using Accerlrys DS visualiZéProtein-inhibitor docking calculations
were carried out on AutoDock version 4.0 equippeth whe AutoDock Tools (ADT)
graphical user interfacé/>*"®using the Lamarckian genetic algorithms search ouett
Polar hydrogens were added to the protease enzytheharges were assigned to the ligands
prior to docking. AutoDock 4.0 default docking paeters were used with the exception of
using a bigger grid box (number of grid points)hwiimensions 60 x 60 x 60 (x, y and z)
separated by 0.375 A on Autogrid in order for tlgand to “explore” a large area of the
active site of the protease enzyme. The numberookidg runs was increased from the
default 10 to 100 runs. Samudraaal, }"®*%° described an efficient method of improving
correlation between the experimental and calculateding energies by applying dynamics
simulation on the receptor enzyme. This proceduss fellowed and the protease enzyme
was subjected to energy minimization and dynamicailstion for a very short time and,
thereafter, ligands were docked into the active aitthe enzyme and three best energy terms
were obtained (intermolecular, internal energyhaf ligand and torsion free-energy) for the
ligands 109a-f (Table 7). The final docked energy was calculdtedn the sum of the
intermolecular and internal energies and the ligandlable 7 are ranked according to their

final docked energy°
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Figure 6C. Gaussian B3LYP/6-31G(d) optimized structures
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=

Figure 61 1HXW X-ray diffraction structure of the HIV-1 pi@ase enzyme complexed with
ritonavir.

Table 7. Energy results of the aza-Michael produdi®a-f obtained from Autodock 4.0
and ranked according to their final docked energies

Intermolecular Internal energy of Torsion free-energy AL COEET

Compound energy (kcal.mol") ligands (kcal.mol®) (kcal.mol™) ?I?czrlgr)rl]ol'l)
Ritonavir -12.97 -2.23 4.94 -15.2
109b -9.42 -4.4 3.29 -13.82

109a -9.94 -0.58 2.47 -10.69
109e -8.73 -1.96 3.29 -10.52
109d -8.31 -2.13 3.02 -10.44
109f -8.75 -0.74 2.47 -9.49
109c -8.63 -0.76 2.74 -9.39
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Each docking experiment was derived from 100 déifieruns that were set to terminate after
a maximum of 1,5 million energy evaluations or 2pusand generations, yielding 100
docked conformations. Upon examination of the dogkeatures between the ligands and
the HIV-1 protease, hydrogen-bonding interactiomsenobserved. Figure 63 and 64 reveal
favorable hydrogen-bonding interactions formed leetwv compoundl09b and some
residues in the receptor cavity of the HIV-1 pretea(i) the basic nitrogen atom of the
pyridyl group and the oxygen atom of the carborstee group with the catalytic water
molecule; (ii) the oxygen atom of the hydroxyl gpocat position 3 with Ala 28 residue found
in the S2 subsite; (iii) the hydrogen atom of thalroxyl group at position 3 with the
catalytic Asp 25’ residue found in the S1’ subséed (iv) the NH group with the catalytic
Asp 25 residue found in the S1 subsite. Similafjgure 65 and 66 show favorable
hydrogen-bonding interactions of compoub@a and the receptor site: (i) the NH group
with the catalytic water molecule; (ii) the oxygatom of the carbonyl ester group with the
catalytic Asp 29 and Asp 30 residues found in tBeadd S2’ subsites, respectively; (iii)
the oxygen atom of the hydroxyl group at positiowiBh Gly 48 residue found in the
hydrophobic pocket of the cavity; and the basicogén atom of the pyridyl group form a
bond with the catalytic water molecule. Compodd@e(Figure 67 and 68) forms hydrogen-
bonding interactions as follows: (i) the oxygennatof the carbonyl ester group at position 1
forms hydrogen-bonds with lle 50 and Gly 49 resgdtmind in the S4’ subsite and in the
hydrophobic pocket of the cavity, respectively} {iie hydrogen atom of the hydroxyl group
at position 2” forms a hydrogen-bond with the dgia Asp 25 residue; and (iii) the basic
nitrogen atom of the pyridyl group forms hydrogemts with the Asp 29 residue and the

catalytic water molecule.

Also, compoundsl09d, ¢ andf showed favorable hydrogen-bonding interactions whie
receptor cavity of the HIV-1 protease but theseewsst as significant as compourid39a b
ande, and the more functional groups the ligand has#teer the interactions. The docking
results suggest that the ligand®9a-f exhibit the potential to act as HIV-1 protease

inhibitors.
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Figure 63. CompoundL09b docked in the receptor cavity of the HIV-1 Proteddydrogen-
bonding interactions are indicated by the greeteddines.

,fAszs'

H
Ala,e----0O

Figure 64. Schematic representation of hydrogen-bondingactens between aza-Michael
product109b and the residues in the receptor cavity of the-HIpfrotease as determined by
Autodock 4.0.
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Figure 65. CompoundLO9adocked in the receptor cavity of the HIV-1 Proteddydrogen-
bonding interactions are indicated by the greeteddines.

Figure 66. Schematic representation of hydrogen-bondingaetens between compound
109a and the residues in the receptor cavity of the -Hllrotease as determined by
Autodock 4.0.
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Figure 67. CompoundLO09edocked in the receptor cavity of the HIV-1 Proteddydrogen-
bonding interactions are indicated by the greeteddines.

Asp,; ““H

Figure 68 Schematic representation of hydrogen-bondingaetens between compound
109e and the residues in the receptor cavity of the -HIrotease as determined by
Autodock 4.0.
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2.5.2. Saturation Transfer Difference (STD) NMR stdies

The Saturation Transfer Difference (STD) experimenta double resonance NOE
experiment used to detect and characterize préitgind interactiond®*#2 In this
experiment, the magnetization or saturation transféom the irradiated protons of the
receptor protein to the protons of the bound ligafte rate of saturation transfer
depends on the protein’s mobility, protein-ligaramplex life-time and the geometry of
both the protein and the ligan®f. The STD technique is highly sensitive, requirel/on
minute quantities of the samples and can be coadum each ligand separately or on a
mixture of ligands to identify “hit” compound&'®® Figure 69 indicates the pulse
sequence for the 1-D STD NMR spectrum in gi©HD,O mixture; @A) shows the 90°
pulse applied (blue) and the water-gate step imetuthe 180° pulse used to re-phase the
signals (green),B) shows the envelop peak (orange) of the succegSije Gaussian
pulses applied andC] indicates the gradient of the water-gate steghénpresent study,
the solution of the protein-ligand mixture was s8leely irradiated at 0.5 ppm for the on-

resonance and at 20 ppm for the off-resonanceiatiad.

30

Figure 69. Pulse sequences for the 1D STD NMR spectra redoird a mixture of kD
and BO.
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During on-resonance irradiation, only the magné&tza of the protein protons are
affected-not those of the ligands or the solvenitune. On the other hand, during off-
resonance irradiation, the sample is irradiatec dtequency far from the resonance
frequencies of the protein, ligands (Figure 70) aolbent mixture. The STD difference
spectrum represents the difference between thdrapeoduced by the two resonances.
181186 Figure 71 illustrates the 1-D STD difference speut (for a 40:1 solution of the
ligand-mixture and HIV-1 protease subtype C OFD,O) and the reference spectrum.
The new signals in the STD difference spectrumgphtca 5.2 ppm are due to the 3-
methine protons of the ligands (aza-Michael addli@8a-f;), while the other signals for
the ligands cannot be accurately identified becaafsthe overlap with those of the
protein and the buffer solution. Figure 72 shows expanded portion of the STD
spectrum superimposed on the spectra of selecwiglidnal ligands i(e. those that
appear to bind to the enzyme). Inspection of th® Spectrum with the spectra of these
ligands (Figure 72), it seems that the aza-Miclpaetiucts109¢ 109eand109f bind to
the HIV-1 protease subtype C enzyme, while aza-®bBtiproductd09a 109b and109d
(not shown in the Figure 72) did not reveal anyalg in the STD spectrum. This lack of
visible signals for aza-Michael adduct®9a b andd in the STD spectrum, however,
does not necessary mean that they do not bindthétlenzyme; they may be binding so
strongly that they do not dissociate from the enzyim be detected in the STD NMR
experiment. Of cause, the opposite may also be treiethese products may not be

binding at all with the enzyme

OH O
OH O P _| R
N o N 0) a | CH,Ph
| * _ b |(CH,),SCH,Ph
— N N
N NHR ¢ | CH,CO,Me
MeO,C
109a-¢, d |CH,CO,Et
109f
09% e | CH(CH,OH)COMe

Figure 70. Aza-Michael product&09g-f;.
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Figure 71 (A) Reference spectrum of 0.38 mM HIV-1 proteasb-type C and (B) STD

NMR spectrum of spectra of 0.38 mM HIV-1 proteasd-gype C and aza-Michael
productsl09a-fin H,O-D,O.
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Figure 72 Cross-section spectra of the regaan 3.8-5.8 ppm.
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2.6. Conclusions

In this study, “pseudo-peptide’-based truncatedomivir® analogues have been
prepared as potential HIV-1 protease inhibitors.mPounds bearing an indolizine
heterocyclic moiety have been successfully syntieelsirom the Baylis-Hillman adducts
of pyridine-2- and quinoline-2-carbaldehydes withthyl acrylate in yields ranging from
79 to 100%. Acetylation and cyclisation have givise to indolizine-2-carboxylate esters
63a-G base-catalyzed hydrolysis of which has affordeal ¢orresponding indolizine-2-
carboxylic acids87a-c The acids have been successfully coupled witlhowaramino
compounds using the peptide coupling agent, 1,Marayldiimidazole (CDI) to afford a
series of novel indolizine-2-carboxamid&®-101in quantitative yields.

Attention has also been given to aza-Michael reastiof the pyridine-3-carbaldehyde-
derived methyl acrylate Baylis-Hillman addu@lg using various amino compounds
under basic conditions to afford a series of naliaktereomeric aza-Michael adducts
109a-fin yields ranging from 41 to 96%. Assignment o tlelative stereochemistry of
the aza-Michael adducts has been established @isiagd 2-D NOESY experiments and
molecular modeling techniques. The novel indoliZearboxamides89-101 and
diastereomeric aza-Michael addut39a-fwere all fully characterized by spectroscopy
(IR, 1- and 2-dimensional NMR) and elemental (HRMS8alysis.

Computer modelling of potential HIV-1 protease litors have been undertaken using
the ACCELRYS Ceriifsplatform, and interactivin silico docking into the active site of
the HIV-1 protease enzyme, using the AUTODOCK 46kihg software, have revealed
likely hydrogen-bonding interactions between theyeme and the ligands. A protein
(STD) NMR experiment has been undertaken to exgording of selected aza-Michael
adducts109a-f which the HIV-1 protease subtype C enzyme, progdexperimental
evidence that some of the ligands do in fact, binthe enzyme.
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It is clear that various objectives of this studgvé been largely achieved and future

research in this area is expected to include thewmg.

(i)

(ii)

(iii)

(iv)

Growing crystals of the aza-Michael products, potad as hydrochloride
salts, to confirm their stereochemistry by X-raplgsis.

Conducting molecular modelling and STD-NMR expenmtse on the
indolizine-2-carboxamide89-101

Conducting STD-NMR experiments on all of the pagdnnhibitors prepared
in this study in order to identify the products ttlexhibit binding to the
enzyme.

Performing enzyme-inhibition assays on the aza-Bkthproducts and
indolizine-2-carboxamides that exhibit binding inetSTD experiments to
obtain inhibition constants, and thus guide theigitef new inhibitors.
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3. EXPERIMENTAL

3.1. General details

The reagents used in this project were suppliedAlyich® and were used without
further purification. Thin layer chromatography @)was carried out using Merck silica
gel 60 Pks4 plates and were viewed under ultraviolet (UV) tigit visualized using

iodine vapor, while flash column chromatography wasied out using MN Kieselgel 60
(particle size 0.063 — 0.200 mm) and HPLC was dam&artisil 10 Magnum 6 normal
phase column using a Spectra-Physics P100 isocpatictp and a Waters K1410

differential refractometry detector..

Low-resolution mass spectra were obtained on aegan Mat GCQ spectrometer. High
resolution mass spectra were recorded on Microm@8s/0E (University of
Potchefstroom) and Waters API-Q-TOF Ultima spectwtars (University of
Stellenbosch). NMR spectra were recorded on Brdk€&r MHz AVANCE and Bruker
Biospin 600 MHz spectrometers and were referensatgisolvent signalsf: 7.26 ppm
for CDCl;, 2.50 ppm for DMSO- 6c: 77.0 ppm for CDGl 39.4 ppm for DMSQg). IR
spectra were recorded on a Perkin-Elmer FT-IR 3pecR000 spectrometer using KBr
discs, nujol mulls or thin films. Melting points veedetermined using a Reichert hot-

stage apparatus and are uncorrected.

Solvents were purified according to the methodsiilesd by Perrin and Armared”:

hence hexane, was distilled before use, methand diatilled from magnesium
methoxide (generated from Mg turnings with datalyst), DMF was distilled under
reduced pressure after standing over anhydrous Md&M48 hours and pyridine was

distilled over Cak and stored over 5A molecular sieves before use.

Signal assignment for some structures was achigitedhe aid of NMR prediction
software [NMR predict® and MestRecNov&?]
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3.2. Synthesis of the Baylis-Hillman derivatives

Methyl 2-[hydroxy(pyridin-2-yl)methyl]acrylate 61a

A solution of pyridine-2-carbaldehyde (2.95 g, 2Bihol), methyl acrylate (2.50 g, 29.0
mmol) and DABCO (0.150 g, 1.34 mmol) in CHGR ml) was stirred in a stoppered
round-bottomed flask at room temperature for 3 day® solvent was then removed
vacuoand the crude product purified by flash chromadpby (on silica gel; elution with
EtOACc) to give methyl 2-[hydroxy(pyridin-2-yl)meghacrylate6laasa brown oil (4.52
0, 93%); vmax (thin film)/cm™ 3423 (OH) and 1708 C=0Ogy (400 MHz; CDC}) 3.73
(3H, s, OCH), 4.82 (1H, br s, OH), 5.62 and 5.95 (2H, 2 x Bz 6.35 (1H, s, EOH),
7.22 (1H, ddJ 5.0 and 4.5 Hz, 4'-H), 7.42 (1H, d,8.0 Hz, 6’-H), 7.69 (1H, m, 5-H)
and 8.54 (1H, dJ 4.8 Hz, 3'-H);d¢ (100 MHz; CDC}) 31.1 (OCH), 60.9 (CH), 76.7
(C-3), 126.8 (C-3"), 127.9 (C-5"), 128.9 (C-2), 183QqC-4") , 132.7 (C-6’), 144.2 (C-2))
and 207.3 (C=0O)n/z 194 M+1, 100%).

Methyl 2-[hydroxy(6-methylpyridin-2-yl)methyl]acrylate 61b

The procedure described for the synthesis of metRyjhydroxy(pyridin-2-
yl)methyl]acrylate61la was followed, using 6-methylpyridine-2-carbalde@y(®.96 g,
24.2 mmol), methyl acrylate (2.53 g, 29.4 mmol) &ABCO (0.153 g, 1.34 mmol) in
CHCI; (2 ml). The precipitated solid was filtered offieling methyl 2-[hydroxy(6-
methylpyridin-2-yl)methyl]acrylat&1b as a tan-coloured powder (4.87 g, 87%), m.p. 86-
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87 °C (lit®® 84-85 °C);vmax (KBr)/cm™ 3476 (OH) and 1698 (C=OJ}y (400 MHz;
CDCl) 2.50 (3H, s, Ch), 3.70 (3H, s, OCH), 5.25 (1H, br s, OH), 5.58 and 5.92 (2H, 2
x s, CH), 6.30 (1H, s, BOH), 7.02 (1H, d,) 7.6 Hz, 5'-H), 7.14 (1H, dJ 8.0 Hz, 3"-H)
and 7.53 (1H, tJ 7.8 Hz, 4'-H); 8¢ (100 MHz; CDC}) 24.4 (CH), 52.0 (OCH), 71.5
(C-3), 118.2 (C-3"), 122.3 (C-5), 126.8 (GH 137.3 (C-4"), 142.3 (C-2), 157.3 (C-6),
and 158.6 (C-2) and 166.8 (C=OWz 208 M +1, 100%).

Methyl 2-[hydroxy(quinolin-2-yl)methyl]acrylate 61c

6' 4
5
7 X
@ —
8 9a N~ ?
9

1

3

The procedure described for the synthesis of metRy[hydroxy(pyridin-2-
yl)methyllacrylate 61a was followed, using quinoline-2-carbaldehyde (240 14.0
mmol), methyl acrylate (1.26 g, 14.6 mmol) and 8htmxyquinuclidine (0.086 g, 0.68
mmol) in CHC} (2 ml). After 4 days the solvent was removedsacuoand the crude
product purified by flash chromatography [on siligal; elution with hexane-EtOAc
(5:5)] to afford methyl 2-[hydroxy(quinolin-2-yl)ntleyllacrylate 61c as a yellow oll
(3.29 g, 96%)Vmax (thin film)/cm™ 3260 (OH) and 1735 (C=0)y (400 MHz; CDC})
3.67 (3H, s, OCh), 5.68 (1H, br s, OH), 5.87 and 5.97 (2H, 2 x B, 6.36 (1H, s,
CHOH), 7.42 (1H, d,) 8.4 Hz, 3'-H), 7.46 (1H, dJ 7.6 Hz, 4'-H), 7.66 (1H, t) 7.6 Hz,
6'-H), 7.82 (1H, d,J 8.0 Hz, 9'-H) and 8.04 (2H, m, 7"-H and 8'-Hjz (100 MHz;
CDCl) 51.6 (OCH), 71.7 (C-3), 118.6 (C-3), 126.3 (C-4), 127.1Hg, 127.3 (C-2),
128.5 (C-2), 128.6 (C-6’), 129.5 (C-8’), 136.8 (§;141.5 (C-9’), 146.1 (C-5’), 159.3
(C-9'a) and 166.3 (C=0)1vz 244 M+1, 100%).
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Methyl 2-[hydroxy(pyridin-3-yl)methyl]acrylate 61g

The procedure described for the synthesis of metRyJhydroxy(pyridin-2-
yl)methyl]acrylate6lawas followed, using pyridine-3-carbaldehyde (20924.2 mmol),
methyl acrylate (2.53 g, 29.4 mmol) and DABCO (@15 1.34 mmol) in CHGI(2 ml).

The precipitated solid was filtered off, vyieldingnethyl 2-[hydroxy(pyridin-3-
yl)methyl]acrylate61g as a pale yellow powder (5.53 g, 100%), m.p. 102-1C (lit®®

99-101 °C);vmax (KBr)/cm™ 3390 (OH) and 1701 (C=Op (400 MHz; CDC}) 3.67

(3H, s, OCH), 4.95 (1H, br s, OH), 5.58 and 5.60 (2H, 2 x B2 6.36 (1H, s, EOH),

7.24 (1H, m, 2’-H), 7.71 (1H, d] 8.0 Hz, 4’-H), 8.38 (1H, dd) 1.2 and 1.0 Hz, 5-H)
and 8.57 (1H, dJ 1.6 Hz, 6'-H);5c (100 MHz; CDC}) 51.9 (OCH), 70.4 (C-3), 123.4
(C-2), 126.0 (CH), 134.6 (C-4"), 137.6 (C-5"), 141.7 (C-6"), 1482-2), 148.4 (C-3)
and 166.2 (C=0)nz 193 (M ", 100%).

Methyl 2-[hydroxy(pyridin-4-yl)methyl]acrylate 61h

The procedure described for the synthesis of metRy[hydroxy(pyridin-2-
yl)methyl]acrylate6lawas followed, using pyridine-4-carbaldehyde (20924.2 mmol),
methyl acrylate (2.53 g, 29.4 mmol) and DABCO (@15 1.34 mmol) in CHGI(2 ml).
The precipitated solid was filtered off, vyielding ethyl 2-[hydroxy(pyridin-4-
yl)methyl]acrylate61h as a bright yellow powder (4.43 g, 79%), m.p. 14&-°C (lit®
152-156 °C)ymax (KBr)/cm™ 3400 (OH) and 1676 (C=Opy (400 MHz; CDC}) 2.78
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(1H, s, OH), 3.73 (3H, s, OGN 5.52 and 5.90 (2H, 2 x s, GH6.37 (1H, s, BOH),
7.32 (2H, 2 x d,J 6.0 and 5.9 Hz, 3-H and 5'-H) and 8.53 (2H, 2 XJd..6 and 1.3 Hz,
2"-H and 6'-H); ¢ (100 MHz; CDC4) 52.1 (OCH), 72.0 (C-3), 121.4 (C-2’ and C-6"),
127.0 (CH), 141.1 (C-3' and C-5'), 149.7 (C-2) ,150.8 (C-ahd 166.3 (C=O)nz 193
(M*, 100%).

Methyl 2-[acetoxy(pyridin-2-yl)methyl]acrylate 62a andMethyl indolizine-2-
carboxylate 63a

63a

Methyl 2-[hydroxy(pyridin-2-yl)methyl]acrylatééla (1.0 g, 5.2 mmol) was heated in
acetic anhydride (A©) (5 ml) at 100 °C for 30 minutes. The resultimixture was
allowed to cool, then poured into agqueous Nahk@® and stirred for another 30
minutes. The mixture was extracted with@&{2 x 100 ml) and the organic solution was
washed successively with agueous NaHCI®0 ml) and saturated brine (100 ml). The
resulting solution was dried (Mg and the BO removedn vacua The crude product
was purified by flash chromatography [on silica; gilition with hexane-EtOAc (4:6)] to
afford two fractions.

Fraction (i): methyl 2-[acetoxy(pyridin-2-yl)methyl]acrylaté2a as an olive-green oil
(0.60 g, 49%);vmax (thin film)/cm™ 1699 (CHC=0) and 1710 (CDC=0); &y (400
MHz; CDCk) 2.13 (3H, s, OAc), 3.68 (3H, s, O}5.94 (1H, s, BOACc), 6.71 and
7.17 (2H, 2 x s, ChJ, 7.21 (1H, m, 6'-H), 7.43 (1H, d 8.0 Hz, 3'-H), 7.67 (1H, dt)
3.7, 3.5 and 3.6 Hz, 5-H), 8.56 (1H, 1,2.4 Hz, 4’-H); 6c (100 MHz; CDC}) 20.6
(OAc), 51.5 (OCH), 73.5 (C-3), 122.3 (C-3), 122.8 (C-5"), 127.2HE}, 136.4 (C-4"),
137.7 (C-2), 149.0 (C-6’), 156.5 (C-2'), 165.0 ahf9.1 (2 x C=0);m'z 175 M-
C,H40,, 34) and 117 (100%).

Fraction (ii): methyl indolizine-2-carboxylaté3a as green flakes (0.31 g, 33.7%), m.p.
98-100 °C (lit®® 97-99 ° C);vma{nujol)/cm* 1712 (C=0):5y (400 MHz; CDC}) 3.88
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(3H, s, OCH), 6.54 (1H, t,J 6.6 Hz, 6-H), 6.69 (1H, m, 7-H), 6.82 (1H, s, 1-H)36
(1H, d,J 9.2 Hz, 8-H), 7.79 (1H, s, 3-H) and 7.86 (1HJd&.8 Hz, 5-H);5c (100 MHz;
CDCl) 51.1 (OCH), 100.7 (C-1), 112.5 (C-6), 116.2 (C-3), 118.48):-120.0 (C-7),
120.6 (C-5), 125.6 (C-2), 133.1 (C-9) and 165.8QQ¢+Wz 175 M ", 100%).

Note: Methyl 2-[acetoxy(pyridin-2-yl)methyl]acrylaté2a (1.1 g, 4.5 mmol) was heated
at 120 °C for 1 hour. The resulting mixture wasifgent by flash chromatography [on
silica gel; elution with hexane-EtOAc (7:3)] to affl methyl indolizine-2-carboxylate
63a(0.61 g, 77%).

3.3. Synthesis of indolizine-2-carboxylates

Attempted synthesis ofMethyl indolizine-2-carboxylate 63a

8

1 —
6\ N /2 O

5 3

Methyl acrylate (0.977 g, 11.3 mmol) was reactethpiyridine-2-carbaldehyde (1.08 g,
10 mmol) and trimethylsilyl chloride (1.09 g, 10 mbnin acetonitrile (2 ml) for 7 days.
'H NMR spectroscopy indicated that no reaction asmirThe mixture was left to stand
for a further 3 weeks, butH NMR analysis again confirmed that no reaction had

occurred.

Methyl 2-[acetoxy(6-methylpyridin-2-yl)methyl]acrylate 62b andmethyl 5-
methylindolizine-2-carboxylate 63b

62b

Following the procedure used to synthesize methy[actoxy(pyridin-2-

yl)methyllacrylate 62a methyl 2-[hydroxy(6-methylpyridin-2-yl)methyl]agate 61b
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(2.0 g, 5.2 mmol) was reacted to give a crude pmbdavhich was purified by flash
chromatography [on silica gel: elution with hexd&t®©Ac (7:3)] to afford two fractions.
Fraction (i): Methyl 2-[acetoxy(6-methylpyridin-2-yl)methyl]ladate 62b as a yellow
oil (0.84 g, 64%)vma(thin film)/cm® 1700 (CHC=0) and 1720 (CEHDC=0); 5y (400
MHz; CDCk) 2.14 (3H, s, Ch), 2.51 (3H, s, OAc), 3.71 (3H, s, OgH5.80 (1H, s,
CHOAC), 6.43 and 6.69 (2H, 2 x s, @H7.06 (1H, dJ 7.6 Hz, 3'-H), 7.19 (1H, d] 8.0
Hz, 5-H) and 7.57 (1H, tJ 7.6 Hz, 4'-H); 5c (100 MHz; CDC}) 21.0 (CH), 24.4
(OAc), 51.8 (OCH), 74.0 (C-3), 119.0 (C-3’), 122.5 (C-5’), 127.6H8, 136.6 (C-4),
138.4 (C-2), 156.2 (C-6’), 158.2 (C-2’), 165.5 ahf9.2 (2 x C=0);m'z 190 M-
C,H30,, 54) and 83 (100%).

Fraction (ii): methyl 5-methylindolizine-2-carboxyla&3b as a bright yellow oil (0.36
g, 37%);vmaxthin film)/cm™ 1710 (C=0):34 (400 MHz; CDC}) 2.50 (3H, s, Ch), 3.90
(3H, s, OCH), 6.42 (1H, dJ 6.8 Hz, 8-H), 6.72 (1H, m, 7-H), 6.91 (1H, s, 1-H)32
(1H, d,J 8.8 Hz, 6-H) and 7.72 (1H, s, 3-H); (100 MHz; CDC}) 18.5 (CH), 51.4
(OCHg), 101.0 (C-1), 111.3 (C-6), 113.0 (C-3), 118.09;-118.5 (C-7), 120.0 (C-2),
133.0 (C-9), 133.5 (C-5) and 165.7 (C=@yz 189 (M ", 1) and 320 (100%).

Note: Methyl 2-[acetoxy(6-methylpyridin-2-yl)methyl]agate 62b (1.54 g, 6.2 mmol)
was reacted following the procedure used to symbeasethyl indolizine-2-carboxylate
9. The resulting mixture was purified by flash chidography [on silica gel; elution with
hexane-EtOAc (7:3)] to afford methyl 5-methylindtie-2-carboxylate63b (0.85 g,
73%).

Methyl 2-[acetoxy(quinolin-2-yl)methyl]acrylate 62c, methyl pyrrolo[1,2-a]quinoline-2-
carboxylate 63c andmethyl 1-acetylypyrrolo[1,2-a]quinoline-2-carboxylate 83
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Following the procedure used to synthesize methy[ac2toxy(pyridin-2-
yl)methyllacrylate62a methyl 2-[hydroxy(quinolin-2-yl)methyl]acryla&lc (3.0 g, 12.3
mmol) was reacted to give a crude product (2.4@§6)8which was purified by flash
chromatography [on silica gel; elution with hexdft€®Ac (7:3)] to afford three fractions.
Fraction (i): Methyl 2-[acetoxy(quinolin-2-yl)methyl]acrylat®2c as a green oil (0.93 g,
32%); Vmax (thin film)/cm® 1705 (CHC=0) and 1730 (CEDC=0); 8y (400 MHz;
CDCl;) 2.17 (3H, s, OAc), 3.68 (3H, s, OG}5.91 (1H, s, BOAC), 6.49 and 6.90 (2H,
2xs,CH), 7.49 (1H, dJ 7.2 Hz, 4-H), 7.53 (1H, d) 8.4 Hz, 6’-H), 7.68 (1H, tJ 7.0
Hz, 7°-H), 7.78 (1H, dJ 8.0 Hz, 9'-H), 8.06 (1H, dJ 8.4 Hz, 3'-H) and 8.14 (1H, d,
8.4 Hz, 8'-H);d¢ (100 MHz; CDC}) 20.9 (OAc), 51.9 (OC§), 74.4 (C-3), 119.8 (C-3),
125.6 (C-4"), 127.4 (C-6’), 127.8 (GH 129.4 (C-9), (C-7"),136.6 (C-8’), 138.0 (C-5"),
147.4 (C-2), 157.1 (C-2'), 165.4 and 169.5 (2 x ¢=@z 285 M ", 10) and 226 (100%).
Fraction (ii): Methyl pyrrolo[1,2a]quinoline-2-carboxylateé63c as colourless crystals
(0.862 g, 29.1%), m.p. 98-102 °C (i#t.109-110 °C):vmaxnujol)/cm* 1704 (C=0):34
(400 MHz; CDC}) 3.90 (3H, s, OC#H), 6.87 (1H, s, 1-H), 6.99 (1H, §,4.8 Hz, 5-H),
7.23 (1H, m, 6-H), 7.35 (1H, m, 8-H), 7.50 (1H,]{7.0 Hz, 4-H), 7.59 (1H, t] 3.6 Hz,
7-H), 7.86 (1H, t,J 4.0 Hz, 9-H) and 8.35 (1H, s, 3-Hj: (100 MHz; CDC}) 51.6
(OCHg), 103.7 (C-3), 114.5 (C-9), 115.9 (C-1), 118.52:-119.1 (C-4), 120.4 (C-5),
124.8 (C-5a), 127.7 (C-7), 128.3 (C-8), 128.9 (C-B31.4 (C-3a), 133.0 (C-9a) and
165.5 (C=0)//z 225 M~, 100%).

Fraction (iii): Methyl 1-acetylpyrrolo[1,23lquinoline-2-carboxylate83 as a brown
powder (0.20 g, 5.8%), m.p. 168-172 °C, (Fom& 283.084513. gH13NO, requires
M, 283.084458)yma(nujol)/cmi* 1701 (CHC=0) and 1757 (CHDC=0);35y (400 MHz;
CDCl;) 2.42 (3H, s, OAc), 3.88 (3H, s, OG@H7.01 (1H, d,J 9.2 Hz, 6-H), 7.16 (1H, d
9.6 Hz, 5-H), 7.40 (1H, 7.2 Hz, 7-H), 7.56 (1H, ] 7.2 Hz, 8-H), 7.63 (1H, d] 7.6
Hz, 4-H), 7.88 (1H, dJ 8.4 Hz, 9-H) and 8.26 (1H, s, 3-H) (100 MHz; CDC}) 21.0
(OAc), 51.8 (OCH), 111.0 (C-1) 113.8 (C-3), 114.3 (C-9), 115.7 (C-520.4 (C-6),
122.7 (C-2), 124.7 (C-3a), 125.5 (C-7), 128.5 (C128.9 (C-4), 129.3 (C-5a), 132.6 (C-
9a), 163.9 and 170.2 (2 x C=@)z 209 (M " -CsH¢O>, 100) and 283\ *, 55%).

Note: Methyl 2-[acetoxy(quinolin-2-yl)methyl]acrylat&2c (0.93 g, 3.2mmol) was

reacted following the same procedure used to sgitbenethyl indolizine-2-carboxylate
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63a The resulting mixture was purified by flash chaiography [on silica gel; elution
with hexane-EtOAc (7:3)] to afford methyl pyrroloftalpyridine-2-carboxylate63c
(0.62 g, 70%).

3.3.1 One-pot synthesis of indolizine derivatives

2-Acetylindolizine 63d

8

o .
5 3

Methyl vinyl ketone (0.70 g, 10 mmol) was reactathwyridine-2-carbaldehyde (1.07 g,
10 mmol) and trimethylsilyl chloride (1.09 g, 10 mbnin acetonitrile (2 ml) for 4 days.
The resulting mixture was poured into an aqueolistisa of potassium carbonate and
the mixture was extracted with diethyl ether. Tloenbined organic extracts were dried
over MgSQ and the solvent was removedvacuoto afford 2-acetylindoliziné3d as
light green flakes (1.45 g, 91%), m.p. 120-124 RC*{ 127 °C);vma{nujol)/cm* 1675
(C=0); 64 (400 MHz; CDC}) 2.55 (3H, s, Ch), 6.55 (1H, m, 7-H), 6.69 (1H, m, 6-H),
6.78 (1H, s, 1-H), 7.36 (1H, 4,9.2 Hz, 5-H), 7.76 (1H, s, 3-H), 7.85 (1HJt.4 Hz, 8-
H); 6c (100 MHz; CDCY) 27.7 (CH), 99.5 (C-1), 112.6 (C-6), 115.2 (C-3), 118.4 (-8
120.5 (C-7), 125.5 (C-5), 128.4 (C-2), 133.1 (Ca@id 195.1 (C=0)m/z 159 M",
100%).

2-Propanoylindolizine 63e

8 1
o~
6 XX N / ’ O
5 3
Ethyl vinyl ketone (0.84 g, 10 mmol) was reactedhwyridine-2-carbaldehyde (1.07 g,
10 mmol) following the procedure described for fymthesis of 2-acetylindolizin@3d
to give, after 6 days, a crude product (1.12 g),ictwvhwas purified by flash

chromatography (on silica gel; elution with EtOAo)afford 2-propanoylindoliziné3e
as a brown oil (0.66 g, 38%)madnujol)/cm* 1705 (C=0);54 (400 MHz; CDC}) 1.41
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(3H, t,J 5.2 Hz, CH), 4.21 (2H, m, @,CHs), 6.50 (1H, m, 7-H), 6.62 (1H, m, 6-H),
6.78 (1H, s, 1-H), 7.36 (1H, d,6.0 Hz, 5-H), 7.76 (1H, s, 3-H), 7.89 (1H,)1.4 Hz, 8-
H); 8¢ (100 MHz; CDC4) 15.7 (CH), 65.0 CH,CHs), 105.3 (C-1), 112.6 (C-6), 115.2
(C-3), 118.4 (C-8), 120.5 (C-7), 125.5 (C-5), 126342), 133.1 (C-9) and 195.1 (C=0);
m'z189 M*, 100%).

I ndolizine-2-carbonitrile 63f
8

=
Ng'E
5 3

Acrylonitrile (0.599 g, 11 mmol) was reacted withrigine-2-carbaldehyde (1.01 g, 9.4
mmol) following the procedure described for the thgsis 2-Acetylindolizines3d to
afford, after 7 days, a crude product which wasfiedr by flash chromatography [on
silica gel; elution with hexane-EtOAc (2:8)] to abt indolizine-2-carbontrilés3f as
colourless crystals (1.05 g, 65.7%), m.p. 56-60(1%C°°® 67.5-69 °C);vma{nujol)/cm*
2355 (CN);dn (400 MHz; CDCY) 6.60 (1H, t,J 6.4 Hz, 7-H), 6.67 (1H, s, 1-H), 6.79
(1H, m, 6-H), 7.37 (1H, d] 8.8 Hz, 5-H), 7.66 (1H, s, 3-H), 7.85 (1HJt6.4 Hz, 8-H);
dc (100 MHz; CDC}) 97.3 (C-2), 102.5 (C-1), 113.0 (C-6), 116.4 (CHI}L7.5 (C-3),
119.4 (C-7), 119.7 (C-8), 125.0 (C-2) and 132.@§0wz 142 M~, 100%).

3.3.1.1. Attempted one-pot synthesis of indolizingerivatives

2-(Benzylsulfonyl)indolizine 63g

8

1
7 / 9/ ﬁ@
VR

X N Il

5 3 O
Phenyl vinyl sulfone (1.57 g, 9.35 mmol) was redatéth pyridine-2-carbaldehyde (1.03
g, 9.3 mmol) following the procedure described tloe synthesis of 2-acetylindolizine
63d. After 5 days,'H NMR spectroscopy indicated that no reaction owzlr The

mixture was left to stand for a further 3 monthst ¥4 NMR analysis again confirmed

that no reaction had occurred.
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Phenyl indolizine-2-sulfonate 63h

8
1
7/ 9/ |C|) O@
[
N2
0

5 3

Phenyl vinyl sulfonate (0.902 g, 4.89 mmol) wascted with pyridine-2-carbaldehyde
(2.03 g, 9.3 mmol) following the procedure desalibtor the synthesis of 2-
acetylindolizine63d. After 7 days,'H NMR spectroscopy indicated that no reaction
occurred. The mixture was left to stand for a fert8 months, butH NMR analysis

again confirmed that no reaction had occurred.

3.3.2. Hydrolysis of indolizine-2-carboxylates

I ndolizine-2-carboxylic acid 87a

(AN OH

: 3
Methyl indolizine-2-carboxylaté3a(1.42 g, 8.2 mmol) was added to a solution of KOH
(2.84 g, 51 mmol) in EtOH (40 ml) and the resultmiture was refluxed for 16 hours.
Water was then added to solubilize the undissobadd material and the pH adjusted to
ca. pH=1 using dilute HCI. The mixture was then ested with EtOAc (2 x 100ml), and
the combined organic extracts were dried over MgSihe solvent was removead
vacuoto afford indolizine-2-carboxylic aci@7a as a pale yellow solid (0.76 g, 58%),
m.p. 219-222 °C (lif° 240-241 °C);vmadnujol)/cri* 3392 (OH) and 1680 (C=Op
(400 MHz; DMSOdg) 6.47 (1H, m, 6-H), 6.63 (1H, d,6.8 Hz, 5-H), 6.65 (1H, d] 7.2
Hz, 8-H), 7.30 (1H, dJ 8.8 Hz, 3-H), 7.82 (1H, s, 1-H) and 8.01 (1HJd&.4 Hz, 7-H),
dc (100 MHz; DMSOs¢g) 99.1 (C-1), 111.7 (C-6), 115.9 (C-3), 117.8 (CR)9.5 (C-7),
120.0 (C-5), 125.5 (C-2), 132.1 (C-9) and 166.0Q%+Vz 161 M*, 100%).
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5-Methylindolizine-2-carboxylic acid 87b

Methyl 5-methylindolizine-2-carboxylaté3b (0.95 g, 5.0 mmol) was hydrolysed
following the procedure described for the synthesisindolizine-2-carboxylic aci®7a
to afford 5-methylindolizine-2-carboxylic ac&¥b as yellow crystals (0.50 g, 57%), m.p.
168-171 °C (lif® 180-185 °C):vmadnujol)/cm* 3402 (OH) and 1664 (C=O%y (400
MHz; DMSO-<dg) 2.13 (3H, s, Ch), 6.39 (1H, d,J 6.4 Hz, 8-H), 6.66 (1H, m, 7-H), 6.76
(1H, d,J 0.8 Hz, 6-H), 7.26 (1H, dl 9.2 Hz, 3-H) and 7.71 (1H, s, 1-H) (100 MHz;
DMSO-dg) 17.3 (CH), 99.8 (C-1), 110.0 C-6), 111.9 (C-3), 116.5 (C-B}7.4 (C-7),
119.1 (C-2), 131.9 (C-9), 132.1 (C-5) and 165.5Q%=vz 130 M*- CO,H, 100) and
175 M*, 94%).

Pyrrolo[1,2-a]quinoline-2-carboxylic acid 87¢

Methyl pyrrolo[1,2a]quinoline-2-carboxylaté3c (2.72 g, 12.1 mmol) was hydrolysed
following the procedure described for the synthedisindolizine-2-carboxylic aci®7a

to afford pyrrolo[1,2a]quinoline-2-carboxylic aci@7cas a cream coloured powder (1.65
g, 65%), m.p. 244-248 °C (fit. 234-236 °C);vmadnujol)/cm* 3390 (OH) and 1675
(C=0); 64 (400 MHz; DMSOds) 6.07 (1H, s, 1-H), 6.30 (1H, d,9.2 Hz, 5-H), 6.55
(1H, d,3 9.2 Hz, 6-H), 6.62 (1H, 1] 7.6 Hz, 8-H), 6.78 (1H, t] 7.6 Hz, 4-H), 6.91 (1H,
d, J 7.6 Hz, 7-H), 7.40 (1H, dj 8.0 Hz, 9-H) and 8.34 (1H, s, 3-H)z (100 MHz;
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DMSO-dg) 103.4 (C-3), 114.5 (C-9), 116.1 (C-1), 118.6 (C£19.5 (C-4), 119.7 (C-5),
123.4 (C-5a), 124.4 (C-7), 128.0 (C-8), 128.2 (CH30.5 (C-3a), 132.3 (C-9a) and
165.6 (C=0)m/z 211 M*,100%).

3.4. Synthesis of imidazo[1,2]pyridine deivatives

Ethyl brom pyruvate 87d

Br/ﬁHk O/\

O

Bromine (24.2 g, 150 mmol) was added drop-wisethyleyruvate (17.52 g, 0.15 mol)
which had been heated to 70 °C. The resulting mextas stirred for 30 minutes and
then distilled under reduced pressure to give etihgmopyruvateB7d as a yellow oil
(21.7 g, 74.3%), b.p. 80-83 °C/2mmHg ffit98-100 °C/10mmHgNma{nujol)/cm* 1700
and 1690 (2 x C=0)y (100 MHz; CDC}) 1.34 (3H, gJ 5.2 and 5.0 Hz, Cfj and 4.33
(4H, m, 2 x CH); ¢ (400 MHz; CDC}) 14.2 (CHCHs3), 31.4 CH,CH3) and 63.5
(CH,B).

2-Amino-1-[(carbethoxycarbonyl)methyl]pyridinium bromide 87e

Ethyl bromopyruvat&7d (11.7 g, 6 0 mmol) was added drop-wise to a stisadtion of

2-aminopyridine (5.62 g, 0.07 mol) in 1,2-dimethettyane (50 ml) while the
temperature of the mixture was maintained below”G0throughout the addition. The
resulting mixture was stirred for another 30 missud®d then filtered to give 2-amino-1-

[(carbethoxycarbonyl)methyl]pyridinium bromid&/e as a light brown powder (17 g,
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94%), m.p. 128-132 °C (I#f 134-136 °C)yma{nujol)/cm® 1721 and 1649 (2 x C=0jj,
(400 MHz; D,O) 1.39 (3H, t,J 4.2 Hz, CHCH3), 4.42 (2H, q,J 4.2 and 4.0 Hz,
CH3CHy), 4.83 and 5.26 (2H, 2 x d,1.5 and 1.3 Hz, NC}), 7.23 (2H, m, 4-H and 5-H),
8.15 (1H, tJ 1.3 Hz, 3-H), 8.21 (1H, d] 3.6 Hz, 6-H):5¢c (100 MHz; BO) 13.7 (C-9),
64.9 (C-8), 71.3 (C-7), 87.4 (C-3), 110.0 (C-5)pH1(C-4), 137.1 (C-6), 146.4 (C-2),
154.0 and 168.8 (2 x C=0).

Ethyl imidazo[1,2-a]pyridine-2-carboxylate hydrobromide 87f

8

"= =N HBr o
5 3 O
2-Amino-1-[(carbethoxycarbonyl)methyl]pyridimh bromide87e (15.1 g, 50 mmol)
was refluxed in ethanol (400 ml) for 2 hours. Tladter the volume of ethanol was
reduced to 80 ml and ether (80 ml) was added.afiin of the mixture gave ethyl
imidazo[1,2a] pyridine-2-carboxylate hydrobromid&7f as a cream coloured powder

(7.53 g, 53.1%), m.p. 158-162 °C (i#t174.5-175.5 °C)yma{nujol)/cm® 1710 (C=0)3
(400 MHz; D,O) 1.47 (3H, t,J 4.8 Hz, CHCH3), 4.56 (2H, q,J 4.8 and 5.2 Hz,
CH,CHs), 7.56 (1H, tJ 4.0 Hz, 7-H), 7.94 (1H, dl 8.2 Hz, 5-H), 8.08 (1H, 1] 5.2 Hz,
6-H), 8.69 (1H, s, 3-H) and 8.75 (1H,15.0 Hz, 8-H):5c (400 MHz; DO) 13.9 (C-11),
64.2 (C-10), 113.0 (C-8), 118.7 (C-5), 127.1 (C4830.0 (C-6), 136.0 (C-3), 141.2 (C-2),
145.1 (C-9) and 160.0 (C=0); m/z 118 - C3HsO.Br, 100) and 190M *- HBr, 37%).

I midazo[ 1,2-a]pyridine-2-carboxylic acid 87g
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Ethyl imidazo[1,2a]pyridine-2-carboxylate hydrobromid&7f (10.5 g, 37.1mmol) was
added to a solution of KOH (14.2 g, 0.251 mmol)BtOH (350 ml). The resulting
mixture was refluxed for 16 hrs. Thereafter wateaswadded to solubilize the
solidmaterial still present in the mixture, and tpel adjusted toca. pH=6 with
concentrated HCI (32%). Evaporation of the wataldgd a solid product which was
repeatedly washed with EtOH to afford imidazo[&]@yridine-2-carboxylic aciB7g as
a pale green powder (4.85 g, 81.8 %), m.p. 248-260 (lit.°® 260-264 °C);
vma{nujol)/cmi* 3402 (OH) and 1705 (C=0%y (400 MHz; DMSO) 7.53 (1H, t) 4.8
Hz, 6-H), 7.90 (1H, dJ 6.4 Hz, 8-H), 8.00 (1H, m, 7-H) 8.94 (1H,16.0 Hz, 5-H) and
8.95 (1H, s, 3-H)dc (100 MHz; DMSO) 113.1 (C-6), 113.4 (C-3), 118.88); 127.8 (C-
7), 129.6 (C-5), 143.9 (C-2), 154 .0 (C-9) and #5€=0);m/z 118 M" - CO,, 100) and
162 (M™, 88%).

3.5. SYNTHESIS OF CARBOXAMIDES

N-[4-(Diethylamino)-1-methylbutyl]indolizine-2-carboxamide 89

5, 1
U 2 H 11 13
o X N % 10 N
- 5 12 \
O 14 15

Indolizine-2-carboxylic aci®7a(0.100 g, 0.63 mmol) was dissolved in dry DMF (3 ml
in a round-bottomed flask fitted with a reflux cem$er and a drying tube. 1,1'-
Carbonyldiimidazole (CDI) (0.160 g, 0.954 mmol) wadded to the mixture. After

heating at 40 °C for 5 minutes, the mixture wasvedld to cool to room temperature and
1-methyl-5-(diethylamino)butylamine (0.245 g, 1.&8nol) was added and the resulting
mixture stirred overnight. The reaction was therrgined with water (1 ml) and the
solvent removed under reduced pressure. 1M aqueai®O; (15 ml) was added to the

residue and the mixture was extracted with EtOAcx(24 ml) and then washed

sequentially with water (24 ml) and brine (24 nilhe extract was dried over Mgg@nd

the solvent removeith vacuoto afford a yellow oil (0.241 g), which was pueidi by flash
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chromatography [on silica; elution with GEl,-ammonia(aqueous)-methanol (20:4:1)] to
afford N-[4-(diethylamino)-1-methylbutyl]indolizine-2-carkamide 89 as a yellow oil
(0.132 g, 69.4%), (FoundM™ 301.216652. GH»/N3O requiresM, 301.215413);
Vmad{KBr)/cm™ 1609 (NHC=0)3y (400 MHz; CDC}) 1.00 (6H, tJ 7.2 Hz, 15- and 15'-
CHj3), 1.25 (3H, dJ 7.6 Hz, 10-CH), 1.55 (4H, m, 11- and 12-GH 2.44 (2H, tJ 3.2
Hz, 13-CH), 2.52 (4H, qJ 3.2 and 2.8 Hz, 14- and 14’-GH4.21 (1H, m, 10-H), 6.02
(1H, d,J 2.0 Hz, NH), 6.51 (1H, m, 6-H), 6.56 (1H, s, 1-@)68 (1H, m, 8-H), 7.34 (1H,
d, J 9.2 Hz, 5-H), 7.74 (1H, d] 0.8 Hz, 3-H) and 7.86 (1H, d,1.0 Hz, 7-H);5c (100
MHz; CDCk) 11.5 (C-15), 21.1 (C-10a), 23.6 (C-11), 35.0 @);U5.1 (C-10), 46.8 (C-
14), 52.7 (C-13), 96.9 (C-1), 111.8 (C-6), 113.93)c118.2 (C-2), 120.0 (C-8), 124.2
(C-5), 125.4 (C-9), 132.8 (C-7) and 164.1 (C=@)z 301 M, 50) and 86 NI -
Ci13H15N20, 100%) .

N-[2-(Benzylthio)ethyl]indolizine-2-carboxamide 91a

8 1

T — 2 H 1 12 14
13
o X N / \/\S/\©15
10
3

° O

Indolizine-2-carboxylic acid87a (0.100 g, 0.63 mmol) in dry DMF (5 ml) and dry
pyridine (3 ml) was reacted witB-benzylcysteamine hydrochloride (0.200 g, 0.960
mmol) following the procedure described for thepamation ofN-[4-(diethylamino)-1-
methylbutyl]indolizine-2-carboxamid89 to afford a crude product, which was purified
by preparative layer chromatography [on silicatieluwith CH.Cl,-methanol (20:4)] to
afford N-[2-(benzylthio)ethyl]indolizine-2-carboxamid@&la as a yellow solid (0.12 g,
65%), m.p. 104-106 °C, (FouM™: 310.113786. GH1gN,OS requiresvl, 310.113985);
vma{KBr)lem™ 1652 (C=0);5 (400 MHz; CDC}) 2.69 (2H, t,J 6.4 Hz, 11-CH), 3.61
(2H, m, 10-CH), 3.76 (2H, s, 12-C}}, 6.38 (1H, br s, NH), 6.52 (1H, m, 7-H), 6.57 (1H
s, 3-H), 6.69 (1H, ¢ 0.8 and 1.0 Hz, 6-H), 7.24 (1H, #1.2 Hz, 5-H), 7.33 (5H, m, 14-
H, 15-H and 16-H), 7.74 (1H, d,1.2 Hz, 1-H) and 7.88 (1H, 3,6.8 Hz, 8-H);5¢ (100
MHz; CDCk) 31.3 (C-11), 35.8 (C-12), 37.9 (C-10), 97.1 (C-1)1.9 (C-6), 114.0 (C-
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2), 118.3 (C-3), 120.0 (C-7), 123.5 (C-8), 125.45)C127.1 (C-16), 128.6 (C-15), 128.8
(C-14), 132.9 (C-9), 138.1 (C-13) and 164.7 (C=@jz 310 M, 53) and 144N -
CoH1NS, 100%).

N-[2-(Benzylthio)ethyl]-5-methylindolizine-2-carboxamide 91b

Following the procedure described for the synthesN-[2-(benzylthio)ethyl]indolizine-
2-carboxamide91a Sbenzylcysteamine hydrochloride (0.200 g, 0.960 hnwas
reacted with 5-methyindolizine-2-carboxylic a&db (0.100 g, 0.571 mmol) to afford-
[2-(benzylthio)ethyl]-5-methylindolizine-2-carboxmla 91b as a green oil (0.147 g,
78.9%), (FoundVl+1: 325.1376. GHN».0S requiredMH *, 325.1376);vma(KBr)/cm™
1642 (C=0);54 (400 MHz; CDC}) 2.46 (3H, s, 5-Ch), 2.69 (2H, tJ 6.8 Hz, 11-CH)),
3.61 (2H, qJ 6.8 and 7.2 Hz, 10-Ci 3.74 (2H, s, 12-C}), 6.40 (1H, d,) 6.8 Hz, 6-H),
6.68 (3H, m, 1-H, 7-H and NH), 7.24 (1HJt1.6 Hz, 8-H), 7.27 (5H, m, 14-H, 15-H and
16-H) and 7.70 (1H, s, 3-Hj: (100 MHz; CDC}) 18.5 (CH), 31.1 (C-11), 35.7 (C-10),
38.0 (C-12), 97.5 (C-1), 110.9 (C-3), 111.3 (CH)7.4 (C-8), 118.6 (C-7), 123.3 (C-13),
127.0 (C-16), 128.5 (C-14), 128.7 (C-15), 133.19)C133.5 (C-5), 138.0 (C-2) and
165.0 (C=0)m/z 325 M +1, 100%).

N-[2-(Benzylthio)ethyl]pyrrolo[ 1,2-a]quinoline-2-carboxamide 91c
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Following the procedure described for the synthesN-[2-(benzylthio)ethyl]indolizine-
2-carboxamide91a Sbenzylcysteamine hydrochloride (0.200 g, 0.960 hnveas
reacted with pyrrolo[1,2Jquinoline-2-carboxylic acid87c (0.100 g, 0.47 mmol) to
afford N-[2-(benzylthio)ethyl]pyrrolo[1,2a]quinoline-2-carboxamid®lc as a yellow oill
(0.162 g, 96.7%), (Found+1: 361.1389. &H21N,OS requiresMH ", 361.1375);
vma{(KBr)fem™ 1732 (C=0);54 (400 MHz; CDC}) 2.71 (2H, t,J 6.4 Hz, 11-CH), 3.63
(2H, m, 10-CH), 3.76 (2H, s, 12-C}), 6.68 (2H, m, 3-H and NH), 6.90 (1H,37.6 Hz,
5-H), 6.99 (1H, dJ 9.2 Hz, 6-H), 7.22 (1H, m, 7-H), 7.32 (5H, m, 144%-H and 16-H),
7.46 (1H, m, 8-H), 7.59 (1H, d,7.6 Hz, 9-H), 7.81 (1H, d] 8.0 Hz, 4-H) and 8.34 (1H,
s, 1-H);4¢ (100 MHz; CDC}) 31.2 (C-11), 35.8 (C-12), 38.1 (C-10), 100.5 (Cc4314.0
(C-9), 114.3 (C-2), 118.7 (C-4), 120.3 (C-1), 122®5), 123.9 (C-5a), 124.5 (C-7),
127.0 (C-8), 128.5 (C13, C-14, C-15 and C-16), 23C-6), 132.8 (C-3a), 138.0 (C-9a),
164.6 (C=0)m/z 361 M+1, 100%).

N-[(Carbethoxy)methyl]indolizine-2-carboxamide 93a

Following the procedure described for the synthesN-[2-(benzylthio)ethyl]indolizine-
2-carboxamide91a glycine ethyl ester hydrochloride (0.200 g, 1mtol) was reacted
with indolizine-2-carboxylic acid87a to afford N{[(carbethoxy)methyl]indolizine-2-
carboxamide93a as a green oil (0.097 g, 66%), (Foumd: 246.099889. GH1sN»O;
requiresM, 246.100442):vma{KBr)/cm™ 1637 (NHC=0) and 1705 (C=Opy (400
MHz; CDCk) 1.31 (3H, tJ 7.2 Hz, 12-CH), 4.23 (2H, s, 10-C}), 4.27 (2H, qJ 7.2 and
7.6 Hz, 11-CH), 6.50 (1H, dJ 5.2 Hz, 7-H), 6.52 (1H, s, 3-H), 6.64 (1H, s, NA)69
(1H, q,J 0.8 and 1.2 Hz, 6-H), 7.36 (1H, 9.2 Hz, 5-H), 7.77 (1H, s, 1-H) and 7.88
(1H, d,J 6.8 Hz, 8-H);5¢c (100 MHz; CDC}) 14.2 (C-12), 41.5 (C-10), 61.6 (C-11), 97.3
(C-1), 112.0 (C-6), 114.1 (C-2), 118.3 (C-3), 12(37), 122.9 (C-8), 125.4 (C-5), 132.9
(C-9), 164.7 and 170.3 (2 x C=0QWz 246 M, 48) and 144Nl - C;HgNO,, 100%).
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N-Carbethoxymethyl-5-methylindolizine-2-carboxamide 93b

Following the procedure described for the synthesN-[2-(benzylthio)ethyl]indolizine-
2-carboxamid®1a 5-methylindolizine-2-carboxylic aci@®7b (0.100 g, 0.571 mmol) and
glycine ethyl ester hydochloride (0.200 g, 1.40 rMfmweere reacted to afford N
carbethoxymethyl-5-methylindolizine-2-carboxamiéldb as a yellow oil (0.059 g,
39.9%), (FoundVl+1: 261.1250. €H1/N,05 requiresMH *, 261.1239)vma(KBr)/cm™
1647 (NHC=0) and 1693 (C=0jj (400 MHz; CDC}) 1.29 (3H, tJ 7.2 Hz, 12-CHj),
2.45 (3H, s, 5-Ch), 4.21 (2H, s, 10-C}), 4.24 (2H, g, 7.2 and 7.4 Hz, 11-CHi 6.38
(1H, d,J 6.8 Hz, 6-H), 6.67 (1H, t) 2.4 Hz, 7-H), 6.70 (1H, s, 1-H), 6.80 (1H, br m,
NH), 7.26 (1H, tJ 4.4 Hz, 8-H) and 7.68 (1H, s, 3-H); (100 MHz; CDC}) 14.1 (C-
12), 18.5 (CHj), 41.5 (C-10), 61.5 (C-11), 97.9 (C-1), 111.0 (C#HL.1.3 (C-3), 117.5 (C-
8), 118.6 (C-7), 122.6 (C-2), 133.1 (C-5), 133.59)C165.1 and 170.4 (2 x C=Q)yz
261 M+1, 100%).

N-(Carbethoxymethyl)pyrrolo[1,2-a]quinoline-2-carboxamide 93¢

Following the procedure described for the synthesN-[2-(benzylthio)ethyl]indolizine-
2-carboxamidéla pyrrolo[1,2a]quinoline-2-carboxylic acid7c¢(0.100 g, 0.47 mmol)
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and glycine ethyl ester hydrochloride (0.200 g,01mmol) were reacted to afford-N
(carbethoxymethy)lpyrrolo[1,2}quinoline-carboxamide93c as a brown oil (0.081 g,
58%), (FoundM+1:, 297.1252. §H1/N,O5 requiresMH ¥, 297.1239):vma(KBr)/cm™
1649 (NHC=0) and 1732 (C=0jj (400 MHz; CDC}) 1.25 (3H, tJ 5.2 Hz, 12-CHj),
4.04 (2H, dJ 6.0 Hz, 10-CH), 4.20 (2H, gqJ 5.2 and 4.4 Hz, 11-CGi 6.70 (1H, s, 1-H),
6.90 (1H, dJ 9.6 Hz, 5-H), 7.07 (1H, 1 9.2 Hz, NH), 7.12 (1H, d] 9.6 Hz, 6-H), 7.28
(1H, t,J 7.6 Hz, 7-H), 7.42 (1H, m, 8-H), 7.52 (1H,H7.6 Hz, 9-H), 7.74 (1H, d1 8.4
Hz, 4-H) and 8.30 (1H, s, 3-Hj: (100 MHz; CDC}) 14.1 (C-12), 41.4 (C-10), 61.5 (C-
11), 100.8 (C-3), 114.1 (C-9), 114.2 (C-2), 118%4), 120.2 (C-1), 121.8 (C-5), 123.8
(C-5a), 124.4 (C-7), 128.1 (C-8), 128.5 (C-6), B3(C-3a), 132.8 (C-9a), 165.0 and
170.5 (2 x C=0)m/z 297 M +1, 100%).

Ethyl 3-hydroxy-2(S)-(indolizine-2-carboxamido)propanoate 95a

Following the procedure described for the synthesN-[2-(benzylthio)ethyl]indolizine-
2-carboxamid®1a L-serine ethyl ester hydrochloride (0.200 g, Imif®ol) was reacted
with indolizine-2-carboxylic acid87a to afford ethyl 3-hydroxy-2-(indolizine-2-
carboxamido)propanoaté5a as a yellow oil (0.080 g, 47%), (Fouhdi™: 276.109981.
C14H16N,04 requiresM, 276.111007)yma{KBr)/cm™ 1633 (NHC=0) and 1700 (C=0);
oy (400 MHz; CDC}) 1.27 (4H, tJ 7.2 Hz, G43CH, and OH), 4.04 (2H, d] 3.6 Hz, 3-
CHy), 4.24 (2H, qJ 8.2 and 7.2 Hz, C}CH,), 4.83 (1H, m, 2-H), 6.45 (1H, m, 6’-H),
6.63 (2H, m, 7-H and 1'-H), 7.19 (1H, s, NH), 7@H, s, 5'-H), 7.72 (1H, s, 3'-H) and
7.88 (1H, q,J 0.5 and 0.9 Hz, 8'-H)jc (100 MHz; CDC}) 14.4 CHsCH,), 55.4 (C-2),
62.2 (CHCH,), 63.8 (C-3), 98.0 (C-1), 112.2 (C-6"), 114.53(-118.6 (C-7"), 120.2
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(C-5"), 122.8 (C-2"), 125.7 (C-8), 133.1 (C-9"), 3.6 and 171.1 (2 x C=O)yz 276 M,
45) and 144N1" - CsH1NOs, 100%).

Ethyl (2S)-3-hydroxy-2-(5-methylindolizine-2-carboxamido)propanoate 95b

Following the procedure described for the synthesN-[2-(benzylthio)ethyl]indolizine-
2-carboxamid®1la L-serine ethyl ester hydrochloride (0.200 g, Imif®ol) was reacted
with 5-methyindolizine-2-carboxylic acigi7b (0.100 g, 0.571 mmol) to afforethyl (25)-
3-hydroxy-2-(5-methylindolizine-2-carboxamido)prapate 95b as a yellow oil (0.072
g, 44%), (FoundM+1: 291.1374. GH1oN-O, requiresMH *, 291.1395)vma(KBr)/cm™
1649 (NHC=0) and 1732 (C=0jj (400 MHz; CDC}) 1.27 (4H, tJ 7.2 Hz, CHCH3
and OH), 2.39 (3H, s, 5-G} 4.05 (2H, dJ 3.6 Hz, 3-Ci,), 4.24 (2H, qJ 3.6 and 3.2
Hz, CH,CHj3), 4.85 (1H, tJ 3.6 Hz, 2-H), 6.34 (1H, d] 6.8 Hz, 8'-H), 6.65 (1H, m, 7’-
H), 6.71 (1H, dJ 1.2 Hz, NH), 7.21 (1H, d] 8.8 Hz, 6'-H), 7.24 (1H, s, 3'-H) and 7.64
(1H, s, 1'-H); 3¢ (100 MHz; CDC}) 14.0 (C-13), 18.4 (5-C¥, 55.2 (C-2), 61.9
(CH,CHg), 63.5 (C-3), 98.2 (C-1"), 111.0 (C-6"), 111.3 &O); 117.5 (C-3’), 118.6 (C-
7", 122.3 (C-8"), 133.1 (C-5"), 133.5 (C-9’), 1@band 170.8 (2 x C=0)jz 291 M+1,
100%).
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Ethyl (2S)-3-hydroxy-2-{pyrrolo[1,2-a]quinoline-2-car boxamido}propanoate 95¢

Following the procedure described for the synthesN-[2-(benzylthio)ethyl]indolizine-
2-carboxamid®1la L-serine ethyl ester hydrochloride (0.200 g, Ind®ol) was reacted
with pyrrolo[1,2-a]quinoline-2-carboxylic acid7c¢(0.100 g, 0.47 mmol) to afforethyl
(29)-3-hydroxy-2-{pyrrolo[1,2a]quinoline-2-carboxamido}propanoat®5c as a brown
oil (0.0524 g, 34.2%), (Founml+1: 327.1348. GH1N,O4 requiresMH ™, 327.1345);
vmad{KBr)/cm™ 1638 (NHC=0) and 1732 (C=Q%; (400 MHz; CDC}) 1.31 (3H, tJ 7.2
Hz, CH.CHg), 3.08 (1H, br s, OH), 4.09 (2H, d,3.6 Hz, 3-®,), 4.27 (2H, qJ 7.2 and
7.0 Hz, GH,CHg), 4.87 (1H, m, 2-H), 6.71 (2H, s, 3'-H), 6.91 (1#1,J 9.2 Hz, 6’-H),
7.12 (1H,dJ 9.2 Hz, 5-H), 7.17 (1H, d] 7.2 Hz, NH), 7.30 (1H, 11 7.6 Hz, 8'-H), 7.44
(AH,t,J 7.6 Hz, 7°-H), 7.54 (1H, 4,7.6 Hz, 4'-H), 7.78 (1H, d] 8.0 Hz, 9’-H) and 8.30
(1H, s, 1'-H);8¢ (100 MHz; CDC}) 14.1 (CHCHs), 55.2 (C-2), 62.0GH,CHs), 63.7 (C-
3), 101.0 (C-3), 114.2 (C-9)), 114.4 (C-2"), 118(t-4'), 120.4 (C-1"), 121.8 (C-5),
124.0 (C-5'a), 124.6 (C-7"), 128.2 (C-8’), 128.6-60, 131.3 (C-3'a), 132.8 (C-9'a),
165.1 and 170.8 (2 x C=Q)¥z 327 M+1, 100%).
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N-Carbomethoxymethyl-5-methylindolizine-2-carboxamide 97b

Following the procedure described for the synthesN-[2-(benzylthio)ethyl]indolizine-
2-carboxamid®1a glycine methyl ester hydrochloride (0.200 g, 1Ina®ol) was reacted
with 5-methyindolizine-2-carboxylic aci®7b (0.100 g, 0.571 mmol) to afford -N
carbomethoxymethyl-5-methylindolizine-2-carboxam@¥® as a brown oil (0.115 g,
81.9%), (FoundVl+1: 247.1091. GH1sN»O3 requiresMH *, 247.1083):vma(KBr)/cm™
1649 (NHC=0) and 1730 (C=0jj (400 MHz; CDC}) 2.46 (3H, s, 11-Ck}, 3.78 (3H,
s, 5-CH), 4.25 (2H, dJ 5.2 Hz, 10-CH), 6.39 (1H, dJ 6.4 Hz, 6-H), 6.70 (1H, 1] 2.0
Hz, 7-H), 6.71 (1H, s, 3-H), 6.76 (1H, s, NH), 7@H, d,J 9.6 Hz, 8-H) and 7.69 (1H,
s, 1-H);6¢c (100 MHz; CDC}) 18.5 (CH), 41.3 (C-10), 52.3 (C-11), 97.8 (C-1), 111.0
(C-6), 111.4 (C-2), 117.6 (C-3), 118.7 (C-7), 12¢68), 133.2 (C-5), 133.6 (C-9), 165.1
and 170.8 (2 x C=0)Vz 247 M+1, 100%).

N-(Carbomethoxymethyl)pyrrolo[ 1,2-a]quinoline-2-carboxamide 97c¢

10

Following the procedure described for the synthesN-[2-(benzylthio)ethyl]indolizine-
2-carboxamid®1la glycine methyl ester hydrochloride (0.200 g, 1Ina®ol) was reacted
with pyrrolo[1,2a]quinoline-2-carboxylic acidB7c (0.100 g, 0.47 mmol) to afford -N
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(carbomethoxymethy)lpyrrolo[1,@quinoline-2-carboxamid®7c as a brownish-yellow
oil (0.094 g, 70%), (Found+1: 283.1083. gH1sN,Os; requiresMH ™, 283.1083);
vma{KBr)/em™ 1659 (NHC=0) and 1733 (C=0Qjj; (400 MHz; CDC}) 3.80 (3H, s, 11-
CHs), 4.27 (2H, dJ 5.2 Hz, 10-CH)), 6.71 (1H, s, 3-H), 6.75 (1H, s, NH), 6.90 (1H,Jd
7.6 Hz, 5-H), 7.20 (1H, d] 9.6 Hz, 6-H), 7.33 (1H, §] 7.6 Hz, 7-H), 7.48 (1H, m, 8-H),
7.58 (1H, dJ 7.6 Hz, 9-H), 7.82 (1H, d] 8.4 Hz, 4-H) and 8.33 (1H, s, 1-H): (100
MHz; CDCl) 41.3 (C-10), 52.3 (C-11), 100.7 (C-3), 114.2 (C¥14.4 (C-2), 118.7 (C-
4), 120.4 (C-1), 122.0 (C-5), 124.0 (C-5a), 124267(, 128.2 (C-8), 128.7 (C-6), 131.3
(C-3a), 132.9 (C-9a), 164.7 and 170.9 (2 x C09x283 M+1, 100%).

Methyl (2S)-1-[(5-methylindolizin-2-yl)carbonyl]pyrrolidine-2-carboxylate 99

Following the procedure described for the synthesN-[2-(benzylthio)ethyl]indolizine-
2-carboxamideQla, L-proline methyl ester hydrochloride (0.200 g2d.mmol) was
reacted with 5-methyindolizine-2-carboxylic a@ddb (0.100 g, 0.571 mmol) to afford
methyl (&)-1-[(5-methylindolizin-2-yl)carbonyl]pyrrolidine-2arboxylate99 as a brown
oil (0.080g, 50%), (FoundMi+1: 287.1383. @H1dN.Os3 requires MH™, 287.1396);
vma{KBr)/em™ 1603 (NC=0) and 1736 (C=0py (400 MHz; CDC}) 2.00 (2H, m, 3-
CHy), 2.13 (1H, m, 4-8,), 2.30 (1H, m, 4-B), 2.48 (3H, s, 5-Ch), 3.75 (3H, s,
OCH), 3.96 (2H, m, 5-6,), 4.69 (1H, gJ 3.0 and 2.4 Hz, 2-H), 6.40 (1H, 36.8 Hz,
8'-H), 6.68 (1H, m, 7-H), 6.78 (1H, s, 3'-H), 7.4QH, d,J 9.2 Hz, 6'-H) and 7.68 (1H,
s, 1'-H); 6c (100 MHz; CDC}) 18.5 (5-CH), 25.4 (C-4), 28.9 (C-3), 49.1 (C-5), 52.1
(OCHg), 59.8 (C-2), 99.7 (C-17), 110.9 (C-6), 112.7 (§;2117.5 (C-3’), 118.3 (C-7"),
122.8 (C-8’), 132.9 (C-9"), 165.2 and 173.0 (2 x@)7m/z 287 M +1, 100%).
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1-(I ndolizin-2-yl)-7-carbomethoxy-1,9,12-trioxo-2,8,11-triazatridecane 101

O
4 6 . H 9 nk
8 10 N 12 13
3 5 H
14 O
O @]

Indolizine-2-carboxylic acid7a (0.100 g, 0.63 mmol) in dry DMF (5 ml) was reacted
with N-acetyl-glycine-lysine methyl ester acetate sall%0 g, 0.578 mmol) following
the procedure described for the preparation df-[4-(diethylamino)-1-
methylbutyl]indolizine-2-carboxamide89. The crude product was purified using
preparative layer chromatography [on silica; eltwith CHCl,-methanol (20:4)] to
afford 1-(indolizine-2-yl)-7-carbomethoxy-1,9,12-trioxd@d2,1-triazadecanel0l as a
brown solid (0.150 g, 60.1%), m.p. 114-116 °C, (#bM ™ 402.1880. GoH2eN4Os
requiresM, 402.1903)vma{nujol)/cm* 1741 (C=0), 1664, 1638, 1630 (3 x NHC=6);
(400 MHz; CDC}) 1.40 (2H, m, 5-€l,), 1.56 (2H, m, 4-@,), 1.76 (1H, m, 6-E,), 1.88
(AH, m, 6-CHp), 1.99 (3H, s, 13-H), 3.36 (1H, m, 3HE), 3.50 (1H, m, 3-E), 3.70
(3H, s, OMe), 4.02 (2H, ddd,5.6, 5.0 and 6.0 Hz, 10-H), 4.47 (1H, m, 7-H),05(5H, t,

J 6.8 Hz, 6’-H), 6.67 (1H, m, 7’-H), 6.88 (1H, 1,4.8 Hz, 8-H), 7.10 (1H, s, 11-NH),
7.30 (1H, dJ 8.8 Hz, 5-H), 7.40 (1H, dJ 7.2 Hz, 1'-H), 7.76 (1H, s, 2-NH), 7.85 (1H,
s, 3'-H) and 7.89 (1H, dl 6.8 Hz, 8-NH);5¢c (100 MHz; CDC}) 22.0 (C-5), 22.9 (C-13),
29.1 (C-4), 30.8 (C-6), 38.3 (C-3), 43.1 (C-10),52C-7), 52.4 (C-15), 97.1 (C-1)),
111.9 (C-6"), 114.3 (C-27), 118.4 (C-3’), 119.7 {©; 123.3 (C-5"), 125.6 (C-8), 132.9
(C-9), 165.6 (1-C=0), 169.2 (9-C=0), 170.8 (€dC=0) and 172.5 (12-C=0pyz 402
(M7, 100%).

127



Experimental

3.5.1. Attempted synthesis of indolizine-2-carboxaities
2-(Piperazin-1-ylcarbonyl)indolizine 103
¢
8
o )
i<
6 X\ N /2 O
5 3

Piperazine (0.200 g, 2.32 mmol) was reacted inoh@i2-carboxylic acid (0.100 g, 0.63
mmol) following the procedure described for thepamation ofN-[4-(diethylamino)-1-
methylbutyl]indolizine-2-carboxamid89 and *H NMR spectroscopy indicated that no
reaction occurred. The mixture was left to stand dofurther 5 days, butH NMR

analysis again confirmed that no reaction had aecdur

N-(3-Amino-2-hydroxypropyl)indolizine-2-carboxamide 105

HO NH,
"~ ey
6 X\ N {2 (@)

5

1,3-Diamine-2-hydroxypropane (0.200 g, 2.22 mmolpaswreacted indolizine-2-
carboxylic acid (0.100 g, 0.63 mmol) following th@ocedure described for the
preparation ofN-[4-(diethylamino)-1-methylbutyl]indolizine-2-carkamide 89. After 2

daysthe TLC plate showed no presence of the producttaedH NMR spectroscopy

confirmed that no reaction had occurred.
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N-(2-aminoethyl)indolizine-2-carboxamide 107

NH,
L ow/
S
AN N {2 O

5

1,2-Diamine ethane (0.200 g, 3.33 mmol) was reaictdalizine-2-carboxylic acid (0.100
g, 0.63 mmol) following the procedure described fibre preparation OfN-[4-
(diethylamino)-1-methylbutyl]indolizine-2-carboxamiei 89 and *H NMR spectroscopy
indicated that no reaction occurred. The mixture \edt to stand for a further 3 days, but

'H NMR analysis again confirmed that no reaction becurred.

3.6. Synthesis of the aza-Michael products

Methyl 2-[(benzylamino)methyl]-3-hydroxy-3-(pyridin-3-yl)propanoate 109a

Methyl 2-[hydroxy(pyridin-3-yl)methyl]acrylaté1d (0.200 g, 1.04 mmol) was dissolved
in dry methanol (5 ml) and the resulting solutiotirred in an ice-bath until the
temperature reached 0 °C. Thereafter, benzylandi2d (@, 1.7 mmol) was added and the
mixture was stirred at 0 °C for 46 hours. The solwyas removedn vacuoto afford
methyl 2-[(benzylamino)methyl]-3-hydroxy-3(-pyriBryl)propanoate 109a (0.22 g,
69%) as a 1:1.5 mixture of diastereomém Q0% d.e.; as determined by th¢ NMR

analysis). The diastereomers (100 mg) were seghrdig preparative layer
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chromatography [on silica; elution with GEl,-hexane-EtOAC-MeOH (20:15:10:1)] to
afford the two fractions.

Fraction 1. as a yellow oil (32.7mg, 33%), (FouMH1: 301.1565. &H»1N,O5 requires
MH *, 301.1552):vma(KBr)/lcm™ 3313-3380 (OH and NH) and 1730 (C=@); (400
MHz; CDCk) 2.77 (2H, m, 2-H and 4-Ca&), 3.18 (1H, qJ 6.8 an 6.0 Hz, 4-Cb), 3.63
(1H, br m, NH), 3.65 (3H, s, OGH 3.71 (2H, d,) 5.2 Hz, 5-CH), 5.32 (1H, d,) 4.8 Hz,
3-H), 7.21 (1H, m, 5'-H), 7.30 (6H, m, 7-H, 8-H,t9and OH), 7.62 (1H, d] 8.0 Hz, 4™
H), 8.49 (1H, d,) 4.4 Hz, 6'-H) and 8.54 (1H, s, 2’-Hj¢ (100 MHz; CDC}) 47.5 (C-4),
50.9 (C-2), 52.1 (OMe), 53.9 (C-5), 74.4 (C-3), 228C-5"), 127.5 (C-9), 128.3 (C-8),
128.6 (C-7), 133.7 (C-4’), 138.1 (C-6), 138.5 (G;3147.8 (C-6’), 148.7 (C-2’) and
172.5 (C=0)m/z 301 M+1, 100%).

Fraction 2. as a yellow oil (13.7mg, 14%{-oundM+1: 301.1539. @H»:N,O3 requires
MH*, 301.1552);vma{nujol)/cm* 3340-3390 (OH and NH) and 1712 (C=@); (400
MHz; CDCk) 2.91 (1H, qJ 4.4 and 4.0 Hz, 4-C#), 3.00 (1H, q,J 4.4 and 4.0 Hz, 2-H),
3.08 (1H, g,J 5.0 and 4.6 Hz, 4-Cb}, 3.37 (1H, br m, NH), 3.57 (3H, s, OGH3.90
(2H, d,J 6.4 Hz, 5-CH), 5.21 (1H, d,J 3.9 Hz, 3-H), 7.26 (1H, m, 5’-H), 7.31 (6H, m, 7-
H, 8-H, 9-H and OH), 7.62 (1H, 4,7.6 Hz, 4’-H), 8.49 (1H, d] 2.8 Hz, 6’-H) and 8.51
(1H, s, 2’-H); ¢ (100 MHz; CDC}) 48.5 (C-4), 50.9 (OC#), 51.7 (C-5), 53.9 (C-2),
73.2 (C-3), 123.1 (C-5"), 127.3 (C-9), 128.2 (C-828.6 (C-7), 133.6 (C-4"), 137.3 (C-
6), 139.0 (C-3"), 147.8 (C-6’), 148.7 (C-2’) and2l7 (C=0);m/z 301 M +1, 100%).

Methyl 2-[(2-(benzylthio)ethylamino)methyl]-3-hydr oxy-3-(pyridin-3-yl)propanoate
109b

Following the procedure described for the synthegimethyl 2-[(benzylamino)methyl]-
3-hydroxy-3-(pyridin-3-yl)propanoat&09a S-benzylcysteamine hydrochloride (0.300 g,
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1.50 mmol) and triethylamine (0.35 g, 3.5 mmol) evereacted with methyl 2-
[hydroxy(pyridin-3-yl)methyl]acrylate61d (0.200 g, 1.04 mmol). The solvent was
removedin vacuoand triethylamine hydrochloride salt was precigithout on addition
of EtOAc (5 ml). The salt was filtered off and thelvent removed from the filtraie
vacuo to afford methyl 2-[(2-(benzylthio)ethylamino)methyl]-3-hyrlye3-(pyridin-3-
yl)propanoatel09b (0.15 g, 40.5%) as a 1:2 mixture of diasteresnfex. 33% d.e.; as
determined by théH NMR analysis).The diastereomers (0.100 g) werarsged by
preparative layer chromatography [on silica; elutwaith CHCl,-hexane-EtOAC-MeOH
(20:15:10:1)] to afford two fractions.

Fraction (i). as a yellow oil (40.7mg, 41%), (FourM+1: 361.1557. @H25N,O3S
requiresMH *, 301.1586):vma{nujol)/cm* 3296-3340 (OH and NH) and 1728 (OC=0);
dn (400 MHz; CDC}) 2.55 (2H, t,J 6.0 Hz, 5-CH), 2.58 (2H, tJ 3.6 Hz, 6-CH), 2.70
(1H, s, NH), 2.74 (2H, m, 4-Ci 3.13 (1H, ddJ 6.0 and 5.9 Hz, 2-H), 3.63 (3H, s,
OCH), 3.71 (2H, s, 7-Ch), 3.94 (1H, br m, OH), 5.29 (1H, d,5.6 Hz, 3-H), 7.27 (1H,
s, 2'-H), 7.29 (5H, Ar-H, 9-H, 10-H and 11-H), 7.{8H, d,J 7.6 Hz, 6'-H), 8.51 (1H,
dd,J 1.2 and 1.0 Hz, 5'-H) and 8.58 (1H,H2.0 Hz, 4’-H);5¢ (100 MHz; CDC}) 31.0
(C-6), 36.1 (C-7), 48.0 (C-4), 48.1 (C-5), 51.0 (@ 52.0 (C-2), 74.5 (C-3), 123.2 (C-
57, 127.1 (C-11), 128.5 (C-10), 128.8 (C-9), 133®4"), 138.1 (C-3’), 138.1 (C-8),
147.8 (C-6’), 148.0 (C-2") and 172.3 (C={z 361 M+1, 100%).

Fraction (ii). as a yellow oil (23.3mg, 23%JFound M+1: 361.1576. @H2sN,OsS
requiresMH *, 361.1586) vma{nujol)/cm* 3306-3356 (OH and NH) and 1717 (C=@);
(400 MHz; CDC}) 2.55 (2H, tJ 5.4 Hz, 6-CH), 2.72 (2H, tdJ 2.7, 2.6 and 2.5 Hz, 5-
CH,), 2.82 (1H, ddJ 4.0 and 4.5 Hz, 2-H), 2.98 (2H, m, 4-gH3.32 (2H, br m, OH and
NH), 3.60 (3H, s, OCH), 3.71 (2H, s, 7-Ch), 5.21 (1H, d,J 4.0 Hz, 2-H), 7.23 (1H, d
0.8 Hz, 4’-H), 7.29 (5H, Ar-H, 9-H, 10-H and 11-H),67 (1H, dJ 8.0 Hz, 6’-H), 8.51
(1H, t,J 3.6 Hz, 5’-H) and 8.56 (1H, d,1.6 Hz, 2’-H);3c (100 MHz; CDC}) 31.0 (C-
6), 36.1 (C-7), 48.0 (C-4), 48.1 (C-5), 51.0 (O£H52.0 (C-2), 73.5 (C-3), 123.6 (C-5"),
127.5 (C-11), 129.0 (C-10), 129.2 (C-9), 134.2 (};-437.8 (C-3’), 138.7 (C-8), 148.3
(C-6"), 149.2 (C-2") and 173.1 (C=Q)/z361 M+1, 100%).
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Methyl 2-[(carbomethoxymethylamino)methyl]-3-hydroxy--3-(pyridin-3-yl)propanoate
109c

Following the procedure described for the synthesi§ methyl 2-[(2-
(benzylthio)ethylamino)methyl]-3-hydroxy-3-(pyridi+yl)propanoate 109b, glycine
methyl ester hydrochloride (0.21 g, 1.70 mmol) wesacted with methyl 2-
[hydroxy(pyridin-3-yl)methyl]acrylate 61d (0.200 g, 1.04 mmol) tomethyl 2-
[(carbomethoxymethyamino)methyl]-3-hydroxy-3-(pyri@-yl)propanoate 109c¢ (0.22
g, 74.8%) as a 1:2.6 mixture of diastereomees 44% d.e.; as determined by thé
NMR analysis). The diastereomers (100 mg) were raggad by preparative layer
chromatography [on silica; elution with GEl,-hexane-EtOAC-MeOH (20:15:10:1)] to
afford two fractions.

Fraction (i). as a yellow oil (8.5mg, 9%JFoundM+1: 283.1295. &H19N,Os requires
MH *, 283.1294)vmadnujol)/cmi* 3309-3323 (OH and NH), 1723 and 1741 (2 x C=0);
dn (400 MHz; CDC}) 2.88 (2H, dd,J 4.8 and 5.0 Hz, 2-H and NH), 3.00 (2H, m, 4-4H
3.40 (2H, dJ 2 Hz, 5-CH), 3.62 (4H, s, OCHKand OH), 3.72 (3H, s, 6-GH 5.20 (1H,
d,J4.4 Hz, 3-H), 7.28 (1H, 11 2.8 Hz, 5'-H), 7.70 (1H, d] 8.0 Hz, 4’-H), 8.50 (1H, tJ
3.6 Hz, 6'-H) and 8.55 (1H, s, 2’-Hj¢ (100 MHz; CDC}) 48.7 (C-4), 50.5 (C-5), 51.3
(C-6), 51.6 (OCH), 72.3 (C-2), 72.4 (C-3), 123.3 (C-5), 137.3 (§;447.7 (C-6"),
147.9 (C-3’), 148.9 (C-2"), 172.2 and 172.9 (2 x@)7m/z 283 M +1, 100%).

Fraction (ii)). as a yellow oil (25.5mg, 26%), (Fourdd+1: 283.1295. ¢H;19N2Os
requiresMH *, 283.1294) vmaxnujol)/cm* 3309-3323 (OH and NH), 1723 and 1741 (2 x
C=0); 64 (400 MHz; CDC}) 2.81 (2H, m, 4-Ch), 3.17 (1H, dd,) 4.0 and 3.9 Hz, 2-H),
3.39 (2H, d, J 4.0 Hz, 5-CH), 3.40 (1H, s, NH), 3.61 (3H, s, O@QK 3.72 (3H, s, 6-
CHj3), 3.92 (1H, br m, OH), 5.27 (1H, 4,6.0 Hz, 3-H), 7.28 (1H, t114.8 Hz, 5'-H), 7.73
(1H, d,J 7.6 Hz, 4'-H), 8.50 (1H, d] 3.2 Hz, 6’-H) and 8.56 (1H, s, 2’-Hj: (100 MHz;
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CDCly) 48.2 (C-4), 50.3 (C-5), 51.4 (C-6), 52.0 (OfH52. 0 (C-2), 73.8 (C-3), 123.3
(C-5"), 133.9 (C-4"), 137.8 (C-6'), 147.8 (C-3),48.8 (C-2"), 171.9 and 172.4 (2 x
C=0):m/z 283 M+1, 100%).

Attempted methods

Method 1. A mixture of methyl 2-[hydroxy(pyridin-3-yl)methydcrylate61d (0.123 g,
0.64 mmol), glycine methyl ester hydrochloride @71, 1.49 mmol) and proton sponge
(0.684 g, 3.19 mmol) in THF (10ml) was stirred @m temperature for 5 day$i NMR
spectroscopy indicated the presence of substrgtalsi suggesting that the reaction had

not occurred.

Method 2. A mixture of methyl 2-[hydroxy(pyridin-3-yl)methjdcrylate61d (0.194 g,
1.00 mmol), glycine methyl ester hydrochloride @1y, 1.00 mmol), NaOAc (0.038 g,
0.56 mmol) and TBAB (0.023 g, 0.072 mmol) in THF/Cll (10ml) was stirred at room
temperature for 5 days. White flakes appeared amde vanalyzed by'H NMR

spectroscopy which indicated only the presencé®fttarting material.

Method 3. A mixture of methyl 2-[hydroxy(pyridin-3-yl)methydcrylate61d (0.205 g,
1.06 mmol), glycine methyl ester hydrochloride 82@®, 0.043 mmol) and triethylamine
(86 pL) in CHCI, (10ml) was stirred vigorously at room temperatime5 days. The
mixture was then washed with saturated aqueous KBH& ml), extracted with diethyl
ether (2 x 5 ml) and dried over Mg&OThe solvent was removéa vacuobut™H NMR
analysis confirmed the presence of the startingersdt

Attempted preparation of methyl-2-[chloro(pyridin-3-yl)methyllacrylate. Acetyl
chloride (0.5 ml) was added continuously to dry maebl (1 ml) with stirring in an ice-
bath. Stirring was continued for 15 minutes. Meth@-[hydroxy(pyridin-3-
yl)methyl]acrylate61d (0.193 g, 1.00 mmol) was then added and the naxstirred
overnight. The'H NMR spectroscopy of the mixture showed the charistic Baylis-
Hillman signals suggesting that the reaction hadogourred.
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Methyl 2-[(carbethoxymethylamino)methyl]-3-hydroxy-3-(pyridin-3-yl)propanoate
109d

1 O/
NWOV7
5
H 6
O

Following the procedure described for the synthesi§ methyl 2-[(2-
(benzylthio)ethylamino)methyl]-3-hydroxy-3-(pyridi+yl)propanoate 109b, glycine
ethyl ester hydrochloride (0.240 g, 1.72 mmol) wesacted with methyl 2-
[hydroxy(pyridin-3-yl)methyl]acrylate61d (0.200 g, 1.04 mmol) to givenethyl 2-
[(carbethoxymethylamino)methyl]-3-hydroxy-3-(pynieB-yl)propanoatel09d (0.295 g,
95.7%) as a 1:1.6 mixture of diastereomers 23% d.e.; as determined by t& NMR
analysis). Preparative layer chromatography [ofcasilelution with CHCIl-hexane-
EtOAc-MeOH (20:15:10:1)] of the mixture (100 mg)atied only one fraction as a
yellow oil (16.9 mg, 17%), (FoundM+1: 297.1454. ¢H2:N,Os requires MH™,
297.1450); vima{nujol)/cm* 3318-3326 (OH and NH), 1726 (GBIC=0) and 1739
(CH,OC=0); 6 (400 MHz; CDC}) 1.26 (3H, tJ 7.2 Hz, 7-CH), 2.80 (2H, m, 4-Ch),
3.18 (1H, ddJ 5.2 and 5.0 Hz, 2-H), 3.55 (1H, s, OH), 3.39 (3H] 7.2 and 6.6 Hz, 6-
H,), 3.61 (3H, s, OCHJ, 3.72 (2H, s, 5-Ch}, 4.17 (1H, m, NH), 5.28 (1H, d,5.6 Hz, 3-
H), 7.28 (1H, gJ 1.0 and 1.2 Hz, 5’-H), 7.73 (1H, 4,7.6 Hz, 4’-H), 8.50 (1H, d] 3.6
Hz, 6'-H) and 8.57 (1H, s, 2"-H)Jjc (100 MHz; CDC}) 14.1 (C-7), 48.2 (C-4), 50.3 (C-
6), 51.5 (C-5), 52.0 (OC4), 52. 1 (C-2), 73.8 (C-3), 123.3 (C-5’), 133.8 40 138.8
(C-6"), 147.8 (C-3), 148.8 (C-2'), 171.9 and 17Z2x C=0);m/z 297 M+1, 90) and
283 (M™ - CHy, 100%).
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Methyl 2-[1(S)-carbomethoxy-2-hydroxyethylamino]methyl-3-hydroxy-3-(pyridin-3-
yl)propanoate 109e

Following the procedure described for the synthesi§ methyl 2-[(2-
(benzylthio)ethylamino)methyl]-3-hydroxy-3-(pyridBryl)propanoate 109b, L-serine
methyl ester hydrochloride (0.29 g, 1.70 mmol) wemsacted with methyl 2-
[hydroxy(pyridin-3-yl)methyl]acrylatés1d (0.200 g, 1.04 mmol) to giveethyl 2-[1(S)-
carbomethoxy-2-hydroxyethylamino]methyl-3-(pyri@iyt)propanoate 109e (99 mg,
31%) as a 1:1.3 mixture of diastereomérs B0% d.e.; as determined by thé¢ NMR
analysis). Preparative layer chromatography [ofctasilelution with CHCIl-hexane-
EtOAC-MeOH (20:15:10:1)] of the mixture (0.099 @/lowed by HPLC [on column,
elution with (hexane-ETOAC (15:10)] afforded a noiet of the diastereomet®9eas a
yellow oil (13.7 mg, 14%), (FoundM+1: 313.1407. ©H20N.Os requires MH™,
313.1400) ymanujol)/crmi* 3318-3333 (OH and NH), 1664 and 1730 (2 x C=89)(400
MHz; CDCk) 2.72 (1H, m, NHE-a), 2.81 (1H, m, NHE-b), 2.83 (3H, m, €&,0OH and
NH), 3.32 (1H, m, NH@l), 3.59 (1H, s, OH), 3.66 (3H, s, 3"-GH 3.72 (3H, m, OCH),
5.12 (1H, dJ 5.6 Hz, 3-H), 7.30 (1H, m, 5'-H), 7.72 (1H, #6.8 Hz, 6’-H), 8.50 (1H, d,
J 3.2 Hz, 4'-H) and 8.55 (1H, s, 2'-Hjc (100 MHz; CDC}) 47.9 (C-4), 52.5 (OC¥),
52.8 (3"-CHs), 52.9 (C-2), 63.1GH,0H), 63.4 (NHCH), 72.2 (C-3), 123.9 (C-5"), 134.6
(C-4), 137.7 (C-3), 148.3 (C-6"), 149.4 (C-2'),73.2 and 173.8 (2 x C=0Oj/z 313
(M+1, 100%).
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Methyl 1-[2-carbomethoxy-3-hydroxy-3-(pyridin-3-yl)propyl ] pyrrolidine-2(S)-
carboxylate 109f

Following the procedure described to synthesis pheth 2-[(2-
(benzylthio)ethylamino)methyl]-3-hydroxy-3-(pyridB+yl)propanoate 109b, L-proline
methyl ester hydrochloride (0.28 g, 1.70 mmol) wesmsacted with methyl 2-
[hydroxy(pyridin-3-yl)methyl]acrylate61d (0.200 g, 1.04 mmol) to givenethyl 1-[2-
carbomethoxyl-3-hydroxy-3-(pyridin-3-yl)propyl]pwiidine-2(S)-carboxylatd 09f (0.25
g, 75.8%) as a 1:5 mixture of diastereomers $50% d.e.; as determined by t& NMR
analysis), 75% de, 1:7). The diastereomers (0.)0Qege separated by preparative layer
chromatography [on silica; elution with GEl,-hexane-EtOAc-MeOH (20:15:10:1)] to
afford two fractions.

Fraction (i). as a yellow oil (59.2 mg, 59.1%), (Foumdi+1: 323.1601. GH>3N2Os
requiresMH *, 323.1607)vmax KBr/cm™ 3305 (OH), 1647 and 1728 (2 x C=G@); (400
MHz; CDCL) 1.85-1.99 (4H, m, 6-H, OH and 3-@H 2.18 (1H, m, 3-CH), 2.35 (1H, q,
J 2.5 and 2.0 Hz, 1-C&), 2.80 (1H, ddJ 2.8 and 2.0 Hz, 5-C&j, 2.93 (1H, m, 2’-H),
3.29 (1H, g,J 1.0 and 1.4 Hz, 2-H), 3.39 (3H, s, 6-§H3.42 (2H, m, 1-CH and 5-
CHb), 3.78 (3H, s, OC}J, 5.08 (1H, dJ 8.8 Hz, 3'-H), 7.24 (1H, tJ 2.8 Hz, 5”-H),
7.74 (1H, d,J 8.0 Hz, 6"-H), 8.49 (1H, tJ 3.6 Hz, 4"-H) and 8.56 (1H, s, 2"-H)}c
(100 MHz; CDC}) 23.3 (C-4), 29.1 (C-3), 51.6 (OGKI 51.9 (C-2'), 52.2 (C-6), 53. 4
(C-1), 57.3 (C-5), 66.2 (C-2), 75.9 (C-3’), 123R-%"), 134.3 (C-4"), 137.3 (C-3"),
148.4 (C-6"), 149.1 (C-2"), 171.4 and 173.6 (x0); Mz 323 M+1, 100%)
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Fraction (ii). as a yellow 0il(13.5 mg, 14%),(Found M+1: 323.1619. &H23N2Os
requiresMH *, 323.1607)vmax KBr/cm™* 3305 (OH), 1647 and 1728 (2 x C=@); (400
MHz; CDCl) 1.77-1.83 (2H, m, 4-Céland OH), 1.93 (2H, m, 4-OHand 3-CH), 2.05
(1H, m, 3-CHb), 2.56 (1H, g, 5.4 and 4.8 Hz, 1-C#), 2.75 (1H, m, 1-CH), 3.11 (3H,
m, 2-H and 5-CH), 3.38 (1H, dd, 4.0 and 3.8 Hz, 2’-H), 3.63 (3H, s, 6-H), 3.67 (31
OCH), 5.10 (1H, dJ 4.8 Hz, 3'-H), 7.28 (1H, t) 4.8 Hz, 5"-H), 7.67 (1H, dJ 7.6 Hz,
6”-H), 8.50 (1H, d,J 4.0 Hz, 4"-H) and 8.53 (1H, s, 2"-H)}jc (100 MHz; CDC}) 23.5
(C-4), 29.2 (C-3), 51.0 (C-2), 51.8 (OGKI51.9 (C-6), 53. 4 (C-1 and C-5), 65.5 (C-2),
71.8 (C-3’), 123.3 (C-5"), 133.8 (C-4"), 137.6 (8’), 147.8 (C-6"), 148.9 (C-2"),
173.3 and 174.1 (2 x C=0)yz 323 M+1, 100%).

3.7. Saturation Transfer Difference (STD) Experimen

NMR spectra were recorded on a Bruker Biospin 6ddzMpectrometer. For the STD
measurements, a 25l solution containing 0.38 mM HIV-1 protease sub&\C, with a
40-fold ligand (aza-Michael products) excess, sadacetate (10 mM), sodium chloride
(2 mM), Dithiothreitol (DTT) (2 mM) buffer at pH 8.and the mixture of fD:H,O (1:9).
The STD spectrum was obtained by using a pulseeseguwith differences between the
on- and off-resonance experiments created by pbydeng. Saturation of the protein
NMR signals was performed using a series of fiveisSsan-shaped pulses (50 ms, 2.5
milliseconds delay time between the pulses fortal gaturation time of 2.5 seconds. The
on-resonance frequency for saturation was set @atpPm, while the off-resonance
irradiation was at 20 ppm, where no protein sigmage present. The STD spectrum was
processed on Bruker Topspin 2.1 software and thesarements of enhanced intensities
were performed by direct comparison of the STD-NMHR reference spectra.
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