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CHAPTER I
INTRODUCTION

1.1 Influenza pandemics and oseltamivir synthesis

The potential for an influenza pandemic is a worldwide concern. The very first
pandemic of influenza was known as the Spanish flu (1918, H1Nlstrain). The subtype
killed 20-40 million people worldwide [1]. FhesAsian flu (1957, H2N2, 1-2 million
casualties) originated frompoultry infection in Hong Kong killed humans with lethality
rate over 50% [2, 3, 4]. It is gstimated that if a similar event took place today, about 30%
of the world’s population gould die. Re('iently, the 2009 flu pandemic caused by new
strain of HINI virus was _ghe result of the previous triple reassortment among avian,
swine and human flu viruses [5]. The outbreak was reported to originate from North
America and still continugd to spread globaﬂy until now [6].

The influenza viruses were roughly Cl’dSSlﬁed into types A, B, and C. The type A
virus is characterized based on the structure*’of the two surface proteins: Hemagglutinin
(HA) and Neuraminidase (NA). HA is known—to medlate the binding of viruses to target
cells via their terminal s1ahc 301d-(1)-receptor= of the cell membrane and NA catalyzes the
removal of these termml_s;ahc_ac;d_hnked_tg—glyeepmtems and glycolipids of the
infected host cells [7 10]. The influenza A virus also gontains a proton channel M2

protein which is not present in type B and C viruses (Figure 1.1 and Figure 1.2) [9].
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Figure 1.1 An influenza A yisus which the three important proteins: Hemagglutinin

(HA), Neuraminidase (NA).and the M /channel |
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Figure 1.2 Schematic répr‘¢sentati0n of an influenza virion budding from a host cell [12]
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HO™ ™
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AcHN  :
HN_ _NH,
NH

Amantadine (1) Rimantadine (2) Zanamivir (3)

H . g % CO,Et O, O,H
o X ‘oM / 2
OH
: AcHN

AcCHN = ACHN "

NHyH3PO, NH;
|

Sialic acid{(4) Oseltamiﬂlirl,lphosphate (5) Oseltamivir (6)
Figure 1.3 Chemical strtictures of sialic aciﬂ receptor and influenza drugs

The drugs amantadine and rimantéﬁ_iﬁe can both help prevent and relieve the
symptoms of influenza A infections in adu'ljté". Inhibitors of the M2 proton pump use of
amantadine 1 and rimantading 2, clinically éﬁ?gt,%ve inhibitors has been thwarted by the
emergence of drug resistance and By toxic “srd; effect. In addition, there is a serious
limitation that they could be applicable t(')‘f'i.iiﬂ_uénza A jonly [13]. In contrast, NA
catalyzes the cleavage of sialic acid residues 4 from glycoproteins and liberates the
budding virion from ~host cell, inhibiting enfrapment and self-aggregation. So
neuraminidase is a potential enzyme for viral replication and there are in all there classes
of influenza virus [14, 45]./Two santi-influenzasdnugs) zanamivir (3: GlaxoSmithKleins,
Relenza) [16] and oseltamivir phosphate (5:"Gilead’s Tamiflu, ‘marketed by Roche) [9,
10] have reached the market in July and October 1999 respectively.

Zanamivin and oseltamiyviriphosphate can strongly bind tosthe active site of NA
with the ICsy values in the nanomolar range. Zanamivir has low bioavailability and is
administered by inhalation, which can cause problems in respiratory disease patients [10].
While oseltamivir phosphate which is an orally active prodrug of the corresponding
active carboxylic acid form 6, can be conveniently administered as capsules and has

higher bioavailability than zanamivir [10]. This has led to global demand for stockpiles of



oseltamivir. Due to its significance but potentially limited production, alternative routes
besides the current industrial synthesis of oseltamivir have become an intensive research.

Oseltamivir was discovered in 1997 by Gilead and coworker, in which its
synthetic process has been further developed by Roche into industrial production route to
oseltamivir phosphate or Tamiflu® 5 [17-25]. The synthesis started from (-)-quinic acid 7
that was converted to the acetonide with concomitant lactonization to give 8 (Scheme
1.1). The lactone was re-opened with sodium ethoxide in ethanol followed by mesylation
to produce the ethyl ester9. The ester 9 was dehydrated with sulfuryl chloride and
transketalized with 3-pentanone in the psesence of catalytic perchloric acid to give 10.
Trimethylsilyltriflate and.berane ditnethyl sulfide complex were used to reduce the 3,4-
pentylidine ketal to givesd1l. Fhe product 11 was treated with potassium bicarbonate in

aqueous ethanol to gencgate epoxide 12 in 160% yields from 7.

OH OH
HO/,, S CO,H (@ >< I ~.CO,Et
HO™ — >< Q>:
OH OMs
7
O, COEt 4 COzEt CO,Et
Q/ HO"
o OMs OMs
12 i

(a) acetone dowex resin, PhH, DMF, reflux, 79%, (b) NaOEt, EtOH;-96%, (c) MsCIl, DMAP, py, 92%,
(d) SOCI,, py, CH,Cl,, -20°C to -30°C, (e) 3-pentanone, cat.HCIO,, 95%, (f) TMSOTf, BH;-SMe,,
CH,Cl,, -20°C, 75%; (g) KHCO4,-aq.EtOH, 1h, 96%.

Scheme 1.1 The preparation of epoxide intermediate-12 from quinic acid 7

The continued synthesis.from the. intermediate 12 has become the first large scale
synthesis ‘of oseltamivir (Scheme 1.2). Epoxide 12 was heated with sodium azide and
ammonium chloride in aq. ethanol to give azido — alcohol 13, which was subjected to
reductive cyclization with trimethyl phosphine to afford aziridine 14. Ring opening of the
aziridine 14 with sodium azide in the presence of ammonium chloride gave an
azidoamine, which was directly acetylated with acetic anhydride to generate

azidoacetamide 15 in 37% yield from epoxide 12. Azide 15 was reduced with Raney



nickel in ethanol and followed by salt formation with phosphoric acid to afford the

oseltamivir phosphate 5.

12 ¥
13

l c-d
»

O/,/@/COZEI e_ COZEt
7/ lﬁH ‘H3;PO AcHN
2 H3FVy N3
5 4 15

(a) NaN3, NH4CI, EtOHyH,0, 70-75°C, 12-18Mh, 86%, (b) Me3P, MeCN, 35°C, 97%, (c) NaNs,
NH,CI, DMF, 70-80°C, 12-18h,44%,(d) AC04 NaHCO,, hexane, CH,Cl,, 1h, 44% 2 steps,
(e) Ra-Ni, EtOH, 35°C, 10-16A, (f) H3PO,, EtOH, 55-65°C to rt 3-24h, 71%, 2 steps.

Scheme 1.2 The synthesis of oseltainﬁvir phds?phéte from the epoxide 12
ald ¥ K

= '“

-

Federspiel and coworkers [19] developed and optimized the oseltamivir synthesis

starting form (-)-shikimic acid 16 either extracted from Chlnese star anise or ginkgo

leaves or from ferrnerrtatlon using a genetically engmeered__E. coli strain (Scheme 1.3).
(-)-Shikimic acid 16 Wa-S_ refluxed with SOCl; in " EtOH to give ethyl shikimate 17 and
treated with 3—pentanoﬁe in the presence of TfOH to afford pentylidine ketal 18. The
intermediate 10.was generdted ‘from mesylation of the  remainmg hydroxyl group with
mesyl chloride and Et;N. Ring opening with triethyl silane and TiCly at -32° to -36°C
followed. by, basic treatment, with. NaHCO3,in EtOH to ,give, epoxide intermediate 12 in
64% yields from 16.
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1.2 The synthesis of interested intermediates in oseltamivir synthesis and specific

synthesis
CO,H COzH
“'NH, i NH,
D-gabaculine L-gabaculine

Figure 1.4 Chemical structure of d/l- '”//
gic ; g@erivaﬁves are one of the most

thesis of 5 starting from the

Among many synt
encountered intermediates

Corey and coworkers

rylate in the presence of the
-\\{ adduct 22 produced amide 23
op. protocol [28] generated lactam
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(a) 21 10 mol%neat, 23°C, 30h, 97%, (b) NH3, CEsCH,OH, 40°C, 5h, 100%, (c) TMSOTHf,
Et3N, pentane, (d) I,, Et,O/THF,2h, (e) (Boc)zd Et;N, DMAP, CH,Cl,, 4h, 99%, (f) DBU,
THF, reflux, 12h, 96%, (g) NBS, cat. AIBN, CCly, reflux 2h, 95%, (h) Cs,COg3, EtOH, 25 min,
100%, (i-1) Ref.[27].
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Scheme 1.5 Corey’s synthesis of oseltamivir

Kann and coworkerss[29] utilized Stéreoselective amination of cationic iron
carbonyl complex as.the key step of oseltamivir synthesis (Schéme 1.6). The synthesis
started with a tandem Michael/Wittig reaction between (F)-ethyl-4-bromobut-2-enoate
and acrolein to generate cyclohexadiene 29. Then it was treated with ditron nanocarbonyl
to provide racemic complex 30. This complex underwent hydrogen abstraction with
Ph;CPF¢ to produce salt 31, which was then trapped with chiral alcohol 32 to afford a
diastereomeric mixture which was separated by preparative HPLC to give the desired
diastereomer 33a (47% yield). Enantiomerically (-)-31 was obtained by treatment with
HPFg. Trapping with BocNH; and a subsequent oxidative decomplexation with H,O,
afforded the gabaculine intermediate 28. (+)-28.
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OEt
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Fe(CO)3 Fe(CO)3

o2 (L
Ph| €

OH

o Q (l
PFg Ph O Ph O
® | OEt 4
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Fe(CO), \O)\

(-)-31 Fe(CO)3 Fe(CO)3
f l o /\/\

BocHN r\} CO,Et
BocH 2
\O)J\Oa g (o] \‘)‘\OEt _» O/
Fe(CO)3 AcHN

| +)-28 5 NHz H3PO,
4

Qi

(a) Fe,(CO)q, PhMeg, 552C, 86%, (b) PhsCPFg, CH,Cl,, rt, 94%, (c) 32, DIPEA, CH,Cl,,
0°C, 75%, (d) Preparative HPLC, 47% vield for 33a, (e) HPFg, Et,0, 0°C, 94%, (f) Boc-NH,,
DIPEA, CH,CI, 0°C, 86%, (g) H,O%, NaOf-},__EtOH, 0°C,95%, (h) Ref.[29]

Scheme 1.6 Kann’s synthesis of Oseltamivir TN

Recently, Okamufa—aﬂd—eewefkers {30] pubhshed & short synthesis of racemic
Corey’s gabaculine intermediate as shown in Scheme 1.7- The bicyclolactam 36 adduct
was obtained by base-catalyzd Diels-Alder reaction of N-fiosyl-3-hydroxy-2-pyridone 35
with ethyl acrylates The, gabaculinesintermediate was; obtained=in 45% overall yield in
four steps from'the adduet 36: These'steps included the reductivecleavage of lactam ring,
the oxidative cleavage of vicinol diol, the carbonylreduction and findlly the elimination
of the resulted hydrexylgroup. The yield of the Nosyl-protected gabaculine 43 was 33%
starting form 37 which the Boc-protected on 28 was 61% starting from 77.
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=~ “NX % @ CH,OH
N —’
0 XHN' CO,Et

OH CO,Et
37: X=Ns ) c
35: X=Ns 36: X=Ns 77: X=Boc
l d ]
L Kf
XHN™ CO,Et XHN CO,Et
43: X=Ns 39: X=Ns
28: X=Boc 40: X=Boc

() PhSH, K,CO3, CH5CN,
, DMAP, CH,Cl,

(a) aq NaOH, ethyl a
55%, (d) BalOy4, aq
(61% from 77, 33%

Scheme 1.7 Okamura’s

Trost et al. [31]
[(7’-CsHsPdCl),] and th
nucleophile (Scheme 1.8). ‘
and KHMDS gave the a-thioester 46.

mCPBA followed by -_ ..... in sifu gave the gabaculine intermediates 47

d desymmetrized with the use of

3 ca alyst with phthalimide as the
ion and sulfenylation with PhSSO,Ph

of this diastereomeric mixture with

and 5 steps generated
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@ SPh
O PhthN* CO,Et PhthN"" CO,Et

6

4
‘ c
“ L
PhthN" CO,Et
47

(R,R)-48

(a) 2.5 mol%[(n°>-C:
silyphthalimide;
(b) 1.5 eq KHMDS
MCPBA, 2 eq NaHE
(d-h) Ref [31 '

, 1.5 eq trimethyl-
flux, 84%, 98%ee,
8°C to rt, 94%, (c) 1 eq
oluene, 85%

Scheme 1.8 Trost’s synthes

In fact, gabaculing selfhas bee n the target of many syntheses in earlier attempts

that may not related to @ al. [32] synthesized dI-gabaculine

utilizing direct allylic amination as the key s heme 1.9). This target was obtained in
7 steps from 3-cyclohexene-1-¢: ' he starting material in 23% overall

yield.

=

ae

ID 2
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of TSN=S=NTs,

:5=1:3 mixture of

) electrolysis (-2.1V)

of lithium cyclohexylisopropylamide,
zene, 25°C, (90% overall from

CH,Cl,, 25°C, ii) K,
isomer), (c) i) NaH, D

Danishefsky and cowaorkers [33] reacted 1-(N-acylamino)-1,3-diene 48 with nitro

acrylate to giveﬂe %@x@r %6]1‘8 %s‘@e‘w Ebﬂrﬁ (fljydrobenzene derivative

51 was generate&'from treatment of S‘Q with diazobicycloundecene 8BU) in 70% yield.

Finally&ﬁﬁf ﬁ % ﬁmuﬂtj ﬁﬂlj ﬂ ﬂg‘iﬁ:ﬂ?rotection and

immediatq extraction gave the regioisomer of gaba
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O,N CO,CH CO,CH
2 \/\COZCHg 2LH3 2LH3
48 a  O,N,, b
+ E—— E——
/\J BocHN" BocHN 51
BocHN \ 50
49 c

BocHN i

°C, then rt, 6h (c) aq
. 55°C, 24h, ii) Bio-

Trost and coworke Alfused thei : ds primary allylic amines via
transition-metal-catalyzed /reacti ' ' : culine (Scheme 1.11). This
regiocontrolled synthesis ' abaculine whi s obtained in 45% overall yield
from 3-cyclohexenecarboxylig ? ‘:f, o selectively react at the less

substituted end of the allyl unit ress of the ¢ 10isomer of the starting material.

CO,CHs

wEAINgNINYIn3

qrash IRy i

(D)-47 57 DMB 56 DMB

(a) Ref.[34] , (b) tetrakis(triphenylphosphine)palladium, DMBNH,, rt ,81%,
(c) i) LDA,THF,-78°C and then I,, iiy DABCO, (d) 2% NaOH, H,0,
1,4-dioxane, (d) 88% HCO,H, 60°C.

Scheme 1.11 Trost’s synthesis of gabaculine
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Birch et al. [35] performed a lateral control of structure and reactivity exemplified
by enantiospecific synthesis of (+)-gabaculine or (-)-gabaculine (Scheme 1.12). They
report this synthesis using tricarbonyl iron complex of gabaculine, the control features
and capabilities of complexes of metal atoms were resolved.

COzH COzH COzMe

58

()-47

(a) Ref.[35] , (b) CH,N,,
-15°C, 3h, then 0°C, 16h,
H,0.

,CH3;CONMe,,
eOH, ion-exchange,

Frater et al. [36] converféﬁ'gféjybd exen-1-carboxylic acid 49 to 63 carrying the
isocyanate group (Scheme 1.13). Cyclization of 63 was catiied out in PPA to give 64
" di-z-butyl-carbonate to give the

|

Then bromination of 65 and double eliminations provided the

which was reopened

e B SR
RIAINTUNNIINYIAL
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CO,CHs

CO,H NCO
OO
NHBoc

49 63 64 65

7

(a) CICO,Et, EtN, NaNg; PR Cl,, MeOH, 85% (d) Boc,0,
Et3N, (e) Bry, C i
(9) 2% NaOH in di

bifunctional reagent ( 14).Th ic silane 69 was cyclized ino the
e

bicyclic lactam 70, whi S ‘ ozonolysis of the allene moiety and

OEt
HN

‘4%’] AIN IR NW]’W]EH@ EJ
2 U 42 _________ IjIOZCUNHBOC

47 62

(a) HCO,H, 87%, (b) i) O3, then Me,S, ii) TSNHNHS,, iii) n-BuLi, 56%, (c) i)
(Boc,0), EtzN, DMAP, ii) MCPBA, iii) LiOH, H,0, THF, (d) Ref.[37].

Scheme 1.14 Hiemstra’s synthesis of gabaculine
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1.3 Prediction of protein binding by molecular docking

Automated docking is widely used for predicting of biomolecular binding
phenomena in structure/function analysis and in molecular design. AutoDock is one of
molecular docking programs that has proven to be an effective tool capable of quickly
and accurately predicting bound conformations and binding energies of ligands with
macromolecular targets. The program used a semiempirical free energy force field to
predict binding free energies of small molécules to their macromolecular receptors [39].
There appeared many recent researches using«AutoDock concerning the study of
combating Influenza. For example, Cheng er al-{40] used AutoDock 4.0 to screen the
NCIDS (National Cancer dnstitute (NCI) diversity set) against representative receptor
ensembles extracted from" explicitly solyated molecular dynamics simulations of the
neuraminidase system, whichs/revealed ﬁiotential novel antiviral compounds for avian
influenza neuraminidase. ‘ .

In another study, Glide XP Version:ll4.f5 and AutoDock version 4.0 were used to
screen a set of 65,000" compounds frori_r_l'-_l It}}_e ZINC database. All the AutoDock
calculations were carried out with the Chenigi;n}éntum system. Combining the AutoDock
and Glidescore values generated,a consensus score derived from the arithmetical average
of both scores. The result shown that the bmdmg sites of wild-type avian influenza A
H5NI1 neuramlnldase were adjacent to the blndmg sites of the open conformation of the
virus protein, as well'as ‘those of the Tamiflu®-resistant F274Y variant. The compounds
with the best computed free energics of binding, in agreement by two docking methods,
consensus scoring, ands ligand efficiency , values, suggested that mimicking a
polysaccharide, f-lactam; and other structures, including some known drugs, could be the
potential routes for multi binding site of the inhibitor design [41].

Kalliokoskiand coworkers:[42]msed AutoDock to petform ayretréspective virtual
screening: on 19 drug targets with a publicly available data set. They proposed that
tautomer and protomer prediction could significantly save computing resources and yield

similar results to enumeration.
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In addition, Durrant et al. [43] studied the potential drug-like inhibitors of group 1
influenza neuraminidase identified through computer-aided drug design. They used the
computer program Auto-Grow and AutoDock to generate novel predicted neuraminidase
inhibitors. Auto-Grow gave great flexibility of the neuraminidase active site, also
incorporated protein dynamics into the computer-aided drug-design process. Several
potential inhibitors were identified with predicted neuraminidase binding better than

currently some approved drugs.

1.4 Objectives

1.4.1 Synthesis of gabaeuline derivatives from 3-aminobenzoic acid by Birch

reduction :
, CO,R
CO,R GoRg ’
Birch Reduction -
Vo NCO,t-Bu
’}lCOZt'BU l1\|C02t-BU |l| 2
H bl Bl + 28
72:R=H 74: R=Hla Gabaculine derivative
73: R=CH,CH3 Y R=CH"ZC_J:_7|3

Scheme 1.15 Gabaculine derivatives synthesié via Biteh:Reduction

1.4.2 Synthesis’ of gabaculine derivatives from 2,5-dimethoxy tetrahydrofuran by

condensation reaction, Piels-Alder and elimination

1).Diels-Alder ~ GOOFt
Condensation COEt
H3COWQ“OCH3 RZNANRZ —
HNR» 2)Elimination NR,
76 77.R=alkyl

Gabaculine derivatives

Scheme 1.16 Gabaculine derivatives synthesis via condensation and Diels-Alder reaction
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1.4.3 Synthesis of gabaculine derivatives by Diels-Alder, reduction and ring —

opening reaction

_ CO,Et Eoc CO,Et
38 Ajwcoza Base
7
86 NHBoc
28

Boc

N
E/) Boc

N
93 bcoza
7
Br
86

Scheme 1.17 Gabaculinederivatives sy :{ 1 » ia by Alder and reduction reaction
1.4.4. Prediction of Neuraminid: 9@3 ggl inding with in-silico designed by
Molecular docking method f

Download the X-ray

structure of NA and

HA (PDB ID: ZH% Predict binding

1JSN) \f- r between protein and
ligand using
AutoDock 4.0
Build 3D structure . ) program
of Oselta Optimize using |
w8 £ T BEEHINT
Gabaculi 6:3 ‘

Scheme 1,18 Strategies of in-silico for predlctlon of protein-ligand binding



CHAPTER I
EXPERIMENT

2.1 Instrumentation

The following analytical methods were used throughout this work unless
otherwise indicated.

The 'H-NMR spectra were obtained 1n-€ither CDCIl;, DMSO-ds or DO solution
using Varian Mercury NMR spectrometer, which operated at 400.00 MHz for 'H nuclei
(Varian Company, CA, USA).

2.2 Chemicals

Thin layer chromatography (TLC) was performed on aluminium sheets precoated
with silica gel (Merck Kieselgel 60 F254) (Merck KgaA, Darmstadt, Germany).

Column chromatography was performed using silica gel (0.06-0.2 mm or 70-230
mesh ASTM), Merck Kieselgel 60 G (Merck-KgaA Darmstadt, Germany). Solvents used
as the mobile phone for column chromatogra _phy were distilled from commercial-grade
solvents. -

Chemicals and Solvents were used as purchased unless otherwise noted.

2.3 Synthesis of gabaculine derivatives towards oseltamivir

2.3.1 Synthesis of3-f(tert-Butoxycarbenyl)amino]benzoic acid 72 [27]

CO,H

NHBoc
72

A solution of NaHCOs3 (0.806 g, 9.60 mmol) in water (15 mL) was added 3-
aminobenzoic acid (0.6581 g, 4.80 mmol). Boc,0 (1.2635 g, 5.79 mmol) in THF (15 mL)
was added dropwise in the stirred mixture solution at 0°C for 30 min and then at room

temperature for 3 h. The solution was acidified with 10% HCI, extracted with EtOAc and



20

washed with sat. NaCl to give 72 (1.1518 g, quantitative yield) as white solid, Rron TLC
chromatogram= 0.50 (1:4 hexane:EtOAc), 'H NMR (DMSO) (3, ppm): 9.53 (s, 1H), 8.13
(s, 1H), 7.60 (d, J=8.40 Hz, 1H), 7.52 (d, J=7.6 Hz, 1H), 7.34 (t, /=8 Hz, 1H), 2.49 (s,
1H) (Figure A.2, Appendix).

2.3.2 Synthesis of ethyl-3-acetamidobenzoate 79 [56]

CO.Et

NHAC
79

|

Acetyl chloride™(5.00" mly 57.59 mmol) was added dropwise in a solution of
ethyl-3-aminobenzoate (0.1835 g, I.11"mmol) in CH>CL, (5 mL). Then Pyridine (0.5 mL,
6.46 mmol) was added in/the mixture: Reaé}iéjn mixture was stirred on water bath under
N, gas for 2.5 h, extracted with EtOAc, Ways-'he‘d with 10% NaHCO; and sat. NaCl, and
evaporated to give compound 79, Ri‘on TLG:ighr_omatogram= 0.50 (1:2 hexane:EtOAc),
'H NMR(CDCl3) (8, ppm): 7.85 (s, 1), 7.81 {d,i]=8 Hz, 1H), 7.65 (d, /=8 Hz, 1H), 7.41
(s, 1H), 7.27 (t, J=8 Hz, 1H),4.24 (q, J=7.2 H"z','VEH), 2.07 (s,.3H), 1.26 (t, J/=7.2 Hz, 3H)
(Figure A.3, Appendix).

2.3.3 Synthesis of ethyl 3-(tert-butoxycarbonyl)benzoate 73 [44]

CO,Et

NHBoc
73
A solution of 0.7396 M of NaHCO; (13.2 mL, 9.76 mmol) was added ethyl-3-
aminobenzoate (0.5382 g, 3.26 mmol). Boc,O (2.25 mL, 9.79 mmol) in THF (13.23 mL)
was added dropwise in the stirred mixture solution at 0°C for 30 min and stirred at room
temperature for 20 h. Then, acidic with 10% HCI, extracting with EtOAc, washing with
sat. NaCl gave 73 (79.80%) as white solid, Ry on TLC chromatogram= 0.50 (2:1
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hexane:EtOAc), '"H NMR (CDCls) (8, ppm): 7.90 (bs, 1H), 7.70 (d, J=7.6 Hz, 2H), 7.35
(t, J=7.6 Hz, 1H), 6.65 (s, 1H), 4.36 (q, /=7.2 Hz, 2H), 1.51 (s, 9H), 1.37 (t, J=7.2 Hz,
3H) (Figure A.4, Appendix).

2.3.4 Birch reduction of 73 with Na metal [45]

CO,Et CH,OH CHs;
Na metal
lig.NH3 +
NHBoc NHBoc NHBoc
73 - 89 90

Na metal (0.57 g, 24 mmol) wasadded in liquid ammonia under N, atmosphere
at -78°C (dry ice-acetonc bath) MWhen the stirred changed into dark blue color, compound
73 in THF was added carefully sNH,Cl was a}dded until the solution turned yellow. The
cooling bath was removed and alloWed llqﬁld ammonia to evaporate. Ice was added to
destroy the leftover Na metal: The crude_";-fi'lii(-'ture was extracted with n-pentane and
removed the solvent by rotary eyai)'orator;"f'c*ijgilve yellow liquid. Finally, purification

through by column chromatografi’hy ;gave compeﬁild 89 (6.09%) and 90 (4.54%) on silica

‘'

gel. "H NMR of 89 (400 MHz, CDCI5) (6; ppm): 7.38(s, 1H), 7.20 (t, J= 8 Hz., 1H), 7.14
(d, = 8 Hz., 1H), 6.97{dhsd=40-HidesHb)s-6:43-(85- by 4603, 2H), 1.45 (s, 9H) (Figure
A5, Appendix); 'H NMR of 90: 7.19 (s, 1H), 7.09 (t, /= ngz, 1H), 7.01 (d, J= 8 Hz,
1H), 6.77 (d, J= 8 Hz, 1H), 6.37 (s, 1H), 1.44 (s, 1I1), 1.38 (s, 1H) (Figure A.6,
Appendix).
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2.3.5 Birch reduction of 73 with Li metal [46]

NHBoc

80

Li metal (1.94 g, 0.28 mol) was added in liquid ammonia under N, atmosphere at
-78°C (dry ice-acetone bath).=-When the E:[irred changed into dark blue color, compound
73 was added carefully. Abselute ethanol (1 mL)was added after 10 min of stirring.
After 3.5 h, NH4Cl was addcdauntil the solution turned yellow. The cooling bath was
removed and allowed liquid ammonia to ellvaporate. Ice was added to destroy the leftover
Li metal. The crude mixtusé wés acidified to pH 3 with 10% HCI, extracted with diethyl
ether and removed the solyent by rotary Tévaporator to give yollow liquefied mixture.
Finally, separation by celumn chromatograp‘hy potentially gave compound 80 (15.77%)
on silica gel, Rfon TLC chromatogram— 0: 25 (4 1 hexane:EtOAc), '"H NMR (400 MHz,
CDCl) (8, ppm): 5.80 (bs, 2H), 5 69 (bs 2H),, Sﬁl (d, /=4 Hz, 2H), 2.76 (m, 2 H), 1.46
(s, 9H) (Figure A.7, Append1x)._ 73 T

2.3.6 Synthes\is;ﬁoiethyl@mmopropiolate 82{481

Br CO,Et

82

N-bromosuceinimide (7.19"g;40:4 ‘'mmol) and“AgNO; (0:62 g, 3.67 mmol) were
added ethyl propiolate (3.71mL, 36.6'mmol) in dry=acetone (40 mI5)-and stirred for 2 h.
Water (40 mL) wasyadded and filtered ,0ff the insoluble solid. The filtered solution was
extracted with hexane, washed with 10%HCI (4x20 mL), dryed with anhydrous Na,;SOy,
and then evaporated the solvent to give 82 (46.78%) as light yellow liquid. 'H NMR (400
MHz, CDCl3) (3, ppm): 4.18 (q, J=7.2 Hz, 2H), 1.26 (t, J/=7.2 Hz, 3H) (Figure A.9,
Appendix).
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2.3.7 Synthesis of 7-Azabicyclo[2.2.1]hepta-2,5-diene-2,7-dicarboxylic acid, 7-
(1,1-dimethylethyl) 2-ethyl ester 85 [49]

Boc
N

mcoza

Ethyl propiolate (0.
pyrrole (3.384 mg, 20.25 imimne

ol was added 1-(tert-butyloxycarbonyl)
1 day. The crude mixture was
-,, u 0 give 351 mg (2.67%) of 85 as
. tOAc). 'H NMR(CDCl;) (3,

4.8 Hz, 1H), 5.40 (bs, 1H),
, J=7.2 Hz, 3H) (Figure A.11,

purified by column chro
yellow oil, Ry on TL
ppm): 7.69 (bs, 1H), 7
5.33 (bs, 1H), 4.21 (q, /-
Appendix).
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2.4 Molecular docking study between proteins and ligands
2.4.1 Structure modeling of ligands

Molecular models of 32 oseltamivir analogs (cpds. ID m1-m32) and D/L-
gabaculine (cpds.ID m33-m34 as Figure 2.1), were built in its hydrolysis form at ethyl
ester position which is known to be the active metabolite of oseltamivir (Table 2.1). In
addition, ligands possessing amine groups were built as a protonated form. This model-
built step was done using the program HyperChem version 6. Then the models were then
geometrically optimized using the molecular mcchanic (MM) force field available in the
program HyperChem to obtain a properjshape of ligand molecules. Subsequently, the
structure models were refined using guantum mechanical optimization (Hartree-Fock
method) with 6-31G* basisset available in the program Gaussian [50]. After this step, the
final structures of all ligands'were/obtained and used for molecular docking. Substituents
and stereochemical configurations of the designed oseltamivir analogs were summarized

in Table 2.1. y

Figure 2.1 D-gabaculine (m33) and L-gabaculine (m34)



Table 2.1 Substituents and stereochemical configurations on oseltamivir analogs

(@]
RZ
R3
Compounds | Configuratio Configuration
ID at Cg_ at Cs
ml S
m2 R
m3 S
m4 R
mb5 S
m6 R
m7 S
m8 R
m9 S
m10 R
mill S
m1l2 R
m13 S
ml4 R
m15 S
m16 R
m17 S
m18 R
m19 S
m20 R
m21 S
m22 R
m23 S
m24 R
m25 S
m26 R
m27 ﬂ S
m28 " 4 R
m29 % S
N : - P - P : R
AWINANNIUUNRRNYINY
R
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In the study, two viral glycoproteins, neuraminidase (NA) and hemagglutinin
(HA) were used as the target in molecular docking studies. However, only the crystal
structure of neuraminidase-oseltamivir complex is available in Protein Data Bank.
Therefore, the x-ray data of oseltamivir are useful for molecular docking simulations to
serve as the reference model and the docking test for the NA system. In contrast, the 3D
structure of hemagglutinin-drug complex from x-ray diffraction technique is not yet

a data of hemagglutinin-acetylneuraminic
g of HA system.

determined. Alternatively, the x-r.

acid (or sialic acid receptor) we

For molecular doek ltaglwr c acid, the atomic coordinates of
these two ligands Were the X1 ph1c data of neuraminidase-
oseltamivir complex (PDBTD.=2. U / -acetylneuramlnlc acid (PDB

ID = 1JSN), respectivelys Hydrogen - these structure models which

were subsequently optimi d

41 ‘
S-H40

5432

F.gurezzx@unﬂ ’fmenmme )
AR AINIUNAINYIANY
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2.4.2 Structure modeling of proteins

The structural x-ray data used as protein models in molecular docking study were
from two  proteins; neuraminidase from the influenza  virus  strain
A/VietNam/1203/2004/HSN1 and hemagglutinin from the influenza virus strain
A/Duck/Singapore/3/1997/H5N3. The three-dimension structure of the studied proteins
were downloaded from Protein Data Bank having PDB ID 2HU4 (resolution 2.5A) [51]
for neuraminidase N1 and 1JSN (resolution 2.4A) [52] for hemagglutinin H5.

2.4.3 Molecular docking of N1 with oseltamivir and its analogs
2

In this study, the pregram AutoDock toels (ADT) [53] were used to set up
Autodock input parametezs for both the protein and ligands and Molecular docking runs
were performed using theprogram Autod(;ck 4.0 [54].

Initially, docking parameters, "pdrti‘eﬁ'llarly choice of atomic charges, were tested
by performing a series of Autodock runs .of neuraminidase N1 and the reference
oseltamivir carboxylate,#of which the atomlc pos1t10ns of the ligand oseltamivir with
respect to N1 is already known based on the )g ray structure. Hydrogen atoms were added
to the x-ray structures of the protem and llgaqql as all hydrogen and polar hydrogen
representation. The atomic charges of both; the protein and ligand were assigned with
Kollman’s and Gastelger s charge types. Thus >the_r‘e were astotal of four different dataset
for Autodock runs. These include all atoms with Kollman s atomic charges, polar
hydrogen with Kollman’s united atomic charges, all atoms with Gasteiger’s atomic
charges and polar hydrogen with Gasteiger’s united atomic charges. Hence, the data set
of the test run that gave'the best fit to experimental data‘wete used for docking of N1 and
the oseltamivir analogs and gabaculine. Moreover the number of docking run was varied
between-l1 00 t0 1000.samplings-to-ebtain the optimal sampling aumbers of Autodock run

that can give a reliabilityof the ‘method.
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For Autodock runs, a grid box of 90 x 90 x 90 lattice points with a spacing of
0.375 A was constructed around the binding site of the oseltamivir-N1 complex. All
rotatable bonds for the ligand were set to active for flexible docking. Grid center of the
map was 84.467 -22.224 55.592 of xyz-coordinates (Figure 2.3). The Lamarckian
genetic algorithm (LGA) procedure was employed and the docking runs were set to 500
samplings. The rest of the docking parameters were taken as default. The docking results
obtained from Autodock were clustered based on conformational similarity, according to
the atomic root mean square deviation (RIVISD) telerance (in A unit) and ranked in order

of the docking energy.

-

Figure 2.3 Grid box in neuraminidase docking
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2.4.4 Molecular docking of H5 with sialic receptor and its substrate analog

inhibitors

Molecular docking of the hemagglutinin H5 protein target and sialic acid receptor
(the reference structure) as well as its substrate analog inhibiters were carried out using
the program Autodock 4.0. Hydrogen atoms were added to the x-ray structures of the
protein and ligand. The structures of the protein target and ligands (in 2.4.1 and 2.4.2)
were present as all atom models with Gasteiger.charges (as described in 2.4.3).

For Autodock runs, a grid box of 90.X.90 % 90 lattice points with a spacing of
0.375 A was constructed. around the bidding site-of the oseltamivir-N1 complex. All
rotatable bonds for the ligand were Set to active for flexible docking. Grid center of the
map was 84.467 -22.224°55.592 of xyz-coordinates. The Lamarckian genetic algorithm
(LGA) procedure was employed.and the docking runs were set to 500 samplings. The rest
of the docking parameters were taken as.default. The docking results obtained from
Autodock were clustered based on conformational similarity, according to the atomic root
mean square deviation (RMSD) toletance (in'Aiunit) and ranked in order of the docking

energy.

Figure 2.4 Grid box in hemagglutinin docking
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2.4.5 Analysis of the docking results

Analysis of the docking results obtained from Autodock includes docking energy
or binding free energy (AGyinding), Visual inspection, comparison of interactions between
the ligand and the protein together with the cluster rank and the number of docked

conformations in the cluster.
2.4.5.1 Docking energy

The binding free energy obtained from.Autodock is a sum of individual scoring

free energy terms as follows:

7

AGbinding = AGvdW = A(}clcc P AC}Hbond X, ACldesolv + AC‘tors ------------ (1)

“i‘
Where AGyqaw is 12-6 Lennagd-Jones scoring potential (with 0.5 A smoothing), AGe. is

the electrostatic scoring potential with Solr_yéjer & Mehler distance-dependent dielectric,
AGhubond 1s the 12-10 Hydregn-bonding scoiﬁin;g potential, AGyesoly 1S the desolvation term
and AGis 1s the empirically entropic scoririé_:'po_‘tential related to the number of rotatable
bonds. )

a- 23 4

2.4.5.2 RMSD - ==

P

The docked structutes of -ligands were also evaluated with the reference ligand
structure (oseltamivir of sialic acid): For such assessment, the atomic root mean square

deviation (RMSD) were calculated using eq(4).

2.4.5.3 Probability.scaore

In: this study, new scoring method was introduced for evaluating Autodock
results. Previously introduced by Sotrifer et al [55], a modified probability score is
computed in a form of an exponential function comparable to the Boltzmann. The two

probability score were given as follows:

H
PSE =—%exp(~AE/WRT) ................ 3)
H"ef
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PSR = A,
ref

~Rpysp/ WRT) oo (4)

AE = Elig - Eref
Where PSE is the energy-based probability score, PSR is the distance-based probability
score, AE is the difference in docked energy between ligand-protein and the reference

complexes (N1-0sel or H5-sial). H, is the number of docked conformations in the cluster,

H,er1s the number of docked conforn (i in the cluster of the reference ligands (0sel or

is 289.15 K, and Rruysp 1s the atomic
Aom the selected conformation of
—

atoms from the selected

root mean square deviation o
protein-ligand docking _wi CS

conformation of protei is weighting factor. The

comparison of docking ¢ indicated that they differ by

On the basis of Eg Eq(4),] | bability score based on energy

lad

comparison between theprotein g q%s* omplexes. By analogy, PSE is

tween the ligand and reference
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QW’]Mﬂ‘ﬁﬂJﬁJViT}ﬂmaﬂ



CHAPTER Il
RESULTS AND DISCUSSION

3.1 Birch reduction of 3-aminobenzoic acid derivatives

Table 3.1 Protection of amine group of 96

CO,Et CO,Et
Boc,0,NaHCO4

NH5 . THF-H,O &1 NHBoc
96 0°C-r.t. 73
Entry | NaHCOg(€q )| (Boc),0 (eq.) Time (h) %yield
1 3.0 3.0 3 61
2 3.0 4 304 20 80
3 15 1.5 54 78
4 2.0 e T8\ & 54 76
5 2.5 1.5 54 76
6 1.5 b Y 5S4 3 69
7 1.0 TS 44 87

e id 44
-

Compound 96 was protected at it e group.to yield up to 87% of 73
following the method reported-by Shendage et-al- {56 The yield of 73 tended to
increase with longer redction time (Table 3.1, Entry 2). The invariance of the %yield
of 73 in Entry 3 — Entry 5 suggested that the concentration of NaHCO; may not
significantly affect: theireaction/sWhen the-reac¢tion was scaled down, while keeping
the ratio of NaHCO;:(Boc),0, %yield of 73 was increased from 61% to 69% (Entry 1
and Entry, 6, respectiyvely). .The maximum .yield of 73, was.achieved when the
concentration (eq.)'of NaHCQO; was equaled to thé starting ' matetial 96 (Entry 7). The
protection of the amine group of 96 with the proposed reaction was one of the
potential methods for preparing the starting material 73 for subsequent reactions. The
%yield of the reaction was good (up to 87%) with the smaller scale of starting
materials (96, NaHCOs, and (Boc),0). The optimal reaction time was a little bit
longer than the reported methods [57, 58]. The product was used as the starting

material in the subsequent Birch reduction steps.
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Table 3.2 Birch reduction of 73 with Na metal

CO,Et CH,0H CHs
Na metal
||qNH3 +
NHBoc NHBoc NHBoc
73 89 90
Entry | Na(eq.) | Time Qu;eg;lll; ng Extraction Product

1 3.0 10 min | MeOH Et,0 89 (0.32%)
2 3.0 20 min | NH4Cl n-pentane No reaction
89 (6.09%),
3 135 | 1h NH4Cl n-pentane 90 (4.54%)

§
-

The starting material /3 underwent Birch reduction with Na metal at the
substituted ester groups«*The products 89 and 90 were obtained among other
unidentified mixture (Figure /Al and Figure A.6, appendix). The chemical shift at
4.0 ppm 1.9 ppm and"1.2¢ppm fin NMRT spectrum of 89 was attributed to leftover
hexane and ethyl acetate used in the cohfmn chromatography MeOH was presumed
to accelerate the rearomatlzatlon of the pre -formed products as same 73 was
recovered (Entry 1). Alternatlvely, NH4C1 was ysed as the quenching agent instead for
some subsequent attempts (Entry 2 and Entry 3) In order to suppress the possible side

reactions, N—pentane ‘was employed as the extractmg solvent Unfortunately, the Birch

reduction with Na metal didn’t seem to be able to reduce the aromatic core of 73
under the condition use_d. Only some side cham reductions were found in one of the

attempts.
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Table 3.3 Birch reduction with Li metal

91 R%: H, R% NO, CO,R!
92 R: H, R% NH, Li metal NH,CI
72 R H, R% NHBoc ) — Product
73 RL: Et, R% NHBoc Rz - NHy Quenching
COOH NHBoc
NHACc
78 80 ; . , ,
nawanal W linosdealaangndesianatal Tdldnsmenlaeignsias
Startin 4 .
Entry materia% S W hiSa——- Product
(o) (eq.) || (mL) | (h)
1 91 (J4762)s A48 5 5 78
2 92 (13%) A1 108311 2 2 No reaction
3 7290.84) A 25734 1 4l > No reaction
4 73 8o 1444 5 3 No reaction
5 73100 £ 274. 1018 2 4 Mixture of
" aromatic products
6 7130130 B 158 )l & 4 No reaction
7 73 (1.03) 0 | 2714 | 45 3.5 80

e id 44
-

After the failure of the Birch re(ftiféf.féh' with Na metal and Li metal was
employed as an alteriative: Birch-reduction-of 9&-with 1. metal (Entry 1) yielded the
unextractable produci in organic phase. Part of the nitro zg;roup of 91 was reduced to
amino group and which was verified by further acetylation of the product to yield
compound 78./Noteaction'was obsetved after’2 hrs whencomipounds 92 and 72 were
used as the stagting materials (Entry 2 and Entry 3). Compound 80 were potentially
obtained among a few isolable products when.73 - was used in. several attempts (Entry
7).

In most cases, the reaction yielded rather complicate mixture of many
compounds. After attempted chromatographic separations, the isolated products didn’t
seem to fit with any compounds expected from straightforward Birch reduction. One
of the compounds, which were postulated to be compound 80, was among a few
products obtained cleanly enough to be identified. However the mechanistic route for

its formation that possibly involved one—carbon degradation was still unknown.
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3.2 Synthesis of dienamine from 2,5-dimethoxy tetrahydrofuran

In principle, the ring opening reaction of 2,5-dimethoxy tetrahydrofuran can
be carried out in an acidic medium to yield a dialdehyde compound. The imine ion
can be formed from the condensation of dialdehyde and amine, which subsequently
tautomerize to enamine. Frydman and coworkers [59] reported that putrescine
dihydrochloride 85 could be prepared in 50% overall yield from 2,5-
dimethoxytetrahydrofuran. The precursor was ring-opened in acidic medium and the
resulting succinic dialdehyde was trapped as its dioxime 84, which was then reduced

to 85 (Scheme 3.1).

a b N
— g = — NV\ -, +
84 87

H;CO

a: i) 50% AcOH, 1h,80°C; i) HONHzHCI, NaOAc, 24h, 20°C; iii) ext.EtOAC
b: i) 50% Reney Ni; 2N'NaOH/EtOH 1:1, 2h, 25°C; i) ext. CHClg; i) CHzOH/HCI

Scheme 3.1 Dioxime from trapped succinic dialdehyde

acid catalyst
OCH3 = Product
H,co® © oEE=
76 [ j or
i N
N H
H

98

99
Scheme 3.2 The condénsation reaction of 76 and secondary amine

When we catried out the condensation'reaction (with acid catalyst (such as
AcOH 50%, conc.AcOH, TFA) and secondary amines as in Scheme 3.2, however,
only unideritified inseluble colored mixture, ‘assumed to be a kind of polymer, was

formed.

H,0O NaOAc, CH,CI
NJf>“OCH3 @OH ' 7272 Product
© o

H3;CO Reflux, 2h 4 )
6 ()

88 N
H

Scheme 3.3 The condensation reaction of hydrolyzed 76
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Since amine compounds were highly susceptible to decompositions, great care
should be kept in mind when the reaction was carried out in acidic medium at
elevated temperature. Gourlay and coworkers [60] developed a new route that could
be carried out in acetate buffer at pH 5 as shown in Scheme 3.3. Compound 76 was
subjected to the hydrolysis in water and the diacetal was formed. The diacetal could
react in the subsequent steps to give the dienamine was formed. As we followed such
procedure, only small amount of the possible dienamine compound 97 from the
condensation with morpholine could be identified out of the crude product (Figure

3.1).

Figure 3.1"H NMR 'spectra of dienamine 97

From Figure 3.1, the characteristic splitting patterns of protons a and b at
chemical shift 5.9 and 5.2, respectively, indicated the presence of diene moiety from
the condensation reaction into a dienamine. Since the dienamine product was
probably highly reactive at ambient condition, in situ reaction with ethyl acerylate
was attempted. However, no addition product was observed. We anticipated that small

amount of the diene and residual water in the mixture might retard or prevent the
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condensation reaction. In one of the experiments, we only observed compound 81 as
the only isolable product, possibly obtained from the known Michael addition of the
leftover pyrrolidine, used as the amine precursor, onto the added ethyl acrylate

(Figure A.8, Appendix).

CN/\/COZEI

Figure 3.2 Structure of 1-pyrrolidinepropanoic acid 81

3.3 Diels-Alder reaction.ef1=(tert-butyloxycarbonyl)pyrrole

__CO.Et Poc ' CO,Et
38 bco’za Base
86 \ NHBoc
/) 28
Boc | =—CO,Et Ko<
% A ) Boc
93 85 | NaBH, bcoza
Br—==—CO,Et ~ BoC o6
82 CO,Et
/ —
95 Br

Scheme 3.4 Synthesis of gabaculine via Di¢ls-Alder and reduction reactions

The synthesis of gabaculine via Diels-Alder reaction was proposed through 3
dienophiles {Scheme 3i14)The resulted bicycles were) expectedly subjected to ring-
opening with strong base. In the first step, cycloaddition réactions between 95 and 38
were attempted with no success (Table 3.4). Lewis acids or varying temperature did
not seem to help generating the target molecule. In an instance, (Entry 4) side product
83 was obtained instead, possibly through the Michael addition of the starting
materials. In other cases where the reactions did take place, it was assumed that

polymerizations of 93 of either 38 or both had predominated [61].
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Table 3.4 The first Diels-Alder reaction pathway of 93

Boc Boc
v, “
SN L)—\/
Y = “CO,Et | Y CO,Et
93 38 83
Entry 93 38 Catalyst | Solvent | Temperature | Time Product

(mmol) (mmol) (eq) °O)

1 1.50 60-85 58 h | No reaction
2 4.98 62 h Black gum
3 3.17 38.5 | No reaction
h
4 3.44 4 83
days
5 3.23 2 Black brown
PR min gum
: L %) A . .

The Diels-Alder reaction of93 and 94 showed a little better sign (Table 3.5),
giving low yield o %.____"’E \ als ratio variations didn’t
help improve the res@. The pre ntries 6, Entries 7) also led to
polymerizations of either starting material, similarly to the previous cycloadditions.

T
RIAINTUNNIINYIAL



Table 3.5 The second Diels-Alder reaction pathway of 93

Boc

0.

Boc
N

ials- CO,Et
= CO,Et Diels-Alder ﬁb/ 2

39

93 94 85
Entry 93 94 Condition Product (Yield)

(mmol) (mmol)

1 11.52 2.66 85°C,24h 85 (2.1%)
(4.3 ¢q)

2 49.34 12.33 75-85°C, 2 days 85 (1.1%)
(4.0 eq)

3 19.83 4.93 65-75°€,2"days 85 (1.3%)
(4.0 eq)

4 19.88 592 70=75°C; 175 days 85 (3.4%)
(3.4¢eq)

5 19.83 4,93 63-75°C, 2.days 85 (1.3%)
(4.0 eq) I

6 39.48 9.87 ZnCly, Leq, r.t. -75°C Black gum
(4.0 eq) e &

7 31.09 9.8% #| ZnCl 11%mol, 0°C (6 h), black solid
(3.1eq) (124 days)

8 19.99 493 . Zn(OAé};|1§.59 %mol, No reaction
(4.0eq) : -__'|.6})°C,

3 days

Reduction of 85 with -I_\T'éBHA; n MeOH-' to give 86 was carried out following

the protocol reporté_:(‘fby L et al. [62] Because of t}i‘@_',i/ery small amount of 85

obtained from the previ_ous step, only few small scale reactions could be performed.

The 'H-NMR spectruni of one of the resulted crude products (Figure 3.4) appeared to

have some signals: that might ‘correspond ‘to part of the Structure of 86. Due to their

tiny amount anmiong many other side products in the mixture, its isolation was not

pursued:

Boc
N

CO,Et  NaBH CO,Et

85

Boc
N

MeOH
86

Scheme 3.5 The reduction of 85 with NaBH,4
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a
Boc

N, ]
ZIi«COzCHzcm
7 a
P e L

H

f

1 =1

. 90 8.0 1.0 0.0
Figure 3.3 '"H NMR spéct

Finally, the third jcye¢l Q,ag{&; 1 _. \ pounds 82 and 93 were
attempted following wha o) m.._a'" ady deseribed in the literature [63]. The
synthesis of 82 was acco hsﬁ?e,c;‘y_smg vorted protocol [48], albeit with only
moderate yield of 46.8 % (S.d_fé@?:?i pound 82 has a highly eye-irritating,

volatile nature and ‘was neede b prepare right b efore use. Because of such

inconvenience in its of 82 was carried out only

Al

once and was not yet successful (Scheme 3.7). The experiment was eventually

terminated beca F11se a smﬁlﬂstrate@vjhas juStbeen ﬁbhshed

EmINEnT
M7 T ik e EELl

Scheme 3.6 The terminal bromination of ethyl propiolate 94

Boc
,Ejloc 80°C N
E/) + Br CO,Et % ﬂ?/ CO,Et
93 82 Br
95

Scheme 3.7 The Diels-Alder reaction of 93 and 82
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3.4 Prediction test by Autodock

Initially, types of partial atomic changes, structure representation and number
of trials in each Autodock run were examined with the known x-ray structure. This
control step was performed to ensure that the Autodock parameters have been

optimized for prediction of ligand binding study.
3.4.1 Atomic charges and structure presentation

Table 3.6 shows Autodock results in terms of Autodock mean energy and
RMSD of the first rank (Lowest E) and the most populated configurations (highest
frequency). The runs were varied by atomic-¢harges of N1 and oseltamivir, in which
the protein and ligand striictures had diffeient Stfticture representation in terms of
hydrogen attached to the heavy.atoms (see method). As shown in Table 3.6, Docking
with Gasteiger’s charges. always/gave better results in terms of energy than docking
with Kollman’s charges. The mean energy of the All-H (7.90 kcal/mol), Polar-H (8.00
kcal/mol) and Merge non-polar-H (7.99 _keal/mol) structure presentation using
Gasteiger’s charges was essentially similér_ énd greater than that of the Non-H (6.77
kcal/mol) structure representation. The expé;filiﬁental K data of oseltamivir-1 was 0.32
nM. Therefore, AG of binding corresﬁéb@g t0 -12.93 kcal/mol at 298.15K.
Additionally, using Gasteiger charges p_rﬁyi(?ied the first rank having the most
populated configurations, ekcépt for the . N(;n-H systém. Therefore, the use of
Kollman’s atomic charges and the Non-H structure représentation for the N1-Osel
structure were not appropriate for the study:.

The energy-frequency analysis together with RMSD data gave a clear
indication about the best choice of-atomic charges-and structure presentation for the
molecular docking study. The energy-frequency analysis described above has made
the next) cofisiderationito- focus-on the docking resultstof the All*H, Polar-H and
Merge non-polar-H structure representation using Gasteiger’s charges, with which the
RMSD values relative to the x-ray reference were 0.23, 0.31 and 0.49 A, respectively.
Thus, this can be concluded that the All-H structure representation and Gasteiger’s
charges were the best choice of the protein-ligand parameters for the study. Details of
neuraminidase and oseltamivir structure and Gasteiger charges were shown in the

appendix.



Table 3.6 Autodock mean energy and RMSD of the first ra
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t populated configurations (highest frequency) for N1-Osel

docking
Charge Docking results RMSD (A)
AllH | ferge nolar ! Non H All Polar | Merge non-polar | Non
LT ] ™, H H H H
Kollman’s charge | Lowest E -6.15 (73) 0.21 0.23 0.38 -
Highest -4.61 4.06 | 4.05 4.05 -
frequency (124) 3 :
Gasteiger’s Lowest E -7.90 ,; /7_9 199 \ 6.77(55) | 023 | 031 0.49 1.11
charge Highest (221) ! _.;:;- -6.36 0.45
frequency
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3.4.2 Number of trials in each Autodock run

A total of ten Autodock runs were performed by varying the number of trials from
100 to 1000. The results of each run were chosen for the analysis if the RMSD cutoff is
less than 1 A, a typical value to indicate a similarity of the compared structure. Therefore,
the use of the RMSD cutoff is to identify the success rate of the run which was here

reported as:

%frequency = The number of populated coniigurations under the cutoff

The number of trials'in each run.

Table 3.7 showedmumbciof frequency (the number of populated configurations),
%frequency, the mean enérgy andthe RMSD relative to the x-ray reference. It should be
noted that the success rate of the/test was J‘1n a range from 10.5% to 19%. A range of the
mean energy were -7.88-8.53 kcal/mol and the RMSD were 0.25-0.45 A. From Table
3.7, three output parameters, %frequency,:J the mean energy and RMSD were used to

determine the number of'trials to be used fo?the next docking study

Table 3.7 Frequency, mean energy and RNfSD from different number of trials in each
Autodock run

1 ] &
) e

Mean energy

Number of trials _"ﬁﬁfrequency %frequency | 4 gal/imol) RMSD (A)
100. | 19 19.0 . -7.88 0.45
200 | 23 11.5 -8.25 0.41
300 |~ 38 12.7 - -8.42 0.40
400 76 19.0 -8.42 0.36
500 79 1518 -8.46 0.25
600 63 105 -8.53 0.39
700 89 12.7 -8.35 0.25
800, 106 133 -8.46 0.35
900 118 13.1 -8.41 0.29

1000 148 14.8 -8.44 0.28

Table 3.8 %frequency, the mean energy and RMSD were individually ranked
versus the number of trials. Note that the most preference choice here is the run that will
give the results with the highest frequency, the lowest mean energy and the lowest
RMSD. Considering data in Table 3.8 provided the number of 500 trials to the optimum

value not only in a sense of the docking results but also the statistical relevant.



Table 3.8 Rank of number of run from RMSD, mean energy and %frequency

44

Mean
RMSD | Number of energy Number of | | 6 Number
(A) trials (kcal/mol) trials AT of run
0.25 700 -8.53 600 19.00 100
0.25 500 -8.46 500 19.00 400
0.28 1000 -8.46 800 15.80 500
0.29 900 -8.44 1000 14.80 1000
0.35 800 -8.42 300 13.25 800
0.36 400 -8.42 400 13.11 900
0.39 600 -8.41 500 12.71 700
0.40 300 -8.35 700 12.67 300
0.41 200 -3e25 200 11.50 200
0.45 100 -7.88 100 10.50 600

3.5 Binding prediction gf osgltamivir analdgs

Binding mode prediction of 34 oseit_amivir analogs within N1 binding site was
analyzed. All the raw data used for p]otting; the graphs in discussion can be found in
Appendix. From Autodock output; binding é‘i:iétg@es of the first rank (lowest energy) and
the most populated configurations (highest fr’eéﬁency) were taken into consideration.
Energy difference in binding energy between' the 'ahalog docking and oseltamivir docking

was computed as follows:
AE = Elig - Erer

Where Ej;, is doeking energy of N1-ligand complex (the analog) taken from the first rank
and the most populated configurations and E. is docking energy of Nl-oseltamivir
complexs, The' Exr value was=8.46 kcal/mol (taken fromnuthe~Autedock test with 500
trials). The energy differences 'of 34analogs ‘were shown ‘in Figure 34 (the first rank)
and Figure 3.5 (the highest frequency). It appears that the binding energy of m24 is 0.55

kcal/mol lower than that of oseltamvir. The success rate of docking is almost 50%.
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A comparison of cyclohexadienyl position between the analogs and oseltamivir
reference was performed by calculating the root mean square deviation of (six carbons in

the central ring) denoted as RMSDcore. The calculated RMSDcore of 34 analogs were
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summarized as following. RMSDcore < 1A were from the docking of osel, m6, m32, m2,
m24, m16, m22, m20, m29, m14, m34, m26, m18, m30, m19, m12, m11 and m28. 1A
< RMSDcore < 1A were from the docking of m10, m1, m23, m7, m33, m21, m31, m5,
m27, m25 and m3. RMSDcore > 3A were from the docking of m15, m17, m9, m13, m4
and m8. RMSDcore of 34 analogs were plotted versus AE obtained previously. The
results were shown in Figure 3.6 (the first rank). By providing low RMSDcore and AE

values, the analog m24 and m16 were good candidates.

< 4
Q
5 o~
a . 37
2 F L L
* B
@ ¢ ° 2
m23
4934—@1;’ ol L 3 p T

-10 -9 -8 -7 & =" _4 3 2 1 0
AEbinding (kcalimol)

Figure 3.6 AE and RMSD,. obtained from the lowest encrgy cluster of 34 analogs

Additional eyaluation-of.the docking of 34 analogs was carried out by introducing
probability score.. Twio typestofithe'probability score.were lintroduced in the study, PSE
and PSR. Using the Boltzmann equation as deseribed in the method and AE and
RMSDcore obtained'from previous results, PSE and PSR were computed and shown in
Figure 3.7 in (the first rank). From the graph, the docking of m34 and m33 analogs
(gabaculine) were the two greatest scores. However, the docking energies of these two
analogs were slightly greater than that of oseltamivir, suggesting a weaker binding to N1
about 0.64 and 1.2 kcal/mol. These two analogs had the great success rate of docking
indicated by %frequency which was used as a weighting factor in probability score

function.
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m18,10
m2,, o *m24

PSR
w

Figure 3.7 PSE vs PSR obt ster of 34 analogs

Figure 3.8 showed i - e , m33 and m34. It appears
that the structures of m1Gand .’- al and chemical features.
Both are composed of S-pe é -, R-) n-? nd R-NH;

izl \ |
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AR1A9N

Figure 3.8 Structures of m24, m16 , m33 and m34



Figure 3.9 Binding of m24'and NA "~

Table 3.9 H-bond of potential compounds

)
F I

cpds | ARG | GLU /ASP ARE_-,;_GLU ARG | ARG | TYR
118 ~, 119 | 151 | 152 | 277s| #292 | 371 | 406
osel N / / '/ / /
m24 /| / / / /
m16 / / / / /
m33 / / / / / /
m34 / / / / /
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Based on the analysis described above, the m24 analog has been of interest. The
molecular docking of this analog exhibited 0.55 kcal/mol lower than the oseltamivir
docking energy and achieved the binding configuration below the RMSD cutoff with the
50% success rate. From the analysis of the binding mode prediction, the m24 analog
could form hydrogen bonding with surrounding residues including ARG118, GLU119,
GLU277, ARG292, ARG371 and TYR406 (Table 3.9 and Figure 3.9).

Although, there is the significantly different of stereochemistry between x-ray and
docking structure of oseltamivir, the superimposition of both structures shows that the
position of the 3-pentyl ether is near because of the distortion of that functional group as

shown in Figure 3.10.

Figure 3.10 The superimposition between m24 and x-ray structure of oseltamivir (pink)
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3.6 Binding prediction of oseltamivir analogs to hemagglutinin

Binding mode prediction of 34 oseltamivir analogs within hemagglutinin binding
site was analyzed. Figure 3.11 showed AE and RMSD,. obtained from the lowest
energy cluster of 34 analogs. It appears that none of the analogs was found in the
hemagglutinin binding site as shown by large values of RMSD,q.. This indicated that

these analogs may not be able to bind within hemagglutinin binding site or the present

model of these analogs used euraminidase cannot be used with
hemagglutinin.
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CHAPTER IV
CONCLUSIONS

Synthesis of gabaculine derivatives, the intermediate towards synthesis of
oseltamivir phosphate or Tamiflu® was carried out via many strategies. The Birch
reduction using either Na or Li metal failed to give the desired gabaculine isomer
(Scheme 4.1). The condensation of a secondary amine and succinic diacetal to create the
diene precursor for subsequent Diels-Alder -reaction only afforded unidentifiable
polymeric products in mest-case. A side reaction from Michael addition of the two
starting materials was detected as shown in Scheme 4.2. The direct cycloaddition on
Boc-pyrrole gave the azabicyclic 85 Whén 94 was used as the dienophine, though in
rather low yield of 3.4% (Scheme 4.3).

CO,Et _ CH,0H CHj

Li,NH3(|),-78OC ©\
NHBoc “NHBoc NHBoc
73 89 90
Na;NHg NHBoc
-78°C @
80

Scheme 4.1 Birch reduction of protected amonobenzoate 73

heat > CO.Et
Q "t A coE - CN 2
H 88 Micheal addition 81
98

Scheme 4.2 A side reaction during a condensation attempt
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NHBoc

28
Boc = CO,Et Boc

N N
E/) 94 COEt —
AN/ E‘oc
93 85 NaBH, ibwcoza

86

Scheme 4.3 The direct eycloaddition of 93
|‘

The synthesis of gabaculing d‘eriva't_i'\'/es has led to the design of 34 oseltamivir-
like structures for the prediction of-the inﬂ,ue‘hza viral protein binding site. The binding
prediction of the neuraminidase inhibitors 'fgye_aled that 17 analogs exhibited a similar
orientation of cyclohexadienyl core' structuré compared to the X-ray crystal structure
[51], but only two analogs ‘were energetica@ifavorable. Analysis of relative binding
energy and position of ligand with respect .ta_-_tbe_binging pocket as the reference has
suggested specific suitable stereoconfigurations and functional groups for the potential
neuraminidase inhibtters. These analogs composed of (S)-pentylether group at C3
position and either (R)-NH, or (R)-NHs" at C4 and C5 positions respectively on the 1-
carboxy-cyclohexadienyl «care structure. Om.the contrary, molecular docking of the
analogs to hemagglutinin binding site revealed none of the ligand analogs was able to
interact with the'residues in the hemagglutinin binding pocket. The present model may
not be suitable for this system.“the predictive ability of molecular Gocking study depends

on the interplay of the most likely local and global conformation of the bound ligand.
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Table A.1 Docking results of the lowest energy rank (2HU4)

MeanE RMSD EvdW+Hb+dsol Eelec
Cpds | Frequency | caimol) | (A) (kcal/mol) | (kcal/mol)
m1 24 -7.03 | 1.11267 -5.91 -2.85
m2 60 -7.28 | 0.4643 -4.99 -3.57
m3 13 -7.43 | 2.86336 -6.79 -2.32
m4 1 -7.39 | 4.97655 -5.91 -2.57
m5 23 -6.87 | 2.1109 -5.51 -1.94
m6 137 -8.11 | 0.43129 -6.01 -3.77
m7 51 -7.40 © | 125978 -5.25 -4.07
m8 27 -5.99 | | 587424 -5.82 -2.65
m9 152 -8.09 | 34897 -5.5 -4.19
m10 284 -7.56 2| 1.00572 -5.28 -5.41
m1l 125 814 || 091118 -5.33 -4.55
m12 219 817/ | | 0.90465 -5.31 -6.07
m13 191 786 ] 3.56309 -5.03 -4.60
m14 169 £6.70 = 7 0.65237 -5.10 -4.65
m15 159 8123~ 1336001 -4.94 -4.29
m16 215 -8.63—£0.47503 -5.82 -5.61
m17 166 8:17. 1345278 -5.32 -4.20
m18 274 -7.78 " 10.85397 -4.97 -5.49
m19 78 782 ~'[70:8781 -4.77 -5.46
m20 214 -8.04 | 057147 -5.11 -6.26
m21 87 JATBT. | 161494 -4.81 -5.39
m22 144 713 | 0.50942 -4.97 -5.00
m23 134 881 | 122913 -4.66 -6.08
m24 232 -9.01 | 0.47039 5.48 -6.09
m25 120 -7.26 | 2.42321 =485 -3.14
m26 105 -7.45 | 0.8157 -5.00 -3.71
m27 94/ -6.33 | 2.20515| =542 -3.16
m28 94 -6.99 | 0.96323 -5.40 -3.89
m29 403 %7(26 | 057575 372 -4.02
m30 459 782 | | 0:86572 A4 -3.85
m31 31 -7.27 | 2.0116 -4.96 -3.43
m32 173 -7,01,, ,|,0.44426 -5.21 -3.67
m383 25 6,32 1,3106 4,94 -3.73
m34 80 -6.53 | 0.69611 -5.17 -4.09
osel 79 -8.46 | 0.25032 -6.6 -4.24
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Table A.2 Docking results of the highest frequency rank (2HU4)
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Cluster MeanE RMSD | Eygw+Hb+dsol Eeclec
Cpds | ok | FreAUeNCY | atimoly | (A) | (kcal/mol) | (kcal/mol)
m1 4 64 -5.66 | 4.57827 -4.87 2.77
m2 1 60 -7.28 0.4643 -4.99 -3.57
m3 2 73 -7.25 | 2.17496 -4.00 -1.76
m4 30 43 -4.02 | 8.24091 -4.15 -1.23
m5 2 40 -6.51 | 1.95384 -5.04 -2.97
m6 1 137 -8.11 |0.43129 -6.01 -3.77
m7 2 67 -6.46 | | 4.62624 -5.23 -2.87
m8 2 76 6.66/ / 40.96748 -4.45 -3.74
m9 1 152 -8.0913.48967 -5.50 -4.19
m10 1 284 756 —1:00574 -5.28 -5.41
ml1l 2 154 -8.16 | 3:24733 -5.19 -4.83
m12 1 219 -8.17 . | 0.90465 -5.31 -6.07
m13 1 194 7.86 | 3.56309 -5.03 -4.60
m14 1 169 6,70 | 0.65237 -5.10 -4.65
m15 1 159 4-8.237 | 3.36001 -4.94 -4.29
m16 1 215 -8.63" | 0.47503 -5.82 -5.61
m17 1 166 + 817, ] 3.45278 -5.32 -4.20
m18 1 274 -7.78" | 0.85397 -4.97 -5.49
m19 9 90 J | <574 ["4.50159 -4.59 -3.16
m20 1 2148 |.0L28.04" L 0.57147 -5.11 -6.26
m21 3 1100 //1--.-7.39 . |'8.0342 -2.76 -4.22
m22 1 144 —-7.13 | 0.50942 -4.97 -5.00
m23 2 160~~~ -8.18 | 3.09436 -5.13 -4.92
m24 1 \ 232 -9.01 |0470391..,-548 -6.09
m25 1 |7 120 726 | 2423217 | -4.85 -3.14
m26 1 4 105 -7.45 0.8157 { -5.00 -3.71
m27 1 _ 94 -6.33 | 2.20515 -5.42 -3.16
m28 1 94 -6.99 .. | 0.96323 -5.40 -3.89
m29 1 403 71264 [00.57575 372 -4.02
m30 1 459 -7.82 ¢ | 0:86572 -4.24 -3.85
m31 2 76 -6.52 | 4.77535 -4.74 -3.12
m32 1 173 -7.01. .. [.0.44426 -5.21 -3.67
m33 3 67 -6.24 /| 4.19948 -4.95 -3.31
m34 1 80 -6.53 | 0.69611 -5.17 -4.09
osel 1 79 -8.46 | 0.25032 -6.60 -4.24




Table A.3 Docking results of the lowest energy rank (LJSN)
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MeanE RMSD EvdW+Hb+dsoI Eelec
Cpds | Frequency | o camoly | (A) (kcal/mol) | (kcal/mol)
m1 64 -5.00 | 12.95498 -4.65 -1.84
m?2 4 -5.19 | 12.32604 -5.66 -0.55
m3 7 -5.83 | 13.81086 -6.32 -0.32
m4 3 555 | 12.67678 -6.04 -0.54
m5 3 -5.28 | 16.22065 -5.72 -1.54
m6 19 495 | 11.67016 -4.86 -1.64
m7 1 578 ||/5.18726 -4.90 -1.63
m8 10 -5.84 | | 12472396 -6.67 -0.34
m9 23 -7.02 1795826 -3.32 -5.55
m10 22 -5.500 | 20:9455 -3.46 -4.88
m11 26 6,30 | |20.28338 -3.96 -3.52
m12 26 5,81 | |20.55831 -4.16 -4.53
m13 24 4629 | |18.78536 -3.37 -4.70
m14 20 4589 | 20.49044 -4.14 -5.25
m15 21 630 _['20.36761 -3.06 -4.32
m16 36 °6.15+| 20.48961 -3.62 -4.73
m17 33 6.87 )| 17.77643 -3.68 -5.22
m18 15 597 421.31803 -3.77 -4.32
m19 35 #.5.79-"12016213 -4.26 -3.25
m20 28 567  1.20.57788 -3.73 -4.59
m21 26 /6.7 . 118104617 -3.51 -5.00
m22 28 -6.28 | 20.80254 -3.51 -5.47
m23 16 =5775 2T 07028 -3.71 -3.89
m24 125 -6.34 |20.25772 | 1..3.41 -5.00
m25 51 -5.76 | 12.03208|  -5.16 -1.87
m26 1 -6.55 |17.79827| — -4.63 -2.34
m27 8 -458 | 21.73278 -3.91 -2.61
m28 20 -5.41 |,20.23895 -4.22 -2.84
m29 53 -6.2131 [1156051 -5:30 -1.75
m30 74 5,210 | |42:15539 528 -1.93
m31 5 -5.32 |18.17989 -4.48 -2.58
m32 2 -5.36, , 4 18.08242 -4.57 -2.77
m33 312 6.09. |/17.34387 -3.67 -2.94
m34 41 -5.48 | 21.97762 -3.22 -2.53
sial 5 -5.67 | 6.87222 -4.53 -1.21




Table A.4 Docking results of the highest frequency rank (2HU4)
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Cluster MeanE RMSD Evdw+Hb+dsol Eeclec
Cpds | i | FreAUenCy | caiimoly | (A) (kcal/mol) | (kcal/mol)
ml 2 231 -5.11 9.34893 -3.10 -3.10
m2 8 110 -4.75 | 10.48134 -3.53 -2.31
m3 3 194 -4.96 8.82882 -2.93 -3.19
m4 6 135 -4.22 10.0445 -3.29 -2.52
m5 8 99 -5.41 9.50045 277 -3.20
mé6 10 88 -4.36 9.87154 2.77 -2.72
m7 11 115 -4.80 9.5398 -2.93 -2.83
m8 8 100 458 / /11012167 -2.55 -3.01
mo 3 250 -5.83 0,19454 -2.86 -4.36
m10 4 119 -4.80 9:00662 -3.10 -4.74
m11l 3 280 -5.37 9.35324 -2.99 -3.64
m12 3 328 -5.20 9.11858 -3.39 -4.51
m13 11 115 4.86 | 11.61649 -1.90 -4.39
ml4 5 100 456 | 10.19655 -3.63 -3.86
m15 12 146 45.69. 7 | 11.35456 -2.33 -3.71
m16 2 186 477+ | 9.12939 -3.68 -3.80
m17 4 250 +-579) 1 9.3005 -3.04 -4.07
m18 9 142 5.194 | 9.01915 -2.91 -4.79
m19 4 135 J ¥ 9:4.70°7|%8.75632 -2.59 -3.92
m20 3 225 5.04° /), 9.09711 -3.53 -4.61
m21 9 1318 /io517 .| 934184 -3.31 -4.04
m22 6 148 -4.82 | 10.3351 -3.61 -3.90
m23 3 236 4~ =543 1 8.74109 -2.93 -4.02
m24 5 . 165 -5.13 9.11962[/., -3.82 -3.78
m25 4 T -5.45 953196 | | -2.89 -2.79
m26 8 1104 -4.82 |10.59266  -3.25 271
m27 3 257 -5.00 0.08182, -3.12 -3.07
m28 12 145 -4.42 9.41595 -2.79 -3.01
m29 2 102 579 8.88469 =3.56 -2.96
m30 1 74 521 ] 12,15539 $5.28 -1.93
m31 2 134 -5.08 | 10.41879 -3.52 -3.16
m32 16 88 -3.99 9.29982 -3.04 -2.92
m33 1 312 -6.09 /| 17.34387 367 -2.94
m34 2 201 -5.24 | 17.46108 -3.31 -2.13
sial 3 22 -5.52 | 10.21871 -4.01 -1.51
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