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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, H1N1strain). The subtype 

killed 20-40 million people worldwide [1]. The Asian flu (1957, H2N2, 1-2 million 

casualties) originated from poultry infection in Hong Kong killed humans with lethality 

rate over 50% [2, 3, 4]. It is estimated that if a similar event took place today, about 30% 

of the world’s population could die. Recently, the 2009 flu pandemic caused by new 

strain of H1N1 virus was the 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 continued to spread globally until now [6]. 

The influenza viruses were roughly classified 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 mediate the binding of viruses to target 

cells via their terminal sialic acid (1) receptor of the cell membrane and NA catalyzes the 

removal of these terminal sialic acid linked to glycoproteins and glycolipids of the 

infected host cells [7-10]. The influenza A virus also contains 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 virus which the three important proteins: Hemagglutinin 

(HA), Neuraminidase (NA) and the M2 channel [11] 

 

 

 

 

 

 

 

 

 

 

Figure 1.2 Schematic representation of an influenza virion budding from a host cell [12] 
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Figure 1.3 Chemical structures of sialic acid receptor and influenza drugs 

The drugs amantadine and rimantadine can both help prevent and relieve the 

symptoms of influenza A infections in adults. Inhibitors of the M2 proton pump use of 

amantadine 1 and rimantadine 2, clinically effective inhibitors has been thwarted by the 

emergence of drug resistance and by toxic side effect. In addition, there is a serious 

limitation that they could be applicable to influenza A only [13]. In contrast, NA 

catalyzes the cleavage of sialic acid residues 4 from glycoproteins and liberates the 

budding virion from host cell, inhibiting entrapment and self-aggregation. So 

neuraminidase is a potential enzyme for viral replication and there are in all there classes 

of influenza virus [14, 15]. Two anti-influenza drugs, 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. 

Zanamivir and oseltamivir phosphate can strongly bind to the active site of NA 

with the IC50 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 
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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 ester 9. The ester 9 was dehydrated with sulfuryl chloride and 

transketalized with 3-pentanone in the presence of catalytic perchloric acid to give 10. 

Trimethylsilyltriflate and borane dimethyl sulfide complex were used to reduce the 3,4-

pentylidine ketal to give 11. The product 11 was treated with potassium bicarbonate in 

aqueous ethanol to generate epoxide 12 in 60% yields from 7.  

O

HO

11
OMs

CO2Et

a b-c

(a) acetone dowex resin, PhH, DMF, reflux, 79%, (b) NaOEt, EtOH, 96%, (c) MsCl, DMAP, py, 92%,
(d) SOCl2, py, CH2Cl2, -20oC to -30oC, (e) 3-pentanone, cat.HClO4, 95%, (f) TMSOTf, BH3-SMe2, 
CH2Cl2, -20oC, 75%, (g) KHCO3, aq.EtOH, 1h, 96%.

HO

HO

OH

CO2H
OH

7

O

O
O

O

O

O

CO2Et

OMs

OH

O

O

OMs

CO2EtO

12

CO2Et

O

d-e

fg

8 9

10

OH

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

oseltamivir phosphate 5.  

 

O CO2Et

O
12

O CO2Et

HO
N3

O CO2Et

HN

O CO2Et

AcHN
N3

(a) NaN3, NH4Cl, EtOH,H2O, 70-75oC, 12-18h, 86%, (b) Me3P, MeCN, 35oC, 97%, (c) NaN3, 
NH4Cl, DMF, 70-80oC, 12-18h, 44%, (d) Ac2O, NaHCO3, hexane, CH2Cl2, 1h, 44% 2 steps, 
(e) Ra-Ni, EtOH, 35oC, 10-16h, (f) H3PO4, EtOH, 55-65oC to rt 3-24h, 71%, 2 steps.

a b

c-d

e-f

13
14

5 15

CO2EtO

AcHN

NH2
.H3PO4

 

Scheme 1.2 The synthesis of oseltamivir phosphate from the epoxide 12 

 

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

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

leaves or from fermentation using a genetically engineered E. coli strain (Scheme 1.3).     

(-)-Shikimic acid 16 was refluxed with SOCl2 in EtOH to give ethyl shikimate 17 and 

treated with 3-pentanone in the presence of TfOH to afford pentylidine ketal 18. The 

intermediate 10 was generated from mesylation of the remaining hydroxyl group with 

mesyl chloride and Et3N. Ring opening with triethyl silane and TiCl4 at -32o to -36oC 

followed by basic treatment with NaHCO3 in EtOH to give epoxide intermediate 12 in 

64% yields from 16.    
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HO

HO

OH

O CO2Et

O

O

O

OH

O

O

OMs

CO2Et

COOH HO

HO

OH

CO2Et CO2Et

(a) SOCl2, EtOH, reflux, 97%, (b) 3-pentanone, TfOH, 98%, (c) MsCl, Et3N, EtOAc, 89%,
(d) Et3SiH, CH2Cl2, -32 to -36oC, 87%, (e) NaHCO3, aq.EtOH, 96%.

a b

16 17 18

1012

d-e

c

 

Scheme 1.3 The preparation of epoxide intermediate for synthesis of Tamiflu  

 
 Roche and coworker developed three processes by the synthesis of 5 from 

epoxide 12. The first azide-free synthesis was reported by Karpf et al. (2001) [22]. 

Currently, the industrial production uses this route because the economical of this 

synthesis while the allylamine and the tert-butylamine routes were later reported as the 

alternative direction using hazardous azide reagents (Scheme 1.4) [18-25].    

O CO2Et

O
12

oseltamivir phosphate 5

Process 1, 2 or 3

1: azide route, 5 steps, 50-55%
2: allylamine route, 8 steps, 35-40%
3: tert-butylamine route, 6 steps, 60%

CO2EtO

AcHN

NH2
.H3PO4

 

Scheme 1.4 Synthesis of Tamiflu 
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1.2 The synthesis of interested intermediates in oseltamivir synthesis and specific 

synthesis 

CO2H

NH2

CO2H

NH2

D-gabaculine L-gabaculine  

Figure 1.4 Chemical structure of d/l- gabaculine 

 

Among many synthetic strategies, gabaculine derivatives are one of the most 

encountered intermediates reported in many recent total synthesis of oseltamivir. In 2006, 

Corey and coworkers [26] reported a concise azide-free synthesis of 5 starting from the 

Diels-Alder reaction between butadiene and trifluoroethyl acrylate in the presence of the 

proline-derived catalyst (Scheme 1.5). Ammonolysis of the adduct 22 produced amide 23 

quantitatively. Iodolactamization of 23 using the Knapp protocol [28] generated lactam 

24, which was protected and removed the iodide group with diazobicycloundecene 

(DBU) to give 26. Compound 27 was then efficiently generated by allylic bromination. 

Treatment of 27 with cesium carbonate in ethanol afforded the gabaculine derivative 28.  
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O

OCH2CF3
CO2CH2CF3

O

NH2

I

HN
O

I

BocN
O

BocN
O

Br

BocN
O

BocHN

O

OEt

CO2EtO

AcHN

NH2
.H3PO4

19 20 22
23

242526

52827

a b

c-d

ef

g

h i-l

(a) 21 10 mol%neat, 23oC, 30h, 97%, (b) NH3, CF3CH2OH, 40oC, 5h, 100%, (c) TMSOTf, 
Et3N, pentane, (d) I2, Et2O/THF, 2h, (e) (Boc)2O, Et3N, DMAP, CH2Cl2, 4h, 99%, (f) DBU, 
THF, reflux, 12h, 96%, (g) NBS, cat.AlBN, CCl4, reflux, 2h, 95%, (h) Cs2CO3, EtOH, 25 min, 
100%, (i-l) Ref.[27].

 

21 = N OB
Otol

Ph
Ph

H

H Tf2N
 

Scheme 1.5 Corey’s synthesis of oseltamivir  

 

Kann and coworkers [29] utilized stereoselective amination of cationic iron 

carbonyl complex as the key step of oseltamivir synthesis (Scheme 1.6). The synthesis 

started with a tandem Michael/Wittig reaction between (E)-ethyl-4-bromobut-2-enoate 

and acrolein to generate cyclohexadiene 29. Then it was treated with diiron nanocarbonyl 

to provide racemic complex 30. This complex underwent hydrogen abstraction with 

Ph3CPF6 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 

HPF6. Trapping with BocNH2 and a subsequent oxidative decomplexation with H2O2 

afforded the gabaculine intermediate 28. (+)-28.  



 9

OEt

O

OEt

O

Fe(CO)3

OEt

O

Fe(CO)3

PF6

OEt

O

Fe(CO)3

O

Ph

OEt

O

Fe(CO)3

O

Ph
OEt

O

Fe(CO)3

PF6

OEt

O

Fe(CO)3

BocHN
OEt

O

BocHN CO2EtO

AcHN

NH2
.H3PO4

29

5(+)-2834

33b33a
(-)-31

31

30

(a) Fe2(CO)9, PhMe, 55oC, 86%, (b) Ph3CPF6, CH2Cl2, rt, 94%, (c) 32, DIPEA, CH2Cl2, 
0oC, 75%, (d) Preparative HPLC, 47% yield for 33a, (e) HPF6, Et2O, 0oC, 94%, (f) Boc-NH2,
DIPEA, CH2Cl2 0oC, 86%, (g) H2O2, NaOH, EtOH, 0oC,95%, (h) Ref.[29]

a b

c

de

f

g

OH
Ph

32

33a

h-m

 

Scheme 1.6 Kann’s synthesis of oseltamivir 

 

Recently, Okamura and coworkers [30] published a 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-nosyl-3-hydroxy-2-pyridone 35 

with ethyl acrylate. The gabaculine intermediate was obtained in 45% overall yield in 

four steps from the adduct 36. These steps included the reductive cleavage of lactam ring, 

the oxidative cleavage of vicinol diol, the carbonyl reduction and finally the elimination 

of the resulted hydroxyl group. 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

O

OH

X
N

CO2Et
HO

O OH
CH2OH

CO2EtXHN

O

XHN CO2Et

OH

CO2EtXHNXHN CO2Et

35: X=Ns 36: X=Ns
37: X= Ns 
77: X=Boc

a b

c

d

e

41: X=Ns
42: X=Boc

39: X=Ns
40: X=Boc

43: X=Ns
28: X=Boc

(a) aq NaOH, ethyl acrylate, 83%, (b) NaBH4, THF, 77%, (c) PhSH, K2CO3, CH3CN,
55%, (d) BaIO4, aq THF, (e) i) NaBH4, EtOH, ii) MsCl, Et3N, DMAP, CH2Cl2 
(61% from 77, 33% from 37)  

Scheme 1.7 Okamura’s synthesis  

 
Trost et al. [31] opened the racemic lactone 44 and desymmetrized with the use of 

[(η3-C3H5PdCl)2] and the ligand (R,R)-48 as the catalyst with phthalimide as the 

nucleophile (Scheme 1.8). Subsequence esterification and sulfenylation with PhSSO2Ph 

and KHMDS gave the α-thioester 46. Oxidation of this diastereomeric mixture with 

mCPBA followed by thermal elimination in situ gave the gabaculine intermediates 47 

and 5 steps generated to oseltamivir. 
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O
O

PhthN CO2Et PhthN CO2Et

SPh

PhthN CO2Et

CO2EtO

AcHN

NH2

44 46

47

6

a b

c

d-h

(a) 2.5 mol%[(3-C3H5PdCl)2], 7.5 mol% (R,R)-13, 1.5 eq trimethyl-
silyphthalimide, THF,40%, then TsOH.H2O, EtOH,reflux, 84%, 98%ee,
(b) 1.5 eq KHMDS, 1.8 eq PhSSO2Ph, THF,-78oC to rt, 94%, (c) 1 eq 
mCPBA, 2 eq NaHCO3, 0oC, then 1eq DBU, 60oC, toluene, 85% 
(d-h) Ref [31].

HNNH
OO

Ph2PPPh2

(R,R)-48

45

 

Scheme 1.8 Trost’s synthesis of oseltamivir  

 

In fact, gabaculine itself has been the target of many syntheses in earlier attempts 

that may not related to oseltamivir. Sharpless et al. [32] synthesized dl-gabaculine 

utilizing direct allylic amination as the key step (Scheme 1.9). This target was obtained in 

7 steps from 3-cyclohexene-1-carboxylic acid as the starting material in 23% overall 

yield.  
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O OH

49

O OBu

50

O OBu

TsHN

O OBu

NHTs

O OBu

51 52

N Ts

Boc

O OBu

NHBoc
54 53

O OBu

NHBoc

O OH

NH3
CF3CO2

O OH

NH2

46 47

a b

c

de

f

g

(a) Isobutylene, H2SO4, ether, 25oC,79%, (b) i) 1.2 eq of TsN=S=NTs, 
CH2Cl2, 25oC, ii) K2CO3 in 60% CH3OH-H2O, (70% 4:5=1:3 mixture of 
isomer), (c) i) NaH, DMF, 25oC, ii) tert-Boc azide, (d) electrolysis (-2.1V)
in 0.2 M TEAB in MeCN, 92%, (e) i) 3.6 eq of lithium cyclohexylisopropylamide, 
THF, -78oC, ii) I2, THF, -78oC, iii) DABCO, benzene, 25oC, (90% overall from 
12), (f) CF3COOH, (g) ion-retarding resin

55

 
Scheme 1.9 Sharpless’ synthesis of gabaculine  

 

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

acrylate to give the Diels-Alder adduct 50 (Scheme 1.10). The dihydrobenzene derivative 

51 was generated from treatment of 50 with diazobicycloundecene (DBU) in 70% yield. 

Finally, hydrolysis of the ester group with aqueous NaOH followed by deprotection and 

immediate extraction gave the regioisomer of gabaculine 52 in 73% yields.  
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CO2CH3

BocHN

CO2CH3

BocHN

O2N

CO2H

BocHN

CO2CH3
O2N

BocHN

CO2

H3N

48

49
50

51

5253

a b

c

d

(a) benzene, rt, 3h, 68%, (b) 1eq DBU, THF, 5oC, then rt, 6h (c) aq 
NaOH, 55oC, 6h, then conc.HCl, (d) i) 0.1 N HCl, 55oC, 24h, ii) Bio-
Rod AG 11A8 ion retardation resin.  

Scheme 1.10 Danishefsky’s synthesis of isogabaculine 

 Trost and coworkers [34] used their approach towards primary allylic amines via 

transition-metal-catalyzed reactions to give (±)-gabaculine (Scheme 1.11). This 

regiocontrolled synthesis of (±)-gabaculine which was obtained in 45% overall yield 

from 3-cyclohexenecarboxylic acid 49, was reported to selectively react at the less 

substituted end of the allyl unit regardless of the regioisomer of the starting material. 

CO2H CO2CH3

OAc

CO2CH3

NH

DMB54 55

CO2CH3

NH

DMB56

CO2H

NH

DMB57

CO2H

NH2

(D)-47

a b

c

de

(a) Ref.[34] , (b) tetrakis(triphenylphosphine)palladium, DMBNH2, rt ,81%, 
(c) i) LDA,THF,-78oC and then I2, ii) DABCO, (d) 2% NaOH, H2O, 
1,4-dioxane, (d) 88% HCO2H, 60oC.

49

 

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.  
CO2H

58

M

CO2H

(-)-59

M

CO2Me

(-)-60

M

CO2Me

NHBoc

PF6

CO2H

NHBoc

CO2H

NH2

(-)61(-)-62(-)-47

a b-c

d

ef

(a) Ref.[35] , (b) CH2N2, Et2O, (c) Ph3C+PF6
-, CH2Cl2, (d) Me3NO,CH3CONMe2, 

-15oC, 3h, then 0oC, 16h, (e) NaOH, MeOH, H2O, (f) 3M HCl, MeOH, ion-exchange, 
H2O.

M=Fe(CO)3

 

Scheme 1.12 Birch’s synthesis of gabaculine  

 

Frater et al. [36] converted 3-cyclohexen-1-carboxylic acid 49 to 63 carrying the 

isocyanate group (Scheme 1.13). Cyclization of 63 was carried out in PPA to give 64 

which was reopened with SOCl2 in methanol and di-t-butyl-carbonate to give the 

protected amino acid 65. Then bromination of 65 and double eliminations provided the 

protected gabaculine 67. Finally, gabaculine hydrochloride 68 was generated by 

removing the protecting groups and recrystallization.    
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CO2H

49

NCO

63

NH

O
64

a b c-d

CO2CH3

NHBoc
65

e

CO2CH3

NHBoc

Br

Br

f

66

CO2CH3

NHBoc
67

CO2H

NH2
.HCl

g-h

(a) ClCO2Et, EtN, NaN3, 79%, (b) PPA,50%, (c) SOCl2, MeOH, 85% (d) Boc2O, 
Et3N, (e) Br2, CCl4, 90%, (f) LiBr, LiCO3, HMPTA 20oC, 5 h, then 40oC, 3.5 h, 
(g) 2% NaOH in dioxane, 89%, (h) HOAC, sat. with HCl, 72%.

68

 

Scheme 1.13 Frater’s synthesis  

Hiemstra and coworkers [37] synthesized (±)-gabaculine using dipolar 

bifunctional reagent (Scheme 1.14).The propagylic silane 69 was cyclized ino the 

bicyclic lactam 70, which was subjected to ozonolysis of the allene moiety and 

subsequent Shapiro reaction to give 71. The lactam was then hydrolyzed using Grieco’s 

method [38] followed by sulfur oxidation and sulfoxide elimination to give N-(tert-

butoxycarbonyl) – gabaculine 62. 
  

HO2C NHBoc

HN

OEt

O
SC6H5

SiMe3

69

H
N

O

.

C6H5S

H
N

O

C6H5S

70 71

HO2C NH2

6247

a b

c

(a) HCO2H, 87%, (b) i) O3, then Me2S, ii) TsNHNH2, iii) n-BuLi, 56%, (c) i) 
(Boc2O), Et3N, DMAP, ii) MCPBA, iii) LiOH, H2O, THF, (d) Ref.[37].

d

 

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 molecules to their macromolecular receptors [39]. 

There appeared many recent researches using AutoDock concerning the study of 

combating Influenza. For example, Cheng et al. [40] used AutoDock 4.0 to screen the 

NCIDS (National Cancer Institute (NCI) diversity set) against representative receptor 

ensembles extracted from explicitly solvated molecular dynamics simulations of the 

neuraminidase system, which revealed potential novel antiviral compounds for avian 

influenza neuraminidase.  

In another study, Glide XP version 4.5 and AutoDock version 4.0 were used to 

screen a set of 65,000 compounds from the ZINC database. All the AutoDock 

calculations were carried out with the Chemomentum system. Combining the AutoDock 

and Glidescore values generated a consensus score derived from the arithmetical average 

of both scores. The result shown that the binding sites of wild-type avian influenza A 

H5N1 neuraminidase were adjacent to the binding sites of the open conformation of the 

virus protein, as well as those of the Tamiflu-resistant   H274Y variant. The compounds 

with the best computed free energies of binding, in agreement by two docking methods, 

consensus scoring, and ligand efficiency values, suggested that mimicking a 

polysaccharide, β-lactam, and other structures, including some known drugs, could be the 

potential routes for multi binding site of the inhibitor design [41].  

Kalliokoski and coworkers [42] used AutoDock to perform a retrospective 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 gabaculine derivatives from 3-aminobenzoic acid by Birch 

reduction  

 

 

Scheme 1.15 Gabaculine derivatives synthesis via Birch Reduction 

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

condensation reaction, Diels-Alder and elimination 

O
H3CO OCH3

Condensation
R2N NR2

1) Diels-Alder

CO2Et

COOEt

NR2
77: R=alkyl

2)EliminationHNR2

Gabaculine derivatives

76

 

Scheme 1.16 Gabaculine derivatives synthesis via condensation and Diels-Alder reaction 

 

 

 

CO2R

NCO2t-Bu

Birch Reduction

CO2R

NCO2t-Bu

CO2R

NCO2t-Bu

H

74: R=H
75: R=CH2CH3

H H

Gabaculine derivative72: R=H
73: R=CH2CH3

28
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 1.4.3 Synthesis of gabaculine derivatives by Diels-Alder, reduction and ring – 

opening reaction 

CO2Et

CO2Et

Br CO2Et Boc
N

CO2Et

Br

Boc
N

CO2Et

Boc
N

CO2Et

Boc
N

Base

CO2Et

NHBoc

Boc
N

CO2EtNaBH4
93

94

95

38

82

85

86

86

28

 
Scheme 1.17 Gabaculine derivatives synthesis via by Diels-Alder and reduction reaction 

 

1.4.4. Prediction of Neuraminidase and Hemagglutinin binding with in-silico designed by 

Molecular docking method 

 
 

Scheme 1.18 Strategies of in-silico for prediction of protein-ligand binding 
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structure of NA and 
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Optimize using 
Hartree-Fock  

6-31G*  

Predict binding 
between protein and 

ligand using  
AutoDock 4.0 

program 



CHAPTER II 

EXPERIMENT 

 
2.1 Instrumentation 

The following analytical methods were used throughout this work unless 

otherwise indicated. 

The 1H-NMR spectra were obtained in either CDCl3, DMSO-d6 or D2O solution 

using Varian Mercury NMR spectrometer, which operated at 400.00 MHz for 1H 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 chromatography 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 of 3-[(tert-Butoxycarbonyl)amino]benzoic acid 72 [27] 

 

  

A solution of NaHCO3 (0.806 g, 9.60 mmol) in water (15 mL) was added 3-

aminobenzoic acid (0.6581 g, 4.80 mmol). Boc2O (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% HCl, extracted with EtOAc and 

CO2H

NHBoc

72
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washed with sat. NaCl to give 72 (1.1518 g, quantitative yield) as white solid, Rf on TLC 

chromatogram= 0.50 (1:4 hexane:EtOAc), 1H NMR (DMSO) (δ, 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, J=8 Hz, 1H), 2.49 (s, 

1H) (Figure A.2, Appendix).     

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

 

CO2Et

NHAc
79

 

 

 Acetyl chloride (5.00 mL, 57.59 mmol) was added dropwise in a solution of 

ethyl-3-aminobenzoate (0.1835 g, 1.11 mmol) in CH2Cl2 (5 mL). Then Pyridine (0.5 mL, 

6.46 mmol) was added in the mixture. Reaction mixture was stirred on water bath under 

N2 gas for 2.5 h, extracted with EtOAc, washed with 10% NaHCO3 and sat. NaCl, and 

evaporated to give compound 79, Rf on TLC chromatogram= 0.50 (1:2 hexane:EtOAc), 

1H NMR(CDCl3) (δ, ppm): 7.85 (s, 1H), 7.81 (d, J=8 Hz, 1H), 7.65 (d, J=8 Hz, 1H), 7.41 

(s, 1H), 7.27 (t, J=8 Hz, 1H), 4.24 (q, J=7.2 Hz, 2H), 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] 

 

CO2Et

NHBoc
73

 

  A solution of 0.7396 M of NaHCO3 (13.2 mL, 9.76 mmol) was added ethyl-3-

aminobenzoate (0.5382 g, 3.26 mmol). Boc2O (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% HCl, extracting with EtOAc, washing with 

sat. NaCl gave 73 (79.80%) as white solid, Rf on TLC chromatogram= 0.50 (2:1 
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hexane:EtOAc), 1H NMR (CDCl3) (δ, 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, J=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] 

 

CO2Et

NHBoc

Na metal

73

CH2OH

NHBoc

CH3

NHBoc

89 90

liq.NH3

 

 

Na metal (0.57 g, 24.8 mmol) was added in liquid ammonia under N2 atmosphere 

at -78°C (dry ice-acetone bath). When the stirred changed into dark blue color, compound 

73 in THF was added carefully. NH4Cl was added until the solution turned yellow. The 

cooling bath was removed and allowed liquid ammonia to evaporate. Ice was added to 

destroy the leftover Na metal. The crude mixture was extracted with n-pentane and 

removed the solvent by rotary evaporator to give yellow liquid. Finally, purification 

through by column chromatography gave compound 89 (6.09%) and 90 (4.54%) on silica 

gel. 1H NMR of 89 (400 MHz, CDCl3) (δ, ppm): 7.38 (s, 1H), 7.20 (t, J= 8 Hz., 1H), 7.14 

(d, J= 8 Hz., 1H), 6.97 (d, J=10 Hz., 1H), 6.43 (s, 1H), 4.60 (s, 2H), 1.45 (s, 9H) (Figure 

A.5, Appendix); 1H NMR of 90: 7.19 (s, 1H), 7.09 (t, J= 8 Hz, 1H), 7.01 (d, J= 8 Hz, 

1H), 6.77 (d, J= 8 Hz, 1H), 6.37 (s, 1H), 1.44 (s, 1H), 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 N2 atmosphere at 

-78°C (dry ice-acetone bath). When the stirred changed into dark blue color, compound 

73 was added carefully. Absolute ethanol (1 mL) was added after 10 min of stirring. 

After 3.5 h, NH4Cl was added until the solution turned yellow. The cooling bath was 

removed and allowed liquid ammonia to evaporate. Ice was added to destroy the leftover 

Li metal. The crude mixture was acidified to pH 3 with 10% HCl, extracted with diethyl 

ether and removed the solvent by rotary evaporator to give yollow liquefied mixture. 

Finally, separation by column chromatography potentially gave compound 80 (15.77%) 

on silica gel, Rf on TLC chromatogram= 0.25 (4:1 hexane:EtOAc), 1H NMR (400 MHz, 

CDCl3) (δ, ppm): 5.80 (bs, 2H), 5.69 (bs, 2H), 3.61 (d, J=4 Hz, 2H), 2.76 (m, 2 H), 1.46 

(s, 9H) (Figure A.7, Appendix). 

 2.3.6 Synthesis of ethyl 3-bromopropiolate 82 [48] 

 

CO2EtBr

82
 

N-bromosuccinimide (7.19 g, 40.4 mmol) and AgNO3 (0.62 g, 3.67 mmol)  were 

added ethyl propiolate (3.71mL, 36.6 mmol) in dry acetone (40 mL) and stirred for 2 h. 

Water (40 mL) was added and filtered off the insoluble solid. The filtered solution was 

extracted with hexane, washed with 10%HCl (4x20 mL), dryed with anhydrous Na2SO4, 

and then evaporated the solvent to give 82 (46.78%) as light yellow liquid. 1H NMR(400 

MHz, CDCl3) (δ, ppm): 4.18 (q, J=7.2 Hz, 2H), 1.26 (t, J=7.2 Hz, 3H) (Figure A.9, 

Appendix). 

 

 



 23

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

85

CO2Et

 

 Ethyl propiolate (0.50 mL, 4.93 mmol) was added 1-(tert-butyloxycarbonyl) 

pyrrole (3.384 mg, 20.25 mmol) heated at 70-75 °C for 1 day. The crude mixture was 

purified by column chromatography (15:1 hexane:Et2O) to give 351 mg (2.67%) of 85 as 

yellow oil, Rf  on TLC chromatogram= 0.4 (5:1 hexane:EtOAc). 1H NMR(CDCl3) (δ, 

ppm): 7.69 (bs, 1H), 7.15 (bd, J= 28 Hz, 1H), 6.97 (bd, J= 24.8 Hz, 1H), 5.40 (bs, 1H), 

5.33 (bs, 1H), 4.21 (q, J= 6.8 Hz, 2H), 1.40 (s, 9H), 1.29 (t, J=7.2 Hz, 3H) (Figure A.11, 

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 mechanic (MM) force field available in the 

program HyperChem to obtain a proper shape of ligand molecules. Subsequently, the 

structure models were refined using quantum mechanical optimization (Hartree-Fock 

method) with 6-31G* basis set 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.   

 

NH3

CO2

NH3

CO2

m33 m34  

 

Figure 2.1 D-gabaculine (m33) and L-gabaculine (m34) 
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Table 2.1 Substituents and stereochemical configurations on oseltamivir analogs 

 

O

R2

R3

O

O

 

 

 

 

 

 

 

Compounds 
ID 

Configuration 
at C3  

R1 Configuration 
at C4

R2 Configuration 
at C5 

m1 
m2 
m3 
m4 

 
R 
 
 

 
 
 

NHAc 
 
 
 

S 
S 
R 
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NH3
+ 

 
 
 
 

S 
R 
S 
R 

m5 
m6 
m7 
m8 

 
S 
 
 

S 
S 
R 
R 

S 
R 
S 
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m9 
m10 
m11 
m12 

 
R 
 
 

 
 
 

NH2 
 
 
 
 

S 
S 
R 
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NH3
+ 

 
 
 
 

S 
R 
S 
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m13 
m14 
m15 
m16 
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S 
S 
R 
R 

S 
R 
S 
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m17 
m18 
m19 
m20 

 
R 
 
 

 
 
 

NH3
+ 

 
 
 
 

S 
S 
R 
R 

 
 
 

NH2 
 
 
 
 

S 
R 
S 
R 

m21 
m22 
m23 
m24 

 
S 
 
 

S 
S 
R 
R 

S 
R 
S 
R 

m25 
m26 
m27 
m28 

 
R 
 
 

 
 
 

OH 
 
 
 
 

S 
S 
R 
R 

 
 
 

NH3
+ 

 
 
 
 

S 
R 
S 
R 

m29 
m30 
m31 
m32 

 
S 
 
 

S 
S 
R 
R 

S 
R 
S 
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 

determined. Alternatively, the x-ray structure data of hemagglutinin-acetylneuraminic 

acid (or sialic acid receptor) were used for the docking of HA system.  

For molecular docking of oseltamivir and sialic acid, the atomic coordinates of 

these two ligands were taken from the x-ray crystallographic data of neuraminidase-

oseltamivir complex (PDB ID =2HU4) and hemagglutinin-acetylneuraminic acid (PDB 

ID = 1JSN), respectively. Hydrogen atoms were added to these structure models which 

were subsequently optimized with 6-31G* basis set using the program Gaussian.  

    

              osel              sial 

 

Figure 2.2 X-ray structure of oseltamivir (osel) and sialic acid (sial) 
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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/H5N1 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 2.5Å) [51] 

for neuraminidase N1 and 1JSN (resolution 2.4Å) [52] for hemagglutinin H5.  

 2.4.3 Molecular docking of N1 with oseltamivir and its analogs  

In this study, the program AutoDock tools (ADT) [53] were used to set up 

Autodock input parameters for both the protein and ligands and Molecular docking runs 

were performed using the program Autodock 4.0 [54]. 

Initially, docking parameters, particularly choice of atomic charges, were tested 

by performing a series of Autodock runs of neuraminidase N1 and the reference 

oseltamivir carboxylate, of which the atomic positions of the ligand oseltamivir with 

respect to N1 is already known based on the x-ray structure. Hydrogen atoms were added 

to the x-ray structures of the protein and ligand as all hydrogen and polar hydrogen 

representation. The atomic charges of both the protein and ligand were assigned with 

Kollman’s and Gasteiger’s charge types. Thus, there were a total 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 were used for docking of N1 and 

the oseltamivir analogs and gabaculine. Moreover the number of docking run was varied 

between 100 to 1000 samplings to obtain the optimal sampling numbers of Autodock run 

that can give a reliability of 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 Å 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 (RMSD) tolerance (in Å 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 x 90 lattice points with a spacing of 

0.375 Å 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.  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) tolerance (in Å unit) 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 (∆Gbinding), 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: 

 

∆Gbinding =  ∆GvdW + ∆Gelec + ∆GHbond +  ∆Gdesolv + ∆Gtors …………(1) 

 

Where ΔGvdW is 12-6 Lennard-Jones scoring potential (with 0.5 Å smoothing), ΔGelec is 

the electrostatic scoring potential with Solmajer & Mehler distance-dependent dielectric, 

ΔGHbond is the 12-10 Hydrogn-bonding scoring potential, ΔGdesolv is the desolvation term 

and ΔGtors is the empirically entropic scoring potential related to the number of rotatable 

bonds. 

2.4.5.2 RMSD 

The docked structures of ligands were also evaluated with the reference ligand 

structure (oseltamivir or sialic acid). For such assessment, the atomic root mean square 

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

 

…………………..(2) 

 

2.4.5.3 Probability score 

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:  

 

  …………….(3)                        
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      ∆E = Elig - Eref 

Where PSE is the energy-based probability score, PSR is the distance-based probability 

score, ∆E is the difference in docked energy between ligand-protein and the reference 

complexes (N1-osel or H5-sial). Hd is the number of docked conformations in the cluster, 

Href is the number of docked conformations in the cluster of the reference ligands (osel or 

sial), R is the gas constant (1.98719 cal K-1 mol-1), T is 289.15 K, and RRMSD is the atomic 

root mean square deviation of the selected atoms from the selected conformation of 

protein-ligand docking with respect to the compared atoms from the selected 

conformation of protein-reference ligand docking, w  is weighting factor. The 

comparison of docking energies with free energies of binding indicated that they differ by 

one order of magnitude. Thus this factor was assigned 10. 

On the basis of Eq(3) and Eq(4), PSE is a probability score based on energy 

comparison between the protein-ligands and the reference complexes. By analogy, PSE is 

a probability score based on the position difference between the ligand and reference 

ligand atoms.   

 



 
 

CHAPTER III 

RESULTS AND DISCUSSION 

 

3.1 Birch reduction of 3-aminobenzoic acid derivatives 

Table 3.1 Protection of amine group of 96 

CO2Et

NH2

CO2Et

NHBoc

Boc2O,NaHCO3

THF-H2O 1:1

96 73
0oC-r.t.

 

Entry NaHCO
3
 (eq.) (Boc)

2
O (eq.) Time (h) %yield 

1 3.0 3.0 3 61 
2 3.0 3.0 20 80 
3 1.5 1.5 54 78 
4 2.0 1.5 54 76 
5 2.5 1.5 54 76 
6 1.5 1.5 3 69 
7 1.0 1.5 44 87 

 
 

Compound 96 was protected at the amine 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 reaction time (Table 3.1, Entry 2). The invariance of the %yield 

of 73 in Entry 3 – Entry 5 suggested that the concentration of NaHCO3 may not 

significantly affect the reaction. When the reaction was scaled down, while keeping 

the ratio of NaHCO3:(Boc)2O, %yield of 73 was increased from 61% to 69% (Entry 1 

and Entry 6, respectively). The maximum yield of 73 was achieved when the 

concentration (eq.) of NaHCO3 was equaled to the starting material 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, NaHCO3, and (Boc)2O). 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 

CO2Et

NHBoc

Na metal

73

CH2OH

NHBoc

CH3

NHBoc

89 90

liq.NH3

 

Entry Na(eq.) Time 
Quenching 

agent 
Extraction Product 

1 3.0 10 min MeOH Et2O 89 (0.32%) 
2 3.0 20 min NH4Cl n-pentane No reaction 

3 13.5 1 h NH4Cl n-pentane 
89 (6.09%), 
90 (4.54%) 

 

The starting material 73 underwent Birch reduction with Na metal at the 

substituted ester groups. The products 89 and 90 were obtained among other 

unidentified mixture (Figure A.5 and Figure A.6, appendix). The chemical shift at 

4.0 ppm 1.9 ppm and 1.2 ppm in NMR spectrum of 89 was attributed to leftover 

hexane and ethyl acetate used in the column chromatography. MeOH was presumed 

to accelerate the rearomatization of the pre-formed products as same 73 was 

recovered (Entry 1). Alternatively, NH4Cl was used 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 extracting solvent. Unfortunately, the Birch 

reduction with Na metal didn’t seem to be able to reduce the aromatic core of 73 

under the condition used. Only some side chain reductions were found in one of the 

attempts. 
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Table 3.3 Birch reduction with Li metal 

CO2R1

R2

Li metal

liq. NH3

91 R1: H,  R2: NO2

92 R1: H,  R2: NH2

72 R1: H,  R2: NHBoc
73 R1: Et, R2: NHBoc

NH4Cl

Quenching
Product

 
COOH

NHAc

78

NHBoc

80 ผิดพลาด! ไมใชการเช่ือมโยงที่ถูกตองผิดพลาด! ไมใชการเช่ือมโยงที่ถูกตอง 

 

 

 

 

 

 

After the failure of the Birch reduction with Na metal and Li metal was 

employed as an alternative. Birch reduction of 91 with Li metal (Entry 1) yielded the 

unextractable product in organic phase. Part of the nitro group of 91 was reduced to 

amino group and which was verified by further acetylation of the product to yield 

compound 78. No reaction was observed after 2 hrs when compounds 92 and 72 were 

used as the starting 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. 

 

Entry 
Starting 
material 
(mmol) 

Li 
(eq.) 

Ethanol 
(mL) 

Time
(h) 

Product 

1 91 (14.62) 14.8 5 5 78 
2 92 (1.33) 108.3 2 2 No reaction 
3 72 (0.84) 257.3 1 2 No reaction 
4 73 (1.89) 114.4 5 3 No reaction 
5 73 (1.01) 271.1 2 4 Mixture of 

aromatic products 
6 73 (1.33) 175.5 0 4 No reaction 
7 73 (1.03) 271.4 1.5 3.5 80 
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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). 

O
OCH3

H3CO
N

N OHHO ClH3N
NH3Cl

a: i) 50% AcOH, 1h,80oC; ii) HONH2
.HCl, NaOAc, 24h, 20oC; iii) ext.EtOAc

b: i) 50% Reney Ni, 2N NaOH/EtOH 1:1, 2h, 25oC; ii) ext. CHCl3; iii) CH3OH/HCl

84 87

a b

 

Scheme 3.1 Dioxime from trapped succinic dialdehyde 

 

O
OCH3

H3CO

acid catalyst

N
H

O

N
H

or76

Product

98
99  

Scheme 3.2 The condensation reaction of 76 and secondary amine 

 When we carried out the condensation reaction with acid catalyst (such as 

AcOH 50%, conc.AcOH, TFA) and secondary amines as in Scheme 3.2, however, 

only unidentified insoluble colored mixture, assumed to be a kind of polymer, was 

formed. 

OH3CO
OCH3

H2O

Reflux, 2h OHO
OH

NaOAc, CH2Cl2

88
76

N
H

O
Product

 

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 1H 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 

97 
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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).  

 

N CO2Et

 

 

Figure 3.2 Structure of 1-pyrrolidinepropanoic acid 81 

 

3.3 Diels-Alder reaction of 1-(tert-butyloxycarbonyl)pyrrole  

CO2Et

CO2Et

Br CO2Et Boc
N

CO2Et

Br

Boc
N

CO2Et

Boc
N

CO2Et

Boc
N

Base

CO2Et

NHBoc

Boc
N

CO2EtNaBH4
93

94

95

38

82

85

86

86

28

 
Scheme 3.4 Synthesis of gabaculine via Diels-Alder and reduction reactions 

   The synthesis of gabaculine via Diels-Alder reaction was proposed through 3 

dienophiles (Scheme 3.4). The resulted bicycles were expectedly subjected to ring-

opening with strong base. In the first step, cycloaddition reactions 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
N

CO2Et

83

Boc
N

CO2Et

93 38  

Entry 93 

(mmol) 

38 
(mmol) 

Catalyst 
(eq) 

Solvent Temperature 
(°C) 

Time Product 

1 1.50 1.75 - - 60-85 58 h No reaction 

2 4.98 2.49 AlCl3  

(1) 

CH2Cl2 

 

r.t. 62 h Black gum 

3 3.17 6.34 AlCl3 

(0.5) 

CH2Cl2 

 

0-r.t. 38.5 
h 

No reaction 

4 3.44 6.88 ZnCl2 

(1) 

CH2Cl2 

 

0-r.t. 4 
days 

83 

5 3.23 6.89 ZnCl2 

(1) 

- 55 2 
min 

Black brown 
gum  

  

The Diels-Alder reaction of 93 and 94 showed a little better sign (Table 3.5), 

giving low yield of 85. Temperature, time or starting materials ratio variations didn’t 

help improve the result. The presence of ZnCl2 (Entries 6, Entries 7) also led to 

polymerizations of either starting material, similarly to the previous cycloadditions. 

The weaker Zn(OAc)2 (Entry 8) did not catalyze the reaction at all.  
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Table 3.5 The second Diels-Alder reaction pathway of 93 

Boc
N

93

CO2Et

94

Boc
N

CO2Et

85

Diels-Alder

 

Entry 93 
(mmol) 

94  
(mmol) 

Condition Product (Yield) 

1 11.52  
(4.3 eq) 

2.66 85°C, 24 h 85 (2.1%) 

2 49.34 
(4.0 eq) 

12.33 75-85°C, 2 days 85 (1.1%) 

3 19.83 
(4.0 eq) 

4.93 65-75°C, 2 days 85 (1.3%) 

4 19.88 
(3.4 eq) 

5.92 70-75°C, 1.5 days 85 (3.4%) 

5 19.83 
(4.0 eq) 

4.93 65-75°C, 2 days 85 (1.3%) 

6 39.48 
(4.0 eq) 

9.87 ZnCl2 1 eq, r.t. -75°C Black gum  

7 31.09 
(3.1 eq) 

9.87 ZnCl2 11%mol, 0°C (6 h), 
r.t. (1-4 days) 

black solid  

8 19.99 
(4.0 eq) 

4.93 Zn(OAc)2 13.59 %mol, 
60°C,  
3 days 

No reaction 

 

Reduction of 85 with NaBH4 in MeOH to give 86 was carried out following 

the protocol reported by Lin et al. [62] Because of the very small amount of 85 

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

The 1H-NMR spectrum 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 among many other side products in the mixture, its isolation was not 

pursued. 

 

Boc
N

CO2Et

85

Boc
N

CO2EtNaBH4

86
MeOH

 

Scheme 3.5 The reduction of 85 with NaBH4 
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Figure 3.3 1H NMR spectrum of 86 in a crude mixture 

Finally, the third cycloadditions between compounds 82 and 93 were 

attempted following what had been already described in the literature [63]. The 

synthesis of 82 was accomplished using the reported protocol [48], albeit with only 

moderate yield of 46.8 % (Scheme 3.6). Compound 82 has a highly eye-irritating, 

volatile nature and was needed to prepare right before use. Because of such 

inconvenience in its handling, the subsequent cycloaddition of 82 was carried out only 

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

terminated because a similar strategy has just been published [64]. 

 

 

 

Scheme 3.6 The terminal bromination of ethyl propiolate 94 

 

 

Scheme 3.7 The Diels-Alder reaction of 93 and 82 

Boc
N
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Boc
N

+ CO2EtBr
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95

94 82

CO2Et CO2EtBr
NBS1.1eq,dry acetone,

AgNO310%mol,0oC,2h

46.8%
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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 charges of N1 and oseltamivir, in which 

the protein and ligand structures had different structure 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 kcal/mol) structure presentation using 

Gasteiger’s charges was essentially similar and greater than that of the Non-H (6.77 

kcal/mol) structure representation. The experimental Ki data of oseltamivir-1 was 0.32 

nM. Therefore, G of binding corresponds to -12.93 kcal/mol at 298.15K.  

Additionally, using Gasteiger charges provided the first rank having the most 

populated configurations, except for the Non-H system. Therefore, the use of 

Kollman’s atomic charges and the Non-H structure representation 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 consideration to focus on the docking results of 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 Å, 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. 
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Table 3.6 Autodock mean energy and RMSD of the first rank (lowest E) and the most populated configurations (highest frequency) for N1-Osel 

docking 

Charge Docking results Mean energy (kcal/mol) 
(frequency) 

RMSD (Å)  
 

All H Polar H Merge non-polar 
H 

Non H All 
H 

Polar 
H 

Merge non-polar 
H 

Non 
H 

Kollman’s charge Lowest E -6.15 (73) -5.95 (74) -5.89 (77) - 0.21 0.23 0.38 - 
Highest 
frequency 

-4.61 
(124) 

-4.56 
(133) 

-4.62 (133) - 4.06 4.05 4.05 - 

Gasteiger’s 
charge 

Lowest E -7.90 
(221) 

-8.00 
(229) 

-7.99 (199) -6.77 (55) 0.23 0.31 0.49 1.11 
Highest 
frequency 

-6.36 
(219) 

0.45 
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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 Å, 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: 

  

Table 3.7 showed number of frequency (the number of populated configurations), 

%frequency, the mean energy and the RMSD relative to the x-ray reference.  It should be 

noted that the success rate of the test was in 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 Å.  From Table 

3.7, three output parameters, %frequency, the mean energy and RMSD were used to 

determine the number of trials to be used for the next docking study  

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

Number of trials frequency %frequency 
Mean energy  

(kcal/mol) RMSD (Å)  

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 15.8 -8.46 0.25
600 63 10.5 -8.53 0.39
700 89 12.7 -8.35 0.25
800 106 13.3 -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.   

%frequency  = The number of populated configurations under the cutoff 
                                          
                                         The number of trials in each run.
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Table 3.8 Rank of number of run from RMSD, mean energy and %frequency 

RMSD 
(Å) 

Number of 
trials 

Mean 
energy 

(kcal/mol)
Number of 

trials %frequency
Number 
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 -8.41 900 12.71 700 
0.40 300 -8.35 700 12.67 300 
0.41 200 -8.25 200 11.50 200 
0.45 100 -7.88 100 10.50 600 

 
3.5 Binding prediction of oseltamivir analogs 

 Binding mode prediction of 34 oseltamivir analogs within N1 binding site was 

analyzed. All the raw data used for plotting the graphs in discussion can be found in 

Appendix.  From Autodock output, binding energies of the first rank (lowest energy) and 

the most populated configurations (highest frequency) were taken into consideration. 

Energy difference in binding energy between the analog docking and oseltamivir docking 

was computed as follows: 

   E  =  Elig  -  Eref 

Where Elig is docking energy of N1-ligand complex (the analog) taken from the first rank 

and the most populated configurations and Eref is docking energy of N1-oseltamivir 

complex. The Eref value was -8.46 kcal/mol (taken from the Autodock test with 500 

trials). The energy differences of 34 analogs were shown in Figure 3.4 (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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Figure 3.4 ∆∆E obtained from the lowest energy cluster of 34 analogs 
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Figure 3.5 ∆∆E obtained from the highest frequency cluster of 34 analogs 

 

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 ≤ 1Å were from the docking of osel, m6, m32, m2, 

m24, m16, m22, m20, m29, m14, m34, m26, m18, m30, m19, m12, m11 and m28. 1Å 

< RMSDcore ≤ 1Å were from the docking of  m10, m1, m23, m7, m33, m21, m31, m5, 

m27, m25 and m3.  RMSDcore > 3Å were from the docking of m15, m17, m9, m13, m4 

and m8. RMSDcore of 34 analogs were plotted versus E obtained previously. The 

results were shown in Figure 3.6 (the first rank). By providing low RMSDcore and E 

values, the analog m24 and m16 were good candidates.  
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Figure 3.6 ∆E and RMSDcore obtained from the lowest energy cluster of 34 analogs 
 

 Additional evaluation of the docking of 34 analogs was carried out by introducing 

probability score. Two types of the probability score were introduced in the study, PSE 

and PSR. Using the Boltzmann equation as described in the method and ∆E 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.  

m24 

m23

m16 

osel 

m11,21 

m6,20 
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Figure 3.7 PSE vs PSR obtained from the lowest energy cluster of 34 analogs 
 

Figure 3.8 showed structure of the analogs m16, m24, m33 and m34. It appears 

that the structures of m16 and m24 shared common structural and chemical features. 

Both are composed of S-pentylether, R-NH2 and R-NH3
+.   
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Figure 3.8 Structures of m24, m16 , m33 and m34 
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Figure 3.9 Binding of m24 and NA 

 

Table 3.9 H-bond of potential compounds 

Cpds 
ARG 
118 

GLU 
119 

ASP 
151 

ARG 
152 

GLU 
277 

ARG 
292 

ARG 
371 

TYR 
406 

osel  / / /  / / / 

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 ∆E and RMSDcore 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 RMSDcore. This indicated that 

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

model of these analogs used for docking with neuraminidase cannot be used with 

hemagglutinin.   
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Figure 3.11 ∆E and RMSDcore obtained from the lowest energy cluster of 34 analogs 
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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 most 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 when 94 was used as the dienophine, though in 

rather low yield of 3.4% (Scheme 4.3).  
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NHBoc

CH3

NHBoc

NHBoc

89 90

80
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-78oC

 

Scheme 4.1 Birch reduction of protected amonobenzoate 73  
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Scheme 4.2 A side reaction during a condensation attempt 
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Scheme 4.3 The direct cycloaddition of 93 

 

The synthesis of gabaculine derivatives has led to the design of 34 oseltamivir-

like structures for the prediction of the influenza viral protein binding site. The binding 

prediction of the neuraminidase inhibitors revealed that 17 analogs exhibited a similar 

orientation of cyclohexadienyl core structure compared to the X-ray crystal structure 

[51], but only two analogs were energetically favorable. Analysis of relative binding 

energy and position of ligand with respect to the binging pocket as the reference has 

suggested specific suitable stereoconfigurations and functional groups for the potential 

neuraminidase inhibitors. These analogs composed of (S)-pentylether group at C3 

position and either (R)-NH2 or (R)-NH3
+ at C4 and C5 positions respectively on the 1-

carboxy-cyclohexadienyl core structure. On 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 docking study depends 

on the interplay of the most likely local and global conformation of the bound ligand.  
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Figure A.1 1H-NMR (DMSO) Spectrum of 3-acetamidobenzoic acid 78 in a mixture 

 

Figure A.2 1H-NMR (DMSO) Spectrum of 3-[(tert-butoxycarbonyl)amino]benzoic 

acid 72   
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Figure A.3 1H-NMR (CDCl3) Spectrum of ethyl-3-acetamidobenzoate 79 

 

Figure A.4 1H-NMR (CDCl3) Spectrum of ethyl-3-(tert-butoxycarbonyl)benzoate 73 
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Figure A.5 1H-NMR (CDCl3) Spectrum of tert-Butyl[3-(hydroxymethyl)phenyl] 

carbamate 89 in a miture 

 

Figure A.6 1H-NMR (CDCl3) Spectrum of N-(tert-butoxycarbonyl)-m-toluidine 90 in 

a mixture 
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Figure A.7 1H-NMR (CDCl3) Spectrum of tert-butyl cyclohexa-2,5-dienylcarbamate 

80 

 

Figure A.8 1H-NMR (CDCl3) Spectrum of ethyl-2-(N-pyrrolidinye)propannoate 81 
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Figure A.9 1H-NMR (CDCl3) Spectrum of ethyl 3-bromopropiolate 82 

 

Figure A.10 1H-NMR (CDCl3) Spectrum of ethyl-2-(N-tert-butoxycarbonyl)pyrrolyl 

propanoate  83 
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Figure A.11 1H-NMR (CDCl3) Spectrum of 7-Azabicyclo[2.2.1]hepta-2,5-diene-2,7-

dicarboxylic acid, 7-(1,1-dimethylethyl) 2-ethyl ester  85 

 

Figure A.12 1H-NMR (CDCl3) Spectrum of 7-Azabicyclo[2.2.1]hept-5-ene-2,7-

dicarboxylic acid, 7-(1,1-dimethylethyl) 2-ethyl ester 86 
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Figure A.13 1H-NMR (CDCl3) Spectrum of 1,4(N-morpholinyl)-butadiene 97 
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Table A.1 Docking results of the lowest energy rank (2HU4) 

Cpds Frequency 
MeanE 

(kcal/mol)
RMSD 

(Å) 
Evdw+Hb+dsol 
(kcal/mol) 

Eelec 
(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 1.25978 -5.25 -4.07 
m8 27 -5.99 5.37424 -5.82 -2.65 
m9 152 -8.09 3.48967 -5.5 -4.19 
m10 284 -7.56 1.00574 -5.28 -5.41 
m11 125 -8.14 0.91113 -5.33 -4.55 
m12 219 -8.17 0.90465 -5.31 -6.07 
m13 191 -7.86 3.56309 -5.03 -4.60 
m14 169 -6.70 0.65237 -5.10 -4.65 
m15 159 -8.23 3.36001 -4.94 -4.29 
m16 215 -8.63 0.47503 -5.82 -5.61 
m17 166 -8.17 3.45278 -5.32 -4.20 
m18 274 -7.78 0.85397 -4.97 -5.49 
m19 78 -7.82 0.8781 -4.77 -5.46 
m20 214 -8.04 0.57147 -5.11 -6.26 
m21 87 -7.67 1.61494 -4.81 -5.39 
m22 144 -7.13 0.50942 -4.97 -5.00 
m23 134 -8.81 1.22913 -4.66 -6.08 
m24 232 -9.01 0.47039 -5.48 -6.09 
m25 120 -7.26 2.42321 -4.85 -3.14 
m26 105 -7.45 0.8157 -5.00 -3.71 
m27 94 -6.33 2.20515 -5.42 -3.16 
m28 94 -6.99 0.96323 -5.40 -3.89 
m29 403 -7.26 0.57575 -3.72 -4.02 
m30 459 -7.82 0.86572 -4.24 -3.85 
m31 31 -7.27 2.0116 -4.96 -3.43 
m32 173 -7.01 0.44426 -5.21 -3.67 
m33 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) 

Cpds 
Cluster 

rank 
Frequency

MeanE 
(kcal/mol)

RMSD 
(Å) 

Evdw+Hb+dsol 
(kcal/mol) 

Eelec 

(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 0.96748 -4.45 -3.74 
m9 1 152 -8.09 3.48967 -5.50 -4.19 
m10 1 284 -7.56 1.00574 -5.28 -5.41 
m11 2 154 -8.16 3.24733 -5.19 -4.83 
m12 1 219 -8.17 0.90465 -5.31 -6.07 
m13 1 191 -7.86 3.56309 -5.03 -4.60 
m14 1 169 -6.70 0.65237 -5.10 -4.65 
m15 1 159 -8.23 3.36001 -4.94 -4.29 
m16 1 215 -8.63 0.47503 -5.82 -5.61 
m17 1 166 -8.17 3.45278 -5.32 -4.20 
m18 1 274 -7.78 0.85397 -4.97 -5.49 
m19 9 90 -5.74 4.50159 -4.59 -3.16 
m20 1 214 -8.04 0.57147 -5.11 -6.26 
m21 3 110 -7.39 3.0342 -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 0.47039 -5.48 -6.09 
m25 1 120 -7.26 2.42321 -4.85 -3.14 
m26 1 105 -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 -7.26 0.57575 -3.72 -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 
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Table A.3 Docking results of the lowest energy rank (1JSN) 

Cpds Frequency
MeanE 

(kcal/mol)
RMSD 

(Å) 
Evdw+Hb+dsol 
(kcal/mol) 

Eelec 
(kcal/mol)

m1 64 -5.00 12.95498 -4.65 -1.84 
m2 4 -5.19 12.32604 -5.66 -0.55 
m3 7 -5.83 13.81086 -6.32 -0.32 
m4 3 -5.55 12.67678 -6.04 -0.54 
m5 3 -5.28 16.22065 -5.72 -1.54 
m6 19 -4.95 11.67016 -4.86 -1.64 
m7 1 -5.78 5.18726 -4.90 -1.63 
m8 10 -5.84 12.72396 -6.67 -0.34 
m9 23 -7.02 17.95826 -3.32 -5.55 
m10 22 -5.50 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 -6.29 18.78536 -3.37 -4.70 
m14 20 -5.89 20.49044 -4.14 -5.25 
m15 21 -6.30 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 -5.97 21.31803 -3.77 -4.32 
m19 35 -5.79 20.16213 -4.26 -3.25 
m20 28 -5.67 20.57788 -3.73 -4.59 
m21 26 -6.17 18.04617 -3.51 -5.00 
m22 28 -6.28 20.80254 -3.51 -5.47 
m23 16 -5.75 21.07028 -3.71 -3.89 
m24 25 -6.34 20.25772 -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 -4.58 21.73278 -3.91 -2.61 
m28 20 -5.41 20.23895 -4.22 -2.84 
m29 53 -6.21 11.56051 -5.30 -1.75 
m30 74 -5.21 12.15539 -5.28 -1.93 
m31 5 -5.32 18.17989 -4.48 -2.58 
m32 2 -5.36 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 
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Table A.4 Docking results of the highest frequency rank (2HU4) 

Cpds 
Cluster 

rank 
Frequency

MeanE 
(kcal/mol)

RMSD 
(Å) 

Evdw+Hb+dsol 
(kcal/mol) 

Eelec 
(kcal/mol)

m1 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 -2.77 -3.20 
m6 10 88 -4.36 9.87154 -2.77 -2.72 
m7 11 115 -4.80 9.5398 -2.93 -2.83 
m8 8 100 -4.58 10.12167 -2.55 -3.01 
m9 3 250 -5.83 9.19454 -2.86 -4.36 
m10 4 119 -4.80 9.00662 -3.10 -4.74 
m11 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 
m14 5 100 -4.56 10.19655 -3.63 -3.86 
m15 12 146 -5.69 11.35456 -2.33 -3.71 
m16 2 186 -4.77 9.12939 -3.68 -3.80 
m17 4 250 -5.79 9.3005 -3.04 -4.07 
m18 9 142 -5.19 9.01915 -2.91 -4.79 
m19 4 135 -4.72 8.75632 -2.59 -3.92 
m20 3 225 -5.04 9.09711 -3.53 -4.61 
m21 9 131 -5.17 9.34184 -3.31 -4.04 
m22 6 148 -4.82 10.3351 -3.61 -3.90 
m23 3 236 -5.43 8.74109 -2.93 -4.02 
m24 5 165 -5.13 9.11962 -3.82 -3.78 
m25 4 237 -5.45 9.53196 -2.89 -2.79 
m26 8 104 -4.82 10.59266 -3.25 -2.71 
m27 3 257 -5.00 9.08182 -3.12 -3.07 
m28 12 145 -4.42 9.41595 -2.79 -3.01 
m29 2 102 -5.79 8.88469 -3.56 -2.96 
m30 1 74 -5.21 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 -3.67 -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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