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Abstract

Three research projects are described in this dissertanohthey are: (i) discoveigf
piperidine derivatives as-fiype calcium channel inhibitors fohe treatment of epilepsy and
neuropathic pain and as protein disudfidomerase inhibitors for the treatment of influewvizal
infection; (ii) discoveryof peptidebased calcitonin geineelated peptide receptor antagonists for
the treatment of inflammatty pain; and (iii) synthesis of substituted-(@imethylamino)2-
phenylisoindolinl-ones for the inhibition of luciferase.

T-type calcium channels are important regulators of nervous systempesgllated T
type calcium channel activities have been found to link to various types of neurological
disorders, such aspilepsyand neuropathic pain. To discover novetype calcium channel
blockers, a series of Edisubstituted piperidine derivagg were designed and synthesized.
Among them, compoundl-4 was found to be a goodtype calcium channel inhibitor with an
ICs0 of 1 nM for Ca,3.2 inhibition. It alssshowed86% suppression of seizure induced death in
mice andgood in vivo analgesic effects on both thermal and mechanical pain thdssiol
Spared Nerve Injuryat models. Therefor@-4 can potentially be useds a TFtype calcium

channel blocker in the treatment of epilepsy and neuropathic pain.

Influenza is a respiratonyiral infection Since viruses rely on host cell proteins for their
entry, survival and replication, development of drugs targetingdatigtroteinshas identifiecas
an effective strategy in controlling viraifections. Wesynthesized a series of igsubstituted
piperidine derivativedor the inhibition of protein dislfide isomerase enzyme arnifluenza.
Among them,1-29 was found to possesdronganttinfluenza activity (EG = 2.5 uM). This
suggestshe potential use of piperidine scaffold in dggng antiinfluenza drugin future.

Calcitonin gene related peptide (CGRP) receptatagonismhas been identified as a
successful approach for the treatment of inflammatory pain. Therefore, a novel class of peptide
antagonists of CGRReceptor wasynthesized and screened for their lmgdaffinities to the

CGRP receptor and theanalgesic effects omflammatoryinduced painn rats. Among the,



peptide 2-3 showed a higher binding affinity towards the CO&Receptor than previously
reportel peptideantagonists and exhibited analgesic effects up to 2 h in bo#mA cfiber pain
tests. Therefor@-3 indicates its potential use as a CGRP receptor antagonist in the treatment of

inflammatory pain.

Firefly luciferase icommonly used as a reporterdells expressing a luciferase gene or
its enzymatic activity under the control of a promoter of interest to assess its transcriptional
activity. It has been found that some molecidash as molecules with carboxylic acid moiety
can directly inhibit luciferaseactivity in cells. However, it is suggested tlwrboxylic acid
moiety of the compoundway also bessociated witlsidereactionsn cells. Therefore, to study
whether carboxylic acid moiety causes side effects, we designed two probe moiiides 3-
2. Synthesis of probe molecut? is discussed. Synthesis of probe molecite and further
investigation ofits luciferaseinhibition will therefore be useful to understand the toxicity of

carboxylic acid containing drugs future.



Design, sythesis and bi@valuation of piperidines and CGRP peptid®mthesis of substituted
6-(dimethylamino)2-phenylisoindolinl-ones for the inhibition of luciferase.

by

Medha Jaimini Gunaratna Anhettigama Gamaralalage

B.S., Universityof Colombo, 2011

A DISSERTATION

submitted in partial fulfillment of the requirements for the degree

DOCTOR OF PHILOSOPHY

Department of Chemistry
College of Arts and Sciences

KANSAS STATE UNIVERSITY
Manhattan, Kansas

2017

Approved by:

Major Professol
DuyH. Hua



Copyright

© Medha Jaimini Gunaratna Anhettigama Gamaralalage 2017.



Abstract

Three research projects are described in this dissertanohthey are: (i) discoveigf
piperidine derivatives as-fiype calcium channel inhibitorfor the treatment of epilepsy and
neuropathic pain and as protein disudfidomerase inhibitors for the treatment of influevizal
infection; (ii) discoveryof peptidebased calcitonin geineelated peptide receptor antagonists for
the treatment of infilmmatorypain; and (iii) synthesis of substituted-(@imethylamino)2-
phenylisoindolinl-ones for the inhibition of luciferase.

T-type calcium channels are important regulators of nervous systempesgllated T
type calcium channel activities have been found to link to various types of neurological
disorders, such aspilepsyand neuropathic pain. To discover novetype calcium channel
blockers, a series of Edisubstituted piperidine derivagg were designed and synthesized.
Among them, compoundl-4 was found to be a goodtype calcium channel inhibitor with an
ICs0 of 1 nM for Ca,3.2 inhibition. It alssshowed86% suppression of seizure induced death in
mice andgood in vivo analgesic effds on both thermal and mechanical pain threshoh
Spared Nerve Injury rat models. Therefdrd can potentially be useds a TFtype calcium

channel blocker in the treatment of epilepsy and neuropathic pain.

Influenza is a respiratonyiral infection Since viruses rely on host cell proteins for their
entry, survival and replication, development of drugs targetingdatigtroteinshas identifiecas
an effective strategy in controlling viraifections. Wesynthesized a series of igésubstituted
piperidine derivativedor the inhibition of protein dislfide isomerase enzyme arnifluenza.
Among them,1-29 was found to possesdronganttinfluenza activity (EG = 2.5 uM). This
suggestshe potential use of piperidine scaffold in designing-anrilienza drugin future.

Calcitonin gene related peptide (CGRP) receptatagonismhas been identified as a
successful approach for the treatment of inflammatory pain. Therefore, a novel class of peptide
antagonists of CGRReceptor wassynthesized andcreened for their bimag affinities to the

CGRP receptor and theanalgesic effects omflammatoryinduced painn rats. Among the,



peptide 2-3 showed a higher binding affinity towards the CO&Receptor than previously
reportel peptideantagonists ahexhibited analgesic effects up to 2 h in bothafvd cfiber pain
tests. Therefor@-3 indicates its potential use as a CGRP receptor antagonist in the treatment of

inflammatory pain.

Firefly luciferase icommonly used as a reporter in cells expressifuciferase gene or
its enzymatic activity under the control of a promoter of interest to assess its transcriptional
activity. It has been found that some molecidash as molecules with carboxylic acid moiety
can directly inhibit luciferaseactivity in cells. However, it is suggested thatrboxylic acid
moiety of the compoundway also bessociated witlsidereactionsn cells. Therefore, to study
whether carboxylic acid moiety causes side effects, we designed two probe moiiides 3-
2. Syntheis of probe molecul8-2 is discussed. Synthesis of probe molecite and further
investigation ofits luciferaseinhibition will therefore be useful to understand the toxicity of

carboxylic acid containing drugs future.



Table of Contents

S A T [ P UUS Xi
[ 0 1= o] =P U PP PPPPPPPPPPPPPRR Xiii
IS A ST od T 1= PSP Xiv
LISt OF SYMDIOIS. ...t e s e e e e e e e e e e XV
LiSt Of ADDIEVIALIONS. .....coi it rre bbb e e e e e e e e s seet e e e eeeeaeeeeas XVi
F N [0 1V =T o =T 0 0= o XiX
[T [ o3 11 o] o R PPPR XXI

Chapter 1 Design synthesis and bievaluation of novel 1;4ubstituted piperidine derivativds

00 [ 0T [T i PP PP PPUPUPUPRPPRP 1
2 = = od (o | {01 o P 3
1.2.1 Ftype calcium ChannElS.........ccooooiiiiiiiieeee s 3
1.2.2 Ttype calcium channels in epilepsy........ccoovviiiiiiiiiicce e A
1.2.3 Ttype calcium channels in neuropathiC PaIN............ccccciiiiiieeeiieee e 5.
1.2.4 Reported -Type calcium channel blockers...............ouveiiiccciice e, 6
1.2.5 Reported piperidine derivatives agyfife C&* channel inhibitors...............c...c......... 7
1.2.6 Inhibition of epilepsy and neuropathic pain by reporteiyp& calcium channel
0] [0 o 1= S 8
1.2.7 INFIUBNZA VIFUS.... .ttt ettt e e e e e e e et e e e e e e e e e e e e e e e e e nnne e e e e e e 9
1.2.8 Anttinfluenza treatment Strategies...........uuvuueiiiiiiicceericcer e ereeree 10
1.2.9 Protein disulfide isomerase (PDR potential target against influenza............... 11
1.2.20 Inhibition Of PDI ACHVITY........coiiiiiiiiiiiiteieee et eeere e e e e e e e e s 13
1.3 Molecular design, synthetic routes anddaluation methods...................cccoevveeeenn. 15
1.3.1 Novel Ftype calcium channel bIoCKerS.............oiii i e 15
1.3.1.1 Molecular design of the novelype calcium channel blockers...................... 15
1.3.1.2 SYNTNELIC TOULES......eiiiiiiiiiiie e 18
1.31.3 Bio-evaluation Methods............uuuuiiuiiiiiiiii e 23

1.3.1.3.1 Preparation of HEK293 cell expressing3Zachannels and DRG neuran23
1.3.1.3.2 Patch clamp reCOrdingsS.......ccouuuiiiiiiiiiiieeeeeeeeeeee e 23
I 0 I I YT AW | = 1 o o =] - P 24



1.31.3.5 In vivo analgesic effects in spared nerve injury (SNI) pain models........ 24

1.3.2 Novel PDI inhibitors as antifluenza agents.............cccccceeiiiiiieeceiiiiiiicice e 25
1.3.2.1 Molecular design of novel PDIINNibItarS. ...........eevvviiiiiiiceeiiieeeeeeee 25
1.3.2.2 SYNTNETIC TOULES......eiiiiiiiiiiii e 28
1.3.2.3 Bicevaluation MethOUS..........oouiiiiiiiiiiiece e 29

1.3.2.3.2 The screening of compourde®9 to 1-32 and1-2 for PDI inhibition............. 29
1.3.2.3.2 The screening of compount®9 to 1-32 and 1-2 for antrinfluenza virus
=03 1LY/ Y/ RS UPPPPPUPPPPPP 30
1.4 ReSUItS and DiSCUSSIQN.........cciiiiiiiiitieeae s e e seneessbs bbb eeeeeeeeeeaeesannnsees 30

1.4.1 Mouse DRG neurons inhibition (%) of fijpe calcium ion channel and inhibition of

seizure induced death by the synthesized piperidine compounds................cccceee..... 30
1.4.2 Structure activity relationship of synthesized piperidine compounds.............. 32
1.4.3 PDI inhibition and aninfluenza activity of compounds..............cccoovvviiieeeeeenen. 36
1.4.4Structure activity relationship of synthesized piperidine compounds............... 36
RS T 0] o Td 111 [0 o USSR 37
1.6 EXPerimental SECHOM.........cooui i e 38
1.6.1 General experimental ProCEAULES............uvuvuueiiicreeeerrrr e e e eren s 38
1.7 REIEIENCES ... ..t e e e e e e s eeee e e e e e e e e e e eeees 55

Chapter 2 Design, synthesis and brvaluation of novel peptidieased calcitonin genheslated

peptide receptor antagonists for the treatment of inflammatory.pain........................ 61
2.1 INETOAUCTION. ... eeee et e et e eeet ettt e et eeeeaeeeeeeaeessmmmeaaaaeeeeeeasenannns 61
pZ N = Y= Lo o | {0 1UT o o 15O 61

2.2.1 Calcitonin geneelated peptide (CGRP).......coooiiiiiiiiiiiceeee e 62

2.2.2 The calcitonin gene related peptide reCeptar.............ccccuvuvimmmnsinneiiiiiiiiiiieeeeeee 64

2.2.3 The role of CGRP and CGRP receptors in the induction and maintenance .afg¥ain

2.2.4 Pain inhibitioby CGRP antagoniStS........ccocoviiiiiiiiiiiieeen e 68
2.2.5 Reported peptide based CGRP receptor antagonistS...........ccevvvveeeeereeeeeeeeennn. 68
2.3 Molecular design, synthetic routes anddaluation methods................ceeeveevieeennn. 69
2.3.1 MOIECUIAr AESIGN.....uuui et eer e e e et enaer e 69
2.3.2Peptide SYNINESIS........i e 72
2.3.3 BIGEVAIUALION.......ceveiiiiiiiiiiiie e et s e e e e e e e e e e e s smenssseeeeeeeeeneeaeesensssssnnneeseeeeeesid &



P2 T Tt I =11 T [ o = 1T 7- Y 2SS 74

2.3.3.2 Effects of peptid@3and2-4on r at s 6...f.a.c..a.l...p.a.i.n74

2.4 ReSUILS aNd DiSCUSSIQN.....ccceeieiiiiiiieiiiiieeee e e e ettt e eeesseaa e e e e e e e e eennnes 75
2.4.1 Binding affinity results of CGRP peptide fragments and peptRlen human CGRP

reCepPtor MEMDIANES...........vviiiiiiii s ceeee e e e e s smenre s s e e e e e e e e e s e eeeensannneeeeeeeeesid D

2.4.2 SynthesizecB GRP pepti de ef f e.c.t.s..o.n..r.at.s.aq76f aci al

2.4. 2.1 A t .her.mal...p.ai.n.. .Sl 76
2.4.2.2 Cfiber thermal pain teSL..........oooiii e 7’7

Y28 T O o] o Tox (1] 0] o TP 78
2.6 EXperimental SECHON............ooiiiiiieeeeee e e e e e amnn s 78
2.6.1 General experimental ProCeAUIES...........ccccuuuuuiiimreriiiiiib e eeeseeee e 78
2.7 RETEIENCES ...ttt e e e s e e 80

Chapter 3- Synthesis of substituted-(@imethylamino)2-phenylisoindolinl-ones for the

INNIDILION OF [UCITEIASE......iiii i 84

G 300 {1 0 T ¥ Tox 1 o s SRR 84
3.1.1 Firefly [UCITErase ENzZYME..........cccoouiiiiiiiieeei e eeer e e e e e 85
3.1.2 Inhibitors of firefly [UCITErase............oovvrieeiee e 87
3.1.3 Potential toxicological effects of carboxylic acid maiety..............cceeeeivieeeeenn. 89
3.2 Molecular design and SynthetiC rOULES...........ccccuuueiiiimmmriiiie e 91
3.2.1 Molecular design of substitutéqdimethylamino)2-phenylisoindolirl-ones........ 91
3.2.2 SYNLNELIC FOULES.......ccoiiiiiieeeeee e e e e e e e e e e e amanana e e 95
S FULUI® WOTK .o e ettt et e e e eens s s e e e e e e e e aaeeeas 97
G 3R T o o (1] T ) PRSPPI 103
3.6 EXPErMENTAl SECHIOM. ... .uuiiiiiiiiiiiiii it ieeeitie bttt eer et e e e e e e e e e e e e e e ammne e 103
3.6.1 General experimental ProCEAULES........ccoieeeieieiiiieeeiee e eeeeeeeeee e 103
A S U= (=T 1] g Tod PP PPPUPPUPRT 110
Appendix A- Supplemental data..............ooooiiiiiimm s 113



List of Figures

Figure 1.1 Structures of some of piperidlmgesed drugs............coooviiiiiiiiimn e 2
Figure 1.2 Ttype C&" channels in the neuropathic pain pathway................ccccecveerreeneenenn. 5
Figure 1.3 First generationfype calcium channel inhibitorS.............ooovviiiiiiiin e 6

Figure 1.4 Representative examples efype calcium channel blockers TT#A TTA-Q and
(o) G0 L=V ) [ 2SS 7
Figure 1.5 Reported piperidine derivatives ayfe calcium channel inhibitors.................... 8

Figure 1.6 a. Domain composition of human #Db. Crystal Structure of oxidized human PDI

[(d ] = 3 eTo o [ I TS 12
Figure 1.7 Reported PDIINNIDITOIS........oooiiiiieeee e 13
Figure 18 Designed 1/4ubstituted piperidine compounds asype calcium channel inhibitors.

.................................................................................................................................. 16
Figure 1.9 Designed l-gubstitutecpiperidine compounds as PDI inhibitors...................... 26

Figure 1.10 Minimum energy conformations of compoufe?9 to 1-32 and 1-2 with their
calculated PSA (polar surface area) VallUes...........ccc.uuvuiiiimemriiiiiiiiiiieeee e 27
Figure 1.11 Spared Nerve Injury (SNI) rats' left hindpaw withdrawal latenciesspomse to
thermal stimulation (Hargreaves teSt)..........ooovvviiiiiiiiicceieeeeeeee e 35
Figure 1.12 Mechanical pain threshold assessment (von Frey monofilamgof &Nt rats' left
PN PAWS..... ettt e et e e e e e e e e e e e e s amme e e e e e e e e e e e e e e 35
Figure 2.1 Schematic diagram of trigeminothalamic pain signaling patbway.................. 62
Figure 2.2 Amino acC@RR ea@c®Rf.e.s...o.f...h.uman U
Figure 2.3 Proposed functional regions ofphe i mar y structur e 1@764human
Figure 2.4 Representative cartoon structure of CGRP rec8ptor.............cccceevveeeeeueenennn. 65
Figure 2.5 The expanded portion shows the cry

(RAMP1271107). PDB COAE: 2YX& ... ..ot 66
Figure 2.6 Role of CGRP in the central sensitizatian...............ccoooevieeer i 67
Figure 2.7 Synthesized CGRP receptor antagordstdp 2-5. ...........oooviiiiiiiiiiiiinenn s 71

Figure 2.8 A0 t hssassmant of nata depilatédheft eheekso..l..d........ 16

Figure 2.9 Cfiber thermal pain threshold assessment of rats' depilated left cheeks........ 77

Xi



Figure 3.1 Surface view of (a) firefly luciferase (Protein Data Bank accession number 1LCI)
without its substraté (b) firefly luciferase in complex with bromoform (Protein Data Bank
aCCeSSION NUMDET 1DAB)..........o ittt ettt enme 85

Figure 3.2 Reported firefly luf@rase inhibitors............oooiiiiiiiiiicee e 87

Figure 3.3 An illustration of how firefly luciferase activity is increased by PTC124 inhibi@& .

Figure 3.4 Glucuronidation and protein conjugation of carboxylic acid containingdrugs90

Figure 3.5 CoA conjugation and protein conjugation of carboxylic acid containingZdrugf0

Figure 3.6 Chemical structures of compouRes3, 3-1 and3-2. .........eeviiiiiiieieeeiiiieeeeeeee e, 91

Figure 3.7(a) surface view of conformation #1 of PTCGARBAP compgexed with firefly
luciferase 3IES structure. (b) zoomed surface view of conformation #1 of PIANMP4
bound to the active site of firefly luciferase 3IES structure. (c) Chemical structure of
PTC124AMP. (d) overlay of the docking conformation of PTC1&MIP (in purple) and
the crystal structure of PTC12MP at the active site of firefly luciferase 3IES structge.

Figure 3.8 Surface view of docking conformation #1 of compodtidAMP complexed with
Firefly luciferase (protein pdb code: 3IES)......cccoviiiiiiiiiiiiiiieee e 93

Figure 3.9 Closeaip structure of docking conformation #1 of compodt-AMP with firefly
luciferase (protein pdb code: 3IES) showing hydrogen bond and hydrophobic intexactio
betweer-1-AMP and the protein. Bonding distances are given inA..................... 94

Figure 3.10 Schematic representation of actibbigedorotein profiling using click chemistrg8

Xii


file:///C:/Users/Jaimini/Desktop/MEDHA-PhD%20thesis%209%2028%202017%20Hua%20edited.docx%23_Toc497309789
file:///C:/Users/Jaimini/Desktop/MEDHA-PhD%20thesis%209%2028%202017%20Hua%20edited.docx%23_Toc497309789
file:///C:/Users/Jaimini/Desktop/MEDHA-PhD%20thesis%209%2028%202017%20Hua%20edited.docx%23_Toc497309789
file:///C:/Users/Jaimini/Desktop/MEDHA-PhD%20thesis%209%2028%202017%20Hua%20edited.docx%23_Toc497309789
file:///C:/Users/Jaimini/Desktop/MEDHA-PhD%20thesis%209%2028%202017%20Hua%20edited.docx%23_Toc497309789
file:///C:/Users/Jaimini/Desktop/MEDHA-PhD%20thesis%209%2028%202017%20Hua%20edited.docx%23_Toc497309790
file:///C:/Users/Jaimini/Desktop/MEDHA-PhD%20thesis%209%2028%202017%20Hua%20edited.docx%23_Toc497309790

List of Tables

Table 1.1 Calculated molecular weightsdahog P values (lipophilicity) of synthesized
piperidine compounds using Molinspiration Predictar...............ccuvvvvieemniiiiiiiiineeee. 17
Table 1.2 Calculated Log Pales (lipophilicity) of synthesized piperidine compounds using
MOIINSPIratioN PrediCtOr. . .......coce e eeee e eemmees 26

Table 1.3 In vitro and in vivbioactivities of synthesized piperidine derivatives. (NT: not tested)

Table 1.4 Comparison of inhibitory activity of compourid$ to 1-4 (changing part A) against
T-type calcium channels and seizure induced deaths................ocoeieeeeiiciiieei e, 32

Table 1.5 Comparison of inhibitoryc@vity of compoundsl-1, 1-5, and1-6 (changing part B)
against Ttype calcium channels and seizure induced deaths.............ccccoevvceeeeennnnns 33

Table 1.6Comparison of inhibitory activity of compoundsl and1-8 (changing part C) against

T-type calcium channels and seizure induced deaths................cceeveeeciiciiiii e, 34
Table 1.7 PDI inhibition and anitnfluenza activity data...............cccceeeeiiivieeeiiiie e, 36
Table 2.1 Binding affinity of peptes on hCGRP receptar............cccuveviviiiieeesiiiiiiiieeeieeeeen D

Xiii



List of Schemes

Scheme 1.1 Synthesis of COMPOUREBTIO 1-4. ..........ccoiiiiiiiiiiiiiiieeee e 19
Scheme 1.2 Mechanism for CDI assisted amide bond formation and silyl deprotection to obtain
(o0 0] 010181 T 1 S 20
Scheme 1.3 Synthesis of COMPOURE. ..............uueiiiiiiie e 21
Scheme 1.4 Synthesis of compoufie 1-7 and1-9, 1-10.........cccooeiiiiiiiiiiiiiiieeee s 22
Scheme 1.5 Synthesis of COMPOURE. ...........cccuuiiiiiiiiiii e 23
Scheme 1.6 Synthesis of compoue9, 1-30, 1-31, 1-32. .....cevviiiiiiieeieeeeeeevceeee e 28
Scheme 2.1 A representative synthesis of CGRP receptor antageist,.........................e. 73
Scheme 2.2 Mechanism of deprotection of Frpomtected Rink amide resin...................... 73

Scheme 3.1 Luciferaseatalyzed reactions (1) in the presence duéferin D-LH2 (2) in the

presence of long chain fatty acitfs.............c.coooiiiiiiecme e 88
Scheme 3.2 SYndsis Of MOIECUIB-2. ...........ccooiiiiiieeeeee e 97
Scheme 3.3 Schematic representatior8ftrS-CoA synthesis by firefly luciferase.............. 99
Scheme 3.4 Proposed mechanism for the reacti8rleCoA with firefly luciferase............. 100
Scheme 3.5 Proposed synthesis of comp@dhid..............ooooiiiiiiiiiicce e, 102

Xiv



List of Symbols

EGso half maximal effective carentration
ICs0 half maximal inhibitory concentration
a delta, chemical shift

t12 half time

XV



List of Abbreviations

AM adrenomedullin

AMP adenosinenonophosphate

Aib aminoisobutyric acid

Arg arginine

Asn asparagine

Asp aspartic acid

ATP adenosine triphosphate

BFstOEbL boron trifluoride diethyl ether complex
BocO di-tert-butyl dicarbonate

CHzCl2 methylene chloride

CGRP calcitonin gengelated peptide

CLR calcitoninlike receptor

CoChb.6H0O cobalt (I1) chloride hexahydrate
CoA coenzyme A

DTT dithiothreitol

DMAP 4-(dimethylamino)pyridine

DMF N,N-dimethyl formamide

DRG dorsal root ganglion

EDC N-(3-dimethylaminopropybN féthylcarbodiimide hydrochloride
ESI electrospray ionization

EtOH ethanol

EtN triethylamine

GIn glutamine

Glu glutamic acid

Gly glycine

HCI hydrochloric acid

HRMS high-resolution mass spectrometry
HPLC high pressurdiquid chromatography

XVi



HSE heat shock element

HPC hydroxypropyl cellulose

HSOw sulfuric acid

I.N. intranasal

I.P. intraperitoneally

K2COs potassium carbonate

KNO3 potassium nitrate

Ki binding affinity

LDA lithium diisopropylamide

Leu leucine

Luc luciferase

Lys lysine

MDCK Madin Darby canine kidney
MES maximal electroshock seizure
MeOH methanol

MRNA messenger RNA

MS mass spectrometry

MsCI methanesulfonyl chloride

NaCl sodium chloride

NaHCQs sodium bicarbonate

NaSOy sodium sulfate

NH4C1 ammonium chloride

NMR nuclear magnetic resonance

NO?* nitronium ion

NSAIDs nonsteroidal artinflammatorydrugs
pKa -log Ka, (Ka: acid dissociation constant)
PDI protein disulfide isomerase

Phe phenylalanine

Pro proline

PDB protein data bank

PSA polar surface area

XVii



PTZ
PPi
RAMP1
RCP
Rf

Ser
SiRNA
SNI
SOCb
THF
TFA
Trp
Tyr
Val

pentylenetetrazole
pyrophosphate

receptor activity modifyingrotein 1
receptor component protein
retention factor

serine

small (or short) interfering RNA
spared nerve injury

thionyl chloride

tetrahydrofuran

trifluoracetic acid

tryptophan

tyrosine

valine

XVili



Acknowledgements

| would like to express my sincere gratitude to my research advisor Dr. Duy H. Hua for
his invaluable guidance, patience and support throughout my research and during my stay at
Kansas State University. ppost ami thyo ntoad wWwomrk m
research group. | am very grateful to Dr. Hua for accepting me for his research group.

| would like to thank all my committee members, Dr. Jun Li, Dr. Ping Li and Dr. Kun
Yan Zhu for their valuable time, suggestions, helpg dedications during my Ph. D. stutigm
thankful to Dr. Weiqun (George) Wang for his valuable time to serve as my outside chairperson
for the committee.

| also want to thank collaborators, the Xm@up from AfaSci Research LaboratoBy.
Yunjeong Km and Dr. KyeongOk Chang inthe College of Veterinary Medicine, Kansas State
Universityfor their dedication in the bievaluation work.

My special thanks goes to-8tate Chemistry Department for providing me a great
opportunity to pursue my PhD degréevant to thank the department staff, Dr. Leila Maurmann,
Dr. Louis Wojcinski, Dr. Tingting Liu, Mr. Tobe Eggers, Mr. Ron Jackson, Mr. Jim Hodgson,
Ms. Mary Dooley and Ms. Kimberly Ross and others for their kind help.

Big thanks must be given to Mrs. Saddtiua and Hua group past and present members,
Dr. Allan M. Prior, Dr. Sahani Weerasekara, Dr. Man Zhang, Dr. Jianyu Lu, Dr. Thi Nguyen,
Mr. Bo Hao and Mr. Serkan Koldas for their friendship, encouragement and excellent
cooperation. | would like to thank Ms Kai min Jia in Dr. Li 6s | al

Department, KState for the help in HRMS analysis of compound CGRP peptides.

XiX



My sincere thanks goes to Dr. Amendra Fernando, Dr. Tharanga Wijethunga, Dr.
Madumali Kalubowila, Ms. Ravithree Senanayakes. NChamitha Weeramange, Mr. Janaka
Gamekkanda and Ms. Dimuthu Weerawardene for their continuous friendship and for everything
they have done for me over the last five years. | feel very lucky to have such wonderful friends in
my life. 1 am grateful to alimy friends in Manhattan, for their friendship during my stay at
Kansas State University.

Finally, I would like to thank my parents, sister, brother other family members and

friends in Sri Lanka for their love, support and encouragements.

XX



Dedication

To my beloved parent®r. A.G. Gunaratna and Mrs. |.K.S.R. Kalyani.

XXi



Chapter 1 - Design, synthesis and bievaluation of novel 1,4

substituted piperidine derivatives

1.1 Introduction

Heterocyclic chemistry offers diverse biological activity, due to the heteroatom
containing ring compounds®6 ability to mimic
reversibly to the target proteihsAmong various reported heterocyclic systems, derivatives
containing piperidine ring scaffold demonstrate a large variety of pharmacological activities such
as antihistaminic, anticholinergic, antipsychotic, -@stirogenic and anticonvulsant activitfés.
Piperidine is a saturated, sixembered amine compound which occurs as either as-mono
substituted or muksubstituted derivatives in biologically active compouttfsAmong them,
14-disubstituted piperidine derivatives have attracted increasing interest due to their potent
biological activities and ease of synthé$isDiphenylpyraline (an antihistaminic agent),
propiverine (an anticholinergic agentopigid donep
receptor agonist), and risperidone (an antipsychotic drugs) are few examples for drugs containing
1,4-disubsituted piperidine scaffold’

Due to the broader scope of potential thetdje use of 14lisubstituted piperidines, this
chapter describes my efforts for the design, synthesis, and optimization of novel small molecule
1,4-disubstituted piperidine derivatives and bioevaluation results-gper calcium channels
inhibitors for he treatment of epilepsy, neuropathic pain and as protein disulfide isomerase (PDI)

enzyme inhibitors for the treatment against influenza virus.
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Figure 1.1 Structures of somof piperidinebased drugs.

T-type calcium channels have been identified as important regulators of nervous system,
heart, and muscles. Therefore, dysfunction 4yde calcium channels has been found to cause
various pathophysiological conditions such aardiovascular disorders and neurophysiological
conditions such as epilepsy, pain and hyperten<igpilepsy is a neurological disorder whiigh
occurred by abnormal hyperactivity of neurdfigccording to the reported data, there are about
50 million people affected by epilepsy and approximately 30% of patients do not get an adequate
seizure control with currently available aepileptic drugs? Neuropathic pain is a dysfunction
of central and peripheral nervous system, resulted from nerve injury, inflammation, viral
infection, diabetes or other factot§.About 6% 8% of the world's population found to be
affected by the neuropathic pathDespite various drugs avallle to treat neuropathic pain, they

are either lack of effectiveness or are associated with side éffédterefore,our first effort
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was to develop a series of piline derivatives apotent F calcium channel blockers for the

treatment of epilepsy and neuropathic pain.

Our second effort was to develop a series ofepgiine derivatives apotent anti
influenza drugs targetindpost cell protein function. Influenza is a highly contagious viral
infection® It is a serious threat to public health and causes significant loss of workforce
productivity, high number of hospitalizations, and deaths annually. The US S€énté&isease
Control and Prevention (CDC) estimates that seasonal influenza virus is responsible for a
number between 140,000710,000 hospitalizations and a number between 12,088 000
deaths annually since 2030Currently, there are two strategies to fight against influenza
infections!® They are designed either to target at viral proteins or host cellular prteins.
Though, there are numerous vaccinations and antiviral drug treatments are available against
influenza infections,development ofstrain® resistanceto current antinfluenza drugs has
become a major probleff Thus, there is an urgent meef discoveringmore effective drugs

against influenza virus infection, which are importantly less prone toaesest

1.2 Background

1.2.1 T-type calcium channels

Intracellular calcium concentrations play vital roles in important biological processes
such as signal transduction pathways, neuronal functions, muscular contraction, hormone
secretion, genexpression, cell growth and divisié¥¥! Control of calcium entry into cells
through the cell membrane is ggrtegulated by a family ofransmembrane proteins called
voltagegated calcium charels?°?! Voltagegated calcium channels modulate the entry of
extracellular calcium ions into cells in response to the changes in electrical potential difference
across the cell membrah®?! Depending on the membrane potential required for awivat
voltage gated calcium channels are divided into two typ&sThey are called low voltage
activated channels ¢lype) and high voltagactivated channels {LN-, P/Q, and Rtypes)!°®?2
Low-voltage activated channels are activated by much smaller membepaarization
potentials (from about40 mV to-50 mV) and have a fast voltagependent inactivatioly:°

Therefore, they produce transient curréfif®. The highvoltage activated channels are activated
3



by much positive membrane depolarization potentials (from a®®itmV to +15 mV)y?
Voltage géed calcium channels andivided intothree main channel familiesalled Cal (L-
type), Ca2 (P/Q, N, and Rypes) and G& (T-type).Based on the sequence of their membrane
poref or mi ng Udch chandelamily is furthes classified into subtypes such as,C&
Cal.4, Ca2.1-Ca2.3, Ca3.1-Ca3.3'% L-type calcium channels are mainly distributed in
skeletal, cardiac, smooth muscle and endocrine eesP/Q-, N- and R type channels are
expressed in neuronal presynaptic termifal3. type calcium channeCa3.1 is mainly
expressed in the brain, peripheral nervous tissues (dorsal root ganglia and autonomic ganglia)
and peripheral tissues such as heart, smooth muscle andnendocrine celf.Ca3.2 can be
found in central nervous system (thalamus, cerebellum, and other parts bfathe and
peripheral tissues such &®art, iver, kidney, endocrine cellsskeletal muscle and smooth
muscleand Ca,3.3 is mainly expressed irthe brain and peripheral nerve tissugsh as dorsal

root ganglia and autonomic gangtf=*

Due to their widespreadiddribution throughout the body,-fype calcium channels are
involved in many biological process€s%2tIn the central nervous system, they are involved in
controlling neuron excitabilitgnd burst firing® In the cardiovascular system, they are involved
in cardiac pace making, blood pressure regulation and vascular smooth muscle contraction
regulation?®2® Therefore, dysregulation of these processes have been proposed to link to various
types of neurological disorders, including hypertension, absence seizures, neuropathic pain and

cardiovascular diseases such as angina pectoris, atrial fibrillation ahéaiiase 132°

1.2.2 T-type calcium channels in epilepsy

Epilepsy can be divided into two categories such as genetic and sthncétabolic
epilepsy*>13 The dructumal/metabolic eppepsy iscaused byarious factors such as head trauma,
stroke, infectious diseases (such as meningitis), e mo r (Parkinsonods dise
metabolic disorders The genetic epilepsy is causey mutations in function and expression of
human CACNALG (Cav3.1) and CACNA1H (Cav3.2) gettés?’ Patients with epilepsy
experience absence seizures or blank out which are characterized by sudden, brief lapse of
consciousness  with 78 Hz  spikeandwave dscharges (SWDs) on an

4



electroencephalograf292’Although the molecular mechanisms underlying the development
of epilepsy are poorly understood, voltage gated ion channels are likely to have a crucial role in
the seizure generation apdopagation?® Rat models of absence seizures have shown increased
T-type calcium currents in thalamic neurdhg®?°1t is suggested that-fiype channels in the
thalamus and cortex generdtev-threshold spike, leading to both burst firing and oscillatory
behaviors:}?82° However, it is not known how burst firing arascillatory behaviors cause

seizureg?28

1.2.3 T-type calcium channels in neuropathic pain

It has been found that-fiype calcium chnnels are upegulated in sensory neurons in rat
models of neuropathic paffi.Further, antisense knodown of Cav3.2 Ttype channel in mice
models also have shown hyposensitivity to thermal, mechanical and chemicillpaiddition,
antisense knockdown of Cav3.2 have shown attenuated response to chrchianios
hyperalgesid&?

P

T-type calcium channel

-~—

2+ To thalamus in brain

5.|Increased pain sensitivity

Skin

4. ncreased neuronal
excitability

Spinal dorsal horn

3.|Increased Ca2* influx |

Figure 1.2 T-type C&* channels in the neuropathic pain pathway.



1.2.4 Reported TFtype calcium channel blockers

There are several structurally differenttype calcium channel blockers have been
reported in last 20 years. The first generation-toygde calcium channel blockers was discovered
based on drugs that were already developed for other therapeutic pdtgogesiepileptic
drugs such as zonisamide and ethosuximides#C>5 nM (evaluated using a higihroughput
cell-based calcium flux assay, FLIPR=Fluoresceimaging Plate Reader)), antihypertensive
agents such as mibefradil €= 0.89 pM) and efonidipine (l&g = 0.43 uM), a neuroleptic
agent, flunarizine (165 = 5 uM) and an antipsychotic agent, pimozides¢l€ 0.5 uM) are some
of them that were found tonhibit T-type channel at therapeutic concentratith?d:334
Zonisamide, has shown anticonvulsant effective against magis@toshock (MES) seizures in
mice with a mean percentage of reduction of 59.5 + 7.2% at 506 jdwever, these first
generation Ttype channel blockers were found to be less potent and selective since they were
originally designed for other targets. Moreover, efiiadil was withdrawn from the market due
to its potent inhibitory activity at CYP3A4 and CYP2D6 enzyriteAnd, flunarizine and

pimozide were also found to be potent against biogenic amine t&rgets.
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Figure 1.3 First generation ype calcium channel inhibitors.



Therefore, later, Xype channel blockers were discovered by either rational design
unbiased library screenirfgIn 2004, Merck reported a series of 4lidustituted quinazoling-
one compounds (TTA) with goodin vitro potencies andh vivo efficacies against the-fiype
calcium channe??! However, theywere also unsuccessful due to ddrgg interactiong!
Later, Merck introduced another series of poteityge calcium channel inhibitors with pyridyl
and phenylacetamide moieties called FAA®?! Pfizer reported another $es of T-type

calcium channel blockers using oxadiazole pharmacophore to treat pain, hypertension,

congestive heart failure, stroke, ischemic heart disease and angina géctoris.
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Figure 1.4 Representative examples ofType calcium channel blockers TTA TTA-Q and

oxadiazole!

1.2.5 Reported piperidine derivatives as ¥ype C&*channel inhibitors

Merck has reported another series oftype calcium channel blockers with 1,4
substituted piperidine scaffold called TIRA®?* Among them, compounds TFR1 (IGo = 32
nM (FLIPR)) and TTAP2 (IGo = 180 nM (FLIPR)) have shown greater potency diyge
calcium chanels over other ion channéfsThey attached fluorine into the piperidine ring of
TTA-P1 and TTAP2 to reduce the basicity of the ring nitrogen atom and enhance the metabolic
stability. Recently, Zalicus Inc. reportet®44, which is aN-piperidinyl acetamide derivative

with potent Ftype calcium channel inhibitory activity (4(¢= 61 nM (FLIPR)).
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Figure 1.5 Reported piperidinderivatives as ®ype calcium channel inhibitors.

1.2.6 Inhibition of epilepsy and neuropathic pain by reported Ttype calcium

channel blockers

Zonisamide is an antiepileptic drug which is found to have its antiepileptic activity
through Ftype calcium bannel inhibitior?® It has been found that zonisamidkifts T-type
calcium channel population toward the inactivation state, allowing fewer channels tousmen
membrane depolarizatich This increases the threshold for the generation of an action potential
and stabilizes neuronal membranes, thereby suppress the progression of Sézaresther
antiepileptic drugyValproic acid has also been shown to blockype calcium currents via same
mechanism in rat models of absence epildpsy Piperidine based -Type calcium channel
blockers 7944, TTAP1 and TTAP2 are also found to suppress seizurethénrat models of
absence epilepsy:?® Antihypertensive drug and atype calcium channel blocker, Miberfradil
has shown suppressed absence seizures and reduced mechanical and thermal hyperalgesia in the
neuropathic pain corresponding rat modéf§. Another study has shown th&TA-A2 inhibits
presynaptic Ttype Ca&'channels in the dorsal hoin rats with diabetic neuropathytheréoy

suppressedxcitatory synaptic transmissigh

Although there are some-fype calcium channel inhibitors used for the treatment of

seizure and neuropathic pain, there is no potent and truly selectiyge Tcalcium chanel
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blocker available for clinical use until now. Therefore, there is a high demand for the

development of novel, potenttype channel specific inhibitors.

1.2.7 Influenza vrus

Influenza viruses are enveloped, segmented, sBigd@ded, negativeense RNA
genome, which belong to the family Orthomyxovirid&é Influenza virus particles are enclosed
by a lipid bilayer envelope, which is derived from the host cellular membrane. This virus
envelope is decorad with three surface glycoproteins callégmagglutinin (HA) and
neuraminidase (NA) and the M2 ion channel protéf:*>Center of the influenza virus contains
RNA genomic sgments, each of which is associated with the trimeric viral RNA polymerase
(PB1, PB2, PA) and coated with multiple nucleoproteins (NPs) to form the viral
ribonucleoproteins (VRNPS$Y. There are four genera have been identified in the family
Orthomyxoviridagknown as influenza virus A, influenza virus B, and influenza vird$“€The
three virus types ffer in host range and pathogenicifylnfluenza A viruses can infebumans,
birds, swine, horses and other mamniafS.Influenza B viruses have been isolated only from
humans and seals, and influenza Quses have been isolated from humans, dogs and
swine??4647 Influenza A and B viruses contain eight singteanded, negativeense RNA
segments that encode at least ten polypeptides, of which eight are structural viral proteins, and

two are found in infected cells.

The life cycle of influenzaiws can be divided into the following steps: 1. attachment of
the virus to the host cell; 2. entry into the host cell by endocytosis; -8lepeindent fusion of
viral and endosomal membranes; 4. uncoating and release of viral contents to the cytoplasm; 5.
entry of VRNPs into the nucleus; 6. transcription of viral mRNA; 7. export of the viral mMRNA
from the nucleus; 8. postanslational processing and trafficking toward the cell membrane; 9.
assembly and budding; and 11.release from the host cell membigaleiniéction is initiated
when the viral surface glycoprotein HA binds to sialylated glycoprotein receptors on the host
cell-surface®®>*8 The virus enters the host cell via endocyt6%iBhen the virus is fused with an
endosome using a conformational change in the HA protein caused by low endosdif&l*pH.
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Further, the low endosomal pH results influx of protons from endosome to the virus through M2
ion channel protein, which disrupt the interaction between VRNP proteins and M1 pf&fé&ins.
The VRNPs are then releasedtbithe cytoplasm and are transported into the nuéfsis/iral
mRNA are synthesized in the nucleus with use of VRMA polymerase&°® Newly
synthesized viral mMRNAs are then transported to the cytoplasm for translation into viral
proteins#84° After being translated, viral proteins are transported to the endoplasmic reticulum
(ER) for processin@®*® Then, the proteins are transported to the Golgi apparatus for further
modifications such as glycosylation of HA amdA, palmitoylation of HA and M2 and
phosphorylation of NS48 Viral proteins are then transported to the cell membtéfielhen the

viral proteins are assembled and enclosed by the cellbna@® to form a enveloped viral
bud?®4° Finally, the terminal sialic acid residues are removed from virus cell supfathe
neuraminidase activity of the NA protein, thereby releasing the virus from the hd$t'¢ell.

1.2.8Anti -influenza treatment strategies

There are two main strategies used in theiafitienza treatment depending on the stage
of infection. Influenza vaccines are designed to induce a protective immune response in the body
against the viruses represeniadthe vaccine, thereby prevent or mitigate infectidhklore
importantly, vaccination also leads to the induction of a specific immunological memory against
the viruses represented in the vaccine, which readily fight against the infection even exposure to
the virus at a lar stage® However,vaccine development is a long, complex process which
usually requires at least six months to develop a vaccine against a viral inf&dtlensecond
strategy used in the antifluenza treatment is the use of amfiluenza drugs. Antinfluenza
drugs target either essential viral structures or host factors that are involved in the virus life
cycle® There are several classes of antiuenza drugs targeting functionally conserved
domains ofviral proteins, which play critical roles during the viral replication cycle. They are
matrix protein 2 (M2) ion channel blockers such as amantadine, neuraminidase (NA) inhibitors
such as zanamivir and oseltamivir, and influenza viral Ripendent RNA gdgmerase
inhibitors such as flutamid&:>! But the continued emergence of resistance to current anti
influenza drugs lowers their effectiveness against influenza. Therefore, development of anti
influenza drugs with new mechanisms of action are highly required.
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1.2.9 Protein disulfide isomerase (PDI) a potential target against influenza

Viruses often rely on host cell components and proteins for entry, survival and
replication. Among them, protein disulfide isomerase (PDI) has found to play important roles in
the virus replication such as facilitag virus attachment, internalization, ER mediated viral
protein folding>? Angelo Gallina and coworkers proposed that cell surface PDI associates with
the cell surface HIV receptor called CD4 and through PDI-CD4 association at the cell surface
facilitates the virus to reach and reduce disulfide bonds in the viral envelopergtgtopgp120
that binds to CD42 This results conformational changes in thé@2fbwhich is proposed to cause
virus-cell fusion and internalizatiolY. Proper blding of newly synthesized viral proteins into
their native thre@limensional structures is crucial for virus replication. Chaperone proteins
within the ER are found to assist in folding polypeptide chains into their-thnmeensional
structures?* Further, polypeptide chains undergo modifications such as disulfide bridge

formation before exported to the plasma membrane through the Golgi apparatus.

Protein disulfide isomerase (PDI) is an enzyme which belongs to the family of
oxidoreductase®°%>’ PDI has the ability of catalyzing the formation, isomerization, and
reduction of disulfide bonds. It has been found that PDI exhébiesdoxdependent chaperone
activity (inhibits the aggregation of unfolded proteins) at high concentrations, bahapgrone
activity at low concentratior®:>®*8 PDI is mainly expressed in the endoplasmic reticulum of
eukaryotic cells but also found in the nucleus, cytosol, endosomes, cell surface, and

extracelularly as well??°9:60

PDI contains two catalytically active doma
structural homology to thioredoxin (TrX}>° They both contain the active thioredoxin motif
(WCGHCK) which provides catalytic sites to catalyze the reduction and isomerization of
disulfide bonds and the oxidation of ¢é>2°° PDI also contains two redéRractive thioredoxin
structural domains called b and bNj dcoa8i ns, w
The crystal structure of yeast PDI demonstrates that these fowirdoare attached in an-U
shaped structur®€:? The catalytically active domains are found to located at the top of the U
facing each other, and the two noncatalgiixnains are localized to the inside surface of the U
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shape structur®.®? PDI has another region called fc

carboxykerminus for ERlocalization®!-63

KDEL

WCGHC WCGHC
peptide binding site

active site

Figure 1.6 a. Domain composition of human PBIb. Crystal &ucture of oxidized human PDI
(PDB code: 4EL1).

In the endoplasmic reticulum PDI catalyzes both the oxidation and isomerization of
disulfides on nascent polypeptides due to its oxidizing environfAdifite redox activity of the
PDI enzymes is governed by the CGHC active site and the glycine and histidine amino acid
residues which lying in between the two cysteine residues are found to be important in
maintaining its redox potenti&t During oxidation, the active site disulfide of PBltransferred
to the dithiol substrate proteins, thereby the active site itself becomes rétubeder the
reducing condition of the cytoplasm, endosomes and plasma membraverald sell types such
as platelets, PDI catalyzes the reduction of protein disulfidBsiring reduction, PDI with a
cysteinyl dithiol motif reduces the substrate disulfides, thereby resulting actevensihe
oxidized staté! In addition to peptides and proteins, PDI also bindshthrenone<* Todd and
coworkers lave revealed that there are two different hormone binding sites of PDI which are
distinct from the peptide/protein binding sitéherefore, they suggested the hormone binding
capacity of PDI as a discrete function of PDI which is not coupled to its catalytic activity in
disulfide isonerization® Chaperone activitpf PDI was found to promote proper folding even

in substrate proteins that do not contain any disulfide b®hdéth use of NMR and xay
12
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active site is found to be necessary for PDI isomerase activity, chaperone activity of PDI was

found to be independent from the active te.

1.2.10 Inhibition of PDI activity

Since PDI is multifunctiongbrotein which expresseubiquitously throughout the body,

it is difficult to target a specific function of the enzyme. However, a recent study has shown

inhibited PDI isomerase activity by alkylation of the redox active site cysteine residues, with no

effect on the chaperone aaty.%° Later, Yong Dai and Chicshen Wang have shown inhibited

PDI chaperone activity by truncation of thet€minal amino acid residuéslt is assumed that,
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The first reported inhibitor of the chaperone activity of PDI is ribostamycin, which has a
binding affinity Ka) of 319 £ M oteinodisulfide visomezase p(PH). Since,
ribostamycin inhibits only the chaperone activity of bovine PDI (not its isomerase activity), it is

suggested that ribostamycin binds to region distinct from the CGHC motif d®PDI.

Thyroid hormom, which is also known as triiodothyronine (T3) has shown inhibition of
the isomerase activity of PBt.Binding affinity studies of T3 with PDI have further revealed
that there are two hormone binding sites @21 nM and 100 uM) on PDP. An estrogenic
st er o iestradiol havé shown 480% suppression of reductase activity of PDI at 1 uM
without affecting its oxidase or isomerase activitiaut neither T3 nor estradiol found to inhibit
the chaperone &uity of PDI.% In addition, acyclic polypeptide peptide like antibiotic,
bacitracin has been reported to inhibit the reductive activity of PDI, but no significant effect on
the oxidative, isomerization or the chaperone activity of BMBut baci traci ndés c|
limited by its norspecificity, nephrotoxicity, and poor membrane permeabfifs.”Dickerhof
and coworkers have proposed that bacitracin binds to the hydrophobic surface of the substrate
binding region of PDI, allowing subsequent disulfide bond formation betae@pen thiol form
of the bacitracin thiazoline ring and the free cysteines Cys314 and Cys345 cysteines in the
substratebinding domain, thereby blocking the binding of the natural substrate insulin and its
reduction’® Since bacitracin acts on free cysteines, it is a-spetific inhibitor of proteins

containing free thiols.

A flavanol, querceti3-rutinoside was reported to inhibit PDIwithansd@ f 6. 1 & M an
aKiof 2 .""Surthelstudies have shown that quere8timitinoside acts as an inhibitor of
PDI reductase activity in vitro and blocks thrombus formatiowivo by inhibiting PDI/” A
natural sesquiterpene ester, juniferdird dras been identified as a potent inhibitor of PDI
catalyzed reductase activity with o f 0 . 18 GHowevst, juniferdin was found to be
cytotoxic in a cell based ass&Further SAR studies have revealed that the juniferdin derivative

with a sesquiterpene ring 9;h@onoepoxide has a similar oy with reduced cytotoxicitsf.
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A piperidine based small molecule, ML359 has been identified as PDI inhibitor that
selectively blocks reductase activity of PBf° It has shown inhibitory activity against the
reductase activity of PDI in the insulin turbidometric assay with and€0.30 . 6 &€ M wi t h
inhibition against reductase activity of otheralhisomerases such as ERp5, ERp57, ERP72,
thioredoxin and thioredoxif?. Further it has been found that theibition of PDI by the ML359

was reversible and has no cytotoxicity in a cell based (HeLa) cell &ssay.

To dae, no PDI inhibitor for antinfluenza has been reporteBecently, our collaborator
Dr. Yunjeong Kim in College of Veterinary Medicine, Kansas State Univehsisyfound that
PDIs are involved in the replication of influenza A and B virus (unpublistad).dJsing a
SiRNA knockdown assay, they have demonstrated that siRNAs for PDI significantly reduced the
replication of influenza A and B viruses in cells. Therefore, small molecule PDI inhibitors are
expected interfere with the replication of influenna #hereby to reduce disease progression and

influenza virus transmission.

1.3 Molecular design, synthetic routes and bievaluation methods

1.3.1Novel T-type calcium channel blockers

1.3.1.1 Molecular design of the novel -fype calcium channelblockers

Reported data show thattype channel blockers with a piperidine scaffold have good
potencies with minimal effects ontype C&*, K* and human etheago-go related gene (hERG)
channels and other effrget$$! hERG is a gene that codasprotein known ak,11.1, thea
subunit ofa potassium iorchannel in the heart that aokinates the beating of the heart.
Therefore, mhibition of hERG channel is detrimental. We chose a piperidine based reported T
type calcium channel modulator, Z944 and optimized its structure to synthesize a series of 1,4
substituted piperidine molecwleusing a structuractivity relationship (SAR) approach. We

designed a series of molecules by changing substituents independently in three regions (A, B, or
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C) of the 1,4 substituted piperidine core (Figure 1.3) with their corresponding bioisosteres.
Modification in part A focusedn the substitution of different aromatic ring equivalents while
modifications in part B were focused on replacement of hydrogen with methyl or hydroxymethyl
groups. Madification in par€C focusedon replacement of benzoic amidath a tertiary butyl
amide. These structural modifications were expected to change the lipophilicity, rigidity,
planarity, steric hindrance, and other factors of eaolecule which may improve their potency

and selectivity.

Figure 1.8 Designed 1,4ubstituted piperidine compounds asype calcium channel inhibitars

The above novel-T ype <cal cium channel i nhi bitors we

rule of five. According to the Lipinskids rul
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permeability when their Log P is greater 5; molecular mass is greateb@aihe number of
hydrogen bond donors (OH and NH) is greater than 5; and the number of hydrogen bond
acceptors (O and N atoms) is greater than 10. For a drug candidate, lipophilicity is an important
factor, as it influences ligainthrget binding interawmins, solubility, absorption, distribution,
metabolism, elimination and toxicity propertf&$3Lipophilicity of a molecule can bexpressed

in a Log P value, which is defined as partition coefficient of a molecule between octanol
(lipophilic phase) and water (hydrophilic pha&e)Calculated rolecular weights and Log P
values (lipophilicity) of synthesized piperidine compounds using Molinspiration Predictor are
listed inTable 1.1

Table 1.1 Calculated rolecular weights and Log P values (lipophilicity) of synthesized

piperidine compounds using Molinspiration Predictor

Code name | Molecular Weight log P value
11 351.45 3.10
1-2 367.45 2.63
1-3 353.43 1.64
1-4 354.45 2.02
1-5 365.48 3.35
1-6 381.48 2.17
1-7 331.46 2.73
1-8 399.47 2.29
1-9 485.58 4.60
1-10 503.57 4.72

Designed compoundsl1to1-9obeyed ALi pinski 6s lflawae of
also satisfied four criteria out of five (except the molecular weight). Therefore, designed
compounds were expekitkedotpr bpeetigeesd Adrug

17
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1.3.1.2 Synthetic routes

The synthetic work was collaborated with Dr. Thi Nguyen, Dr. Sahaerdsekara, and
Dr . Man Zhang in Prof. Duy Huabds I1daH@nr-8t ory.
1-4, 1.5, 1-6, 1-7, 1-8, 1-9 and 1-10 are shown inScheme 1.1- Scheme 1.5 Chemistry for
synthesis of these molecules was straightforward. Insghehesis ofl-1 and 1-3, the N-
alkylation of piperidine ring was done I/phenylaminocarbonylmethyl group. Treatment of 4
cyano piperidine withiN-phenyt2-chloroacetamide under basic conditions yielded compdund
13. Then the cyanide reduction of compdul-13 using cobalt(ll) chloride hexahydrate/sodium
borohydride yielded the corresponding amine compdufid. Benzoic acid and pyrazinoic acid
were activated to their corresponding acid chlorides (benzoyl chloride and pyrazinoyl chloride
respectively) ad subsequently reacted with the amlr&4 under anhydrous conditions to obtain
compoundd-1 and1-3 respectivelyPyridine was used to neutralized the byproduct HCI formed

during the reaction.
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Schemel.1 Synthesis of compounds1 to 1-4.

The amide coupling of compourid14 and p-hydroxybenzoic acid via activation of the
acid with tethyl3-( 3diNjethylaminopropyhcarbodiimide hydrochloride (EDC) in the presence
of a catéytic amount ofN,N -dimethylaminopyridine (DMAP) with a prolonged reaction time
(24 h) gave a very low yield. We tried several different coupling reagents and reaction
conditions. Finally the amide coupling was accomplished via activation -({{terd
buty di met hyl si | yl ) o x ycarboryldiznddazole (EQd)ifotlowed Dy reagtionl , 1 Nj
with the aminel-14 in a solvent mixture of acetonitrile:DME0:1). The reaction of 4(tert
butyldimethylsilyl)oxy)benzoic acid with CDI forms a transient mixedyainide that rearranges
to a carbonyl imidazolideScheme 1.2 This forms one equivalent of G@nd imidazole which
serve as a catalyst and as a base respectively in the subsequent amide ¥oiplaily. the

imidazole andert-butyldimethylsilanol byproducts were easily removed by an aqueous workup.
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Schemel.2 Mechanism for CDI assisted amide bond formation and silyl deprotection to obtain

compoundl-2.

The aminel-14 was coupled with Zhloroacetyl pyrrole{-16) to ob&in compound.-4.
Sodium bicarbonate was used to neutralized the byproduct HCI formed during the reaction. The
reaction was carried out in different solvent systems and at different temperatures. A mixture of
acetonitrile:DMF (20:1) and 58C temperature @are found to be the best conditions to give the
desired product-5 in a better yield (56%). It is also important to keep a higher ratio of amine to
alkyl chloride to prevent the formation of dialkylated product. Desired proditd) @nd

unreacted aminel{14) were separated by column chromatography.

Compound 1-5 was synthesized as depicted $theme 1.3 Deprotonation of 4
Cyanopiperidine 1-11) using 1 equivalent of lithium diisopropylamide followed by the
methylation of lithium enolate, followed by gughing with ammonium hydroxide/ammonium
chloride yielded the methylated compoufdl7. This lithium enolate participates in a SN
reaction with methyl iodide to form the methylated compoinid. Methylated compound-17
was then treated witN-phenyt2-chloroacetamide under basic conditions to give compdiind

18. N-alkylated product 1-18 was then reduced with cobalt(ll) chloride hexahydrate/sodium
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borohydride to obtain the corresponding amine compduhé followed by benzoylation with

under basic condition (pyridine) resulted compolid

CN /\
\\N J\© (-12) CoCl, 6H,0 NH;
LDA, THF, -78°C
> —_—— >
N

CHgl, -78 °C, 2h anh. K,CO3, CH3CN NaBH,, MeOH

N
B H
90°C, 8h Klf 259¢, 12h kﬂ/N
111 1-17 O o) O
118

1-19

Iz
T

o - e
O

25°C, 3h

Schemel.3 Synthesis of compountis.

Compoundsl-6, 1-7 and1-9, 1-10 were synthesizd according to the procedure outlined
in Scheme 14. The 4cyanopiperidine was first begarotected using diert-butyl dicarbonate
(BoO) and triethyl amine base to give-lldc protected compountt20. Deprotonation of
compound 1-20 using an equivalent of lithium diisopropylamide followed by the
hydroxymethylation, followed by quenching with ammonium hydroxide/ammonium chloride
yielded the hydroxymethylated compouteRl. Benzoylation of primary alcohol under basic
condition (pyridine) resulted the benzeaster compount22. The boc protecting group af
22 was removed using 10% TFA in methylene chloride to give the amine intermé&di8ie
which was subsequently alkylated usiNgphenyl2-chloroacetamide under basic conditions to
give compound-24. The cyanide reduction of compoufeé4 was done with cobalt(ll) chloride
hexahydrate/sodium borohydride to obtain the corresponding amine comp@bridllowed by
the benzoylation with benzoyl chloride andfl@robenzoyl chloride under basic condition
(pyridine) resulted compound$-9, and 1-10 respectively. Compound&-9, and 1-10 were

treatedwith potassium carbonate to give debenzoylated produ@i@ndl1-7 respectively.
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Schemel.4 Synthesis of ampoundsl-6, 1-7 and1-9, 1-10.

Compoundl-8 synthesis was very similar to the synthesis of compduhéxcept the N
alkylation step of the piperidine ring. Firstcgano piperidine was treated wititert-butyl-2-
chloroacetamide under basic conditions to give compdu®d Then the cyanide reduction of
compoundl-27 was done with cobalt(ll) chloride hexahydrate/sodium borohydride to obtain the
corresponding amine compoute?8 followed by benzoylatio under basic condition (pyridine)

resulted compouni-8.
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Schemel.5 Synthesis of compount8.

1.3.1.3 Bieevaluation methods

Bio-evaluation studies were performed by our collaborators Dr. Bende Zou, Dr.

Christopher A. Liewand Dr. Conrado Pascual in DXi n mi n

(Si mon)atAaSe 6 s

Research Laboratory in Redwood City, Califormi&K293 cell expressing ¢8.2 chanels and

DRG neurons were prefal as descrilte in reference 8% Patch clamp recordisgwere

performed using seportedproceduré®8® Description of seizure models and Spared nerve injury

(SNI) pain moded were adapted from reference®84

1.3.1.3.1 Preparation of HEK293 cell expressing @8.2 channels and DRG neurons

Cas3.2 channels were expressedhuman embryonic kidney (HEK)93 cells using a

tetracycline inducible expression system (Invitrogeldpuse dorsal root ganglion (DRG)

neurons were prepared from C57/BC6 mice.

1.3.1.3.2 Patch clamp recordings
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Whole-cell voltage clamp recordings were performed on mouse DRG neurons within 2
days after acutely dissociation or cultured HEK293 cells expressipgelchannels (encoded by
Ca3.1, Ca3.2 or C@3.3 channels). Wholeell currents were recorded using a MultiClamp
700B amplifier and analyzed offline with pCLAMP10.4 software (Molecular Devices, LLC,
Sunnyvale CA, USA). The current responses were recoded and percent inhibition was calculated.
Sigmoidal doseesponse cunge were generated using XLFit (IDBS, Surrey, UK) or Prism
(GraphPad Software, La Jolla, CA, US) to calculatg \@lues.

1.3.1.3.4 Seizure models

For the pentylenetetrazole (PFiiduced seizure model, male mi€&5{F7BL/6 WT, 810
months old, approximale 30 g) were used. &h mouse was pretreatedraperitoneally(l.P.)
with either synthesizedompound (30 mg/kg), or sodium valproate (150 mg/kg), or vehicle (2%
DMSO in 0.5% aqueous hydroxypropyl cellulose (HPC)). Since -RAidced seizures are
blockedby sodium valproate, it is used as a positive contrélfter administration of PTZ,
number of deaths of mice in each treatment group within -aniBQte cutoff period were
recorded and the percentage of averaged fatality latencies were calculated. The average fatality
latencies (in minutes) and the fataltyras of each treatment group (
group, sodium valproate group, and the vehicle group (n = 8 mice/group) were used to evaluate
the synthesized compoundsd abi | i-tinducedseizeast her
and death

For the maximal electroshock seizure (MES) model, C57BL/6 WT male midé (8
months old, approximately 30 g) were used. They were treated intraperitoneally with synthesized
compounds (30 mg/kg), sodium valproate (150 mg/kg) or vehicle. A 30 min géetion, MES
stimulation was applied through trans auricular {®@gr) electrodes using a HSE Shock
Stimulator Type 221 (Harvard Apparatus, Holliston, MA). Upon completion of the electrical

stimulus, the time to onset of seizures was recorded.

1.3.1.3.9n vivo analgesic effects in spared nerve injury (SNI) pain models
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Therapeutic effects of the most active compounds were evaluated using a rodent
neuropathic pain model called spared nerve injury (SNI) pain model. The nerve injury of the
male rats (Sprage Dawley rats, 275 g 325 g, Harlan) was induced with tibial and common
peroneal nerves ligation, leaving the sural nerve intactsigery baselines (100%) of the
t her mal hyperal gesia and mec nindpawsveete masaredn t hr e
using the Hargreaves thermal stimulator and von Frey hair monofilaments resp&¢ti¥Blgw
withdrawal thresholds and paw withdrawal latencies in response to thermal and mechanical pain
stimulus were measured at 1, 2, 3, 4, 5, 6, 7, and 8 hours after treatment.

1.3.2 Novel PDI inhibitors as antiinfluenza agents

1.3.2.1 Molecular design of novel PDI inhibitors

Since no PDI inhibitor for aninfluenza has been reportede chose previously reported
ML359 and modified its structure to synthesize a series of novesubgtituted piperidine
molecules using structwativity relationship (SAR) approach. ML359 is a piperidine based
small moleculewhich identifiedas a seleose inhibitor of PDI oxidoreductase activity over
other thiol isomerases in cells with no cytotoxic¢it§® We designed a series of molecules by
changing substituents independently in three regions (A, B, or C) of thesdhstituted
piperidine core (Figure 1.9). First, upper right part of the molecule (part A) was changed with
much snaller nitrile group or hydrogen. Nitrile group was expected to enhance interactions
between the synthesized molecule inhibitors and the target protein PDI due to its strong
hydrogen bond acceptor property and the smaller size (~8 times smaller thah graupy®®
Modification in part B focusean replacement of substituted benzyl moiety with a tertiary butyl
estera tertiary butyl amide or a benzoic amide. Incorporation of amide and ester grakps at
b-position of theN-alkyl chain was expected to reduce the basicity of the piperidine ring. It is
reported that the ethyl ester of ML359 is readily hydrolyzed in murine plasma and the
replacement of ester with amide functionality has shown improvedne plasma stabilit$f

Further, part C was replaced withhgdroxybenzoyl group to mimic the structure of a known
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PDI inhibitor juriferdin. These structural modifications were expected to improve synthesized

mol ecul esd potency and selectivity in the PDI

1-29 1-30

SN ealo NN e Ao O
" b YO YO

Figure 1.9 Designed 1,4ubstitutegiperidine compounds as PDI inhibitors

Table 1.2 Calculated Log P values (lipophilicity) of synthesized piperidine compounds using

Molinspiration Predictor

Compound Molecular Weight log P value
1-29 360.41 2.95
1-30 373.45 2.71
1-31 386.61 3.54
1-32 393.44 3.09
1-2 367.45 2.63

All of them, that is compounds29, 1-30, 1-31, 1-32and1-2o0beyed #ALi pi nski 6
fiveo. Therefore, they -WekeoOeppepéeetdi es. have
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In additont o t he #ALi pinskids rule of fiveo, po
ligand target binding interactions, solubility, absorption, distribution, metabolism, elimination
and toxicity properties of drug molecuféS! PSA is defined as the sum of the surface areas of
polar atoms in a molecule and it is a simple measure of the hydbogeliing capacity of a
molecule?® Molecules with a PSA greater than 140 de predictel to have a low capacity for
penetrating cell membranes. @alated PSA values of synthesized piperidine compoai;
1-30, 1-31, 1-32 and1-2 using Molinspiration Predictor are shown in figur&. All of them had

PSA values less than 14G.Arherefore, they are expected to have good cell penetration ability.

Figure 1.10 Minimum energy conformations of compoun@i®9 to 1-32 and 1-2 with their

calculatedPSA (polar surface area) values
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1.3.2.2 Synthetic routes

o)
OTBS
OH N o
CN N CN
o (1-15) HO
>
N EDC,DMAP, N
PN CH,Cl,:DMF=10:1, 28 h Py
[Se} 56.3%yield
1-21 1-29
oTBS
o] N/\l
OH Nl OH N
10% TFA in CHZCIZ CN H CN o (1-15)
—_—
25 °c 1h anh. K,CO3, CHCN N DME. 110 °C. 24 h
>95% yield N 90 °C, 8h H 47.4%yield
83.3%yield H‘/N\|< \|<
o)
1-21 1-33
1-34 1-30
o) o) o
FaS
/©)ko 10% TFA in CH,Cl, O)ko >H\H cl /O)k
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HO Cc —_—> 0 CN . >r j|/\o
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N >95%yield N 90 °C, 8h
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0”0 K
1-29 1-35 1-31
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N
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Ej Ej y — > Ej
N anh K2CO3, CH3CN DMF, 85°C, 24 h
H 90°C, 8h 41.1%yield
82.7%yield k’r
o]
1-33
1-36

Schemel.6 Synthesis of compounds29, 1-30, 131, 1-32.

Compoundsl1-29, 1-30 and 1-31, 1-32 were synthesized according to the procedure
outlined in Schemel-6. Synthesisof compoundl1-2 was described in sectioh.3.1.2 To

synthesize compount}+29, commercially available -dyanopiperidine was first, bgarotected.
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Deprotonation of the resulting compourid?20 using 1 equivalent of lithium diisopropylamide
followed by the hydroxymethylation, followed by quenchingvith ammonium
hydroxide/ammonium chloride yielded the hydroxymethylated compoli2d. The In a
separate reaction vessel{((tertb ut yl di met hyl si l yl )oxy)benzoic
carbonyldiimidazole (CDI) to obtain compouddl5. This activatd acid was treated with the
alcohol1-21 in the presence of-&thyl3-( adiNjethylaminopropybcarbodiimide hydrochloride
(EDC) and N,N'-dimethylaminopyridine (DMAP) to give the coupling produt9 in a
satisfactory yield. We found that the solubilitytbe compound-15 is crucial for the reaction
yield. Therefore, compourntt1l5was dissolved in DMF, and it was cannulated to a mixtude of
21, EDC, DMAP in dichloromethane. we dissolvéd5 in DMF and then diluted the reaction
mmixed with dichloromethanin 1:10 ratio. In the synthesis of compoude30 and 1-32 first,

the boc protecting group 4f21 was removed using 10% TFA in methylene chloride to give the
amine intermediate 1-33, which was subsequently alkylated using-tei-butyl-2-
chloroacetamid®r N-phenyt2-chloroacetamide under basic conditions to give compdud

and 1-36 respectively. Next, the compourid1l5 was coupled with1-34 and 1-36 to give
compounddl-30 and1-32 respectively. In the synthesis of compounr8l, boc protecting group

of 1-29 was removed using 10% TFA in methylene chloride to give the amine interme@ate
which was subsequently alkylated at piperidine nitrogen and phenolic oxygem\u&Ertdutyl-
2-chloroacetamide under basic conditions to give compat8t

1.32.3 Bio-evaluation methods

Bio-evaluation studies performedby our collaborators Dr. Yunjeong Kim and Dr.
KyeongOk Changn the College of Veterinary Medicine, Kansas State University.

1.3.2.3.2 The screening of compounds2B to 1-32 and %2 for PDI inhibition

PDI activities of the compounds were determined by monitoring-dailyzed
reduction of insulin in the presence of dithiothreitol (DTT) using a PROTEOSTRI assay
kit (Enzo Life Sciences, Inc.)The assay was performeaccording to the mairacturer's
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instructions wusing different concentrations ¢
bacitracin (supplied with the kit) were used as the positive conirbés fluorescence was read

using FLx800 (Biotek) microplate reader at excitatiod@0 nm and emission of 603 nm.

1.3.2.3.2 The screening of compounds2B to 1-32 and 12 for anti-influenza virus activity

Preparation of Madin Darby canine kidney
influenza virus from human (A/PR/8/34 [HIN1RPR8) to MDCK cells have reported
previously®® Influenza virusinfected cells were incubated in the presence of each compound at
different concentratins (0.12 0 € M) wi t h t r y pwell plate(fot up dogi/dagws. ) i n
Juniferdin was used as the positive control. After 48 hours of incub&@iT,iter-Glo® reagent
was added to each well following the protocol provided by the supplier. The koemse
(RLU) emitted from each well was quantified with a FLx800 (Biotek) microplate re&ss,
the concentration required to protect 50% of MDCK cells from the cytocidal effect of influenza
virus (A/PR/8/34 [H1N1], PR8), was calculated using the saféw@raphPad Prism (Graphpad

software Inc, San Diego, CA).

1.4 Results and Discussion

1.4.1 Mouse DRG neurons inhibition (%) of T- type calcium ion channel and

inhibition of seizure induced deathby the synthesized piperidine compounds

Results for mouse DRG neurons inhibition (%) of type calcium ion channel and

inhibition of seizure induced death are providedafble 1.3
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Table 1.3 In vitro andin vivo bioactivities of synthesized piperidine derivativ@$T: not tested)

Code Chemical Mouse DRG neurons inhibition Inhibition of seizure
name structure (%) of ion channel at 1uM induced death (% at
(unless specified) 30mg/kg, i.p.)
T-Ca&* Na* K*
1-1 57.8 NT 80
% IC50=6.3eM
1-2 Ef:j\@\m 47.3 NT NT 0
Ej\% 40% block: 3 pM
N
1-3 y 50% block: 10 uM NT NT NT
m 30% block: 10 uM
H H
1-4 ’ Ca3.2 inhibition | -4.5% NT 86 (PT2)
m IC,=1nM
@i@ 83
1-5 6.5 18.8 0
H IC,,=0.9eM
@/@“&@ 100
1-6 % NT NT 14.3
1-7 {@% 43.6 -4.3 NT 62.5
40.1
N
1-8 inHQ IC,=2.4eM 2.9 11.7 66.7
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1.4.2Structure activity relationship of synthesized piperidine compounds

Table 1.4 Comparison of inhibitory activity of compoundsl to 1-4 (changing part A) against
T-type calcium channels and seizure induced deaths.

Code Chemical Mouse DRG neurons inhibition Inhibition of seizure
name structure (%) of ion channel at 1uM induced death (% at
(unless specified) 30mg/kg, i.p.)
T-Ca Na K
H 44
1-1 Ej\i@ 57.8 NT 80
( H,\ ICs0=6.3eM
SO0,
1-2 y H 47.3 NT NT 0
TO
Ej\j\@ 40% block:3 uM
H
1-3 9y 50% block: 10 uM| NT NT NT
m 30% block: 10 puM
H H
1-4 y Ca3.2 inhibition | -4.5% | NT 86 (PT2)
m IC_=1nM
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Compoundsl-1 to 1-4 displayed good inhibition against-type calcium channels,
suggesting that Nbenzoic amide group is beneficial for the activity. Among them, compiund
4 showed a very good ¢&2 inhibition with a 1Go value of 1 nM. Investigation of SAR effects
by changhg part A of the basic structure suggests that, the activity increases as the
hydrophobicity of the part A increases. Thi s
nature which helps better absorption or permeation. Moreoveu,g s 6 a b s epeqpdsanon al
their ability of ionization in the body. pKa of pyrazine (0.6) is far more less than the pKa of
pyrrole (23.0), which suggests that, compoudrlis easily get ionized in cells compareditd.
Since ionized structures attract water moleculesy tbrm large complexes which decreases the
membrane permeability. This suggests that the compduddhas a better activity than

compoundl-3, could be due to its better absorptivity.

Table 1.5 Comparison of inhibitory activity of compoundsl, 1-5, and1-6 (changing part B)

against Ttype calcium channels and seizure induced deaths.

Code Chemical Mouse DRG neurons inhibition Inhibition of seizure
name structure (%) of ion channel at 1uM induced death
(unless specified) (% at 30mg/kg, i.p.)
T-C&* Na* K*
S0 | .
1-1 57.8 NT 80
EHNO ICs0=6.3eM
ij\{ﬁ\@ 83
1-5 6.5 18.8 0
H, IC,,=0.9¢M
H«ijmﬁ\@
1-6 y 100 NT NT 14.3

Structure activity studies related to part B showed that activity tolerates replacement of
hydrogen with methyl and hydroxymethyl groups. But in vivo studies of compb&nahd 1-6
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showed no or very little activity suggests that hydrogen in part B i®ficed for cell

permeability and toxicity.

Table 1.6 Comparison of inhibitory activity of compoundsl and1-8 (changing part C) against

T-type calcium channels and seizure induced deaths.

Code Chemical Mouse DRG neurons inhibition (%) | Inhibition of seizure
name structure of ion channel at 1uM (unless induced death
specified) (% at 30mg/kg, i.p.)
T-Ca* Na* K*
1-1 57.8 NT 80
Kﬁd\@ ICs0=6.3eM
40.1
H
1-8 W IC,=2.4eM 2.9 11.7 66.7

Both compoundsl-1 and 1-8 can inhibit Ftype calcium currents and inhibit seizure
induced deaths. This suggests that bdienzoic amide anb-tert-butyl amide possess-ype
inhibitory activity. Unfortunately, compountt1 showed no selectivity over sodium channels.
But, compound.-8 displayed a significant improvement on selectivity over &lad K channels

with a better inhibitory activity again$ttype calcium channels.

Compoundsl-9 and1-10 showed no inhibition against seizure induced death. This could

be due to their large molecular size, which could result low water solubility and permeability.

Results forin vivoanalgesic effects of most the acte@mpoundsl-4 and1-8 in spared
nerve injury (SNI) pain models are providedrigure 1.11and1.12.
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Figure 1.11 Spared Nerve InjurySNI) rats' left hindpaw withdrawal latencies in response to

therma stimulation (Hargreaves test)
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Figure 1.12 Mechanical pain threshold assessment (von Freyofilament ¢st) of SNI rats' left
hind paws
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The tested compounds4 and 1-8 have increased thermal and mechanical thresholds
compared to vehicle. The drug actions started around 1 hodinpagtton and peaked between 2
and 3 hours, and the drug edfs gradually declined to pteeatment levels over 67 hours
(Figures 1.11and 1.12. These tested compounds produced analgesic effects on both thermal
and mechanical pain thresholds, while the-8éhicle group remained thermal hyperalgesia and
mecharcal allodynia conditionsTherefore compoundsl-4 and 1-8 have the ability to mitigate
neuropathic pain induced by Spared Nerve Injury (SNI) in mice.

1.4.3 PDI inhibition and anti-influenza activity of compounds

Table 1.7 PDI inhibition and antinfluenza activity data

Code name PDI inhibition Anti -influenza activity, ECso
(eM)
1-29 Yes 25
1-30 Yes 18.5
1-31 No 83
1-32 Yes 56
1-2 No > 20
Juniferdin | Yes (IGo: ~ 1 uM) 15

1.4.4Structure activity relationship of synthesized piperidine compounds

Compoundsl-29, 1-:30 and 132 displayed PDI inhibition while no PDI inhibition was
observed fod-31, and1-2. This suggests that nitrile groapthe upper right part of the molecule
(part A) is important for the PDI enzyme inhibition. Since nitrile group is a much smaller
functional group, it makes the entire molecule a ligand with a smaller size, which helps the
ligand to reach the active sigd bind easily. Further, the nitrile group enhances interactions

between the ligand and the PDI due to its strong hydrogen bond acceptor property. IFBaugh
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has a nitrile group in part A, part B makes1 larger. Compared to other compounds in the
seres,1-31 has a larger polar surface area and it is a relatively flat (as indicated in the minimum
energy conformation) and hydrophobic molecule. Therefore, activéigated interactions will

be difficult to locate. In additionl-2, which has an amide deative at the upper left part
showed no inhibitory activity against PDI. Incorporation of-tertyl amide and tefbutyl ester
groups ator gadbitidm @f theNtalkyl chain retained the PDI inhibitory activity.
Therefore, SAR studies suggestttthe nitrile group at the part A and ester side chain at the part
C of the molecule is important for PDI inhibitory activity.

Compoundsl-29, 1-30, 1-31 and 1-32 showed antinfluenza activity with EGp values
less than 20 uM. Among them;29 showed he best activity (2.5 uM). Though-31 did not
inhibit PDI activity, it showed aninfluenza activity of 8.3 uM. This suggests that, anti
influenza activity of1-31 is due to an effect except afDI activity. Results indicate that,
inhibition of PDI canbe used as a potential biological target for the treatment of influenza. This

confirms the siRNA knockdown assay results done by Dr. Yunjeong Kim.

Further,1-2 is neither a PDI inhibitor nor arimfluenza molecule.

1.5 Conclusion

In summary, two ifferent series of 1,4 substituted piperidine derivatives were designed

by changing three parts attached to the piperidine ring.

The first series was designed, synthesized and screened for their ability and selectivity
towards inhibition of Ttype calcium channels and inhibition of seizure induced deaths. Two hit
compounds 1-4 and 1-5) were found to possess good inhibition onyflfe C&* currents and
inhibition of seizure induced deaths. Compoudrélwas a good Fype calcium channel inhibitor
(Ca3.2 irhibition of 1Cso = 1 nM), which suppressed 86% of seizure induced death in mice

models. Two hit compounds were further tested using in vivo spared nerve injury (SNI) pain
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models. Results indicated that compouridé and 1-8 have good analgesic effects onttp
thermal and mechanical pain thresholds. This indicate that synthesizpé Talcium channel
blockers can be used for the treatment of epilepsy and pain. Further structural optimizadon of
could be used to discover more potent and selectityd calcium channel blockers for the

treatment of disorders related to this channel.

Since the crystal structure of fdéngth human PDI has not yet been resolved, it is quite
a challenge to design PDI specific small molecule inhibitors. We designed ahdssyed our
second piperidine series and screened them for inhibition of PDI anthfaurgnza activities.
Among them,1-29 was found to possess better anfluenza activity (EG = 2.5 puM).
Therefore, to develop a more potent antiuenza drug,1-29 can be used as a lead compound.
Further SAR studies hopefully will lead to identify novel PDI inhibitors for the treatment of

influenza.

1.6 Experimental section

1.6.1General experimental pocedures

Nuclear magnetic resonance (NMR) spectra vadtained from a Varian Unity plus 400
MHz Spectrometer in deuterated chloroform (Cg)Clunless otherwise informed.ow-
resolutionmass spectra were obtained from an APl 20Qe quadrupole ESMS/MS mass
spectrometer (Applied Biosystems). Chemicals were purchased from Fisher Scientific, VWR
international LLC and Chesimpex International, Inc. Column chromatography was carried out
on silica gel (200400 mesh).
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N-((1-(2-Oxo-2-(phenylamino)ethyl)piperidid-yl)methyl)benzamid€l-1)
o)
H
N
O 0
N H
KIrN
I
1-1

Step A

A mixture of 4cyano piperidineX-11) (1 g, 9.1 mmol)N-phenyt2-chloroacetamidelf
12) (1.54 g 9.1 mmol), and potassium carbonate (2.5 g, 18.2 mmol) in acetonitrile (30 mL) was
heated to reflux at 98C under argon for 8 hours. The resulting mixture was cooled and filtered
to remove potassium carbonate. The filtrate was concentratecbamdn chomatographed on
silica gel using a gradient mixture of dichloromethane and methanol (30el)easto give 2-
(4-cyanopiperidinl-yl)-N-phenylacetamide1¢13) (2.2 g, 99.7 % yield) as a white solitH
NMR (400 MHz, CDC}) d ppm 8.92 (br. s., 1H), 7.52 (d= 7.81 Hz, 2H), 7.29 (1] = 8.01 Hz,
2H), 7.08 (tJ = 7.42 Hz, 1H), 3.08 (s, 2H), 2.72.79 (m, 2H), 2.63 (td] = 3.76, 7.71 Hz, 1H),
2.44 (t,J = 8.40 Hz, 2H), 1.84 2.00 (m, 4H);**C NMR (100 MHz, CDCJ) d ppm 16783,
137.35, 128.90, 124.19, 121.22, 119.42, 62.09, 51.67, 28.80, 25.36; MS (ESI) m/z = 244.5
(M+H)*.

Step B

To a cold solution of -Z4-cyanopiperidirl-yl)-N-phenylacetamide1¢13) (0.8 g, 3.29
mmol) and MeOH (25 mL), cobalt (lI) chloride hexahydrate390g, 1.65 mmol) was added
followed by the addition of sodium borohydride (0.62 g, 16.45 mmol). After stirring for 15 hours
at 25 °C, the reaction solution was diluted with 25 mL of 5% aqueous ammonium hydroxide and
extracted three times with dichloromatte. The combined organic layer was washed with brine,
dried over anhydrous N&Qu, concentrateccolumn chromatographed on silica gel using a

gradient mixture of dichloromethane and methanol (2: 1) ehsent to give 2(4-
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(aminomethyl)piperidirl-yl)-N-pherylacetamide 1-14) (0.81 g, 80% vyield) as a colorless oil.

IH NMR (400 MHz, CDC4) d ppm 9.18 (br. s., 1H), 7.56 (d= 8.20 Hz, 2H), 7.32 (] = 7.81

Hz, 2H), 7.09 (t] = 7.42 Hz, 1H), 3.09 (s, 2H), 2.92 @= 11.33 Hz, 2H), 2.63 (d} = 5.47 Hz,

1H), 2.18- 2.30 (m, 2H), 1.78 (dJ = 10.54 Hz, 2H), 1.211.37 (m, 4H):3C NMR (100 MHz,
CDClz) d ppm 168.92, 137.78, 129.10, 124.20, 119.52, 62.50, 54.24, 48.03, 30.43; MS (ESI) m/z
= 248.2 (M+HY.

Step C

To a cold solution of 0.125 g (0.61 mmol) 2f(4-(aminomethyl)piperidirl-yl)-N-
phenylacetamidel(14) in freshly distilled dichloromethane under argon, pyridine 78 uL (0.915
mmol) was added followed by the addition of 70uL (0.61 mmol) of benzoyl chloride. The
reaction was stirred at 0 °C for &@in. and 25 °C for 3 hours. The reaction solution was diluted
with 20 mL of aqueous sodium bicarbonate and extracted three times with dichloromethane. The
combined organic layer was washed with brine, dried (anhydroeS(ya concentrated, and
column chronatographed on silica gel using a mixture of dichloromethane and methanol (10: 1)
aseluentto giveN-((1-(2-oxo-2-(phenylamino)ethyl)piperidid-yl)methyl)benzamidelf 1) (114
mg, 53%) as a white solidkd NMR (400 MHz, CDCJ) d ppm 9.85 (br. s., 1H), 995(br. s., 1H),
8.09 (d,J = 7.42 Hz, 2H), 7.79 (d] = 7.42 Hz, 1H), 7.54 7.58 (m, 2H), 7.40 7.43 (m, 2H),
7.30 (t,J = 7.81 Hz, 1H), 7.09 (t) = 7.42 Hz, 1H), 6.65 (tJ = 5.86 Hz, 1H), 3.40 (i) = 6.44
Hz, 2H), 3.31 (s, 2H), 3.08 (d,= 11.72 Hz,2H), 2.34- 2.45 (m, 2H), 1.82 (d) = 12.50 Hz,
2H), 1.66- 1.77 (m, 1H), 1.44 1.57 (m, 2H);**C NMR (100 MHz, CDC) d ppm 168.25,
167.62, 137.78, 134.63, 131.80, 129.22, 128.56, 127.19, 124.64, 119.93, 61.97, 53.68, 45.32,
35.49, 29.66; MS (ESI) miz 352.1 (M+H].

4-Hydroxy-N-((1-(2-oxo-2-(phenylamino)ethyl)piperidid-yl)methyl)benzamidel(-2)
@)
H
N
SIS
OH
N
kIrN
e
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1-2

To a solution of 0.100 g (0.28 mmol) of-(2(aminomethyl)piperidirl-yl)-N-
phenylacetamidel{14) in freshly distilled20:1 mixture of acetonitrile:DMF under argon; (4
(tert-butyldimethylsilyloxy)phenyl)(H-imidazol1-yl)methanone 1-15) 0.86 g (0.28 mmol) was
added. The reaction mixture was refluxed at 90 °C for 24 h. The reaction solution was diluted
with 20 mL of aqueons sodium bicarbonate and extracted three times with dichloromethane. The
combined organic layer was washed with brine, dried (anhydroeS(ya concentrated, and
column chromatographed on silica gel using a mixture of dichloromethane and methanol (15: 1)
as eluent to give 4hydroxy-N-((1-(2-oxo-2-(phenylamino)ethyl)piperidid-
yl)methyl)benzamide1(2) (52 mg, 51%) as a white solitH NMR (400 MHz, CDCY) d ppm
9.16 (br. s., 1H), 7.68 (d,= 8.59 Hz, 1H), 7.527.61 (m, 2H), 7.35 (d] = 7.42 Hz, 2H),7.07-
7.18 (m, 2H), 6.87 (d] = 8.59 Hz, 1H), 6.16.18 (m, 1H), 3.39 (1) = 6.44 Hz, 1H), 3.043.15
(m, 2H), 2.93 (dJ = 11.72 Hz, 2H), 2.25 (1] = 10.74 Hz, 2H), 1.81 (d} = 10.54 Hz, 2H), 1.66
(d,J=6.25 Hz, 2H), 1.371.46 (m, 2H); MS (ESlin/z = 368.4 (M+H).

N-((1-(2-Oxo-2-(phenylamino)ethyl)piperidid-yl)methyl)pyrazine2-carboxamide 1-3)

o)

H N

N N

o)A

N
N H
KITN

N0
1-3

To a cold solution of Z4-(aminomethyl)piperidifl-yl)-N-phenylacetamidel(14) (0.08
g, 0.32 mmol)in freshly distilled dichloromethane under argon, pyridine 40 pL (0.48 mmol) was
added followed by the addition of 52 mg (0.36 mmolpwfazinoyl chloride The reaction was
stirred at O °C for 30 min. and 25 °C for 3 hours. The readblution was diluted with 20 mL
of aqueous sodium bicarbonate and extracted three timeslisfttoromethaneThe combined
organic layer was washed with brine, dried (anhydrNasSQs), concentrated, and column

chromatographed on silica gel using a mgtof dichloromethane and methanol (10: 1) as eluent
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to give N-((1-(2-oxo-2-(phenylamino)ethyl)piperidid-yl)methyl)pyrazine2-carboxamide X-3)

(62 mg, 54%) as a white solitH NMR (400 MHz, CDCJ) d ppm 9.42 (s, 1H), 9.14 (br. s., 1H),

8.77 (d,J = 234 Hz, 1H), 8.53 (s, 1H), 7.867.99 (m, 1H), 7.56 (d) = 8.20 Hz, 2H), 7.33 (1]

= 7.81 Hz, 2H), 7.11 (t) = 7.42 Hz, 1H), 3.44 () = 6.64 Hz, 1H), 3.11 (s, 2H), 2.95 @ =

11.72 Hz, 2H), 2.26 (] = 10.74 Hz, 2H), 1.84 (dl = 12.11 Hz, 2H), 1% (ddd,J = 3.91, 7.32,

11.03 Hz, 2H), 1.391.49 (m, 2H);*3C NMR (100 MHz, CD) d ppm 168.64, 163.27, 147.50,
144.62, 144.45, 142.63, 137.71, 129.17, 124.32, 119.55, 62.45, 54.96, 44.85, 35.93, 30.48; MS
(ESI) m/z = 354.3(M+H).

2-(4-((2-Ox0-2-(1H-pyrrol-2-yl)ethylamino)methyl)piperidisl-yl)-N-phenylacetamidelf4)

5rY

Iz

A mixture of 2-(4-(aminomethyl)piperidiri-yl)-N-phenylacetamidel(14) (0.10 g, 0.40
mmol), 2chloroacetyl pyrroleX-16) (0.04 g, 0.28 mmy and sodium bicarbonate (0.11 g, 0.40
mmol) in a mixture of 20:1 distilled acetonitrile:DMF (5 mL) was heated to heated 4 50
under argon for 8 hours. The resulting mixture was cooled and filtered to remove potassium
carbonate. The filtrate was comteated andcolumn chromatographed on silica gel using a
gradient mixture of dichloromethane and methanol (30:1) as eluent to -¢«§20x0-2-(1H-
pyrrol-2-yl)ethylamino)methyl)piperidifiL-yl)-N-phenylacetamidel(4) (0.056 g, 56 % vyield) as
a red solid'H NMR (400 MHz, CDCJ) d ppm 9.96 (br. S., 1H), 9.19 (br. s., 1H), 7.53J¢,

1.00 Hz, 2H), 7.33 () = 1.00 Hz, 2H), 7.10 () = 7.42 Hz, 1H), 7.06 (br. S., 1H), 6.93 (&=

3.51 Hz, 1H), 6.27 (dd] = 1.00 Hz, 1H), 3.89 (s, 2H), 3.18 (s, 2HP@(d,J = 11.33 Hz, 2H),

2.64 (d,J = 6.64 Hz, 2H), 2.38 (s, 1H), 2.23 = 10.74 Hz, 2H), 1.84 (d] = 11.72 Hz, 2H),

1.62 (br. S, 1H), 1.13 1.47 (m, 2H);**C NMR (100 MHz, CDGJ) d ppm 188.59,
137.85, 130.62, 129.21 (2C), 124.89, 124R119.61 (2C), 116.03, 111.03, 62.59, 55.88, 55.00,

54.31 (2C), 35.98,31.04 (2C); MS (ESI) m/z = 355.4 (M+H) +, 377.5 (M%Na)
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(4-(Benzamidomethyl1-(2-oxo-2-(phenylamino)ethyl)piperidid-yl)methyl benzoatelf9)

Salela®
YO

Step A

To a solution of 4yanopiperidine(1-11) (0.5 g, 4.54 mmol) in 25 mL of distilled
dichloromethane under argon, distilled triethylamine (1.3 mL, 9.08 mmol) was added. While
stirring, the solution was cooled to 0 °C aneteti-butyl dicarbonate (19 g, 5.4 mmol) was
added in several portions over 15 min (bubbling observed). The resulting mixture was stirred at
25 °C for 12 h, then solvent was evaporated and the residue was purified by column
chromatography on silica gel using a mixture of dichioeethane and methanol (30: 1) as an
eluent to give terbutyl 4-cyanopiperidind-carboxylate 1-20), 0.95 g (100% yield) as a
colorless thick oil, that solidifies on standifg. NMR (400 MHz, CDCY) d ppm 3.64 (dddJ =
3.91, 7.03, 13.67 Hz, 2H), 3.31 @d = 3.71, 7.81, 13.86 Hz, 2H), 2.72.83 (m, 1H), 1.82
1.92 (m, 2H), 1.72 1.82 (m, 2H), 1.44 (s, 9H}°C NMR (100 MHz, CDGJ) d ppm 153.57,
120.48, 78.99, 40.77, 27.76, 27.65, 25.45

Step B

A solution of tertbutyl 4-cyanopiperdind-carboxylate 1-20) (0.95 g, 4.54 mmol) was
dissolved in 25 mL of dry Tetrahydrofuran (THF) and cooled -@@ °C. Lithium
diisopropylamide (LDA) (0.23 M in 20 mL, 4.54 mmol) was slowly added to the reaction over
30 min at-78 °C under amgn. A pale brown solution was obtained. Stirring continued for 2 h at
78 °C, and a solution of paraformaldehyde (0.16 g, 5.4 mmol) in 25 mL of freshly distilled THF
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was added slowly into the reaction solution while keeping the temperatui®8 &C. The
reaction mixture was allowed to reach room temperature while stirred for 15 h under argon. The
reaction mixture was diluted in 100 mL of water, saturated NaCl (50 mL) was added, and
extracted with dichloromethane three times (250 mL each). The combinedcol@ygers were
washed with brine (100 mL), driedN&SQs), concentrated, and column chromatographed on
silica gel using a gradient mixture of hexane and ethyl acetate as eluent tergiwatyl 4-
cyane4-(hydroxymethyl)piperidind-carboxylate 1-21), 0.78 g (72% yield) as a white solitH

NMR (400 MHz, CDC}) d ppm 4.10- 4.24 (m, 2H), 3.67 (d] = 6.25 Hz, 2H), 2.03 2.11 (m,

2H), 1.91- 2.00 (m, 2H), 1.60 (s, 1H), 1.46 (s, 9FC NMR (100MHz, CDCls) d ppm 154.38,
121.41 80.05 67.4Q 40.55 40.03 30.82 28.13;MS (ESI) m/z = 263.5 (M+NQ)

Step C

To a solution oftert-butyl 4-cyance4-(hydroxymethyl)piperidinel- carboxylate 1-21)
(0.49 g, 2.0 mmol) in dichloromethane (8 mL), pyridine (0.24 mL, 3.03 mmol) was added and,
the mixture wasstirred at 0 °C. Benzoyl chloride (0.25 mL, 2.0 mmol) was added and the
reaction mixture was stirred for 8 h at rt. The reaction mixture was partitioned between
dichloromethane and water and basified to pH 8 using NaHJ®@e organic layer was
separatedand the aqueous layer was extracted three times with dichloromethane. The combined
organic layers were washed with brine (10 mL), drislde£Qy), filtered, concentrated, and
purified by column chromatography on silica gel using a mixture of dichlorometiwatie
methanol (30:1) to obtain 0.21 g (86% yield) of 4mutyl 4- ((benzoyloxy)methyhs-
cyanopiperidind-carboxylate 1-22), as a yellow solid*H NMR (400 MHz, CDC4) d ppm 7.88
- 8.04 (m, 2H), 6.81 6.95 (m, 2H), 6.41 (s, 1H), 4.33 (s, 2H), 4.17J¢& 16.40 Hz, 2H), 3.10
(br. s., 2H), 2.01 (br. s., 2H), 1.53..61 (m, 2H), 1.47 (s, 9H}3C NMR (100 MHz, CDGJ) d
ppm 165.61, 160.96, 154.66, 132.33, 121.31, 120.50, 115.60, 80.74, 68.08, 38.78, 31.80, 28.52,
28.50; MS (ESI) m/z = 367 0M+Na)".

StepD:
A solution of 4((benzoyloxy)methyb4-cyanopiperidind-carboxylate {-22) (1.12
mmol) in 2 mL dichloromethane containing 10% trifluoracetic acid (TFA) was stirred at room

temperature for 1 h. The solvent was removed and the remaining solid wasn&epthigh
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vacuum to yield 0.27 g (>95% vyield) of-Gyanopiperidird-yl)methyl benzoate 1£23) as a
yellow solid.*H NMR (400 MHz, DMSGds) d ppm 8.02 (d,J = 7.42 Hz, M), 7.71 (t,J = 7.42
Hz, 1H), 7.57 (tJ = 7.62 Hz, 2H), 4.49 (s, 2H), 3.4648 (m, 2H), 3.02 () = 12.11 Hz, 2H),
2.28 (d,J = 1445 Hz, 2H), 1.92 2.02 (m, 2H):33C NMR (100 MHz, DMSGds) d ppm 165.14,
134.00, 129.51, 129.04, 128.94, 120.34, 67.24, 40.32, 36.72, 27.75.

Step E

To a soltion of (4cyanopiperidipd-yl)methyl benzoatel(23) (0.10 g, 0.41 mmol) in
dry CH:CN, N-(chloromethyljbenzamide 1-12) (57 mg, 0.41 mmol) and anhydrousGQOs
(0.17 g, 1.23 mmol) were added and refluxed at 85°C for 12 h. The reaction mixture was filtered
and evaporated to yield a yellow oil that was purified by column chromatography on silica gel
using a mixture of dichloromethane and methanol (30: 1) as eluent to egyar{dl-(2-oxo-2-
(phenylamino)ethyl)piperidid-yl)methyl benzoate1(24), 0.15 g (9% vyield). 'H NMR (400
MHz, CDCk) d ppm 8.88 (br. s., 1H), 8.048.12 (m, 2H), 7.58 7.64 (m, 1H), 7.52 7.57 (m,
2H), 7.44- 7.51 (m, 2H), 7.28 7.36 (m, 2H), 7.08 7.14 (m, 1H), 4.40 (s, 2H), 3.21 (s, 2H),
2.98 (d,J = 12.50 Hz, 2H), 2.69 (dfl = 2.34, 12.30 Hz, 2H), 2.13 (d,= 13.28 Hz, 2H), 1.77
1.86 (m, 2H);**C NMR (100 MHz, CDGJ) d ppm 167.80, 165.85, 137.42, 133.75, 129.85,
129.13, 128.69, 124.49, 120.51, 119.60, 68.34, 61.98, 50.28, 37.71, 32.17; MS (ESI) m/z = 378.5
(M+H)".

Step E

To a solution of (&yanacl-(2-oxo-2-(phenylamino)ethyl)piperidid-yl)methyl benzoate
(2-24) (0.16 g, 0.42 mmol) in 5 mL of methanol, Ce6H.O (51 mg 0.21 mmol) was added and
stirred. The reaction mixture was cooled to 0°C and sodium borohydride (88.27gmmol)
was added in several portions over 30 min. The resulting solution was stirred for 18 tCat 25
diluted with 15 mL of cold saturated NE1, 15 mL of water and extracted three times with
ethyl acetate. The combined organic layers were waslitbdonwne (10 mL), dried NaoSQu),
filtered, and concentrated to vyield 0.13 g (78% vyield) of(a@inomethyhl-(2-oxo-
2(phenylamino)ethyl)piperidi-yl)methyl benzoate1(25), as a white solid. MS (ESI) m/z =
382.2 (M+HY.
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Step G
To a solution of(4-(aminomethyhl-(2-oxo-2-(phenylamino)ethyl)piperidid-yl)methyl

benzoate¥}-25 (50 mg, 0.13 mmol ) in dichloromethane

0.24 mmol) and the mixture was stirred at O °C. To the reaction solution, benzoyl chloride (19
eL, 016 mmol) was added and the mixture was
mixture was partitioned between dichloromethane and water, and basified to pH 8 using
NaHCGQ. The organic layer was separated, and the aqueous layer was exttnastddnes with
dichloromethane. The combined organic layers were washed with brine (10 mL), dried
(NaSQy), filtered, concentrated, and purified by column chromatography on silica gel using a
mixture of dichloromethaneand MeOH (30:1) as eluent to oltad 48 mg (75% vyield) of (4
(benzamidomethyd}-(2-oxo-2-(phenylamino)ethyl)piperidid-yl)methyl benzoate 1(9), as a

white solid.*H NMR (400 MHz, CDCY) d ppm 9.30 (br. s., 1H), 8.68 (br. s., 1H), 8.11J¢,

8.20 Hz, 2H), 8.07 (dJ = 8.20 Hz, 2H), B7 (d,J = 8.20 Hz, 2H), 7.57 7.60 (m, 2H), 7.44

7.49 (m, 4H), 7.33 () = 7.62 Hz, 2H), 7.08 7.14 (m, 1H), 3.53 (d) = 5.86 Hz, 2H), 3.26 (s,

2H), 2.84 (dd,) = 4.30, 5.86 Hz, 2H), 2.742.79 (m,J = 10.54 Hz, 2H), 1.671.85 (m, 4H)*C

NMR (100 MHz, CDC§) d ppm 168.11, 167.58, 167.39, 137.53, 133.65, 133.23, 131.64, 130.04,
129.77, 128.99, 128.64, 128.35, 126.98, 124.24, 119.56, 68.40, 62.06, 49.46, 42.12, 37.00,
30.58; MS (ESI) m/z = 486.2 (M+H)

N-((4-(Hydroxymethyl}1-(2-oxo-2-(phenylamino)ethyl) piperidid-yl) methyl)benzamidel(6)
0
gelas
N H
KIrN
r o
1-6

To a solution of (4benzamidomethyl}-(2-oxo-2-(phenylamino)ethyl)piperidid-
ymethyl benzoatel9) (45 mg, 0.09 mmol) in methand.COs (130 mg, 0.93 mmol) was
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added and stirred for 2h at 26. The reaction mixture was filtered and purified by column
chromatography on silica gel using dichloromethane: metharall)(3as eluent to give
compound N-((4-(hydroxymethyl}1-(2-oxo-2-(pherylamino)ethyl)piperidird-
yl)methyl)benzamidé1-6), 25 mg (71% vyield) as a white solitH NMR (400 MHz, CDCY) d
ppm 8.96 (br. s., 1H), 7.767.85 (m, 1H), 7.5 7.62 (m, 3H), 7.42 7.50 (m, 2H), 7.34 (1) =
8.01 Hz, 3H), 7.13 () = 7.42 Hz, 1H), 2 (s, 2H), 3.67 (s, 2H), 3.22 (s, 2H), 2.63 (M
1.95, 12.30 Hz, 2H), 2.34 @,= 7.42 Hz, 1H), 2.06 (d] = 12.89 Hz, 2H), 1.631.73 (m, 4H) ;
MS (ESI) m/z = 382.2 (M+H)

(4-((2-Fluorobenzamido)methyl-(2-oxo-2-(phenylamino)ethyl)piperidid-yl)methyl benzoate
(1-10)

YO

1-10

To a solution of (4aminomethyhl-(2-oxo-2-(phenylamino)ethyl)piperidid-yl)methyl
benzoate1-25) (50 mg, 0.13 mmol) in distlichloromethane (5 mL) was added dry pyridine (19
eL, 0. 17 mmol )°C. @onthk reactian mixterel-Rlumrober2oyl chloride (27mg
017 mmo) was added and stirred for 3 h at room temperature. The reaction mixture was
partitioned between dichlomethane and water, and basified to pH 8 using NaiJ@e
organic layer was removed and the aqueous layer was extracted three times with
dichloromethane. The combined organic layers were washed with brine (10 mL) and dried
(NaSQw), filtered, concentratk and purified bycolumn chromatography on silica geting a
mixture ofdichloromethan@and methanol (30:1) as eluent to obtained 48 mg (69% yield) of (4
(benzamidomethy)-(2-oxo-2-(phenylamino)ethyl)piperidid-yl)methyl benzoate1€10), as a
white sold. *H NMR (400 MHz, CDCJ) d ppm 9.68 (br. s., 1H), 7.978.04 (m, 2H), 7.83 (d]
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= 7.42 Hz, 2H), 7.60 (d] = 7.81 Hz, 2H), 7.52 (dl = 6.64 Hz, 2H), 7.417.47 (m, 2H), 7.29
7.36 (m, 2H), 7.12 7.17 (m, 2H), 6.10 (br. s., 1H), 4.41 (s, 2H), 3(62) = 5.86 Hz, 2H), 3.48
(s, 2H), 2.92 3.08 (m, 4H), 1.85 (m, 4H}3C NMR (101 MHz, CDGJ) d ppm 167.94, 166.64,
165.24, 163.57, 137.55, 135.15, 134.59, 132.56, 132.34, 131.67, 128.94, 128.61, 126.99, 124.36,
123.95, 119.74, 117.01, 69.20, 61.52, 83942.27, 36.54, 29.72; MS (ESI) m/z = 504.2 (M*H)
2-Fluoro-N-((4-(hydroxymethyl)1-(2-oxo-2-(phenylamino)ethyl)piperididyl)methyl)benzamid

e (1-7)

O F
N
2T
Nh
klfN
O
1.7

To a solution of (4-(benzamidomethyl}-(2-oxo-2-(phenylamino)ethyl)piperidid-
ymethyl benzoate1€10) (30 mg, 0.06 mmol) in methanol,»&0z (83 mg, 0.6 mmol) was
added and stirred for 2h at 26. The reaction mixture was filtered and purified by column
chromatographwn silica gel using dichloromethane:methanol (30:1) as eluent to give compound
N-((4-(hydroxymethyl)1-(2-oxo-2-(phenylamino)ethyl)piperidid-yl)methyl)benzamide (1-7),

13 mg (55% yield) as a white solitd NMR (400 MHz, CDCJ) d ppm 9.11 (br. s., 1H),.78 (d,

J=7.81 Hz, 1H), 7.56 (d] = 7.81 Hz, 2H), 7.417.48 (m, 2H), 7.33 () = 7.81 Hz, 2H), 7.08

7.22 (m, 1H), 6.78 (d, J = 5.47 Hz, 1H), 3.49Jd& 6.25 Hz, 2H), 3.46 (s, 2H), 3.14 (s, 2H),

2.61 (dd,J = 7.03, 11.33 Hz, 4H), 1.601.68 (m, #); *C NMR (100 MHz, CDG) d ppm

169.11, 168.47, 137.50, 133.73, 131.93, 129.04, 128.72, 126.96, 124.27, 119.50, 65.83, 62.31,
49.74, 37.00, 30.91; MS (ESI) m/z = 400.0 (M+H)

N-((1-(2-(tert-Butylaming-2-oxoethyl)piperidind-yl)methyl)benzamidel(-8)
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Step A

A mixture of 4cyano piperidineX-11) (1 g, 9.1 mmol)N-tert-butyl-2- chloroacetamide
(1-26) (1.35 g, 9.1 mmol), and potassium carbonate (2.5 g, 18.2 mmol) in acetonitrile (30 mL)
was heated to reflux under argon for 9 hours. The resulting mixture was cooled and filtered to
remove potassium carbonate. The filtrate was concentrated and crgdtédtim ethyl ether to
give N-tert-butyl-2-(4-cyanopiperidiAl-yl)acetamide 1-27) (1.82 g, 90 % yield) as a white solid.
'H NMR (400 MHz, CDCJ) d ppm 2.89 (s, 2H), 2.682.78 (m, 2H), 2.3%1 2.44 (m, 2H), 1.93
2.03 (m, 2H), 1.8% 1.93 (m, 2H), 1.355, 9H);3C NMR (100 MHz, CDGCJ) d ppm 168.88,
121.47, 62.50, 51.82, 50.61, 29.10, 28.85, 25.72; MS (ESI) m/z = 346.3 (M+Na)

Step B

To a cold solution oN-tert-butyl-2-(4-cyanopiperididyl)acetamide {-27) (0.7 g, 3.1
mmol) and MeOH (20 mL), cobaltl) chloride hexahydrate (0.37 g, 1.6 mmol) was added
followed by the addition of sodium borohydride (0.53 g, 14.1 mmol). After stirring for 15 hours
at 25 °C, the reaction solution was diluted with 25 mL of 5% aqueous ammonium hydroxide and
extracted thre times with dichloromethane. The combined organic layer was washed with brine,
dried over anhydroudaxSQs and concentrated to give-(2-(aminomethyl)piperidid-yl)-N-
(tert-butyl)acetamide1-28) (0.65 g, 90% vyield) as a crude product, which was uséeimext
step without further purificationtH NMR (400 MHz, CDCJ) d ppm 7.07 (br. s., 1H), 2.86 (s,
2H), 2.81 (br. s., 1H), 2.61 (d,= 6.25 Hz, 1H), 2.12 (t) = 11.13 Hz, 2H), 1.74 (dl = 11.72
Hz, 2H), 1.35 (s, 9H), 1.171.25 (m, 2H) ; MS (ESI) m/z = 228.3 (M+H)

Step C
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To a cold solution of 0.20 g (0.88 mmol) of(£(aminomethyl)piperidin |-yl)-N-(tert-
butyl)acetamide in freshly distilled dichloromethane under argon, pyridir®2 mmol) was
added followed by the addition of 0.12 g (0.88 mmol) of benzoyl chloride. The reaction was
stirred at O °C for 30 min. and 25 °C for 2 hours. The reaction solution was diluted with 20 mL
of aqueous sodium bicarbonate and extracted three tivit dichloromethane. The combined
organic layer was washed with brine, dried (anhydrasSQu), concentrated, and column
chromatographed on silica gel using a mixture of dichloromethane and methanol (10: 1) as eluent
to give N-((1-(2-(tert-butylamino}2-oxoethyl)piperidind-yl)methyl)benzamide 1(8) (0.15 g,

51% yield) as a Wite solid. 1H MR (400 MHz,CDG) u = 7. 77 (d, J= 7. 4
7.45 (t, 2H), 7.1 (s, 1H), 6.38 (br. s., 1H), 3.37 (t, J= 6.4 Hz, 2H),-27/D (m, 6H), 2.12 (t, J=

11.3 Hz, 2H), 1.77 (d, J= 12.5 Hz, 2H), 1587 (m, 1H), 1.36 (s, 9H). MS (ESI) m/z = 354
(M+Na) *.

Tert-Butyl 4-cyano4-((4-hydroxybenzoyloxy)methyl)piperiding-carboxylate 1-29)
o)
jon
9]
HO
N
P

1-29

To a solution oftert-butyl 4-cyanae4-(hydroxymethyl)piperidinel- carboxylate 1-21)
(0.025 g, 0.104 mmol), EDC (0.025 g, 0.208 mmol) and DMAP (0.030 g, 0.156 mmol) in
dichloromethane (10 mL), a mixture @4-(tert-butyldimethylsilyloxy)phenyl)(1-imidazot1-
y)methanone X-15) 0.038 g (0.125 mmol) in dist. DMF (1 mL) was added. The reaction
mixture was stirred under argon at Z5for 28 h. The reaction solution was diluted with 50 mL
of dichloromethane and neutralized to pH 7 using 10% hydrochloric acid solution. Aqueous layer
was extracted three times with dichloromethane. The combined organic layer was washed with
brine, dried (anhydrous N8&Qy), concentrated, and column chromatographed on silica gel using

a mixture of dichloromethane and methanol (30: 1) as eluent totgitvbutyl 4-cyano4-((4-
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hydroxybenzoyloxy)methyl)piperiding&-carboxylate 1-29) (0.21 g, 56.3%) as a white salidH
NMR (400 MHz, CDC}) d ppm 7.90 (d,J = 8.59 Hz, 2H), 6.86 (d] = 8.59 Hz, 2H), 4.28 (s,
2H), 3.583.61 (m, 4H), 1.96 2.01 (m, 2H), 1.54 1.58 (m, 2H), 1.42 (s, 9H}3C NMR (100
MHz, CDCk) d ppm 165.89, 162.23, 154.68, 132,292172, 120.44, 115.728043, 68.13,
41.09, 28.59, 25.95, 25.82.

(1-(2-(tert-Butylamino)-2-oxoethyl}4-cyanopiperidird-yl)methyl 4hydroxybenzoatel¢30)
o)
O
o %jc

LGN
1-30
Step A
A solution oftert-butyl 4-cyane4-(hydroxymethyl)piperidinel- carboxylate 1-21) (0.02
g, 0.06 mmol), in 2 mL dichloromethane containing 10% trifluoracetic acid (TFA) was stirred at
room temperature for 1 ffhe solvent was removed and the remaining solid was kept under high
vacuum to yield 0.014 g (>95% vyield) of(Bydroxymethyl)piperidinel-carbonitrile (-33) as a

yellow solid.

Step B

To a solution of 4hydroxymethyl)piperidinel-carbonitrile (-33) (0.07 g, 0.48 mmaol),
and potassium carbonate (0.13 g, 0.95 mmol) in acetonitrile (10 miN)tert-butyl-2-
chloroacetamidelf26) (0.85 g, 0.57 mmol), was heated to reflux under argon for 9 hours. The
resulting mixture was cooled and filtered to removeagsium carbonate. The filtrate was
concentrated and column chromatographed on silica gel using a mixture of dichloromethane and

methanol (30:1) as eluent to givdl-tert-butyl-2-(4-cyanae4-(hydroxymethyl)piperidinl-
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yl)acetamide(1-34) (0.10 g, 83.3 % yieldas a white solid*H NMR (400 MHz, CDCJ) d ppm
6.91 (br. s., 1H), 3.62 (s, 2H), 2.90 (s, 2H), 2.8Q)(d,12.11 Hz, 2H), 2.412.49 (m, 2H), 1.95
(d,J=12.11 Hz, 2H), 1.56 (df, = 3.51, 12.89 Hz, 2H), 1.33 (br. s., 1H), 1.30 (s,;MS (ESI)
m/z =254.2(M+H)", 276.2(M+Na)".

Step C

To a solution of 0.09 g (0.38 mmol) ofN-tert-butyl-2-(4-cyane4-
(hydroxymethyl)piperidinl-yl)acetamide (1-34) in distiled DMF under argon, {@ert
butyldimethylsilyloxy)phenyl)(1Hmidazol1-yl)methanone 1-15) 0.86 g (0.28 mmol) was
added. The reaction mixture was refluxed at 110 °C for 24 h. The reaction solution was diluted
with 20 mL of aqueous sodium bicarbonate and extracted three times with dichloromethane. The
combined organic layer was washed with brideed (anhydrous N&Qs), concentrated, and
column chromatographed on silica gel using a mixture of dichloromethane and methanol (30: 1)
as eluent to give (1-(2-(tert-butylamino}2-oxoethyl}4-cyanopiperidird-yl)methyl 4
hydroxybenzoatg1-30) (11 mg, 474%) as a white solidH NMR (400 MHz, CDCJ) d ppm
7.87-7.99 (m, 2H), 6.91 (br. s., 1H), 6.88.89 (d,J = 8.59 Hz, H), 4.34 (s, 2H), 2.98s, 2H),
2.86 (d,J=9.76 Hz, 2H), 2.492.59 (m, 2H), 2.042.11 (m, 2H), 1.67 (m, 2H), 1.36 (s, 9H)

(1-(2-(tert-Butylamino)-2-oxoethyl}4-cyanopiperidird-yl)methyk-4-(2-(tert-butylamino)2-
oxoethoxy)benzoatel {31)

X“foﬁ Eﬁ

N
\r“1<
(@)
1-31

Step A
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A solution of tert-butyl 4-cyanoe4-((4-hydroxybenzoyloxy)methyl)piperiding-
carboxylate (1-29) (0.076 g, 0.21 mmol), in 2 mL dichloromethane containing 10%
trifluoracetic acid (TFA) was stirred at room temperature for 1 h. The solvent was removed and
the remaining solid was kept under high vacuum to yield 0.054 g (>95% vyield)-of (4
cyanopiperith-4-yl)methyl 4hydroxybenzoatel¢35) as a yellow solid.

Step B

To a solution of (4&yanopiperidird-yl)methyl 4hydroxybenzoatelf35) (0.025 g, 0.096
mmol), and potassium carbonate (0.03 g, 0.23 mmol) in acetonitrile (10 Mit@rt-butyl-2-
chloroacetamidelf26) (0.017 g, 0.12 mmol), was heated to reflux under argon for 9 hours. The
resulting mixture was cooled and filtered to remove potassium carbonate. The filtrate was
concentrated and column chromatographed on silica gel using a nmokishloromethane and
methanol (30:1) as eluent to give -(@&(tert-butylamino}2-oxoethyl}4-cyanopiperidind-
yl)methyl4-(2-(tert-butylamino}2-oxoethoxy)benzoatel{31) (0.019 g, 84.3 % yield) as a white
solid. *H NMR (400 MHz, CDCJ) d ppm 8.05 (d,J = 8.98 Hz, 2H), 6.96 (d] = 8.59 Hz, 2H),
6.80 (br. s., 1H), 6.28 (br. s., 1H), 4.42 (s, 2H), 4.35 (s, 2H), 2.97 (s, 2H); 2.84 (m, 2H),
2.55 (t,J = 11.33 Hz, 2H), 2.09 (dl = 12.89 Hz, 2H), 1.68 (df = 3.71, 12.79 Hz, 2H), 1.39 (s,
9H), 1.34 (s9H); 13C NMR (100 MHz, CDGCJ) d ppm 168.8, 166.4, 165.3, 161.3, 132.2, 122.8,
120.7, 114.7, 68.4, 67.6, 62.2, 51.6, 50.7, 50.1, 37.8, 32.2, 28.9,M2B.8&ESI) m/z =487.3
(M+H)*,5093 (M+Na)".

(4-Cyaro-1-(2-oxo-2-(phenylamino)ethyl)piperidid-yl)methyl 4-hydroxybenzoatel¢32)
o)
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Step A

To a solution of (&yanopiperidird-yl)methyl 4hydroxybenzoatel(35) (0.067 g, 0.47
mmol), and potassium carbonate (0.13 g, 0.95 mmol) in acetonitrile (10 mij},
(chloromethyl)benzamide (0.097 g, 0.57 mmol), was heated to reflux under argon for 8 hours.
The resulting mixture was cooled and filtered to remove potassium carbonate. The filtrate was
concentrated and column chromatographed on silica gel using a mokuichloromethane and
methanol (30:1) as eluent to give -(2cyance4-(hydroxymethyl)piperidial-yl)-N-
phenylacetamidel(36) (0.11 g, 82.7 % yield) as a white solitH NMR (400 MHz, CDCJ) d
ppm8.93 (br. s., 1H), 7.507.59 (m, 2H), 7.34 (1) = 8.01Hz, 2H), 7.08 7.16 (m, 1H), 4.22 (s,
1H), 3.70 (s, 2H), 3.20 (s, 2H), 2.96 M= 12.50 Hz, 2H), 2.62 (dt] = 1.95, 12.30 Hz, 2H),
2.05 (d,J = 13.28 Hz, 2H), 1.68 (df] = 3.51, 12.89 Hz, 2H)MS (ESI) m/z = 274.3 (M+H)
296.0(M+Na)".

Step B

To a solution of 0.088 g (0.38 mmol) ofN-tert-butyl-2-(4-cyane4-
(hydroxymethyl)piperidinl-yl)acetamide (1-34) in distiled DMF under argon, {@ert
butyldimethylsilyloxy)phenyl)(1Hmidazol1-yl)methanone 1-15) 0.117 g (0.28 mmol) was
added. The reactiomixture was refluxed at 85 °C for 24 h. The reaction solution was diluted
with 20 mL of aqueous sodium bicarbonate and extracted three times with dichloromethane. The
combined organic layer was washed with brine, dried (anhydroeSQia concentrated, ah
column chromatographed on silica gel using a mixture of dichloromethane and methanol (30: 1)
as eluent to give (4-cyancl-(2-oxo-2-(phenylamino)ethyl)piperidid-yl)methyl 4
hydroxybenzoat€1-32) (26 mg, 41.1% calculated based on recovered startingiaiptes a
white solid.*H NMR (400 MHz, CDC4) d ppm 7.97 (d,J = 8.59 Hz, 2H), 7.54 (d] = 7.42 Hz,
2H), 7.34 (tJ = 7.81 Hz, 2H), 7.10 7.17 (m, 1H), 6.91 (d] = 8.59 Hz, 2H), 4.37 (s, 2H), 3.23
(s, 2H), 2.95 3.02 (m, 2H), 2.68 () = 11.33 Hz, ®), 2.14 (d,J = 12.89 Hz, 2H), 1.731.83
(m, 1H)} MS (ESI) m/z = 394.§M+H)™.
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Chapter 2 - Design, synthesis and bi@valuation of novel peptide
based calcitonin genérelated peptide receptor antagonists for the

treatment of inflammatory pain

2.1Introduction

Pain can be described as an unpleasant sensational experience which warns individuals
about harmful environmental stimuli or about harmful physiological chaAgesrding to the
I nternati onal Association for the Study of P
emotional experience associated with actual or potential tissue damage, or described in terms of
such damageo. Al t hou g hsigpifegantnsocialsand rapriomi€ @utden lon it
the person as well as to the society. Therefore, various therapeutic methods are available to treat
pain such as neapioid analgesics (such as nonsteroidal-enfilammatory drugs (NSAIDs), e.qg.
aspirin), opioid aalgesics (e.g. morphine), antidepressants (e.g. amitriptyline), anticonvulsants
(e.g. gabapentin and pregabafinpespite a wide number of treatment options available,

management of pain still remains a problem due to their less effectivity and safety issues.
2.2 Background

Based on the pathophysiological mechanism, pain is mainly dividedwo types as
nociceptive pain and neuropathic paiNociceptive pains a warning signal of tissue damage,
which is caused by an accidental injury, inflammation or surgery 8leuropathic pain,
however, is caused by a damage to the peripheral or the central nervous?dysteoeptive
pain can be divided further intawo types asomaticandvisceralpain based on the location of
activated nociceptors (nociceptive receptdr§omatic pairis caused by the activation of
nociceptors in the skin, or deep tissues such as bone, muscle or connectiveMiisseral pain

however, is caused by the activation of nociceptwrated in the internal organs of the bddy.
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In nociceptive pain, tissue damage can be caused by stimuli such as a strong mechanical
pressure, extreme heat, extreme cold, chemical damage, etc and thg gensors for such
stimuli in the body are called peripheral nociceptive neut8rReripheral nociceptive neurons
are first order neurons and are located in the trigeminal and dorsal root ganglia®(DiR).
giverisetomyelint ed ( Al) and u nrfibeysy Ndciceptiveenduroasxeteass a ( C
broad range of neurotransmitters such as glutamate, substance P, calcitomeglajedgeptide
(CGRP), somatostatin which are important in the pain signaling path&gies performed in
several animal models also support the idea that CGRP has a key role in the pain pathology.
Further, studies have shown that blocking the function of calcitonin gene related peptide (CGRP)
by the use of CGRP receptor antagonists can regase!! Therefore, the use of CGRP

receptor antagonists has been identified as an attractive approach for the treatment of pain.

Somatosensory cortex

Thalamus

Dorsal horn Trigeminothalamic pathway

Dorsal root ganglion

2" order neuron
Free |
nerve -
endings /15t order neuron
(peripheral nerve)

Figure 2.1 Schematic diagram of trigeminothalamic pain signaling pathay.

2.2.1 Calcitonin generelated peptide (CGRP)

Inflammatory mediator, calcitonin gemelated peptide (CGRP) is a -8mino acid
neuropeptidé®!® It belongs to the calcitonin family which also includes calcitonin,
adrenomedullin, amylin, and intermedin (adrenomedi@)ik**° Calcitonin and calcitonin gene
related peptide (CGRP) are both encoded B OGRP gene, which is located at chromosome 11
in humang® Tissue specific alternative splicing of RNA leads to two different mRNAs called
CT and CGRR transcripts™’ CT mRNA predominates in the thyroid to encode hormone CT
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while CGRRspecific mRNA predominates in the hypothalari# CGRP ismainly expressed

in the A0 and C sensory fibers, trigeminal i
nervous systertf CGRP commonly c@xists with other neurotransmitteéfst’ In perivascular

sensory nerves CGRP-eaist with neurotransmitters such as substance P and in motor neurons,

CGRP ceexist with neurotransmitters such as acetylchdifne.

There are two isoformCGRPesQGRA'CGIRP|s cal | ¢
encoded byth€ ALC | gene i n neOQGR®isaricodedibysasGAECSIiganki | e
in specific neuronal sites such as medullary thyroid in huriidri$.t i s f ouQGRP t ha't
di f fers-CfGGRRPm bryatonfe ami no-CGRPddiwhi & es-GdRMam Kur
by three amino acid$:!” In fact, the biological activities of these two isoforms are proved to be
very similar®1>17Although, these two isoforms are found to belaxalized in most neurons,

i mmunohistol ogi cal sCGRA is oredomiramly expessanwsansoty h a t U

neur on sCGRR is éxpresged preferentially in motor neuréng!’20

Human o- CGRP ACDTATCVTH RLAGLLSRSG GVVKNNFVPT NVGSKAF
Human B- CGRP ACNTATCVTH RLAGLLSRSG GMVKSNFVPT NVGSKAF

Figure22Ami no aci d s e qUCeGRcPe saC®@RPbh uman U

CGRP peptide forms a CGy8ys disulfide bonded loop structure between residues two
and seven in the ferminus, which is found to be essential for the receptor activitiBasidue
8 to 18 t h-ehelix, fwhichrssfoura o bé& importam the receptor binding?
Another key structural feature in CGRP is thée@ninal amide group'

—— SR
activity affinity affinity




Figure 2.3 Proposed funabnal regionsofth@e r i mary structure 1@f human

A wide distribution of CGRP has implicated its wide range of biologically important
functions. CGRP has found to play important roles in cardiovascular, digestive, and sensory
functions!® CGRP is one of the most potent vasodilators known and involved in reducing blood
pressuré! In the cardiovascular system, CGRP increases heart’riteaddition, CGRP is
involved in the thermoregulation, regulation of calcium metabolism and insulin secretion, and
reduction of gastric acid secretion in the bétlin the central nervous system, CGRP modulates
the sensory and motor systertisereby regulate pain perceptibn.It is reported that in the
peripheral nervous system, CGRP modulate acetylcholine receptor function at the neuromuscular
junction as well as induces degranulation of dural mast cells and thereby releasing pro
inflammatory agents that mediate sensitizati§ trigeminal nociceptorS:!’It has been found
that theCGRPgene is upregulated by factors such as nerve growth factor (NGF) and tissue
inflammation, and CGRP is released from nerves in response to several stimuli, such as capsaicin
and low pH, proteinasactivaed receptor (PAR activation), and mediators (eg, kinins and
prostaglandinsj® Clinical studies have shown that CGRP is involved in the development of
neurogerg inflammation and the level CGRP is upregulated in inflammatory pain, neuropathic

pain and migraine pain conditioftst&:23

2.2.2 The calcitonin gene related peptide receptor

CGRP receptor is a heterodimeric complex consisting of a g¢eaesmembrane domain
protein called calcitonin receptbke receptor (CLR) and a receptactivity-modifying protein
(RAMP1)2* CGRP receptor requires another accessory protein called receptor component
protein (RCP) for its downstream signaling pathw®y$. These receptor components are
expressed in peripheral and central nervous systems as well e itrigeminovascular,

cardiovascular, gastrointestinal, respiratory, musculoskeletal and endocrine Systefhs.
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Plasma membrane

RAMP1

Intracellular @ (o

Figure 2.4 Representative cartoon structure of CGRP recegptor

Calcitoninlike receptor (CLR ) is a member of secretin family (faniBlyof G-protein
coupled receptors (GPCR&)Hence it is homologous to the receptors for calcitonin (CTR),
glucagon, secretin, vasoactive intestinal peptide (VIP), parathyroid hormone (PTH),
corticotropinreleasing factor (CRF), piitary adenylate cyclasactivating peptide (PACAP) and
growth hormone releasing hormoffelt has been suggested that thetekminus of CLR is
determining the specificity of CLR for CGRP binding and CGRP mediated signaling, waile th
transmembrane and short-t€minus have been suggested to be important in RAMP
interactionst>2%2*Based on mutagenesis studies, it is suggested that these CLR extracellular N

terminal residues are crucial flmrming the functional CGRP receptdr.

Receptor Activity Modifying Protein 1 (RAMP1) is a single transmembrane protein with
a large extradiilar N-terminus and a short intracellulart€minus?®243! Crystal structure of
RAMP1 domain shows tWhR3)e, adlpihgneice |ri awgh |(WRder
UC1 o f*23CheiR .are 91 amino acid residues in the extracellukeriinal region of
RAMP1, including the first RAMP1 helix, UR1,
to V513234t is followed by a short loomonsising of residues E53 to L55 (loep), which
c onn ehelicess 1 4hd 2**Hel i x UR2 is formed by residues |
parallel to the other two helicé$>* According to the crystal structure of RAMP1, residues R67,
D71, W74 and E78 are important in ligand bindhd hey are | ocatxd at t

Another importahresidue W84 is located on a loop (ledp bet ween the UR2 an
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with its side chain oriented in the same direction as W74 to form a hydrophobic Potket.

final helix, UR3 is f or M&hecrystal strueuseiotRAMRL hdve o m A
further revealed that extracellulartbirminalregion has three disulfide between €282, C40

C72 and C57C104 which are important to stabilize RAMP1's three helix topotdéyin

addition, RAMP1's transmembrane domain has 22 residues which has been suggested to be
important in RAMPreceptor interaction®:% Intracellular G terminus of RAMP1 consists of

residues 105117 (PISGRAVRDPPGS) which acts as an endoplasmic reticulum retention
signal®?3*Removal of this tail ifound to result in CLRindependent transport of RAMP1 to the

cell surface’?33

Figure25The expanded portion shows the crystal S
(RAMP127107). PDB code: 2YX8&

The third component related to CGRP receptor, called r@cemmponent protein
(RCP), is an intracellular peripheral membrane protein, which is expressed in CGRP responsive
tissues2It is reported that, RCP has several conserved sites for phosphorylation, suggesting
that RCP function may be regulated by phosphorylatiovivo.®* Data obtained from cell lines
that express antisense RCP RNA, have shown that the RCP protein expression correlates with
the CARP mediated signal transductitt®3!It is also suggested that RCP is not to be a
chaperone but it behaves more like a coupling prot®® CGRP receptor for signal
transductiort! Further, ceimmunoprecipitation studies suggest that RCP directly interacts with
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CLR via ionic interactiond®>?®3'However, he nature of the coupling mediated by RCP is still
unclear.

2.2.3 The role of CGRP and CGRP receptors in the induction and maintenance of
pain

When a tissue injury occur s, a compl ex i
in the damaged tissue area remove the corresponding harmful stimulus and avoid further
damagée:® As an inflammatory response, a broad range dhimhatory mediators such as
glutamate bradykinin prostaglandinshistamineg nerve growth factor (NGFpsubstance P (SP),
calcitonin geneelated peptide (CGRPWitric oxide (NO), cytokines, etc. is released by different
cell types in response to tissigury.*® These inflammatory mediators are believed to excite the
peripheral teminals of nociceptive neuronthereby gearate action potentials, or facilitate the
firing of the nociceptors, thereby resulting peripheral sensitiz&fid@tudies have shown that
electrical stimulation of a peripheral nerve generates action potentials which helps generating
dorsal root reflex (DRR) in adjacent peripherarve fibers®3” This dorsal root reflex is

assumed to propagate the neurogenic inflammatory response from the site &fitfjury.

pain signal

first order neuron

+ CGRP

* Glutamate
Substance P
Prostaglandins

.
* . * Dorsal horn af the Spinal cord

' second order neuron

pain signal

Figure 2.6 Role of CGRP in the central sensitization.
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Further, studies suggest that dorsal root reflex cause releases of CGRP from peripheral
terminals of AU and C fibers, which i &#%¥assume
In the spinal dosal horn, CGRP increases sensitivity of seeorter neurons to the sensory
impulses from first order neurons thereby increases excitability of second order rfetiniss.
enhanced response in the pain transmission obneun the central nervous system (from dorsal
horn of the spinal cord to the somatosensory area of the cortex) is known as central sensitization

and it lowers pain threshold (hyperalgesia) and causing inflammatoryafiaitynig).®

2.2.4 Pain inhibition by CGRP antagonists

Studies have shown that blockitige effects of CGRP, either with the small molecule
CGRP antagonists (such as BIBN4096BS) or peptide based CGRP antagonists ( suchsas CGRP
37), reduced inflammatory pain in animal mod&& Yu et al. have demonstrated that intrathecal
administration of CGRR87 induces antinociceptive effects and increases pain thresholds in rats
with inflammation® Hirsch et al have demonstrated that the intravenous administration of the
smalltmolecule CGRP antagonist BIBN4096BS reversed mechanical hypersensitivity in rats
which was induced by compl et € Farthes, LY2051342 adj uv
which is a high affinity, neutralizing antibody to CGRP have shown inhibitory effects in CGRP
mediated induction of cAMP in SKI-MC cellsin vitro and capsaickinduced dermal blood

flow in the rat'3

2.2.5 Repored peptide based CGRP receptor antagonists

The first CGRP receptor antagonist has been developed by-tienihal truncation of
the first seven amino acids of the natural CGRP pefitifiis CGRP(837) fragment, which has
a of HoN-V-T-H-R-L-A-G-L-L-S-R-S-G-G-V-V-K-N-N-F-V-P-T-N-V-G-S-K-A-F-CONH:>
blocks the CGRP binding to the CGRP receptor in a competitive m&fideven though
CGRP(837) has shown a Kz of 4.87 nM and a binding affinity K o f 3. vivoM, [ S
development was not successful due to the shodifelftyz). Further, CGRP(7) was found
to be a weak antagonist toradomedullin receptors AM1 and AM2 as w&llAnother N

68



terminal truncated fragment CGRP{37) was shown to be a selective, competitive and
reversible CGRP receptor antagonist, but with less potengy @iC3 pM).*® However, the
affinity of CGRP(2737) has been optimized with substitutions at residue positions 29, 31, 34,
and 35224 NMR spectroscopy of Asp31, Pro34, Phe3%-human CGRP(2B7) analog has
shown ao-turn centered at Pro34 and ae@minal helical turn in the bioactive conformatitSrit

is suggested that these turns help the structure to orient critical residues (T30,V32 and F37)

appropiately in the receptor bindirfg.

Receptor binding studies showed &f 14 nM for [Asp31, Pro34, Phe3%-human
CGRP(2737) while 19 nM for Asn31, Pro34, Phe3%-human CGRP(2B7)? However,
[Asp31,Pro34,PH&5]-human CGRP(287) has shown a very short héfe. It is suggested that
Asp is more susceptible to be degraded by protéasAsother study has shown that
[Aib29,Asp31,Pro34,Phe35]CGRP(37) has a Kof 0.002 +0.001 nM? This highest affinity
is explained by its hydrophobic nature at residue 29 which stabilizes the secondary structure of
the peptide® Despite improvements in receptor potency, these CGRP peptid@mistaguffer
from poor metabolic stability.

2.3 Molecular design, synthetic routes and bievaluation methods

2.3.1 Molecular design

The aim of this research was to design and synthesis high affinity CGRP antagonists
possibly with an increased plasstability. Since the literature evidences showed that CGRP(27
37) fragment has CGRP receptor antagonist activity, we chose this undecane peptide for further
modifications. We synthesized a series of five different peptides. In order to improve binding
affinity, we replaced Ser34 with Pro and Lys35 with Phe as [P34, F35]CGRP(Zfagment
was shown to have a better binding affinity, 6 19 nM. Second analogue [I28, P34,
F35]CGRP(2737) was designed by replacing Val28 with lle to maintain the hydrophalice
of the peptide. Third peptide, [P34, F35]CGRR&H was designed to identify the importance
of Asn26 in the receptor binding. Forth peptide, [W27, P34, F35]CGRP{RWas designed by
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replacing Phe with Trp to maintain hydrophobicity. Peptide 5 wal3 amino acid peptide,
[D25,P34, F35]CGRP(237). Replacement of Asn25 with Asp was expected to have favorable
hydrogen bonding interactions and to have a high affinity to the receptor.
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Figure 2.7 Synthesized CGRP receptor antagonatso 2-5.
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2.3.2 Peptide synthesis

The linear CGRP peptide antagonist analogues were prepared by automatptas®id
peptide synthesis (SPPS) using a Rink amide resin. TheadRirde resin was chosen because it
provides Gterminus peptides capping with amino function. First step of the peptide synthesis
was the removal of -&luorenylmethyl carbamate (Fmoc) protecting group by a nucleophilic
base, piperidine (20% in DMF) via a leasmduced beta elimination. Removal of the Fmoc
proecting group was monitored by the formation ofpbyduct, 9(N-piperidylmethyl)fluorine
using mass spectrometry. The resulting free amine was coupled with the first amino acid. Peptide
coupling on the r@n was carried out using the corresponding Fmoc protected amino acid, a
coupling reagent HATW1-[bis(dimethylamino)methylenelH-1,2,3triazolo[4,5
b]pyridinium3-oxid hexafluorophosphate), and a base diisopropylethylamine (DIEA). DMF was
used as the saint. Completion of the peptide bond formation was monitored by a ninhydrin
test. The resulting protected peptide resins were deprotected and cleaved from the resin using
trifluoroacetic acid/thioanisole/thiocresol (90:5:5 v/v). The crude peptides werkeguboy
reversephase higtperformance liquid chromatography (HPLC) using a C18 column with
water/acetonitrile gradient containing 0.1% trifluoroacetic acid. The identity of the peptides was
confirmed by a highresolution mass spectrometry (HRMS) recordeda Waters GXS QTof

mass spectrometer.
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Scheme2.1 A representative synthesis of CGRP receptor antag@nsst,
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aminomethyl)phenoxy resin

9-(N-piperidylmethyl)fluorine

Scheme2.2 Mechanism of deprotection of Fm@ecotected Rink amide resin

73




2.3.3 Bioevaluation

Bio-evaluation studies were performed in our collaborator Ri. n mi n ( Si mon)

laboratoryat AfaSci Research Laboratory in Redwd@ity, California.

2.3.3.1Binding assay

Binding assays on human CGRP1 membrane were performed according to a reported
procedure! Experiments were perforrden duplicate or triplicaterepeated twice and data are
presented as mean + SD. Nonspecific binding was determined by using 1 uM of rat CGRP
peptide. 1Go values and hillslope values were determined by using the program
Graphpad/PRISM. Inhibition constant;,Kfor each peptide was Icalated using a reported
formula>? K; represents the concentration of competiggnd in a competition assay which

would occupy 50% of the receptors (1 pM) if no ligand were present.

2.3.3.2 Effectof peptide 23 and 24 on rats facial pain

CGRPepti desd effectivity against pafiben sens:
pain testing. Au fiber and C fiber nerves ar
sensory cortex of braitt.Si nc e AU myelinhtedry tisey teansmit pain signals faster than
unmyelinated C fibers® An electrocutaneous stimulation was used to induce inflammation in
r a tefsoheeks.

For the facial thermal pain threshold assessment, WT Spawiey male rats (~ 220 g
- 240 g) were used. Prior to electrocutaneous facial stimulation, rats were habituated individually
in a tipless decapicone for 15 minutes and baseliremal pain thresholds measured on the rats'
depil ated | eft cheeks via A fiber and C fib
using Yeomans' thermal testing lamp and the lamp was set 7 cm above depilated left cheek of
rat>* Voltage of the regulator was set to 90V and 46W A-delta fiber pain testing and for C
fiber pain testing respectively. A cutoff of 6 seconds and 20 seconds was satdlta Aiber and

C fiber testing respectively. Then an electrocutaneous facial stimulation (0.4mA intensity, 10ms
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duration, 1s intepulse interval) was applied to each rat to induce inflammation. After 24 hours,
thermal pain thresholds of each rat were reassessed. Then, each rat was treated with synthesized
peptides (1 uM, n=6 rats/group) or vehicle (0.9% NaCl; n=2 rats) intrangsally. Thermal
thresholds in response to thermal pain stimulus were measured once every 0.5 hr for the first 3
hours postdosing, and 4, 5, and 6 hr pakising.

2.4 Results and Discussion

2.4.1 Binding affinity results of CGRP peptide fragments angbeptide 23 on human

CGRP receptor membranes

Results for binding affinities of CGRP peptide fragments and pept8leo2 human
CGRP receptor membranes are providetahle 2.1below.

Table 2.1 Binding affinity of peptides on hCGRP receptor.

Compound | Hillslope Ki(nM)
CGRP2737 | 1.62+0.25| 697.4+51.0
CGRP837 | 1.21+0.20| 59.8+0.4
rat CGRP | 0.80+0.07| 8.9+1.0
2-3 1.20+0.02| 33.3%0.4
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2.4.2 Synthesized CGRP peptide effects on

2. 4 . 2 thdrmaRpain test

® Peptide 2-3

7 —@— Peptide 2-4

—(O— 0.9% NaCl vehicle

Withdrawal Latency (s)
o = N w B [Oa) (o)}
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&
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Figure 2.8 At thermal pain threshold assessment of rats' depilatechieéks

Prior to electrocutaneous facial stimulation, rats showed baseline thermal pain threshold
value of 4.9 St 0.05 in the Al fiber pain testing. A 24 hour after electrocutaneous facial
stimulation, rats showed reduced pain thresholds of 2.3 £ 0.2 s, confirming the hyperalgesia.
After 0.5 h of treatment of CGRP peptide82rats exhibited increased thermal p#ireshold
value of 3.4 £ 0.05 s and maintained that value up to 2 h. After 3 h post I.N. treatment, the
analgesic effect started to gradually decrease. The treatments with CGRP peptae 2he
blank vehicle showed no significant change in the thepaal threshold value, hence showed

no analgesic effects in thalAiber pain testing.
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2.4.2.2 Cfiber thermal pain test
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Figure 2.9 C-fiber thermal pain threshold assessnantats’ depilated left cleis

In the Cfiber thermal pain test, rats showed baseline thermal pain threshold (average)
value of 13.5 £ 0.10 S. A 24 hour after electrocutaneous facial stimulation, rats showed reduced
pain thresholds of 6.0 £ 1.0 s, confirming the occurrence of rbligesia. After 0.5 h of
treatment of CGRP peptide3, rats exhibited increased thermal pain threshold value of 10.5 £
0.5 s. Analgesic effect of CGRP peptid8 2vas gradually increased with time up to 2 h. After 3
h post I.N. treatment, the analgesiteet started to gradually decrease. The treatments with
CGRP peptide2-4 also showed increasing analgesic effects up to 2.5 h. The blank vehicle
showed no significant change in the thermal pain threshold value, confirming vehicle has no
effect on Cfiber pain test. Since Cfibers transmit pain signals to brain slowly, withdrawal

latencies in the @iber pain test were longer than in thé f#ber pain testing.
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2.5 Conclusion

Even though there are various therapeutics are available to treat inflammatory pain, still
there is no effective therapeutic option available for the management of inflammatory pain. We
describe herein a series of peptide based CGRP receptor antagonigte foeatment of
inflammatory pain. Peptidex 1 to 2-5 were designed, synthesized and screened for their ability
to bind to the CGRP receptor and their ability in increasingafAd cfiber thermal pain
thresholds. Among them, pepti@e3 showed a higher affinity towards the CGRP receptor than
previously reported antagonists CGRPBand CGRP2387. Further, treatment of pepti@e3
exhibited analgesic effect up to 2 h in both @nd efiber pain tests. In future, pepti@s3 will
further ke evaluated for its specificity towards CGRP receptor over other homologous receptors
and toxicity in animal models. Further, if the native structure of pegt8leould be identified
by conformational analysis, it will provide more details about thettretactivity relationship.
Moreover, peptid®-3 can be used for further structure optimization to achieve better inhibitory

effects.

2.6 Experimental section

2.6.1General experimental pocedures

Nuclear magnetic resonance (NMR) spectra were adaddirom a Varian Unity plus 400
MHz Spectrometer in deuterated chloroform (Cg)Clunless otherwise informed. High
resolution mass spectra (HRMS) were obtained from a Wated$§S3QTof mass spectrometer.
Chemicals were purchased from Fisher Scientific, VWtrnational LLC and Cherimpex
International, Inc. Purification of peptides were carried out on a Varian Prostar 210 HPLC with a
UV-Vis detector (254 nm). A C18 reverse phase preparative column from Pheneajneitek
(250 x 10 mm, 10 micron) was useat the analysis.
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Peptide 21, NH2-Phe-Val-Pro-Thr -Asn-Val-Gly-Pro-Phe-Ala-Phe-CONH..

To 1.0 g (0.52 mmol) of the Fmoc protected resin, a solution of 20% piperidine in DMF
(20 mL) was added and subjected to microwave irradiation (50 W, 5 mi¢)73he reaction
mixture was filtered and washed with DMF (10 ml each, 5 times). To couple the next amino acid
phenylalanine, a solution of Fm&heOH (1.56 mmol, 3 equiv.) and HBTU (1.40 mmol, 2.7
equiv.) in dry DMF (13 mL) containing 4.2 % diisopropylethyl inen was added to the
deprotected resin. The mixture was subjected to microwave irradiation (25 W, 8 (@), with
stirring. The reaction mixture was filtered and washed with DMF (10 mL each, 5 times).
Similarly, deprotecting and coupling steps were esgpduntil thedesiredsequence
wasobtained.Then the standard procedure for cleavage of the peptide from resin was followed.
The above resin was washed with dichloromethane (20 mL) and mixed with 15 mL of a cleavage
cocktail solution consists of 90%ftnoroacetic acid (TFA), 5% thioanisole, and 5% thiocresol.
The mixture was irradiated under a microwave reactor (20 VWCB8r 18 min. The reaction
mixture was filtered into a 100 mL flask and diluted with 100 mL of cold diethyl ether to
precipitateout the desired peptide. The solid peptide was collected by centrifugation (2500 rpm)
and washed three times with cold diethyl ether to give a white solid (254 mg; 41% yield). It was
injected and separated on a HPLC using a preparative column (Phenealupitex C18) and
eluting with 40% methanol/water to 100 % methanol/water over 40 min with a 10 ml/min flow
rate. The fractions containing the desired product were combined and lyophilized to yield NH
PheVal-Pro-Thr-AsnVal-Gly-Pro-PheAla-Phe CONH, asa white solid (13 mg; 4% yield).

Peptide 22, (NHz-F-I-P-T-N-V-G-P-F-A-F-CONH2), 2-3, (NHz-N-F-V-P-T-N-V-G-P-F-A-
F-CONH2), 2-4, (NHz-W-V-P-T-N-V-G-P-F-A-F-CONH?2), 2-5, (NHz-D-N-F-V-P-T-N-V-G-
P-F-A-F-CONH?2)

Peptides2-2, 23, 24 and 2-5 were synthesized using a synthetic method similar to the
description aforementioned. From 0.7 g (0.364 mmol) of Hi2',4-dimethoxyphenyfmoc-
aminomethyhphenoxy resin, 36 mg (8% vyield) of N#F-1-P-T-N-V-G-P-F-A-F-CONH, was
obtained as a white sdil
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From 1.35 g (0.7 mmol) of the-@',4-dimethoxyphenyfmoc-aminomethyBlphenoxy
resin, 46 mg (10% yield) of Nd-N-F-V-P-T-N-V-G-P-F-A-F-CONH,, was obtained as a white
solid. HRMS (QTof) m/z = 1308.701gM+H)*, 1330.6888 (M+N4d)

From 0.7 g (0.364 mnipof the 4(2',4-dimethoxyphenyfmoc-aminomethylphenoxy
resin, 13 mg (3% yield) of NHW-V-P-T-N-V-G-P-F-A-F-CONH, was obtained as a white
solid. HRMS (QTof) m/z = 1233.6879 (M+H) 1255.6694 (M+Nd)

From 1.0 g (0.52 mmol) of thd-(2',4-dimethoxyphenyfmoc-aminomethylphenoxy
resin, 16 mg (2.2% yield) of Ni-D-N-F-V-P-T-N-V-G-P-F-A-F-CONH; was obtained as a
white solid.
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Chapter 3 - Synthesis of substituted §dimethylamino)-2-

phenylisoindolin-1-ones for the inhibition of luciferase

3.1 Introduction

Drugs thatenterbiological systmstend to act directly or indirectly on either receptor
proteins, transporter proteins, ion channels or enzymes to exert their pharmacological effects.
Therefore, identification of thenolecular targets to which tligugbinds is important for
improving the potency selectivity physiochemical propertiesf a drug moleculeas well asto

understand itsoxicological effects-?

A class of proteins clad luciferase enzymes has been identified as an excellent
candidatgprotein targetfor the drugprotein binding studies due to its high sensitivity to drugs
such as aneasthetitsight emittingluciferase has been commonly used as a reporter in cells
expressing a luciferase gene or its enzymatic activity under the control of a promoter of interest
to assess its transcriptional activityHowever, the direct inhibition of luciferase in cells, is
independent from promotepecfic transcriptional activity. Sinceluciferase based assays utilize
luciferase enzyme (Luc), luciferin lsstrate and cellular energy source ATirefly luciferase is
also used as a sensor of the ATP content in cells as a measure of cell viability, and in

biochemical assays to measure Ad&pendent enzyme reactions such as kirfases

Though, anumber of luciferase inhibitorsvith carboxylic acid moietyhave been
reported it is suggested thatarboxylic acid moiety of the compoundsy also beassociated
with side reactionsin cells such asformation of acylglucuronide conjugates and ae$bA
thioester$ Therefore, toinvestigate tme inhibitory activities and to understand possible

toxicological effectsstudyof firefly luciferase inhibitorynechanisms is highly relevant.
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3.1.1 Firefly luciferase enzyme

Firefly luciferase enzyme is an oxidative enzyme which belongs to oxiduieeses
family of enzymes$. Crystal structure of firefly luciferase has shown two distinct domains, a
large Nterminal domain( r esi duesasmalldc8 6 ) man d | domain (resic
separated by a wide cléft.It is suggested that, seven residues (Gly200, Lys206, Glu344,
Asp422, Ag437, Gly446 and Glu455) play a crucial role in the binding of ATP and in adenylate
formationi® Hence, the active site of luciferase is proposedbtate on the surface of both
domains facing each other across a large tefurther, it is believed that upon substrate
binding, the two domainsnove together to form the active cent®iSite-directed mutation
studies has shown that Lys529 is crucial for effective substrate orientatiorr araohéition state

stabilization which lead to efficient adenylate formation.

Figure 3.1 Surface view of (a) firefly luciferase (Protein Data Bank accession number 1LCI)
without its substrat® (b) firefly luciferase in complex with bromoform (Protein Data Bank
accession number 1bas).

Natural substrate of luciferase enzyme is ths@ner of firefly luciferin (DLH2) which

is chemically defined asS)-2-(6-hydroxy-2-benzothiazolyb2-thiazoline4-carboxylic acid®
The bioluminescent chemical reaction catalyzed by luciferase is-stépgrocess?
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luciferase + D-luciferin + ATP-Mg?* == luciferase.D-luciferyl-AMP + PPi-Mg?* (1)

——

luciferase.D-luciferyl-AMP + O, = luciferase+ AMP + CO, + oxyluciferin + hn 2

In the first step of the biolumiseent reaction, Buciferyl-adenylate (BLH>-AMP)
intermediate is formed by the reaction ofluziferin (D-LH2) and ATP in the presence of
Mg?*.”9 Oxidation of luciferytadenylate (BLH2>-AMP) intermediatewith molecular oxygen in

the following step produces AMP, oxyluciferin and ligit.

Besides the light emitting reactions, firefly luciferase catalyzes fatty@a synthesis
as well®® First, longchain fatty acids are adenylated in the presence of ATP adt &l the
subsequent step is the thioesterification with G&K.The catalytic reaction of ac@oA

synthetase is as follows

fatty acid + ATP-Mg?* === fatty acyl-AMP + PPi-Mg®* (3)

fatty acyl-AMP + CoA =——  fatty acyl-CoA + AMP 4

It is reported that the primary structure of firefly luciferase has a higheseg similarity

to a longchain acyiCoA synthetasé&
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3.1.2 Inhibitors of firefly luciferase
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Figure 3.2 Reported firefly luciferase inhibitors.

FLuc inhibitors can be divided as compounds inhibit FLuc activity and compounds
increase FLuc activity. Common inhibitors that inhibit FLuc activity are found to be substrate
related compounds, intermediates or products of the luciferase catalyzed reaction and fatty
acids? Substrate related compounds such dsdiferin, dehydoluciferin, intermediates such as
dehydroluciferydfadenylate (RAMP), and products such as pyrophosphate (PPi) and oxyluciferin
were found to inhibit bioluminescent light emission in a competitive or noncompetitive
manner®?° However, coenzyme A (CoAwas found to prevent this inhibition by reacting with
dehydroluciferyladenylate (EAMP).?! CoA reaction with EAMP results free luciferase and
luciferyl-CoA (L-CoA) which is found to be a weaker inhibitor in the biolnescence

reaction?l22

luciferase.dehydroluciferyl-AMP + CoA —> luciferase + AMP + |uciferyl-CoA ®)

Long chain fatty acs (C12C20) have also been reported as competitive inhibitors of
firefly luciferase against luciferin in micromolar concentration 1é¢éf.1t is suggested that
luciferase catalyzethe adenylation of fatty acids via carboxylic acid moiety in a mechanism

similar to the adenylation step of the bioluminescence reaction of luciférase.
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Scheme3.1 Luciferase catalyzed reactions (1) in the presence-kicierin D-LH2 (2) in the

presence of long chain fatty acitfs.

In addition, a small molecule inhibitor of p53 trarigtional activity, PifithrinU

has

a l

been found to suppress light production/emission activity of firefly luciferase without inhibiting

firefly luciferase protein expression activityvivoandin vitro.?*

In cells, Luc has only a short hdife (~3 h) due to its

However, when some luciferase inhibitor compounds are added in cell based assays, an

increased Luc activity has been obserfethis increased activity is found to be resulted from a

lower rate of degradation of the enzyme due to the formation

(E-1) complexes in cell® It has been reported that a -3l@ryl-oxadiazole molecule, PTC124

sensitivity to proteolysss.

of stable Luc emtyhitor

AMP bound to firefly luciferase increases luciferase protein stability through a digdoded

conformational chang®.Another study has found thatpghenylbenzothiazole protects Luc from

trypsindigestion, resulting increased Luc activity.

rnoter moter reporter
Transcrlptlon 5 Transcrlptlon
Reporter protein
degrade with time

Translation ’ ‘ due to proteolys Translation
Luc protein

tein — |nh|blt0r

Fsubstrate complex

e

Reporter protein
is stabilized by the inhibitor
Resulting accumulation of

Luc protem

‘inhibitor

Figure 3.3 An illustrationof how firefly luciferase activity isncreasedy PTC124 inhibitor
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3.1.3 Potential toxicological effects of carboxylic acid moiety

A number of drugs have been withdrawn from the market due to their adverse side
effects. Therefore, toxicity is one of the imgant criteria for a drug to be approvdtl.is
suggested the covalent interaction of electrophilic metabolites of drugsnuatlophiles in
macromolecules such as proteins or DNA can cause toxidRgrticularly, biotransformation
reactions of carboxylic acid such as glucuronidation, CoAonjugation andamino acid
conjugationare suggested to cause toxiclty® It is reported that carboxylic acids can undergo
glucuronidation to give 1-O-b-glucuronide in the presence of ruline5-diphosphe
glucuronosyltransferag& DP-glucuronosyltransferas€)GT) enzyme andiridine 5-diphosphe
glucuranic acid cefactor and followed by isomerization reactions to gv@-b-glucuronide 3-
O-b-glucuronideand 40-b-glucuronide These acyl glucurodes are sugested tacontribute to

drug toxicityby conjugation with proteins via a traasylation or a glycation mechanisth,
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Figure 3.5 CoA conjugatiorandprotein conjugatiomf carboxylic acid containing drug®

Carboxylic acidcontaining drugs camlso be conjugated with coenzyme ACO0A)to

form acyl coenzyme A conjugaté$|t is reported thatcyl CoA moleculesan be conjugated
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with amino acids such as glycine and tauffht is assumed that these conjugates icduibit

enzymes i roxidatiovarddhitochondrial respiratory chaieactions™®

3.2 Molecular design and synthetic routes

3.2.1 Molecular design of substituted gdimethylamino)-2-phenylisoindolin-1-ones

Nakagomi and coworkers have reported an aromatic carboxylic abi@lwhich inhbits
the enzymatic activity of firefly luciferase by covalently binding to a regulatory lysine residue
(Lys529) via an amide bond formatidhBased on experimental results, they proposed that the
carboxylic acid of F53 is first activated to its Co#hioester derivative by luciferase via its acyl
CoA synthetase activit$% This F-53-CoA derivative is foundo selectivelyinactivate luciferase
via acylation of Lys529 by an unknown cellular acetyltransferdse/ith knowledge of above
mentioned results, our research efforts focused on synthesizing two analogous prota&s of F
possessing ortho-&zidopropyl substituent on the phenyl ring withl) and without 8-2)
butyric acid group Figure 3.6). We hypothesized that compourddl acts on luciferase by
competing for the binding site of the luciferin substrate which is involved in the light emission.
Therefore, these two probe molecules will be used to study the mechahifigiferase

inhibition further for understanding effects of carboxylic apishtaining drugs.

o) o)
l 0 OH | 0 OH | 0
/N /N /N
N N N
F-53 Ny N,
31 3-2

Figure 3.6 Chemical structures of compoung<%3, 3-1 and3-2.
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To predict the binding interactions between the probe molé&:liland the active site of
the firefly luciferase, a computational docking experiment was carried out. Computational
docking experiments allow prediction of ligand conformations and oriensaticthe active with
their binding affinities’? We used AutoDock Vina computational docking program as the
docking method. Protein data bank (pdb) file of firefly luciferasergstalized with PTC124
AMP adduct, 3IES was used for dodffistudies. Compounds were drawn in Chem3D and
energy minimization of the structures was carried out prior to docking. Docking results were

visualized using PyMOL software.

To validate our computational docking results, first, we carried out a dockiegiment
for PTC124AMP adduct with 3IES. Docking results are shownFigure 3.7. Sincethe
minimum energy binding conformation (out of nine minimum energy conformations) obtained
for PTC124AMP complexed with the protein structure (3IES) from moleculackihy
experiment was agreed with the crystal structure conformation, we assumed AutoDock Vina

docking is able to mimic the real binding interactions between ligand and the protein.
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PTC124-AMP

Figure 3.7(a) surfaceview of conformation #1 of PTC12AMP complexed with firefl
luciferase 3IES structure. (b) zoomed surface view of conformation #1 of PTAMPR4ounc
to the active site of firefly luciferase 3IES structure. (c) Chemical structure of PTANIR4
(d) overhy of the docking conformation of PTCE2MP (in purple) and the crystal struct
of PTC124AMP at the active site of firefly luciferase 3IES structure.

Figure 3.8 Surface view of docking conformation #fcompound 3l-AMP complexed with

Firefly luciferase (protein pdb code: 3IES).
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The lowest binding energy conformation (#1) obtained 3d-rAMP from docking
results was assumed to stimulate the real binding modelodvigh firefly luciferase enzyme.
Suiface view of conformation #1 & 1-AMP complexed with firefly luciferase 3IES structure

are shown irFigure 39.

Figure 3.9 Closeup structure of docking conformation #1 of compo@tAMP with firefly
luciferase (protein pdb code: 3IES) showing hydrogen bond and hydrophobic interactions
betweer-1-AMP and the protein. Bonding distances are given in A.

Docking results show several hydrogen bonding interactions. The hj#éfogens of
adenine amine of eopound3-1-AMP form strong hydrogen bonds with the backbone carbonyl
of GIn338 and Gly339 of the protein. Also, one of the hydroxyl hydrogen of the ribose sugar
form a hydrogen bond with backbone carbonyl group of Gly341. In addition, oxygen atoms of
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the phosphate form hydrogen bond with the side chain OH of Thr343 and His245. Further,
nitrogen atoms of azide form hydrogen bonds with side chain NH of Lys206 and side chain OH
of Tyr401. Ca r blactam king gf3-1sAMP also fformis b lkydragen bdrwith

side chain NH of Arg437. Besides hydrogen bondiBgl-AMP can have hydrophobic
interactions as well. The phenyl group of adenine moiety forms hydrophobic interactions with
Pro318 and Tyr340. In addition, butyric carbon chain forms hydrophobic interactions with
Leud11 and Leu342. Further, Ala410 and His419 ase able to form hydrophobic interactions
with the 3-1-AMP molecule. Since compour8i1l-AMP has several ligandrotein interactions,

we assume compourddl will have strong binding with the firefly luciferase protein at its active

site.

3.2.2 Synthetic rates

The synthetic route of compouBeR is shown in Scheme 3.2. In brief;t6luic acid,3-3
in conc. sulfuric acid was treated with a solution of potassium nitrate in conc. sulfuric acid
following a reported proceduf@. In this reaction, potassium nitrate reacts with sulfuric acid to
form nitric acid and potassium bisulfate. Sulfuric acid being a stronger acid than nitric acid
facilitates generation of NOin situ. Importantlyto avoid the formation of ehitrated product,
potassium nitrate in conc. sulfuric acid should be added dropwise to keep the nitronium ion
concentration low and the reaction should be carried out°a ® slow down the reaction.
During workup, since mixig concentrated sulfuric acid with water gives off much heat, reaction
mixture should be added to ice rather than water. The resulting product was a mixture of 2
methyl5-nitrobenzoic acid;3-4 (70%) and 2methyt3-nitrobenzoic acid3-5 (30%). Since, 2
methyl-5-nitrobenzoic acid3-4 2-methyt3-nitrobenzoic acid3-5 are very polar and they both
have very similar Rf values, separation using column chromatography was not successful.
Therefore, the mixture o2 and 3 was directly treated with thionyl chloedin methanot?
Reaction mixture was refluxed to give a mixture of corresponding methyl 8skeand3-7 in a
guantitative yield. In this reaction, methanol reacts with thionyl chloriqerdeide anhydrous
HCI in situ, which leads to acid catalyzed esterification. Resultant comp8tthdias able to

separate from compoun&7 using hexane via recrystallization. Benzylic bromination of
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compound3-6 using Nbromosuccinimide and a radical tiator, benzoyl peroxide afforded
compound3-8.3% In a separate reaction;alylaniline (3-9) was obtained using commercially
available N-allyl aniline via a thermal induced aronwatamineClaisen rearrangement and
1 equivalent of boron trifluoride diethyl ether complex §BPE®L) as a catalyst This reaction
was done in a sealed tube at a temperature of@46r 6 h to get the product in 65%. Higher
temperatures to 14 were resulted cyclized productMethyl-1H-indole which was difficult

to separate from-allylaniline. Next, tle coupling of 2bromomethy5-nitrobenzoic acid methyl
ester,3-8 with 2-allylaniline, 3-9 in EtOH at reflux temperature for 24 h resulted its condensation
product, 3-10.3! Low temperature and less reaction times resulted uncyclized pr8ellict
Slight excess of-allylaniline was used in this coupling reaction to avoid the formation of the di
substituted producg8-11B.

OCH;
NO
02N 19 2
N
HsCO™ >0 ©/\/
3-11B

The aryl nitro group of compoun@-10 was selectively reduced to obtain the
corresponding aryl aming11, in a quantitative yield and in a short reaction time using stannous
chloride®® Reductive methylation of aryl amino group of compo@atil was achieved using
formaldehyde and sodium cyanoborohydride to obt&n N-dimethyl product 3-12
Hydroboration of compound-12 followed by oxidation with alkaline hydrogen peroxide
yielded the antMarkovnikov product3-13, (compound with the hydroxyl group is attached to
the lesssubstituted carbon). The hydroxymethyl group of compa+i@ was mesylated using
methanesulfonyl chloride/e and followed by the azidation with sodium azide to give
compound3-2 in a quantitative yield. In order to make the weadeluble powder of compoursd
2, it was treated with 1 equivalent of 1N HCI to obtdia HCI salt of molecul8-2.
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COH KNO; O,N COH CO,H SOCl,, MeOH ON \(:[COZME CO,Me
_—— + _—
Conc. H,SO,4 \CE 0°C — reflux. 4h +

0°C, 1h 99% yield

99.9% yield NO, NO,
33 34 35 36 37
70% 30%

Separated by recrystalization

dichloroethane
reflux 15 h, 59..2% yield 3.8

Br

ON CO,Me N-bromosuccinamide O2N CO,Me
\CE benzoyl peroxide \Cg
3-6

OaN CO,Me HaN EtOH, pyndlne \Kj CO,Me
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> 9 3-10 7
(major product) 311
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EtOH, reflux, 1 h
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0o
O,N A N
N SnCIz'ZHZO NaCNBHj; formalin / .
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. I o . | o
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3-12 N N
2) Hz0,, NaOH (0.1%), 1 h 2) NaNg, DMF, rt, 24 h
54.2% yield 97.9% yield
OH N3
3-13 3-2

Scheme3.2 Synthesis of moleculg-2.

3.4 Future work

In the future, probe molecule¥1 and 3-2 will be used for identifying the firefly
luciferase inhibitionand other possible target protein(s)cells with the use otlick chemistry.
Probe molecul&-1 consists of threelementswhich are important in the activitpased protein
profiling studies. Those key elements are: a reactive carboxylic group that can covalently reacts
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with a residue in the active site of the target enzyme, a spacer for selectivity, and an azide group
that can undergo Cufbatalyzed 3+2 dipolar cycloaddition with an alkge bearing a
fluorescent detectiotag®”3° Probe molecul&-2, which does not have a butyric acid group will

be used as the negative control.

Probe molecule
- < —.

Ny,  Click chemistry N,N \E
N

m
Fluorophore

. Detection
protein

Figure 3.10 Schematic representation of activitgsed protein profiling using click chemistry

Based on previous-63 experimental results, we propose that the carboxylic a@dlof
is first activated to its CoAhioester derivative by luciferase via its aBoA synthetase activity.
A schematic representation for proposetl-S-CoA synthesis by firefly luciferase is shown in
theScheme 3.3
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Scheme3.3 Schematic representation foil3S-CoA synthesis by firefly luciferase.

This 3-1-CoA derivative is proposed to inactivate luciferase via acylation of328&by
an unknown cellular acetyltransferase. g&reed mechanism for the reaction31-CoA with

firefly luciferaseis shown inScheme 3.4
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Scheme3.4 Proposed mechanism for the reaction-dfBoA with firefly luciferase

The synthesis of compoung1l will be done by Mr. Bo Haa n Pr of . Duy
laboratory The proposed synthetic route of compo@atis shown inScheme 3.5In brief, the
starting material -amina5-iodobenzoic acid 3-16), will be treated with lithiumaluminum
hydride (LiAlH4) to reduce the carboxylic acid to the alcohol. The free amino group of the
resulting compound will be protected using boc anhydride to obtain com@elindPalladium
catalyzed crossoupling of alkenyl boronic acidB-18 with aryl iodide 3-17 will afford
compound3-19. Alkenyl boronic acid3-18 can be prepared from-t3utyn-1-ol by silylation,
followed by treatment of the protected alkyne (tartyldimethyl(3butynyloxy)silane) with
catecholborane. Primary alcohol of tbempound3-19 will then be selectively oxidized to its
aldehyde compoun@®-20 using pyridinium chlorochromate (PCC) in dichloromethane. The
resulting aldehyd&-20 will be treated with triethyl phosphonoacetate in the presence of NaH
base to obtain the Wig-Horner reaction produ@-21. The two double bonds of the resulting
ethyl ester compoun8 21 will then be reduced using 10% palladium on carbon angad. The
resulting compoun@-22 can then be reduced to its corresponding alcohol comp®&a3dising
LiAIH 4. Then the resultant alcohol will be protected using acetic anhydride in the presence of
triethyl amine base. Then, the boc protected amine will be deprotected using 10% trifluoroacetic
acid in dichloromethane to obtain compou$@4. Coupling of 2bromomethy5-nitrobenzoic

acid methyl ester3-8 with compound3-24 in EtOH at reflux temperature is anticipated to give
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its condensation produc3;25. The aryl nitro group of compour25 will then be selectively
reduced to obtain the correspondingl aamine 3-26 using a reflux reaction with dehydrated
stannous chloride. Reductive methylation of aryl amino group of comp@@@ using
formaldehyde and sodium cyanoborohydride will give the Mjmethyl producB-27. Then, the
O-tert-butyldimethylsilyl (OTBS) protecting group will be removed using tetrabutylammonium
fluoride solution (TBAF) in THF. Resulting compound®-28 will be oxidized to its
corresponding acid using PCC and the acid will then be converted to its methyl ester using
methanol in aciai condition. Then the acetate protecting group of the resulting comp®a8d,

will be removed by potassium carbonate base in methanol. The resulting hydroxymethyl group
of compound3-29 will be mesylated using methanesulfonyl chloridefEand followed bythe
azidation with sodium azide will give compouBeB0. The methyl ester of the compouBe0

will then be deprotected using an alkaline medium will give the final pr@&illct
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Scheme3.5 Proposed synthesis of compousd.
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3.5 Conclusion

Probe molecule8-1 and3-2 were designed ang2 was synthesized. Synthesis31 is
in progress. A plausible synthetic plan 8L is proposed. Compouril is expectedo interact
with the active site of firefly luciferase. Compourd2 which does not have a reactive
carboxylic group, will be used as a negative control in the study. Azido functional gr&p of
and3-2 will be coupled with an alkyne bearing a detectiag. Therefore, these two molecules
will be used tostudy firefly luciferase inhibition mechanism and ittentify other proteins

associated with thg-1 (carboxylic acid containing active molecule) metabolism

3.6 Experimental section

3.6.1 Generalexpermental procedures

Nuclear magnetic resonance (NMR) spectra were recorded on a Varian Unity plus 400
MHz for 1H and 13C in deuterated chloroform (CDCI3), unless otherwise indicated. Low
resolution mass spectra were taken from an API 20p@ quadrupoleESFMS/MS mass
spectrometer (from Applied Biosystems). Infrared spectra were taken from a ThermoScientific
Nicolet 380 FFIR instrument. Chemicals were purchased from Fisher Scientific Co., Aldrich

Chemic&Co., Chemimpex Internationahnd VWR.

2-Methy}-5-nitrobenzoic acid3-4)33

O2N \©1C02H +
NO,

3-4 3-5

CO,H

To a solution of &oluic acid,3.3 (15 g, 110.17 mmol) in conc. sulfuric acid (90 mL), a
solution of potassium nitrate (15 g, 143.22 mmol) in conc. sulfuric acid (90 mL) was added

dropwise over 1 h at BC. After, the reaction mixture was added to a 100 g of ice chips and
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stirred vigoroust until all ice melted. The resulting precipitate wasligsolved in ether. Ether
layer was washed with water and dried with anhydrous sodium sulfate. The solvent was
evaporated under reduced pressure to obtain 19.86 g (99.5% yield) of a mixtereethf/[25-
nitrobenzoic acid3-4 (70%) and 2methyl3-nitrobenzoic acid3-5 (30%) as a white solid.

2-Methyl5-nitrobenzoic acid methyl este3-6)

O2N \CECOZMe

3-6

To a mixture of 2methyt5-nitrobenzoic acid3-4 (70%) and 2methyl3-nitrobenzoic
acid, 3-5 (30%) (6.88 g, 38.01 mmol) in methanol (80 mL), thionyl chloride (5.52 mL, 76.02
mmol) was added dropwise afO and it was allowed to stir for 4 h at reflux temperature. The
reaction was concentrated underueedd pressure, then-dessolved in ethyl acetate (100 mL). A
solution of sat. sodium bicarbonate (50 mL) was added to adjust the pH to 8. The product was
extracted from the aqueous layer using ethyl acetate twice. Combined organic layer was washed
with sa. sodium chloride (50 mL) and dried over anhydrous sodium sulfate. The solvent was
evaporated under reduced pressure and recrystallized with hexane to obtain 4.78 g (99% yield) of
2-methyk5-nitrobenzoic acid methyl este3;6 as a white solid!H NMR (400 MHz, CDCE)
ppm 8.78 (dJ = 2.73 Hz, 1H), 8.25 (dd} = 2.54, 8.40 Hz, 1H), 7.44 (d,= 8.20 Hz, 1H), 3.96
(s, 3H), 2.73 (s, 3H)*3C NMR (100 MHz, CDG) ppm 165.75, 147.80, 145.90, 132.69,
130.4,0 126.04, 125.62, 52.34, 21.77; MS (ESI) m/z =106+4)".

Methyl 2-(bromomethyl)5-nitrobenzoate3-8)

O2N CO,Me

Br

3-8
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A mixture of 2methyt5-nitrobenzoic acid methyl este8;6 (2 g, 10.6 mmol) andN-
bromosuccinimide (2.07 g, 11.7 mmol) in dichloroethane (80 mL), in the presence of a catalytic
amount of benzoyl peroxide (51 mg) was refluxed for 15 h. The reaction mixture was neutralized
with sat. sodium bicarbonate and extracted with dichlorometidresorganic layer was dried
over anhydrous sodium sulfate. The solvent was evaporated under reduced pressure and the
residue was purified by column chromatography (hexanes: ethyl acetate = 9:1) to obtain 1.66 g
(59.2% vyield) of methyl Zbromomethyh5-nitrobenzoate3-8 as a white solid*H NMR (400
MHz, CDCk) 8.82 (d,J = 1.95 Hz, 1H), 8.34 (ddl = 2.54, 8.40 Hz, 1H), 7.69 (d,= 8.59 Hz,
1H), 5.01 (s, 2H), 4.02 (s, 3H}?C NMR (100 MHz, CDGJ) ppm 165.05, 147.44, 146.12,
133.02, 130.31, 126.9626.45, 53.08, 29.31.

2-Allylaniline (3-9)%
H,N

3-9

To a solution ofN-allyl aniline (2.5 g, 18.7 mmol) in Qylene (10 mL), BE.EXO (2.4
mL, 18.7 mmol) was added. The reaction mixture was stirred for 8 h &Cl#0a sealed tube.
After cooled to room temperature, the reaction was quenched by the addition of 10% NaOH. The
reacton mixture was extracted with ethyl acetate. Combined organic layer was washed with sat.
sodium chloride (50 mL) and dried over anhydrous sodium sulfate. The solvent was evaporated
under reduced pressure and the residue was purified by column chromayodeeanes: ethyl
acetate = 20:1) to obtain 1.62 g (64.8% vyield) @fliglaniline, 3-9 as a colorless oitH NMR
(400 MHz, CDC4) 6.98- 7.14 (m, 2H), 6.76 (t) = 7.42 Hz, 1H), 6.63 6.73 (m, 1H), 5.96
(dg,J = 5.66, 10.87 Hz, 1H), 5.055.19 (m, 2H), 3.66 (br. s., 2H), 3.32 (d5 6.25 Hz, 2H)°C
NMR (100 MHz, CDC}) d ppm 144.64, 135.70, 129.75, 127.18, 123.58, 118.34, 115.71, 115.43,
36.03
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2-(2-Allylphenyl)-6-nitroisoindolin1-one 3-10)

o)
O,N
N

F

3-10

To a solution of Zoromomethyl5-nitrobenzoic acid methyl este358 (0.7 g, 2.54 mmol)
and 2allylaniline, 3-9 (0.337 g, 2.54 mmol) in absolute ethanol (25 mL), dry pyridine (0.27 mL,
3.30 mmol) was added under argon. The reaatmixture was refluxed at 8T for 24 h. After
cooled to room temperature, the reaction was neutralized with sat. sodium bicarbonate. The
reaction mixture was extracted with ethyl acetate. Combined organic layer was washed with sat.
sodium chloride (50 mLand dried over anhydrous sodium sulfate. The solvent was evaporated
under reduced pressure and the residue was purified by column chromatography (hexanes: ethyl
acetate = 1:1) to obtain 0.56 g (75% vyield) gRzallylphenyl)6-nitroisoindolin1-one,3-10 as a
yellow solid.'"H NMR (400 MHz, CDCL) 8.80 (s, 1H), 8.49 (dd} = 2.15, 8.40 Hz, 1H), 7.68
(d,J=8.59 Hz, 1H), 7.327.42 (m, 3H), 7.27 ( s, 1H), 5.88 (tdbs 6.44, 10.15, 16.79 Hz, 1H),
4.87- 4.98 (m, 2H), 4.82 (s, 2H), 3.40 (d= 6.25 Hz 2H); *3C NMR (100 MHz, CDCL3)
ppm 165.43, 148.34, 147.43, 138.05, 136.10, 135.94, 133.74, 130.6, 128.72, 127.60, 127.48,
126.47, 124.18, 119.33, 116.09, 53.43, 36.17; MS (ESI) m/z =295.1 (M3H).1 (M+Naj.

2-(2-Allylphenyl)-6-aminoisoindolinl-one(3-11)

O
H,oN

N

3-11
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A mixture of3-10(0.520 g, 1.77 mmol) and Sn@H,O (2.0 g, 8.86 mmol) in 30 mL of
absolute ethanol was heated at°®@Ounder argon. After 1h, the solution was allowed to cool to
room temperature and diluted with ethyl acetate. The reaction was neutralized with sat. sodium
bicarbonate. The reaction mixture was extracted with ethyl acetate. Combined organic layer was
washel with sat. sodium chloride (50 mL) and dried over anhydrous sodium sulfate. The solvent
was evaporated under reduced pressure to obtain 0.467 g (99.9% yiel(®-afy®ohenyl)6-
aminoisoindolinl-one, 3-11 as a light yellow solid*H NMR (400 MHz, CDCL) ppm 7.34
(dt, J = 2.34, 4.30 Hz, 2H), 7.29 (td,= 3.27, 6.35 Hz, 1H), 7.25 (s, 1H), 7.23 (s, 1H), 7.20(d,
= 1.95 Hz, 1H), 6.90 (dd = 2.15, 8.01 Hz, 1H), 5.89 (tdd= 6.64, 10.15, 16.79 Hz, 1H), 4.88
- 5.02 (m, 2H), 4.60 (s, 2H), 3.90 (br, 8H), 3.38 (dJ = 6.64 Hz, 2H);**C NMR (100 MHz,
CDCL3) ppm 168.20, 147.07, 138.56, 137.22, 136.61, 133.63, 131.49, 130.63, 128.39, 128.01,
127.45, 123.45, 119.19, 116.23, 109.43, 53.41, 36.28; MS (ESI) m/z =265.4 (M287)0
(M+Na)".

2-(2-Allylp henyl)-6-(dimethylamino)isoindolirl-one (3-12)
| O
N

/
N

3-12

To a solution of3-11 (0.77 g, 2.92 mmol) in MeOH, formalin (37% W/W, 4.75 g, 58.4
mmol) and sodium cyanoborohydride (1.1 g, 17.5 mmol) were added, and the mixture was
stirred for 24 h at room temperature. Then, the mixture was neutralized with sat. sodium
bicarbonate and extracted with ethyl acetate. Combined organic layer was washed with sat.
sodium chloride (50 mL) and dried over anhydrous sodium sulfate. The solvent \pasated
under reduced pressure and the residue was purified by column chromatography (hexanes: ethyl
acetate = 1:1) to obtain 0.816 g (95.7% yield) -¢2-allylphenyl)6-(dimethylamino)isoindolin
1-one,3-12 as a white solid*H NMR (400 MHz, CDClL) 7.27- 7.39 (m, 4H), 7.24 (d) =

2.34 Hz, 1H), 6.98 (dd] = 2.54, 8.40 Hz, 1H), 5.90 (dd,= 10.15, 16.79 Hz, 1H), 4.855.03
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(m, 2H), 4.53- 4.67 (m, 2H), 3.29 3.43 (m, 2H), 3.08 (br. s., 1H), 2.913.06 (m, 5H):C

NMR (100 MHz, CDCL3) ppm 16879, 151.17, 138.64, 137.35, 136.65, 133.35, 130.66,
129.36, 128.40, 128.06, 127.48, 123.16, 116.71, 116.28, 106.94, 53.36, 41.04, 36.29; MS (ESI)
m/z =293.3 (M+H}, 315.5 (M+Na).

6-(Dimethylamino)}2-(2-(3-hydroxypropyl)phenyl)isoindolii-one @-13)
| O
N

/
N

OH

3-13

A solution of borane (1M THF solution, 1.97 mL, 1.97 mmol) was added to a solution of
3-12 (0.720 g, 1.30 mmol) in dry THF under argon. The reaction mixture was stirred at room
temperature for 8h. Then the reaction mixtureswreated with a basic solution of hydrogen
peroxide (30% V/V HO., 2.51 mL, 0.025 mmol, N NaOH, 5.9 mL, 5.9 mmol) at°C. The
reaction was stirred atO for 1 h. Then the reaction mixture was extracted with ethyl acetate.
Combined organic layer was wesl with sat. sodium chloride (50 mL) and dried over
anhydrous sodium sulfate. The solvent was evaporated under reduced pressure to obtain 0.414 g
(54.2% vyield) of gdimethylamino)2-(2-(3-hydroxypropyl)phenyl)isoindolii-one, 3-13 as a
yellow solid.*H NMR (400 MHz, CDCl) 7.26- 7.42 (m, 4H), 7.19 7.25 (m, 2H), 6.98 (dd]
= 2.54, 8.40 Hz, 1H), 4.63 (s, 2H), 3.58 Jg; 5.86 Hz, 2H), 3.03 (s, 6H), 2.68 {t= 7.42 Hz,
2H), 2.21 (tJ = 6.05 Hz, 1H), 1.841.99 (m, 2H)3C NMR (100MHz, CDCL3) ppm 169.40,
151.17, 140.22, 137.28, 133.19, 129.84, 129.30, 128.51, 128.21, 127.08, 123.18, 116.79, 106.92,
61.56, 53.71, 40.99, 32.71, 26.81; MS (ESI) m/z = 333.2 (M%Na)
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2-(2-(3-Azidopropyl)phenyl}6-(dimethylamino)isoindolifl-one(3-2)
| 0

/N

N

N3
3-2

To a mixture 0f3-13 (0.2 g, 0.64 mmol) and dry triethylamine (126 pL, 0.90 mmol) in 10
mL of dry dichloromethane, methane sulfonyl chloride was added dropwiS€.af e reaction
mixture was stirred for 2 h at®°0. After, the reaction mixture was extracted with
dichloromethane. The organic layer was washed with sat. sodium chloride (50 mL) and dried
over anhydrous sodium sulfate. The solvent was evaporated under reduced pressure to obtain
0.250 g (100% vyield) of methanelfnate productas a yellow oil. Then, to the solution of
methane sulfonate (0.250 g, 0.64 mmol) in dry DMF, N&M66 mg, 2.56 mmol) was added.
The reaction mixture was stirred at room temperature for 24 h. After, the reaction mixture was
extracted withdichloromethane, and the organic layer was washed with sat. sodium bicarbonate
(50 mL) then, dried over anhydrous sodium sulfate. The solvent was evaporated under reduced
pressure and the residue was purified by column chromatography (dichloromethameoireth
70:1) to obtain 0210 g (97.9% yield) of -(2(3-azidopropyl)phenybs-
(dimethylamino)isoindolirl-one,3-2 as a yellow oil'H NMR (400 MHz, CDCl) 7.33- 7.37
(m, 2H), 7.28 7.33 (m, 2H), 7.24 (dd] = 2.15, 5.66 Hz, 2H), 6.99 (dd,= 1.95, 820 Hz, 1H),
4.63 (s, 2H), 3.25 (] = 6.83 Hz, 2H), 3.04 (s, 4H), 2.62.71 (m, 3H), 1.89 (td] = 7.18, 14.94
Hz, 3H);*C NMR (101 MHz, CDCL3) ppm 168.98, 151.16, 139.49, 137.37, 133.18, 130.04,
129.21, 128.47, 128.25, 127.45 (s) 123.22 (s) 11&)2306.87 (s) 53.45 (s) 51.02 (s) 40.97 (s)
29.25 (s) 28.56 (s); MS (ESI) m/z =335.8 (M¥H357.9 (M+Naj.
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2-(2-(3-Azidopropy)phenyl}N,N-dimethyl3-oxoisoindolir5-aminium chloride

H ClI
N
7@
N
N3

Molecule 3-2 was redissolved inacetonitrile and treated with 1 equivalent of 1N HCI.
Then it was diluted with denized water and lyophilized to obtain 0.232 g (100% yield)-(%-2
(3-azidopropyl)phenyN,N-dimethyk3-oxoisoindolin5-aminium chloride as a yellow soli¢H
NMR (400 MHz CDCLs) 8.38 (d,J = 7.81 Hz, 1H), 8.11 (s, 1H), 7.67 @7 8.20 Hz, 1H),
7.30- 7.41 (m, 3H), 7.22 (dJ = 7.81 Hz, 1H), 4.79 (s, 2H), 3.24 {t= 6.44 Hz, 2H), 3.20 (s,
6H), 2.60- 2.66 (m, 2H), 1.82 1.91 (m, 2H);**C NMR (101 MHz, CDCL3) ppm 166.68,
144.28, 142.38, 139.47, 136.25, 134.66, 130.40, 129.34, 128.16, 127.87, 125.92, 125.44, 115.52,
53.80, 50.94, 46.64, 29.47, 28.56; MS (ESI) m/z =335.8 (M+3§7.8 (M+Na).
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This report was created by ACD/NMR Processor Academic Edition. For more information go to www.acdlabs.com/nmrproc/
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This report was created by ACD/NMR Processor Academic Edition. For more information go to www.acdlabs.com/nmrproc/
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l +Q1: 34 MCA scans from Sample 1 (TuneSamplelD) of MT20140605180920.wiff (Turbo Spray)
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This report was created by ACD/NMR Processor Academic Edition. For more information go to www.acdlabs.com/nmrproc/
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This report was created by ACD/NMR Processor Academic Edition. For more information go to www.acdlabs.com/nmrproc/
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l +Q1: 5 MCA scans from Sample 1 (TuneSamplelD) of MT20140114185714.wiff (Turbo Spray)
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This report was created by ACD/NMR Processor Academic Edition. For more information go to www.acdlabs.com/nmrproc/
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This report was created by ACD/NMR Processor Academic Edition. For more information go to www.acdlabs.com/nmrproc/

Formula C,,H,;N,0, FW 351.4421
O
H
fj\m
N
H‘/NH
O

MGO05-097-FRAC26-30-13C

& B 1-1
d © -
&8 o
- - )]
nl -
\
@D
- o
I~ o
™ ) ©w
- w o
f @
T
e
Q Lis]
=3
™ -
T \

—61.97
—45.32
—35.49

168.25
L 167.62
—137.78
134,63

b

200 192 184 176 168 160 152 144 136 128 120 112 104
Chemical Shift (ppm)

JANOTEBOOKS\MG05-097-FRAC26-30-13C

121

96 88 80 72 64 56 48 40 32 24 16




. +Q1: 13 MCA scans from Sample 1 {TuneSamplelD) of MT20140606182211 wiff (Turbo Spray) Max. 5.2e7 cps.
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This report was created by ACD/NMR Processor Academic Edition. For more information go to www.acdlabs.com/nmrproc/
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. +Q1: 8 MCA scans from Sample 1 (TuneSamplelD) of MT20140708214258.wiff (Turbo Spray)
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This report was created by ACD/NMR Processor Academic Edition. For more information go to www.acdlabs.com/nmrproc/
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This report was created by ACD/NMR Processor Academic Edition. For more information go to www.acdlabs.com/nmrproc/
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. +01: 5 MCA scans from Sample 1 (TuneSamplelD) of MT20150313102738. wiff (Turbo Spray) Max. 8.0eb cps
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This report was created by ACD/NMR Processor Academic Edition. For more information go to www.acdlabs.com/nmrproc/
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This report was created by ACD/NMR Processor Academic Edition. For more information go to www.acdlabs.com/nmrproc/
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l +Q1: 21 MCA scans from Sample 1 (TuneSamplelD) of MT20140723181728.wiff (Turbo Spray) Max. 2.6e6 cps.
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l +Q1: 15 MCA scans from Sample 1 (TuneSamplelD) of MT20140418122515.wiff (Turbo Spray) Max. 4.9e6 cps.
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. +0Q1: 13 MCA scans from Sample 1 (TuneSamplelD) of MT20140530114917 wiff (Turbo Spray)
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l +Q1: 16 MCA scans from Sample 1 (TuneSamplelD) of MT201404261 13325 wiff (Turbo Spray) Max. 7.4e6 cps.
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l +Q1: 13 MCA scans from Sample 1 (TuneSamplelD) of MT20140326170058 wiff (Turbo Spray)
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l +Q1: 9 MCA scans from Sample 1 (TuneSamplelD) of MT20140327205324 wiff (Turbo Spray)
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l +Q1: ¥ MCA scans from Sample 1 (TuneSamplelD) of MT20140526112851 wiff (Turbo Spray)
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l +0Q1: 39 MCA scans from Sample 1 (TuneSamplelD) of MT20140527 122209 wiff (Turbo Spray)
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l +Q1: 19 MCA scans from Sample 1 (TuneSamplelD) of MT20141014190638 wiff (Turbo Spray) Max. 1.2e7 cps.
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l +01: 5 MCA scans from Sample 1 (TuneSamplelD) of MT20141023181334_wiff (Turbo Spray) Max. 1.1e7 cps
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. +Q1: 5 MCA scans from Sample 1 (TuneSamplelD) of MT20150513115302 wiff (Turba Spray)
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