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Synthesis and activity of 1-(3-amino-1-phenylpropyl)indolin-2-ones: A new class of selective norepinephrine pp 4929-4931
reuptake inhibitors

Casey C. McComas”, An T. Vu, Paige E. Mahaney, Stephen T. Cohn, Andrew Fensome, Michael A. Marella, Lisa Nogle,

Eugene ]. Trybulski, Fei Ye, Puwen Zhang, Peter Alfinito, Jenifer Bray, Grace Johnston, Elizabeth Koury, Darlene C. Deecher

Q’/\li ~nMe : %i A~y Me
— H H
Me Me (0]

Dual Acting Selective
NRI/SRI NRI
A novel class of 1-(3-amino-1-phenylpropyl)indolin-2-ones displays potent norepinephrine reuptake inhibition while maintaining good selectivity (>100-fold) against the
human serotonin and dopamine transporters.

Structure-activity relationship study of a novel necroptosis inhibitor, necrostatin-7 pp 4932-4935
Weihong Zheng, Alexei Degterev, Emily Hsu, Junying Yuan, Chengye Yuan"

Nec-7, a new necroptosis inhibitor and its structural modification.

N-Alkyl-5H-pyrido[4,3-blindol-1-amines and derivatives as novel urotensin-II receptor antagonists pp 4936-4939
Yonghui Wang ", Zining Wu, Brian F. Guida, Sarah K. Lawrence, Michael ]. Neeb, Ralph A. Rivero, Stephen A. Douglas, Jian Jin~

/N
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Synthesis, structure and activity relationships, functional and animal ortholog activities of a novel class of urotensin-II receptor antagonists are described.
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New iodoreboxetine analogues for SPECT imaging of the noradrenaline transporter pp 4940-4943
Nicola K. Jobson, Andrew R. Crawford, Deborah Dewar, Sally L. Pimlott, Andrew Sutherland”
|

o
o) : j
OEt 3
N
H
Ki = 53.8 nM

(25,3S)- and (2R,3R)-iodoreboxetine analogues have been prepared in a stereoselective manner and biological testing against various mono-amine ®+
transporters have shown these compounds to be potent and selective for the noradrenaline transporter.

Design and synthesis of fluorescent SGLT2 inhibitors pp 4944-4947

Mark 1. Lansdell*, Denise J. Burring, David Hepworth, Matthew Strawbridge, Emily Graham,
Thierry Guyot, Mark S. Betson, James D. Hart

"
HO o
HO™ “OH
OH 27a SGLT2 IC,, = 55 nM

Discovery of pyrazolopyrimidines as the first class of allosteric agonists for the high affinity nicotinic acid pp 4948-4951
receptor GPR109A

Hong C. Shen”, Andrew K. P. Taggart, Larissa C. Wilsie, M. Gerard Waters,
Milton L. Hammond, James R. Tata, Steven L. Colletti 100007 Nicotinic acid '00_15?3 M
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Pyrazolopyrimidines were discovered as the first class of allosteric agonists for the high affinity nicotinic acid receptor GPR109A. In addition to its intrinsic activity,

compound 9n significantly enhances nicotinic acid binding to the receptor, thereby potentiating the functional efficacy of nicotinic acid.

Discovery of thieno[2,3-c]pyridines as potent COT inhibitors pp 4952-4955

Dawn George ", Michael Friedman, Hamish Allen, Maria Argiriadi, Claude Barberis, Agnieszka Bischoff, Anca Clabbers,
Kevin Cusack, Richard Dixon, Shannon Fix-Stenzel, Thomas Gordon, Bernd Janssen, Yong Jia, Maria Moskey,
Christopher Quinn, Jose-Andres Salmeron, Neil Wishart, Kevin Woller, Zhengtian Yu

o)
H,N ‘
‘ COT ICs = 0.01 uM
o] COT cell ICsy = 0.13 uM
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A series of thieno[2,3-c|pyridines were identified as potent inhibitors of COT kinase activity. Structural modifications exploring SAR resulted in the ®+
identification of inhibitors with improved enzyme potency and cellular activity.
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Phenylethyl cinnamides: A new series of a-glucosidase inhibitors from the leaves of Aegle marmelos pp 4956-4958
Preecha Phuwapraisirisan*, Thanchanok Puksasook, Jonkolnee Jong-aramruang, Udom Kokpol

OH Aegelinoside B

New PPARY ligands based on barbituric acid: Virtual screening, synthesis and receptor binding studies pp 4959-4962
Sandeep Sundriyal, Bhoomi Viswanad, Poduri Ramarao, Asit K. Chakraborti, Prasad V. Bharatam "

Acidic head group

central aromatic
e »

o virtual screening

o
docking R—{)"
= S
NHE==—> :>ﬂof | N
HBD S o N/&O
H

ipophitic side <™

|

NN ¢
{ U ~o
Ny
HYDaromatic o
~aee Designed molecules
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Interacting chemical features of rosiglitazone X ased on barbie .
used to generate the query for virtual screening
Barbituric acid was identified as a new acid head group for the design of novel PPARY ligands using virtual screening, synthesis and radio ligand binding @"'
analysis.
Molecular modeling aided design of nicotinic acid receptor GPR109A agonists pp 4963-4967

Qiaolin Deng ", Jessica L. Frie, Daria M. Marley, Richard T. Beresis, Ning Ren, Tian-Quan Cai,
Andrew K. P. Taggart, Kang Cheng, Ester Carballo-Jane, Junying Wang,
Xinchun Tong, M. Gerard Waters, James R. Tata, Steven L. Colletti

Application of molecular modeling to aid development of potent GPR109A agonists.

Synthesis of a 200-member library of squaric acid N-hydroxylamide amides pp 4968-4971
Julie Charton ", Benoit P. Déprez, Rébecca F. Déprez-Poulain

We report here the parallel synthesis of 200 compounds based on squaric acid template. The library was screened on the zinc metalloenzyme @"'
ADAMTS-5 and hits with ICs in the range of 1-50 pM were identified.
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Pharmacophore modeling and virtual screening for designing potential PLK1 inhibitors pp 4972-4977
Hui-Yuan Wang, Zhi-Xing Cao, Lin-Li Li, Pei-Du Jiang, Ying-Lan Zhao, Shi-Dong Luo, Li Yang, Yu-Quan Wei, Sheng-Yong Yang"

Pharmacophore model of PLK1 inhibitors was established. This model was then used as a 3D query to screen several chemical databases including Specs, @"'
NCI, Maybridge, and CNPD.

Synthesis of N-isobutylnoroxymorphone from naltrexone by a selective cyclopropane ring opening reaction pp 4978-4981

Hideaki Fujii, Yumiko Osa, Marina Ishihara, Shinichi Hanamura, Toru Nemoto, Mayumi Nakajima,
Ko Hasebe, Hidenori Mochizuki, Hiroshi Nagase *

OH OH
N HB/MeOH S0
: OH : OH
Naltrexone (1d) 10
Binding Affinity

Ki(w): 5.57 nM; Ki(x): 6.12 nM: Ki(8): 229 nM
Analgesic effect (mouse writhing test)
EDsp: 5.05 mg/kg, sc

Synthesis and SAR study of N-(4-hydroxy-3-(2-hydroxynaphthalene-1-yl)phenyl)-arylsulfonamides: Heat shock pp 4982-4987
protein 90 (Hsp90) inhibitors with submicromolar activity in an in vitro assay

Thota Ganesh”, Pahk Thepchatri, Lian Li, Yuhong Du, Haian Fu, James P. Snyder, Aiming Sun

SAR study
A versatile synthesis and SAR study of the sulfonamide scaffold are reported.

Discovery of the catechol structural moiety as a Stat3 SH2 domain inhibitor by virtual screening pp 4988-4992
Wenshan Hao", Yongbo Hu, Chuansheng Niu, Xinyi Huang, Chao-Pei Betty Chang, James Gibbons, Jun Xu
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Design, synthesis, and evaluation of novel aryl-tetrahydropyridine PPARa/y dual agonists pp 4993-4996

Eunkyung Kim, Chan Sun Park, Taedong Han, Myung-Ho Bae, Wonee Chong, Choong Hyun Lee, Young Ah Shin,
Byung-Nak Ahn, Mi Kyung Kim, Chang Yell Shin, Moon Ho Son, Jin Kwan Kim, Ho Sang Moon,
Hyun Joo Shim, Eun Jung Kim, Soon Hoe Kim, Joong In Lim, Chun Ho Lee”
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The synthesis of the potent PPARa/y dual agonist (S)-5b (ECso = 1.73/0.64 UM (o/7)) is reported.

Syntheses and structure-activity relationships of novel, potent, and selective trans-2-[3-oxospiro- pp 4997-5001
[isobenzofuran-1(3H),1’-cyclohexan]-4'-yl]benzimidazole NPY Y5 receptor antagonists

Yoshio Ogino, Norikazu Ohtake ", Yoshikazu Nagae, Kenji Matsuda, Makoto Ishikawa, Minoru Moriya, Maki Kanesaka,
Yuko Mitobe, Junko Ito, Tetsuya Kanno, Akane Ishihara, Hisashi Iwaasa, Tomoyuki Ohe, Akio Kanatani, Takehiro Fukami

)

H N R
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o} N 2
N R
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Structure-activity relationships of a novel 2-(substituted cyclohexyl)benzimidazole NPY Y5 receptor antagonists are described.

Hexahydro-pyrrolo- and hexahydro-1H-pyrido[1,2-b]pyridazin-2-ones as potent inhibitors of HCV NS5B pp 5002-5005
polymerase

Frank Ruebsam*, Zhongxiang Sun, Benjamin K. Ayida, Stephen E. Webber, Yuefen Zhou, Qiang Zhao, Charles R. Kissinger,

Richard E. Showalter, Amit M. Shah, Mei Tsan, Rupal Patel, Laurie A. LeBrun, Ruhi Kamran, Maria V. Sergeeva,

Darian M. Bartkowski, Thomas G. Nolan, Daniel A. Norris, Leo Kirkovsky

ortho-Dihydroxyisoflavone derivatives from aged Doenjang (Korean fermented soypaste) and its radical pp 5006-5009
scavenging activity

Jun-Seong Park”, Hye Yoon Park, Dong Hyun Kim, Duck Hee Kim, Han Kon Kim

ortho-Dihydroxyisoflavone derivatives isolated from aged Doenjang (1-3) are reported.
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Design, syntheses, and structure-activity relationships of novel NPY Y5 receptor antagonists: pp 5010-5014
2-{3-0xospiro[isobenzofuran-1(3H),4 -piperidin]-1'-yl}benzimidazole derivatives

Yoshio Ogino, Norikazu Ohtake *, Yoshikazu Nagae, Kenji Matsuda, Minoru Moriya, Takuya Suga, Makoto Ishikawa,

Maki Kanesaka, Yuko Mitobe, Junko Ito, Tetsuya Kanno, Akane Ishihara, Hisashi Iwaasa,

Tomoyuki Ohe, Akio Kanatani, Takehiro Fukami
R1
)
7 /
N/<N X,
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Structure-activity relationships of novel 2-(substituted piperidin-1-yl)benzimidazole NPY Y5 receptor antagonists are described.

1,5-Dihydro-benzo|e][1,4]oxazepin-2(1H)-ones containing a 7-(5'-cyanopyrrol-2-yl) group as nonsteroidal pp 5015-5017
progesterone receptor modulators

Jeffrey C. Kern, Eugene A. Terefenko, Andrew Fensome, Ray Unwalla, Jay Wrobel, Jeffrey Cohen, Yuan Zhu,

Thomas ]. Berrodin, Matthew R. Yudt, Richard C. Winneker, Zhiming Zhang, Puwen Zhang"

2
/ R1 R
e | o
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4-24

The functional activities of compounds 4-24 as progesterone receptor agonist or antagonist are modulated by the size and nature of R! and R? substituents.

Discovery of a novel class of PPARS partial agonists pp 5018-5022

Barry G. Shearer’, Hari S. Patel, Andrew N. Billin, James M. Way, Deborah A. Winegar, Millard H. Lambert, Robert X. Xu,
Lisa M. Leesnitzer, Raymond V. Merrihew, Stephane Huet, Timothy M. Willson

- Me
° N GSK1115 X =ClI
o o OMe GSK7227 X = Me

The discovery and evaluation of a novel anthranilic acid class of PPARS partial agonists is described.

Structure-guided design of substituted aza-benzimidazoles as potent hypoxia inducible factor-1a prolyl pp 5023-5026
hydroxylase-2 inhibitors

Mike Frohn”, Vellarkad Viswanadhan, Alexander ]. Pickrell, Jennifer E. Golden, Kristine M. Muller, Roland W. Biirli,
Gloria Biddlecome, Sean C. Yoder, Norma Rogers, Jennifer H. Dao, Randall Hungate, Jennifer R. Allen

R2
=N o
R-N OH
Y NY

N (0]
R3

We report the structure-based design and synthesis of a novel series of aza-benzimidazoles as PHD2 inhibitors. These efforts resulted in compound 22, which displayed
highly potent inhibition of PHD2 function in vitro.
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1-Benzylbenzimidazoles: The discovery of a novel series of bradykinin B, receptor antagonists pp 5027-5031

Qin Guo, Jayaraman Chandrasekhar, David Ihle, David ]. Wustrow, Bertrand L. Chenard, James E. Krause, Alan Hutchison,
Dawn Alderman, Charles Cheng, Daniel Cortright, Daniel Broom, Mark T. Kershaw, Jean Simmermacher-Mayer,

Yao Peng, Kevin J. Hodgetts "
N O
@ \>_<
N HN O
_\_/< —G—(N
HN \ / ]
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N

38g ¢BK By ECso =2 nM
rBK B; ECso = 0.8 "M

The design, synthesis, and structure-activity studies of a novel series of BK By receptor antagonists based on a 1-benzylbenzimidazole chemotype are described. A number
of compounds, for example, 38g, with excellent affinity for the cynomolgus macaque and rat BK B; receptor were discovered.

Benzimidazole-substituted (3-phenoxypropyl)amines as histamine H3 receptor ligands pp 5032-5036
Robert Aslanian”, Xiaohong Zhu, Henry A. Vaccaro, Neng-Yang Shih, John J. Piwinski, Shirley M. Williams, Robert E. West Jr.

‘\
N~

N7 N«:>>o\_\>'\<:>

Aseries of non-imidazole histamine Hs receptor antagonists based on the (3-phenoxypropyl)amine motif have been identified. Compound 8a displays a good pharmacokinetic
profile in the rat.

Discovery of novel series of benzoic acid derivatives containing biphenyl ether moiety as potent and selective pp 5037-5040
human p3-adrenergic receptor agonists: Part IV

Yutaka Nakajima, Masashi Imanishi, Shinji Itou, Hitoshi Hamashima, Yasuyo Tomishima, Kenichi Washizuka,

Minoru Sakurai, Shigeo Matsui, Emiko Imamura, Koji Ueshima, Takao Yamamoto, Nobuhiro Yamamoto,

Hirofumi Ishikawa, Keiko Nakano, Naoko Unami, Kaori Hamada, Kouji Hattori”

OH H OH H
Cl N CO,H Cl N o} COoH
oL U X
O R

2a 7g: R = O-i-Pr 7k:R= 5‘\’>
B4 ECsp = 100 nM B3 ECsp=3.4 nM o
Pi/PBy=238 B3 ECso=6.6 nM
By /Bs3=>152

SAR study of phenoxybenzoic acid derivatives as B3-AR agonist is described. Compounds 7g and 7k, exhibiting excellent B3-AR activity and selectivity, were discovered.

Synthesis and biological evaluation of 2-amino-3-(3',4',5'-trimethoxybenzoyl)-6-substituted-4,5,6,7- pp 5041-5045
tetrahydrothieno[2,3-c]pyridine derivatives as antimitotic agents and inhibitors of tubulin polymerization

Romeo Romagnoli ", Pier Giovanni Baraldi ", Maria Dora Carrion, Olga Cruz-Lopez, Carlota Lopez Cara, Manlio Tolomeo,

Stefania Grimaudo, Antonietta Di Cristina, Maria Rosa Pipitone, Jan Balzarini, Sahar Kandil,

Andrea Brancale, Taradas Sarkar, Ernest Hamel

HsCO  OCHs
HyCO
o)
A\
N |S NH,

R'=alkyl, acyl, C(X)Yalkyl ®+
with X=0 or S and Y=0 or NH.
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Impacts of baicalein analogs with modification of the 6th position of A ring on the activity toward pp 5046-5049
NF-kB-, AP-1-, or CREB-mediated transcription

Sheng-Teng Huang, Yashang Lee, Elizabeth A. Gullen, Yung-Chi Cheng”

Compounds R®
S1 H
HO o (0] Me
S32 Et
R°O S17 Pr
S15 Bn
OH O S2 Ac

SAR and effect on the NF-xB, AP-1, or CREB mediated transcription of baicalein analogs with modification of the 6th position of A ring.

Promising core structure for nuclear receptor ligands: Design and synthesis of novel estrogen receptor pp 5050-5053
ligands based on diphenylamine skeleton

Kiminori Ohta, Yuki Chiba, Takumi Ogawa, Yasuyuki Endo”

R R = Alkyl

N Acyl
Sulfonyl
HO OH

Novel diphenylamine-type estrogen receptor ligands were designed and synthesized, and showed moderate estrogenic activities. We propose that the diphenylamine
skeleton may be a privileged core structure for various nuclear receptor ligands.

PNA/DNA interstrand cross-links from a modified PNA base upon photolysis or oxidative conditions pp 5054-5057
Yongtae Kim, In Seok Hong "

PNA T
DNA o
photolysis PhSe’\fJ\NH
or oxidative N&O
condition T =
PNA N
DNA | wu”\\/ \/Jl"'—L

interstrand cross-links

PNA/DNA interstrand cross-links were formed from modified PNA base upon photolysis or oxidative conditions.

Synthesis and cytotoxic activity of heterocyclic ring-substituted betulinic acid derivatives pp 5058-5062

Vivek Kumar*, Nidhi Rani, Pawan Aggarwal, Vinod K. Sanna, Anu T. Singh, Manu Jaggi, Narendra Joshi,
Pramod K. Sharma, Raghuveer Irchhaiya, Anand C. Burman

7-M1

A new series of betulinic acid derivatives have been synthesized by introducing heterocyclic ring between C-2 and C-3 positions of betulinic acid. Compound 11 has showed
ICs of 2.44, 2.5, and 2.7 pg/ml on MIAPaCa, PA-1, and SW620 cancer cell lines, respectively. While compound 38 showed ICs of 0.67 pug/ml on MIAPaCa cell line.
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Synthesis and evaluation of cis-3,4-disubstituted piperidines as potent CC chemokine receptor 2 (CCR2) pp 5063-5065
antagonists

Robert ]. Cherney ", David ]. Nelson, Yvonne C. Lo, Gengjie Yang, Peggy A. Scherle, Heather Jezak,
Kimberly A. Solomon, Percy H. Carter, Carl P. Decicco

CF5
eS . "NJK/N
Q,NH H O NH,

2 X = CHy, CCR2 1Ggo = 1180 nM
14 X = NH; CCR2ICs =6.3nM

A series of cis-3,4-disubstituted piperidines was synthesized and evaluated as CC chemokine receptor 2 (CCR2) antagonists. Several derivatives have excellent binding,
functional antagonism, and selectivity.

Carbonic anhydrase inhibitors: Inhibition of the g-class enzymes from the fungal pathogens Candida albicans pp 5066-5070
and Cryptococcus neoformans with simple anions

Alessio Innocenti, Fritz A. Miihlschlegel, Rebecca A. Hall, Clemens Steegborn, Andrea Scozzafava, Claudiu T. Supuran”
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Design, synthesis and preliminary biological evaluation of new hydroxamate histone deacetylase inhibitors pp 5071-5074
as potential antileukemic agents

L. Guandalini, C. Cellai, A. Laurenzana, S. Scapecchi, F. Paoletti ", M. N. Romanelli

o) NMe
Rj X = -NHCO(CH,)sCONHOH
—==(CH,);CONHOH
= X (CH2)3
Bh R=H, CH,

The design and evaluation of new HDAC-inhibitors carrying a 5-phenyl-benzo[e][1,4]diazepin-2-one nucleus are reported.

Synthesis of 3-alkyl naphthalenes as novel estrogen receptor ligands pp 5075-5077

Jing Fang ", Adwoa Akwabi-Ameyaw, Jonathan E. Britton, Subba R. Katamreddy, Frank Navas III, Aaron B. Miller,
Shawn P. Williams, David W. Gray, Lisa A. Orband-Miller, Jean Shearin, Dennis Heyer

O

A novel series of 3-alkyl naphthalenes and their activity against estrogen receptor are reported.
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Design, synthesis, and antibacterial activities of novel 3,6-bicyclolide oximes: Length optimization and pp 5078-5082
zero carbon linker oximes

Datong Tang ', Yonghua Gai, Alexander Polemeropoulos, Zhigang Chen, Zhe Wang, Yat Sun Or
o

o

0 i q

e
A
(CH2)q

Ar
We designed and synthesized a series of novel 3,6-bicyclolide oximes, possessing linkers of varying lengths to the secondary binding site. The E isomers exhibited excellent
antibacterial profiles against a broad spectrum of resistant pathogens.

Discovery and optimization of (R)-prolinol-derived agonists of the Growth Hormone Secretagogue pp 5083-5086
receptor (GHSR)

Weixu Zhai, Neil Flynn, Daniel A. Longhi, Joseph A. Tino, Brian J. Murphy, Dorothy Slusarchyk, David A. Gordon,
Anna Pendri, Shuhao Shi, Robert Stoffel, Baoging Ma, Michael ]. Sofia, Samuel W. Gerritz "~

@ANJ\&OOQ

10b
GHSR ECgo = 2 M

% Control = 100%

The discovery of single-digit nanomolar full agonists (e.g., 10b) of the Growth Hormone Secretagogue receptor (GHSR) is reported, starting with a micromolar @"'
screening hit identified from a GPCR-targeted solid-phase library. The ‘library pedigree’ of this series greatly facilitated its rapid optimization.

Synthesis and antibacterial activity of the C-7 side chain of 3-aminoquinazolinediones pp 5087-5090

Kim M. Hutchings ", Tuan P. Tran, Edmund L. Ellsworth, Brian M. Watson, Joseph P. Sanchez, H. D. Hollis Showalter,
Michael A. Stier, Martin Shapiro, E. Themis Joannides, Michael Huband, Dai Q. Nguyen, Samarendra Maiti,
Tingsheng Li, Jyoti Tailor, George Thomas, Chan Ha, Rajeshwar Singh

The synthesis and structure-activity relationship of a novel series of bacterial topoisomerase (3-aminoquinazolinediones) inhibitors is described.

Design, synthesis, and bioactivity of putative tubulin ligands with adamantane core pp 5091-5094

Olga N. Zefirova’, Evgeniya V. Nurieva, Heiko Lemcke, Andrei A. Ivanov, Dmitrii V. Shishov,
Dieter G. Weiss, Sergei A. Kuznetsov, Nikolay S. Zefirov
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Discovery of novel potent and selective dipeptide hepatitis C virus NS3/4A serine protease inhibitors pp 5095-5100

Pierre Raboisson”, Tse-I Lin, Herman de Kock, Sandrine Vendeville, Wim Van de Vreken, David McGowan,
Abdellah Tahri, Lili Hu, Oliver Lenz, Frederic Delouvroy, Dominique Surleraux, Piet Wigerinck, =

Magnus Nilsson, Asa Rosenquist, Bertil Samuelsson, Kenneth Simmen Ny S
g
Cl O
? @H 0Q,.0
0 N L8
o INY

191

Lead Optimization performed on P3-truncated proline-containing macrocycles led to the identification selective and orally bioavailable dipeptide hepatitis C virus NS3/4A
protease inhibitors, which has features attractive for further preclinical development.

Synthesis and evaluation of a spiro-isobenzofuranone class of histamine H; receptor inverse agonists pp 5101-5106
Makoto Jitsuoka, Daisuke Tsukahara, Sayaka Ito, Takeshi Tanaka, Norihiro Takenaga, Shigeru Tokita, Nagaaki Sato”

1a:R=H
O 1b:R=0CH,

Spiro-isobenzofuranones derivatives 1a and 1b were discovered as potent and selective H; inverse agonists.

Bradykinin B, receptor antagonists: An a-hydroxy amide with an improved metabolism profile pp 5107-5110

Scott D. Kuduk”, Ronald K. Chang, Robert M. DiPardo, Christina N. Di Marco, Kathy L. Murphy, Richard W. Ransom,
Duane R. Reiss, Cuyue Tang, Thomayant Prueksaritanont, Douglas ]. Pettibone, Mark G. Bock

X

The design and synthesis of human bradykinin B; antagonists featuring N-methyl tetrazole and a-hydroxy amide moieties are disclosed.

Novel hypoglycemic dihydropyridones serendipitously discovered from O- versus C-alkylation in the pp 5111-5114
synthesis of VMAT2 antagonists

Yuli Xie, Anthony Raffo, Masanori Ichise, Shixian Deng, Paul E. Harris, Donald W. Landry "
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Compound 8
45% decrease of AUC IPGTT at 2mg/kg

A novel hypoglycemic dihydropyridone was serendipitously discovered in the course of synthesizing VMAT2 antagonists.
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Discovery of amido-benzisoxazoles as potent c-Kit inhibitors pp 5115-5117

Roxanne K. Kunz", Shannon Rumfelt, Ning Chen, Dawei Zhang, Andrew S. Tasker, Roland Biirli, Randall Hungate,
Violeta Yu, Yen Nguyen, Douglas A. Whittington, Kristin L. Meagher, Matthew Plant, Yanyan Tudor,
Michael Schrag, Yang Xu, Gordon Y. Ng, Essa Hu

Anovel series of 7-amido-3-(arylamino)-benzisoxazoles are herein disclosed as potent inhibitors of the receptor tyrosine kinase c-Kit, with ICsq values in the nanomolar range.

Substituted aryl pyrimidines as potent and soluble TRPV1 antagonists pp 5118-5122

Markian M. Stec’, Yunxin Bo, Partha P. Chakrabarti, Lillian Liao, Mghele Ncube, Nuria Tamayo,
Rami Tamir, Narender R. Gavva, James ]. S. Treanor, Mark H. Norman

AcHN AcHN

>:N CF3 >:N | N CF3
S@"Y/YO — S@"W@
NN NN R
1, AMG 517 3,X=CHN

Analogs with various substituents at the R region of 3 were prepared to improve the solubility while maintaining the potent TRPV1 activity of clinical candidate AMG 517.

Synthesis and anti-CVB 3 evaluation of substituted 5-nitro-2-phenoxybenzonitriles pp 5123-5125
Gerhard Piirstinger ", Armando M. De Palma, Giinther Zimmerhofer, Simone Huber, Sophie Ladurner, Johan Neyts

;
O,N R
e
O RS
CN
Identification of ring-fused pyrazolo pyridin-2-ones as novel poly(ADP-ribose)polymerase-1 inhibitors pp 5126-5129

Wilna J. Moree”, Phyllis Goldman, Anthony ]. Demaggio, Erik Christenson, Dan Herendeen,
John Eksterowicz, Edward A. Kesicki, David L. McElligott, Graham Beaton

PARP-11Cs, = 7.3 nM
ANN— ECgens = 0.38 uM

28

Potent PARP-1 inhibitors were identified in a tricyclic pyrazolo pyridine-2-one series with nanomolar binding affinity and submicromar activity in a cell-based
chemosensitization assay.
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7-[1H-Indol-2-yl]-2,3-dihydro-isoindol-1-ones as dual Aurora-A/VEGF-R2 kinase inhibitors: pp 5130-5133
Design, synthesis, and biological activity

Terry V. Hughes ", Stuart L. Emanuel, Harold R. O’Grady, Peter J. Connolly, Catherine Rugg, Angel R. Fuentes-Pesquera,

Prabha Karnachi, Richard Alexander, Steven A. Middleton
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SU-11248 (sunitinib)
VEFG-R2 inhibitor

The design of a new kinase inhibitor scaffold 1 based on known VEGF-R2 kinase inhibitors is described. The series designed to be inhibitors of VEGF-R2 kinase were
synthesized and found to potently inhibit VEGF-R2 and Aurora-A kinases. The structure-based design, synthesis, initial SAR, and in vivo efficacy of the series are discussed.

Discovery of benzoylpiperazines as a novel class of potent and selective GlyT1 inhibitors pp 5134-5139

Emmanuel Pinard *, Daniela Alberati, Edilio Borroni, Holger Fischer, Dominik Hainzl, Synése Jolidon, Jean-Luc Moreau,
Robert Narquizian, Matthias Nettekoven, Roger D. Norcross, Henri Stalder, Andrew W. Thomas

O
Screening of the Roche compound library led to the identification of the benzoylpiperazine 7
as a structurally novel GlyT1 inhibitor. The SAR which was developed in this series resulted in
the discovery of highly potent compounds displaying excellent selectivity against the GlyT2 O N
isoform, drug-like properties, and in vivo efficacy after oral administration. F (\N

N
NO,
o
7

Synthesis and biological affinity of new imidazo- and indol-arylpiperazine derivatives: Further validation of a pp 5140-5145

pharmacophore model for o;-adrenoceptor antagonists
Giovannella Strappaghetti*, Luciano Mastrini, Antonio Lucacchini, Gino Giannaccini, Laura Betti, Laura Fabbrini

R'= 0-OCH(CHj3),
[ | R'= m-CF;

N
b N X=CH, & V
Re N Y, X=CO N

- )

(0]
| E !

I0 ! R'= 0-OCHj, | I}I/\I/ \/\N/ \1@

1_ .
N/\/\ N/ \N R'= 0-0C2H5, - N (o) \ /
| { XN/
> N
! C

In continuing our search for selective o;-AR antagonists, new alkoxyarylpiperazinylalkylpyridazinone derivatives were designed and synthesized. The new compounds were
tested for their affinity toward o;-AR, o,-AR, and toward 5-HT; 4 receptors. The ability of these compounds to inhibit the serotonin transporters (SERT) was also determined.

Design, synthesis, biochemical, and biological evaluation of nitrogen-containing trifluoro structural pp 5146-5149
modifications of combretastatin A-4

John ]. Hall, Madhavi Sriram, Tracy E. Strecker, Justin K. Tidmore, Christopher ]. Jelinek, G. D. Kishore Kumar,

Mallinath B. Hadimani, George R. Pettit, David J. Chaplin, Mary Lynn Trawick, Kevin G. Pinney

@*
A series of nitrogen-containing fluoro combretastatin structural modifications have been synthesized and evaluated for potential anti-cancer activity.
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Novel and potent oxazolidinone antibacterials featuring 3-indolylglyoxamide substituents pp 5150-5155

Mohamed Takhi ", Gurpreet Singh, C. Murugan, Nirvesh Thaplyyal, Soma Maitra, K. M. Bhaskarreddy, P. V. S. Amarnath,
Arundhuti Mallik, T. Harisudan, Ravi Kumar Trivedi, K. Sreenivas, N. Selvakumar, Javed Igbal

R R 3\\ R' = CN, Br, OMe, NO.
O — = , Br, e, 2
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The synthesis and antibacterial activity of novel oxazolidinones possessing indolylglyoxamide moiety on piperazine scaffold have been disclosed.
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Synthesis and activity of 1-(3-amino-1-phenylpropyl)indolin-2-ones: A new
class of selective norepinephrine reuptake inhibitors
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Norepinephrine and serotonin play an important role in a wide variety of biological processes and are
implicated in a number of neurological disorders. A novel class of 1-(3-amino-1-phenylpropyl)indolin-
2-ones was designed and synthesized that displays potent norepinephrine reuptake inhibition while
maintaining high selectivity (>100-fold) against the human serotonin and dopamine transporters.

© 2008 Elsevier Ltd. All rights reserved.

Norepinephrine (NE), serotonin (5-HT), and dopamine (DA) are
essential monoamine neurotransmitters in both the central and
peripheral nervous system and are involved in regulation of a wide
variety of physiological functions.! There are a number of neuro-
logical disorders thought to be associated with monoamine neuro-
transmitter deficiency thus making this system an important
target for drug development.

Selective serotonin reuptake inhibitors (SSRIs) such as fluoxe-
tine (1), paroxetine (2), and sertraline have been used extensively
to treat depression (Fig. 1). More recently, considerable research
has focused on development of compounds that include both the
inhibition of serotonin and norepinephrine reuptake.?> These ef-
forts have led to the development of compounds such as duloxe-
tine (3), which is a potent serotonin and norepinephrine
reuptake inhibitor (Table 1).

Duloxetine is marketed for major depressive disorder (MDD)
and shows efficacy in the treatment of chronic pain disorders
and stress urinary incontinence (SUI). Desvenlafaxine also inhibits
the reuptake of both serotonin and norepinephrine and is approved
for the treatment of MDD.> Alternatively, selective norepinephrine
reuptake inhibitors, such as atomoxetine (4), nisoxetine (5), and
reboxetine (6) have been developed for the treatment of MDD
and attention deficit hyperactivity disorder (ADHD).®” These com-
pounds show selectivity ratios ranging from 16 for atomoxetine (4)
to 81 for reboxetine (6).

Norepinephrine reuptake inhibitors (NRIs) exert their effects by
binding to the norepinephrine transporter (NET) protein located
presynaptically. This binding interaction results in an increase in

* Corresponding author. Tel.: +1 484 865 8724; fax: +1 484 865 9398.
E-mail address: mccomac@wyeth.com (C.C. McComas).

0960-894X/$ - see front matter © 2008 Elsevier Ltd. All rights reserved.
doi:10.1016/j.bmcl.2008.08.060
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Figure 1.

the extracellular concentration of NE in the synaptic cleft resulting
in increased downstream cellular signaling.® Neurological disor-
ders such as depression, pain, and vasomotor symptoms are
thought to result from fluctuations in the levels of 5-HT and NE
in the brain and in particular the cortical, hippocampal and hypo-
thalamic regions. Our interest in understanding the role of NE in
these disorders led us to undertake a program to develop selective
NE reuptake inhibitors (NRIs). Previously we disclosed a series of 3-
(1H-indol-1-yl)-3-arylpropan-1-amines (7) that displayed dual
acting NE and 5-HT reuptake inhibition.® In an effort to improve
the chemical stability of this series we designed a 1-(3-amino-1-
phenylpropyl)indolin-2-one scaffold leading to compounds with
the core structure 8 (Fig. 2). The use of an indolin-2-one headpiece
offered the additional advantage of greater versatility with respect
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Table 1
Inhibition of monoamine reuptake at the hNET and hSERT of compounds within the
aryloxypropanamine class

Compound hNET ICso* (nM)  hSERT ICso° (nM)  hSERT ICso/hNET ICs¢°
Fluoxetine (1) 563 10 0.02

Paroxetine (2) 100 2 0.02

(S)-Duloxetine (3) 4 3 0.75

Atomoxetine (4) 3 48 16

Nisoxetine (5) 6 277 46

Reboxetine (6) 3 242 81

¢ Inhibition of norepinephrine uptake in MDCK-Net6 cells, stably transfected
with human NET.

b Inhibition of serotonin uptake in JAR cells, stably transfected with human SERT.

€ Unitless value as a ratio in which higher numbers represent relatively greater
NET selectivity.

to substitution at the 3-position of the heterocycle. Introduction of
an indolin-2-one revealed a dramatic effect of functionality about
the 2 and 3 position of the heterocycle on NE selectivity and led
to the discovery of a new series of 1-(3-amino-1-phenylpro-
pyl)indolin-2-ones which are potent and selective NRIs.

Initially, a racemic synthesis of 1-(3-amino-1-phenylpro-
pyl)indolin-2-ones (Scheme 1) was developed. Alkylation of oxin-
dole at the 3-position provided 10 followed by N-alkylation with
benzyl bromide to generate 11. Installation of an ethanol sidechain
was accomplished by treatment with butyllithium and (2-bromo-
ethoxy)-t-butyl-dimethyl-silane followed by removal of the silyl
group with TBAF. At this stage the racemic mixture of alcohols
was resolved by preparative chiral HPLC to give enantiomers 12
and 13. Alcohol 13 was then converted to the tosylate which was
displaced with methylamine to give 1-(3-amino-1-phenylpro-
pyl)indolin-2-one (R)-14a. Alcohol 12 was treated in a similar

o2

H
(6}

:> in /\H.Me
Me M

Figure 2. 1-(3-amino-1-phenylproplyl)indolin-2-ones.
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Scheme 1. Synthesis of 1-(3-amino-1-phenylproplyl)indolin-2-ones.

manner to give the enantiomeric 1-(3-amino-1-phenylpro-
pyl)indolin-2-one (S)-18a.

An enantioselective synthesis was designed in order to assign
the stereochemistry at the benzylic position and eliminate the
need for an HPLC resolution step (Scheme 2). Reduction of 3-
chloro-1-phenylpropan-1-one (15) with BH3 in the presence of cat-
alytic (R)-2-methyl-CBS-oxazaborolidine provided the (S)-alcohol
in 94.6% e.e. which could be recrystallized to give 16 in 99.4% e.e.
and 77% yield. The alcohol was displaced with 3,3-dimethyloxin-
dole under Mitsunobu conditions to generate 17. This reaction pro-
ceeded with clean inversion of stereochemistry with no observed
racemization. Finally, substitution of the chloride with methyl-
amine yielded 1-(3-amino-1-phenylpropyl)-indolin-2-one (R)-
14ain >99.8% e.e. after recrystallization of the HCl salt. Either enan-
tiomer of 1-(3-amino-1-phenylpropyl)-indolin-2-one could be ac-
cessed by this route depending on the isomer of the CBS catalyst
used.

Compounds 14, 18, 19, and 20 were evaluated in vitro for the
ability to inhibit both the uptake of NE in MDCK-Net6 cells stably
transfected with human NET and 5-HT in JAR cells stably transfec-
ted with the human serotonin transporter (hSERT). Selected com-
pounds were then assayed for inhibition of radioligand binding
to the human dopamine transporter (hDAT). The experimental
methods for these biochemical assays have been detailed previ-
ously.'® The results of these studies are summarized in Table 2.

The promise of this series was immediately apparent upon eval-
uation of the unsubstituted analog 14a that showed moderate
hNET potency but was highly selective against hSERT. The enantio-
meric compound 18a was only weakly active and revealed the
strong eutomer/distomer property of this series. Encouraged by
this result, the nitrogen R-group was varied but even minor
changes resulted in a loss of activity. Previous SAR indicated that
fluorination of the 7-position of the heterocyclic ring and the 3-po-
sition of the pendant aryl ring improved activity.!! Following this
observed trend, synthesis of 14b and 14c led to greater than 10-
fold improvement in hNET potency while maintaining excellent
selectivity over hSERT (selectivity ratio of 182 and >157, respec-
tively). Addition of chlorine to the pendant aryl ring (14d and
14e) led to a 2-fold increase in hNET activity but also led to approx-
imately a 10-fold increase in hSERT potency. Addition of a second
fluorine to the aryl ring (14f) showed the same improvement in
activity (7 nM) while maintaining high selectivity over hSERT
(selectivity ratio 192). Expansion of the gem-dimethyl group to a
spirocyclohexyl group at the 3,3-position of the oxindole was
briefly explored. Compounds 19a and 19b demonstrated that an
increase in steric bulk about the 3-position of the heterocycle
was well tolerated and even showed a modest improvement in
potency. The S-enantiomers (20a and 20b) also showed the same

Me

(R)-2-MeCBS- 0
oxazaborolidine

BH,, THF, 95% DIAD, PPh3 THF

94.6% e.e. 34%
15 77% yield 99.4% e.e.
recrystallized

(¢] Cl

i MeNH,, EtOH
125 °C. 73%
N cl . N NMe
H
Me (o] Me
Me O 17 ve © (R)-14

99.8% e.e.
recrystallized

Scheme 2. Enantioselective synthesis of 1-(3-amino-1-phenylproplyl)indolin-2-
ones.
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Table 2

Characterization of compounds 14, 18, 19, and 20 at the human norepinephrine, serotonin, and dopamine transporters
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Compound X Y z hNET ICso? (nM) hSERT ICso? (nM) hSERT ICso/hNET ICso° hDAT % inhib @ 1 uM
7 H H H 47 327 7 44%
14a H H F 175 >3000 >17 3%
14b F H F 14 2550 182 7%
14c F cl F 19 >3000 >157 0%
14d H cl F 7 290 41 10%
14e F F F 6 330 55 0%
14f H H H 7 1350 192 0%
18a H >3000 1950 <0.65 3%
19a F 26 >3000 >115 20%
19b H 53 >3000 >56 26%
20a F >3000 1150 <0.38 1%
20b >3000 1750 <0.58 0%

2 Inhibition of norepinephrine uptake in MDCK-Net6 cells, stably transfected with human NET. Desipramine (ICsq = 3.9 + 0.5 nM) was used as standard.
b Inhibition of serotonin uptake in JAR cells, stably transfected with human SERT. Fluoxetine (ICso = 10.3 + 1.7 nM) was used as a standard.
€ Unitless value as a ratio in which higher numbers represent relatively greater NET selectivity.

loss of hNET activity observed previously and even displayed a
modest selectivity for hSERT. Although not anticipated to be active
at DAT, these compounds were evaluated for their dopamine trans-
porter binding activity and showed very weak affinity for the DA
transporter. In general compounds 14 and 19 were potent NRIs
and showed excellent selectivity against the 5-HT and DA
trasporters.

In summary, a medicinal chemistry program focused on the de-
sign of potent and selective NRIs successfully identified a new class
of a 1-(3-amino-1-phenylpropyl)indolin-2-ones that represent
some of the most selective hNET ligands reported to date. Com-
pounds 14d, 14e, and 14f in particular, showed excellent potency
at the hNET and remarkable selectivity over hSERT and hDAT.
Additionally, compounds 14d, 14e, and 14f have low TPSA (~32)
and are therefore anticipated to cross the blood-brain barrier effi-
ciently.'? These compounds will be further profiled in in vivo mod-
els of neurological disorders and dysfunction thought to be
associated with NE deficiency. The synthesis and characterization
of additional compounds is ongoing in an effort to identify potent
and selective NRIs that may have utility in treating various neuro-
logical disorders.
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Necroptosis is a regulated caspase-independent cell death mechanism characterized by morphological
features resembling non-regulated necrosis. Necrotatin-7 (Nec-7), a novel potent small-molecule inhib-
itor of necroptosis, is structurally distinct from previously described necrostatins (Nec-1, Nec-3, Nec-4
and Nec-5). Here, we describe a series of structural modifications and the structure-activity relationship
(SAR) of the Nec-7 series for inhibiting necroptosis.

© 2008 Elsevier Ltd. All rights reserved.

Cell death has traditionally been subdivided into regulated and
unregulated forms. Apoptosis, a form of caspase-dependent regu-
lated cell death, reflects a cell’s decision to die in response to cues
and is executed by an intrinsic cellular machinery. Unregulated cell
death (often called necrosis) is believed to be caused by over-
whelming stress incompatible with cell survival. However, recent
studies revealed an ability of cells to activate regulated cell death
with morphological features closely resembling those of unregu-
lated necrosis. In particular, a regulated caspase-independent ne-
crotic cell death pathway called necroptosis, has recently been
described.! Necroptosis is induced by tumor necrosis factor super-
family of death-domain receptors and characterized by necrotic
cell death morphology. Because, cell death with necrotic features
is commonly observed in a wide range of human pathologies,?
including stroke, myocardial infarction,? brain trauma, and possi-
bly some forms of neurodegeneration,® inhibition of necroptotic
cell death by specific small-molecule inhibitors, necrostatins,
may represent an exciting new direction for therapy.

Necrostatin-1 (Nec-1°) as well as other necrostatins have been
identified as specific and potent small-molecule inhibitor of
necroptotic cell death caused by death-domain receptors (DRs) in

* Corresponding author. Fax: +86 21 5492 5379.
E-mail address: yuancy@mail.sioc.ac.cn (C. Yuan).
 These authors contributed equally to this work.

0960-894X/$ - see front matter © 2008 Elsevier Ltd. All rights reserved.
doi:10.1016/j.bmcl.2008.08.058

multiple cell types. The identification and optimization of low
molecular weight molecules capable of inhibiting necroptosis is
instrumental in elucidating the role of this process in disease
patho-physiology and could provide lead compounds (i.e., necrost-
atins) for further therapeutic development. Up to this point, several
structurally distinct necrostatins (Nec-1, Nec-3,” Nec-4,% and Nec-
5,9) and corresponding modifications have been reported (Fig 1). In
this communication, we describe the initial structure-activity rela-
tionship analysis of a novel necrostatin (Nec-7, ECso=10.6 pm)
series. Biological activity of Nec-7 is different from that of Nec-1,
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Figure 1. Structures of necrostatins.
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Nec-1 Nec-7 (6i)
- 30 100 30 100
- e  °P-GST-RIP1

Figure 2. Compound 6i (Nec-7) does not inhibit recombinant RIP1 kinase. RIP1
kinase autophosphorylation reactions were performed in the presence of the
indicated concentrations of Nec-1 and Nec-7 for 30 min at 30 °C. Reactions were
performed as described .!° Briefly, recombinant human GST-RIP1 (1-375 a.a.) was
expressed using Baculogold system in Sf9 cells and purified using glutathione-
sepharose beads. Protein was eluted in 50 mM Tris—-HCl, pH 8.0. Two micrograms of
protein was used in each reaction. Reactions were performed in the presence of
20 mM ATP and 3 mCi y-32P-ATP. Following the reaction, products were separated
on 8% SDS-PAGE and visualized by autoradiography

Nec-3, Nec-4 and Nec-5 as Nec-7 does not inhibit RIP1 kinase
(Fig. 2), suggesting the possibility that Nec-7 may target an addi-
tional regulatory molecule in the pathway.

The synthesis of Nec-7 and most of its derivatives is outlined in
Scheme 1. 2-Aminothiazole was acylated with 2-chloroacetyl chlo-
ride followed by treatment with potassium thiocyanate to form the
thiazolidone 1."! The semicarbazone of 4-fluoroacetophenone was
treated with Vilsmeier-Haack reagent to afford pyrrazole 2!? Nec-
7 was derived from a Knoevenagel condensation of 1 and 2 with
the aid of sodium acetate anhydrous in glacial acetic acid.'?

Influence of substituents on Nec-7 activity: To the strategy for
investigate the structure-activity relationship of the Nec-7, is
shown in Figure 2. Three portions of the molecule were examined:
(i) the thiazole; (ii) substituents on the phenyl group; and (iii) the
pyrazole.

Modification of the thiazole of Nec-7: The thiazole of Nec-7 was
replaced with a 1,3,4-thiadiazole and with the addition of methyl
substituents to various position on the thiazole. As shown in
Table 1, all of the thiadiazole derivatives were inactive. 3a-d in
Table 1. Adding a methyl on the thiazole 4-position increased the
activity slightly, but adding this group to the 5-position had a
negative effect (3e vs 3f in Table 1).

Influence of substituents on the phenyl ring of Nec-7: For the study
of the influence of substituents on the phenyl ring, a series of deriv-
atives of compound 3 were prepared according to Scheme 1.

As shown in Table 2, moving the fluoro group from the para-
position to the meta- or ortho-positions (4a and 4b) resulted in a
complete loss of activity. However, the fluoro group at the para-
position could be replaced with a variety of electron-donating or
electron-withdrawing substituents with retention of necroptosis
inhibitory activity. It is worth noting that replacing the fluoro
group by morpholine (4h) or phenyl (41) increased activity. When
the fluoro group in the para-position was retained, adding and
additional fluoro group to the 3-position of phenyl ring enhanced
the activity slightly (4m vs Nec-7 and 4n vs 4h). Since derivative
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Table 1
Structure and activity of compounds 3
Y-N o R
X, A
SO
HN)\S
N
H
3a-f
Compound X Y R ECso (LM)
3a C N H Inactive
3b C N 4-F Inactive
3c C N 3-F Inactive
3d C N 2-F Inactive
3e C CMe 4-F 5.25
3f CMe CH 4-F 23.07
Table 2
Structure and activity of compounds 4
N
0 i
S)\N
HN)§S
N
H
4a-o
Compound R ECsp (UM)
Nec-7 4-F 10.6
4a 3-F Inactive
4b 2-F inactive
4c H 40.6
4ad 4-CH50 14.9
4e 4-CH;5 7.77
af 4-Cl 15.63
4g 4-Br 34.51
4n 4-N" © 2.93
f—
4i 4-NO, 22.96
4j 4-SCH; —
4K 4-OH 32.67
41 4-Ph 1.29
4m 3,4-F, 6.32
4n 3-N O —4—F 2.90
f—
40 3,4-0,(CH>) 34.83

4a with a fluoro group in the phenyl 3-position was inactive, the
para-substituent is crucial for maintaining the activity (Fig. 3).
Influence of N-contained groups at the phenyl para-position of
Nec-7: Since 4h (ECsp =2.93 pM) with a morpholine group at the
4-position of the phenyl ring displayed increased inhibitory activ-
ity compared to that of original Nec-7, several derivatives with
substituting groups containing a N atom at the phenyl para-posi-
tion were examined. These derivatives were also synthesized

Nec-7

Scheme 1. Reagents and conditions: (a) 2-chloroacetyl chloride, Nets, CH,Cl,, 0 °C-rt, 53%; (b) KSCN, EtOH, reflux, 85%; (c) H,NHNCONH,-HCl, NaOAc, CH30H/H,0, 98%; (d)

i—POCl3-DMF; ii—10% NaOH; iii—10 N HCI, 86%; (e) NaOAc, HOACc, reflux, 91%.
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Table 3
Structure and activity of compounds 5a-g

Compound R! R? X ECso (M)
5a ~(CHa)s- - 6.36

5b ~(CHa)s- - 9.53

¢ —(CoHa)2S - 3.30 £0.047
5d Me Me — —

Se Et Et = _

5f —-(C3H4)20 c—0 7.19£0.280
5g —(CHz)s~ -0 2.09 £ 0.060

according to Scheme 1. The acetophenones for compounds 5a-c
were prepared by a SyAr reaction of N-contained heterocycles with
4-fluroacetophenone in the present of potassium carbonate.!*
while the staring material for 5d and 5c¢ was derived from alkyl-
ation of 4-aminoacetophenone by iodomethane or iodoethane.

As shown in Table 3, heterocyclic groups without an oxygen
atom (5a and 5b) also increased activity, but less so compared to
the morpholine ring. A derivative with a six-membered ring dis-
played better activity compared to a five-membered ring (5a vs
5b). Thiomorpholine substitution improved activity similar to that
of morpholine (5c vs 4h). Finally, addition of the N-containing
heterocycles to the phenyl ring through an acyl moiety, for exam-
ple, piperidine ring, resulted in further improvement in activity (5f
vs 5g).

Influence of bipheny, biaryl ethers, biaryl thioethers and biarylsulf-
ones of Nec-7: Compound 4l (ECso=1.29 puM) with a biphenyl

Table 4
Structure and activity of compounds 6a-i

X = R
N -5
(/\J\ e} \ Y
S )N\
S
HN \
I\
N
H
6a-i
Compound X R ECso (LM)
6a — 0-OMe 241+0.235
6b — p-OMe 2.59 +0.476
6¢ - p-Me 438 +1.296
6d — p-Cl >100
Ge — p-F 3.87+0.752
6f — m-F 47.97 £0.255
6g -0- -H -
6h -S- -H —
6i -S0O,- -H 1.78 £ 0.078

in place of the phenyl ring was also active. Various other
replacements were also examined. As shown in Table 4, most
replacements were well tolerated, except p-chloro- (6d) and o-flu-
orobiphenyls (6f), suggesting that this type of conjugated system
may be preferable. However, the disruption of the biphenyl struc-
ture had little influence on the activity (6i). Thus, the conjugated
structure is not important for optimal activity of the biphenyl.
Notably, another conjugated bi-cyclic derivative with naphthyl
group displayed greatly decreased activity (ECsg = 56.8 uM).

Influence of pyrazole ring of Nec-7: For the study of the influence
of pyrazole ring of Nec-7, derivatives with other types of aromatic
heterocycles in place of pyrazole were synthesized, such as triazole
and isoxazole. Phenylpropiolaldehyde!® were prepared from corre-
sponding para-substituted benzaldehydes through a Corey-Fuchs
reaction, and then cyclized with sodium azide in DMSO at room
temperature to form 5-aryl-4-carbaldehyde-1,2,3-trizazoles,'®
7a-d (Scheme 2).

The N-hydroxybenzimidoyl chloride derived from chlorination
of benzaldehyde oxime by N-chlorosuccinimide (NCS)!” was trea-
ted with 3-dimethylaminoacrolein in the presence of triethylamine
to generate the isoxazole carboxaldehydes 8 via a 1,3-dipolar
cycloaddition'® (Scheme 3).

The N atom of pyrazole can easily react with electrophilic re-
agents in the present of potassium carbonate at room temperature,
such as iodomethane, bromoacetonitrile and benzyl bromide. The
main products were N-substituting 3-aryl-4-carboxaldehydepy-
razoles 9 (Scheme 4).

Finally, derivatives 10 were prepared through condensation
of these various carboxaldehyde derivatives 7, 8 or 9 with

ROCHO a2, R%Br 2.
Br
R
. OHC
R ——CHO —— 7
\
N

<«-N
N
R=-H, -Cl, -OCHs, -F H
7a-d

Scheme 2. Reagents and conditions: (a) CBry, PPhs, CH,Cl,, 0 °C-rt, 81-88%; (b) i—
n-Buli, —78 °C, ii—DMF, iii—10% KH,PO4, 64-71%; (c) i—NaN3, DMSO, rt; ii—15%
KH,PO4 41-61%.

PP W
ROCHO N-OH
R
of
RO_Q _©. oHC
N—OH

\
/ N
O
8a-d

Scheme 3. Reagents and conditions: (a) HO-NH;-HCl, K,COs, EtOH, rf, 80-94%; (b)
NCS, CH,Cl,, rt, 50-54%; (c) 3-dimethylaminoacrolein, EtsN, THF, rt, 42-93%.
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Scheme 4. Reagents and condition: (a) RX, K;COs3, CH5CN, rt, 65-91%.

Table 5
structure and activity of compounds 10a-1

=
HNT S / %
Y

10a-1
Compound X Y R ECso (1M)
10a N NH H Inactive
10b N NH Cl Inactive
10c N NH OCH3; Inactive
10d N NH F Inactive
10e C (0] Cl Inactive
10f C (0] F Inactive
10g C (0] CHj3 Inactive
10h C (0] NO, Inactive
10i C C-Me F Inactive
10j C C-CH,CONH, F Inactive
10k C C-Bn F Inactive
101 C C-Ph F Inactive

thiazolidone 1. As shown in Table 5, all of these modifications
resulted in complete loss of necroptosis inhibitory activity. Consid-
ering that the bioisosteric replacements of pyrazole ring were
detrimental to activity, this ring represents an important
determinant of Nec-7 activity.

In conclusion, a number of derivatives of Nec-7 were found to
inhibit TNF-o-induced necroptosis in FADD-deficient variant of hu-
man Jurkat T cells. A SAR study revealed that (i) substituent groups
at phenyl 4-position are essential; (ii) the para-position of the phe-
nyl ring was tolerant of substitution, and larger groups (i.e., mor-
pholine and additional phenyl rings) were better; (iii) the
pyrazole ring was quite sensitive to structural modification and

may interact with the target protein through hydrogen bonding.
These new derivatives will be used to further interrogate the
mechanism(s) of necroptotic cell death.
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High throughput screening of our compound collection led to the discovery of a novel series of N-alkyl-
5H-pyrido[4,3-b]indol-1-amines as urotensin-II receptor antagonists. Synthesis, initial structure and
activity relationships, functional and animal ortholog activities of the series are described.

© 2008 Elsevier Ltd. All rights reserved.

Human urotensin-II (hU-II), the most potent mammalian vaso-
constrictor identified to date,! and its cognate receptor hUT (for-
merly known as human GPR-14) are proposed to be involved in
the (dys)regulation of cardiorenal function.? Together, they have
been implicated in the etiology of numerous cardiorenal and
metabolic diseases including hypertension,® heart failure,*> ath-
erosclerosis,® renal failure,” and diabetes.® The impressive pharma-
cological activity of U-II has stimulated a great deal of interest in
developing small molecule UT modulators. Several non-peptidic
UT ligands (1-3, Fig. 1) have recently been reported.>!® Herein,
we describe the discovery of a novel series of N-alkyl-5H-pyr-
ido[4,3-b]indol-1-amines as UT antagonists.

High throughput screening (HTS) of our compound collection
using a fluorometric imaging plate reader (FLIPR) assay (measuring
inhibition of hU-II induced [Ca®'];-mobilization in HEK293 cells
expressing human recombinant UT receptor)!! identified com-
pound 4 as a submicromolar antagonist (pICso = 6.3). The tricyclic
compound 4 also showed good hUT binding affinity (pK;=8.1)
in a ['?°1]hU-1I radioligand binding assay using HEK293 cell
membranes stably expressing human recombinant UT receptors.!!
The hUT binding assay was used as the primary assay for SAR
exploration.

* Corresponding author. Tel.: +1 610 917 6678; fax: +1 610 917 7391.
E-mail address: yonghui.2.wang@gsk.com (Y. Wang).

0960-894X/$ - see front matter © 2008 Elsevier Ltd. All rights reserved.
doi:10.1016/j.bmcl.2008.08.054

The synthesis of N-alkyl-5H-pyrido[4,3-b]indol-1-amines
started with commercially available phenylhydrazine 5 and 4-hy-
droxy-2(1H)-pyridinone 6 (Scheme 1). Heating 5 and 6 in diphenyl
ether (DPE) gave 4-(2-phenylhydrazino)-2(1H)-pyridinone, which
underwent Fischer indole cyclization under reflux condition to af-
ford 2,5-dihydro-1H-pyrido[4,3-b]indol-1-one 7.'? Refluxing 7 in
neat POCl3, followed by HCI treatment produced the key interme-
diate, 1-chloro-5H-pyrido[4,3-blindole 8. Nucleophilic aromatic
substitution of 8 with a variety of amines under conventional or
microwave heating led to 5H-pyrido[4,3-b]indol-1-amines 9.'? N-
Alkylation of 8 with alkyl halides under ultrasonic condition
formed 1-chloro-5-alkyl-5H-pyrido[4,3-b]indoles 10,'> which
upon nucleophilic aromatic substitution with different amines
afforded 5-alkyl-5H-pyrido[4,3-b]indol-1-amines 11.

N-Alkyl-1H-pyrido[2,3-b]indol-4-amines 14 were prepared
from 4-chloro-9H-pyrido[2,3-blindoles 13 via nucleophilic aro-
matic substitution with N-alkylamines (Scheme 2). The 4-chloro
compounds 13 can be synthesized from 9H-pyrido[2,3-b]indole
1-oxides which can be made from the corresponding 9H-pyr-
ido[2,3-b]indoles or a-carbolines 12.

We first explored the amino side-chain moiety by preparing
analogs containing a variety of N-alkyl or aromatic amines. For
straight chain alkylamines (4, 9a-9d), hUT binding affinity in-
creases with the length of alkyl side-chain, e.g., Et < Pr < Bu, Pent,
Hex (Table 1). Branched alkylamines (9e-9g) are also allowed
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Figure 1. Examples of non-peptidic UT ligands (1-3) and HTS hit 4.
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Scheme 1. Reagents and conditions: (a) i—DPE, heating (Dean-Stark); ii—DPE,
reflux; (b) i—POCls, reflux; ii—HCI, heating (33% yield for two steps); (c) 'R?RNH,
heating; (d) >RX, KOH, TBAI, toluene, ultrasound.

but hUT binding affinity decreases dramatically when a branch is
located at a-position of alkylamines. The trend was also observed
for cycloalkyl amines (9h-9Kk). For example, both cyclopropyl
amine and cyclohexyl amine were found to have little or no bind-
ing affinity while the corresponding cyclopropylmethyl amine and
cyclohexylmethyl amine showed high hUT binding affinity. A sim-
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ilar trend was observed with aromatic amines (91-90), e.g.,
phenyl <« phenethyl < thienylmethyl, benzyl. In general, less steri-
cally hindered amines exhibited good hUT binding affinity. For het-
eroalkyl amines, oxygen-containing analogs (9p-9r) showed good
hUT binding affinities while nitrogen-containing compounds (9s
and 9t) were found to have no binding affinity. Furthermore, amide
containing side chains (9u and 9v) completely abolished binding
affinity. Also notable is that compared to secondary amino groups,
the tertiary amino groups (9w and 9x) showed much less hUT
binding affinity.

The SAR of other parts of the tricyclic molecule was subse-
quently explored (Table 2). While 5-methyl (11a) and 5-isopropyl
(11b) had good hUT binding affinity, 5-benzyl (11c) showed poor
binding affinity. All three compounds had less binding affinity to
hUT compared to 4 (where >R = H). Tricyclic analogs with the pyr-
ido-nitrogen at 4-position (or N-alkyl-1H-pyrido[2,3-b]indol-4-
amines) were tested in the hUT binding assay. Compared to the
corresponding analogs with pyrido-nitrogen at 2-position, these
4-pyrido tricyclic compounds were found to have less hUT binding
affinity (comparing 4 to 14d, 9p to 14e, 9i to 14f, and 9k to 14g).
For 4-pyrido tricyclic compounds, substituents on indole phenyl
ring (14h-14j) were well-tolerated with hUT binding pKj's of 7.2,
7.3, and 7.5, respectively.

In addition to high hUT binding affinity, the tricyclic com-
pounds showed good functional activities in a hUT FLIPR assay
(Table 3). For example, compound 4 was found to be a competitive
and reversible antagonist with a pA, of 7.0.'> The tricyclic com-
pounds were also evaluated for their cross-species activities and
found to be active in a cat UT binding assay'® (Table 3). For exam-
ple, compound 4 showed cat UT binding pK; of 6.2. However, these
tricyclic compounds were inactive or much less active in a rat UT
binding assay.!”

2

Scheme 2. Reagents and conditions: (a) 30% H,0,, HOAc, heating; (b) POCl5, DMF, rt; (c) 'R?RNH, heating.
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Table 1
SAR of the amino side-chain moiety
R Z/R
~N
—N
\_/

N

H
Compound TR-N-2R hUT binding (pK;)?
9a Et-NH 5.8
9b Pr-NH 7.6
4 Bu-NH 8.4
9c Pent-NH 8.4
9d Hex-NH 8.2
9e (1-Me)Bu-NH 6.1
9f (2-Me)Bu-NH 8.0
9g (3-Me)Bu-NH 7.9
9h c-Pr-NH 5.6
9i c-Pr-CH,-NH 8.2
9j c-Hex-NH <5.1
9k c-Hex-CH,-NH 8.0
91 Ph-NH <5.1
9m Bn-NH 7.9
9n Ph-(CH2),-NH 7.0
90 thienyl-CH,-NH 7.6
9p (2-OMe)Et-NH 7.7
9q (2-OEt)Et-NH 7.9
9r (tetrahydro-2-furanyl)-CH,-NH 7.1
9s [2-N(Me), |Et-NH <5.1
9t [2-(4-morpholinyl)]Et-NH <5.1
9u (2-acetylamino)Et-NH <5.1
9v (2-aminocarbonyl)Et-NH <5.1
9w (2-OMe)Et-NMe <5.1
9x (Bu);N 6.1

¢ Mean of at least two determinations; pK; was calculated from K; using formula,
pK; = —logK;; for K; determination, see Ref. 9e.

Table 2
SAR of the >R, “R, and pyridine regions

Compound X Y  'R-N-2R R R hUT binding (pK;)*
4 N C Bu-NH H H 8.4
11a N C Bu-NH Me H 7.3
11b N C Bu-NH ipr H 7.2
11c N C Bu-NH Bn H 5.4
14d C N BuNH H H 7.1
14e C N (2-MeO)Et-NH H H 6.5
14f C N  c-Pr-CHy-NH H H 7.0
14g C N cHex-CH-NH H H 6.1
14h C N BuNH H 8-Me 7.2
14i C N Bu-NH H 8-Cl 7.3
14§ C N Bu-NH H 6-OMe 7.5

4 Mean of at least two determinations; pK; was calculated from K; using formula,
pKi = —logK;; for K; determination, see Ref. 9e.

Exemplars in the series exhibited good physicochemical proper-
ties. For example, compound 4 had good aqueous solubility
(195 uM) and artificial membrane permeability (470 nm/s).'® For
selectivity, compound 4 showed at least 100-fold selectivity vs a
number of 7TM receptors (5HT1A, 5HT1B, 5HT1D, 5HT2A, 5HT2C,
5HT3, 5H4A, 5HT6, 5HT7, Histamine H1, Histamine H3, Dopamine
D2, Dopamine D3, Adrenergic alpha 1A, Adrenergic alpha 1B,
Adrenergic beta 2, Adenosine A1, Adenosine A2a, Adenosine A2b,

Table 3
cat UT binding and hUT FLIPR data

Compound cat UT binding pK;? hUT FLIPR pA,'®
4 6.2 7.0

9c 6.4 —

9d 6.7 —

9f 5.9 7.0

9g 58 -

9i 5.6 6.9

9m 6.0 7.7

90 5.5 6.8

11a 6.0 =

2 Mean of at least two determinations; pK; was calculated from K; using formula,
pK; = —logK;; for K; determination, see Ref. 9e.

M1, M2, M3, M4, M5, CXCR2) and about 400-fold selective for
hUT over hERG (binding pICso=5.8). However, compound 4
showed potent cytochrome P450 inhibition of the 2D6 (pICsg=
8.1) and 3A4 (pICsg = 7.0) isoforms. In an in vivo rat iv/po pharma-
cokinetic (PK) study (0.49 mg/kg iv, 0.97 mg/kg po), compound 4
showed high clearance, short half life, and low oral bioavailability
(Clb =110 mL/min/kg, Ty = 1.3 h, F=11%).

In summary, we discovered a novel series of N-alkyl-5H-pyr-
ido[4,3-b]indol-1-amines and derivatives as urotensin-II receptor
antagonists. Tractable SAR was demonstrated through analog syn-
thesis. The compounds in the series exhibited high hUT binding
affinity and functional and ortholog activities. The preliminary data
suggests that this series constitutes a reasonable starting point for
further lead optimization.
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FLIPR pA, value determination: the experiments were performed with various
concentrations of agonist (urotensin-II) added to the cells in the presence and
absence of antagonist compounds. Eleven concentrations of each test
compounds were applied to the studies. ECso values of the agonist were
measured for all conditions and dose-ratios calculated for each concentration
of antagonist. The antagonist potency of test compounds (pA, value) were
calculated using Schild plot analysis using dose-ratios. See: Kenakin, T.
Pharmacologic Analysis of Drug—Receptor Interaction, 3rd ed.; Lippincott-Raven
Press, 1997.

For cat and rat UT receptor radioligand binding assay details, see: Ref. 9e.
The reason that the binding affinity was different across species for the tricyclic
series was not clear. This phenomenon was also observed for the other UT
ligand. See, Ref. 9c.

The artificial phospholipid membrane technique is similar to the widely used
Caco-2 cell monolayer permeation technique. In short, egg phosphatidyl
choline (1.8%) and cholesterol (1%) are dissolved in n-decane. A small amount
of the volatile mixture is applied to the bottom of the microfiltration filter
inserts. Phosphate buffer (0.05 M, pH 7.05) is quickly added to the donors and
receivers, and the lipids are allowed to form self-assembled lipid bilayers
across the small holes in the filter. Permeation experiment is initiated by
spiking the compounds of interest to the donor sides, and the experiment is
stopped at a pre-determined elapsed time. The samples are withdrawn and
transferred to appropriate vials for analysis by HPLC with UV detection
(215 nm).
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A new route for the stereoselective synthesis of iodinated reboxetine analogues has been developed for
the generation of SPECT imaging agents for the noradrenaline transporter (NAT). (25,3S)- and (2R,3R)-
iodoreboxetine were prepared and biological testing against various mono-amine transporters showed
these compounds to be potent and selective for NAT.

© 2008 Elsevier Ltd. All rights reserved.

The noradrenaline transporter (NAT), which is located at the
pre-synaptic terminal of noradrenergic neurons, plays a key role
in noradrenergic neurotransmission by regulating the concentra-
tion of noradrenaline in the synaptic cleft via a re-uptake mecha-
nism."? Alterations in synaptic levels of noradrenaline have been
implicated in a number of neuropsychiatric and neurodegenerative
disorders such as depression, attention-deficit/hyperactivity disor-
der, anxiety and Alzheimer’s disease. In addition, NAT is a major
target for drugs targeted at a range of psychiatric conditions.>®

Non-invasive imaging techniques such as single photon emis-
sion computed tomography (SPECT) or positron emission tomogra-
phy (PET) could provide useful tools for determining the status of
NAT in patients with neuropsychiatric or neurodegenerative disor-
ders and the assessment of drug occupancy of the transporter
in vivo. Most of the studies involved in achieving such a goal have
focused on the development of radioiodinated analogues of
reboxetine 1, the well-known noradrenaline re-uptake inhibitor,’
for in vivo SPECT imaging.8-1° As most of the general NAT studies
of reboxetine analogues have focused on the (2S,35)-1 and the
(2R,3R)-stereoisomers,®>!! we became interested in investigating
iodoanalogues of the (2S,3R)- and the (2R,3S)-stereoisomers as pos-
sible SPECT imaging agents for NAT. This led to the development of
a stereoselective synthesis of (25,3R)-iodoreboxetine 2 and (2R,3S)-

* Corresponding author. Tel.: +44 141 330 5936; fax: +44 141 330 4888.
E-mail address: andrews@chem.gla.ac.uk (A. Sutherland).

0960-894X/$ - see front matter © 2008 Elsevier Ltd. All rights reserved.
doi:10.1016/j.bmcl.2008.08.041

iodoreboxetine 3 and in vitro testing of these compounds with
homogenised rat brain identified 3 as the most potent for NAT with
a K; value of 58.2 nM.1°
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In an effort to gain further insight into how the stereochemistry of
reboxetine affects binding affinity with NAT and to produce a more
potent iodoanalogue for SPECT imaging, the preparation of the two
other stereoisomers of 2 and 3, (2S,3S)-iodoreboxetine 4 and
(2R,3R)-iodoreboxetine 5 was proposed. In this Letter, we now re-
port the stereoselective synthesis of iodoanalogues 4 and 5 and
the screening of these compounds for affinity with NAT, the seroto-
nin transporter (SERT) and the dopamine transporter (DAT).
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The first stage of this study required the development of a stereose-
lective synthesis of (25,3S)-iodoreboxetine 4. The first key interme-
diate in this route, amino alcohol 6 was prepared in six steps as
shown in Scheme 1. 4-lodobenzyl alcohol 7 was used as the starting
material and converted in a one-pot Swern oxidation/Horner—
Wadsworth-Emmons reaction under Masumune-Roush conditions
to E-o,p-unsaturated ester 8 in 99% yield.'? Reduction of 8 using
DIBAL-H gave allylic alcohol 9 in 99% yield. We planned to create
the stereogenic centres of 6 using a Sharpless asymmetric dihydr-
oxylation.'? Sharpless and co-workers have shown that allylic chlo-
rides are excellent substrates for the asymmetric dihydroxylation
reaction.'* Thus, allylic alcohol 9 was converted to the correspond-
ing allylic chloride 10 using triphenylphosphine and N-chlorosuc-
cinimide and this was subjected to an asymmetric
dihydroxylation using AD-mix-o. which gave diol 11 in 84% yield
and in an excellent 98% e.e.”

Treatment of 11 with sodium hydroxide led to efficient forma-
tion of epoxide 12 and this underwent a regioselective ring-open-
ing reaction with aqueous ammonia solution to give the desired
amino alcohol 6 in 90% yield.

The next stage of the synthesis of (2S,3S)-iodoreboxetine 4 re-
quired the formation of the morpholine ring and a similar ap-
proach as previously described for our synthesis of 2 and 3 was
utilised (Scheme 2).'° Thus, reaction of amino alcohol 6 with chlo-
roacetyl chloride gave amide 13 and ring closure was then effected
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Scheme 1. Reagents and conditions: (a) i—(COCl),, DMSO, NEt3, CH,Cl,, —78 °C; ii—
triethyl phosphonoacetate, LiCl, DBU, MeCN, 99% over two steps; (b) DIBAL-H (2.2
equiv), Et,0, —78 °C to RT, 99%; (c) N-chlorosuccinimide, PPhs, CH,Cly, 0 °C, 69%; (d)
AD-Mix-o, MeSO,NH,, NaHCOs, t-BuOH, H,0, 0 °C, 84%; (e) NaOH, THF, 0 °C, 98%;
(f) 25% NH; (aq), MeCN, 90%.

OH OH
_ a T
NH, ——= 7~ TNH
OH OH
[ [ o
6 13 Cl

O -— (o]
HO j HO L
N (e}
Boc H
15 14
OEt
d | N
|  —-crco),
Pz
16
| |
e
O  — (e}
(6] O
OEt OEt
N N
Boc H
17 4

Scheme 2. Reagents and conditions: (a) chloroacetyl chloride, NEt;, MeCN, —10 °C
to RT, 57%; (b) sodium tert-butoxide, t-BuOH, 40 °C, 65%; (c) i—BH3.Me,S, THF, 0 °C
to RT; ii—Boc,0, Et3N, DMAP (cat.), CH,Cl,, 40% over two steps; (d) NaH, DMF then
I, 63%; (e) TFA, CH,Cl,, 60%.

using sodium tert-butoxide which gave morpholinone 14 in 51%
yield over the two steps.'® Reduction of 14 was then carried out
using borane-dimethylsulfide and the resulting amine was Boc-
protected to give 15 in 40% yield over the two steps.

Our initial strategy for introducing the 2-ethoxyphenyl group of
4 involved bromination of the benzyl alcohol component of 15, fol-
lowed by nucleophilic displacement with 2-ethoxyphenol. While
bromination of 15 using carbon tetrabromide and polymer sup-
ported triphenylphosphine proceeded smoothly, all attempts at
displacement of the bromide using 2-ethoxyphenol gave only com-
plex mixtures of products.!'® Instead, a nucleophilic aromatic sub-
stitution reaction previously described by Tamagnan and co-
workers involving chromium tricarbonyl activated 2-ethoxyfluor-
ophenol 16 was utilised and this gave 17 in 63% yield.!” Finally, re-
moval of the Boc-protecting group under standard conditions gave
(2S,3S)-iodoreboxetine 4 in 60% yield.

This approach was also used for the synthesis of (2R,3R)-iodore-
boxetine 5 (Scheme 3). In this case, allylic chloride 10 was sub-
jected to an asymmetric dihydroxylation using AD-mix-B, which
gave the corresponding diol 18 in 62% yield and in an excellent
98% e.e. Diol 18 was then converted to (2R,3R)-iodoreboxetine 5
in 8-steps as described for compound 4.

The binding of compounds 4 and 5 at noradrenaline, serotonin
and dopamine transporters was evaluated in vitro using homoge-
nates of rat brain (Table 1).'® (25,35)-Analogues of reboxetine gen-
erally have high affinity for NAT and can be up to 10- to 100-fold
more selective than the corresponding (2R,3R)-stereoisomer.®11¢
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OH
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O/\/oj
OEt 2
~y
H
5

Scheme 3. Reagents and conditions: (a) AD-Mix-B, MeSO,NH,, NaHCOs3, t-BuOH,
H,0, 0 °C, 62%.

Table 1
Binding affinity of reboxetine analogues 4 and 5 with NAT, SERT and DAT (NAT data
for 2 and 3 included for comparison)!°

Compound NAT K; (nM)? SERT K; (nM)° DAT K; (nM)P
I
H 320.8+9.0 = =
: o
0
OEt
N
210 H
I
58.2+9.4 - -
o
o~ ™ j
OEt 3
SN
310 H
I
53.8+2.7 2793 + 480 1457 + 150
(o)
(6]
OEt
N
4 H
I
S 64.0+2.4 646 + 142 716 £ 20

o> oj
OEt 3
SN
5 H

@ K; values are the mean of 3 separate determinations.
b K; values are the mean of 2 separate determinations.

As expected, (2S,3S)-iodoreboxetine 4 has high affinity for NAT
with a K; value of 53.8 nM. Surprisingly, (2R,3R)-iodoreboxetine 5
has also significant potency for NAT with a similar K; value of
64.0 nM. Our previous work with stereoisomers, 2 and 3 and our
result for (25,3S)-analogue 4 shows that the 3S-stereogenic centre
is required for high affinity with NAT.'° The fact that (2R,3R)-ste-
reoisomer also binds to NAT with high affinity, strongly suggests
that this compound must bind in a different manner to the other
stereoisomers. The addition of a large iodine atom to the phenyl
ring of 5 compared to the parent (2R,3R)-reboxetine compound,
means that the two aromatic rings are now more similar in size
and thus, this may allow these moieties to alternate binding pock-
ets, producing a similar 3-D shape at the C3-position as with ster-
eoisomers 3 and 4, resulting in similar levels of potency.

Compounds 4 and 5 are significantly more selective for NAT
than the other mono-amine transporters. In particular, (25,3S)-
iodoreboxetine 4 is approximately 50-fold and 25-fold more
selective for NAT than SERT and DAT respectively and thus, future
analogues of 4 may have both the potency and selectivity required
for developing an effective imaging agent for NAT.

In conclusion, we have developed a new stereoselective route
for the synthesis of (2S,3S)-iodoreboxetine 4 and (2R,3R)-iodore-
boxetine 5 and have shown these compounds to have high affinity
and selectivity for NAT. The preparation and testing of all four ster-
eoisomers of this iodoreboxetine analogue has generated valuable
insight into how the different stereoisomers of reboxetine bind to
NAT and our work has revealed that the (2R,3S)- and (2S,3S)-ster-
eoisomers in particular, have the highest affinity for NAT. Work is
currently underway to further confirm this hypothesis and to gen-
erate more potent and selective analogues around a (2R,3S)- and
(2S,3S)-morpholine backbone for the development of an effective
SPECT imaging agent for NAT.
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The design and synthesis of the first fluorophore-conjugated SGLT2 inhibitors is described. The mode of
linking the fluorophore to the SGLT2 pharmacophore was found to be crucial in achieving optimum
potency. Superior potency to phlorizin was provided by examples containing TAMRA, BODIPY, Cy3B
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After filtration by the kidney glomerulus, renal glucose is subse-
quently reabsorbed by two sodium-dependent glucose cotrans-
porters (SGLTs).! SGLT1 is a low capacity, high affinity
transporter that is expressed in the small intestine and heart in
addition to the kidney,> whereas SGLT2 is a high capacity, low
affinity transporter expressed predominantly in the proximal con-
voluted tubule of the nephron,® where it is responsible for 90% of
renal glucose reabsorption. Inhibition of SGLT2 is thus expected
to result in elevated urinary glucose excretion, and indeed human
SGLT2 gene mutations lead to renal glucosuria in individuals who
are otherwise asymptomatic.* The consequent lowering of blood
glucose levels is anticipated to be achieved without risk of hypo-
glycemia by virtue of a lack of impact on insulin secretion. In com-
bination with a negative energy balance, such a potential profile is
highly attractive for the treatment of diabetes mellitus and obesity.
As a result, the development of small-molecule inhibitors of SGLT2
has received widespread attention across the pharmaceutical
industry.”

Despite the very large number of SGLT2 inhibitors that have been
described, all are structurally related to the prototypical inhibitor
phlorizin® 1 (Fig. 1), sharing the common features of a glucose-
based (or glucose-mimicking) ring bearing a lipophilic side-chain
at C1. The side chains contain two cyclic systems (generally both
aromatic) separated by one to three carbons. In general, known
SGLT2 inhibitors are either O-glucosides, such as phlorizin 1 and
sergliflozin-A’ 2, or C-aryl glucosides such as dapagliflozin® 3. This

* Corresponding author. Tel.: +44 0 1304 645037; fax: +44 0 1304 651819.
E-mail address: mark.lansdell@pfizer.com (M.L. Lansdell).

0960-894X/$ - see front matter © 2008 Elsevier Ltd. All rights reserved.
doi:10.1016/j.bmcl.2008.08.036

intensive focus on such a limited range of chemotypes has led to
highly congested chemical space in terms of intellectual property
considerations, and limited opportunity for significant differentia-
tion within the existing structural classes. We therefore saw value
in seeking an entirely unrelated class of SGLT2 inhibitor.

A major component of our strategy to identify a novel SGLT2-
inhibiting chemotype was to perform a high-throughput screen
(HTS) of our company compound file. However, the opportunity
for undertaking such an HTS was limited by the available assay for-
mats. The most widely used in vitro SGLT2 assays are based on
functional inhibition of the uptake of ['4C]-o-methyl-p-glucopy-
ranoside in various cell lines expressing SGLT2. Although an auto-
mated 96-well format of this assay has been described,’ we
considered this still too cumbersome for the purposes of a full-file

HTS.
HO O OH ‘ OH OMe
HO 0_0 O HO 0,0
HO' “"oH | HO" ™" "OH

OH

Figure 1. Representative SGLT2 inhibitors.
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We report here the results of our efforts to design a fluorescent
inhibitor of SGLT2 with the aim of enabling development of a fluo-
rescence polarisation high-throughput binding assay. Fluorometric
assays offer several advantages over their radiometric counter-
parts, especially with regard to safety risks, waste disposal, and
ease of miniaturisation. Where fluorometric assays tend to present
a greater challenge is in the design of an appropriate fluorescent li-
gand, due to the difficulty in maintaining potency whilst accom-
modating the steric demands of the fluorophore, particularly
when this is conjugated to a small molecule rather than a pep-
tide.'® Nonetheless, there have been several reports of successful
fluorophore-conjugation with small molecule ligands in recent
years,'®!! and in-house experience with a high-throughput fluoro-
metric hERG assay'? has encouraged pursuit of this approach.

Our first task was to select the location on the typical SGLT-
inhibitor framework for conjugation of a fluorophore.'*> Despite
the wealth of disclosed SGLT2 inhibitors, the vast majority reside
solely within the patent literature, often lacking potency data,
and there is a general dearth of well-described structure-activity
relationships (SAR) for this transporter. However, we noticed some
general flexibility in the nature and size of the substituent on the
terminal aromatic ring, and thus chose to target this location, ini-
tially employing the nitrogen of amines 8a/b (Scheme 1) as the
conjugation handle. Known phenol 5'* was converted to the corre-
sponding triflate,’* which was then carbonylated to provide novel
methyl ester 6. Reaction of 6 with ammonia or methylamine pro-
vided amides 7a and 7b, respectively, and these were reduced to
benzylic amines 8a/b.

Capping of the amine as a simple benzamide to give 9a/b
(Table 1) suggested that the presence of an amide function close
to the lipophilic pharmacophore can be tolerated (albeit with some
loss of potency), especially if N-methylated. Due to the high cost of
many commercially available fluorophores, we selected the rela-
tively inexpensive fluorescein to begin our survey of fluorophore
conjugation.!®> We were encouraged to achieve at least measurable
inhibition of SGLT2 with our first compounds (10a/b) although the
demands of the fluorophore were clearly detrimental to potency,
even when separated from the SGLT2 pharmacophore by a C5
tether (11a/b). Use of NBD chloride provided an alternative non-
amide mode of conjugation (12a/b), and demonstrated that sub-
micromolar potency was attainable.

Before examining a wider range of fluorophores, we decided to
incorporate a linker which would allow greater separation of the
pharmacophore from any polarity associated with attachment of

ablsgp o CO,Me

OH d ,;7a/b R= CONHR”_<_| ¢

8a/b R = CH,NHR!

Scheme 1. Reagents and conditions: (a) PhN(Tf),, EtsN, DMAP, CH,Cl,, 63%; (b)
Pd(OAc),, dppp, CO, MeOH, 100 °C, 95%; (c) 7a: NH3/MeOH, 100 °C, 77% 7b: MeNH,,
EtOH, 100 °C, 90%; (d) BH3-THF, THF, reflux, then MeOH/BuOH quench, 8a R' =H
52%, 8b R! = Me 68%; (e) benzoic acid succinimidyl ester, or 5-carboxyfluorescein
succinimidyl ester (5-FAM, SE), or 6-(fluorescein-5-carboxamido)hexanoic acid
succinimidyl ester (5-SFX), or 4-chloro-7-nitrobenz-2-oxa-1,3-diazole (NBD chlo-
ride), EtsN, DMF, rt.

Table 1
SGLT2 inhibition data for compounds 1, 4,'° and 5, and 9-12

Compound R! R? SGLT2 ICs0® (nM)
1 = - 752 (545-1040)°
4 — — 12 (11-14)°
5 = = 33 (28, 39)°

S
9%9a H 495 (480, 510)°
9b Me 45 (36, 53)°
10a H 11000 (9600, 12400)° 3
10b Me 350 (3100-3600)°
11a H 8000 (7500, 8500)°
11b Me 15050 (14600, 15500)°
12a H 2400 (2300, 2500)°
12b Me 286 (241, 330)°

2 Inhibition of uptake of ['C]-a-methyl-p-glucopyranoside in CHO cells stably
transfected with human SGLT2.!”

Y 1 n=13,4 n=50(95% confidence interval in parentheses).

¢ Values are means of n =2 (individual measurements in parentheses).

the fluorophore. To this end, known tetra-acetylated phenol 13'*
(an immediate precursor in the preparation of 5) was alkylated
with protected amino-bromoalkanes containing chains ranging
from ethyl to octyl (Scheme 2). After global deprotection of
14a-e, the resulting amines 15a, 16a, 17a, 18 and 19 were either
directly conjugated with the fluorophore of choice, or were first
alkylated before fluorophore-conjugation, providing targets
20-23.

The sub-micromolar potency of 20 (Table 2), the first compound
made in this series, immediately suggested that this would be a
superior system for attaching the fluorophore compared to utilis-
ing the benzylic nitrogen of compound 8a/b. We therefore ex-
panded the combination of the alkoxy linker with other
fluorophores, which we anticipated would have fluorescent prop-
erties more suitable for our needs. Potency enhancement was ob-
served on moving from fluorescein-tagged 20, to TAMRA-tagged
21 to BODIPY-tagged 22e/f, all containing a 4-carbon linker. At this
point we fully explored the impact of linker length and amide sub-
stituent R'. The SAR regarding linker length was found to be rela-
tively flat (compare compounds 22a-k), although there was an
indication of a slight preference for increased distance of the fluo-
rophore from the SGLT2 pharmacophore. In contrast, the size of the
amide R! had a much more profound impact on potency, with pro-
pyl and butyl substituents (22g-i) leading to a marked decrease in
potency. We also prepared several examples tagged with Cy3B
(23a-d) and found this fluorophore to provide marginally im-
proved potencies when compared to BODIPY with the same linker.

Finally, we investigated the impact of introducing a phenyl ring
into the linker (Scheme 3). Phenol 13'# was reacted under Mitsun-
obu conditions with benzyl alcohol 242 to generate phenoxy ether
25, which was then globally deprotected. The resulting amine 26a
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H
O N. 14an =2, R'=Boc
Mn R1 14b n = 3, R' = Boc
14c n =4, R' = Boc
14d n =6, R' = Boc
14e n = 8, R" = Phth

b
17an=4,R'=H cl o N
’ n R1
C
17bn=4,R! =M HO
n=4nr" =Me 15an=2, R'=H
17cn=4,R! = Et HO OH c[aqspn=2 R=Me
17dn=4,R!'=n-Pr OH ’
17en=4,R'=i-Pr 16 —3 RI=H
Jr ot

17f n=4,R"=i-Bu 4g n=6, R

16b n =3, R'= Me

Scheme 2. Reagents and conditions: (a) 14a-d: Br(CH,),NHBoc, Cs,CO3, DMF, a 36%, b 71%, ¢ 75%, d 91%; 14e: N-(8-bromooctyl)phthalimide, Cs,CO3, DMF; (b) 15a/16a/17a/
18/19: i—NHs(aq)/MeOH, ii—HCl, MeOH, 15a 95%, 16a 100%, 17a 91%, 18 60%; 19: i—K,CO3, MeOH, 25% (over two steps from 13), ii—NH,NH,, MeOH, reflux, 62%; (c) 15b/16b/
17b: i—ethyl formate, EtOH, reflux, ii—BH3.THF, THF, reflux, 15b 50%, 16b 75%, 17b 43%; 17c: i—acetyl chloride, NaOAc, THF, H,0, 75%, ii—BH3.THF, THF, reflux, 25%; 17d: i—
propionyl chloride, NaOAc, THF, H,0, 89%, ii—BH3.THF, THF, reflux, 39%; 17e: i—acetone, MeOH, ii—NaBH,4, MeOH, 80%; 17d: i—isobutyraldehyde, MeOH, ii—NaBH,, MeOH,
84%; (d) 5-carboxyfluorescein succinimidyl ester (5-FAM, SE), or 5-carboxytetramethylrhodamine succinimidyl ester (5-TAMRA, SE), or 4,4-difluoro-5,7-dimethyl-4-bora-

3a,4a-diaza-s-indacene-3-propionic acid succinimidyl ester (BODIPY FL, SE), or Cy3B NHS ester, EtsN, DMF, rt.

Table 2
SGLT2 inhibition data for compounds 20-23

Compound Linker R! R?

SGLT2 ICs0*° (nM)

20 n=4 H
21 n=4 H
22a n=2 H
22b n=2 Me
22c n=3 H
22d n=3 Me
22e n=4 H2
22f n=4 Me
22g n=4 n-Pr
22h n=4 i-Pr
22i n=4 i-Bu
22j n=6 H
22k n=8 H
23a n=4 H
23b n=4 Me
23c n=4 Et
23d n=6 H

835 (790, 880)

370 (200, 540)

420 (370, 470)
315 (310, 320)
203 (166, 240)
430°

267 (254, 280)
155 (110, 200)
850°

1570 (1440, 1700)
2000°

148 (119, 177)
205 (120, 290)

145 (138, 151)
122 (79, 164)
131 (100, 162)
102 (100, 104)

2 Inhibition of uptake of ['C]-a-methyl-p-glucopyranoside in CHO cells stably transfected with human SGLT2.!”
b Values are means of n = 2 (individual measurements in parentheses) unless otherwise stated.
‘n=1.
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NHBoc NHBoc
-R2
OH [ 26aR'=H Re=H d 5 27,28

26b R' = Me, R? =H

Scheme 3. Reagents and conditions: (a) PPhs, DIAD, THF, 65%; (b) i—NH3/MeOH,
ii—HCI/MeOH, 84% (over 2 steps); (c) i—ethylformate, EtOH, reflux, ii—BH;.THF,
THEF, reflux, 79% (over 2 steps); (d) 5-carboxytetramethylrhodamine succinimidyl
ester (5-TAMRA, SE), or 4,4-difluoro-5,7-dimethyl-4-bora-3a,4a-diaza-s-indacene-
3-propionic acid succinimidyl ester (BODIPY FL, SE), EtsN, DMF, rt.

Table 3
SGLT2 inhibition data for compounds 27-28

Compound R' R? SGLT2 IC50*" (nM)

27a H 55 (54, 55)
27b Me 154 (107, 200)
28a H 123 (120, 126)
28b Me 95 (91, 98)

3 Inhibition of uptake of ['“C]-o-methyl-p-glucopyranoside in CHO cells stably
transfected with human SGLT2.!”
b Values are means of n =2 (individual measurements in parentheses).

was either directly conjugated with a fluorophore, or was first meth-
ylated before conjugation. TAMRA-labelled 27a'® (Table 3) was
found to be considerably more potent than its alkyl-chain-linked
analogue 21, notably over 10-fold more potent than phlorizin 1
and reaching within 5-fold of the potency achieved by 4, despite
the burden of the fluorophore. In contrast, combination of the phe-
nyl-based linker (28a/b) with a BODIPY fluorophore provided more
modest improvements versus the alkyl chain analogues 22e/f.

In summary, we have described the first examples of fluoro-
phore-labelled SGLT2 inhibitors. The mode of linking the fluoro-
phore to the SGLT2 pharmacophore was found to be crucial in
achieving good potency. A variety of fluorophores are broadly
acceptable, which offers the potential for fine-tuning of the fluores-
cent properties,?® and sufficient potency has been attained that we
anticipate such compounds could find use as pharmacological tools
in assay development or other investigations of SGLT2.
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All fluorophores were purchased from Invitrogen (Molecular Probes), with the
exception of Cy3B NHS ester and NBD chloride, which were purchased from GE
Healthcare and Sigma-Aldrich, respectively.

The structure of dapagliflozin 3 had not been disclosed by the time this work
was completed. We had employed close-analogue 4 (Washburn W.; Meng W.
US20060063722), alongside phlorizin 1, to benchmark our SGLT2 assay. In a
later, slightly modified, format of the assay, we have since established that 3
and 4 are equipotent.

Methodology analogous to that described for SGLT1 by: Lin, J.-T.; Kormanec, J.;
Webhner, F.; Wielert-Badyt, S.; Kinne, R. K.-H. Biochim. Biophys. Acta 1998, 1373, 309.
Adlington, R. M.; Baldwin, ]. E.; Becker, G. W.; Chen, B.; Cheng, L.; Cooper, S. L.;
Hermann, R. B.; Howe, T. J.; McCoull, W.; McNulty, A. M.; Neubauer, B. L.;
Pritchard, G. J. J. Med. Chem. 2001, 44, 1491.

Preparation of 27a: 5-TAMRA-SE (5 mg, 0.095 mmol) and amine 26a (5.7 mg,
0.011 mmol) were dissolved in anhydrous DMF (0.5 mL) and triethylamine
(0.019 mL, 0.11 mmol) was then added. The solution was stirred at room
temperature for 16 hours in the dark. Solvents were removed in vacuo and the
residue was stored under N, (g) in the freezer until purification, which was
performed by preparative HPLC (Column: Waters XBridge C18, 5 pum,
19 x 150 mm, 20 mL/min; Eluent: gradient 20-55% MeCN in water over
15 minutes, then 85% for 5 min, R, 11.2 min). The product was obtained as a
dark purple solid by freeze drying (8.3 mg, 96%). 'H NMR (CDs0D, 300 MHz,)
rotamers § 3.26-3.58 (m, 16H), 3.75 (dd, 2H), 4.02 (d, 2H), 4.08 (d, 1H), 4.63 (s,
2H),5.04 (s, 2H),6.87 (d, 2H),6.90(s, 2H), 7.00(d, 2H), 7.11 (d, 2H), 7.22-7.40 (m,
10H), 8.04 (d, 1H), 8.51 (d, 1H). MS (ESI) m/z 912.34 (MH)". Chemical purity by
HPLC: Waters XBridge C18, 3 x 150 mm, 5 um, 0.5 mL/min, gradient 5-95%
MeCN in 2% aq. HCO, H over 15 min, then held for 10 minutes, R; 10.61 min,
95.93% (223 nm).

The excitation-emission profiles of compounds 23d, 27a, and 28b were
measured and found to be essentially unchanged from the corresponding
commercially available fluorophore precursors.
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Pyrazolopyrimidines were discovered as the first class of allosteric agonists for the high affinity nicotinic
acid receptor GPR109A. In addition to its intrinsic activity, compound 9n significantly enhances nicotinic
acid binding to the receptor, thereby potentiating the functional efficacy of nicotinic acid.

© 2008 Elsevier Ltd. All rights reserved.

Nicotinic acid is a group B vitamin that in high doses reduces
morbidity and mortality from cardiovascular disease.!? These ben-
efits presumably arise via alterations in the serum lipid profile
including elevated high density lipoprotein cholesterol (HDL-C),
and reduced total plasma cholesterol, very low-density lipoprotein
cholesterol (VLDL-C), low-density lipoprotein cholesterol (LDL-C),
triglyceride (TG), and lipoprotein a (Lp(a)).> However, the adverse
effect of cutaneous vasodilation (flushing) often limits patient
compliance to therapy.

GPR109A (also called PUMA-G in mice; protein-upregulated in
macrophages by interferon vy) is a Gj-protein coupled receptor for
nicotinic acid that is highly expressed in adipocytes and myeloid-
lineage immune cells.* Binding of agonists to GPR109A induces
reduction of intracellular cAMP levels which, in adipocytes, is
thought to impair triglyceride lipolysis and thus reduce levels of
circulating free fatty acid (FFA).% Decreased plasma FFA is thought
to be responsible for the other observed changes in serum lipids
(e.g., reduction in LDL-C and increase of HDL-C).> GPR109A ex-
pressed in epidermal Langerhans’ cells has also been shown to
mediate cutaneous flushing.®

G-protein-coupled receptor (GPCR) ligands can be classified
as either orthosteric or allosteric modulators.” Orthosteric and
endogenous ligands bind to the same site, which is topologi-
cally distinct from the allosteric site. In general, the binding

* Corresponding author. Tel.: +1 732 594 1755; fax: +1 732 594 9473.
E-mail address: hong_shen@merck.com (H.C. Shen).

0960-894X/$ - see front matter © 2008 Elsevier Ltd. All rights reserved.
doi:10.1016/j.bmcl.2008.08.039

domains of different orthosteric ligands may not exactly super-
impose, but do overlap to an extent that two orthosteric li-
gands cannot bind simultaneously. Therefore, orthosteric
ligands are competitive in equilibrium binding assays, and
the binding of one orthosteric ligand does not change the dis-
sociation kinetics of another. In contrast, with little or no over-
lap of their binding sites, an allosteric modulator and an
orthosteric ligand can bind to the same receptor simulta-
neously. As a result, an allosteric modulator may modulate
the affinity of an orthosteric ligand, either positively or
negatively.?

Various orthosteric GPR109A agonists have been reported by
GlaxoSmithKline,® Arena,'® Roche,!" Schering-Plough,'? Incyte,!3
AP. ljzerman’s group at Leiden University,' and ourselves,'”
respectively. In contrast, to the best of our knowledge, allosteric
modulators of the nicotinic acid receptor have not been docu-
mented. We speculated that a positive allosteric modulator
might improve the potency of B-hydroxybutyrate, the proposed
endogenous ligand for GPR109A,'® thereby mimicking, and pos-
sibly improving on, nicotinic acid’s therapeutic effects. It would
also be intriguing to examine whether allosteric modulation of
the receptor would induce the adverse effects of nicotinic acid
treatment, such as cutaneous flushing. Herein, we report our
discovery of pyrazolopyrimidines as the first class of allosteric
agonists for the nicotinic acid receptor GPR109A. In addition,
we present the in vitro characteristics of a representative ana-
log 9n.
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Scheme 1. Reagents and conditions: (a) Phl, Cul (0.05 equiv), Cs,COs3, pentanitrile, 125 °C, 16 h, 50%; (b) NaH, ethyl formate, tert-amyl alcohol, toluene, 75 °C, 12 h, 70%; (c)
hydrazine, acetic acid, EtOH, reflux, 16 h, 98%; (d) 8, ethanol, reflux, 1 h, 85%; (e) LiOH, THF/MeOH/water (3:1:1), rt, 2 h, 99%; (f) 2, HOBT, EDCI, CH,Cl,, rt, 12 h, 77%.

The synthetic route to pyrazolopyrimidine 9n as a represen-
tative example is summarized in Scheme 1. Starting with 4-iso-
propylphenylacetonitrile 3, an o-formylation followed by
condensation with hydrazine afforded aminopyrazole 5. The
ensuing reaction of 5 with a-ethoxyvinylidene ethyl acetoace-
tate 8 generated pyrazolopyrimidine 6.!7 The subsequent hydro-
lysis of 6 led to acid 7, which was then coupled with 1-
phenoxy-2-propylamine to give 9n. The requisite 1-phenoxy-2-
propylamine 2 was derived from a Cul-catalyzed chemoselective
O-arylation.'® This sequence was adopted to prepare most pyr-
azolopyrimidine analogs in this letter.

The activity of compounds against GPR109A was measured
both by 3H-nicotinic acid competition binding assays and ago-
nist-induced exchange of GDP for 3°S-GTPyS on cell mem-
branes prepared from CHO cells overexpressing human
GPR109A.'® The maximum response to nicotinic acid in the
hGTPyS assay was defined as 100%, based on which we mea-
sured the maximum response level of our compounds. The
SAR of the pyrazolopyrimidine class regarding equilibrium
binding in the 3H-nicotinic acid and efficacy in the hGTPYS as-
says is summarized in Table 1. The pyrazolopyrimidine core of
these analogs appeared to be crucial for activity against
GPR109A since modification of the core rendered compounds
inactive (data not shown). Extensive SAR studies of the pyraz-
olopyrimidine series established the importance of the 1,2-
aminoalkoxy functionality. For example, 9b was active, whereas
its carbon homolog 9c¢ was not. The substitution pattern of the
phenoxy group in 9b clearly influenced activity. The introduc-
tion of para- or meta-methoxy group improved the ECso values
in the hGTPYS assay, but with lower maximum response (41%
and 55%, respectively). Similar observations were also made
with chloro-, fluoro-, and methyl-substituted analogs (9h-lI).
The substitution of methyl group of the 1-methoxy-2-propyla-
mino moiety with phenyl or benzyl groups (9p-q) improved
the ECsq values in the hGTPyS assay by twofold and gave a
similar maximum response level as 9a.

By combining the structural features of the o-methyl group
(with respect to the amide nitrogen atom) in 9a and the

phenoxy group in 9b, we were able to obtain compound
9m with improved activity as a racemate in the hGTPyS assay
(EC50=0.7 uM (74%)). Further elaboration using enantiomeri-
cally pure 1-phenoxy-2-propylamine gave two enantiomers
with considerably different affinities for GPR109A. The R-enan-
tiomer 9n was 19-fold more active in the binding assay, and
17-fold more active in the hGTPyS assay than its S enantio-
mer 90 (Table 1). As shown in the hGTPyS assay, 9n gave
approximately 75% of nicotinic acid’s maximum response
(Fig. 1).

In addition to their functional activation of GPR109A, com-
pounds of the pyrazolopyrimidine class also enhanced the bind-
ing of nicotinic acid to the receptor. For instance, 9n increased
the binding of 3H-nicotinic acid to the receptor (black curve)
in a concentration-dependent manner, whereas unlabeled nico-
tinic acid displaced 3H-nicotinic acid from the receptor (red
curve) (Fig. 2). We interpret enhanced H-nicotinic acid binding
as indicative of positive allosteric modulation of the receptor,
which taken together with the agonist properties of 9n desig-
nates this compound as an allosteric agonist of GPR109A. The
mechanism by which 9n enhances 3H-nicotinic acid binding will
be described elsewhere.

Nicotinic acid has been shown to inhibit forskolin-stimulated
cAMP accumulation in CHO-hGPR109A cells.!® A prediction of
enhanced nicotinic acid binding to GPR109A in the presence of
9n would be that the dose-response curve for nicotinic acid in
this assay might be left-shifted. Like nicotinic acid, 9n alone also
induced the reduction of cAMP levels but with less magnitude
(the bottom curve in Fig. 3). Furthermore, 9n potentiated the
nicotinic acid-induced cAMP reduction in a dose-dependent fash-
ion. As shown in Figure 3, the effect of nicotinic acid on the
cAMP accumulation was significantly left-shifted with increasing
concentration of 9n displaying a sensitization of nicotinic acid
activity.

In summary, we have discovered a pyrazolopyrimidine class
of allosteric agonists of the nicotinic acid receptor GPR109A.
To our knowledge, this is the first report of allosteric agonists
of this receptor. The observation of GPR109A allosteric agonism
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Table 1 Table 1 (continued)
In vitro SAR for pyrazolopyrimidine analogs Compound 3H-nicotinic hGTPYS (%) at
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Figure 1. GTPYS curve of 9n (n = 25).
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Figure 2. Binding curve of 9n and nicotinic acid (n = 8).
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Figure 3. Effects of 9n on cAMP accumulation in CHO-hGPR109A cells.

as reflected by these analogs may offer interesting implications,
worthy of further pharmacological investigation.
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Evaluation of hit chemotypes from high throughput screening identified a novel series of 2,4-disubsti-
tuted thieno[2,3-c]pyridines as COT kinase inhibitors. Structural modifications exploring SAR at the 2-
and 4-positions resulting in inhibitors with improved enzyme potency and cellular activity are disclosed.

© 2008 Elsevier Ltd. All rights reserved.

COT/Tpl2/MAP3K8 is a mitogen-activated serine/threonine Ki-
nase kinase kinase (MAP3K) that is essential for lipopolysaccharide
(LPS)-induced activation of the ERK MAPK cascade in macro-
phages.! COT kinase activation is believed to play an integral role
in the production of pro-inflammatory cytokines such as TNF and
IL-1B.2 Elevated levels of these cytokines have been clinically
implicated as mediators of a number of autoimmune diseases,’ in
particular, the pain and joint destruction characteristic of rheuma-
toid arthritis. By inference, pharmaceutical agents that inhibit COT
kinase have the potential to be a novel and effective therapy for the
treatment of a range of immunological diseases, such as rheuma-
toid arthritis. To date, only 1,7-naphthyridine-3-carbonitriles*
and quinoline-3-carbonitriles® have been reported as COT kinase
inhibitors. Herein, we report a new class of potent COT inhibitors
based on a thieno[2,3-c]pyridine core.
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Our initial hit came from a high throughput screen of the Abbott
compound collection using a >*P gel-permeation assay in the pres-
ence of 30 uM ATP. The resulting thieno[2,3-c]pyridine, 1, was se-
lected based upon its moderate potency for the COT HTRF kinase
assay (ICso =1 puM),® good selectivity across a panel of 15 kinases
(representing all branches of the human kinome), and its concur-
rence with internal hit criteria. Interestingly, 1 had been identified
internally as a member of a series that inhibited TNF stimulated
ICAM-1 and E-selectin expression; however, the specific molecular
target was unknown.’

While COT has a low homology to other kinases, providing a un-
ique opportunity to achieve selectivity across the kinome, it also
presented a challenge in terms of applying structure-based drug
design techniques. To date, no crystal structure of this protein is
known. The optimization of 1 focused primarily upon SAR explora-
tion of the 2- and 4-substituents of the thieno[2,3-c]pyridine core
based on modeling hypotheses. In this letter, we describe the opti-
mization of these thienopyridines that resulted in the identifica-
tion of cell-active inhibitors of COT.

Preparation of the versatile intermediates 3-6 was carried out
from commercially available 3,5-dibromo-4-pyridine carboxalde-
hyde (Scheme 1). Cyclization of aldehyde 2 with methyl thioglyco-
late or 2-mercaptoacetamide provided either the ester 37 or
primary amide 4, respectively. The tetrazole moiety 6 was intro-
duced by dehydration of the amide to the nitrile 5 and by subse-
quent reaction with sodium azide.

Functionalization of the thienopyridines at the 4-position
provided access to a wide variety of substituted aryl ether
analogs. This transformation was accomplished via an Ulmann
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Scheme 1. Reagents and conditions: (a) HSCH,CO,CHs, Cs,CO3, THF, 60 °C, 2 h; (b)
HSCH,CONH,, Cs,COs, THF, 60 °C, 2 h; (c) TFAA, pyridine, rt, 6 h; (d) 1.3 equiv NaNs,
1.3 equiv NH4Cl, DMF, 80 °C, 4-18 h.

coupling® of bromide 6 with substituted phenols, as shown in
Scheme 2.

An alternate route was utilized to access halogen-substituted
aryl ether moieties off C4 of the thienopyridine core. Treatment
of 3,5-dichloro-4-pyridine carboxaldehyde with a substituted phe-
nol and subsequent reaction with methyl thioglycolate provided
direct access to phenoxy compound 9 (Scheme 3). Suzuki coupling
of the aryl halide with boronic acids generated biphenyl-substi-
tuted analogs 10.

Final product elaboration to the acid 1 was accomplished by es-
ter hydrolysis. Curtius rearrangement of the acid provided the C2
amine 11 which could be further elaborated by acylation as de-
picted in Scheme 4. The corresponding nitrile 14 was prepared
by treatment of ester 9 with ammonia to generate amide 13 fol-
lowed by dehydration. Reaction with sodium azide generated tet-
razole 15.

Alternatively, oxazolidinone 17 was synthesized via reaction of
hydroxylamine hydrochloride with nitrile 14 followed by cycliza-
tion in the presence of CDI (Scheme 5). Reaction of acid chloride

=
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Scheme 2. Reagents and conditions: (a) RPhOH, Cu(I)Cl, Cs,COs, 2,2,6,6-tetra-
methyl-3,5-heptanedione, NMP, 220 °C, microwave, 10 min.
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Scheme 4. Reagents and conditions: (a) NaOH, water, dioxane, 100 °C, 1h; (b)
(Ph0),0PN3, EtsN, ‘BuOH, reflux, 16 h; (c) Acy0, EtPryN, THF, rt, 16 h; (d) NHs,
MeOH, sealed tube, 100 °C, 1 h; (e) TFAA, pyridine, rt, 6 h; (f) 1.3 equiv NaN3s, 1.3
equiv NH4Cl, DMF, 80 °C, 4-18 h.
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Scheme 5. Reagents and conditions: (a) NH,OH-HClI, i-Pr,EtN, DMSO, 70 °C, 1.5 h;
(b) CDI, DMF, 100 °C, 1.5 h.

18 with trimethylsilyl hydroxylamine and subsequent liberation
of the silyl group during reverse-phase (RP) HPLC purification gen-
erated the hydroxamic acid 20 (Scheme 6).

Our initial binding mode hypothesis for 1 (Fig. 1) had the 6-N of
the thieno[2,3-c]pyridine core bound to the hinge of COT kinase
(Gly 210), thus presenting the carboxylic acid toward the water-
accessible ribose pocket and the 4-substituent in a hydrophobic
domain abutting the gatekeeper residue (Met 207). In order to test
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Scheme 3. Reagents and conditions: (a) 4-I-PhOH, KO'Bu, THF, rt, 16 h; (b) HSCH,CO,CH3, Cs,C0s, THF, 60 °C, 2 h; (c) RPhB(OH),, Pd(PPhs),, Cs,C0O3, DME/EtOH/H,0, 135 °C,

microwave, 6 min.
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Figure 1. Model of 1 bound to homology model of COT/Tpl-2 kinase. A hydrogen
bond between the ligand and the backbone NH of Gly 210 (3.1 A) is shown as a
black dotted line.

this proposal, we initially evaluated the properties of the presum-
ably solvent exposed 2-substituent and its impact on enzyme po-
tency (Table 1). Compounds were evaluated for inhibition of COT
kinase activity using an HTRF-based assay.® The neutral 2-amino
analogs 11 and 12 were inactive against COT; however, replace-
ment of the acid group with small acidic heterocycles® was toler-
ated. For example, the oxazolidinone (estimated pK, ~6.1) 17
and tetrazole (estimated pK, ~5.3) 15 maintained potency similar
to that of the carboxylic acid 1. The hydroxamic acid moiety in 20
(estimated pK, ~6.9) also served as an equitable replacement of
the carboxylic acid.

Optimization of the 4-position of the thieno[2,3-c]pyridine fo-
cused on a range of hydrophobic residues. To the best of our
knowledge, no kinase inhibitors have successfully circumvented
a bulky methionine gatekeeper to access the rear ‘hydrophobic’
selectivity pocket, hence we focused primarily on optimizing the
van der Waal interactions between the 4-substituent and the
Gly-rich loop. For comparative purposes, the tetrazole moiety
was held constant at the 2-position, and initially a range of substi-
tuted phenoxy analogs were prepared (Table 2). The unsubstituted
phenoxy derivative 21 was less potent than the lead compound 1.
Preparation of the 2-, 3-, and 4-phenyl-substituted analogs (22-24)
established the preference for substitution at the 4-position. Small
lipophilic acyclic substituents were also examined in this region.
Compared to the 4-Ph derivative 24, the 4-Me and 4-Br analogs
25 and 26 had significantly reduced potency. Interestingly, both

Table 1
Inhibition of COT kinase by representative C-2 analogs

Q.

(@]
~
| -
N._ .= S
Compound R COT HTRF ICsq, pM?
1 -CO,H 0.94
1 -NH, >50
12 —-NHCOCH; >50
N
17 i g o 1.12
N /&
N™o
N
" "NH
15 = —< | 0.41
N=N
20 —CONHOH 0.54
2 See Ref. 6 for assay conditions.
Table 2
Inhibition of COT kinase by selected C-4 analogs
=
R |
="
N~
[T ¢ \H
N z~g N=N
Compound R COT HTRF ICso, uM?*
21 H 2.2
22 2-Ph 15
23 3-Ph 1.7
24 4-Ph 0.15
25 4-Me 7.5
26 4-Br 1.6
27 4-Cl 0.71
28 4-'Bu 0.61

2 See Ref. 6 for assay conditions.

the 4-Cl and 4-'Bu analogs (27, 28) were moderately active but still
less potent than 24.

Since the effort to replace the distal phenyl group failed to
maintain or improve potency, the biphenyl moiety was retained
within the core pharmacophore and further optimization was fo-
cused on the substitution pattern of the distal ring (Table 3). In
general, substitution at the 4-position (31, 34-41) afforded analogs
with a trend toward greater potency compared to those substi-
tuted at either the 2- or 3-positions (comparative groupings are
29-31 as well as 32-34). Both electron-donating and electron-
withdrawing groups were tolerated. Of the substituents evaluated
at the 4-position of the distal phenyl ring, the analogs that pro-
vided a marked improvement in potency were those capable of
forming H-bonds with the protein, such as 39-41. Since the pri-
mary amide showed improved potency over the N,N-dimethyl
derivative, we speculate that both an H-bond donor and an H-bond
acceptor are required for optimal potency.

A proposed model for an alternative binding mode of compound
1 bound to COT kinase is shown in Figure 2. The inhibitor was
docked manually to optimize hydrogen bonds between the ligand
and both the hinge and salt-bridge Lys residue within the ATP-
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Table 3
Inhibition of COT kinase by selected C-4 analogs
—
RL |
T
(0]
N~
TN
N.__= g N:N
Compound R COT MEK ERK COT cell
ICsp, UM?  ICs, pM®  ICsp, iM®  ICsp, pM®

24 H 0.15 9.7 12 43
29 2-OMe 0.32 21.8
30 3-OMe 0.24 23
31 4-OMe 0.13 49
32 2-Cl 0.15 1.5 >50
33 3-Cl 0.12 1.9 >50
34 4-Cl 0.09 24 >50 2.1
35 4-CN 0.31 21.2 47
36 4-F 0.17 7.6 113 6.5
37 4-NH, 0.23 1.5 1.1
38 4-CF3 0.28 1.8 1.7 0.56
39 4-CONMe, 0.05 48 >50
40 4-CH,0H 0.04 14
41 4-CONH, 0.01 18 0.13

2 See Ref. 6 for assay conditions.
See Ref. 10 for assay conditions.

o

Figure 2. Model of 1 bound to homology model of COT/Tpl-2 kinase.

binding site. The aryl-oxy unit at the 4-position of the thienopyr-
idyl core ring projects along the protein surface and has some
exposure to solvent, in accord with the SAR in which a wide variety
of substituents gave rise to active analogs. We speculate that the
high activity of compounds 39-41 was due to polar interactions
in this extended hinge region, but the exact binding mode and
interactions will need confirmation by crystallographic analysis
of an inhibitor bound to the enzyme.

Several compounds were evaluated for selectivity over MEK and
ERK, two kinases downstream of COT in its pathway.'° In general,

the thienopyridines showed good selectivity over these kinases,
suggesting that cell potency is due to the inhibition of COT (Table
3).

Selected compounds were profiled in a cellular activity assay
measuring the inhibition of pERK production in murine peritoneal
exudates cells (PECs) stimulated with lipopolysaccharide (LPS), Ta-
ble 3.'° Parent compound 24 demonstrated low micromolar po-
tency in agreement with enzyme data. This was also the case for
the 4-Cl and 4-F congeners 34 and 36. However, the 4-CF3-substi-
tuted analog 38 showed approximately a 10-fold increase in cellu-
lar potency, possibly indicating better cell penetration or reduced
plasma protein binding. Further improvement with the 4-carbox-
amide (41) was observed, again in line with enzyme data.

In summary, we have described a novel series of substituted
thieno[2,3-c]pyridines as potent COT enzyme inhibitors. Further
profiling and optimization of this chemotype will be the discussion
of a subsequent publication.
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A series of phenylethyl cinnamides, which included new compounds named anhydromarmeline (1),
aegelinosides A (7) and B (8), were isolated from Aegle marmelos leaves as a-glucosidase inhibitors.
The structures of new compounds were characterized by spectroscopic data and chemical degradation.
Of compounds isolated, anhydroaegeline (2) revealed the most potent inhibitory effect against a-gluco-
sidase with ICso value of 35.8 pM. The present result also supports ethnopharmacological use of A.
marmelos as a remedy for diabetes mellitus.

© 2008 Elsevier Ltd. All rights reserved.

Type 2 diabetes mellitus affects approximately 215 million peo-
ple worldwide. It is currently clear that aggressive control of
hyperglycemia in patients with type 2 diabetes can attenuate the
development of chronic complications such as retinopathy and
nephropathy.! To date, therapy for type 2 diabetes relies mainly
on several approaches intended to suppress the hyperglycemia,
which include reducing gut glucose absorption.

Therefore inhibition of a-glucosidase, an enzyme catalyzing the
cleavage of glycosidic bonds in oligosaccharides or glycoconju-
gates, is a method of choice to control elevated glucose level in
blood. Although novel generations of a-glucosidase inhibitors have
been consistently synthesized, those having multiple actions are
greatly required. Recent investigations have reported the excep-
tional actions of a-glucosidase inhibitors from natural sources.’
Prominent examples included aegeline, a hydroxyl amide alkaloid
from Aegle marmelos leaves, which suppressed both blood glucose
and plasma triglyceride levels.?

Aegle marmelos is typically known as ‘bael’ in India. It belongs to
the family of Rutaceae, which is widely used in Indian Ayurvedic
medicine for the treatment of diabetes mellitus. Despite several
reports of its antihyperglycemic activity,* the active principles
have not been identified. In this Letter, we describe the isolation,
characterization and glucosidase inhibitory effect of phenylethyl

* Corresponding author. Tel.: +662 218 7624; fax: +662 218 7598.
E-mail address: preecha.p@chula.ac.th (P. Phuwapraisirisan).

0960-894X/$ - see front matter © 2008 Elsevier Ltd. All rights reserved.
doi:10.1016/j.bmcl.2008.08.024

cinnamides; three of which named anhydromarmeline (1), aegeli-
nosides A (7) and B (8), are newly discovered (see Fig. 1).

The air-dried leaves of A. marmelos, collected in Nakornpatom in
April 2006, were extracted with CH,Cl, and 7:3 MeOH-H,0 using

Figure 1. New metabolites isolated from A. marmelos.
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Soxhlet extractor. The CH,Cl, extract was dissolved in 4:1 MeOH-
H,0 and partitioned with hexane. The methanolic layer was chro-
matographed on silica gel using stepwise MeOH-CH,Cl, (0:1, 5:95,
10:90, 20:80 and 50:50), yielding five major fractions. The com-
bined fractions 1 and 2 were further purified on Sephadex LH-20
(1:9 MeOH-CH,Cl,) and silica gel (5:95 MeOH-CH,Cl,) to afford
anhydromarmeline® (1, 14 mg), anhydroaegeline (2, 50 mg), and
(-)-tembamide (3, 8 mg). In addition, dehydromarmeline (4,
11 mg), (—)-aegeline (5, 65 mg), and (—)-O-methylether aegeline
(6, 20 mg) were also obtained from fraction 3, on purification using
silica gel (10:90 MeOH-CH,Cl,). The 7:3 MeOH-H,0 extract was
loaded onto Diaion HP-20 and excessively eluted with H,O, MeOH
and acetone. The MeOH fraction was separated by VCC (stepwise
5:95, 10:90, 15:85, 50:50, 70:30 and 100:0 MeOH-CH,Cl,) The
combined fractions eluted with 15:85 and 50:50 MeOH-CH,Cl,
were subsequently purified by Sephadex LH-20 (3:7 MeOH-
CH,Cl,) followed by RPHPLC (ODS, 65:35 MeOH-H,0, UV
254 nm) to furnished aegelinosides A (7, 20 mg, tg 32.4 min) and
B (8, 10 mg, tg 27.1 min).
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Figure 2. Selected HMBC correlations of 1.

Figure 3. Selected HMBC correlations of 7.

Table 1
'H and '>C NMR data for aegelinosides A (7, CD;0D) and B (8, acetone-dg)

Position Aegelinoside A (7) Aegelinoside B (8)
13C lH 13C 1H

1 166.5 166.4

2 120.5 6.65,d, 15.6 124.1 6.05,d, 12.8

3 140.5 7.50, d, 15.6 136.4 6.68,d, 12.8

4 135.4 135.9

59 127.5 7.57, m 129.8 7.68, m

6,8 128.1 7.35, m 128.0 731, m

7 1293 7.35, m 1294 731, m

1 46.0 3.57,d,6.4 454 3.56, m

3.38, m

2 77.0 5.00, t, 6.4 77.9 4.89,dd, 7.6, 4.4

3 130.0 131.3

4,8 128.0 7.35,d, 8.8 128.2 7.37,d, 8.6

5,7 113.7 6.92,d, 8.8 1135 6.89, d, 8.6

6 159.6 159.4

17 99.5 412,d,7.2 100.5 418,d,7.2

2" 73.7 3.28, m 73.7 3.24, m

3" 76.3 323, m 76.8 3.27, m

4" 70.4 3.26, m 70.5 3.32, m

5" 76.6 3.09, m 76.3 3.18, m

6" 61.5 3.87,dd, 11.6, 2.0 62.0 3.65, m
3.67,dd, 11.6. 5.6 3.84, m

OMe 54.1 3.78, s 54.4 3.78, s

Anhydromarmeline (1) was obtained as yellow needle. The
molecular formula was established as C,,H;3NO, by HRESIMS.
The 'H NMR spectrum displayed most signals in aromatic region
(6.1-7.7), in addition to the upfield resonances that are ascribable
to oxygenated prenyl moiety [y 5.49 (m, 1H), 4.50 (d, J = 6.8 Hz),
1.80 and 1.74 (s, each 3H)].” The '3C NMR showed 22 signals, five
of which were quarternary carbons which included resonance of

MeO. o
T 28
.4 u*{@ J2315.6 Hz
-3 H-2
Meo o J5312.0 Hz
H-3 @YNK:/Q 23
\ OHH 2 3 H-2
I e S N
7.50 7.00 6.50 6.00

Figure 4. Partial '"H NMR spectra of aglycones 5 (top) and 8a (bottom) obtained
from hydrolysis of 7 and 8, respectively.

Table 2
o-Glucosidase inhibitory effect of isolated compounds
Compound % Inhibition at various concentration (pg/mL)

10.0 5.0 2.5 1.25
1 30.1£1.32 13.2+0.25 8.1+0.6 1.3 £0.05
2 56.5+0.64 25.2+0.91 7.5+0.87 1.7+0.11
3 13.5+0.68 11.4 £ 0.60 7.8 £0.44 1.5+0.13
4 19.7 £1.59 15.9+£1.05 NI NI
5 36.0+0.34 209+ 1.40 11.2+£1.11 53+0.77
6 12.6 £1.05 NI NI NI
7 17.6 £ 1.07 11.6 £0.51 6.1+0.54 4.6 +0.99
8 8.8+0.39 3.4+0.59 NI NI
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Figure 5. Inhibitory effect of anhydroaegeline (2) against o-glucosidase on
hydrolysis of p-nitrophenyl o-p-glucopyranoside.

amide (8¢ 162.7). Interpretation of 2D NMR resulted in the con-
struction of two separated aromatic systems, which were con-
nected through amide linkage. A monosubstituted benzene [y
7.53 (2H) and 7.38 (3H)] was connected to trans-olefinic protons
[6y 7.75 (d, J=15.2 Hz) and 6.44 (d, J = 15.2 Hz)], which were in
turn linked to amide carbon based on HMBC correlations from H-
2 and H-3 to C-1. The other aromatic motif was assigned to a
para-substituted benzene [5y 7.28 (d, J=8.4 Hz, 2H) and 6.86 (d,
J =8.4 Hz, 2H)], which was accommodated by the oxygenated pre-
nyl (Me,C=CHCH,0-) and ethyleneamine (-CH=CH-NH-) moie-
ties. A large coupling constant (14.4 Hz) of olefinic protons (H-1”
and H-2") pointed out that they were E-oriented. Therefore the
gross structure of anhydromarmeline (1) was depicted (see Fig. 2).

Aegelinoside A (7)® was isolated from 7:3 MeOH-H,0 extract
and displayed [M+Na]* ion in HRESIMS at m/z 482.1781 that led
to molecular formula of C54H29NOs. The '"H NMR spectrum (Table
1) of 7 in CDs0D showed signals of aromatic and olefinic protons
in range of 6.6-7.6 (11H) and oxygenated methylenes and
methines (54 3.0-5.2, 10H). The 3C NMR spectrum displayed 24
signals, which included resonance of amide (¢ 166.5). The reso-
nances of 8y 7.57 (m, 2H), 7.50 (d, J = 15.6 Hz, 1H), 7.35 (m, 3H),
and 6.65 (d, J=15.6 Hz, 1H) were ascribable to trans-cinnamide
based on COSY and HMBC data. The signals at &y 7.35 (d,
J=8.8Hz,2H) and 6.92 (d, ] = 8.8 Hz, 2H) were assigned to p-disub-
stituted benzene which was accommodated by methoxy group (34
3.78 and ¢ 54.1) at C-6’ and oxygenated ethyl amine moiety
(-OCH-CH,-NH-) at C-3’. The HMBC cross peaks (Fig. 3) observed
for H-2, H-3, and H-1’ to C-1 indicated that these two separated
aromatic systems were linked through amide bond. The remaining
oxygenated methylenes and methines were assigned to B-p-glu-
cose residue, which was attached to C-2’ based on HMBC correla-
tion from H-1" (4.12, d, J=7.2Hz) to C-2'. Therefore overall
structure of 7 was accomplished. The absolute configuration of
C-2" was determined by chemical degradation. Hydrolysis of 7 in
1 M HClI under reflux yielded p-glucose and (—)-aegeline; the latter
of which was identical in all respects, particularly optical rotation
([«]*°p —27.6), to R-aegeline (lit.[«]*’p —35.9)°.

Aegelinoside B (8)'° was isomeric to 7 as evidenced by a molec-
ular formula of C,4H,9NOs. Although direct comparison of their 'H
and '>C NMR spectra could not be made since they were recorded
in different solvents, 8 revealed signals essentially identical to
those of 7. Significant difference observed by us was slightly up-
field olefinic protons H-2 (6.05, d, J=12.8 Hz) and H-3 (6.68, d,
J=12.8 Hz). A relative small coupling constant (J3 = 12.8 Hz) indi-
cated that A? in 8 was cis-oriented instead of trans-oriented in 7.
The gross structure of 8 was subsequently confirmed by 2D NMR
data. The absolute configuration of C-2’ was also deduced by chem-
ical degradation. Acid hydrolysis of 8 afforded p-glucose and corre-

sponding hydrolysate named aegeline B (8a, Fig. 4), whose minus
sign of specific rotation ([«]?®, —20.6) was reminiscent to that of
a 2'R-phenylethyl cinnamide.!!

Compounds 1, 7 and 8 displayed slightly weak inhibition (30.1,
17.6 and 8.8%, respectively) against a-glucosidase, even at concen-
tration of 10 pg/mL (see Table 2).'?> Of compounds isolated, anhyd-
roaegeline (2) turned out to be the most potent inhibitor
possessing ICsq value of 35.8 uM (Fig. 5).

In summary, we have isolated a variety of phenylethyl cinna-
mides, which included anhydromarmeline (1), aegelinosides A
(7) and B (8), as a novel type of a-glucosidase inhibitors.
Although phenylethyl cinnamides have been commonly encoun-
tered in certain genus such as Aegle'® and Hibiscus,'* the pres-
ence of cis-cinnamide moiety in 8 is extraordinarily rare in
Nature. Recently Narender et al. have demonstrated that aegeline
(5), the related congener of 7 and 8, could serve as a potential
remedy for diabetes mellitus by suppressing blood glucose and
plasma triglyceride levels. Therefore they are likely to deserve
further development discovering new antidiabetes drugs having
dual functions.
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A new series of PPARY ligands based on barbituric acid (BA) has been designed employing virtual screen-
ing and molecular docking approach. To validate the computational approach, designed molecules were
synthesized and evaluated in in vitro radioligand binding studies. Out of the total 14 molecules, 6 were
found to bind to the murine PPARy with ICs ranging from 0.1 to 2.5 uM as compared to reference stan-
dard, pioglitazone (ICso = 0.7 uM).

© 2008 Elsevier Ltd. All rights reserved.

Peroxisome proliferator-activated receptor (PPAR) belongs to
the nuclear hormone receptor (NHR) superfamily.! Three subtypes,
PPARa, PPARY and PPARS, for this receptor have been identified
and found to be important targets for the treatment of type 2 dia-
betes, dyslipidemia, atherosclerosis, etc.2 The molecules belonging
to fibrate class of drugs, such as clofibrate (1) and fenofibrate (2),
are known to act as PPARa agonists (Scheme 1).2 Thiazolidinedi-
ones (TZDs) class of insulin sensitizers, synthesized in early
1980s,* were later found to mediate hypoglycaemic effect through
PPARY.> Currently, rosiglitazone (3) and pioglitazone (4) are clini-
cally available TZDs for the treatment of type 2 diabetes. Recently,
PPARS is also being studied as a target for the treatment of obes-
ity.® Out of the three isoforms, PPARY and its agonists have been
studied extensively. In addition, the beneficial effects of PPARY li-
gands have also been established for the treatment of inflamma-
tory conditions and cancer.” However, many of the reported
PPARY ligands are associated with serious adverse effects such as
fluid retention, weight gain, pro-carcinogenicity and hepatotoxic-
ity.8 Recently, use of rosiglitazone has been shown to be correlated
with the increased incidences of heart attacks in patients.®° Thus,
continued efforts are required to design and discover novel and
safe ligands for these therapeutically valuable targets. The multiple
activating ligands such as PPARo/y, PPARY/S, PPARa/v/8 and selec-
tive PPAR modulators (SPPARMs) are also being developed in this

* Corresponding author. Tel.: +91 172 2214684; fax: +91 172 2214692.
E-mail address: pvbharatam@niper.ac.in (P.V. Bharatam).

0960-894X/$ - see front matter © 2008 Elsevier Ltd. All rights reserved.
doi:10.1016/j.bmcl.2008.08.028

regard.® In continuation of our programme on design and synthesis
of new PPAR agents,!® we hereby report a virtual screening ap-
proach for this purpose, together with the experimental results.

A survey of various classes of PPARY agonists, 3D-QSAR studies
and crystal structure information reveals that the pharmacophoric
features of these agents essentially consists of three parts: (i) an
acidic head group, (ii) central aromatic region and (iii) a lipophilic
side chain (Fig. 1).!! The TZD ring of rosiglitazone is reported to
make three important H-bonds with His323, Tyr473 and His449
that are important for the activation of the receptor.!'” This obser-
vation was instrumental in the design of a variety of non-TZD PPAR
agonists based on free carboxyl group, oxazolidinedione, tetra-
zoles, etc.'> However, such reports are limited and most of the re-
ported PPARYy agonists still belong to either ‘glitazone’ class
(possessing TZD ring) or ‘glitazar’ class (possessing free carboxylic
acid). Thus, we set our objective to explore newer acidic head
groups for designing novel series of PPARY ligands. It was realized
that virtual screening, an important computational technique that
can help in discovering newer scaffolds with desired features, can
be employed for this purpose.’® In fact, one of the recent reports
suggests that this approach can be successfully applied for the dis-
covery of novel PPARY agonists.'*

To start with, the bioactive (co-crystallized) conformation of
rosiglitazone was extracted from the protein crystal structure
(PDB code 2PRG) and a query was generated using the ‘View
Hypothesis’ workbench of Catalyst program.!> Based on the
ligand-protein interactions, different features were assigned to
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Figure 1. Design of barbituric acid derivatives as PPARYy ligands employing virtual screening approach.

rosiglitazone molecule that includes (i) two hydrogen bond accep-
tor (HBA) features corresponding to the two carbonyls of TZD ring
and one hydrogen bond donor (HBD), related to the -NH of the TZD
ring. (ii) hydrophobic aromatic (HYDaromatic) feature was as-
signed to the central aromatic region and (iii) HYDaromatic feature
was also assigned to the pyridine ring in the lipophilic side chain
(Fig. 1). These features were merged with the shape and hypothesis
query, generated using the co-crystallized conformation of the ros-
iglitazone molecule leading to hypo-1. The later was used as a filter
to screen NCI (total compounds =238,819) and Maybridge (total
compounds = 59,652) databases of small molecules for hits.

A total of 46 hits were obtained from NCI and 13 from the May-
bridge. All hits were inspected visually individually to observe
mappings of the molecules to various chemical features of the
hypo-1. The analysis revealed that derivatives of barbituric acid
(BA) such as NCI 0685357 can perfectly map to the hypo-1
(Fig. 1). The BA ring mapped to the important HBA and HBD fea-
tures, while other aromatic rings mapped to the two HYDaromatic
features (Fig. 1). To the best of our knowledge, this ring has not
been reported as a substitute for the TZD ring in PPARY agonists.
To further support the hypothesis, FlexX-based docking (imple-
mented in SYBYL6.9)'® was performed on a few designed deriva-
tives of BA into the active site of the PPARy (PDB code 2PRG).
The docking results showed that the HBD and HBA features of BA

ring overlaid the TZD ring and maintained the essential H-bonding
interactions with His323, His449, Tyr473 and GIn286 as shown in
Figure 2.

Figure 2. One of the designed barbituric acid derivative (8n) docked in the active
site of PPARY (2PRG). The co-crystallized ligand is shown in green colour for
comparison while interacting amino acids (labeled in red) are shown in magenta.
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Hence, taking clues from this virtual screening exercise, we de-
signed a variety of molecules with BA as acidic head group keeping
a central aromatic ring and varying lipophilic side chain (Fig. 1).
While developing synthetic strategy for this class of molecules, an-
other advantage of using BA ring in place of TZD was observed.
Both TZD and BA derivatives can be obtained by the Knovenagel
condensation of an aromatic aldehyde with the corresponding
acidic ring (TZD or BA) in the final step (Scheme 2). In case of
TZD, the condensation results in the formation of mixture of ‘E’
and ‘Z isomers which may be difficult to separate.!°® On the other
hand, condensation of BA ring with aromatic aldehydes leads to a
single product owing to the symmetry in the BA moiety. Thus,
for the synthesis of different aromatic aldehydes, the first step
adopted was the reaction between the p- or m-hydroxy benzalde-
hyde and 1,2-dibromoethane or 1,3-dibromopropane to give differ-
ent monobromo products (3). The later were further reacted with
different substituted phenols or ‘NH’ containing heterocyles under
the basic conditions to yield the O- or N-alkylated aldehydes (4a-4j
and 5a-5c). The para analogue of the hit molecule NCI0685357
(Fig. 1) was also synthesized from the corresponding aldehyde
(6) that was obtained by reacting p-hydroxy benzaldehyde and
benzyl bromide. Finally, all aromatic aldehydes were condensed
with BA (7) by a reported procedure!” to yield final products
(8a-8n). All the final products were characterized using Mass, 'H
NMR and '3C NMR spectroscopy.'®

Final molecules (8a-8n) were evaluated in vitro for their ability
to bind to murine PPARY in a standard radioligand binding assay
(Table 1).'° Out of the total 14 molecules, 6 were found to be active
in this assay. However, these molecules were found to act as partial
inhibitors in this assay except for 8d and 8f which inhibited nearly
100% binding of [?H]-rosiglitazone (see Supplementary informa-
tion). The molecule 8n was found to be most potent with ICsqy of
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Scheme 2. Reagents and conditions: (a) K,COs;, DMF, 50°C, 3-5h, 40-72%;
(b) ArOH, K,COs, DMF, reflux, 2-4 h, 52-93%; (c) NaH, DMF, 0°C-RT, 4-5h,
63-85%; (d) MeOH, RT, 2-6 h, 76-92%.
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Pioglitazone (reference standard) ICso = 0.7 uM.
i.a., inactive (less than 20% inhibition at 10 uM).
" Inhibited nearly 100% binding of [*H]-rosiglitazone.
# Meta substitution (all other compounds have para substitution).
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0.1 uM. However, experimentally observed ICso values of these
molecules did not correlate with the docking scores. This may be
due to the inability of some of the compounds to penetrate the adi-
pocyte cells under the given bioassay conditions for their inappro-
priate physicochemical properties. In addition, the problem may
arise due to the limitation of docking programme that considers
only the flexibility of the ligand and not the protein. Nonetheless,
experimental findings demonstrate the proof of concept for the
adopted virtual screening approach and show that BA ring can be
employed as the acidic group for the design of novel class of PPAR
ligands.

In conclusion, computer-aided design of a novel series of PPAR
ligands based on barbituric acid has been reported. Preliminary
synthetic and receptor binding studies were taken up to validate
the adopted computer-aided design strategy. The synthesized mol-
ecules were indeed found to bind to the receptor with ICsq values
comparable to the reference standard, pioglitazone.
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A homology model of the nicotinic acid receptor GPR109A was constructed based on the X-ray crystal
structure of bovine rhodopsin. An HTS hit was docked into the homology model. Characterization of
the binding pocket by a grid-based surface calculation of the docking model suggested that a larger
hydrophobic body plus a polar tail would improve interaction between the ligand and the receptor.
The designed compounds were synthesized, and showed significantly improved binding affinity and acti-

© 2008 Elsevier Ltd. All rights reserved.

Nicotinic acid (Niacin) is a drug that has been extensively used
in clinical practice for more than 50 years to reduce heart disease,
by elevating high density lipoprotein cholesterol (HDL-C) and low-
ering low density lipoprotein cholesterol (LDL-C), triglycerides
(TG) and free fatty acids (FFA).! However, it requires high dosages,
and the beneficial effects are accompanied by the uncomfortable
side effects of flushing (vasodilatation), which limits patient com-
pliance. In 2003, three groups independently identified GPR109A, a
G protein coupled receptor (GPCR), as a specific and high affinity
receptor for nicotinic acid.? Two other receptors have been discov-
ered that are related to GPR109A: GPR109B (89% sequence identity
with GPR109A) which is a low affinity nicotinic acid receptor, and
GPR81 (49% sequence identity with GPR109A). Given the well-
demonstrated benefit of nicotinic acid, the discovery of nicotinic
acid receptors has stirred great interest in pursuing GPR109A ago-
nists,>* as potential therapeutic agents that might possess similar
cardiovascular benefit to nicotinic acid while avoiding flushing.

GPR109A belongs to the family A GPCRs. GPCRs are trans-mem-
brane proteins, sharing a common three-dimensional topology®
that consists of seven trans-membrane helices (7TMs) and one
cytoplasmic helix, helix 8. The 7TMs are connected by three
extra-cellular loops (ECLs) and three intra-cellular loops (ICLs).
Sequence information for GPCRs is abundant, with ~9000 receptor
sequences available. In contrast, structural information is limited

* Corresponding author. Tel.: +1 732 594 0618; fax: +1 732 594 4224,
E-mail address: qiaolin_deng@merck.com (Q. Deng).

0960-894X/$ - see front matter © 2008 Elsevier Ltd. All rights reserved.
doi:10.1016/j.bmcl.2008.08.030

to two family A GPCRs: over 10 bovine rhodopsin structures deter-
mined from 2000 to date,>” and two human pB,-adrenoceptor
(B2AR) structures solved in 2007.8 The limited structural informa-
tion makes molecular modeling of GPCRs as an important approach
for structure-function studies and for drug design. The known
X-ray crystal structures have provided attractive templates for
homology modeling of family A GPCRs, and there are many
examples in which the crystal structures of bovine rhodopsin have
been successfully applied as templates.®

Here, we describe a molecular model of GPR109A bound to an
anthranilic acid derivative, 1a (Fig. 1), which was identified in a
high throughput screen (HTS), and is a weak GPR109A agonist
(Table 1). The homology model was constructed based on the X-
ray crystal structure of bovine rhodopsin (PDB entry 1L9H), which
was the best template at the time we carried out this study.” Com-
pound 1a was docked into the putative binding pocket of GPR109A.
Grid-based surface calculations of the docking model provided a
clear visualization of the characterization of the binding pocket,
which has aided design of compounds with significantly improved
potency.

O
Py

HO™ "0

Figure 1. The chemical structure of the HTS hit, compound 1a.
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Table 1
Compounds with a larger hydrophobic body have improved activity

Compound R [PH]-nicotinic acid binding ICs™® (uM) Human [*°S]GTPYS ECsq® (1uM)
(0]

NJ\/R

H
HO™ ~O
Nicotinic acid - 0.13 14

Pre)
1a 33% at 25 pM 69% at 2.5 uM 12.5
o

O
w ne

pre
1c

: O
1e

40% at 25 uM 78% at 2.5 uM =

1.2 1.2

52% at 25 pM 88% at 2.5 UM =

0.14 1.0

2 Weak agonists were not subjected to full titrations and thus have no ICsy determined. Instead, their bind % was reported at two concentrations here. Zero percent bound

represents full competition.

b Values are based on one or two experiments, each in triplicate and within 20% deviation. Missing data were due to inconclusive reading as a result of the curve shape.

In this report, each amino acid residue is represented by its
amino acid name and original sequential number in the GPR109A
sequence and then followed in parentheses by the TM number.
For example, Arg111 on TM3 is described as Arg111(TM3) in the
text.

A multiple sequence alignment of bovine rhodopsin with
GPR109A, GPR109B, and GPR81 was generated by the program
ClustalW'® with default parameters. After alignment by the
program, manual adjustment was made to eliminate gaps in the
helical region. The aligned 7TMs of GPR109A, GPR109B, and
bovine rhodopsin are illustrated in Figure 2. GPR109A shares

about 20% identity and 58% similarity with bovine rhodopsin in
the 7TM region. In all TMs, the most highly conserved residues (ar-
rows in Fig. 2) are well aligned. Among GPCR A family members, a
disulfide bond between TM3 and ECL2 (extra-cellular loop between
TM4 and TM5) is well conserved. This disulfide bond remains in
GPR109A, formed between Cys100(TM3) and Cys177(ECL2) (Fig. 3).

The homology model of GPR109A was constructed with the
program Quanta/Modeler!'! based on the X-ray crystal structure
of bovine rhodopsin (PDB entry 1L9H, 2.6 A resolution).” The
N-terminal 22 residues and C-terminal 53 residues of GPR109A
were excluded due to the lack of an available template for these

T™M2
GPR109A DDFIVRKVIFPPVL EFIF LWIFCFi KSSRIFI® AP O FLLIICLPFLMDNYVRR
GPR109B DDFIARKVIFPPVLGFEF IF]| LWIFCF! KSSRIF¥ .JMFLLIICLPFVMDYYVRR
bRhod EPWQFS YMFIFL IML, TLYVTVQ! TPLNYII® W LFMVFGGFTTTLYTSLH
1
TM3 TM4 .
GPR109A IP LA.MNRQGSIIF VAWR FR SNRTEHAIISCLLEGITIGLTVHLI?K
GPR109B DIP FAMNRQGSIIF DIZ84F'R SNWTIAATITISCLLY)GITVGLTVHLIFK
bRhod FATLGGEIALWS| LHIE C GENHL\IMGVAFT] LACAAPP
T 1
TM5 TM6

* * * % * * %
GPR109A HTFQWHE. LLEJFLIZPGINMLIJ&SART RHAKI ‘IVFVICLP RI
GPR109B HTFRWHE. LLEIGLLIZFGILiJ&SART RHAKI RAITFIMV'V ICIHLP] RI
bRhod NNESFVI IIIQRTVIFI&YGQL TQRAEIZNEVTRMVIIMVEIAILI&WIALYAGYAF TH

T T
TM7 Helix 8

* *
GPR109A VDLAFFMTLSI3TYMNSML YFSSPSIHPNFFSHLIN
GPR109B VDLAFFUTLSIaTYMNSML YFSSPS| PI*JFFS LIN
bRhod GPIFMTHPAFI3JAKTSA I)IMMNKQIFRIC TLC

T

Figure 2. Sequence alignment of the 7TMs of GPR109A and GPR109B with bovine rhodopsin. Conserved residues are shown in black boxes. The most conserved residues in
each TM are marked by an arrow. Asterisks above the alignment denote residues located within 4 A of the ligand in the docking model of GPR109A bound to compound 1a.
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Figure 3. Docking model of GPR109A in complex with compound 1a. The TM
structures are shown as ribbon in rainbow color from TM1 (blue) to TM7 and helix 8
(red). The disulfide bond between TM3 and ECL2 is shown in an orange stick. The
compound 1a is shown in a spheres model, with carbon in gray, oxygen in red, and
nitrogen in blue. The picture was prepared by PyMOL (Delano Scientific LLC, San
Francisco, CA).

regions. The homology model generated by Modeler was further
refined using molecular mechanics and molecular dynamics
optimization to release strain. The quality of the model was
validated by checking the geometry by Protein Health in Quanta.

Compound 1a was docked into the homology model. One hun-
dred conformations were generated using our implementation of
the distance geometry approach.'? The conformer set was energy
minimized using a distance-dependent dielectric of 2r with the
MMEFFs force field.!> The compound prefers to adopt a linear con-
formation in the gas phase, with an intra-molecular hydrogen bond
between the ortho carboxylate and NH group. Docking poses were
generated by three methods: SQ,'* ICM,'®> and LMOD.'® In SQ,'* the
hundred conformations of compound 1a were superimposed onto
the retinal structure in 1L9H. The ICM docking program'® performs
flexible docking in internal coordinates and generated a variety of
docking poses. In LMOD,'® the program also performs flexible
docking and produced a number of docking poses within a speci-
fied energy window. The poses obtained from all three methods
were combined and the receptor-ligand complexes were subjected
to energy optimization by the MMFFs force field. In the optimiza-
tion, the ligand was fully minimized inside the binding pocket
which allowed some degree of flexibility: the side chain of residues
with any atom located within 5 A of the ligand was fully optimized
in conjunction with the ligand; residues falling within 5-10 A of
the ligand were included in the calculations as rigid elements; res-
idues beyond 10 A from the ligand were ignored in the calcula-
tions. The total energy of the complex, the individual energies of
the ligand and the receptor, and the interaction energy between
the ligand and the receptor were calculated. The best docking
mode was determined by selecting poses with the most stabilizing
interaction energy and minimal amount of strain of the ligand, and
also by visual inspection of interactions between the ligand and the
receptor.

Figure 3 illustrates the docking model of compound 1a inside
the GPR109A homology model. The ligand is bound in the TM heli-
cal bundle, close to the extra-cellular surface. The ligand is in an
extended conformation and surrounded by residues mainly from
TM3, TM5, TM6, and ECL2, and a few from TM4 and TM7. Amino
acid residues in the 7TMs with any atom located within 4 A of
the ligand in the docking model are indicated with asterisks in
Figure 2. In addition to these marked residues, there are a group
of residues from ECL2 that also interact with the ligand directly.

Figure 4. Contour maps from grid-based surface calculations of the docking model. (a) The hydrophobic contour is shown as a green grid. (b) The polar contour is shown as a
yellow grid. The docked compound 1a is shown in a stick model with carbon in gray, oxygen in red, and nitrogen in blue, while the nearby residues in the binding pocket are

omitted.
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Table 2
Compounds with a polar tail show enhanced activity

Compound R [H]-nicotinic acid Human [**S] GTPyS
(E\ o binding ICs¢ (LM) ECs0® (ULM)

HO™ "0 mR

Nicotinic acid — 0.13 1.4

1le H 0.14 1.0

1f OMe 0.087 1.25

1g OH 0.024 0.38

1h NH; 0.034 0.54

1i CHO 0.055 0.94

2 Values are based on one or two experiments, each in triplicate and within 20%
deviation.

Table 3

Mouse pharmacokinetics of compound 1g

Compound  Clp (mL/  Vdss (L/kg) Tip(h)  Crmax AUChorm F(%)
min/kg) (uM)  (uM h kg/mg)

1g 6.2 0.7 32 6.6 83 55

Further examination of residues in the binding pocket identifies
three groups of interactions. The first group consists of two argi-
nines and one serine. Argl11(TM3) and Arg251(TM6) form salt
bridges with the carboxylate in the ligand. Ser178(ECL2) is close
to the amide carbonyl in the ligand and may form a hydrogen
bond. These residues act as anchor points to direct the ligand to
bind inside the binding pocket, and their importance has been val-
idated by in-house mutagenesis data (not shown here) and in the
literature.!” The second group of interactions involves hydrophobic
residues that are located around the anisole moiety of the ligand,
including Ile254(TM6), Phe255(TM6), and Phe276(TM7). The third
group of interactions is formed by several polar residues at the
mouth of the binding pocket, including Asn171(ECL2), Ser179
(ECL2), and His259(ECL3), which are located in the flexible loop
regions on the extra-cellular side and exposed to solvent.

Grid-based surfaces were calculated with our in-house program
FLOG!® by using the docking model to further characterize the
binding pocket. Each grid was visualized as a series of iso-energetic
surfaces to portray the binding pocket by its hydrophobic and polar
(hydrogen bond donor and acceptor) nature. Figure 4 depicts the
hydrophobic and polar contour maps. For clarity, the ligand is
shown, whereas the nearby residues are omitted in the picture.
In the hydrophobic contour map (Fig. 4a), the extensive green area
around the anisole denotes that this region in the binding pocket
would favor interaction with a hydrophobic group on the ligand.
Similarly, the large yellow area over the methoxy group indicates
that this region, which is comprised of the polar residues located
at the mouth of the binding pocket, would favor interaction with
a polar group on the ligand.

Table 1 shows a series of compounds that test this docking
model. The binding affinity of the compounds with the receptor
was determined by competitive binding of compounds with the
receptor against [*HJ-nicotinic acid. Functional activities of the
compounds were measured by a [>°S|GTPyS guanine nucleotide
exchange assay.!®

In Table 1, compound 1b showed similar binding affinity as
compound 1a, indicating that the methoxy group has no favorable
interaction with the binding pocket. Compound 1c has a tert-butyl
group to increase the hydrophobicity of the molecule, and thus en-
hanced its binding and activation. In the docking model, there is no
direct interaction between the oxygen in the ether linker and the
binding pocket, and this is demonstrated by the replacement with
a carbon, that is, compounds 1d and 1e. Compound 1d is still a
weak agonist with a small hydrophobic body, while compound

1e is potent with a binding ICso of 0.14 uM and a [*°S]GTPYS
ECsp of approximately 1 uM. This compound can favorably match
the hydrophobic map of the binding pocket of GPR109A. The com-
pound is as potent as nicotinic acid and was used as a lead for fur-
ther SAR development.

Based on compound 1e, a series of compounds were synthe-
sized with a polar substitution on the naphthyl ring in order to
match the polar nature at the mouth of the binding pocket (Table
2). Compounds with hydrogen-bonding groups at the 6-naphthyl
position showed improved potency. Both hydrogen bond donors
and acceptors increased activity, presumably because the sur-
rounding residues (Asn171, Ser179, and His259) can act as either
hydrogen bond donors or acceptors. Among the compounds in
Table 2, compound 1g, with a hydroxyl group, is the most potent
compound in the series, with a [*H]-nicotinic acid binding ICso of
24 nM and a [*S]GTPYS ECsq of 0.38 puM.

Compound 1g is a full agonist of GPR109A and shows good bio-
availability, half life, and oral exposure (Table 3). It significantly
decreases plasma FFA in an in vivo pharmacodynamics assay in
mice.>* Furthermore, treatment of mice with compound 1g at
100 mpk resulted in a vasodilatation curve with an average AUC
of 59 arbitrary units, whereas nicotinic acid, at the same dose,
averaged 707 arbitrary units, indicating that compound 1g did
not induce vasodilatation.?°

In this report, we have documented a successful application of
GPCR homology modeling for lead optimization. We constructed
the GPR109A homology model based on the X-ray crystal structure
of bovine rhodopsin in the unactivated dark state (PDB entry
1L9H). Recently, the X-ray crystal structures of activated forms of
rhodopsin were released, including bathorhodopsin, lumirhodop-
sin, and a photoactivated deprotonated intermediate of rhodop-
sin2! Given the high structural similarities between bovine
rhodopsin in the dark state and the activated forms, the use of dark
state rhodopsin as a modeling template is a reasonable starting
point for homology modeling of family A GPCRs. Most recently,
two X-ray crystal structures of human pB-adrenoceptor (B,AR)
have been solved, providing non-rhodopsin templates for GPCR
modeling.?? In the 7TM region, GPR109A shares 20% identity and
58% similarity with bovine rhodopsin, whereas it exhibits 19%
identity and 55% similarity with B,AR. Therefore, bovine rhodopsin
appears a reasonable template for GPR109A modeling.

Based on the homology model of GPR109A, we docked the HTS
hit 1a into the binding pocket and further characterized the nature
of the binding pocket using grid-based surface calculations. The
hydrophobic and polar maps helped to understand the nature of
the binding pocket and suggested that a larger hydrophobic body
plus a polar tail in the ligand would improve its activity. Such com-
pounds were synthesized, and showed significantly improved
binding affinity and activation of GPR109A, resulting in a pharma-
cologically active compound 1g.23
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We report here the parallel synthesis of 200 compounds based on squaric acid template. These com-
pounds are obtained via a one-step solution-phase procedure starting from three squaric acid N-hydrox-
ylamide esters precursors. The set of diverse reagents qualified (amines, anilines, amino-alcohols and
amino-esters) makes this strategy suitable for the search of biologically active compounds. The library
was screened on the zinc metalloenzyme ADAMTS-5 and hits with ICs in the range of 1-50 uM were

© 2008 Elsevier Ltd. All rights reserved.

The squaric template has been introduced in chemistry by the
pioneering work of Cohen in 1959.! Since then, several examples
of the use of squaric template have been reported in the fields of bio-
organic and medicinal chemistry.? The conjugate base of squaric acid
can serve as a mimic of negatively charged groups that are common
in biology, including carboxylates and phosphate mono- and di-es-
ters and of growing importance in medicinal chemistry such as
hydroxamic acids. As a result, derivatives of squaric acid have been
used as a replacement for these groups in medicinal applications.
Squaric acid itselfis an inhibitor of glyoxylase I, and semisquaric acid
(3-hydroxy-3-cyclobutenedione) is an inhibitor of pyruvate dehy-
drogenase and transketolase.>* Recently, Sekine and co-workers
have used a diamide of squaric acid as a replacement for one of the
phosphate diester linkages in an oligodeoxynucleotide.’

Our group focuses on the synthesis of acidic functions and zinc
chelating groups like hydroxamates.®’ In that context, we investi-
gated the synthesis of squaric acid N-hydroxylamide amides as
acidic groups. We describe here the preparation of a library of such
derivatives, based on a convergent solution-phase synthesis.

Many metalloenzyme inhibitors contain a hydroxamic acid to
chelate the zinc ion present in the catalytic site of hydrolases.
However with the exception of vorinostat (SAHA, suberoylanilide
hydroxamic acid), most of them did not live up to expectations
in the development phases. There has been considerable interest
in discovering alternative groups to the hydroxamic acid.® Bruck-
ner and co-workers have observed that vinylogous hydroxamic

* Corresponding author. Tel.: +33 (0)3 20 96 49 28; fax: +33 (0)3 20 96 47 09.
E-mail address: julie.charton@univ-lille2.fr (J. Charton).

0960-894X/$ - see front matter © 2008 Elsevier Ltd. All rights reserved.
doi:10.1016/j.bmcl.2008.08.025

acids that are derived from squaric acids (the squaric acid N-
hydroxylamide amide) bind iron (IIl) in aqueous system, without
demonstrating the binding mode (Fig. 1).°

Inhibitors of matrix metalloproteases and analogues of SAHA
bearing squaric acid- based moiety have been synthesized but they
revealed to be poorly active.'®!! In all, only few squaric acid N-
hydroxylamines amides, mainly peptidic, have been prepared
and described until now.'?

Target compounds can be obtained from squaric acid N-substi-
tuted hydroxylamides esters. These non symmetrical building
blocks are synthesized using a squaric acid diester precursor. The
diester used is usually symmetrical. Indeed, the use of disymmet-
rical ester is not required because squarate bis-N-hydroxylamides
could not be prepared by nucleophilic displacement of diester as
reported by Bruckner® and Griinefeld.'? For this study, dibutyl
squarate was used as the starting point because of its good solubil-
ity in most classical organic solvents and its lower cost compared
with other diesters.

Reaction of the dibutyl squarate with a series of N-substituted
hydroxylamines was conducted as described in Scheme 1. Vinylo-

NR
R R R R

Figure 1. Known binding mode of hydroxamic acid and putative binding mode of
squaric acid (six membered zinc chelation model) to metal ion.
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Scheme 1. Reagents and conditions: (a) R-NH-OH-HCI, 1.5 equiv, KOH, 1.5 equiv,
MeOH, rt, 5 h; (b) amine R'R’NH 2(y) (1.1 equiv).

gous hydroxamic acids 1(1-3) were obtained with good to excel-
lent yields. On the contrary, squaric acid N-hydroxylamide ester
(R =H) was not obtained although the substitution of the butyl es-
ter by the hydroxylamine was complete.!®> Onaran et al. did de-
scribe the synthesis of methyl analogue from dimethylester in
reasonable yield (47%) but failed to obtain final products in yields
compatible with library synthesis.'*

Compounds 1(1-3) could then be engaged in reaction with var-
ious amines using a general solution-phase method as described in
Scheme 1.

We looked for the best conditions for the synthesis of target
compounds 3(x,y) from 1(x) and amines 2(y) in microplates at a
15 pmol scale. Using precursor 1(1) and N-methyl-phenethyl-
amine we rationalized reported reaction conditions by testing sev-
eral parameters such as solvent, final concentration, temperature
and reaction time (Scheme 2).

Concentration did not prove critical for synthesis and we
decided to work at the lowest tested concentration to recruit the
largest number of amines. Heating the reaction mixture did not im-
prove results or even reduced purity in some cases. For ease of set-
ting we chose to work at 20 °C. Shorter time of reaction (5h vs
overnight) slightly increased the yield. At last, effect of the solvent
was not critical and we decided to select MeOH which is a better
solvent than EtOH for most drug relevant amines.

Using these optimized conditions, we evaluated the scope of the
reaction by reacting compounds 1(1-3) with 8 various amines rep-
resentative from different classes. Classification was based on both
expected reactivity and chemical origin (Table 1). Among primary
amines (classes A-F) were selected non conjugated amines (classes
A-E) or anilines (class F) were selected. N-Alkylamines were either
benzylamine derivatives (class A) that display high nucleophilicity
but have a high sensitivity to oxidation and other N-alkylamines
like phenethylamines that display medium to good nucleophilicity
and a good stability (class B). Derivatives of amino-acids are repre-
sented by classes C and D (o-amino-esters and B-amino-alcohols,
respectively). Other N-alkylamines that bear a second function
(like a tertiary amine) are gathered in class E, called ‘bifunctional
amines’. Secondary amines are divided into two classes: cyclic
amines that are very good nucleophiles (class G) and N-meth-
ylalkylamines (class H) that display lower nucleophilicity. As can
be seen in Table 1, with squaric precursors 1(1) and 1(2) the reac-
tion tolerates a broad diversity of amines, the desired product
being formed quantitatively in all cases. In the case of precursor
1(3), only primary amines gave the desired products with good
purity. Consequently for the library synthesis, only primary amines
have been selected to react with this precursor. Figures 2 and 3
show the primary amines 2(1-54) and the secondary amines
2(55-74) selected for library synthesis.

(o} o
(¢} o H
N\
+
o N-OH — N N-OH
/\/\ / \ /
purity (215 nM) : 71-85%

Scheme 2. Reagents and conditions: solvent: MeOH or EtOH, concentration: 0.1 M
or 0.25 M, temperature: 20 or 40 °C, reaction time: 5 or 18 h.

Table 1
Purity® of target compound in reaction mixture

Class Representative amine Squaric precursor
1(1) 1(2) 1(3)
A o g > “NHp 98 96 94
(o)

B @1 87 94 92
NH;
2

o NH
C Y 90 93 95

—0 Bu

NH.

D HO)_/ 2 08 98 99

o N 00 93 82
E 1

/ XNHZ

2 HPLC monitoring at 215 nM.

The library members were synthesized in polypropylene deep-
well plates at a 15 pmol scale as described in Scheme 3. The squaric
acid N-hydroxylamides esters 1(1-2) and 1(3) were reacted, respec-
tively, with amines 2(1-74) and 2(1-54) to yield 200 squaric acid N-
hydroxylamide amides (3(1, 1-74), 3(2, 1-74), 3(3, 1-54), Scheme
3).

All compounds were characterized by LC/MS analysis (detection
at 215 nm). Positive and negative electrospray (ESI+ and ESI-) MS
showed the presence of a single parent ion, which confirmed the
identity of the library members. Out of the 200 library members,
86% displayed purity (215 nM) above 80%. Figure 4 represents
mean and standard deviation of purity in each series of compounds
sorted by both the squaric precursor and the class of amines incor-
porated in the library. As can be seen, our conditions are very ro-
bust. Purity for all classes is excellent and only low variability is
observed. When using isopropyl 1(3) precursor, nevertheless, a
greater variability in purity must be expected depending on the
substituents of on the amine. To further characterize the library,
11 structurally diverse compounds were analyzed by 'H and 3C
NMR and displayed very good spectra.

Many groups work on the systematic assessment of bioavailabil-
ity for molecules early in the drug discovery cycle.!®> We calculated
the physical properties that are traditionally been considered to be
related to membrane permeability or bioavailability: molecular
weight, logP, polar surface area, number of rotatable bonds and
number of hydrogen bond donors and acceptors, using PipelinePi-
lot™ from Scitegic for all members of the library.!® All compounds
pass the Rule of Five'” and 97.5% of the library complies with Veber’s
criteria,'®1°

Itis ofteninteresting to determine experimentally the key physico-
chemical parameters for a prototypal compound of the library.2° The
partition coefficient (log D) between 1-octanol and PBS buffer (pH
7.4), pK, and solubility in PBS buffer were measured for compound
3(1,22) (Table 2). Results are compatible with drug-like properties
and pK, is in the range expected for analogues of hydroxamates.
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Figure 2. Set of primary amines 2(1-54) for the library. Class A 2(5-18); Class B (4,22-39,44); Class C (49-54); Class D (45-48); Class E (1-3,40-43); Class F (19-21).
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Figure 3. Set of secondary amines 2(55-74) for the library. Class G 2(55-69); Class H 2(70-74).
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SNH 2(1-74)
O [}

o "
1(1): R=Me j\;ﬁ R
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\

Scheme 3. Reagents and conditions: (a) amines (1.1 equiv, 16.5 pmol), MeOH, rt,
5 h, evaporation (Genevac TM, T =30 °C).

This library was screened on ADAMTS-5,2! a Zinc metallopro-
tease that degrades, like MMPs, the extracellular matrix.??23 Inhib-
itors of this enzyme could result in efficient treatments for
osteoarthritis. Only a few inhibitors, mainly micromolar, with the
noteworthy exception of hydroxamates and some thioxothiazolid-
inone, have been published so far.24?> The screening of our library
led to the identification of two original, structurally related,
ADAMTS-5 inhibitors with ICsq in low micromolar range (respec-
tively, 2.6 and 37 uM). ICso were confirmed on resynthesized and
purified compounds (Table 3). Interestingly, these compounds are
derived from p-butoxyaniline. Preferably, the substituent of the
hydroxylamine should not be sterically hindered like iPr and
should bear an aromatic ring. In particular, compound 3(2,19)
seems to be a good starting point for hit-to-lead optimization.

We developed a practical and efficient strategy to synthesize a li-
brary of squaric acid N-hydroxylamide amides. The scope of the
amine set that can be used has been considerably extended relative
to earlier data. Each compound was obtained ina 15 pmol scale suit-
able for biological screening and with very good purity and yield. Our
library was screened on ADAMTS-5 and allowed the identification of

120 7 o 3{1,1-74} (R=Me)
W 3(2,1-74) (R=Bz)
[ 3(3,1-74} (R=iPr)
100

80 1

60

40

20 1

Amine
class

2(5-18) »
2(49-54) O

2(4548)

plpendlnes piperazines,
Diazepines 2(55-69) &2
2({70-74) =

N-alkylamines
2{4:22-39:44} =

N-alkylamines

B-amino-alcohols & [ I F I I I FF I FFFFFHA

o-amino-esters
N-Me-alkylamines

Figure 4. Purity of library members according to the amine input and the squaric
precursor (% at 215 nm).

a totally new micromolar inhibitor (ICsg = 2.6 tM). Our goal is yet
the optimization of this primary hit to obtain a lead with a submi-
cromolar activity and good pharmacokinetic properties.
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Table 2
pK,, logD and solubility measured for compound 3(1,22)
o] o]
Q\fm N-oH

pK, LogD (pH 7.4) Solubility (pg/mL)
8.5 0.5 24
Table 3
Inhibition on ADAMTS-5

[¢] [e]

R"N N-OH

R
Compound R'R"N- R= ADAMTS-5 ICsq® (M)
3(1,19) p(Bu-0)-CgHy-NH- CH3- 37.0
3(2,19) p(Bu-0)-CeHs-NH- Ph-CH,- 2.6
3(3,19) p(Bu-0)-CeHs-NH- i-Pr- >100.0

 ICso were measured on resynthesized and purified compounds.?'
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Pharmacophore models of Polo-like kinase-1 (PLK1) inhibitors have been established by using the Hip-
Hop and HypoGen algorithms implemented in the Catalyst software package. The best quantitative phar-
macophore model, Hypol, which has the highest correlation coefficient (0.9895), consists of one
hydrogen bond acceptor, one hydrogen bond donor, one hydrophobic feature, and one hydrophobic ali-
phatic feature. Hypo1 was further validated by test set and cross validation method. Then Hypol was
used as a 3D query to screen several databases including Specs, NCI, Maybridge, and Chinese Nature Prod-
uct Database (CNPD). The hit compounds were subsequently subjected to filtering by Lipinski’s rule of
five and docking study to refine the retrieved hits and as a result to reduce the rate of false positive.
Finally, a total of 20 compounds were selected and have been shifted to in vitro and in vivo studies. As
far as we know, this is the first report on the pharmacophore modeling even the first publicly reported

Keywords:
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virtual screening study of PLK1 inhibitors.
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Polo-like kinases (PLKs), a type of Ser/Thr protein kinases, have
been identified as key regulators of cell mitosis. Dysregulation of
them usually leads to some pathological changes, particularly can-
cer. Human Polo-like kinase subfamily includes four closely related
members, that is, PLK1, PLK2, PLK3, and PLK4. Of the four mem-
bers, PLK1 is the best characterized one and has been found to be
overexpressed in many tumor types, including colorectal, ovarian,
breast, prostate, pancreatic cancer, and melanomas.!~® And it has
been known that the overexpression of PLK1 often correlates with
poor prognosis of many cancer patients.” All of these indicate its
involvement in carcinogenesis and its potential as a therapeutic
target.

Despite the fact that PLK1 has been regarded as a validated mi-
totic cancer target for a number of years, very few reports of small-
molecule PLK1 inhibitors have appeared to date. Fortunately, the
limited number of PLK1 inhibitors still bears sufficient diversity
in chemical structure and bioactivity. These provide a good basis
to elucidate the structure-activity relationship of these diverse
compounds and further design novel PLK1 inhibitors.

The goal of this study is to develop pharmacophore models of
PLK1 inhibitors based on a series of known PLK1 inhibitors by
using the HipHop® and HypoGen® modules within Catalyst soft-
ware.!® Then the best quantitative pharmacophore model gener-

* Corresponding author. Tel.: +86 28 85164063; fax: +86 28 85164060.
E-mail address: yangsy@scu.edu.cn (S.-Y. Yang).

0960-894X/$ - see front matter © 2008 Elsevier Ltd. All rights reserved.
doi:10.1016/j.bmcl.2008.08.033

ated will be used as a 3D query to screen several databases
including Specs, NCI, Maybridge, and Chinese Nature Product Data-
base (CNPD). The hit compounds will subsequently be subjected to
filtering by Lipinski’s rule of five!! and docking study. Finally, po-
tential lead compounds will be shifted to the subsequent in vitro
and in vivo, as well as further structural modification studies. As
far as we know, this is the first report on the pharmacophore mod-
eling even the first publicly reported virtual screening study of
PLK1 inhibitors.

Pharmacophore modeling: A total of 42 PLK1 inhibitors were col-
lected from literature.'?~2° From which, 21 compounds were well
selected to form a training set, which was based on the principles
of structural diversity and wide coverage of activity range (here the
ICsp values of the training set compounds span a range of five or-
ders of magnitude: ranging from 0.0008 to 12.6 uM). Chemical
structures as well as experimental ICsq values of the training set
compounds are given in Chart 1 (1-21). The remaining 21 com-
pounds, shown in Chart 2 (22-42), constitute an independent test
set.

Before performing the quantitative pharmacophore modeling,
the qualitative HipHop model was generated based on the five
most active compounds (1-5) in training set, the purpose of which
is to identify pharmacophore features necessary for potent PLK1
inhibitors. In the HipHop run, the most active compound 1 was
considered as ‘reference compound’ specifying a ‘principal’ value
of 2 and a ‘MaxOmitFeat’ value of 0. The ‘principal’ and ‘MaxOmit-
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Chart 1. Chemical structures of the 21 training set compounds together with their experimental inhibitory activities (ICso values, in parentheses).

Feat’ values were set to 1 for the remaining four compounds. The
‘spacing’ value was set to 120. Except for these, all the rest HipHop
parameters were kept at their default values. The initial features,
which were specified based on an overview of all the training set
molecules, include hydrogen-bond acceptor, hydrogen-bond do-
nor, hydrophobic feature, hydrophobic aromatic feature, and
hydrophobic aliphatic moiety. Figure 1A shows the best HipHop
pharmacophore hypothesis, which contains seven features: three
hydrogen-bond acceptors, one hydrogen-bond donor, two hydro-

phobic aliphatic moieties, and one hydrophobic aromatic feature.
Figure 1B presents the mapping of the pharmacophore model onto
the most active compound 1 in the training set.

The HipHop pharmacophore hypothesis clearly indicates the
importance of hydrogen-bond acceptor, hydrogen-bond donor,
hydrophobic aliphatic moiety, and hydrophobic aromatic fea-
ture. According to this information, hydrogen-bond acceptor,
hydrogen-bond donor, and hydrophobic aliphatic and hydropho-
bic aromatic feature were selected as the initial pharmacophore

Figure 1. HipHop pharmacophore model for PLK1 inhibitors. (A) The best HipHop pharmacophore model. (B) The best HipHop model mapped with the most active
compound 1 in the training set. The features are color coded with green, hydrogen-bond acceptor; magenta, hydrogen-bond donor; light blue, hydrophobic aliphatic feature;

light blue, hydrophobic aromatic feature.
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Chart 2. Chemical structures of the 21 test set molecules together with their experimental and predicted inhibitory activities (ICso values).

features in the subsequent quantitative pharmacophore model-
ing. In addition, hydrophobic feature was also included, which
was based on the results of several trials made by us. In these
trials, we found that involving a more ‘general’ hydrophobic
feature can further improve the quality of the developed phar-
macophore model. The generated HypoGen models were evalu-
ated according to Debnath®° in terms of cost functions and
statistical parameters, which were calculated by HypoGen mod-
ule during hypothesis generation. A good pharmacophore model
should have a high correlation coefficient, lowest total cost and
rmsd values, and the total cost should be close to the fixed cost
and away from the null cost. The ranked top 10 hypotheses as
well as their statistical parameters are presented in Table 1. The
best pharmacophore model (Hypol, Fig. 2A), which was charac-
terized by the lowest total cost value (82.4009), the highest
cost difference (100.0901), the lowest RMSD (0.4995), and the
best correlation coefficient (0.9895), contains four features,
namely, one hydrogen bond acceptor, one hydrogen bond donor,
and one hydrophobic and one hydrophobic aliphatic feature.

The fixed cost and null cost are 78.7938 and 182.491 bits,
respectively. The 3D space and distance constraints of these
pharmacophore features are shown in Figure 2B. Figure 2C
and D present the Hypol aligned with the most active com-
pound 1 (ICso: 0.0008 uM) and the least active compound 21
(IC50: 12.6 uM) in the training set, respectively.

Then the training set compounds were roughly classified into
three categories: highly active (ICso < 0.1 uM, +++), moderately ac-
tive (0.1 M < ICsp < 1 uM, ++), and low active (ICso > 1 puM, +). Ta-
ble 2 shows the experimental and estimated inhibitory activities of
the 21 training set compounds. Obviously, all compounds were
correctly predicted except one compound (15), which originally
is moderately active but is predicted as low active.

Validation of the pharmacophore model: An independent test set
which contains 21 external compounds (Chart 2, 22-42) was used
to validate the established model (Hypo1). The experimental and
predicted activities of the test set compounds are shown in Chart
2. The correlation coefficient is 0.894, indicating that Hypo1 has
a good predictive ability.
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Table 1
Statistical parameters of the top 10 pharmacophore models generated by the
HypoGen

Hypo No. Total cost? Cost diff.” RMSD Correlation (r) Features®
1 82.4009 100.0901 0.4995 0.9895 ADLH
2 82.5119 99.9791 0.5441 0.9873 ADLH
B 87.329 95.162 0.9012 0.9643 AADL
4 88.6378 93.8532 0.9678 0.9587 ADLL
5 88.7181 93.7729 0.9695 0.9585 ADLLH
6 88.7265 93.7645 0.9721 0.9583 ADLLH
7 89.6013 92.8897 0.9049 0.9642 ADLLH
8 91.5851 90.9059 1.1028 0.9460 ADLH
9 91.6144 90.8766 1.1044 0.9459 ADLL
10 91.8167 90.6743 1.1111 0.9452 ADDL

@ The total cost value of a hypothesis is calculated by summing three cost factors,
a weight cost (data not shown), an error cost (data not shown), and a configuration
cost (a constant among all the hypotheses).

> The difference between the total cost of a hypothesis and that of the null
hypothesis, roughly correlates with significance. The larger the difference, the
greater the significance of the hypothesis. A true correlation in the data will very
likely be estimated by models that exhibit a cost difference (Null cost — Total cost)
(fixed cost = 78.7938, configuration cost = 16.7049, and null cost = 182.491). All cost
values are in bits.

€ A, hydrogen bond acceptor; D, hydrogen bond donor; H, hydrophobic feature;
and L, hydrophobic aliphatic moiety.

Furthermore, Fischer randomization test®>! method was used to

evaluate the statistical relevance of Hypo1 by using the CatScram-
ble program implemented in Catalyst. The confidence level was set
to 95%. Thereby CatScramble program generated 19 random
spreadsheets to construct hypotheses using exactly the same con-
ditions as used in generating the original pharmacophore hypoth-
esis. The statistical parameters of pharmacophore models obtained
in the 19 HypoGen runs as well as the original HypoGen run are
presented in Table 3. From Table 3, one can see that out of the
19 runs, only one trial had a correlation value more than 0.8, but
the RMSD value and total cost are much higher than the original
pharmacophore hypothesis. The results of CatScramble clearly
demonstrate that the original hypothesis is far more superior to

those of the 19 randomization produced hypotheses, which pro-
vide confidence on our pharmacophore model.

Virtual screening: The validated hypothesis Hypo1 was used as a
3D structural query for retrieving potential inhibitors from chem-
ical databases including Specs, NCI, Maybridge and CNPD. A total
of 53,337 molecules show very good mapping with the Hypol.
Then these compounds were further screened by using the Lipin-
ski’s rule of five to make them more drug-like and 17,307 mole-
cules passed this filtration.

Docking study: To further refine the retrieved hits, the 17,307
compounds were docked into the inhibitor binding site of PLK1
by using LigandFit within Cerius2 program package.? 3D structure
of the PLK1 was taken from the crystal structure of PLK1 combined
with compound 11 (PDB entry: 2owb).'”33 Several scoring func-
tions are available within LigandFit, including LigScorel, Lig-
Score2,>* PLP1, PLP2.>® Jain>® Ludi’’3® PMF*® as well as a
consensus score.*® Since there is no generally applicable scoring
function so far, a solution to this problem is the calculation of a
consensus score,*® which makes use of the merits of different scor-
ing functions by combining their results. The compounds were
then ranked based on the consensus score. Finally we selected a to-
tal of 20 compounds from the ranked top 100 compounds, which
was based on a visual look as well as on our experience. These se-
lected compounds have been shifted to in vitro and in vivo studies.

In conclusion, chemical feature-based pharmacophore models
of PLK1 inhibitors have been developed with the aid of HipHop
and HypoGen modules in Catalyst program packet. The best quan-
titative pharmacophore model Hypo1, which was characterized by
the lowest rmsd (0.4995) and the highest correlation coefficient
(0.9895), consists of one hydrogen bond acceptor, one hydrogen
bond donor, and one hydrophobic aliphatic and one hydrophobic
feature. Hypol was further validated by test set and Fischer ran-
domization test method. Results obtained from the test set method
show a fairly good correlation between the experimental and esti-
mated ICso values (correlation coefficient of 0.894), indicating a
good predictive power. And the results of Fischer randomization
test by using CatScramble program within Catalyst further

Figure 2. HypoGen pharmacophore model for PLK1 inhibitors. (A) The best HypoGen pharmacophore model Hypo1. (B) 3D spatial relationship and the distance constraints of
the Hypol. (C) Hypol mapped with the most active compound 1. (D) Hypo1 mapped with the least active compound 21. The features are color coded with green, hydrogen-
bond acceptor; magenta, hydrogen-bond donor; cyan, hydrophobic feature, light blue, hydrophobic aliphatic moiety.
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Table 2

Experimental and predicted ICsq values of the training set compounds

Molecule Exptl. IC50 (um) Estimated I1C5q (1m) Error® Fit value® Exptl scale® Estimated scale
1 0.0008 0.00073 -1.1 8.73 o+ 4+
2 0.023 0.03 1.3 7.12 +++ +++
3 0.034 0.041 1.2 6.98 +++ +++
4 0.041 0.071 1.7 6.74 4+ 4+
5 0.071 0.077 1.1 6.7 +++ +++
6 0.074 0.081 1.1 6.68 +++ +++
7 0.1 0.063 -1.6 6.79 4+ 4+
8 0.16 0.12 -13 6.5 ++ ++
9 0.27 0.5 1.9 5.89 ++ ++
10 033 0.49 1.5 5.9 ++ ++
11 0.53 0.39 -14 6 ++ ++
12 0.55 0.71 1.3 5.74 A ++
13 0.58 0.48 -1.2 5.91 ++ ++
14 0.75 0.68 -1.1 5.76 ++ ++
15 0.96 1.7 1.8 535 ++ +
16 1 0.68 -1.5 5.76 ++ ++
17 6.5 5.6 -1.2 4.85 + +
18 6.9 5.6 -1.2 4.85 + +
19 8.7 6.4 -14 4,79 + +
20 10 5.5 -1.8 4.85 + +
21 13 14 1.1 4.46 + +

2 + Means that the estimated ICsq is higher than the experimental ICso; — means that the estimated ICs is lower than the experimental ICsp; a value of 1 indicates that the

estimated ICsq is equal to the experimental ICsg.

b Fit value indicates how well the features in the pharmacophore map the chemical features in the molecule.
¢ Activity scale: +++, [Cso < 0.1 uM (highly active); ++, 0.1 pM < ICso < 1 uM (moderately active); and +, ICso > 1 uM (low active).

Table 3
Results of Fischer's randomization test using CatScramble implemented in Catalyst
software

Validation No. Total cost Fixed cost RMSD Correlation (r)
Hypo1l 82.4009 78.7938 0.4995 0.9895
Results for scrambled

Triall 109.584 78.947 1.6962 0.867
Trial2 142.839 74.7415 2.4961 0.6801
Trial3 145.081 80.3603 2.4764 0.6858
Trial4 140.337 70.9407 2.5692 0.6556
Trial5 144.248 77.9207 2.5005 0.6787
Trial6 131.109 77.0637 2.2687 0.7452
Trial7 138.34 78.9096 2.3252 0.7305
Trial8 124.883 77.3403 2.0867 0.7901
Trial9 132.576 77.1285 2.2884 0.7401
Trial10 145.76 79.2811 2.5093 0.6754
Triall1 153.997 78.7725 2.6271 0.6361
Trial12 150.283 76.173 2.6442 0.63
Trial13 155.4 79.0369 2.6833 0.6151
Trial14 153.931 75.3303 2.7002 0.6091
Trial15 124.522 72.1496 2.2245 0.7567
Trial16 172.358 79.0476 2.9604 0.4938
Trial17 144.732 78.7831 2.497 0.6794
Trial18 129.606 76.6739 2.2243 0.7569
Trial19 149.381 77.053 2.6142 0.6405

confirmed the statistical confidence of Hypol. Then Hypol was
used as a 3D query to screen several databases including Specs,
NCI, Maybridge, and CNPD. The hit compounds were subsequently
subjected to filtering by Lipinski’s rule of five and docking study to
refine the retrieved hits. These refined hit compounds have been
shifted to the subsequent in vitro and in vivo studies, the results
of which will be reported in the near future.
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design of opioid agonists.

Selective ring opening reaction of the N-cyclopropylmethyl group in naltrexone (1d) was effected in the
presence of platinum (IV) oxide and hydrobromic acid under a hydrogen atmosphere at rt to selectively
afford N-isobutyl derivative 10. The binding affinity of N-i-Bu derivative 10 for opioid receptors was 11-
17 times less than that of the corresponding N-CPM compound, naltrexone (1d). However, compound 10
showed dose-dependent analgesic effects. Contrary to expectations based on previous structure-activity
relationship studies for a series of N-substituted naltrexone derivatives that compound 10 would be an
opioid antagonist, 10 showed dose-dependent analgesia in the mouse acetic acid writhing test (EDsq:
5.05 mg/kg, sc), indicating it was an opioid agonist. This finding may have a great influence on the drug

© 2008 Elsevier Ltd. All rights reserved.

Morphine is a representative opioid and is used even now as a
potent analgesic. Since the determination of the structure of mor-
phine, numerous derivatives of its core structure have been syn-
thesized and evaluated their pharmacological effects. Nitrogen
substituents have been widely recognized to affect the opioid
activities. The N-substituents of 4,5-epoxymorphinan derivatives
significantly influence the p opioid receptor activities, that is, ago-
nist or antagonist. For example, N-methyl derivative 1a and N-
phenethyl derivative 1b are agonists, while N-allyl derivative 1c,
N-cyclopropylmethyl (CPM) derivative 1d, and N-cyclobutylmethyl
(CBM) derivative 1e exhibit antagonist activities (Fig. 1).!

When selective reduction of 17-CPM-5,6-didehydromorphinan-
6-carbaldehyde derivative 2 (Fig. 2) was investigated, hydrogena-
tion with platinum (IV) oxide gave a 17-isobutyl (i-Bu) derivative
as a minor product. This result prompted us to investigate the
transformation of the N-CPM to the N-i-Bu group for three reasons.
First, the pharmacological effects of N-i-Bu-4,5-epoxymorphinan
derivatives are interesting as the 17-substituent can influence both
agonist and antagonist opioid activities.> Second, the reductive ring
cleavage reaction is a facile one-step transformation of N-CPM
derivatives into N-i-Bu derivatives. Generally, the transformation
of N-substituents requires multiple steps using cyanogen bromide
(von Braun reaction)* or chloroformate.” Furthermore, the 17-sub-
stitution reaction hardly proceeds in naltrexone derivatives having
14-hydroxyl group® because of an intramolecular hydrogen bond

* Corresponding author. Tel.: +81 3 5791 6372; fax: +81 3 3442 5707.
E-mail address: nagaseh@pharm.kitasato-u.ac.jp (H. Nagase).
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1a-e
Agonist Antagonist
1a: R=Me (Oxymorphone) 1c: R=allyl (Naloxone)
1b: R=phenethyl 1d: R=CPM (Naltrexone)
1e: R=CBM

Figure 1. N-Substituted 4,5-epoxymorphinan derivatives and their pharmacolog-
ical properties.

formed between the lone pair electrons of 17-nitrogen and the
14-hydroxyl group.” Third, hydrogenolysis of general cyclopropane
rings is exceedingly slow, tending not to proceed. Although the
cyclopropane ring activated by some conjugated substituents such
as aromatic ring, acyl group, and vinyl group was cleaved under
mild reaction conditions, hydrogenolysis of the unactivated rings
required harsher reaction conditions such as high pressure and/
or high temperature.® Here, we report the selective ring opening
reaction of the cyclopropane ring in N-CPM-4,5-epoxymorph-
inan-6-one derivatives to give i-Bu derivatives, and we describe
the pharmacological effects of the resulting N-i-Bu-noroxymor-
phone (10).
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Figure 2. Structure of compound 2.

A minor product obtained by the hydrogenation of 17-CPM-5,6-
didehydromorphinan-6-carbaldehyde derivative 2 (Fig. 2) with
platinum (IV) oxide in methanol®> was identified as the N-i-Bu
derivative. In the hydrogenation of naltrexone methyl ether 3*°
under the same reaction conditions, N-i-Bu derivative 4 was also
detected in very low yield. We developed the working hypothesis
that protonation of the 17-nitrogen may evoke the activation of
the cyclopropyl ring due to the tentative formation of a cyclopro-
pylcarbinyl cation,'® an extremely stable nonclassical carbocat-
ion,!2 which would facilitate the cleavage of the cyclopropane
ring. We then attempted to improve the yield of the N-i-Bu deriv-
ative by hydrogenation of 3 in the presence of hydrochloric acid. As
expected, the ring cleavage of CPM in the presence of hydrochloric
acid proceeded effectively, but the reduction of 6-keto group oc-
curred concomitantly (Table 1, Entry 1). Selective opening of the
cyclopropane ring results in the one-step transformation of nal-
trexone derivatives into N-i-Bu derivatives, and retaining the intact
6-keto group. Therefore, the reduction of the compound 3 was at-
tempted in the presence of various amounts of platinum (IV) oxide
to improve the chemoselectivity of reduction between CPM and 6-
keto groups, but fruitful results were not obtained. Using palla-
dium on carbon as a catalyst instead of platinum (IV) oxide re-
sulted in the recovery of the compound 3. We next examined the
effect of various acids (Table 1). In the presence of acetic acid or
TFA, the reduction proceeded nonselectively (Entries 3, 4). Per-
chloric acid rather improved the chemoselectivity of the reduction
in comparison to acetic acid or TFA, but the yield of N-i-Bu-6-keto
compound 4 was low (Entry 6). On the other hand, camphorsulfo-
nic acid or iodic acid mainly resulted in a recovery of starting mate-
rial 3 (Entries 5, 9). Among the investigated acids, hydrobromic

Table 1
Reduction of naltrexone methyl ether 2 catalyzed by PtO,

OH H* OH
o T o :

\@O
OMe

OMe
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acid gave compound 4 predominantly (Entries 7, 8), with the con-
centration of hydrobromic acid having hardly any influence on the
chemoselectivity (Entries 7, 8). In contrast, the concentration of
hydrochloric acid had a notable effect on chemoselectivity (Entries
1, 2). These results suggested that the acidity would play an impor-
tant role in both facilitation of the ring opening reaction and the
chemoselectivity. The stronger the acid, the greater the amount
of 17-nitrogen may be protonated to effectively activate the cyclo-
propane ring (Fig. 3). Additionally, a strong acid may promote
intramolecular hemiacetal formation in compound 3 to afford
hemiacetal 9 (Fig. 4),'® resulting in the protection of the 6-keto
group from reduction. In all cases, no N-n-Bu derivative was ob-
tained as a product. This outcome may result from the approach
of the catalyst from the less hindered side of the cyclopropane ring
(Fig. 3).

Figure 3. Diagram of Pt approaching to the activated cyclopropane ring. The -
electrons between nitrogen and carbon in CPM group may be released to the
protonated nitrogen (red arrow) because of extremely stable cyclopropylcarbinyl
cation.'® The catalyst may more easily approach the cyclopropane ring from the less
hindered side (solid arrow), than from the more hindered side (dotted arrow).

Figure 4. Structure of compound 9.

3 4 5:R'=H, R2=O0H 7: R'=H, R2=OH
6: R'=OH, R2=H  8: R'=0OH, R2=H
Entry Acid? Time (h) Yield (%)
4 5 6 7 8 3 (recovery)

1 1N HCl 20 62 27 11 ND¢ ND¢ ND¢
2 37% HCl 37 52 14 ND¢ 4 ND¢ 12
3 AcOH 48 4 6 ND¢ 70 12 8
4 TFAP 24 18 24 12 4 14 15
5 CSA 37 14 ND¢ ND¢ ND¢ ND¢ 36
6 7O%l—[ClO4b 14 20 33 47 ND¢ ND¢ ND¢
7 1N HBr 37 61 ND¢ ND¢ ND¢ ND¢ ND¢
8 48%HBr 37 76 2 ND¢ ND¢ ND¢ ND¢
9 57%HI 39 ND¢ ND¢ ND¢ ND¢ ND¢ 100

¢ A ratio of acid to MeOH is 1:1.2.
b Only acid was used as a solvent.
¢ Not detected.
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Scheme 1. Reduction of naltrexone (1d) and N-CPM-norhydrocodone (11).

Table 2
Binding affinity of naltrexone (1d) and N-i-Bu-noroxymorphone (10) for opioid
receptors

Compound Ki () Ki (k) Ki (3)
1d 0.335 nM 0.373 nM 20.7 nM
10 5.57 nM 6.12 nM 229 nM
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‘g G i ED,,: 5.05 mg/kg, sc
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Figure 5. Antinociceptive effect of compound 10 on the mouse acetic acid writhing
test.

With the selective reductive ring cleavage method of the CPM
group over the 6-keto group in compound 3 in hand, we then at-
tempted the reduction of naltrexone (1d) and N-CPM-norhydroco-
done (11)'* under the same reaction conditions to afford
compounds 10 (71%) and 12 (62%), respectively (Scheme 1). In
the case of reduction of 14-H derivative 11, 60-0l 13 was also ob-
tained in 12% yield. These results suggested that intramolecular
hemiacetal formation participates in protecting the 6-keto group
from reduction.

We next focused on the investigation of opioid activities of N-i-
Bu derivatives. In the binding assay using homogenates of guinea-
pig brain (x: cerebellum, p and §: forebrain), N-i-Bu-noroxymor-
phone (10) was bound to p and k receptors more strongly than &
receptor (Table 2). Although the binding selectivity of compound
10 resembled that of naltrexone (1d), the affinities of 10 for the
opioid receptors were 11-17 times less than those of naltrexone
(1d). Three important pharmacophore interactions affect the bind-
ing between the ligand and the opioid receptor: 1) the ionic inter-
action at 17-nitrogen; 2) the m—m interaction at the benzene ring;
and 3) the hydrogen bond at the phenolic hydroxyl group.!®
Among these factors, the ionic interaction is believed to be the
most significant. The larger the electron density at the 17-nitrogen

of a ligand, the more strongly would the ligand bind to the recep-
tor. The higher affinity of compound 1d possessing the 17-CPM
group (Table 2) would seem to support the proposed stronger elec-
tron-releasing property of the CPM group than a general alkyl
group (Fig. 3).

Compound 10, possessing the N-i-Bu group, was expected to be
an antagonist based on structure-activity relationship studies for a
series of N-substituted oxymorphone derivatives.! However, this
novel derivative showed surprising analgesic effects in a dose-
dependent manner in the mouse acetic acid writhing test (EDsp:
5.05 mg/kg, sc) (Fig. 5), indicating that compound 10 had agonistic
activities.'® Although the N-substituent, which was similar in size
to the CPM or CBM groups, was expected to confer antagonistic
activities, it elicited agonistic activities. The finding strongly indi-
cated that the size and/or the chain length of the N-substituent
had little influence on the opioid activities (agonist or antagonist)
in a series of N-substituted oxymorphone derivatives. We are cur-
rently investigating the structure-activity relationship between
the N-substituent and opioid activities in detail.

In conclusion, the platinum-catalyzed hydrogenation of N-CPM-
4,5-epoxymorphinan-6-one derivatives in the presence of hydro-
bromic acid did not reduce the 6-keto group and selectively
cleaved the cyclopropane ring of CPM to afford N-i-Bu-4,5-epox-
ymorphinan-6-one derivatives. The selective cleavage of CPM led
to direct transformation of the N-CPM derivative into the N-i-Bu
variant. The binding affinity of the N-i-Bu derivative 10 for opioid
receptors was somewhat lower than that of the corresponding N-
CPM compound, naltrexone (1d); however, the compound 10
showed dose-dependent analgesic effects. Contrary to the expecta-
tion that the N-i-Bu derivative would show antagonistic activities
on the basis of the previous reports,! the N-i-Bu derivative was
agonist. This finding may have a great influence on the future drug
design of opioid agonists.
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Heat shock protein 90 is emerging as an important target in cancer chemotherapy. In a program directed
toward identifying novel chemical probes for Hsp90, we found N-(4-hydroxy-3-(2-hydroxynaphthalene-
1-yl)phenyl)benzene sulfonamide as an Hsp90 inhibitor with very weak activity. In this report, we pres-
ent a new and general method for the synthesis of a variety of analogs around this scaffold, and discuss
their structure-activity relationships.

© 2008 Elsevier Ltd. All rights reserved.

Molecular chaperones are a class of proteins that are responsi-
ble for the correct folding and maturation of several cellular client
proteins.! One among those chaperones is the heat shock protein
90 (Hsp90), which recently emerged as a very important and vali-
dated target in several diseases including cancer, neurodegenera-
tion, viral, fungal, and microbial infection.>> Hsp90 chaperone
activity is found to be essential for the stability and function of a
number of conditionally expressed signaling proteins, as well as
for the mutated, chimeric, and/or overexpressed signaling proteins
that promote cell growth and survival.® The client proteins found
to interact with Hsp90 include Raf-1, mutant BRaf, IGF-IR, Akt,
HER2, C-Met, C-Kit, mutant EGFR, and others.*> These client mem-
bers are found to play a crucial role in various types of cancers? and
are found to undergo proteosome-mediated degradation when
Hsp90 activity is inhibited.®”

The natural product geldanamycin (GM) and its synthetic ana-
log (17-AAG) were found to bind to the ATP binding site on the
N-terminal domain of the Hsp90 and inhibit ATP-dependent chap-
erone activities.® Only the synthetic derivative 17-AAG is currently
being evaluated for clinical use. Though Hsp90 is expressed abun-
dantly in most tissues, studies employing GM, 17-AAG, and other
compounds have concluded that cancer cells are more sensitive
to Hsp90 inhibition compared to normal cells.® This conclusion is
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E-mail address: tganesh@emory.edu (T. Ganesh).

0960-894X/$ - see front matter © 2008 Elsevier Ltd. All rights reserved.
doi:10.1016/j.bmcl.2008.08.022

further supported by the studies of Kamal et al.,'® who demon-

strated that tumor cell Hsp90 is found to be in an activated com-
plex with co-chaperones, whereas Hsp90 in normal tissue resides
in a free and uncomplexed state. These observations gave the
impetus to develop novel and effective small molecule Hsp90
inhibitors, and further affirm the notion that Hsp90 inhibition
leads to selective killing of cancer cells over normal cells.
Structure-based design and high-throughput (HTS) screening
efforts are underway to identify novel chemical scaffolds that can
potentially generate lead structures for further development.!! So
far, this work has produced at least two clinical candidates (PU-
H71,'2 CNF2024'3) and several other preclinical candidates from
the pyrazole/isoxazole class of compounds, demonstrating suc-
cessful Hsp90 activity in both in vitro and in vivo tumor models.'*
Under the MLSCN program,'® we recently identified aminoquin-
olines by HTS!® as a novel class of Hsp90 inhibitors. The work was
complemented by ligand-based design and virtual screening exer-
cises. Within this context, structures 1 and 2 (Fig. 1) were previ-
ously identified as Hsp90 blockers by means of virtual screening
performed by Barril et al.!” The compounds were found to show
low micromolar activity in the malachite green assay'® and subse-
quently in an FP assay.'® However, these analogs showed a very
poor activity in a cell growth inhibition assay (2: ICso =29 uM).
Moreover, a very limited SAR study on the N-(4-hydroxy-3-(2-
hydroxynaphthalene-1-yl)phenyl)benzene sulfonamide scaffold
was reported.!” This prompted us to perform a more expanded
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Figure 1. Potential sites for modification and SAR study.

SAR evaluation on this scaffold and to devise a synthetic method
amenable to generating a variety of analogs. For instance, only
derivatives on the terminal phenyl ring extending from the sulfone
unit were reported; the naphthalene and middle rings remaining
untouched.

The previous crystallographic investigation of 2 by Barril et al.
reveals that its naphthalene ring is buried deep within the ATP
binding pocket in the N-terminal region of Hsp90.!” Compound 2
follows the general pharmacophore established by other known
Hsp90 inhibitors (Fig. 2): contact with the hydrophobic cluster
by the naphthalene moiety and participation in a hydrogen bond-
ing network with residues Thr184 and Asp93 (the numbering re-
fers to Hsp90a). Analysis of the available steric space, and
augmentation of the hydrophobic contacts and hydrogen bonds
were considered during the optimization of the arylsulfonamide
series.

The possible sites for modification are outlined in Figure 1. Site
A: The 2-naphthol ring could be replaced with 2-phenol, 3,4-ben-
zodioxane-2-phenol, and 2-hydroxy-carbazole. The latter was con-
sidered to be able to provide not only bulkiness to fill the cavity
observed in the X-ray model, but also scaffold hydrophilicity which
can promote increased compound solubility. Likewise, crystal

A\

Figure 2. Docking of 6c (blue), 13 (yellow), 17 (green) at N-terminal ATP binding
site of Hsp90 (black, PDB: 2bz5). Docking poses are overlapped with co-crystallized
pose of compound 2 (red). Figure shows that the docking poses were able to
reproduce most heavy-atom positions of the crystal pose. Hydrogen, water, and
residue atoms were not displayed. Coordinates for poses can be provided upon
request.

structure analysis suggested modifications could be performed
on site B by replacing the OH group with NH,, F, etc. In addition,
more than one functional group can be added to the middle ring,
while the sulfonamide tail can be moved to other positions on
the same ring. At site C with a limited SAR, there is a room for mod-
ification such as replacing the two chlorines with hydroxyl groups
combined with the modification at sites A and B to explore poten-
tial activity enhancement.

At this juncture, we recognized the lack of a general synthetic
strategy for preparing the contemplated compounds. Only one syn-
thetic method making use of the preformed N-arenesulfonyl-p-
benzoquinonimines as starting materials had been reported in a
Russian journal.?® Unfortunately, the procedure is unsuitable to a
wide range of quinones. Thus, we envisioned an alternative and
versatile synthetic method for N-(4-hydroxy-3-(2-hydroxynaph-
thalene-1-yl)phenyl)benzene sulfonamide. Below, we show that
this method is applicable to a variety of analogs by means of a split
pool synthetic approach as shown in Schemes 1 and 2. A prelimin-
ary SAR for these analogs is also described.

The synthesis of 1-2 and their analogs is depicted in Scheme 1.
Thus, 2-bromo-4-nitroanisole or 2-bromo-4-nitroanilines (4a or
4b) were subjected to the Suzuki-Miyaura cross-coupling reac-
tion?! with 2-ethoxynaphthalen-1-ylboronic acid in a microwave
initiator for 15 min to produce product 5 in 95-98% yield. To our
surprise, such a cross-coupling strategy does not seem to have
been reported previously for unsymmetrical 2,2’-binaphthols
and/or 1,1’-biphenols, though palladium-mediated procedures
have been employed to generate self-coupled symmetrical 1,1'-
binaphthols or 2,2’-biphenols.?> The methyl- and ethyl-ethers
were deprotected by treating 5a and 5b with borontribromide in
dichloromethane solution, then the resulting hydroxyl and amino
groups (from 5a) or two hydroxyls (from 5b) were protected with
Boc-groups before reducing the nitro group by hydrogenation with
10%-palladium on carbon. The resulting amine was subsequently
treated with substituted arylsulfonylchlorides in pyridine to pro-
vide Boc-protected sulfonamides. The latter were subjected to
2%-trifluoroacetic acid in dichloromethane to provide final prod-
ucts 1-2, 6-7.3

The palladium cross-coupling strategy appeared promising for
generating a variety of building blocks such as biphenol (8) and
aminophenol ether (11). Indeed both these intermediates were
synthesized analogous to 5 and were carried forward by similar
synthetic steps for 1 to provide 9a-g, 10a-c, and 12a-g. Selective
demethylation of 12a with either borontribromide or aqueous
hydrogen bromide yielded only methylenedioxy ring opened prod-
uct 13. As part of our study, we decided to prepare 17, a benzodi-
oxane moiety as a replacement for the naphthalene core of 2. To
this end, 5-hydroxybenzo-1,3-dioxo-4-yl-boronic acid (14) was
synthesized albeit in a very low yield and in a poor quality as
shown in Scheme 2. Coupling 14 with 2-bromo-4-nitrophenol by
the same Suzuki procedure provided intermediate 16 in a very
low yield. Nevertheless, this was smoothly carried through to the
final product 17 as shown in Scheme 2.

Docking calculations were performed to determine if the pro-
posed synthesized analogs (6¢, 13, and 17) could attain a binding
pose similar to that of the X-ray pose of 2 (Fig. 2). Schrodinger’s
GLIDE?* program was utilized for the docking calculation and the
receptor was downloaded from the Protein Data Bank (PDB ID:
2BZ5).2° The receptor geometry was optimized using Schrédinger’s
protein preparation protocol. Receptor optimization was con-
strained to 0.3 A for all atoms. All waters were deleted except
150 and 286. Examination of other Hsp90 crystals showed water
150 to be an important interaction for a variety of Hsp90 inhibi-
tors.®11212.17 water 286 was retained since GLIDE varied the poses
tremendously for sulfonamide compounds when it was removed,
suggesting 286 was important exclusively for the sulfonamide
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Scheme 1. Synthesis of N-(4-hydroxy-3-(2-hydroxynaphthalene-1-yl)phenyl)arylsulfonamides and analogs. Reagents and conditions: (i) 4a or 4b (1 equiv), boronic acids
(1.8-2 equiv), Pd(PPhs)4 (5-10 mol%), K,CO5 (3-3.3 equiv), DME/EtOH/H,0 (3:2:1 ml), microwave initiator, 15 min, 160 °C, 95-98%; (ii) BBrs, CH,Cl,, —78 °C-rt, 1 h, 85-90%;
(iii) Boc,0O, DMAP, THF, reflux, 3-4 h, 95%, (iv) Ha, 10% Pd-C, MeOH/EtOAc (6:2 ml), 12 psi, 1 h, 80-85%; (v) ArSO,Cl, Py, 100%; (vi) 2% TFA in CH,Cl,, rt, 90%; (vii) aq HBr, 80 °C,

65%.

Hsp90 inhibitors. Standard docking precision was performed in
which non-planar amide bond conformations were penalized and
van der Waals radii were scaled to a factor of 0.8. No constraints
were used for the docking calculation. Each compound structure
was allowed to generate up to 5 poses. The Glide docking poses
for 2 and its analogs were energy-rescored using MMGBSA.?® The
top scoring MMGBSA pose of each analog was overlaid with the
crystallographic pose as shown in Figure 2. Although the Glide
score and the MMGBSA rescore favor different compounds as
shown in Table 1, the overall overlap shows that the different sul-
fonamide analogs take advantage of the same protein-ligand inter-
actions with the Hsp90 receptor as 2.

Based on the published X-ray crystal data of Barril et al. and our
computational docking results, we decided to retain the 3,4-diox-
ane moiety and prepare derivatives by altering other parts of the
molecule. Difficulties in the preparation of good quality boronic
acid 14 and the low yields in coupling reactions with it prompted
us to revise the synthetic strategy as shown in Scheme 2. A known
iodide building block 1527 was prepared in large quantity, starting
from sesamol, and this was coupled to various commercially avail-
able boronic acids by Suzuki-coupling to generate intermediates
18, 20, and 22 in excellent yields. All of the compounds were sub-
jected to synthetic steps similar to those used in Scheme 1 to gen-
erate final products 19, 21, and 23 as shown in Scheme 2.

All synthesized compounds were tested in a fluorescent polar-
ization (FP) assay,?® which measures the interaction of small mol-
ecule ligands with fluorescently labeled GM and displaces the
latter from the ATP binding site of Hsp90. To our surprise, we
have not identified compounds more active than 2. Apart from
the analogs tabulated in Table 2, the other analogs have shown
no inhibitory activity at the maximum concentration tested
(50 uM). Only structural modifications at the terminal phenyl ring

(6a-6d) appear to be tolerated and thereby retain activity.
Replacing the OH on the middle ring with amine decreased the
activity (7b-d). Substituting the 2-naphthol unit with the less
bulky 2-phenol moiety completely eliminated activity (9b-g and
10a-b), except for 9a which showed about 20-fold less activity
than 2. However, replacing it with the 3,4-methylenedioxy-2-
phenol moiety was well tolerated and decreased the activity by
approximately 1.5- to 2-fold (17). This observation reinforces
the suggestion made by the docking model that substituents
equal in size or bulkier than the 2-naphthol ring might be better
in this region to fill the hydrophobic cavity. Surprisingly, how-
ever, 13 exhibits a submicromolar ICsq approximately equal to
the IC50 of 2.

The compounds presented in Table 2 were also tested in the
Western blot assay by examining client protein (HER2, Raf-1,
PRAS40) degradation. Disappointingly, none of the analogs
showed any promising effect, except 2 and 13, both of which pos-
sess ICso values of approximately 20 uM in HER2 degradation.
However, neither had any effect on Raf-1 and PRAS40. Though,
it is difficult to hypothesize that these analogs bind to Hsp90 pro-
tein with high affinity, but do not enforce disruption of client
member association, it could be speculated to their poor perme-
ability properties which might cause them to be less potent in
cell-based WB assay. To support this hypothesis, we predicted
ADME properties for the best active compounds by QikProp soft-
ware.?® As shown in Table 3, the compounds 2, 6¢, 13, and 17 are
outside of the projected range.

The best active sulfonamides (2, 6¢, 6d, 13, and 17) in FP assay
were also tested in cell growth inhibition assay against HER2 over-
expressing SKBr3 breast cancer cells.3° As shown in Table 2, these
derivatives exhibited only low micromolar ICsq values in this cell
line, however, these values were only about 1.4- to 3.1-fold (except





T. Ganesh et al./Bioorg. Med. Chem. Lett. 18 (2008) 4982-4987 4985

A0 0 L | Wl |

(LY

MOMO HO Br HO o OH
OH v O
Sesamol (OH)2 OH O CI\©:S\
N
14 H
. ON OaN 16 cl
B(OH)2 B(OH), 17
F HaN
HoN
l MOMO
m mn
I 15
o)
O ) B(OH)z
MOMO 0 o>
: ®
O N MOMO 0
L 0
vii-viii l O % MOMO 0 18
HO (0] O 20
F vii-viii
R 0\\8//0 O l
ji;[ \H vii-viii O> O>
2
R R o HO O N
R! H
Q\ N
23a: R, R', R®=H, R?= CHj R o= O
23b: R, R, R®= H, R2=F R
23¢: R, R®=H, R'=NO,, R?=ClI R ; s
vi [ 28d:R=NOz R', R®, R*=H e TR
23e; R =Nz, R, R, RO =1 21a:R,R®=Cl, R', R2=H "
. 2 R3_ 1 a.
23f: R, RSR H1 R 0020H 216 R R R® - . R2- CH 19a:R.R®=Cl R', R%= H
23g:R,R°=H,R'=CN, R*=F Vesn ke 19b: R,R3= H, R' = CN, R2= F
23h R1—NO2 R R2 RS H 21c: R, R, R*=H,R°=F 19¢: R R!' R3=zH R2= COOH
. : = fat , = 1 3 2 _ C: R, ) =H, =
vil | e g 21d: R, R'=H, R®= CN, R2= F

=NH,, R,R2 R®=H

Scheme 2. N-(4-Hydroxy-3-(5-hydroxybenzo-(1,3)-dioxol-4-yl)phenyl)benzene sulfonamides. Reagents and conditions: (i) NaH, MOMCI, DMF, 0 °C-rt, 98%; (ii) n-BuLi, THF,
B(OMe)3, —78 °C, then 10% HCI, rt tech-grade (50%); (iii) 15 (1 equiv, 2 mmol), boronic acids (1.8-2 equiv), Pd(PPh3)4 (5-10 mol%), K,CO3; (3-3.3 equiv), DME/EtOH/H,0
(3:2:1 ml), microwave initiator, 15 min, 160 °C, 90-95% (except for the 16 which only obtained in 20% yield based on recovered SM); (iv) n-BuLi, THF, I, 0 °C-rt; (v) Boc,0,
DMAP, THF, reflux, 3-4 h, 95%; (vi) H,, 10% Pd-C, MeOH/EtOAc (6:2 ml), 12 psi, 1 h, 80-85%; (vii) ArSO,Cl, Py, 100%; (viii) 2 M HCl, THF/MeOH, 90%.

Table 1 Table 2
Docking scores for compound 2 and higher affinity compounds Inhibitory activities of sulfonamides against FP assay and SKBr3 breast cancer cells*”
Compound MMGBSA (kcal/mol) Gscore (kcal/mol) Compound ICs0 (ULM) Compound ICs0 (UM)
2 —44.6 -8.1 FP SKBr3 FP SKBr3
(1;; ’ﬁ; ’3‘? 1 45 na 9% 19.4 na
17 _40'4 _7'9 2 0.70 6.5 13 0.55 6.0
o ~ 6a 4.5 na 17 1.7 4.4
6b 2.5 na 21a 14.5 na
e - 6¢c 13 9.7 21b 313 na
for G]d) less to ICsq values obsgrved for a known pyrazole inhibi- 6d 13 550 21¢ 196 na
Nonetheless, the potencies of 2, 6¢, 13, and 17 are at least 7b 9.4 - 23a 28.0 .
2.6- to 11-fold less in antiproliferative assay compared to the 7c 25.0 na 23c 26.0 na
in vitro binding (FP) assay. Further studies are necessary to explain 7d 9.5 na 23g 27.0 na

the activity differences in the two assays, but partly could be
attributed to their poor cell permeability properties as predicted
by QikProp.

In conclusion, a ligand-based design strategy centered on the
sulfonamide scaffold was conceived to develop effective Hsp90
inhibitors. Although the anticipated nanomolar activity was not
observed by examining synthetic representatives of this scaffold,
a new and versatile synthesis was developed. The procedure
should not only enable us to prepare a number of analogs for
SAR, but also may be generally applicable for the synthesis of

na, not tested in SKBr3 cells.

2 Mean of two independent determinations.

b The other compounds which did not show any inhibitory effect up to 50 uM
concentration are not shown in this table.

unsymmetrical biphenols and binaphthols, for example 5, 8, 11,
16, 18, 20, and 22. The SAR study suggests that still more work
needs to be done to manipulate the naphthalene moiety and also
the middle phenyl ring of the scaffold, an effort that will be exerted
in due course.
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Table 3
Predicted cell membrane permeability®
2 6¢ 13 17 Ranges (nm/s)
<25 poor,
Caco2 242 84.9 81.8 249.7 >500 great
<25 poor,
MDCK 439.3 35.1 128.8 491.9 >500 great

¢ Schrodinger’s QikProp employed for these calculations.
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The SKBr3 breast cancer cells were grown in RPMI-1640 medium
supplemented with 10% FBS. 1250 cells in 50 pl of culture medium were
plated in 384-well microtiter plates (Costar) and allowed to attach for
overnight. After treated with either compounds or vehicle (DMSO) for 72 h,
the viability of the cells was measured by CellTiter-Blue (Promega). Briefly,



http://nihroadmap.nih.gov/molecularlibraries/

http://www.emory.edu/chemical-biology/index.html



T. Ganesh et al./Bioorg. Med. Chem. Lett. 18 (2008) 4982-4987

10 ul of CellTiter-Blue was added and incubated at 37°C for 4h. The
fluorescence intensity (FI) was measured using the Analyst HT plate reader
(Molecular Devices) with an excitation at 545 nm and an emission at 595 nm.
The ICso was calculated as the compound concentration that inhibits cell
viability by 50% compared to vehicle control wells. The data reported are
average values from four replicates. ICso values were determined using a

31.

4987

nonlinear regression analysis as implemented in Prism 4.0 (Graphpad
Software). O’Brien, ]J. et al. Eur. J. Biochem. 2000, 267, 5421.

A known pyrazole derivative was resynthesized as reported in Ref. 11a
(compound 16a from Ref. 11a) and used as a positive control in the biological
testing. This analog has shown ICso value 1.6, 3.1 uM in FP and cell growth
inhibition (against SKBr3 cells) assays, respectively.
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ABSTRACT

The Stat3 SH2 domain is essential for its activation, and development of a potent SH2 inhibitor will be
therapeutically valuable in treating cancers with constant Stat3 activation. We report here the identifica-
tion of the catechol (1,2-dihydroxybenzene) structural moiety by virtual screening as a Stat3 SH2 inhib-
itor. The catechol compound docked to the Stat3 SH2 domain in computer modeling forms hydrogen
bonds with the conserved pTyr-interacting amino acids. In the biochemical assay, a catechol-containing
compound, but not the hydroxyl group-acetalized analogue, was able to inhibit Stat3 DNA-binding activ-
ity. Furthermore, the catechol compound was demonstrated to compete with pTyr peptides in binding to
the Stat3 SH2 domain, suggesting that the catechol moiety is a pTyr bioisostere and may potentially be
used for designing cell-permeable SH2 inhibitors. In our preliminary effort, we also demonstrated that
the potency of catechol compound as Stat3 SH2 inhibitors could be improved by modifying the non-cat-

Inhibitors

echol part of the compound structure.

© 2008 Elsevier Ltd. All rights reserved.

Excessive activation of signal transducers and activators of tran-
scription 3 (Stat3) has been proven to be protumorigenic by pro-
moting cancer cell growth, survival, angiogenesis, and immune
evasion.! Suppression of Stat3 activation inhibits growth and in-
duces apoptosis in cultured cancer cells and cancer animal models,
validating Stat3 as an attractive anticancer drug target.!? Activa-
tion of Stat3 requires Stat3 Src homology 2 (SH2) domain to bind
first phosphorylated tyrosine of activated growth or cytokine
receptors at plasma membranes, and then reciprocally the pTyr705
from another Stat3 molecule to form transcriptionally active di-
mers.? Targeting Stat3 SH2 by small molecule inhibitors is there-
fore expected to effectively abrogate Stat3 activity, as being
demonstrated with phosphotyrosyl peptides targeting the SH2
domain.*?

The SH2 protein domain is a well-characterized small protein
module of approximately 100 amino acids identified in proteins
of diverse functions.® Since SH2 domains of signaling proteins
selectively bind phosphotyrosine (pTyr) peptides to mediate cellu-
lar signaling pathways that are frequently implicated in cancer,
inflammation, allergy, and many other diseases, developing SH2
inhibitors to disrupt pTyr-SH2 interactions has long been an
attractive strategy for drug discovery.” The overall structure of

* Corresponding author. Tel.: +1 845 602 1790; fax: +1 845 602 5557.
E-mail address: haow@wyeth.com (W. Hao).

0960-894X/$ - see front matter © 2008 Elsevier Ltd. All rights reserved.
doi:10.1016/j.bmcl.2008.08.032

the SH2 domain is conserved among proteins, in which a central
B sheet plane divides the compact domain into a pTyr-binding side
and a side for interacting with the 3-5 amino acids immediate C-
terminal to the pTyr.® This detailed characterization of SH2-pTyr
peptide interactions in 3D structures has greatly assisted in struc-
ture-based approaches to develop potent SH2 inhibitors for Src and
Grb2.°

The X-ray structure of Stat3 dimer complexing with DNA'® was
previously used in designing peptidomimetic SH2 inhibitors,!!!2
and led to two successful virtual screening efforts that identified
Stat3 inhibitors STA-21'® and S31-201'* with in vitro and in vivo
anti-tumor activity. A Stat3 SH2 inhibitor was also identified
through a biochemical screening of the chemical library against a
Stat3 SH2 domain-binding phosphopeptide, further supporting
that the domain is a potential target for drug delivery.!>6 Here,
we report the discovery of the catechol structural moiety as a Stat3
SH2 inhibitor by virtual screening of the Wyeth'’s proprietary small
molecule collection.

We conducted a virtual screening against the Stat3 SH2 domain
using the database of 112,386 lead-like compounds with known
3D structures. The crystal structure of the dimerized Stat3 at
2.25 A was downloaded from the RCSB Protein Data Bank (PDB
code: 1BG1) for the virtual screening. Schrédinger’s docking pro-
gram GLIDE (grid-based ligand docking with energetics) was em-
ployed to dock the pre-generated 3D structures of compounds
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into the SH2 domain. The screening target is prepared as follows:
(1) monomer A of 1BG1 was used as the docking target with water
molecules removed. (2) Hydrogens and OPLS-defined atomic
parameters were assigned to the protein residues, and a restrained
minimization of the protein was performed by the IMPREF utility
of GLIDE. The minimized geometry had an RMSD of all heavy
atoms within 0.8 A of the crystallographically determined posi-
tions. Residues were not neutralized. (3) The centroid of the
pTyr705 of the monomer B was used as the center of the grid
box. The size of the box was 20 x 20 x 20 A3, which covered the
entire dimerization interface. No constraints were employed in
the docking.

A quick docking run with high-throughput-virtual screening
mode was performed with a limit of five retained poses per mole-
cule. The top 50,000 poses were saved and later were identified
from approximate 12,000 molecules. Next, these molecules were
re-docked with Standard-Precision (SP) mode and a list of top
1200 molecules was generated. These 1200 molecules were finally
docked with Extra-Precision (XP) mode and visualized to generate
a list of 1000 molecules for physical screen in the bioassay. During
the in silico screening, the van der Waals radii of the ligands were
scaled by 0.8 for non-polar atoms to introduce a modest induced fit
binding of compounds to the domain.!”

Table 1

The 1000 compounds coming out of the in silico screening were
tested in a Stat3 DNA-binding ELISA that, similar to an electropho-
retic mobility-shift assay (EMSA), measured the binding of active
Stat3 dimers to its cognate DNA-binding elements.'® The active
form of Stat3 was prepared in whole-cell lysate from human multi-
ple myeloma U266 cells that contained constitutively active Stat3
as the result of IL-6 autocrine stimulation.’® A Stat3 SH2 domain-
binding pTyr peptide, S(pY)LPQTV from IL-6 receptor gp130, inhib-
ited Stat3 activity in the assay with an ICso of 8 pM. In contrast, a
non-phosphorylated peptide tested up to 1000 uM had no effect
(data not shown), demonstrating that the assay is capable of iden-
tifying SH2 inhibitors.2° The compounds were screened at a con-
centration of 100 ug/mL in the assay?® and 56 were shown to
inhibit Stat3 DNA-binding by greater than 10% as compared to
the DMSO-treated control. By scrutinizing of the structures of the
active compounds, we identified a group of hits that shared in
common a catechol (or pyrocatechol, IUPAC) structural moiety
were identified. The GLIDE scores of the catechol hits ranged from
—6.75 to —4.59 with the lower values generally corresponding to
more potency in the biochemical assay (Table 1). Compound 6
was a catechol compound ranked close to the top 1000 with a
GLIDE score of —4.59 and showed only 8% inhibition of Stat3 activ-
ity (Table 1). In comparison, a Stat3 SH2 inhibitor STA-21 previ-

Selected catechol structures coming out of the virtual screening and the Stat3 DNA-binding ELISA screening

Compound Structure GLIDE score? VS rank® % Inhibition in ELISA® Screening concentration® (LM)
H
HO. N o
1 > -6.23 229 40 317.2
o
HO’ o
HO.
2 Ho N O 6.75 101 50 325
HO'
(o]
HO. s
3 \ - ~6.57 126 57 290.4
// F
HO' b
HO. N
4 \/Q\OH -5.33 701 51 365.9
OH
HO'
S
5 Q—<\ _483 963 56 411
N
HO OH
HO.
6 Onl —4.59 1059 8 388.7
N o

HO'

¢ GLIDE scores and virtual screening (VS) ranking of the catechol compounds among the top 1200 compounds by the Extra-Precision mode of the computer program.

b % Stat3 inhibition in the ELISA at a screening concentration of 100 pig/mL.
¢ Molar concentrations (}tM) of compounds screened at 100 pg/mL.
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ously identified through in silica screening'® was docked with a
GLIDE score of —5.48. The results validated the effectiveness of
our virtual screening model in identifying hits, and particularly
catechol hits, as Stat3 inhibitors. The purity and integrity of 1 were
confirmed with HPLC, and its activity as a SH2 inhibitor was fur-
ther studied.

The significance of the catechol moiety in contributing to Stat3
SH2 binding was revealed when 1 was docked onto the domain.
The modeling positioned catechol right in the pTyr-binding pocket
surrounded by the conserved pTyr-binding polar residues Lys591,
Arg09, Glu612, and Ser613 (Fig. 1). The two hydroxyl groups were
close to Arg609 and Glu612, respectively, and formed hydrogen
bonds with the residues, a common feature also observed for other
catechol hits (Fig. 1). The GLIDE XP docking result of 1 on the Stat3
SH2 domain and the enrichment of the catechol moiety in active
hits suggested that this unit could bind to the SH2 domain as a
pTyr mimetic.

To confirm this idea, we synthesized 7 (Fig. 2A), which had the
catechol hydroxyl groups of 1 protected by acetals and lost the two
hydrogen donors involved in the binding, and tested 1 and 7 in the
Stat3 DNA-binding ELISA at various concentrations. Like the Stat3
SH2 domain-binding pTyr peptides, 1 could also inhibit Stat3
DNA-binding in a dose-dependent manner with an ICsy at
357+35uM (n=7) (Fig. 2B and C). In contrast, 7 with the lost
hydrogen donors abolished the activity of Stat3 inhibition (Fig
2C), strongly supporting the role of catechol moiety in inhibiting
Stat3 activity. The 1-treated whole-cell lysates were also analyzed
by Western blot and no loss of Stat3 phosphorylation at Tyr705
was detected (Fig. 2D), which is consistent with the idea that the
mechanism of action of 1 as a Stat3 inhibitor is to bind to the
SH2 domain rather than dephosphorylate pTyr705. To further con-
firm that 1 binds to the SH2 domain, we tested the compound in a
fluorescence polarization-based binding assay previously devel-
oped for assaying the binding of pTyr peptides to SH2 domains of
Stat proteins.?! We expressed and purified the flag-tagged mouse
Stat3 from serum-starved Hek293 cells?? to maximize the amounts
of unphosphorylated Stat3 in the purification (Fig. 3A). Incubation
of increasing concentrations of the purified Stat3 with 3 nM of
carboxyfluorescin-S(pY)LPQTV probes generated a binding curve
with a calculated dissociation constant K4 at 650 nM (Fig. 3B),
which is in alignment with binding affinities between pTyr pep-
tides and Stat SH2 domains.?! As expected, an excessive amount
of unlabeled pTyr peptides, but not non-phophorylated peptides
could compete with the probe (data not shown). To this binding as-
say, 50, 100, and 200 M of 1 were added. The increasing concen-

Figure 1. Proposed binding modes of 1 (cyan) and pTyr705 (magenta) in the SH2
domain of stat3. The predicted hydrogen bonds are indicated with yellow dotted
lines. The pTyr705 is from the monomer B of stat3 homodimer.
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Figure 2. (A) Structure of 7. (B) Inhibition of Stat3 DNA-binding by pTyr peptide. (C)
Inhibition of Stat3 DNA-binding by 1 and 7. (D) pTyr peptide- and 1-treated lysates
were also analyzed by Western blot to examine Stat3 phosphorylation at Tyr705.

trations of the compound led to a right-shifted Stat3-peptide
binding curve (Fig. 3C). At 2000 nM of Stat3, a concentration that
nearly saturates the peptide binding as suggested by the binding
curve, the presence of the compound up to 200 uM did not inhibit
Stat3-peptide binding (Fig. 3C). Thus, the data are consistent with
that 1 is a competitive Stat3 SH2 inhibitor, as proposed by the com-
puter modeling.

With the confirmation of 1 as the Stat3 SH2 inhibitor, we
searched and collected the existing catechol-containing com-
pounds from Wyeth’s compound library. We screened the com-
pounds in Stat3 DNA-binding ELISA and identified compound 8
with an ICso of 106 +19 uM (n=4) that is more than 3-fold
improvement from that of 1 (Fig. 4), suggesting that modification
on non-catechol structure of the compound has the potential to
further improve compound potency.

The well-characterized SH2 structures from many proteins have
led to the successful design of highly potent SH2 inhibitors for Src
and Grb2 using structure-based drug design approaches.’ These
SH2 inhibitors are bipartite in composition, including a pTyr bio-
isostere to mimic pTyr binding and peptidomimetic or non-peptide
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lation. (B) Fluorescence polarization of fluorescent pTyr peptide as a function of
Stat3 concentration. (C) Increasing concentration of catechol 1 was added to the
mixture of fluorescent pTyr and Stat3 to test its inhibitory effect on the binding.
Each data point represents the mean of three measurements.

templates to explore the interactions outside of the pTyr-binding
pocket. The commonly used pTyr mimetics include phosphonate-
or carboxylate-based negative-charged moieties.® Compared to
these, catechol forms fewer hydrogen bonds and no charged inter-
actions in the Stat3 SH2 domain in the computer modeling, which
may account partly for its lower potencies in the ELISA and fluores-
cent binding assays. However, unlike the charged pTyr mimetics,
catechol is cell-permeable and the catechol-containing compounds
are active in cellular assays (data not shown). Future efforts will
continue to focus on improving the potency for catechol-contain-
ing compounds. Work on pTyr peptide-SH2 interactions and cur-
rent SH2 inhibitors has suggested that structures responsible for
interactions outside of the SH2 pTyr-binding pocket work synergis-
tically with phosphotyrosine to determine SH2-binding affinity.
For example, it has been shown that the pTyr within a peptide of
optimal amino acid sequence can have more than a 1000-fold
higher affinity for the SH2 domain than pTyr within a peptide of
random sequence context.?> Following this direction, there is a
great potential to further improve on catechol compounds to gen-
erate high affinity and cell-permeable SH2 inhibitors, as we have
demonstrated in the preliminarily effort.
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Aryl-tetrahydropyridine derivatives were prepared and their PPARa/y dual agonistic activities were eval-
uated. Among them, compound (S)-5b was identified as a potent PPARa/y dual agonist with an ECsq of
1.73 and 0.64 uM in hPPARa and v, respectively. In diabetic (db/db) mice, compound (S)-5b showed good
glucose lowering efficacy and favorable pharmacokinetic properties.

© 2008 Elsevier Ltd. All rights reserved.

Type Il diabetes mellitus accounts for 90-95% of all cases of dia-
betes and its worldwide frequency is expected to increase by 6%
per annum, potentially reaching a total of 200-300 million cases
in 2010." Currently, the treatments for type II diabetes rely mainly
on a variety of approaches intended to reduce the hyperglycemia
itself. However, these therapies have significant mechanism-based
side effects, such as weight gain and atherosclerotic cardiovascular
disease, as well as limited efficacy and tolerability. Therefore, ther-
apeutic approaches that not only lower the glucose level, but also
specifically address the diabetic dyslipidemia and atherosclerotic
cardiovascular disease complications are needed.! Among the
many targets that have been investigated as possible cures for type
2 diabetes, peroxisome proliferators-activated receptors (PPARSs)
are known to be good targets for lowering the plasma glucose level
and improving metabolic syndrome.? The PPARs are members of
the nuclear receptor superfamily of ligand-modulated transcrip-
tion factors that play a key role in regulating the storage and catab-
olism of dietary fat. There are three PPAR subtypes, which are the
products of distinct genes and are commonly designated PPARa,
PPARY, and PPARS.> PPARa agonists, such as fenofibrate, have been
reported to decrease the serum triglycerides levels and increase
the HDL cholesterol concentration.® PPARy agonists have been
studied most intensively for their ability to enhance insulin sensi-

* Corresponding author.
E-mail address: eunki9023@naver.com (C.H. Lee).

0960-894X/$ - see front matter © 2008 Elsevier Ltd. All rights reserved.
doi:10.1016/j.bmcl.2008.08.020

tivity, glucose homeostasis, and fat storage. There are some PPARYy
agonists currently being marketed as antidiabetic agents, for
example, rosiglitazone (Fig. 1). Although these agents have a glu-
cose lowering effect and an improved lipid profile, for example,
TG, LDL cholesterol, and HDL cholesterol, crucial side effects,’
including hypertension, inflammation, congestive heart failure,
edema, fluid retention, and weight gain, still remain unsolved.?
Designing compounds with both PPARa and PPARY activity may
offer improved alternatives toward the control of hyperglycemia
and hypertriglyceridemia in type II diabetic patients.® Therefore,
a large number of PPARo/y dual agonists, such as muraglitazar
and tesaglitazar (Fig. 1), have been investigated by many research
groups. Even though the development of these successful PPARa/y
dual agonists has been discontinued, PPARa/7y still would be a suit-
able target for the treatment of type Il diabetes, which provided re-
duced side effects.

In order to find novel PPARa/y dual agonists, the hydrophobic
tailpiece was designed based on the receptor-ligand docking struc-
ture and was then prepared. First, we attempted to change the
hydrophobic tailpiece of tesaglitazar (Fig. 1) into biaryl or any
other Ring1-Ring2 type moieties to obtain improved efficacy and
property. As a result, in order to improve the activity, it might be
necessary that the direct covalent-bonded carbons between Ring1
and Ring2 have sp2 character. Interestingly, the introduction of
aryl-tetrahydropyridine moieties at the hydrophobic tailpiece
showed potential as an efficacious PPAR agonist. Therefore, a
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Figure 1. Structure of PPAR agonists.

structurally novel series of aryl-tetrahydropyridine PPARo/y
dual agonist 1 was studied. This letter reports the synthesis,
structure-activity relationships (SARs), and biological evaluation
of these new antidiabetic agents (1, Fig. 2).

Scheme 1 describes the synthesis of the aryl-tetrahydropyri-
dines. The key racemic intermediate 2 was synthesized from the
commercially available triethyl phosphonoacetate.”

The diazo transformation of phosphonoacetate and subsequent
coupling with ethanol in the presence of rhodium acetate provided
ethoxyphosphono-acetate. The Wadsworth-Emmons reaction of
ethoxyphosphono-acetate with 4-benzyloxybenzaldehyde? fol-
lowed by hydrogenation of the resulting olefin, provided racemic
compound 2. Alkylation of phenol 2 with ethylene carbonate
(n=1) or 3-bromo-1-propanol (n=2) and the following reaction
with methanesulfonyl chloride afforded mesylate 3.° N-Alkylation
of the aryl-tetrahydropyridine moieties 4 with mesylate 3 was car-
ried out by heating with K,CO5 in DMF to furnish the esters in good
yield. The esters were hydrolyzed with lithium hydroxide in aque-
ous THF to give the acids 5. The optically active aryl-tetrahydropyr-

AT\C‘

| /@—Y COH

N\H:\O ><
R'" R?

1

Ar = Ph, heteroAr

n=1,2

Y =CH,, O

R, R?2 = H, OEt, Me, Et, OPh, respectively

Figure 2. Design concept of aryl-tetrahydropyridine.

a,b

2

CO,Et CO,Et
—_— —_—
HO n O Ar
3

idine analogs (S)-5 were prepared using the commercially
available 2-(S)-ethoxy-3-(4-hydroxy-phenyl)-propanoic acid ethyl
ester instead of the racemic 2-ethoxy-3-(4-hydroxy-phenyl)-prop-
anoic acid ethyl ester 2 through the same procedure in Scheme 1.

Scheme 1 also shows the synthetic route to aryl-tetrahydropyr-
idine moieties 4. Tetrahydropyridine triflate 7 was conveniently
prepared by the BOC-protection of commercial 4-piperidone 6 to
N-BOC-4-piperidone, followed by deprotonation of the N-BOC-4-
piperidone and quenching the resulting enolate with N-phenyltri-
fluoromethanesulfonimide.'® The desired boronate 8 was synthe-
sized in high yield from the triflate 7 via palladium-mediated
cross-coupling with bis(pinacolato)diborone. The aryl-tetrahydro-
pyridine 9 was prepared by Suzuki coupling of the corresponding
intermediate 8 with a variety of aryl halides. The desired aryl-
tetrahydropyridine moieties 4 ready for further functionalization
on nitrogen were easily prepared using the standard deprotection
method.!!

In an effort to examine the effects of substitution on the acid
part, the acid 11 could also be prepared using various acid parts
3 by the procedure shown in Scheme 2 similar to that in Scheme 1.

The final compounds were tested for PPAR receptor transactiva-
tion (ECso) activities (Tables 1 and 2).'2 The synthesis of compound
5b was simply initiated using commercially available 4-(4-chloro-
phenyl)-1,2,3,6-tetrahydropyridine-HCI, and it was found to be a
potent PPARa and 7y agonists. The results were so encouraging that
a decision was made to examine the effects of substitution on the
tailpiece tetrahydropyridine aryl group of compound 5 (Table 1).
As shown in Table 1, there were some interesting trends in the
data. First, the introduction of a functional group on the phenyl
ring adjacent to the tetrahydropyridine was generally effective
for PPARa/y activity in the order of para > meta > ortho (5b-5I).

Ar\C COH
| IR

N OEt
‘H?o

4

c, d

(0] e f TfO g 7?L Q h Ar i Ar
Tl =" 0= 70y, 2 T 0
NH HCI N-goc | N AcBrCH N-goc NH
H,0 BOC

6 7

8

9 4

Scheme 1. Reagents and conditions: (a) ethylene carbonate (n = 1), 3-bromo-1-propanol (n = 2), KCO3, DMF, 80 °C, 80% (n = 1), 50% (n = 2); (b) MsCl, Et3N, CHxCl,, —15 °C to
0 °C, 85%; (c) K,CO3, Nal, DMF, 60 °C; (d) LiOH-H,0, THF, rt; (e) (BOC),0, NaHCO3, H,O/CH5CN, rt, 62%; (f) LIHMDS, Tf,NPh, THF, —78 °C to rt, 34%; (g) bis(pinacolato)diborone,
PdCl,(dppf), KOAc, 1,4-dioxane, 80 °C, 80%; (h) Na,CO3/H,0, PdCl,(dppf), DMF, 80 °C; (i) TFA, CH,Cl,, 0 °C to rt.
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Scheme 2. Reagents and conditions: (a) ethylene carbonate, K;CO3, DMF, 80 °C; (b) MsCl, EtsN, CH,Cl,, 0 °C; (c) K>COs, Nal, DMF, 60 °C; (d) LiOH-H,0, EtOH, rt.

Table 1
In vitro activity of the synthesized compounds 5%

Ar\C CO,H
| ISR

N OEt
NG

Compound Ar n  ECso” (uM) of hPPARat  ECsq (uM) of hPPARY
Rosiglitazone 3.46 0.033
Muraglitazar 4.11 0.153
Tesaglitazar 3.12 0.704
5a Ph 1 5.98 2.15
5b 4-Cl-Ph 1 7.07 2.06
(S)-5b 4-Cl-Ph 1 1.73 0.639
5c 3-CI-Ph 1 3.24 1.67
5d 2-Cl-Ph 1 7.72 5.83
5f 4-CF3-Ph 1 3.40 1.89
5g 3-CF3-Ph 1 3.12 2.23
5h 2-CF3-Ph 1 0.542 7.56
5i 4-F-Ph 1 2.23 3.72
5j 4-MeO-Ph 1 113 0.396
5k 3-MeO-Ph 1 173 2.38
51 2-MeO-Ph 1 181 3.93
5m 4-Et-Ph 1 7.58 0.689
5n 4-n-Pr-Ph 1 2.08 0.174
50 2,3-DiCl-Ph 1 0.064 0.661
5p 2,4-DiCl-Ph 1 1.12 0.706
5q 2,5-DiCl-Ph 1 1.12 1.44
5r 3,4-DiCl-Ph 1 1.15 0.670
(S)-5r 3,4-DiCl-Ph 1 0.615 0.862
5s 3,5-DiCl-Ph 1 2.99 1.42
5t 2-Pyridine 1 102 2.30
5u 2-Thiophene 1 8.58 3.30
5v 2-Pyrazine 1 3.67 12.6
5w 2-Pyrimidine 1 7.67 4.60
5x 4-Cl-Ph 2 9.80 2.32
5y 4-CF3-Ph 2 979 0.504
5z 3,4-DiCl-Ph 2 1.70 0.728

¢ Agonistic activities in cell-based GAL4-PPARal/y transactivation assay.
b Concentration at which a given compound shows 50% of the intrinsic maximal
response.

Table 2
In vitro activity of the synthesized compounds 13*
Cl
meta
| ortho para
Y._COH
N 2
~"o X

R' R2?

Compound Position Y R R? ECso” (UM) ECso (UM)
of hPPARa of hPPARY

13a para CH, Et H 3.86 5.29
13b para CH, OPh Me 25.48 4.88
13c para (0] Me Me 0.868 22.83
13d meta (o] Me Me 0.331 18.76

¢ Agonist activities in cell-based GAL4-PPARat/y transactivation assay.
b Concentration at which a given compound shows 50% of the intrinsic maximal
response.

The introduction of an electron-donating group such as OMe, Et,
and n-Pr (5j, 5m, 5n) showed better PPARYy activity than that of
electron-withdrawing groups such as Cl, CF;, and F (5b, 5f, 5i).

However, the OMe-substituted compounds anywhere on the phe-
nyl ring (5j-51) showed significantly reduced PPARa functional
activity. Compounds 50-5s with a disubstituted phenyl ring
showed more potent PPARa and 7y agonist activity than the mono-
substituted compounds 5b-5d. In the case of all mono- and disub-
stituted compounds, compound 50 showed the most potent
activity for both PPARa and vy. Increasing the size of the alkyl sub-
stituents on the phenyl ring improves the PPARa/y activity (5a,
5m, 5n). Compound 5n, bearing a 4-n-propylphenyl-tetrahydro-
pyridine, was approximately 3- and 4-times more active than com-
pound 5m  with the corresponding  4-ethylphenyl-
tetrahydropyridine for PPARa and PPARY, respectively. Replace-
ment of the phenyl ring with an alternative hetero-aromatic ring
generally decreased the activity, as shown in the activities of 5t-
S5w.

Importantly, the agonistic activity of the aryl-tetrahydropyri-
dine analogs changed sensitively according to the stereochemistry
at the a-alkoxy-B-phenyl propanoic acid headpiece. It is generally
known that the PPARa/y agonistic activity depends on the stereo-
chemistry of the a-substituted-p-phenyl propanoic acid headpiece,
and the (S)-form is more potent than the (R)-antipode,'>~'° so we
try to make the (S)-isomers of compounds 5. The (S)-isomer of
compound 5b showed more potent PPARa and y agonistic activity
than the racemate 5b. The (S)-isomer, (S)-5r, showed slightly more
potent PPARa agonist activity than the racemate 5r, while both
exhibited the similar activity for PPARY.!® Extension of the linker
between the aryl-tetrahydropyridine moiety and the o-ethoxy-p-
phenyl propanoic acid adversely affected the potency of the PPARa
more than PPARY, but generally left the PPARYy activity unchanged
(5x-5z).

A variation at the carboxylic acid headpiece influenced the PPAR
activity of these ligands. Compounds 13a-13d showed that both
the PPAR agonistic activity and oy selectivity were sensitive to
the type of acid headpiece. Replacement of the o-OEt/H (R!/R?)
group in 5b by o-Et/H'®> or a-OPh/Me!” resulted in compounds
13a and 13b, which had a rather lower PPARY agonist activity.
On the other hand, compound 13b had significantly reduced

Table 3
Pharmacokinetic data® of (S)-5b, rosiglitazone, muraglitazar in SD rats”

Parameters (S)-5b Rosiglitazone Muraglitazar
Single intravenous

Tyj2 (h) 23 1.05 14.0
AUCp_24 h (MM h) 272.0 53.7 101
CL (mL/min/kg) 0.23 2.99 0.73
Vdss (L/kg) 0.44 0.25 0.57
Single oral

Tmax (h) 0.5 0.25 0.58
Cmax (LM) 15.9 443 25.8
AUCo_24 1 (UM h) 270.1 94.2 98.8
BA, solubility

Solubility® (mg/mL) 3.263 0.014 0.041
BA (%) >100 >100 96.2

2 Dose (mg/kg) = 3.
b n =3, male SD rats.
¢ Solubility at pH = 6.8, 37 °C.
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Table 4

In vivo data of compound (S)-5b in db/db mice®

Compound Reduction of plasma glucose® (%) ABWEC (g) ED3o
0.03¢ 0.1 0.3 1.0 3.0 0.03 0.1 0.3 1.0 3.0 (mg/kg)

Rosiglitazone — 17 37 56 68 - +10.5 +11.1 +12.5 +13.9 0.210

Muraglitazar — 4 11 54 78 — +10.5 +12.7 +14.5 +16.1 0.411

(S)-5b 14 37 63 77 - +11.2 +12.4 +12.6 +13.7 — 0.067

Lean - +2.4 —

db/db - +9.0 —

2 Male db/db mice (7-week-old) and lean mice were dosed daily for 28 days by oral with the indicated doses of test compound.
b Reduction of plasma glucose was calculated as the percentage reduction with respect to the non-fasting glucose value of control after 28 days of oral dosing.

¢ Body weight change in db/db mice after 28 days of oral dosing.
9 Dose in mg/kg unit.

PPARoa activity. With the 2-dimethyl-phenoxy propanoic acid
headpiece,'® compounds 13c and 13d showed remarkably in-
creased PPARa activity and significantly reduced PPARy activity
compared with o-ethoxy-p-phenyl propanoic acid headpiece-
based 5b.

After determining the in vitro properties of the aryl-tetrahydro-
pyridine compounds, compound (S)-5b was selected for the phar-
macokinetic (PK) study in rats, and the in vivo experiment in male
db/db mice for a further evaluation.!® The PK parameters of (S)-5b
in Sprague-Dawley (SD) rats were satisfactory, as shown in Table 3.

In the PK study, compound (S)-5b exhibited an apparently long-
er half-life than rosiglitazone and muraglitazar (Fig. 1), and had
good water solubility (3.26 mg/mL, pH = 6.8), which may contrib-
ute to the excellent oral bioavailability (~100%). Because the
aryl-tetrahydropyridine compound (S)-5b has both acid (-COOH)
and amino (-NRR’) functional groups in the molecule, it has possi-
ble zwitterionic character under neutral conditions (pH = 7.0). As a
result, (S)-5b showed good water solubility and stability over all
pH region, which probably is the reason for the satisfactory PK
profile.

Compound (S)-5b was evaluated in the db/db mouse model,
using rosiglitazone and muraglitazar (Fig. 1) for comparison.2’
When the db/db mice were treated orally by 0.03, 0.1, 0.3, and
1.0 mg/kg for 28 days, (S)-5b showed dose-dependent decrease
of blood glucose level (Table 4). Treatment with 1.0 mg/kg of (S)-
5b showed a glucose reduction of 77% compared with that of
68% with 3.0 mg/kg of rosiglitazone. A glucose lowering effect
was also observed at a dose of 0.1 mg/kg of (S)-5b. The ED3, of
(S)-5b was determined to be 0.067 mg/kg, which is significantly
lower than the ED3 of rosiglitazone (0.210 mg/kg) and muraglita-
zar (0.411 mg/kg). Consequently, compound (S)-5b displayed a
better glucose lowering effect than rosiglitazone and muraglitazar
based on the oral dose, whereas it also caused a similar increase in
body weight to muraglitazar.

In summary, this letter reported the synthesis and in vitro char-
acterization of a novel series of potent and selective PPARa/y dual
agonists. Compound (S)-5b showed an excellent in vivo profile in
the db/db mouse model of type II diabetes, and also shows desir-
able pharmacokinetic properties. A further evaluation of com-
pound (S)-5b is currently underway.
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Syntheses and structure-activity relationships of a novel class of 2-[3-oxospiro[isobenzofuran-1(3H),1’-
cyclohexan]-4'-yl]benzimidazole NPY Y5 receptor antagonists are described. Optimization of the lead
compound 2a by incorporating substituents into the 5-position or into both the 5- and 6-positions of
the benzimidazole core part led to the identification of 5-(5-methyl-1,2,4-oxadiazol-2-yl)benzimidazole
(2r: IC50=3.3 nM) and 5-(2-methyltetrazol-5-yl)benzimidazole (2u: ICso = 5.9 nM), both of which are
potent, selective, and orally bioavailable Y5 receptor antagonists.

Crown Copyright © 2008 Published by Elsevier Ltd. All rights reserved.

Neuropeptide Y (NPY) is a highly conserved 36-amino acid pep-
tide with potent, centrally mediated orexigenic effects.! There have
been five distinct types of G protein-coupled NPY receptors, Y1, Y2,
Y4, Y5, and y6 receptor subtypes so far.? Among these, the Y5
receptor subtype is thought to play a role in the regulation of food
intake.® Recently, we disclosed that the Y5 receptor subtype is in-
volved in the regulation and development of diet-induced obesity
in rodents, suggesting the utility of potent Y5 receptor antagonists
in the treatment of obesity.? To date, a number of potent Y5 recep-
tor antagonists with distinct structure classes such as sulfonamide,
pyrrolo[3,2-d]pyrimidine, carbazole, imidazolylpyridine, and imi-
dazolone classes have been reported.”

In our previous paper, we reported the structure-activity rela-
tionships (SARs) of 2-[3-oxospiro[isobenzofuran-1(3H),4’-piperi-
din]-1’-yl]benzimidazole derivatives (1).° In parallel, we have
continued our research that is examining the lead potential of 2-
[3-oxospiro[isobenzofuran-1(3H),1’-cyclohexan]-4’-yl|benzimid-
azole structure (2a) as a novel Y5 antagonist lead. In this letter, we
describe the syntheses and SARs for these types of benzimidazoles,
along with the biological profiles of selected compounds (Fig. 1).

General synthetic methods for the benzimidazole derivatives
(2a-u and 14-16) are shown in Scheme 1 through 3. Addition reac-

* Corresponding author. Tel.: +81 29 877 2000; fax: +81 29 877 2029.
E-mail address: norikazu_ohtake@merck.com (N. Ohtake).
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Figure 1. Structures of benzimidazole Y5 receptor antagonists.

tion of the dianion, generated from 3 and n-Buli, to cyclohexane-
1,4-dione mono-ethyleneketal and the subsequent acidic treat-
ment of the reaction mixture afforded cyclohexanone (4) in a
48% vyield. Stereoselective reduction of the ketone moiety of 4
(NaBH4) gave a mixture of diastereomers (cis:trans = ~7:1), which
was purified by recrystallization to give 5 exclusively. Mesylation
of the resulting secondary alcohol and the subsequent substitution
reaction with n-tetrabutylammonium cyanide provided cyanocy-
clohexane (6). Acidic hydrolysis of the cyanide moiety produced
the carboxylic acid (7) in 96% yield.”

Syntheses of some representative phenylenediamines (10f,
10g, 10i, 10j, and 10t) are described in Scheme 2. Suzuki coupling
of commercially available 4-bromo-2-nitroaniline 8 with
arylboronic acids gave 4-aryl-2-nitroanilines 9, which were
hydrogenated in the presence of 10% Pd-C to produce the
phenylenediamines.

0960-894X/$ - see front matter Crown Copyright © 2008 Published by Elsevier Ltd. All rights reserved.
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Scheme 1. Syntheses of the core part (7) of benzimidazole derivatives. Reagents and conditions: (a) 1—n-Buli, 1,4-cyclohexanedione mono-ethyleneketal, THF, —70 °C; 2—concd
HCI, HyO-acetone, 80 °C, 3 h, 48%; (b) NaBH,4, THF-H,0, 0 °C, 71%; (c) MsCl, NEts, 0 °C, 86%; (d) NEt4CN, DMF, 100 °C, 76%; (e) concd H,SO4, dioxane-H,0, 115 °C, 96%.

OZND/Br (a) 02N]©/Ar ()
HoN HaN 10f: R = Phenyl
H2N]©/R 10g: R = 4-F-Phenyl
8 9 i .
N:N‘Nf HoN 10i: R = 2-Pyridyl
O,N CN (¢ ON SN ®) 10j: R = 3-Pyridyl
10u: R = 2-Me-tetrazolyl

HoN HoN

1 12

Scheme 2. Syntheses of some of the representative phenylenediamines (10f, 10g, 10i, 10j, and 10u). Reagents and conditions: (a) ArB(OH),, cat. Pd(PPhs),4, 2 N Na,COs, DME,
80 °C; (b) H,, 10% Pd-C, THF-MeOH, rt; (c) NaNs, MgCl,, 120 °C, DMF; (d) Mel, NEts, acetone, rt.
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Scheme 3. Syntheses of benzimidazole derivatives (2a-u and 14-16). Reagents and conditions: (a) EDCI, 7, Py, rt; (b) POCls, 100 °C; (c) 1) NH,NH,, EtOH; (c) CH(OEt)s, or
CH;CH(OEt);, DMF; (d) 1—NH,OH-HCI, NEt;, EtOH, 60 °C; 2—Ac,0, 100 °C, or (CF3C0)20, 100 °C; (e) 60% NaH, Mel, DMF, rt.
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Coupling of phenylenediamines 10 with the carboxylic acid 7
by a conventional method (EDCI, Py, rt) produced amides 13.
Treatment of 13 with POCl; at 100 °C for 2 h followed by sepa-
ration of the mixture of the trans- and cis-benzimidazoles
(2:1~>10:1) by silica-gel column chromatography afforded
trans-benzimidazoles (2a-p and 2u) as the major products in
30-70% yields.

Other benzimidazole derivatives (2q-t) bearing a heteroaryl
group at the 5-position were prepared from 5-methoxycarbonyl-
(2n) or 5-cyanobenzimidazole (2b) by conventional synthetic
methods (Scheme 3).8 During preparation of 20 and 2r, the corre-
sponding cis-benzimidazoles (15 and 16) were isolated. The 1-
methyl-5,6-dichlorobenzimidazole (14) was prepared by methyla-
tion of 2k (Mel, 60% NaH, DMF).

Compounds were tested in an initial screen for the binding
affinity against human NPY Y5 receptor subtype (displacement of
['2°I]PYY binding) in transfected LMtk cells.3” Subsequently, se-
lected compounds were examined for their subtype selectivity
over the other NPY receptors (Y1, Y2, and Y4) in the binding assays,
as well as being compared for their Y5 antagonist activity (inhibi-
tion of NPY induced Ca?* flux in LMtk~ cells expressing the human
Y5 receptor).>®

Initial SAR study was conducted by incorporating a substituent
into the 5-position of the benzimidazole core part of 2a, based on
the SARs of the 2-[3-oxospiro[isobenzofuran-1(3H),4'-piperidin]-
1’-yl]benzimidazole derivatives we previously developed.® The re-
sults revealed a strong preference for sterically bulky substitution

Table 1
Binding affinity of benzimidazole derivatives (2a-m and 14) to the Y5 receptor

Ho-er Bo-e

2a-2m 14 Ve
Compound R! R? Y5 (ICso, nM)? clogD;.,°
2a H H 91 4.0
2b CN H 20 3.8
2c Cl H 39 4.7
2d CFs H 47 51
2e Br H 45 4.8

2f

2 OF H 1.7 6.4
(@]
2h 4“_@ H 2.4 5.6

=
[
W
5
©

2i \ H 24 5.0
N /

2j N\ / H 3.1 48
N

2k c cl 8.0 52

21 cl CF; 2.6 5.6

2m cl @ 2.2 6.6

14 >1000 56

2 Binding affinities were determined by displacement of ['?°[|PYY binding on the
recombinant human Y5 receptor transfected in LMtk” cells. ICso values are the mean
of two or more independent assays (Ref. 9).

b clogD; 4 values were calculated based on Ref. 10.

at the 5-position (Table 1). When a chlorine atom (2c) or trifluoro-
methyl group (2d) was introduced into this position, there was
improvement of the Y5 binding affinity to some extent. However,
the binding affinities of these compounds were still moderate
(double-digit nanomolar affinity). With a more sterically bulky
substituent such as a phenyl, 4-fluorophenyl, or benzoyl group,
the compounds (2f-h) attained low nanomolar binding affinities
to the Y5 receptor (ICsg: ~2 nM). The potent Y5 binding affinity
was also retained, when the phenyl moiety in 2f is replaced with
a pyridin-2-yl (2i) or pyridin-3-yl (2j) group. Comparison of the
Y5 affinity of 5,6-dichloro- (2k), 5-chloro-6-trifluoromethyl- (21),
5-trifluoromethyl- (2c), 5-chloro- (2d), or 5-phenylbenzimidazole
(2f) suggested that the 5,6-substitution was more favorable than
the 5-substitution.

To clarify the effect of the benzimidazole N-H group on
the Y5 affinity, 1-methyl-5,6-dichlorobenzimidazole (14) was

Table 2
Binding affinity of benzimidazole derivatives (2n-u, 15, and 16) to the Y5 receptor

N R
$ D:

N 2
M R

o (@)
2n-2u 15,16
Compound R' R? Y5 (ICsp, nM)? clogD;,°
2n CO,Me H 7.7 4.1
20 cl CO,Me 22 48
2p 4-CI¢ 5-CO,Me4 45 48
O
2q — \I| H 15 1.4
\-N
o CHj
2r — nd H 33 33
N-
N_CHa
2s _< = H 5.1 3.7
\N’O
N CF3
2t _< = H 2.1 48
\N’O
N\N/CHG
2u 4 H 5.9 3.6
N’N
15 cl CO,Me >1000 48
>1000 3.3

O
16 _<\N/\1Nr H

2 Binding affinities were determined by displacement of ['?°I|PYY binding on the
recombinant human Y5 receptor transfected in LMtk” celis. ICsq values are the mean
of two or more independent assays (Ref. 9).

" clogD values were calculated based on Ref. 10.

¢ Chlorine atom in 2p was attached to the 4-position.

4 Methoxycarbonyl group in 2p was attached to the 5-position.

Table 3

Brain and plasma levels of the compound (2n)

Compound Plasma® (uM) Brain® (nmol/g) B/P ratio®
2n 3.1 1.7 0.55

2 Compound 2n (2.7 mg/kg) was intraveniously administered to rats (n = 3), and
the plasma and brain levels were measured at 10 min. Values are the means of the
tests.

> B/P means the ratio of the brain level (nmol/g) to plasma level (uM) of the
compound.
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Table 4

Biological properties of the representative compounds (2r, 2s, and 2u)

Compound IC50 (nM) Rat plasma (pM) levels® B/P ratio?
Y5 Y1 Y2 Y4 ysP 2h 4h

2r 33 >10,000 >10,000 >10,000 5.5 1.4 0.85 0.05

2s 5.1 >10,000 >10,000 >10,000 7.0 0.4 n.d.® -

2u 5.9 >10,000 >10,000 >10,000 7.2 3.2 0.99 0.12

ICso values are the mean of two or more independent assays.

Compounds (10 mg/kg) were orally administered to rats (n = 3), and the plasma levels were measured at 2 and 4 h.

a
b Antagonist activity was determined by the inhibition of NPY-induced [Ca®*] increase in LMtk cells expressing the human Y5 receptor.
c
d

Compounds (10 mg/kg) were orally administered to rats (n = 3), and the plasma and brain levels were measured at 2 h. B/P means the ratio of the brain level (nmol/g) to

plasma level (uM) of the compounds.
¢ Not detected.

prepared and its Y5 affinity was compared with that of 2k.
The 1-methylbenzimidazole derivative 14 almost completely
lost its potency, suggesting that the N-H group plays a key
role in the binding interaction between 14 and the Y5
receptor.

The above SAR study demonstrated that steric factors in the
substituents at the 5-position or at both the 5- and 6-positions of
the benzimidazole core ring were important for high Y5 binding
affinity. However, if there is a high lipophilicity associated with
compounds (clogD; 4: >5),'° this may worsen the aqueous solubil-
ity of compounds and influence their ADME aspects, which can re-
sult in problems during the drug development phase.!" Therefore,
we focused further modification on reducing the lipophilicity of
compounds, while the compounds are retaining high Y5 potency
(Table 2).

Incorporation of a methoxycarbonyl group (2m) into the
benzimidazole core ring was found to be well tolerated (ICso:
7.7 nM), and this group clearly contributed to reducing the lipo-
philicity (clogD74: 2n=4.1). In addition, as shown in Table 3, it
is noteworthy that an intravenous administration of 2n to rats
revealed a fairly good brain/plasma ratio (B/P = 0.55). This result
prompted us to further replace the methyl ester with ester bio-
isosters such as 1,3,4-oxadiazole and 1,2,4-oxadiazole moieties,
because ester bioisosters are thought to be metabolically more
stable than the ester moiety.'° In addition, theoretically, incor-
poration of these heteroaryl groups should not only reduce
the lipophilicity but also increase the aqueous solubility. As ex-
pected, compounds bearing a 5-methyl-1,3,4-oxadiazole (2r), 5-
methyl-1,2,4-oxadiazole (2s), or 2-methyltetrazole (2u) retained
the potent Y5 binding affinity, and had better metabolic stabil-
ity than 2n in the rat hepatocyte assay.!? In addition, these
compounds were more likely to be hydrophilic than 2n
(clogD74: 2r=3.3, 2s=3.7, 2u=3.6, and 2n=4.1). Comparison
of the aqueous solubility of the compounds (2r and 2u) with
that of the representative lipophilic compounds (21 and 2n) in
0.2 M phosphate buffer (pH 6.8) indicated that the heteroaryl
groups contributed to the aqueous solubility of these com-
pounds (2r: 0.94 pg/mL, 2u: 5.9 pg/mL, 2I: <0.01 pg/mL, and
2n: 0.60 pg/mL).

To determine the importance of the trans-configuration of this
class of compounds in terms of the Y5 binding affinity, the cis-iso-
mers (15 and 16) of the potent compounds (20 and 2r) were eval-
uated as representatives of this class. As expected, these had far
less Y5 binding affinity, which provides some conformational in-
sight into the binding interaction of this class of compounds and
the Y5 receptor.

As seen in Table 4, further characterization of the representative
benzimidazoles (2r, 2s, and 2u) was carried out. In the binding as-
say, these compounds showed greater than 1000-fold subtype
selectivity over the other NPY receptors (Y1, Y2, and Y4). Moreover,
these exhibited potent antagonist activity by inhibiting NPY-

induced [Ca®'] increase in LKtk™ cells that expressed the human
Y5 receptor. These results suggested that compounds (2r, 2s, and
2u) are potent and subtype-selective Y5 receptor antagonists. To
examine the oral absorbability and brain penetrability, these com-
pounds were orally administered to rats at 10 mg/kg dosage. Plasma
levels were then measured at 2 and 4 h after dosing, and the brain
penetrability (B/P) was also examined at 2 h after oral administra-
tion. Even at 4 h after oral administration, compounds (2r and 2u)
showed moderate plasma exposures (~1 uM), suggesting that these
were indeed orally bioavailable Y5 antagonists in rats. With regard
to the brain penetrability, these compounds showed marginal brain
penetrability unlike that seen in the case of 2n (B/P = 0.55). The mar-
ginal brain exposures of the compounds (2r and 2u) suggested that
these would not show in vivo efficacy in rats (10 mg/kg po).!*

In conclusion, structure-activity relationship studies were per-
formed in a class of novel benzimidazoles with the aim of identify-
ing potent, selective, and orally bioavailable NPY Y5 receptor
antagonists, leading to the discovery of the two potent compounds
(2r and 2u). These results were achieved by incorporating a hetero-
aromatic ring into the 6-position of the benzimidazole core part. At
the present time, further modifications of this class that focus on
improving brain penetrability are underway to identify in vivo po-
tent compounds.
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Hexahydro-pyrrolo- and hexahydro-1H-pyrido[1,2-b]pyridazin-2-one analogs were discovered as a novel
class of inhibitors of genotype 1 HCV NS5B polymerase. Among these, compound 4c displayed potent
inhibitory activities in biochemical and replicon assays (ICso (1b) <10 nM; ECsy (1b) =34 nM) as well
as good stability towards human liver microsomes (HLM ¢y, = 59 min).

© 2008 Elsevier Ltd. All rights reserved.

Hepatitis C virus (HCV), a blood-borne pathogen belonging to
the Flaviviridae family of viruses,' is a major cause of acute hepati-
tis and chronic liver disease, including cirrhosis and liver cancer.
The disease affects an estimated 170 million individuals worldwide
and 4 million people in the US, with 3-4 million people newly
infected each year.? Despite major efforts by research groups in
academia and the pharmaceutical industry, there is currently no
vaccine available to prevent hepatitis C, nor a HCV-specific antivi-
ral agent approved for treatment of chronic hepatitis C. The current
standard of care is a combination of pegylated interferon (IFN)
with ribavirin.?

However, the current HCV therapy suffers from inadequate sus-
tained viral response rates, in particular for patients infected with
genotype 1 HCV, along with significant side-effects, resulting in a
continuing medical need for improved treatments.* Our research
has been focused on identifying novel non-nucleoside inhibitors
of the HCV NS5B protein, a virally encoded RNA-dependent RNA
polymerase (RdRp), the activity of which is critical for the replica-
tion of the virus.> We focused our attention on the palm binding
site, one of several inhibitor binding pockets distinct from the

* Corresponding author. Tel.: +1 858 530 3708; fax: +1 858 530 3644.
E-mail address: fruebsam@anadyspharma.com (F. Ruebsam).

0960-894X/$ - see front matter © 2008 Elsevier Ltd. All rights reserved.
doi:10.1016/j.bmcl.2008.08.017

active site.® Several series of NS5B inhibitors have been reported
to bind at the palm binding site.” More specifically, we have previ-
ously reported that compounds containing the pyridazin-2-one
motif, as exemplified by compound 1 (Fig. 18) exhibit potent inhib-
itory activity against NS5B with ICso (1b) values of <0.01 pM.?
However, many of these compounds displayed limited oral bio-
availability in animals that was likely due to poor intestinal
absorption. We believe that this is related to the high polar surface
area (PSA) of these compounds, which is outside the normal range
typically correlated with good absorption (<140 A2).9¢9410 Accord-
ingly, we explored other palm-binding NS5B inhibitors with
reduced PSA values relative to compound 1 (e.g., 2!! and 3!?) in
the hope of improving both intestinal permeability and oral bio-
availability. Unfortunately, these alternate inhibitor series did not
display significant improvements in these two biological
parameters.

Here we disclose a new series of palm-binding NS5B inhibitors
that also possess lower PSA values relative to compound 1. The
described compounds (4, Fig. 1) incorporate hexahydro-pyrrolo-
and hexahydro-1H-pyrido[1,2-b]pyridazin-2-ones into their de-
sign, the former of which are formally derived from 3 by saturation
of the fused pyrrole ring. Our analysis of the co-crystal structure of
3b bound to the NS5B protein'? suggested that the saturated, and
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Figure 1. HCV NS5B polymerase inhibitors.

thus probably slightly puckered, ring system could be accommo-
dated in the palm binding site.

Compounds 4 were synthesized following the route shown in
Scheme 1. Commercially available cyclic a-amino esters 5 were
N-aminated using freshly prepared 1-oxa-2-aza-spiro[2.5]octane!>
and the intermediates were directly treated with aldehydes to
yield the imines 6. Reduction with sodium cyanoborohydride affor-
ded the corresponding N-substituted hydrazines 7, which were
coupled with acid 8'* and subsequently cyclized in the presence
of sodium ethoxide to give the desired compounds 4. These com-
pounds could be further treated with iodomethane to yield analogs
that were N-methylated at the R? sulfonamide moiety as shown,
for example 4d.

Table 1 details the structure-activity relationships (SAR)
obtained for compounds 4, focusing on their biochemical potencies
against HCV genotype 1b, activities against the HCV genotype 1b
subgenomic replicon in tissue culture, cytotoxicity, and stability
against human liver microsomes (HLM).

We began our SAR exploration by synthesizing 4a as the direct
analog of compound 3a. Compound 4a was a potent inhibitor in
the enzymatic assay thus confirming our hypothesis that a satu-
rated ring system would be tolerated in the palm binding site.
Since the activity of 4a in the replicon assay was relatively modest,
we went on to explore further structural variations in R? with the
goal of improving this parameter. However, we were surprised to
note a different trend for the SAR around the R? moiety as com-
pared to that observed for the corresponding unsaturated mole-

0 0
NH <M’N‘
gWn Y
5 6 R
0,0 “('e
\ /
/
OH N ”‘b
4d

cules of general structure 3.'> While incorporating the 4-fluoro-
benzyl and isoamyl groups in R? previously led to excellent repli-
con potencies (see Fig. 1), the activities of such derivatives in the
present series were disappointing (4a and 4b). Interestingly, the
replicon activities could be improved by introducing a tert-butyl-
ethyl group into the inhibitor design (4c¢) leading to a compound
that was roughly equipotent to 3a. Our comparison of the co-crys-
tal structures from this (Fig. 2) with the previously reported series
did not reveal any significant structural changes in the R? binding
pocket that could explain these differences.

In our earlier work, we observed that the methanesulfonamide
group appended to the benzothiadiazine ring was crucial for
achieving potent activities in the biochemical and replicon as-
says.29%12 Ag such, it came as no surprise that N-methylation of
this moiety (R3=Me) resulted in substantial increases of both
IC50 and ECsqg values as seen in 4d.

We also explored variations on the left-hand ring system
including introduction of a methyl group at the C-4a bridgehead
(4e). The additional methyl group had a detrimental effect on the
potencies as well as on the compound’s stability toward HLM.
Expanding the ring size from 5- to 6-membered led to the hexahy-
dro-1H-pyrido[1,2-b]pyridazin-2-one analogs 4f and 4g, which
were well tolerated in the enzymatic assay, but led to diminished
activities against the replicon, the reasons for which are currently
not understood. Overall, with the exception of compound 4e, all
compounds under study exhibited good stability toward HLM
(see Table 1).

o}
b R1\/\HJ\OR
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%\‘?’n NH
7 R?
O‘\S,,O H
o N 8
‘ c HO’U\)I\ND/ [ole]
H
8
O\ /,0 H
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“)f ¢
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Scheme 1. Reagents and conditions: (a) i—1-oxa-2-aza-spiro[2.5]octane, toluene, 80 °C, 16 h; ii—RCHO, MeOH, 45 °C (39-97% over two steps); (b) NaCNBH3, MeOH, 25 °C, 2-
22 h (68-89%); (c) i—8, DCC, DCM/DMF, 25 °C, 2-16 h or EDC, NMM, DMF, 25 °C, 2-16 h; ii—NaOEt, EtOH, 60 °C, 3-16 h (8-81% over two steps); (d) Mel, K,CO3, DMF, 25 °C,

18 h (38%).
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Table 1
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SAR of hexahydro-pyrrolo- and hexahydro-1H-pyrido[1,2-b]pyridazin-2-one analogs 4

Compound? n R! R? R® ICso (1b) [uM]° ECso (1b) [uM]° CCso (GAPDH) [puM]P HLM ¢y, [min]>¢
3a Figure 1 H 4-F-Bn H <0.01 0.012 >1 >60 (86%)

4a 1 H 4-F-Bn H <0.01 0.19 >1 >60 (87%)

4b 1 H CH,CH,CH(CH3), H 0.012 0.16 >1 >60 (65%)

4c 1 H CH,CH,C(CH3)3 H <0.01 0.034 >1 59

ad 1 H CH,CH,C(CHs); Me 0.16 3.6 >33 >60

4e 1 4a-Me CH,CH,C(CHs)s H 0.18 1.1 >33 49

af 2 H CH,CH,C(CH3)3 H 0.041 0.11 >33 52

4g 2 H 4-F-Bn H 0.016 0.3 >1 >60 (102%)

¢ All compounds were obtained from racemic starting materials.
b See Ref. 9a for assay conditions.

¢ For values >60 min, % remaining at 60 min is given in parentheses. All compounds were tested at 1 pM.

Figure 2. Co-crystal structure of compound 4c¢ bound to the NS5B protein (2.3 A).

Figure 2 shows the co-crystal structure of 4c bound to the palm
binding site of NS5B.!> Figure 3 schematically details the interac-
tions between compound 4c¢ and the NS5B protein as observed in
the co-crystal structure. As previously reported,®!? the sulfon-
amide substituent on the benzothiadiazine ring forms several H-
bonds with the NS5B protein.

These include an interaction between the sulfonamide NH and
the side chain of Asp318, as well as a H-bond between one sulfon-
amide oxygen and the side chain of Asn291. The other sulfonamide
oxygen forms a H-bond with a key structural water molecule. Inter-

E | Ser 556
Gly 449 HN-Y el
\N)ﬁﬁl ‘77?_—Ser288
|
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Oy, . _.HO ,
Tyraas 3 H. 0<y SN
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SO H S N_
Gin 446 o N ©/ H\‘O
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Met 414
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Pro 197 Tyr 448 Ser 368
Arg 200 Cys 366

Figure 3. Schematic representation of the interactions between compound 4c¢ and
the NS5B protein. Hydrogen bonds are represented as dashed lines, and the residues
which make up the enzyme binding sub-sites are shown.

rupting this network of interactions in the compounds under study
leads to a loss of activity as evident in compound 4d, where the
methyl group presumably prevents the formation of some of these
H-bonds with the NS5B protein.

In addition to defining the above protein-ligand interactions, we
also wished to determine the impact (if any) that introduction of the
sp> hybridized center at C-4a had on inhibitor binding to NS5B.

An overlay of the co-crystal structures obtained for compound 4c
and the related pyrrolo-[1,2-b]pyridazin-2-one compound 3b'?
bound to the NS5B protein illustrates the different binding geome-
tries of the two series (Fig. 4). While the majority of the compounds’
atoms overlay very well, the saturated ring in 4c (adopting a puck-
ered conformation) clearly protrudes above and below the plane de-
fined by the pyrrolo-[1,2-b]pyridazin-2-one ring of 3b. Since the R?
substituents in these two compounds are slightly different (isoamyl
vs. tert-butylethyl), it is difficult to compare the binding conforma-
tion in the R? sub-pocket. To the best of our knowledge, this is the
first structural analysis of a benzothiadiazine-containing NS5B
inhibitor bearing a sp> hybridized center at the bridgehead carbon
(here at C-4a).

Table 2 shows the calculated physicochemical parameters and
in vitro DMPK data for a selected number of compounds. Formal
saturation of the fused pyrrole ring system present in compounds
3 did not alter polar surface area (PSA) which we had concluded to
be one of the parameters causing poor permeability in the previ-
ously reported series. With the exception of the N-methylated ana-
log 4d where PSA was reduced to 156 A2, the PSA values associated
with all other compounds were calculated as 165 A.2

Figure 4. Overlay of co-crystal structures of compound 4c (orange, 2.3 A) with
compound 3b (gray, 2.1 A) bound to the NS5B protein.
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Table 2
Correlation of calculated physicochemical parameters and in vitro DMPK data of
selected analogs 4

Compound clogP? MLM ¢, [min]>© Papp [(cm/s) x 10-6]P
3a 0.66 >60 (90%) 0.10

4a 053 >60 (94%) 0.20

4b 0.57 63 0.20

4c 0.92 7.5 0.44

4d 0.99 17 2.0

4e 14 10 0.60

af 1.49 18 0.31

4g 1.09 >60 (100%) 0.10

¢ Calculated using ACD/Labs, version 10.0, Advanced Chemistry Development,
Inc., Toronto ON, Canada, www.acdlabs.com, 2006.

b See Ref. 9c for assay conditions.

€ For MLM (monkey liver microsome) half-lives >60 min, % remaining at 60 min
is given in parentheses. All compounds were tested at 1 pM.

4 Controls: Py, Atenolol  (low)=0.4(cm/s) x 107, Puyp
(high) =10 (cm/s) x 1076,

Propranolol

While the calculated logP values indicated an increase in lipo-
philicity, in particular for the hexahydro-1H-pyrido[1,2-b]pyrida-
zin-2-one analogs 4f and 4g, the gain did not translate into
improved intestinal permeability as judged by the Caco-2 data.

Consistent with our previous conclusions, only the weakly active
N-methylated analog 4d, which has a lower PSA value relative to the
other inhibitors, displayed any significant permeability improve-
ment. Overall, all compounds under study displayed good solubility
inarapid biochemical assessment (>100 pM) but many showed only
low to modest stability toward monkey liver microsomes (MLM).
Compound 4c, the only inhibitor that combined high potencies in
the biochemical and replicon assays with good HLM half-life, was
evaluated in vivo in cynomolgus monkeys in which we found the
corresponding oral bioavailability to be poor (Fp, = 7%; AUCin (PO/
IV) = 344/5178 ng/h/mL).'® Although the compound was very
unstable toward MLM, the experimental fraction absorbed for this
inhibitor (FAp, = 8%, calculated based on the measured oral bioavail-
ability (Fpo%) and clearance of the compound in cynomolgus mon-
keys)!” suggested that poor intestinal permeability, rather than
extensive metabolism, was the likely cause of the low in vivo
exposures.

In summary, we describe a novel series of non-nucleoside inhib-
itors of genotype 1b HCV NS5B polymerase (4) that were formally
derived via saturation of the fused left-hand ring system previously
described (3). While this modification led to a number of very potent
compounds in the biochemical and replicon assays, the data also
indicated that permeability is still too low for the compounds in this
series to be effectively absorbed. Our ongoing efforts to further im-
prove the PK properties of the benzothiadiazine-containing NS5B
inhibitors will be reported in a future communication.
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ABSTRACT

One new ortho-dihydroxyisoflavone, 7,3',4'-trihydroxyisoflavone (2), and two known ortho-dihydroxyi-
soflavone derivatives were isolated from 5-year-old Doenjang (Korean fermented soypaste), and evalu-
ated as potent antioxidant by comparing with other known isoflavones. 7,8,4'-Trihydroxyisoflavone
(1), 7,3',4'-trihydroxyisoflavone (2), and 6,7,4'-trihydroxyisoflavone (3) inhibited DPPH (Diphenyl-1-pic-
ryl hydrazyl) formation by 50% at a concentration of 21.5 + 0.2, 28.7 + 0.4 and 32.6 + 0.6 (ICsp), respec-
tively, whereas three isoflavones showed weak DPPH radical scavenging activity. In xanthine oxidase
(XO) system, in which both inhibition of xanthine oxidase and superoxide scavenging effect were mea-
sured in one assay. Compound 1 (IC50 = 6.6 + 0.4 uM) and 2 (IC50 = 16.8 + 1.2 uM) show significant inhib-
itory activity and greater effect than allopurinol. But, compound 3 and other isoflavones showed lower
inhibition activity. This study shows that the position of hydroxyl substituent at the aromatic ring of iso-
flavone plays an important role in radical scavenging effect.

© 2008 Elsevier Ltd. All rights reserved.

In recent years, cosmetic, pharmaceutical, and chemical indus-
tries have become increasingly interested in antioxidants.'™ Re-
cent research efforts on antioxidants have focused on flavonoids
that show strong free radical scavenging effects and metal ion che-
lating properties. In addition to their antioxidant activity, flavo-
noids have been reported to inhibit various enzymes such as
cyclooxygenase and lipoxygenase related to inflammation.”~” Evi-
dence for the presence of flavonoids in ancient remedies for burns
and inflammation has been reported and these substances, which
have been isolated, are presently used in commercial products.>~’
Thus, dietary flavonoids have attracted attention for potential ben-
eficial effects on humans.

Fermented foods are important components of traditional diets
in some areas of the world. Doenjang (Korean fermented soybean
paste) is a unique fermented food in Korea. It has been traditionally
manufactured from soybeans, so called JangYang process, which
are fermented by diverse microorganisms including fungi and ba-
cilli.®® Epidemiological studies suggest that the consumption of
Doenjang provides protection against cancers in humans. Also, a
highly aged Doenjang showed greater biological activity.>1°
Though free isoflavones, such as daidzein, genistein and glycitein,
that are produced during fermentation are generally known to be
active compound in Doenjang, the effect of aging on biological
activity of Doenjang is not clear.!® Because the longer fermentation

* Corresponding author at present address: R&D Center, AmorePacific Corpora-
tion, 314-1, Bora-dong, Giheung-gu, Yongin-si, Gyeonggi-do 446-729, Republic of
Korea. Tel.: +82 31 280 5802; fax: +82 31 281 8397.

E-mail address: superbody@amorepacific.com (J.-S. Park).

0960-894X/$ - see front matter © 2008 Elsevier Ltd. All rights reserved.
doi:10.1016/j.bmcl.2008.08.016

or aging time of Doenjang may be an important factor in its biolog-
ical activity, we focused on the newly formed compounds in aged
Doenjang to discover and determine new antioxidants.

The 5-year-old Doenjang (100 g) was defatted three times with n-
hexane (3 L) for 3 h. After removal of the solvent by filtration, it was
extracted with 2 Lof MeOH in a Soxhlet apparatus for approximately
6 h and was then filtered. Evaporation of the solvent under reduced
pressure provided the Doenjang extract (15.8 g) that has several new
peaks, as shown in Figure 1. The Doenjang extract (15.8 g) was sub-
jected to medium-pressure liquid chromatography (MPLC) system
(Yamazen Co., Japan) using a gradient elution system of distilled
water (DW) and acetonitrile gradient with acetonitrile from 20% to
80% in 60 min at a flow rate of 30 mL/min. The pressure of system
was 3 Mpa. A 300 x 37 mm id, 50 pum, Ultra pack-ODS-S-50C col-
umn (Yamazen Co., Japan) was used. The detector wavelength was
setat 263 nm. The fraction volume was 30 mL. Twelve fractions were
collected and monitored by HPLC. The fractions were combined [fr.
1-4 (11.5¢), fr. 5 (0.06 g), fr. 6 (0.03 g), fr. 7 (0.02 g), fr. 8 and 9
(0.54 g), fr. 10-12 (1.30 g)] and compound 1 (fr. 5), compound 2
(fr. 6), and compound 3 (fr. 7) were isolated in yields of 0.06 g,
0.03 g,and 0.02 g, respectively. To determine the structure of the iso-
lated compounds, LC/MS and NMR analysis was conducted. Com-
pounds 1 and 3 were identified as 7,8,4'-trihydroxyisoflavone and
6,7,4'-trihydroxyisoflavone, respectively (Fig. 2), on the basis of their
LC/MS and NMR spectral data, which were in good agreement with
those published previously.'’"'? Compound 2 was identified as
7,3',4'-trihydroxyisoflavone, which is isolated for the first time as
natural constituent.!®
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Figure 1. HPLC profile of 5-year-old Doenjang extract.
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Figure 2. Structure of ortho-dihydroxyisoflavone isolated from 5-year-old Doenjang and other isoflavones.

Most of the beneficial health effects of flavonoids are attributed
to their antioxidant and chelating abilities. The free radical scav-
enging activity of all isolated ortho-dihydroxyisoflavone deriva-
tives from 5-year-old Doenjang was compared with that of
known isoflavone such as daidzein, glycitein, and genistein by
DPPH radical scavenging assay. The DPPH test is a non-enzymatic
method currently used to provide basic information on the reactiv-
ity of compounds to scavenge free radicals.'* Table 1 shows the
DPPH radical scavenging activity of three ortho-dihydroxyisoflav-
ones and isoflavones.!> Compounds 1, 2, and 3 inhibited DPPH for-
mation by 50% at a concentration of 21.5+0.2, 28.7 + 0.4, and
32.6 £0.6 (ICsp), respectively, whereas three isoflavones showed
weak DPPH radical scavenging activity. The DPPH radical scaveng-
ing activities of ortho-dihydroxyisoflavone derivatives were more
potent than that of Trolox and L-ascorbic acid which showed activ-
ity with ICsq values of 48.9+0.6 and 52.3 £ 0.6. From the struc-
ture-activity point of view, we have found that ortho-dihydroxy
group may contribute to the scavenging activity against DPPH
radical.

Xanthine oxidase (XO) catalyzes the oxidation of xanthine to uric
acid. During the reoxidation of XO, oxygen molecules act as electron
acceptors, producing superoxide radicals and hydrogen peroxide.
Consequently, XO is considered to be an important biological source

Table 1
DPPH radical scavenging activity of ortho-dihydroxyisoflavone derivatives and other
isoflavones

Samples ICs50” (LM)
Compound 1 21.5+0.2
Compound 2 287104
Compound 3 32.6+0.6
Daidzein >1000
Glycitein >1000
Genistein >1000
Trolox 48.9 + 0.6
L-Ascorbic acid 52.3+0.6

2 ICso denotes the antioxidant concentration causing 50% reduction of the free
radical form of DPPH in methanol after 30 min with each sample, respectively. It
was calculated from regression line using different concentrations in triplicate
experiments.

of superoxide radicals. These are involved in many pathological pro-
cesses such as inflammation, cancer, and aging.'®~'® To compare the
anti-superoxide effect of ortho-dihydroxyisoflavone derivatives
from 5-year-old Doenjang, both inhibition of XO and the scavenging
effect on the superoxide anion were measured in one assay and com-
pared with those of isoflavones.’®2° For comparison of inhibition
effect of these compounds, allopurinol, the most well-studied xan-
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Table 2
Xanthine oxidase inhibitory activity of ortho-dihydroxyisoflavones and isoflavones

Samples Xanthine oxidase inhibitory activity (ICso?, uM)
Superoxide generation Uric acid generation
inhibition inhibition

Compound 1 6.6 +0.4 >1000

Compound 2 16.8+1.2 >1000

Compound 3 >1000 >1000

Daidzein 4298 +12.7 >1000

Glycitein 682.6 +41.2 >1000

Genistein 232.5+8.7 >1000

Allopurinol 21.8+0.8 114+1.1

2 For each test, two ICsq were calculated by linear regression analysis: 50%
inhibition of xanthine oxidase activity (50% decrease in uric acid production and
50% decrease in superoxide level).

thine oxidase inhibitor, was used as positive control. Inhibition of XO
resultsinadecreased production of uric acid, which can be measured
spectrophotometrically, and a decreased production of superoxide
was measured by the nitrite method (Fig. 3). For each compound
tested, two ICsq values can be calculated by linear regression analy-
sis: 50% inhibition of XO, which is calculated by 50% decrease of uric
acid production and 50% reduction of the superoxide level. Each ICsg
value of the compounds is listed in Table 2. Compounds 1 and 2
inhibited XO by 50% at a concentration of 6.6 + 0.4 and 16.8 + 1.2
(ICsp), respectively, two compounds show more activity than allopu-
rinol. Daidzein, glycitein, and genistein showed a much lower inhibi-
tion of X0 inhibition. Compound 3 showed no inhibition activity on
X0 inhibition. All tested isoflavone derivatives, except compound 2
and genistein, did not show inhibition of uric acid production as
shown in Figure 3. It was concluded that the tested isoflavone deriv-
atives were not capable of inhibiting xanthine oxidase. Therefore,
the effects measured on superoxide in the presence of compound
1, daidzein, and glycitein were considered as superoxide scavenging
activities. Compound 2 and genistein show inhibition of superoxide
production and inhibition of uric acid production at high concentra-
tion. This means that these compounds show superoxide scavenging
activity and possess additional xanthine oxidase inhibition activity.
Compounds 1, 2, and isoflavones have an OH group in both 7 and 4’
positions. This makes them potential candidates for superoxide
reaction. Presence of an OH group in 8 or 3’ position makes them
good candidates for superoxide reaction, whereas presence of an
OH group in 6 position reduced the activity of superoxide reaction.
These results suggest that ortho-dihydroxyisoflavone derivatives
can be utilized for the development of new candidate of antioxidant.
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were generated by the xanthine/xanthine oxidase (XO) system, following the
described procedure. The reaction mixture consisted of xanthine (0.5 mM),
NBT (0.5 mM), and test samples at the concentrations of 31, 63, 125, 250, and
500 uM, in a final volume of 100 pL. Xanthine and NBT were dissolved in
phosphate buffer 200 mM with 0.25 mM EDTA, pH 7.5. The reaction mixtures
were preincubated at room temperature for 2 min, and reaction was initiated
by the addition of 100 pL of XO (50 mU/mL). The mixtures (200 pL) were kept
at 37°C for 30 min. To detect superoxide, the coloring reagent (final
concentration of 300 pg/mL sulfanilic acid, 5pg/mL of N-(1-naphthyl)-
ethylenediamine dihydrochloride, and 16.7% (v/v) acetic acid) was added
after the incubation. The mixtures were allowed to stand at room temperature
for 30 min, and the absorbance at 550 nm was measured (Ceres UV 900 Hdi).
Assay of uric acid generated by xanthine oxidase. The effect of compounds on
xanthine oxidase activity was evaluated by measuring the formation of uric
acid from xanthine. The reaction mixtures contained the same proportion of
components as in assay for superoxide anion, except NBT. The reaction mixture
consisted of 0.5 mM xanthine dissolved in 200 mM phosphate buffer with
0.25 mM EDTA, pH 7.5, and test samples at the concentrations of 31, 63, 125,
250, and 500 pM, in a final volume of 100 pL. The reaction mixture were
preincubated at room temperature for 2 min, and reaction was initiated by the
addition of 100 pL of XO (50 mU/mL). The mixture (200 puL) was kept for
30 min at 37°C. The reaction was stopped with HCl (20 pL, 5M). The
production of uric acid was determined spectrophotometrically at 295 nm
(Ceres UV 900 Hdi).
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Design, syntheses, and structure-activity relationships of a novel class of 2-{3-oxospiro[isobenzofuran-
1(3H),4’-piperidin]-1’-yl}benzimidazole NPY Y5 receptor antagonists are described. The benzimidazole
structures were newly designed based on the urea linkage of our prototype Y5 receptor antagonists (2
and 3). By optimizing substituents on the benzimidazole core part of the lead compound 5a, we were able
to develop a potent, orally available, and brain-penetrable Y5 selective antagonist (5K).

Crown Copyright © 2008 Published by Elsevier Ltd. All rights reserved.

Obesity is a serious and growing public health problem in the
world, and is associated with significant morbidity. Obesity-related
comorbidities include type 2 diabetes, hypertension, and cardio-
vascular diseases. Although several drugs are clinically used, ideal
treatments for obesity are strenuously pursued, especially in terms
of safety.

Neuropeptide Y (NPY) is a highly conserved 36-amino acid pep-
tide with potent, centrally mediated orexigenic effects.” NPY is a
member of the peptide family that also includes peptide YY
(PYY) and pancreatic polypeptide (PP). Chronic administration of
NPY into the brain in female rats results in hyperphagia and body
weight gain.? Concentrations of NPY and its messenger RNA
(mRNA) in the hypothalamus are markedly increased during food
deprivation and in some rodent genetic models of obesity.> These
data suggest that NPY is one of the major regulators of physiolog-
ical feeding behaviors.

Presently, 5 distinct types of G protein-coupled NPY receptors
subtypes, Y1, Y2, Y4, Y5, and Y6, have been cloned thus far.* Of
these, the Y5 receptor subtype is thought to be responsible for cen-
trally mediated NPY-induced feeding responses.” Moreover, we
have found that the Y5 receptor subtype is involved in the regula-
tion and development of diet-induced obesity in rodents.® Taken

* Corresponding author. Tel.: +81 29 877 2000; fax: +81 29 877 2029.
E-mail address: norikazu_ohtake@merck.com (N. Ohtake).

together, the data suggest that antagonism of the Y5 receptor
would be a beneficial treatment of obesity. Indeed, a recent 52
week clinical trial, a significant weight loss was observed with
the administration of the selective Y5 antagonist.” To date, a num-
ber of potent Y5 receptor antagonists,® each with distinct structure
classes that include sulfonamide,3*#® pyrrolo[3,2-d]pyrimidine,®*
carbazole,®® imidazolylpyridine,® and imidazolone® classes have
been reported.

In the course of our program, which was aimed at developing
orally bioavailable Y5 receptor antagonists for the treatment of
obesity, we have been pursuing potent and selective Y5 antagonist
leads.®"® In particular, identification of 2-methanesulfonamid-
ephenylpiperazine derivative (1) was important because it gave
us a structural insight into further design of other novel Y5 antag-
onist lead structures.>!° Based on the structure of 1, prototype Y5
antagonist leads (2 and 3) were identified by connecting a 2-meth-
ylsulfonyl-3-spiro(indolin-3,4'-piperidine) 11° or 3-oxospiro[iso-
benzofuran-1(3H),4-piperidine] 17'° part with a substituted
aniline moiety through a urea bond. In the light of the phenylurea
sub-structure in 2 and 3, we further designed fused ring systems
such as benzimidazole and benzothiazole, which were directly at-
tached to the above-mentioned spiropiperidines or the corre-
sponding cyclohexane moiety (Fig. 1). The syntheses and in vitro
evaluation led to the identification of novel Y5 lead structures, 2-
[3-oxospiro[isobenzofuran-1(3H),4’-piperidin]-1’-yl|benzimidazole

0960-894X/$ - see front matter Crown Copyright © 2008 Published by Elsevier Ltd. All rights reserved.

doi:10.1016/j.bmcl.2008.08.018
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Figure 1. Design of benzimidazole and related templates.

(5a) and the corresponding cyclohexan-4-ylbenzimidazole (7).
Although their affinity for the Y5 receptor subtype was moderate,
their structural uniqueness prompted us to further derivatize these
leads.

In this letter, we describe the syntheses and structure-activity
relationships (SARs) of 2-[3-oxospiro[isobenzofuran-1(3H),4’-
piperidin]-1’-yl]benzimidazole derivatives.'! In addition, the SARs
of 2-[3-oxospiro[isobenzofuran-1(3H),1’-cyclohexan]-4'-yl]benz-
imidazole derivatives (7) will be described.

General synthetic methods of the benzimidazole derivatives
(5a-5z, 5aa-5gg) are summarized in Scheme 1. Basically, these
benzimidazoles can be prepared through the coupling of spiropi-
peridine 11 and 2-chlorobenzimidazoles 15.!2 The spiropiperidine,
3-oxospiro[isobenzofuran-1(3H),4'-piperidine] 11,'°® was pre-
pared from 2-bromobenzoic acid 9 as follows. Nucleophilic addi-
tion reaction of the dianion, generated from 9 and n-Buli, to
N-benzyl-4-piperidone and a subsequent acidic treatment of the
reaction mixture afforded 10 in a 45% yield. Catalytic hydrogena-
tion of 10 in the presence of 20% palladium hydroxide on carbon
under an acidic condition (4 N HCI in EtOAc) gave 11 as a hydro-
chloride salt in 85% yield.

Syntheses of the 2-chlorobenzimidazoles 15 were carried out
from commercially available substituted phenylenediamines 12
or substituted anthranilic acids 13. Phenylenediamines 12 were
treated with 1,1’-carbonyldiimidazole to give benzimidazol-2-ones
14. Chlorination of 14 through treatment with POCl; at 110 °C re-
sulted in 40-70% yields of 2-chlorobenzimidazoles 15. On the other
hand, anthranilic acids 13 were treated with diphenylphosphoryl
azide to produce good yields of 14, which were converted to 15
by treatment with POCls;. Under basic conditions (K,COs, Na,COs,
or Cs,C0O3) at 100-150 °C coupling of 11 with 15 produced the de-
sired benzimidazole derivatives (5a-5z, 5aa-5gg) with 30-70%
yields. When N-Boc-protected 2-chlorobenzimidazoles 16 were
used in place of 15, the coupling reaction proceeded at a lower
temperature (80-90 °C) with 30-50% yields.

Syntheses of the other derivatives (4, 6-8, 18, 19) are summa-
rized in Scheme 2. Basically, the derivatives (4, 6, 18, and 19) were
prepared in a similar manner as described for the preparation of

5a. As for the synthesis of 7 and 8, condensation of the carboxylic
acid 20'° and phenylenediamine (WSC, Py, rt) along with the sub-
sequent intramolecular cyclization of the resulting amide
(TsOH-H,0, xylene, reflux, 6 h) afforded a mixture of 7 and 8 (ra-
tio = 6.5:1) with a 65% yield.!® Separation of the mixture was easily
achieved through the use of silica gel column chromatography (1-
5% MeOH-CHCl3).

Compounds were tested in an initial screen for the binding
affinity against human NPY Y5 receptor subtype (Y5) in transfected
LMtk- cells.’® Subsequently, selected compounds were examined
for their subtype selectivity over the other NPY receptors (Y1, Y2,
and Y4) and their Y5 antagonist activity (Ca®* flux).>"

As described above, derivatives bearing the 2-(substituted piper-
idin-1-yl)benzimidazoles (4, 5a), benzothiazole (6), imidazo[4,5-
blpyridine (18), 2-(substituted piperidin-1-ylmethyl)benzimid-
azole (19), trans-2-(substituted cyclohexyl)benzimidazole (7) and
the corresponding cis-isomer (8) were evaluated in the Y5 receptor
binding assay (Table 1). Among these, 5a and 7 had moderate Y5
binding affinity (ICso: 100-200 nM), while the others exhibited
ICso values of more than 1000 nM. Based on these results, we firstly
focused on developing SARs of 5a as a novel Y5 lead.

We hypothesized that incorporation of substituents into the
phenyl ring of the benzimidazole core part would be an effective
way to enhance the Y5 affinity based on the superimposition of
the entire structures of 1 and 5a. Therefore, as a first step we fo-
cused on the optimization of the incorporation of substituents into
the benzimidazole core part. To examine the effects of mono-sub-
stitution at the 4- or 5-position of the benzimidazole ring on the Y5
binding affinity (Table 2), various substituents, such as a fluorine
atom, methyl, trifluoromethyl, and phenyl groups, were intro-
duced. Generally, incorporation of a substituent into the 4- or
5-position was tolerated in the Y5 binding affinity, with the 5-sub-
stitution resulting in a greater improvement as compared to the
corresponding 4-substitution. In particular, the 5-chloro- (5i),
5-trifluoromethyl- (5k), and 5-phenyl- (5m) benzimidazoles had
single digit nanomolar binding affinities (ICso: 5i=6.6 nM,
5k=3.5nM, 5m=24nM) for the Y5 receptor and achieved
approximately a 20- to 60-fold improvement, as compared with
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the original lead 5a. These results suggested that a hydrophobic
substituent at the 5-position significantly contributed to the
enhancement noted in the Y5 binding affinity. Therefore, further
derivatization was focused on the substitutions at the 5-position.

Introduction of an ester group such as methyl ester (5q) or ethyl
ester (5r) in place of the hydrophobic substituents retained the Y5

binding affinity, while introduction of more hydrophilic substitu-
ent such as a carbamoyl (5t), dimethylcarbamoyl (5v), methanesul-
fonamide (5y), or methanelsulfonyl (5z) resulted in significant
decreases in the Y5 binding. These SARs suggested that the Y5 po-
tency would be influenced by steric factors rather than electronic
nature of the substituents on the benzimidazole core ring.
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Table 1
Binding affinity of benzimidazole and related compounds to the Y5 receptor

5013

A1

~R
X
N
o) o, N H
o °s!
5a, 6-8, 18, 19 e 4
o
Compound X R Y5 (ICso, nM)? Compound X R Y5 (ICs0, nM)?
4 >1000
N N
4 4
5a N _< 140 19 N < 4900
N N
H H
N H N
’ 7
6 N —</ j@ >10,000 7 c _< 91
S (trans-isomer) H
N A H N
7 o 7
18 N _<N | _ 1600 8 C _<Nj© 1400
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@ Values are the mean of two or more independent assays (Ref. 14).
Table 2
The binding affinity of benzimidazole derivatives (5a-5z) to the Y5 receptor
R
N ( ‘/‘
/
L\
N
o H
O
Compound R Y5 (ICs0, nM)? Compound R Y5 (ICso, nM)?
5a H 140 5n 5-Bromo 10
5b 4-Fluoro 500 50 5-Nitro 10
5c 5-Fluoro 28 5p 5-Cyano 19
5d 4-Methyl 74 5q 5-iso-Butyl 1.8
5e 5-Methyl 36 5r 5-Methoxycarbonyl 2.7
5f 4-Methoxy 250 5s 5-Ethoxycarbonyl 2.0
5g 5-Methoxy 37 5t 5-Carbamoyl 110
5h 4-Chloro 51 5u 5-N-Methylcarbamoyl 20
5i 5-Chloro 6.6 5v 5-N,N-Dimethylcarbamoyl 58
5j 4-Trifluoromethyl 83 5w 5-Carboxy >1000
5k 5-Trifluoromethyl 3.5 5x 5-Acetylamino 130
51 4-Phenyl 17 5y 5-Methanesulfonylamino 56
5m 5-Phenyl 24 5z 5-Methanesulfonyl 85

¢ Values are the mean of two or more independent assays (Ref. 14).

Di-substituted benzimidazole derivatives were prepared and
assessed in the Y5 binding assay (Table 3). Generally, these di-
substituted benzimidazoles (5aa-5ee) were more potent than the
corresponding mono-substituted compounds. For example, the
5,6-dichlorobenzimidazole 5bb (ICsp: 1.6 nM) was approximately
4-fold more potent than the 5-chlorobenzimidazole 5i (ICsq:
6.6 nM). Furthermore, comparison of the Y5 affinity of 4,6-dichlo-
robenzimidazole 5aa with that of the 5,6-dichlorobenzimidazole
5bb suggested that the 5,6-disubstitution was more likely to have
higher affinity than the 4,6-disubstitution. Among the di-substi-
tuted benzimidazoles, 5bb showed the best binding affinity for
the Y5 receptor.

Further characterization of the representative benzimidazole
derivatives (5i, 5k, 5m, 5r, 5bb) was conducted (Table 4). These
compounds had more than 1000-fold subtype selectivity over the

other NPY receptors (Y1, Y2, Y4) in addition to having potent
antagonist activity, as demonstrated via the inhibition of the
NPY-induced [Ca®'] increases in LMtk- cells that expressed the
Y5 receptor. To examine the oral absorption in rats, these com-
pounds were orally administered at 10 mg/kg, and then the plasma
levels were measured at 2 and 4 h after the administration. Of the
compounds administered, two derivatives (5i and 5k) showed high
plasma exposures (>10 uM) even at 4 h after the administration,
suggesting that these derivatives were long lasting Y5 antagonists
with excellent oral absorption in rats. The plasma levels of 5i and
5k at 4 h were higher than those at 2 h, which was more than likely
due to low hepatic clearance and slow intestinal absorption.!” In
contrast, the derivative 2r showed the lower plasma level
(0.1 uM) at 4 h after the oral administration. This was probably
due to the high hepatic clearance that is often observed in rats.!”
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Table 3
The binding affinity of benzimidazole derivatives (5aa-5gg) to the Y5 receptor

R1
N \/\
H

O
(0)
Compound R', R? Y5 (ICso, nM)?
5i 5-Chloro 6.6
5aa 4,6-Dichloro 5.7
5bb 5,6-Dichloro 1.6
5cc 5,6-Dimethyl 9.2
5dd 5,6-Difluoro 4.8
5ee 5-Chloro-6-fluoro 6.7
5ff 5,6-Methylenedioxy 9.3
5gg 5,6-Difluoromethylenedioxy 2.2

2 Values were the mean of two or more independent assays (Ref. 14).

Table 4
Biological properties of the representative compounds

Compound Y5 Y1 Y2 Y4 Y5¢ Rat plasma  B/P?
levels®
(uM)
IC50° (nM) ICs,> 2h  4h  Ratio
(nM)
5i 6.6 >10,000 >10,000 >10,000 1.2 278 256 —
5k 3.5 >10,000 >10,000 >10,000 6.4 153 175 0.31
5m 24 >10,000 >10,000 >10,000 1.8 1.8 1.3 0.35
5r 2.7 >10,000 >10,000 >10,000 1.5 3.2 0.1 0.08
5bb 1.6 >10,000 >10,000 >10,000 1.4 2.9 46 —

¢ Antagonist activity was determined by the amount of inhibition of NPY-induced
[Ca?*] increase in LMtk- cells expressing the human Y5 receptor.

b Values are the mean of two or more independent assays.

¢ Compounds (10 mg/kg) were orally administered to rats (n = 3), and the plasma
levels were measured at 2 and 4 h.

4 Compounds (10 mg/kg) were orally administered to rats (n = 3), and the plasma
and brain levels were measured at 2 h. B/P means the ratio of the brain level (nmol/
g) to plasma level (uM) of the compounds.

The brain penetration (B/P) of the compounds (5k, 5m, and 5r)
was examined in rats. The results suggested that the lipophilic
compounds (5k and 5m) had moderate brain penetration (B/
P=~0.3), while the brain penetrability of the hydrophilic com-
pound 5r was poor (B/P = ~0.08). Since we found that 5k showed
excellent brain exposure in rats, we evaluated the in vivo efficacy
of 5k on D-Trp>* NPY-induced food intake in rats. Oral administra-
tion of 5k (10 mg/kg) significantly suppressed intracerebroventric-
ular (ICV) injected D-Trp>**NPY-induced food intake in rats.!5!”

In conclusion, we designed and synthesized the novel
2-[3-oxospiro[isobenzofuran-1(3H),4’-piperidin]-1’-yl]benzimidazole
structure (5a) along with other related compounds (4, 6-8, 18, 19),
based on the urea linkage of the prototype Y5 antagonists (2 and 3),
resulting in the identification of 5a and 7 as novel Y5 antagonist leads.
The SAR studies on 5a along with the subsequent characterization of
the selected compounds revealed that 5k was a potent, orally available,
and brain-penetrable Y5 selective antagonist.
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A series of novel 7-(5'-cyanopyrrol-2-yl) substituted benzo[1,4]oxazepin-2-ones were prepared and
tested for their progesterone receptor (PR) agonist or antagonist activity in the alkaline phosphatase
assay using the human T47D breast carcinoma cell line. Both PR agonists and antagonists were achieved
with an appropriate choice of 5-substitution. Several analogs were potent PR agonists (e.g., 12 and 13) or
PR antagonists (e.g., 18) with good selectivity over other steroid receptors.

© 2008 Elsevier Ltd. All rights reserved.

The progesterone receptor (PR) is a member of the superfamily of
ligand-dependent transcription factors.! Progesterone (1) is an
endogenous hormone which plays an important role in female
reproduction. In the clinic, steroidal PR agonists have been used
widely in contraception and postmenopausal hormone therapy, of-
ten in combination with an estrogen.? Mifepristone (2), a steroidal
PR antagonist, demonstrated potential utility in female contracep-
tion,? and for the treatment of various gynecological and obstetric
diseases including hormone dependent cancers and non-malignant
chronic conditions such as fibroids and endometriosis.*~” However,
steroidal PR agonists and antagonists, albeit efficacious in their
respective indications, have side effects due to the interactions with
other steroidal receptors such as the glucocorticoid receptor (GR),
and potential effects of steroidal metabolites. In an effort to mitigate
some of these undesirable effects associated with steroidal com-
pounds, we have previously reported several series of non-steroidal
PR modulators including 6-aryl benzoxazinones and benzoxazine-
2-thiones.®"1 We found in the 6-aryl-benzoxazinone series that
replacement of the 6-phenyl moiety with a 6-(5’-cyanopyrrol-2-
yl) group (e.g., 3)® caused the functional activity of this series to
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United States, September 10-14, 2006.
* Corresponding author. Tel.: +1 484 865 3856; fax: +1 484 865 9398.
E-mail address: ZhangP@wyeth.com (P. Zhang).
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switch from PR antagonism to PR agonism in the PR alkaline phos-
phatase assay using the human T47D breast carcinoma cell line.

Intrigued by the impact of the 6-(5’-cyanopyrrol-2-yl) group on
PR functional activity of the 6-aryl benzoxazinone series, we
decided to expand the six-membered ring benzoxazinone core
and examine the SAR of 7-(5’-cyanopyrrol-2-yl)benzo[1,4]oxaze-
pin-2-ones (4-24)'! at the PR. Herein, we report the synthesis
and the SAR of 7-(5’-cyanopyrrol-2-yl)benzo[1,4]oxazepin-2-ones
as PR modulators.
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Scheme 1. Synthesis of 7-(5'-cyanopyrrol-2-yl)benzo[ 1,4]oxazepin-2-ones. Reagents and conditions: (a) R'Li, THF, —78 °C to 0 °C, N, 20-70%; (b) R?Li, THF, 0 °C, No; or LAH,
THF, —78 °C, N,; 40-80%; (c) CICH,COCI, Et3N, THF, 0 °C to rt, 40-70%; (d) NaH, THF, 0 °C, N, 50-85%; (e) N-Boc-pyrrole-2-boronic acid, Pd(PPhs)4, Na,COs, glyme/H,0, 80 °C,
N,, 50-80%; (f) CSI, THF, —78 °C, DMF, N, 30-70%; (g) neat, 180 °C, 60-90%; (h) Mel, K,CO3, DMF, rt, N, 40-80%.

Target compounds 4-24 (Scheme 1) were prepared as follows:
addition of an appropriate organolithium reagent to anthranilic
acid 25 resulted in the corresponding ketone, which was treated
with the second organolithium species or reduced with lithium
aluminum hydride to give carbinols 26. Acetylation of carbinols
26 with chloroacetyl chloride followed by a ring closure furnished
the core structure benzoxazepinones 27. The Boc-pyrrol-2-yl moi-
ety was installed at the 7-position via a Suzuki coupling protocol
using a palladium catalyst to afford 28.

Cyanation of pyrrole at the 5'-position to yield 29 was achieved
by treatment of 28 with chlorosulfonyl isocyanate (CSI), followed
by addition of DMF at low temperature. Removal of the BOC group
by heating 29 gave 30, which was alkylated with methyl iodide to
deliver the target compounds 4-24.

We have previously reported a number of cyanopyrrole-con-
taining non-steroidal PR modulators such as 6-aryl benzoxazin-
2-ones, 6-aryl benzimidazolones, and 5-aryl oxindoles.81213
Among the analogs reported in the 6-aryl-benzoxazinone series,
replacement of the 6-phenyl moiety with a 6-(5'-cyanopyrrol-2-
yl) group caused the functional activity of this series to switch
from PR antagonism to PR agonism.® Interestingly, in the benz-
imidazolone series, the cyanopyrrole moiety did not change
function in this way.!® PR functional activities of cyanopyrrole-
containing oxindoles were instead controlled by 3,3-substitu-
tions."? These results suggested that the dominance of the
cyanopyrrole motif on PR functional activity was template-
dependent. To examine the SAR of 7-(5-cyanopyrrol-2-yl)benz-
oxazepinones, numerous analogs were prepared and tested in
the T47D PR alkaline phosphatase functional assay. The results
are shown in Table 1.

As illustrated in Table 1, the size of the R'/R? substituents at the
5-position had a marked impact on the type of functional activity
as well as the potency of 7-(5'-cyanopyrrol-2-yl)benzoxazepinon-
es. Compounds 4 and 5 with a single methyl group at the 5-posi-
tion were much less potent compared to their 5,5-dimethyl
disubstituted congeners (6 and 7) (Table 1).

Increasing the size of 5,5-substitution to a spiral cyclohexyl
moiety (8) caused significant reduction in potency. Replacing
one of the methyl groups in compounds 6 and 7 (ECsg = 3.3 nM)
with a thienyl or furyl ring (9-13, ECso = 0.4-1.1 nM) resulted in
greater than threefold improvement in potency and gave numer-
ous PR agonists with potency comparable to that of steroidal
progesterone (1). It was noted that N-methyl substitution on

Table 1
PR-induced alkaline phosphatase activity and competition binding of 7-(5'-cyano-
pyrrol-2-yl)benzoxazepinones

1 1
NC NC
N Q N Q
N N
H /| O

(6]
4-21 22-24
Compound R’ R? R® ECse® ICs® Binding
(nM) (nM)  ICso¢
(nM)
1 0.9
2 0.2
3 1.1
4 Me H H 245.8
5 Me H Me 137.7
6 Me Me H 33 10.7
7 Me Me Me 33
8 -CsHqo— H 30.5
9 Me Thien-2-yl H 0.7 3.8
10 Me Thien-2-yl Me 0.8 2.4
11 Me Thien-3-yl H 1.1
12 Me Thien-3-yl Me 0.8 34
13 Me Fur-2-yl Me 0.4
14 Et Thien-2-yl Me 146 75
15 n-Propyl Thien-2-yl Me 56.6
16 i-Propyl Thien-2-yl Me 36.5
17 Thien-2-yl Thien-2-yl Me 113 60
18 Fur-2-yl Fur-2-yl Me 6.6 284
19 Phenyl Phenyl Me 143 36
20 5'-Cl-thien-2-yl-  5'-Cl-thien-2-yl- Me 197.4
21 3’-Cl-phenyl 3’-Cl-phenyl Me 175.1
22 Me Thien-2-yl Me 37.5
23 Et Thien-2-yl Me 119.8
24 Phenyl Phenyl Me 500.0

2 Fifty percent effective concentration of tested compounds on alkaline phos-
phatase activity in the human T47D breast carcinoma cell line.

b Fifty percent inhibitory concentration of tested compounds on 1 nM proges-
terone-induced alkaline phosphatase activity in the human T47D breast carcinoma
cell line. Values represent the average of at least duplicate determinations. The
standard deviation for the assays was typically +20% of the mean or less.

¢ Value was 50% inhibitory concentration of tested compounds on 1nM 3H-
progesterone binding at PR using human T47D breast carcinoma cell line cytosol.
The standard deviations for these assays were typically £20% of mean or less. Blanks
in ECsg and ICso columns indicate that values were not measured.
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Table 2
PR alkaline phosphatase activity of 7-(5'-cyanopyrrol-2-yl) benzoxazepinone stereo-
isomers

1
RZ R
ne—< | o
N
R3 /\2

N

H O
Compound R! R? R? ECso® (nM) 1Cs0° (nM)
11 Me Thien-3-yl H 1.1
(s)-11 Me Thien-3-yl H 110.0
(R)-11 Me Thien-3-yl H 0.5
14 Et Thien-2-yl Me 14.6
(5)-14' Et Thien-2-yl Me 17.1
(R)-14 Et Thien-2-yl Me 10.0

" Absolute stereochemistry was not determined. The absolute stereochemistry
was arbitrarily assigned for both pair of enantiomers.

@ Fifty percent effective concentration of tested compounds on alkaline phos-
phatase activity in the human T47D breast carcinoma cell line.

b Fifty percent inhibitory concentration of tested compounds on 1 nM proges-
terone-induced alkaline phosphatase activity in the human T47D breast carcinoma
cell line. Values represent the average of at least duplicate determinations. The
standard deviation for the assays was typically +20% of the mean or less.

the pyrrole ring did not have any significant impact on either
potency or functional activity compared to their unsubstituted
analogs (e.g., 6,9, 11 vs 7, 10, 12) and all analogs (4-13) are
PR agonists. Surprisingly, substitution of an ethyl group (14)
for the methyl moiety (10) switched PR agonism to PR antago-
nism, but with reduced potency in the functional assay. Increas-
ing size from ethyl to propyl groups (15 and 16) maintained PR
antagonist activity with slightly reduced potency. 5,5-Diaryl ana-
logs 17-19 also showed good PR antagonist potency with an ICsq
ranging from 6.6 to 14.3 nM. A greater than 10-fold loss of po-
tency was observed when chlorine was added to the 5-aryl sub-
stituents (20, 21) suggesting a size limitation in this region of
the molecule (or an unfavorable electronic effect due to chlo-
rine). Methyl substitution at the 1-position amide nitrogen of
the benzoxazepinone (22-24) significantly decreased potency
but did not change the mode of PR functional activity.

The binding affinities of several potent analogs were deter-
mined at PR from human T47D breast carcinoma cell line cytosol
using [>H]-progesterone as the radio-labeled competitor. In gen-
eral, these compounds demonstrated good binding affinities to
PR. Consistent with their potency in the functional assay, the PR
agonists were more potent binders than the antagonists.

The impact of chirality at the 5-position on PR activity was
examined by chiral resolution of compounds 11 and 14. As illus-
trated in Table 2, both enantiomers retained the same functional
activity as their respective racemate. However, for PR agonist 11,
the eutomer (ECso = 0.5 nM) is two orders of magnitude more po-
tent than its distomer (ECso = 110.0 nM) suggesting a clear stereo-
chemical preference for PR agonism at the binding site. In contrast,
both enantiomers of antagonist 14 showed similar PR antagonist
potency indicating little impact of chirality on 14’s action at PR.

Compounds 12, 13, 17, and 18 were evaluated for their selectiv-
ity against other steroidal receptors by using a Gal4-DNA binding
domain (DBD)-hormone receptor ligand binding domain (LBD)
one-hybrid assay for each receptor (Table 3).!* When tested in
the agonist mode, these compounds did not show any significant
activity at estrogen (ER), androgen (AR), glucocorticoid (GR), and
mineralcorticoid (MR) receptors. When tested in the antagonist
mode, compounds 12 and 13 did not show any significant activity
at ER. Although 12 and 13 showed moderate antagonist potency at

Table 3

Antagonist cross-activities (ICso nM) of 2, 12, 13, 17, and 18

Compound PR? ERP ARP GR® MRP
2 0.2 5000 6.9 0.6 590

12 0.8¢ >10,000 325 127 440

13 0.4¢ >10,000 215 120 155

17 113 >10,000 775 >3000 2300
18 6.6 >10,000 740 >3000 2800

? Fifty percent inhibitory concentration of tested compounds on 1 nM proges-
terone-induced alkaline phosphatase activity in the human T47D breast carcinoma
cell line. Values represent the average of at least duplicate determinations. The
standard deviations for these assays were typically +20% of the mean or less.

b Experimental values represented the average of at least duplicate determina-
tions. The standard deviation for these assays was typically +30% of mean or less.
See Ref. 12 for details.

€ ECsp values.

AR, GR, and MR, they were still over 100-fold functionally selective
against these receptors.

For PR antagonists 17 and 18, no significant activity was ob-
served at ER and GR in contrast to the mifepristone (2) which
demonstrated equal potency at PR and GR. Against AR and GR,
both 17 and 18 showed better selectivity compared to that of
mifepristone.

In summary, we have examined a class of novel 7-(5’-cyanopyr-
rol-2-yl)benzoxazepinones as PR modulators. The SAR reveals that
the size of substituents at the 5-position has a profound impact on
the PR functional activity and potency. With an appropriate choice
of 5-substitution, both PR agonists and antagonists can be achieved
from the 7-(5'-cyanopyrrol-2-yl)benzoxazepinone scaffold. The
SAR effort has led to a number of potent PR agonists and antago-
nists with good to excellent selectivity against other steroidal
receptors.
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Anthranilic acid GW9371 was identified as a novel class of PPARS partial agonist through high-through-
put screening. The design and synthesis of SAR analogues is described. GSK1115 and GSK7227 show
potent partial agonism of the PPARS target genes CPT1a and PDK4 in skeletal muscle cells.
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The peroxisome proliferator activated receptors (PPARs) are
important members of the nuclear receptor superfamily. These
receptors are ligand activated transcription factors known to play
a key role in the catabolism and storage of dietary fats. Three
receptor subtypes, PPARa, PPARY, and PPARS, exhibiting distinct
tissue expressions have been identified, and represent attractive
therapeutic targets with promising clinical potential.! The fibrate
class of drugs including clofibrate, fenofibrate, and bezafibrate
are known PPARa activators that have been used for decades in
the clinic as hypolipodemic agents.2 PPARy agonists enhance insu-
lin sensitivity, and lower plasma glucose and fatty acid levels.? Ros-
iglitazone (Avandia) and pioglitazone (Actos) are PPARY agonists
currently used for the clinical treatment of type 2 diabetes. PPARS
remains the least understood PPAR subtype and currently no mar-
keted PPARS drugs exist. However, evidence implicating PPARS as a
key regulator of lipid homeostasis and glucose disposal is grow-
ing.* The PPARS agonist GW501516 has been shown to improve
insulin resistance and reduce plasma glucose in rodent models of
type 2 diabetes and correct the metabolic syndrome in obese pri-
mates.> Most notably, it has also been recently shown that
GW501516 reduces serum triglycerides and prevents the decrease
of HDL-c and apoA-1 levels in sedentary human volunteers.® These

* Corresponding author. Tel.: +1 919 483 9860; fax: +1 919 483 0430.
E-mail address: barry.g.shearer@gsk.com (B.G. Shearer).

0960-894X/$ - see front matter © 2008 Elsevier Ltd. All rights reserved.
doi:10.1016/j.bmcl.2008.08.011

positive results suggest that PPARS is a promising target for the no-
vel treatment of metabolic diseases.

The development of selective small molecule regulators of the
PPAR family has been instrumental in deciphering the biological
pathways regulated by these receptors. A number of PPAR agonists
have been described in the literature. The availability of PPARS spe-
cific compounds, however, is limited. Recently, a selective PPARS
partial agonist was reported to correct plasma lipid parameters
and improve insulin sensitivity in a high fat fed ApoB100/CETP-
Tgn mouse model, highlighting the therapeutic potential of PPARS
partial agonists as a novel treatment of dyslipidemia.” Additional
chemical tool compounds with a range of functional activity pro-
files are still needed to further elucidate the biological roles of
PPARS and provide new insights into potential therapeutic utilities.

We recently reported a novel selective PPARS antagonist ligand
for use as a research tool.® As part of our continuing efforts to iden-
tify additional PPARS tool compounds, we executed a high-
throughput screen of our compound collection. Anthranilic acid
GW9371 was identified as a chemically unique PPARS ligand.
Structurally, GW9371 resembles the anthranilic acid BVT.762
(Fig. 1) reported by Biovitrum as a PPARa/y partial agonist.>!°
GW9371, however, has a distinct PPARS selectivity profile.

The PPARS binding affinity and subtype selectivity was mea-
sured in an in vitro ligand displacement assay.'! GW9371 is a po-
tent and selective PPARS ligand (plICsg = 6.9) without appreciable
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GW9371 BVT.762

Figure 1. Structure of anthranilic acid-derived PPAR ligands.

affinity for either PPARa or PPARYy (pICsg’s <5). The functional
PPARS activity of GW9371 was assessed in a standard Gal4 chimera
cell-based reporter assay,'? and it was found to be a weak partial
agonist (pECsp=5.9,% max=61 compared to full agonist
GW501516).

Using GW9371 as a lead, we initiated an effort to develop a no-
vel series of PPARS partial agonists. Most PPAR agonists have an
acidic group and previous ligand bound crystal structures'® have
shown that the acidic group usually forms hydrogen bonds with
Tyr473 (in the AF2 helix), His323, and/or His449 (all residue num-
bers given in PPARY numbering). Partial agonists sometimes bind
differently, and BVT.762 binds to PPARY with its carboxylate direc-
ted away from the AF2 helix, forming a hydrogen bond instead
with the backbone NH of Ser342.1° In an effort to understand the
key receptor binding interactions of our anthranilic acid template
with PPARS, GW9371 was co-crystallized with the ligand binding
domain (LBD) of the hPPARS receptor. The crystal structure, solved
at 2.9 A resolution (R=21%, Ree =24%, PDB code 3DY6), shows
that the GW9371 anthranilate group binds similarly to BVT.762
between helix-3 and the B-sheet, with the carboxylate directed
away from the AF2 helix (Fig. 2). The carboxylate makes a possible
hydrogen bond with Thr288 (2.8 A 0-0 distance), and makes addi-
tional interactions with the side chains of Arg284 and Trp264, and
the backbone NH of Ala342 with O-H distances of4.2, 4.6 and 4.2 A,
respectively. Thr288 is conserved in PPARa but not in PPARY, while
Arg284 and Trp264 are unique to PPARS. All three of these side
chain interactions are different from those in the PPARY/BVT.762
structure, and tend to promote PPARS selectivity. The carboxylate
is further stabilized by an intramolecular hydrogen bond with
the ligand amide NH group, which serves to rigidify the core struc-
ture within the binding pocket. The sulfonamide adopts a confor-
mation that directs the tetrahydroisoquinoline group toward
Tyr473, His323 and His449 (heavy atom distances of 3.2, 4.1, and
3.4 A, respectively). With the acid binding site occupied by the
lipophilic tetrahydroisoquinoline group, Tyr473 shifts slightly to
make hydrogen bonds with His323 and His449. The X-ray struc-
ture reveals a small vacant lipophilic pocket below the anthranilic
acid headgroup with a second narrow lipophilic pocket available
near the tetrahydroisoquinoline region.

The structure of GW3971 bound within the PPARS LBD suggests
that the potency of this series could be improved by optimizing the
interactions within one or both of the vacant lipophilic pockets. In
addition, we surmised that appropriate structural modifications to
the tetrahydroisoquinoline fragment could be designed to interact
with the AF-2 helix and influence the activity profile. Using the
PPARS bound structure of GW9371 as a guide, we synthesized a
series of compounds to explore the SAR of this new class of PPARS
ligand. Our initial efforts focused on the anthranilic acid region.
The synthesis of these compounds is detailed in Scheme 1. The
coupling reaction of commercially available 3-(chlorosulfonyl)ben-
zoic acid with 1,2,3,4-tetrahydroiso-quinoline in acetone provided
sulfonamide 1. Refluxing intermediate 1 in thionyl chloride fol-
lowed by reaction of the crude acid chloride with substituted
anthranilic esters and saponification gave the final targets 2-9 in
good yields.

Figure 2. Crystal structure of GW9371 bound to the ligand binding domain of
PPARS, PDB code 3DY6. Carbon atoms in the ligand, PPARS, and the PPARS AF2 are
shown in green, light blue, and pink, respectively. Nitrogen, oxygen, and sulfur are
shown in dark blue, red, and yellow, respectively. The PPARS backbone is depicted
with a tube, colored pink for the AF2 helix.

a b, c,d
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Scheme 1. Reagents and conditions: (a) 1,2,3,4-tetrahydroisoquinoline, EtsN,
acetone; (b) thionyl chloride, reflux; (c) substituted methyl anthranilate, DIEA,
CHCl3, 45 °C; (d) NaOH, THF/H,0, 50 °C.

The ability of these compounds to bind to each of the PPAR sub-
types was measured in vitro in a ligand displacement assay.!
Functional PPARS activity was assessed in a standard cell-based
Gal4 chimera reporter assay.!2 These results are summarized in Ta-
ble 1. Data for PPARS agonist GW501516 (GW1516) are included
for comparison. Substitution of the anthranilic acid ring had signif-
icant effects upon potency. Placement of a substituent ortho to
either the carboxylic acid (2, R! = Me) or nitrogen (9, R* = Me) re-
sulted in inactive compounds. Based upon the PPARS bound struc-
ture of GW9371, placement of the methyl group ortho to the acid
as in compound 2 creates unfavorable steric interactions with
the receptor, most notably with the indole ring of Trp264 and to
a lesser extent with a side chain carbon of Arg284. Movement of
the receptor to relieve the unfavorable steric interaction between
the methyl substituent and Trp264 would weaken any hydrogen
bonding interaction between the acid group of compound 2 and
the indole NH group thereby reducing binding affinity. In the case
of compound 9, placement of a methyl group ortho to the amide
group does not appear to create detrimental steric interactions
with any receptor residues. However, significant steric interaction
between the methyl substituent and the adjacent amide oxygen
could force the amide considerably out of the plane of the anthra-
nilic acid ring. Ultimately, this would disrupt the intramolecular
hydrogen bond between the amide NH and adjacent carboxylic
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Table 1
Human PPAR binding and functional potency of substituted anthranilic acids®

Compound R' R*> R® R* hPPAR binding pICs;®  hPPARS reporter

o b ) PECso % Max

GW1516 - — - = 5.7 5.2 8.3 8.5 98
GW9371 H H H H <5 5.1 6.9 5.9 61
2 Me H H H <5 <5 <5 <5 =

3 H Me H H 5.0 5.3 79 6.7 51
4 H Cl H H 53 5.4 8.1 6.9 53
5 H Br H H 5.4 5.6 8.1 6.7 48
6 H E H H 5.2 5.2 7.6 6.3 50
7 H CF; H H 5.8 5.5 8.3 6.8 55
8 H H Br H 53 54 8.3 6.8 51
9 H H H Me <5 <5 <5 <5 =

@ Values had a standard deviation of <10% (n > 3).

acid and twist the phenyl rings away from the shape that fits with-
in the binding pocket.

Substitution of the anthranilic acid with small substituents
meta or para to the carboxylic acid led to a significant increase in
PPARS binding affinity as predicted by the ligand bound crystal
structure of GW9371. All of these compounds were at least 10-fold
more potent than GW9371, with compounds 7 and 8 exhibiting
binding affinities equipotent to the full agonist GW501516
(pICsp = 8.3). All of the compounds in this series are functional par-
tial agonists in the reporter assay with measured efficacies less
than 55% versus GW501516 at saturation. The functional potencies
of these compounds are approximately 10-fold weaker than their
corresponding binding affinities. This trend is similar to the result
observed with GW9371. The potency differences observed be-
tween the binding and cell-based functional assay may be due to
various factors. For example, the cell penetration properties of a
compound can influence cell-based assay results. In addition, PPAR
activity is known to be influenced by a number of factors other
than ligand binding including the presence of coactivator and core-
pressor proteins, which are absent in the binding assay.'*

We next investigated the tetrahydroisoquinoline region of the
series. Based upon the crystal structure of GW3971 bound to the
PPARS ligand binding domain, this region of the molecule binds
in the vicinity of the AF-2 helix and the incorporation of additional
substituents could potentially enhance binding and induce confor-
mational changes that influence functional activity. A limited num-
ber of compounds were synthesized according to Scheme 2.
Intermediate 10 was prepared in modest yield (58%) by heating

(0] Cl
Y©\/,S:
o O
a N\H b, c
—_— —_—

cl _Cl

>s7 cl COo,Me

20

O O

o
10

11-18

Scheme 2. Reagents and conditions: (a) methyl 5-chloro anthranilate, toluene,
100 °C; (b) substituted 1,2,3,4-tetrahydroisoquinoline, DIEA, CHCls, rt; (c) NaOH,
THF/H,0.

3-(chlorosulfonyl)benzoyl chloride and methyl 5-chloro anthrani-
liate in toluene. Reaction of intermediate 10 with various substi-
tuted tetrahydroisoquinolines followed by saponification readily
provided the desired final targets.

The binding potency and PPARS functional activity of these
substituted tetrahydroisoquinoline analogues is summarized in Ta-
ble 2. Substitution of the aromatic tetrahydroisoquinoline ring pro-
duced analogues with binding affinities and functional activity
profiles similar to the unsubstituted analogue 4. The placement
of a hydroxy or carboxylic acid group at R! in an attempt to interact
with the AF-2 helix maintained binding affinity, but failed to im-
prove functional potency as evidenced by compounds 12 and 13.
The alkoxyacetic acid analogue 14 extends the carboxylic acid
group further from the tetrahydroisoquinoline ring. This modifica-
tion resulted in little effect on binding potency. However, no func-
tional activity was observed with this analogue. The lack of cell-
based activity may be due to poor cell penetration stemming from
the physical properties of a diacid compound. Alternatively, this
modification may have shifted the analogues efficacy below the
sensitivity of the functional assay (~20%).

The failure to improve functional activity through structural
modifications of the tetrahydroisoquinoline group may be influ-
enced by the conformational flexibility of the tetrahydroisoquino-
line ring system. Adding rigidity to this region of the molecule
could provide conformations that lead to increased ligand-receptor
interactions and enhance functional potency. In an effort to explore
this hypothesis, we replaced the tetrahydroisoquinoline ring with
substituted indoles to reduce conformational flexibility.

Our indole sulfonamide analogues were prepared according to
the synthetic route described in Scheme 3. An appropriately substi-
tuted anthranilic ester was converted to sulfonyl chloride interme-
diate 19 as described for intermediate 10 in Scheme 2. Reaction of
sulfonyl chloride 19 with substituted indoles using cesium carbon-
ate in refluxing THF provided the desired sulfonamide intermedi-
ates. Alternatively, using BEMP in CHsCN at room temperature
provided milder and more efficient reaction conditions for the syn-
thesis of the sulfonamide intermediates.!® Finally, saponification
with aqueous LiOH in THF at 50 °C provided the final targets 20-
36. Yields for the saponification reaction varied and were often
low due to cleavage of the sulfonamide. We found that the methyl

Table 2
Human PPAR binding and functional potency of substituted tetrahydroisoquinoline

analogues®
R
OY©\’S/N R’
: :N\H o o° R
Cl CO,H

2

Compound R! R? R® R* hPPAR binding hPPARS
pICso® reporter
o Y ) PECso % Max
GW1516 — — - = 5.7 5.2 8.3 8.5 98
4 H H H H 53 54 81 6.9 53
11 OMe H H H 5.1 5.3 7.9 5.9 63
12 OH H H H <5 53 7.7 5.7 45
13 COH H H H 5.4 5.1 8.4 5.9 37
14 OCH,CO,H H H H 5.3 5.1 8.0 <5 —
15 H OMe H H 5.0 5.2 8.0 6.1 48
16 H H F H 5.2 5.5 7.8 6.0 50
17 H H Cl H 5.1 54 7.6 6.1 42
18 H H Cl Me 5.0 5.3 7.8 6.5 54

@ Values had a standard deviation of <10% (n > 3).
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20-36

Scheme 3. Reagents and conditions: (a) substituted 5-chloro anthranilate, toluene,
100 °C; (b) substituted indole, Cs,COs, THF, 80 °C or BEMP, CHsCN, rt; (c) NaOH,
THF/H,0, 50 °C or Lil, pyridine, 120 °C, microwave, 10 min.

ester compounds could be readily converted to the desired carbox-
ylic acid analogues in excellent yields using Lil in pyridine'® with
heating in a microwave at 120 °C for 10 min.

The ability of the indole sulfonamide analogues to bind and
functionally activate hPPARS in cells is summarized in Table 3.
All compounds exhibited potent and selective affinity for PPARS
with the significant majority exhibiting pICso values >7.3. Unlike
the tetrahydroisoquinoline analogues, these compounds generally
possess functional potencies in the cell-based assay consistent
with their binding affinities. Substitution of the indole ring had
small effects on the PPARS binding affinity but did influence func-
tional potency and efficacy. For example, monosubstitution of the
indole ring at the C4 position (R') gave analogues with slightly
higher efficacies in the cell-based assay as evidenced by com-
pounds 20-22 and 33. Substitution at the C5 position (R?) is also
well tolerated with functional efficacies slightly lower than the

Table 3
Human PPAR binding and functional potency of substituted indole sulfonamide
analogues®

Compound X  R! R? R? R* hPPAR binding hPPARS
pICso® reporter
o b S PECsp % Max
20 Me Me H H H 6.0 57 82 77 42
21 Me Br H H H 59 59 80 79 45
22 Me OMe H H H 59 58 80 74 44
23 Me H Me H H 60 56 80 75 34
24 Me H Cl H H 57 58 7.7 73 27
25 Me H OMe H H 51 5.0 6.8 63 31
26 Me H H Me H 56 56 80 73 37
27 Me H H Cl H 55 57 72 6.7 33
28 Me H H OMe H 54 51 75 70 35
29 Me H H H Me 58 6.0 84 7.1 47
30 Me H H H Cl 55 6.1 7.8 638 45
31 Me H H H OMe <5 53 73 62 37
32 Me Me OMe H H 55 55 7.7 79 33
33 Cl OMe H H H 6.1 57 82 638 49
34 Cl H OMe H H 55 54 79 638 29
35 Cl H H OMe H 58 56 79 70 32
36 Cl Me OMe H H 55 55 7.8 738 35

? Values had a standard deviation of <10% (n > 3).
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Figure 3. Expression of PPARS target genes CPT1a and PDKA4.

C4 substituted analogues. The placement of substituents at either
C6 or C7 of the indole ring as exemplified by analogues 26-31
did not significantly affect binding potency. However, the place-
ment of substituents at C7 (R*) produced compounds with appre-
ciably lower functional potencies relative to binding affinity. This
may be the result of reduced interactions of the indole ring with
the AF-2 helix arising from conformational changes of the ligand
induced by unfavorable steric interactions between the R* substit-
uents and the sulfonamide group. For the indole series, the C7
substituted analogues possess the greatest potency differential be-
tween binding and cell-based receptor activation. The disubsti-
tuted analogues 32 (GSK7227) and 36 (GSK1115) represent the
most potent and selective compounds in this series with pECsg val-
ues of 7.9 (% max =33) and 7.8 (% max = 35), respectively.

GSK7227 and GSK1115 were studied for their effects on the
expression of two important PPARS-regulated genes in human
skeletal muscle cells as previously described.® The target gene
CPT1a is a key regulator of fatty acid B-oxidation in skeletal muscle
cells.!” PDK4 plays a key role in skeletal muscle metabolism by
contributing to the regulation of glucose metabolism.'® GW0742
is a full PPARS agonist that robustly induces the target genes CPT1a
and PDK4 (Fig 3). Both anthranilic acid analogues GSK7227 and
GSK1115 induce these same target genes, but with reduced effi-
cacy compared to the full agonist. All of the compounds were
exceptionally potent, yielding maximal activity at the 10 nM dose.
Thus, these two new PPARS ligands act as potent partial agonists
on endogenous PPARS target gene expression consistent with their
profiles in the cell-based reporter assay.

In this disclosure, we have described the identification of a no-
vel class of PPARS ligand. Compounds with potent and selective
partial PPARS transcriptional activity in a cell-based reporter assay
have been detailed. Two compounds, GSK1115 and GSK7227, have
been shown to affect partial induction of key PPARS-regulated tar-
get genes in skeletal muscle cells and represent useful tool com-
pounds for the further elucidation of PPARS biology.
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We report the structure-based design and synthesis of a novel series of aza-benzimidazoles as PHD2
inhibitors. These efforts resulted in compound 22, which displayed highly potent inhibition of PHD2 func-

© 2008 Elsevier Ltd. All rights reserved.

Higher eukaryotes have developed sophisticated mechanisms
to enhance uptake and distribution of oxygen in response to hy-
poxia (below normal cellular pO;). A central component of this
process is oxygen-regulated gene activation mediated by hypoxia
inducible transcription factor (HIF).! HIF is a heterodimer com-
posed of HIF-ae and HIF-B subunits. Three separate genes encoding
for the HIF-a subunit (HIF-1a, -2a, and -3at) have been discovered
in mammalian cells but only HIF-1oe and -20 contain the DNA
binding domains essential for transcriptional activity. While HIF-
o and HIF-B are constitutively expressed genes, only HIF-a protein
levels are regulated by changes in cellular oxygen tension. Under
hypoxic conditions, HIF-1a protein is relatively stable, enabling
dimerization with HIF-B and subsequent transcription of genes
that contain the hypoxia-responsive element (HRE). These genes
encode proteins important for erythropoiesis and angiogenesis,
as well as various glycolytic enzymes. Together, the regulated
expression of these proteins represents a systemic response to re-
duced oxygen availability.

Interestingly, during normoxia HIF-o protein is continually syn-
thesized and then degraded — a seemingly wasteful process, but
one which allows this important regulator to be readily available

* Corresponding author. Tel.: +1 805 447 2761, +1 805 551 4632; fax: +1 805 480
1337, +1 805 498 0882.
E-mail address: mfrohn@amgen.com (M. Frohn).

0960-894X/$ - see front matter © 2008 Elsevier Ltd. All rights reserved.
doi:10.1016/j.bmcl.2008.08.012

to respond to changing oxygen levels. HIF prolyl hydroxylases
(PHD-1, -2, and -3) are part of a superfamily of non-heme, Fe(II),
and 2-oxoglutarate dependent dioxygenases. The PHD enzymes
are exquisite oxygen sensors that are responsible for HIF-a stabil-
ity via O,-dependent proline hydroxylation. HIF-1a, for instance,
becomes hydroxylated on prolines 402 and 564 under normoxia,
creating recognition sites for the Von Hippel-Lindau protein com-
plex, which then targets HIF-a for poly-ubiquitination and subse-
quent proteosomal degradation. As hypoxia ensues, PHD
enzymes lack adequate O, for catalysis, and HIF-a proline hydrox-
ylation is impaired.

Since HIF stabilization under hypoxia results in expression of
genes with possible therapeutic utility, HIF-1a stabilization during
normoxia offers an attractive strategy for the treatment of anemia
and ischemic diseases.? We recently became interested in achiev-
ing this goal through the small-molecule inhibition of PHD2, the
most broadly expressed isoform and the one most clearly associ-
ated with a role in erythropoiesis.> The present discussion de-
scribes one effort toward rational design of PHD2 inhibitors
using a structure-guided approach.

The X-ray crystal structure of isoquinoline 1 bound to PHD2 has
recently been reported, which provided the starting point for struc-
ture-based design efforts.* A schematic representation of critical
polar interactions between inhibitor and PHD2 active site residues
is shown in Figure 1. The salt bridge between the carboxylate moi-
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Figure 1. Polar interactions between 1 and PHD2. General structure of designed
aza-benzimidazole scaffold.
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Figure 2. Optimized binding modes of 14 in the active site of PHD2. Fe(II) is shown
in pink.
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ety of 1 and the guanidino side chain of Arg383, as well as Fe(II)
coordination through the isoquinoline nitrogen and amide car-
bonyl functionalities, appears to be crucial for binding. In addition,
Tyr303 serves as an H-bond donor to the isoquinoline hydroxyl.®
The aza-benzimidazole scaffold was designed with the goal of
discovering structurally diverse PHD2 inhibitors (general structure
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A, Fig. 1). This structure retains the carboxyl group and Fe(II) bind-
ing element of 1, but replaces the hydroxyl with an imidazole
nitrogen. Alkyl substitution(s) at the indicated positions would
provide access to hydrophobic areas within the active site. To sup-
port the design computationally, a minimally substituted aza-
benzimidazole (R' = R?=R3=H, 14) was optimized by molecular
mechanics. Overlay of the optimized ground state conformation
of this structure with the binding conformation of 1 (as observed
in the co-crystal structure), followed by docking of the structure
into the active site of PHD2 crystal structure and energetic evalua-
tion showed the potential of this new chemotype.

Importantly, a more detailed molecular modeling analysis of
this compound revealed the possibility of two distinct binding
modes, each possessing a different orientation of the bicyclic sys-
tem relative to the amide carbonyl (Fig. 2). The accessibility of
the two binding modes appears to be motivated by Fe(Il) coordina-
tion, with each mode employing a different ring nitrogen for this
function. The structure in Figure 2(a) relies on an imidazole nitro-
gen, while that in Figure 2(b) coordinates through the pyridine
nitrogen similar to isoquinoline 1. Quantum mechanical calcula-
tions with the template N-methyl-1H-imidazo[4,5-c|pyridine-4-
carboxamide showed that the minima corresponding to the two
modes are energetically very close, with a mild preference
(~0.6 kcal) in the gas phase for the conformation shown in Figure
2(a). This energy difference is consistent with molecular mechanics
calculations. With this information in hand, a structure-activity
relationship (SAR) study was initiated.

Compounds for this study were prepared according to Schemes
1-5. The aza-benzimidazole core was typically constructed by a
three-step sequence beginning with 4-chloro-3-nitropyridine 2.
SNAr displacement of the chloride with the requisite amine,®
reduction of the nitro group, and cyclization by heating in the pres-
ence of a carboxylic acid resulted in the bicyclic core structure
(general structure I, Scheme 1). Synthesis of the C-4 side chain be-
gan with the regioselective installation of a nitrile group (general
structure IIl), which proceeded by formation of the pyridine
N-oxide followed by a modified Reissert-Henze reaction.” None
of the regioisomeric nitrile was isolated from these reactions.®

R? R?

Y=

14-20

Scheme 1. Synthesis of compounds 14-20. Reagents and conditions: (a) R'NH,, concd HCl, H,0, 2-methoxyethanol, reflux or R'NH,, EtOH, rt, 72-99%. (b) Pd-C, H,, MeOH,
95-99%. (c) R>CO,H, 80-120 °C, 78-96%. (d) m-CPBA, CH,Cl,, rt, 56-89%. (e) N,N-dimethylcarbamoyl chloride,_TMSCN, CH,Cly, rt, 63-91%. (f) concd HCI or 60% H,SO4:dioxane
(1:1,v/v), 80-95 °C, 23-95%. (g) H,NCH,CO,Et-HCl, H,NCH,CO,Bn-HCl, or H,NCH,CO,'Bu-HCl, HBTU, NEt; or ('Pr),NEt, DMF, rt, 47-89%. (h) NaOH (aq), THF or Pd-C, H,, MeOH

or TFA, 9-63%.
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Scheme 2. Synthesis of 21, 22. Reagents and conditions: (a) m-CPBA, CHyCl,, rt, 50%. (b) POCl3, 100 °C, 95%. (c) 60% aq H>SO4: dioxane (1:1, v/v), 90 °C, 40%. (d)
H,NCH,CO0,'Bu-HCl, 49% or H,NCH,CO,Bn-HCl, HBTU, (‘Pr),NEt, DMF, rt, 74% (e) TFA, rt, 66%. (f) phenylboronic acid, Pd(‘Bu,PhP),Cl,, KOAc, EtOH, 90 °C. (g) NaOH (aq), THF, rt,

6% for 2 steps.
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Scheme 3. Synthesis of 23. Reagents and conditions: (a) aniline, CH,Cl,, rt, 48%. (b)
Pd (black), H» (1atm), EtOH, rt, 61%. (c) HC(OEt);, p-TSA, 70°C, 79%. (d)
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NH, <N
O2N come _@® HN\i _CO,Me
9
10 \(c)
/=N O /=N
N OH (), (@), (h QN CO,Me
Oy iy e
24 1

Scheme 4. Synthesis of 24. Reagents and conditions: (a) Pd-C, H, MeOH, 97%. (b)
HC(OEt)s, p-TSA, reflux, 89%. (c) Phenylboronic acid, Cu(OAc),, NEts, CH,Cly, rt, 13%.
(d) KOH (aq), 60 °C, 64%. (e) H,NCH,CO,Et-HCl, HBTU, (‘Pr),NEt, DMF, rt, 44%. (f)
NaOH (aq), THF, rt, 32%.
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Scheme 5. Synthesis of 25. Reagents and conditions: (a) PdCl,dppp, CO (25 psi),
NEt;, DMF/MeOH (2:1, v/v_), 100°C, 31%. (b) NaOH (aq), dioxane, rt, 50%. (c)
H,NCH,CO,Bu-HCl, HBTU, (‘Pr),NEt, DMF, rt, 46%. (d) TFA, rt, 65%.

Nitrile hydrolysis under acidic conditions, amide coupling with a
protected amino acid, and liberation of the carboxylic acid (reac-
tion conditions dependent upon identity of the ester) completed
the synthesis of compounds 14-20.°

Analogs carrying substituents at R (21 and 22) were constructed
in a similar fashion (Scheme 2). Beginning with nitrile 3 (prepared
using Scheme 1), a chloride was introduced regioselectively by pyr-
idine N-oxidation and subsequent treatment with POCl3 to give 4.
Selective hydrolysis of the nitrile was accomplished by treatment
with H,SO4 (aq) in dioxane at 90 °C; the chloride proved stable to
these conditions. Amide coupling with a protected amino acid pro-
vided an intermediate ester (5a or 5b) that was either converted di-
rectly to the corresponding acid (R = tert-butyl) to give 21, or was
arylated via Suzuki cross coupling followed by ester saponification
(R=Bn) to give 22. Purine 23 was constructed from ethyl 2,6-di-
chloro-5-nitropyrimidine-4-carboxylate (6). Chemoselective dis-
placement of the C-6 chloride with aniline followed by tandem
nitro reduction/chloride removal using heterogeneous hydrogena-
tion conditions (palladium black) resulted in pyrimidine 8. Forma-
tion of the imidazole ring with subsequent side chain elaboration
as detailed above finished the synthesis (Scheme 3).

Benzimidazole 24 was prepared by a slightly different strategy.
First, the N-H benzimidazole 10 was assembled from methyl 2-

amino-3-nitrobenzoate (9) using standard chemistry. N-arylation
under the influence of Cu(OAc), with phenylboronic acid gave a
mixture of regioisomeric products, of which 11 was isolated as
the major component.!® Elongation of the C-4 side chain provided
24 (Scheme 4). Lastly, thieno-pyridine 25 was synthesized from
commercially available chloride 12 by palladium-catalyzed car-
bonylation and side chain construction (Scheme 5).

Analogs were evaluated for inhibitory potency in our PHD2 en-
zyme assay, which detects proline hydroxylation of a HIF-1a pep-
tide (Table 1).!! Encouragingly, the initially modeled aza-
benzimidazole 14 (R! = R? = R® = H) proved to have similar potency
to isoquinoline 1 (PHD2 ICsq of 1 =1.40 uM; 14 = 2.82 uM). Since
the presumed critical polar elements were already present in this
molecule, subsequent analogs were designed to increase potency
via addition of lipophilic substituents at R!, R?, and R>.

SAR studies began with a brief scan of substituents at R!.
Replacing the N-H of 14 with N-CHs in 15 immediately led to an
improvement in potency (ICso=0.57 uM). Unfortunately, signifi-
cantly increasing the size of this group further (16-18) did not lead
to additional improvements in activity. Ultimately, phenyl-substi-
tuted analog 16 (ICsq = 0.29 uM) was chosen as the optimal group
for subsequent investigation.

The effects of substitutions at R?> were investigated next.
Improvements in potency via modifications at this position proved
difficult. For example, the most active analog prepared in this ser-
ies, CHz-substituted compound 19, was roughly equipotent to 16

Table 1
PHD2 inhibition by aza-benzimidazole analogs 14-22

R2
=N o

R-N OH
A N
| N

_N o

R3
Compound R R? R3 PHD2? (ICsq, uM)
14 H H H 2.82+0.08
15 CH; H H 0.57 +0.05
16 Ph H H 0.29+0.19
17 Bn H H 0.32+0.13
18 4-BrPh H H 0.33+0.11
19 Ph CH; H 0.40  0.04
20 Ph CF;3 H 5.54 +0.95
21 Ph H cl 0.066 + 0.004
22 Ph H Ph 0.003 +0.001

ICs0 values are the average of at least 4 separate experiments.

Figure 3. Optimized binding mode of 22 in the active site of PHD2. Fe(II) is shown
in pink.
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Figure 4. PHD2 inhibition of core-modified analogs 23-25.

(ICs = 0.40 uM). Incorporating a CF; group led to significant loss in
activity (20, ICsg = 5.54 uM). This can be rationalized by either ste-
ric conflicts of this larger substituent with the protein or a weak-
ened ability to engage Fe(Ill) or Tyr303 due to electron
withdrawal from the imidazole nitrogen(s).

In contrast to R%, modification of R> proved to be beneficial for
potency. Chloro-substituted analog 21 (R'=Ph, R>=H, R®*=Cl)
showed a fourfold increase in potency vs 16 (ICso = 0.066 uM), pro-
viding motivation to continue the SAR study. Gratifyingly, it was
found that highly potent PHD2 inhibitors could be obtained with
aryl substitution. Phenyl-substituted analog 22 proved to be the
most active compound prepared in the series (ICso = 0.003 pM).

Molecular modeling studies of diphenyl-substituted analog 22
suggest that in contrast to 14, only a single preferred binding con-
formation is accessible. Coordination of Fe(II) is achieved through
the imidazole nitrogen, which allows relatively strong van der
Waals and hydrophobic contacts with 1le256, Met299, Tyr303,
and Asp254 (Fig. 3). The alternative binding mode results in strong
steric repulsions between the R? phenyl and His313 in this model.

Various alternative core analogs that have weak (or missing)
interactions with Fe(Il) or Tyr303 were also prepared, and three
of these are shown in Figure 4. All analogs lose substantial activity
when compared with their aza-benzimidazole counterpart.

Molecular modeling studies. The co-crystal structure of HIF-PHD2
with an isoquinoline inhibitor 1 was used as the starting point for
molecular mechanics and dynamics calculations. For docking aza-
benzimidazole 14 and analogs, the X-ray structure was used as
the template. FLAME!? was used to generate alignment-based
models of 14 starting from the two different conformations corre-
sponding to the minima of the lead. These were obtained by ab ini-
tio quantum mechanical calculations, performed for each
conformer at B3LYP/6-31G" level, as implemented in Gaussian98
program. Thus, two sets of alignments were obtained, with up to
ten different conformations in each set. These were used as the
starting points for docking and binding energy assessment using
molecular mechanics and dynamics,'® in conjunction with the AM-
BER forcefield'* for the protein and GAFF forcefield!® for the li-
gands. Binding affinity calculations were performed using a
previously described procedure that treats the protein as flexible.
All the protein residues within the first shell (<6 A of any atom)
of the docked ligand were allowed to be flexible. These include
Asp254, Lys255, 11e256, Trp258, Met299, Ala301, Tyr303, Tyr310,
1le327, Tyr329, Leu343, Val376, Arg383, and Trp389 residues. Crys-
tallographic waters were included in the simulations. A mild re-
straint was placed on the ligand. Top ranking poses were
compared visually and energetically.

In summary, the structure-based design and synthesis of a ser-
ies of aza-benzimidazoles as PHD2 inhibitors is presented. These
efforts resulted in compound 22, which displayed highly potent
inhibition of PHD2 function (ICso = 0.003 uM). In addition, we have

gained considerable insight into the structural requirements for
efficient PHD2 inhibition.
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The design, synthesis, and structure-activity studies of a novel series of BK B; receptor antagonists based
on a 1-benzylbenzimidazole chemotype are described. A number of compounds, for example, 38g, with
excellent affinity for the cynomolgus macaque and rat bradykinin B; receptor were discovered.

© 2008 Elsevier Ltd. All rights reserved.

The kinins, bradykinin (BK) and kallidin (KD) and their metabo-
lites [des-Arg®]bradykinin (DABK) and [des-Arg!°]kallidin (DAKD)
provoke a number of acute and chronic inflammatory pathways
resulting in pain, edema and vasodilation.! These effects are med-
iated by the G-protein coupled receptors BK B; and B,.2 The BK B,
receptor is constitutively expressed, whereas the BK B; receptor
expression in peripheral tissues is induced following injury.® Re-
cent studies in mice however, suggest that the BK B; receptor is
constitutively expressed in the central nervous system, suggesting
a potential central role for this receptor as well.* BK B; receptor
null mice exhibit decreased inflammatory response and hyperalge-
sia supporting the hypothesis that BK B; receptor antagonists will
be effective anti-inflammatory analgesic drugs. A number of selec-
tive, non-peptide, potent BK B, receptor antagonists have been de-
scribed.®> Early disclosures were dominated by relatively high
molecular weight aryl sulfonamides including the extensively
studied SSR240612° and NVP-SAA164.7 Recently, a number of
non-sulfonamide templates have emerged including the pyrazole
1,2 cyclopropane-carboxamide 2° and the benzodiazepine 3'%%
(Fig. 1). The biaryl 2 exhibited a large difference between its re-
ported human and rat affinity whereas the benzodiazepine 3 dis-
played similar potency at both human and rat receptors.
Planning to study the in vivo efficacy of the compounds prepared
in the present study in rodent models of pain, the benzodiazepine
3 appeared to be an excellent starting point in this regard,

* Corresponding author. Tel.: +1 2034888201.
E-mail address: kjhodgetts@aol.com (K. ]. Hodgetts).
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rBK; not reported

3 hBK, Ki=0.59 nM
rBK; Ki = 0.92 nM

Figure 1. Structures of non-sulfonamide BK B; receptor antagonists.

although, the molecular weight of 3 was high (My =601) and the
oral bioavailability'° in rodent was low (F < 4%).'°® We considered
that replacement of the phenethylbenzodiazepine moiety of 3 by a
lower molecular weight surrogate could lead to compounds potent
at both human and rat BK B; receptors and with improved oral
bioavailability.
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The benzimidazole core has been considered to be a privileged
structure, being found in compounds that modulate a number of
GPCRs and ligand-gated ion channels and in marketed drugs such
as omeprazole."' We considered that the benzodiazepine core 4
could be replaced by a suitably substituted benzimidazole-2-car-
boxamide, for example, 5 (Fig. 2) and that exploration of the cen-
tral linker and the basic tail (R) could lead to a novel series of BK
B, receptor antagonists. Our endeavors in this regard are reported
herein.

Potential alignments of low-energy conformers of the BK B,
receptor antagonist 4 and the proposed new template 5 were first
examined to better understand the relative dispositions of the
pharmacophores of the two templates. The analyses were per-
formed using the GASP algorithm.!? The results were encouraging
and revealed that there was significant, although by no means per-
fect, overlap between 4 and 5 with respect to several of the pre-
sumed key pharmacophore features over the entire surface of the
two templates (Fig. 3). In particular, the pyridylpiperazine moiety
at one end overlapped well. At the opposite end, the aromatic ring
of the benzyl substituent of 5 matched with the aryl ring of the
benzodiazepine, both in the location of the ring centroids and rel-
ative orientation of the m-planes. In the middle portion of the mol-
ecule, the imine nitrogen of benzimidazole overlapped with that of
the benzodiazepine, while the oxygen of the carboxamide had
good correspondence with that of the urea. Although the two sets
of hydrogen bond acceptors are slightly displaced from each other,
the lone pairs point in similar directions. Consequently, template 5
appeared to be a promising mimic of 4 in its ability to interact with
the BK B, receptor.

The compounds described in the study were synthesized from
the readily available 1-benzyl-benzimidazol-2-carboxylic acid
(6)'3 as exemplified by the synthesis of the final compounds 7
and 9 (Scheme 1). 2-Chloro-1,3-dimethylimidazolinium chloride
(DMC)' coupling of the acid 6 with commercially available 4-pyr-
idylpiperazine directly gave the amide 7. Alternatively, DMC or
benzotriazolyloxytris(dimethylamino) phosphonium hexafluoro-
phosphate (BOP) mediated coupling of the acid 6 with glycine ethyl
ester followed by saponification with aqueous sodium hydroxide
gave the acid 8. A second amide coupling reaction with 4-pyridyl-
piperazine gave the target amide 9 in good overall yield. Following

Ph

benzodiazepine

benzimidazole

Figure 3. Common pharmacophore features in aligned low energy conformations
of benzodiazepine and benzimidazole cores. Shared hydrogen bond acceptors are
shown in red, centroids of aromatic rings in purple, and hydrophobic units in gray.

(0]
Nj)‘\ _____ Nj)‘\ OH
'~ OH i, iii N N/\n/
N N (0]

d\fLNON N @“ﬁ(uﬁr“d

Ph | ~N
7 Ph

Scheme 1. Reagents and conditions: (i) DMC, DIEA, 4-pyridylpiperazine, MeCN
(96%); (ii) DMC, DIEA, NH>CH,CO,Et, MeCN (87%); (iii) NaOH, MeOH (95%).

analogous sequences to those outlined in Scheme 1, but using
alternate amino esters as the linkers and the appropriate terminal
amine moiety, the compounds described in Tables 1-3 were pre-
pared. BK B receptor antagonist potency was determined using
cynomolgus macaque BK B; receptor-expressing CHO cells and a
fluorescent imaging plate reader (FLIPR) to measure intracellular
Ca?* transients. Inhibition of 0.1 nM (approximate ECs, concentra-
tion) DAKD-induced fluorescence was measured at multiple com-
pound concentrations to determine a functional ICso at the BK B4
receptor. Compound potency at the rat BK B, receptor was deter-
mined in an analogous manner. A number of analogues made dur-
ing the study were also evaluated as potential substrates for the
xenobiotic efflux pump P-glycoprotein (P-gp), this was important
because a Pgp substrate may limit access to central nervous system
BK B1 receptors which may be critical for analgesic activity.* The P-
gp efflux ratio was assessed by calculating the ratio of the apparent
permeability (P,pp) in the basolateral to apical direction versus P,pp,
in the apical to basolateral direction across a monolayer of MDR1
transfected MDCK cells.!”

Given the basic character of the endogenous B; receptor ligands
DABK and DAKD, and that of a number of reported small molecule
BK B, ligands, we initially chose to keep the terminal amine region
of the targets as 4-pyridylpiperazine, 1-(1-methyl-4-piperidin-4-
yl)piperazine or N-methylbenzylimidazoline and varied the nature
of the linker between this group and the benzimidazole. Direct
attachment of 4-pyridylpiperazine or 1-(1-methyl-4-piperidin-4-
yl)piperazine to the 2-carboxylbenzimidazole gave analogues 7
and 10, which were inactive but the imidazoline analogue 11
was the first active compound in the series, albeit in the low micro-
molar range. Attachment of the amines to the benzimidazole via a
glycine linker, however, gave compounds with sub micromolar
activity (9, ICsp=310nM and 12, ICso = 686 nM) and in the case
of the imidazoline 13 potency under 10 nM. To capitalize upon this
promising activity, the effects of substitutions to the glycine linker
were examined (compounds 14-24). C-alkylation brought about a
loss in activity, for example, 14 and 15 and N-methylation resulted
in a loss in activity for the 4-pyridyl analogue 16 but a boost in
activity for the 4-methylpiperidine analogue 17 relative to their
parent analogues 9 and 12. The N-ethyl and N-propyl analogues,
however, were considerably more active, in particular the 4-meth-
ylpiperidine analogues 19 and 22 (ICso =16 and 18 nM, respec-
tively), while the imidazoline 20 was as active as its un-alkylated
parent (ICsg=6 nM). Branching of the alkyl chain, for example,
23 and 24 resulted in a significant reduction in potency. Increasing
the length of the linker (e.g., B-alanine analogues 25 and 26) ren-
dered compounds of similar activity to their glycine counterparts,
whereas imidazoline 27 was an order of magnitude weaker. Con-





Table 1
Effects of the linker (X) and the amine tail (R) on ¢cBK B; receptor potency
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Table 2
Imidazoline bioisosteres

Ne N/\"/N
O

37a-l
Compound R cBK B; Compound R cBK B;
ICso, NM? ICso, NM?
o} 7 |
37a >5000 37g 407
X
)LNHz "
x Y
37b - >5000 37h /]\ 330
N N
‘ N
37c CN >5000 37i O 196
\/
37d ’\/13 14 37j /II}I\/X 1167
N
‘ S
N-Q Y
37e /‘/\ />\ 718 37k N 2130
N H
- NN
37f N 626 371 | N >5000
o /l\”

2 ICso values are means of at least two determinations.

straint of the linker into a cyclic system (compounds 28-34) gave a
large decrease in activity and the importance of the 2-carbonyl was
underscored by the lack of activity observed for the 2-methylene
analogues 35 and 36. A number of the compounds were further
characterized. The pyridine 9 was evaluated at the rat receptor
and encouragingly was found to be of similar potency (rBK;
[Cs0=417 nM) as at the cynomolgus macaque receptor. The 4-
methylpiperidine 19 was also of similar potency at the rat receptor
(rBK; ICso=15nM) as at the cynomolgus macaque receptor. De-
spite a relatively high molecular weight (My =502), compound
19 had excellent aqueous solubility (120 pg/mL at pH 7.4) and
was also found to be stable in rat liver microsomes.'® The pharma-
cokinetic properties of 19 were examined in rodents (10 mpk PO,
0.5% MC/0.1% TA) but poor oral exposure (F<5%) was observed.
In addition, compound 19 demonstrated both poor permeability
[Papp = 0.6 (10-% cm/s)] and a potential P-gp liability (BA/AB = 55).
The imidazolines 13 and 20 were also evaluated at the rat receptor,
and in contrast to the 4-pyridine and 4-methylpiperidine ana-
logues (9, 19, 21, and 22) were found to be considerably weaker
(rBK; ICs0 = 155 and 345 nM, respectively) than at the cynomolgus
receptor. Compound 13 also had a potential P-gp liability (BA/
AB =23). To confirm that 13 was a P-gp substrate, the compound
was also tested in the presence of 25 uM cyclosporine, a potent
P-gp inhibitor.'” An improvement in both apparent permeability
[Papp = 11 (107° cm/s)] and efflux ratio (BA/AB = 1.5) was the result,
confirming 13 to be a P-gp substrate.

To capitalize on the excellent cynomolgus macaque receptor
potency observed for the imidazoline analogues, and in an attempt
to increase rat receptor potency and reduce P-gp liability, a num-
ber of bioisosteres for the imidazoline were prepared (Table 2,

Table 3
B-Alanine linked analogues

Compound R ¢BK B; ICs¢?

38a §— X N—
38b §—N X © 1990
e
38c §_NC><]\I 2912
NH
—N
L0
38e f\N " 744
H H

Ly
38f f\N N 524
H H

>

7 N
H 2
N

>5000

>5000

38g
S

N

H

2 1Csp values are means of at least two determinations.

compounds 37a-1). Examples included basic, acidic and neutral
heterocycles but a significant reduction in potency was the result
of all modifications of this type. Examination of the 4-cyano ana-
logue 37c¢ (which lacks a basic amine moiety) in MDR1 transfected
MDCK cells revealed reduced P-gp susceptibility (BA/AB =3) and
reasonable permeability [Py, =7 (107°cm/s)] indicating, that at
least in part, the P-gp liability of the series was related to the pres-
ence of a basic moiety in the molecule.

The B-alanine linked compounds 25-27 had shown encouraging
in vitro activity and a number of additional analogues with this lin-
ker were also prepared (Table 3). The spirocyclic and bicyclic ana-
logues 38a-f had weak activity but the 2-imidazoline-5-
aminopyridine analogue 38g had excellent cynomolgus potency
(ICs0=2nM) and in contrast to the benzyl linked imidazolines
(e.g., 13 and 20) a similar activity in the rat assay (rBK;
ICso = 0.8 nM). As with all previous imidazolines, compound 38g
had a high P-gp susceptibility (BA/AB = 42).

In summary, the hypothesis of replacing the benzodiazepine
core of a known BK B; receptor antagonist was investigated and
a novel series of benzimidazoles were discovered. The 2-carboxyl
group was important for activity and a number of different linkers
and amine groups were studied. Pyridine and piperidine moieties
displayed little difference between cynomolgus and rat activity
(e.g., 9,19, 21, and 22) but the analogues with phenyl-imidazoline
moieties were generally an order of magnitude weaker at the rat
receptor (e.g., 13 and 20). The combination of B-alanine linker
and 2-imidazoline-5-aminopyridine group, however, led to the
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identification of a compound 38g of excellent potency at both
cynomolgus and rat receptors. A number of compounds were as-
sessed in MDR1 transfected MDCK cells and found to be P-gp sub-
strates. The hydrogen bond acceptor located in the tail of these
compounds appeared to facilitate the efflux. Further optimization
of the benzimidazole series with respect to improving pharmacoki-
netic properties will be reported in due course.
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A series of non-imidazole histamine Hs receptor antagonists based on the (3-phenoxypropyl)amine
motif, which is a common pharmacophore for H; antagonists, has been identified. A preliminary SAR
study around the amine moiety has identified 8a as a potent H; antagonist possessing a good pharmaco-

© 2008 Elsevier Ltd. All rights reserved.

The endogenous amine, histamine, is a ligand for four distinct
histaminergic receptor subtypes, namely the H;, H,, Hs, and Hy
receptors.! H; receptors are located in the CNS, and on skin and
smooth muscle in the airways; H, receptors are located in the gas-
trointestinal tract. Antagonists of the H; and H, receptors are well-
known therapeutic agents, and have been used clinically for many
years for the treatment of allergic diseases and ulcers, respectively.
Hs receptors are located primarily in the CNS where they act as
both autoreceptors for histamine as well as heteroreceptors for
other neurotransmitters. Evidence from in vivo studies in animals
indicates that Hs receptor ligands may be useful for the treatment
of a variety of CNS-related disorders like ADHD, Alzheimer disease,
sleep disorders, and neuropathic pain.? Additionally, given the
known role of central histamine in the control of appetite, Hs
receptor ligands are also reported to be active in animal models
of obesity.2> The H, receptor is located on various hematopoietic
cells and functions in chemotaxis of these cells.* There are cur-
rently no marketed drugs that act at either the Hs or H, receptors,
although several companies have entered clinical trials with Hs
antagonists/inverse agonists for the treatment of cognition, pain,
and narcolepsy.® Recently, positive clinical data in a small clinical
trial for narcolepsy have been reported.®

Structurally, the first generation of Hs ligands were analogs of
histamine in that they were based on a 4-substituted imidazole
motif. Typical examples of agonists and antagonists are given in
Figure 1. These compounds were useful tools in delineating some
of the pharmacology of the H; receptor, but in general imidazole

* Corresponding author. Tel.: +1 908 740 3514; fax: +1 908 740 7152.
E-mail address: robert.aslanian@spcorp.com (R. Aslanian).
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derivatives make poor drug candidates due to their propensity to
inhibit numerous mammalian CYP450 isozymes,’” and in the case
of a CNS drug, their poor brain penetration. Therefore, a significant
synthetic effort was undertaken in academia and industry to iden-
tify non-imidazole-derived H; antagonists. Although the natural
product Aplysamine-1, identified by scientists at Harbor Branch
Oceanographic Institute and Schering-Plough, was known as a
weak Hj receptor ligand,® the first real breakthrough came from
Ganellin and co-workers who identified the phenoxyalkyl amine
motif of Aplysamine-1 as a potent H; pharmacophore (UCL 1972,
Fig. 2).° Subsequently, a large number of groups have utilized this
pharmacophore as the basis of their own programs (Fig. 2).22 More
recently, other H3 pharmacophores have been described, but none
have been as thoroughly examined as the phenoxyalkyl amine.'%!!

When examining the structures of compounds based on this
pharmacophore described in the primary and patent literature,
we were struck not only by the similarity of many of the structures
but also by the apparent promiscuity of the receptor toward moi-
eties on the phenyl ring. Simple moieties like the nitro group as
well as basic groups, fused rings, and heterocycles are all tolerated.
Based on a series of benzimidazole-substituted analogs previously
prepared in our laboratories, we decided to investigate a series of
compounds in which the phenyl ring was substituted by an N-
linked 5-fluorobenzimidazole moiety (Fig. 3).!? The results are de-
scribed herein.

The syntheses of the analogs in Tables 1 and 2 are described in
Schemes 1 and 2.'3 Initially, we decided to focus on analogs incor-
porating a 2-pyridyl, thioether, or ether moiety at the 2-position of
the benzimidazole ring based on our previous experience.!? Briefly,
the benzimidazole moiety is constructed by reacting amine 1 with
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Figure 2. Examples of non-imidazole-derived H3 antagonists.

Figure 3.

difluoronitrobenzene 2 to yield 3. Reduction of the nitro group of 3
gave compound 4, which was coupled with picolinic acid to give
amide 5. Heating 5 in acetic acid results in ring closure to give

benzimidazole 6, which was alkylated on the phenol to give key
intermediate 7. Chloride 7 was easily converted to a variety of
amines 8 utilizing parallel synthesis techniques.

The synthesis of analogs incorporating either an ether or a thi-
oether in the 2-position of the benzimidazole moiety is given in
Scheme 2.

Treatment of phenol 9 with base and 1-bromo-3-chloropropane
followed by displacement of the chlorine with piperidine gave 11
in excellent yield for the two steps. Reduction of the nitro group
of 11 with Ra-Ni and reaction with 2 gave compound 12. Reduction
of the nitro group, again with Ra-Ni, gave the amine which was
reacted with either thiocarbonyl diimidazole (X=S) or carbonyl
diimidazole (X=0) to give 14a and 14b. Treatment of 14a or 14b
with base and an alkyl halide gave the ethers 15a and 15b. Human
Hs binding data for analogs 8, 14, and 15 are given in
Tables 1 and 2.4
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Table 1 Table 2
Human H; binding data for benzimidazoles 8'# H; binding data for 14 and 15'4
Benzimidazole Amine Hs K (nM) Compound X or RX Hs K (nM)
14a 0 8.7
8a Q 1.2 14b S 8.0
15a SCH,CH3 2.6
HaC CHa 15b OCH,CH3 15
8b \(j/ 11 9 H3 binding K; values are the average of at least two independent
N determinations.
8c OQ 34
A number of conclusions regarding the SAR of this series of
benzimidazole-derived Hs ligands can be drawn from these
data. First, five-, six-, and seven-membered monocyclic amines
8d 2.0 give good to excellent Hs binding activity, and a second het-
N eroatom is tolerated within the ring (entries 8a-k). Bulkier,
fused bi- and tricyclic amines, however, are less active (entries
- HCN/—\N 13 §l and .8m) although some steric bulk is .tolerated.(sd). It is
YN/ interesting to note that a simple methylamine substituent does

8f Q 1.2

~CH
8i ( i 20
N

O
N

8k N 3.6

8m ”‘g 713
N

O
0

80 >—<:/\N 16

107

8n

e
o

H30*O
Q,
8p N 20
HoN
H,oN
8q 11
(0]
8r HzC~NH 101

2 H3 binding K; values are the average of at least two independent
determinations.

not result in good binding affinity (8r). Polar substituents like
amino, hydroxyl, ester, and amide are tolerated on the pyrrol-
idine and piperidine ring (entries 8h and 8n-8q). The position
of the substituent on the ring does not appear to be critical to
the binding affinity in the case that was examined (8p
vs 8q).

The nature of the substituents on the benzimidazole moiety
does not seem to play a major role in the binding profile. Hetero-
atomic, heteroaroyl, and ether substituents are tolerated at the 2-
position of the benzimidazole ring (Table 2). For example, ana-
logs 14a and 14b, featuring either oxygen or sulfur in the 2-posi-
tion, or analogs 15a and 15b are good ligands for the Hs receptor.
Taken in aggregate, these data are consistent with the idea that
the phenoxyalkyl amine Hs; pharmacophore used in this study
is, in general, very tolerant of different substituents on the phe-
nyl ring.

In addition to Hs binding activity, hERG activity was mea-
sured using a high-throughput rubidium efflux assay.'® Repre-
sentative data are given in Table 3. In general, hERG activity
as measured by this assay is quite high regardless of the nat-
ure of the amine present on the terminal position. This obser-
vation is consistent with other similar series of Hs ligands
incorporating this pharmacophore that also displays hERG
activity.?® Interestingly, introduction of polar substituents, an
approach that has frequently demonstrated a positive impact
on hERG activity, could improve the hERG profile of some
analogs in this series as well (Table 3, compounds
8h and 8n).

Because of its excellent activity at the human Hs receptor, 8a
was further profiled. Compound 8a had a K; of 1.8 nM when
tested against the mouse Hs receptor, and its in vitro functional
activity as measured in a human cAMP assay was 0.1 nM.'® It
was a full antagonist. It did not inhibit CYP3A4 or 2D6 when
tested at concentrations up to 30 puM.!” Furthermore, 8a pos-
sessed a reasonable oral pharmacokinetic profile in a high-
throughput rat pharmacokinetic assay: AUC=2027 h ng/mL;
Cmax = 393 ng/mL (10 mg/kg in methyl cellulose, n=2, 0-6 h time
points).!

In conclusion, a new series of Hs ligand based on a well-known
Hs pharmacophore, the phenoxyalkyl amine, have been identified.
Many of these analogs possess excellent Hs binding affinity, but
like many analogs that incorporate this motif, they also have the
potential to interact with the hERG channel. This series also helps
to demonstrate the promiscuous nature of the receptor toward this
pharmacophore.
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Scheme 2. Reagents and conditions: (a) Acetone, K,COs, R.T., 97%; (b) Piperidine, n-butanol, Nal, Na,COs3, 100 °C, 100%; (c) Ra-Ni, H,, MeOH, 85%; (d) 2, dioxane, reflux, 68%;
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Table 3

Rubidium efflux data for selected analogs

a

Compound Rb efflux (%)
8a 70
8c 62
8h 26
8i 42
8l 94
8n 16
80 49

¢ Compounds were tested at a concentration of 5 pg/mL.
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Identification and SAR study of novel series of B3-AR agonists with benzoic acid are described. Conversion
of ether linkage position of phenoxybenzoic acid derivative 2b led to compound 7b with moderate 33-AR
activity. Further modification in right, center and left parts of compound 7b was investigated to improve
the B3-AR potency and selectivity. Compounds 7g and 7k, with the bulky aliphatic-substituted group at 2-
position of benzoic acid moiety, were identified as potent and selective 3-AR agonists. In addition, in vivo
efficacy of compounds 7g and 7k was exhibited on dog OAB model.

© 2008 Elsevier Ltd. All rights reserved.

Overactive bladder (OAB) is defined as urinary urgency with or
without urgency incontinence! and the number of patients with
OAB is estimated to be about 16% of adult population in the United
Sates and is increasing steadily worldwide.? Symptoms of OAB
such as urinary frequency and nocturia affect quality of life
(QOL) of the patients and the therapeutic agents of the disease
are required. Although anti-muscarinic agents are today mainly
used for the treatment of OAB, adverse effects such as dry mouth
and constipation are unavoidable.® The Bs-adrenergic receptor
(AR), which had identified as the third subtype of B-ARs in
1980s,* is present on the surface of both white and brown adipo-
cytes, gall bladder, gastrointestinal tract, and urinary bladder
detrusor tissues.® It was reported that stimulation of the p3-AR in-
duced a variety of pharmacological effects such as lipolysis and
thermogenesis in adipocytes.® A number of p3-AR agonists have
been developed as anti-obesity or type Il diabetes agents’® and
tested in clinical trials. Recently, in addition to the effects for met-
abolic diseases, it has been reported that B3-AR is predominantly
expressed in detrusor tissues in human® and activation of the fs-
AR induces relaxation of urinary bladder detrusor.'® Therefore,
B3-AR agonist is expected to be a new therapeutic candidate for
OAB.!!12 For the development of Bs-AR agonists, the selectivity to-

* Corresponding author. Tel.: +81 29 863 7179; fax: +81 29 852 5387.
E-mail address: kouji.hattori@jp.astellas.com (K. Hattori).

0960-894X/$ - see front matter © 2008 Elsevier Ltd. All rights reserved.
doi:10.1016/j.bmcl.2008.08.009

ward the B;-AR is also important because stimulation of 8;-AR may
induce severe side effect such as enhancement of heart rate.

In previous report,'> we investigated the structure-activity
relationships (SARs) of novel series of biphenyl acid derivatives

OH H
Cl N
!R1
COoH

la:R'=H 1b: R' = 0-i-Pr
B3 ECs50=6.7 nM B3 ECso= 1.1 nM
B, ECso = 280 nM By ECsp =720 nM

OH H )
W@ o
O R3

2a:R?=CO,H,R®*=H 2b:R?>=H, R?=CO,H
B3 ECsg = 100 nM B3 ECso = 39 nM
By ECsg => 100 nM By ECsp=> 100 nM

Figure 1. Biphenyl acid and phenoxybenzoic acid derivatives.
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Scheme 1. Reagents: (a) 3-hydroxyphenylacetic acid, WSCD, HOBt, DMSO; (b) 1 N BH;-THF complex, THF; (c) Boc,0, 3 N NaOH aq; (d) Cu(OAc),, pyridine, MS 4 A, CH,Cl,;

(e) 1N NaOH aq, MeOH; (f) 4 N HCl in dioxane.

such as compound 1a and discovered compound 1b with isopro-
poxy group in right phenyl ring as potent and selective B3-AR ago-
nists (Fig. 1). In the course of the SAR study, the phenoxybenzoic
acid derivatives (compound 2a and 2b) were found to show equiv-
alent PK profile with high Cy.x and AUC values compared to the
biphenyl acid derivatives 1a and 1b, although the B3-AR activity
was low to moderate. In order to improve the insufficient p3-AR
potency, we investigated the SAR of right, center, and left parts
in the phenoxybenzoic acid derivatives.

The general synthetic route of phenoxybenzoic acid derivatives
is shown in Scheme 1. Key intermediate 4 was prepared by similar
manner in our previous report.’>* Commercially available (R)-2-
amino-1-(3-chlorophenyl)ethanol 3 was coupled with 3-hydroxy-
phenylacetic acid, followed by the reduction of the amide moiety
and protection by Boc group to afford the intermediate 4. On the
other hand, a variety of di-substituted phenyl boronic acids 5 were
prepared from the corresponding phenyl bromides.’>* The inter-
mediate 4 was reacted with the boronic acids 5 in copper-cata-
lyzed coupling condition'* to yield the biphenyl ether
compounds 6. Hydrolysis and Boc-deprotection of compounds 6
afforded the desired phenoxybenzoic acid derivatives 7.

OH IIBOC
\©/'\/ N \/\©/O\©/COQMG

8 NH,

a,b Cl

Synthesis of analogues with 3-substituted group in benzoic acid
moiety was shown in Scheme 2. Coupling reaction of the interme-
diate 4 with the boronic acid with nitro group and subsequent
reduction by iron powder produced amine 8. Acylation of the ami-
no group of compound 8, followed by deprotection of ester and Boc
group afforded compounds 9.

Scheme 3 shows the synthesis of pyridine derivatives. The opti-
cally active chloro-pyridyl epoxide 10 was prepared by the re-
ported manner by Naylor et al.'> Coupling of the epoxide 10 with
3-(2-aminoethyl)phenol, followed by protection with Boc group
afforded intermediate 11. Compound 11 was coupled with the
boronic acids to yield the biphenyl ether intermediates 12. Reduc-
tion of chlorine group of compounds 12, and following deprotec-
tion with ester and Boc group provided the pyridine derivatives 14.

All compounds synthesized above were evaluated for ability to
produce cAMP in Chinese hamster ovary (CHO) cell lines express-
ing cloned human B; and B;-ARs.

In our laboratory,' the chlorophenyl ethanolamine derivatives
with benzoic acid are mainly focused and we examined the conver-
sion of biphenyl junction moiety in the right part. It was found that
compound 2a and 2b with biphenyl ether structure showed good
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Scheme 2. Reagents: (a) 3-methoxycarbonyl-5-nitrophenylboronic acid, Cu(OAc),, pyridine, MS 4 A, CH,Cls; (b) Fe, NH4Cl, EtOH, H,0; (c) RC(0)CI, Et3N, CH,Cly; (d) 1 N NaOH

aq, MeOH; (e) 4 N HCl in dioxane.
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Scheme 3. Reagents: (a) 3-(2-aminoethyl)phenol, EtOH; (b) Boc,0, THF; (c) boronic acid, Cu(OAc),, pyridine, MS 4 A, CH,Cl; (d) HC(O)NH,, Pd-C, MeOH, H,0; (e) 1 N NaOH
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Table 1 Table 2
Effect of conversion of ether linkage position Effect of conversion of right, left and center parts of the phenoxybenzoic acid
OH derivatives
Cl H\/\R OH H
e NVUOQCOZH
R
Compound R Human B3 Human B, ,
ECsq? (M) ECsg? (nM) R
* CO,H Compound  Ar R R’ Human Human B4/Bs3
2a \©\ /©/ 100 >100 B3 ECso® PB1 ECso?  selectivity
o (nM) (nM)
. 7b 3-CI-Ph H H 14 >100 >7.1
7c 3-Cl-Ph F H 9.4 140 15
2b \©\ /@\ 39 >100 7d 3-CI-Ph Cl H 9.5 64 6.7
1) CO,H 7e 3-CI-Ph Me H 13 550 42
. 7f 3-CI-Ph OMe H 11 510 46
0 7g 3-ClI-Ph  O-i-Pr H 3.4 810 238
7a \©/ \©\ 60 >100 7h 3-ClI-Ph NHAc H 7.2 380 53
CO,H 7i 3-ClI-Ph  NHC(O)Ph H 8.6 130 15
7j 3-CI-Ph  NHC(O)-t-Bu H 4.6 620 135
* (0} CO,H .
7b \©/ \©/ 14 >100 ~N 7
7k 3-Cl-Ph H 6.6 >1000 >152
2 B-AR agonistic activity was assessed by measuring cAMP accumulation in CHO o
cell lines expressing cloned human B-ARs. 9a 3-Cl-Ph H NHAc 6.5 240 37
9b 3-CI-Ph H NHC(O)Ph 21 190 9.0
14a 3-Py F H 31 840 27
14b 3-Py OMe H 56 690 12
oral absorption in dogs, although the Bs-AR potency of these com- 14c 3-Py NHAc H 12 190 16
pounds was insufficient (ECsq = 100 and 39 nM, respectively). Due 15° 1.9 28 15
ISP¢ 0.97 0.084 0.087

to the attractive PK profile of these compounds, we explored the
biphenyl ether derivatives in order to enhance the Bs-AR activity.

The conversion of disposition of the ether linkage from para to
meta position was examined as shown in Table 1. The meta-linked
analogues 7a and 7b showed improved B3-AR activity compared to
the corresponding para linked analogues 2a and 2b, suggesting
that the conversion of ether linkage position effectively orientated
benzoic acid moiety in right part toward the B3-AR pharmaco-
phore. In particular, compound 7b showed moderate Bs-AR activity
with ECsg value of 14 nM and maintained weak B;-AR activity with
ECsg value of above 100 nM. The indication encouraged us to select
the compound 7b as lead compound and investigate further opti-
mization of the phenoxybenzoic acid derivatives.

The effect of introduction of substituted group to right terminal
phenyl ring was investigated as shown in Table 2. First, we exam-
ined to introduce a number of substituted groups to 2-position of
benzoic acid moiety. Introduction of halogen group improved Bs-
AR activity, and fluorine analogue 7c and chlorine analogue 7d
showed the nanomole order ECsq value. However, B1/B3 selectivity
of the halogen analogues was low due to the potent B;-AR activity.
On the other hand, methyl analogue 7e and methoxy analogue 7f
maintained weak B;-AR activity, although B3-AR activity was mod-
erate (ECso =13 and 11 nM, respectively). Therefore, we examined
to introduce isopropoxy group, which was effective to increase B3-
AR potency and selectivity in the case of the biphenyl acid deriva-
tives 1. As a result, isopropoxy analogue 7g showed excellent pro-
file in B3-AR activity and selectivity with ECsq value of 3.4 nM and
240-fold B¢/Bs selectivity. Furthermore, introduction of acylamine
group was investigated. Acetylamine analogue 7h showed twofold
increase in B3-AR activity compared to 7b (ECso = 7.2 nM) and 53-
fold B,/Bs selectivity. Benzoylamine analogue 7i maintained potent
B3-AR activity (ECsp=8.6 nM) but the B;/Bs selectivity was de-
creased to 15-fold. Due to the potent B3-AR activity of the 2-acyl-
amine analogue 7h and 7i, we investigated to introduce other
acylamine group to the 2-position of right benzoic acid moiety.
The pivaloylamine analogue 7j showed further improved Bs-AR
activity (ECso=4.6 nM) and less B;-AR activity (ECsq =620 nM),
resulting in excellent B3-AR selectivity over B;-AR (B1/Bs = 135).
Furthermore, introduction of pyrrolidinone ring led to the potent

2 B-AR agonistic activity was assessed by measuring cCAMP accumulation in CHO
cell lines expressing cloned human B-ARs.

OH

H
TS CI\@A/NY\Q/O\©/002H

¢ ISP = isoproterenol; non-selective B-AR agonist.

and selective compound 7k with ECsq value of 6.6 nM and above
150-fold By/Bs selectivity. The results indicate that the bulky ali-
phatic group at the 2-position of benzoic acid is significantly
important to B3-AR potency and selectivity.

Next, the conversion of substituted group from 2-position to 3-
position at the benzoic acid moiety was investigated. Compound
9a with 3-acetylamine group was equipotent to compound 7h
(ECs0=6.5nM), whereas compound 9b with 3-benzoylamine
group decreased the B3-AR activity (ECso=21nM) compared to
compound 7i, suggesting that bulky substituted group was not tol-
erated spatially at the 3-position.

In previous findings,®!> conversion to pyridine ring on the left
part and introduction of a methyl group to the center part were
advantageous for B3-AR activity. Therefore, we investigated the
replacement of chlorophenyl ring to pyridine (Table 2). Introduc-
tion of representative substituted groups such as fluorine (14a),
methoxy (14b), and acetylamine (14c) to right part resulted in less
potent B3-AR activity compared to the corresponding chlorophenyl
analogues (7c, 7f, and 7h, respectively), indicating that the pyri-
dine ring was detrimental in the phenoxybenzoic acid derivatives.
Furthermore, introduction of a methyl group to the a-position of
the phenethylamine moiety was examined. Our previous study
and others indicated that (R)-configuration of the methyl group
was important for enhancing B3-AR activity.8<13®> Compound 15
showed sevenfold increase in B3-AR activity (ECso=1.9 nM) com-
pared to the non-substituted analogue 7b. However, B;-AR activity
was also increased and B¢/Bs selectivity was insufficient (B;/
B3 =15).

Last, we examined in vitro dog Bs-AR activity and the inhibitory
effect of compounds 7g, 7j, and 7k on carbachol-induced increase
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Table 3
Dog B3-AR activity and in vivo efficacy of compounds 7g, 7j and 7k
Compound In vitro In vivo
Dog B3 ECs¢* (nM) Inhibition % after iv injection®
7g 32 43% (@ 10 pg/kg)
7i 1.6 30% (@ 32 pg/kg)
7k 1.9 84% (@ 32 ng/kg)

@ B3-AR agonistic activity was assessed by measuring cAMP accumulation in CHO
cell lines expressing cloned dog fB3-AR.
b Inhibitory effect on increase in IVP, induced by carbachol in anesthetized dogs.

of intravesical pressure (IVP) in anesthetized dogs for OAB model'3
as shown in Table 3. The oral bioavailability of these compounds
was not investigated and we therefore confirmed the in vivo effi-
cacy by intravenous administration test. All of these compounds
showed equivalent potent activity toward dog Bs-AR as well as hu-
man B3-AR. In in vivo study, compounds 7g and 7k showed signif-
icant efficacy to inhibit the IVP increase after intravenous
administration at doses of 10 or 32 pg/kg, supporting the valida-
tion of a series of the phenoxybenzoic acid derivatives as the ther-
apeutic candidate for OAB.

In summary, we investigated the SAR of the phenoxybenzoic acid
derivatives in this letter. Conversion of the ether junction from para
to meta position improved the B3-AR activity and moderate potent
analogue 7b was found as lead compound. Further modification of
compound 7b revealed that the bulky aliphatic-substituted group
at 2-position of benzoic acid moiety was significantly effective to
B3-AR activity and selectivity, leading to a number of potent and
selective B3-AR agonists such as compounds 7g, 7j, and 7k. Further-
more, in vivo efficacy of compounds 7g and 7k were indicated on our
OAB model. These compounds are attractive and expected for ther-
apeutic application in the treatment of OAB.
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Microtubules are among the most successful targets of compounds potentially useful for cancer therapy.
A new series of inhibitors of tubulin polymerization based on the 2-amino-3-(3,4,5-trimethoxybenzoyl)-
4,5,6,7-tetrahydrothieno[b]pyridine molecular skeleton was synthesized and evaluated for antiprolifera-
tive activity, inhibition of tubulin polymerization, and cell cycle effects. The most promising compound in
this series was 2-amino-3-(3,4,5-trimethoxybenzoyl)-6-methoxycarbonyl-4,5,6,7-tetrahydrothie-
no[b]pyridine, which inhibits cancer cell growth with ICsp-values ranging from 25 to 90 nM against a
panel of four cancer cell lines, and interacts strongly with tubulin by binding to the colchicine site. In this
series of N®-carbamate derivatives, any further increase in the length and in the size of the alkyl chain
resulted in reduced activity.

Keywords:
Microtubules
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4,5,6,7-Tetrahydrothieno[b]pyridine
Colchicine

© 2008 Elsevier Ltd. All rights reserved.

The mitotic spindle is formed by microtubules that are gener-
ated by the polymerization of tubulin, and the spindle is an attrac-
tive target for the development of compounds useful in anticancer
chemotherapy.! Besides being critical for cell division, the microtu-
bule system of eukaryotic cells is involved in many fundamental
cellular functions, including cell signaling, secretion, cell architec-
ture in interphase, and intracellular transport.? A large number of
antimitotic drugs displaying wide structural diversity, derived
from natural sources or by screening compound libraries in combi-
nation with traditional medicinal chemistry, have been identified
and shown to interfere with the tubulin system.>

One of the most important naturally occurring tubulin-binding
agents is combretastatin A-4 (CA-4, 1; Chart 1). CA-4, isolated from
the bark of the South African tree Combretum caffrum,* strongly
inhibits the polymerization of tubulin by binding to the colchicine
site.”> Because of its simple structure, a wide number of CA-4 ana-
logues have been developed and evaluated in SAR studies.®

* Corresponding authors. Tel.: +39 0532 455303; fax: +39 0532 455953 (R.R.),
Tel.: +39 0532 291293; fax: +39 0532 455953 (P.G.B.).
E-mail addresses: rmr@unife.it (R. Romagnoli), baraldi@unife.it (P.G. Baraldi).

0960-894X/$ - see front matter © 2008 Elsevier Ltd. All rights reserved.
doi:10.1016/j.bmcl.2008.08.006

During our studies directed at the synthesis of new antitubulin
agents, we previously reported the potent in vitro antitumor activity
of a series of molecules with general structure 2, characterized by
the presence of a 2-amino-3-(3,4,5-trimethoxybenzoyl)-benzo[b]thi-
ophene skeleton.” These compounds strongly inhibited tumor cell
growth, as well as tubulin polymerization by binding to the colchicine
site of tubulin, and caused arrest in the G2/M phase of the cell cycle.
The trimethoxybenzoyl moiety is crucial for retaining potency in this
and other series of molecules which occupy the colchicine site.®

Previously, investigators at Altana Pharma reported a series of
2-amido-3-cyano-4,5,6,7-tetrahydrothieno[2,3-b]pyridine ana-
logues with general structure 3, active at micromolar concentra-
tions (ICsp=0.2-5 uM) as antiproliferative agents against human
colon adenocarcinoma (RKOp27) cells.’

As a part of our search for novel antimitotic agents, these findings
prompted us to synthesize a new series of 2-amino-3-(3,4,5-trim-
ethoxybenzoyl)-4,5,6,7-tetrahydrothieno[b]pyridine derivatives
with general structure 4, obtained by combining the 2-amino-3-
(3,4 5'-trimethoxybenzoyl)thiophene portion of compound with
general structure 2 with the N°-substituted-4,5,6,7-tetrahydropyr-
idine nucleus of general structure 3.
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R'=C,Hs, 4b R'=CONH(CH,)3CHa, 4n
R'=n-C;H,, 4c R'=CONHC¢H1, 40
R'=CH,CgHs, 4d R'=CONHCgHs, 4p
R'=COGH,, 4e R'=CONHCH,CqHs, 4q
R'=COOCHj, 4f R'=CONHCH,CgH,F-p, 4r

R'=COOCH,CHj3, 49
R'=COO(CHjy),CHs, 4h
R'=COOCH,CH(CHj)», 4i
R'=COOC(CHa)s, 4j
R'=COOC¢Hs, 4k
R'=COOCH,CqgHs, 4l

R'=CSNHCH,, 4s
R'=CSNHCH,CHj, 4t
R'=CSNHCH(CHs),, 4u
R'=CSNHC(CHg)s, 4v
R'=CSNHCgH14, 4w

Chart 1. Inhibitors of tubulin polymerization.

To the best of our knowledge, there have been no reports that
molecules characterized by the presence of the 4,5,6,7-tetrahydro-
thieno[b]pyridine skeleton can inhibit tubulin polymerization. In
order to explore the structure-activity relationships (SARs) at the
Né-position of the 2-amino-3-(3,4,5-trimethoxybenzoyl)-4,5,6,7-
tetrahydrothieno[b]pyridine nucleus, we embarked upon the
synthesis of different series of N°-substituted derivatives, repre-
sented by alkyl compounds 4a-d, amide 4e, carbamates 4f-1, ureas
4m-r, and thioureas 4s-w, characterized by the presence of alkyl
chains of varying size. In addition, we explored the effect of
bioisosteric replacement of the C-6 carbon atom of derivative 2a
with a nitrogen atom, to furnish the 2-amino-3-(3',4,5-trim-
ethoxybenzoyl)thieno[2,3-c]pyridine derivative 5.

Synthesis of derivatives 4a-w and 5 was carried out by the gen-
eral methodology shown in Scheme 1. The Gewald reaction'®, ap-
plied to 3-(3,4,5-trimethoxyphenyl)-3-oxopropanenitrile,'! sulfur,
and N-substituted 4-piperidone 6a-1'2 in the presence of triethyl-
amine and ethanol at reflux, furnished the 2-amino-3-(3',4',5'-
trimethoxybenzoyl)-6-substituted-4,5,6,7-tetrahydrobenzo|b]-
thiophenes 4a-1. '* The N°-tert-butoxycarbonyl (Boc) derivative 4j
was used as starting material for the synthesis of urea and thiourea
derivatives 4m-r and 4s-w, respectively. Acetylation of the amino
group of 4j, using acetyl chloride and pyridine, yielded 7j, which,
followed by removal of the N®-Boc protecting group with trifluoro-
acetic acid (TFA), afforded the derivative 8j. The subsequent aro-
matization, by treatment with manganese dioxide (MnO,) in
refluxing toluene, furnished the corresponding N?-acetyl-thie-
no[2,3-c]pyridine derivative, transformed by saponification into
the final product 5.

Compound 8j was further condensed with different isocyanates
or isothiocyanates, in the presence of triethylamine, to afford the

corresponding ureas 9m- and thioureas 9s-w, which were trans-
formed by hydrolysis with NaOH into the final products 4m-r
and 4s-w, respectively, in good yields.

Table 1 summarizes the antiproliferative activity of N°-substi-
tuted-4,5,6,7-tetrahydrothieno[b]pyridine derivatives 4a-w and
the thieno[2,3-c]pyridine 5 against the growth of murine leukemia
(L1210), murine mammary carcinoma (FM3A), and human T-lym-
phoblastoid (Molt/4 and CEM) cells, using CA-4 (1) and the
benzo[b]thiophene derivative 2a as reference compounds. The re-
sults indicated that N®-methyl and ethyl carbamates 4f and 4g,'*
respectively, showed the most potent antiproliferative activities,
while N®-branched alkyl or aryl carbamates as well as alkyl, acetyl,
urea, and thiourea functionalities decreased activity drastically.

Of all the tested compounds, the N®-methyl carbamate deriva-
tive 4f possessed the highest potency, inhibiting the growth of
L1210, FM3A, Molt/4, and CEM cancer cell lines with ICsgs of 25,
46, 45, and 90 nM, respectively.

The results indicated that a non-basic nitrogen atom at the N°-
position of 4,5,6,7-tetrahydrothieno[b]pyridine nucleus was
important for inhibition of cell growth. In fact, in the series of
NO-alkyl derivatives 4a-d, only the ethyl derivative 4b showed
moderate potency (ICso=1.7-2.1 uM), whereas for the methyl,
propyl, and benzyl analogues (compounds 4a, 4c, and 4d, respec-
tively), the ICso was greater than 10 uM in all four cell lines. The
N-acetyl derivative 4e also showed moderate antiproliferative
activity, with ICsg-values of 1.1-3.9 uM:

In the series of carbamates 4f-1, a small substituent size was
important for good activity. Only the methyl and ethyl derivatives
4f and 4g, respectively, showed potent antiproliferative activity,
with 4f more active than 4g. Specifically, 4f and 4g had similar
activity against FM3A cells, but 4f was 4-, 5-, and 6-fold more po-
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Scheme 1.

Table 1

In vitro inhibitory effects of compounds 2a, 4a-w, 5, and CA-4 (1) against the
proliferation of murine leukemia (L1210), murine mammary carcinoma (FM3A), and
human T-lymphocyte (Molt/4 and CEM) cells

Compound ICs50% (NM)

L1210 FM3A Molt4/C8 CEM
4a >10,000 >10,000 >10,000 >10,000
4b 2100 £ 100 1900 £ 0.0 1800 £ 0.0 1700 £ 0.0
4c >10,000 >10,000 >10,000 >10,000
4d >10,000 >10,000 >10,000 >10,000
4e 3900 £ 290 1200 £+ 100 1100 = 60 1400 = 20
af 25+1 46+1.3 45+ 3.1 90+1.7
4g 95+3.3 57+3.8 290 + 25 440+ 30
4h 1100+ 80 1400 + 100 470 £+ 0.00 1200 + 30
4i >10,000 >10,000 >10,000 >10,000
4j >10,000 >10,000 >10,000 >10,000
4k >10,000 >10,000 >10,000 >10,000
41 >10,000 >10,000 7500 = 140 8300 + 500
4m >10,000 >10,000 >10,000 >10,000
4n >10,000 >10,000 >10,000 >10,000
40 >10,000 >10,000 >10,000 >10,000
4p >10,000 >10,000 >10,000 >10,000
4q >10,000 >10,000 >10,000 >10,000
4r >10,000 >10,000 >10,000 >10,000
4s 4900 £ 470 2800+ 110 1600 = 60 1800+ 70
4t 6800 + 430 6900 + 290 4800 +370 6700 + 550
4u >10,000 >10,000 >10,000 >10,000
4v >10,000 >10,000 >10,000 >10,000
4w 1100 = 60 1400 = 50 750 £ 58 73071
5 370+ 160 400+ 170 340+ 40 1000 £ 900
2a 90+3 1000 73+9 74+15
CA-4 (1) 28+1.1 42+6 1614 19+1.6

2 1Cs = compound concentration required to inhibit tumor cell proliferation by
50%. Data are expressed as means * SE from the dose-response curves of at least
three independent experiments.

tent then 4g against L1210, CEM and Molt4 cells, respectively. A
further increase in the length of the straight alkyl chain, to furnish
the propyl derivative 4h, caused 10-, 25-, 1.5-, and 3-fold reduc-
tions in activity with the L1210, FM3A, Molt-4, and CEM cells,
respectively. With still bulkier carbamate moieties, there was
essentially total loss of activity. All urea derivatives 4m-r were
also inactive (ICso > 10 uM).

It is noteworthy that for the active compounds 4f and 4g, the
replacement of the carbamate group with a thiourea, to furnish
the corresponding derivatives 4s and 4t, produced a dramatic drop
in potency (ICso = 1.6-4.9 uM and 4.8-6.9 1M for 4s and 4t, respec-
tively, versus ICso=25-90nM and 57-440nM for 4f and 4g,
respectively).

In the series of thiourea derivatives 4s-w, the cyclohexyl thioc-
arbamoyl derivative 4w resulted in the most active compound,

Table 2
Inhibition of tubulin polymerization and colchicine binding by compounds 2a, 4f-g, 5,
and CA-4

Compound Tubulin assembly*® Colchicine binding® +SD (%)
[Cs0:+SD (WM) 1 uM inhibitor 5 puM inhibitor

2a 1.9+0.1 25+2 71+1

af 0.6 £0.02 71 +£0.6 84+3

4g 0.6 £0.03 67 £2 82+2

5 54+04 n.d. 27 £0.1

CA-4 (1) 1.2+0.1 90+ 1 99+0.7

n.d., not done.

2 Inhibition of tubulin polymerization. Tubulin was at 10 pM.

b Inhibition of [*H]colchicine binding. Tubulin and colchicine were at 1 and 5 pM,
respectively, and the tested compound was at the indicated concentration.
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Figure 1. Effects of compounds 4f (panel b), 4g (panel c), and 5 (panel d) on DNA
content/cell following treatment of K562 cells for 24 h. The cells were cultured
without compound (panel a) or with compound used at the concentration leading
to 50% cell growth inhibition after 24 h of treatment. Cell cycle distribution was
analyzed by the standard propidium iodide procedure. Sub-G0-G1 (apoptotic peak,
A), GO-G1, S, and G2-M cells are indicated in the panel (a).

with ICses of 0.73-1.1 pM. Comparing urea and thiourea deriva-
tives with the same substitution at the N°-position (4m vs 4u
and 4o vs 4w), while the isopropyl derivatives 4m and 4u were
both inactive, the cyclohexyl thiourea derivative 4w was more ac-
tive than the urea derivative 40.

Finally, comparing the benzo[b]|thiophene 2a with the thie-
no[2,3-c]pyridine 5, replacement of the benzene with the bioisos-
teric pyridine ring led to a significant loss of activity. Compound
5 was 4- to 6-fold less active than 2a against L1210, FM3A, and
Molt-4 cells. Reduction in potency was even more pronounced
with the CEM cells, with 5 being 13-fold less potent than 2a. More-
over, the corresponding tetrahydrothieno[b]|pyridine analogue of 5
resulted inactive (ICsq > 10 uM), indicating that the aromaticity of
the pyridine ring fused with the thiophene was critical for activity.

AL_181

o

To investigate whether the antiproliferative activities of these
compounds were related to an interaction with the microtubule
system, compounds 4f-g and 5 and reference derivatives 2a and
CA-4 were evaluated for inhibitory effects on tubulin polymeriza-
tion, and on the binding, of [*H]colchicine to tubulin (Table
2).1>16 For compounds 2a and 5, there was a positive correlation
between inhibition of both tubulin polymerization and colchicine
binding, and antiproliferative activity. However, relative to 2a,
both 4f and 4g were disproportionately more active as assembly
inhibitors, and these compounds also had greater activity as inhib-
itors of colchicine binding. The ICsos of 0.6 LM obtained with 4f
and 4g are among the lowest ever observed in this assembly assay,
and half that obtained in simultaneous experiments for CA-4 (ICso,
1.2 uM). Nonetheless, CA-4 had greater antiproliferative activity
and a greater inhibitory effect on the four cell lines than both 4f
and 4g. In addition, we should note that the similar effects of 4f
and 4g in the tubulin-based assays differed from the greater activ-
ity observed with 4f in the antiproliferative studies. This could de-
rive from preferential cellular uptake of 4f relative to 4g.
Alternatively, it is possible that cellular tubulin differs from the
neural tubulin used in the biochemical assays in its affinities for
the two compounds.

Because molecules exhibiting effects on tubulin assembly
should cause alteration of cell cycle parameters, with preferential
G2-M blockade, flow cytometry analysis was performed to deter-
mine the effect of the most active compounds on K562 (human
chronic myelogenous leukemia) cells.!” Cells were cultured for
24 h in the presence of each compound at the ICso determined
for 24 h of growth (4f = 70 nM, 4g = 80 nM, 5 =500 nM). Figure 1
shows that these molecules caused a marked increase in the per-
centage of cells blocked in the G2-M phase of the cell cycle, with
a simultaneous decrease of cells in S and GO-G1. These data con-
firm that this class of derivatives acts selectively on the G2-M
phase of the cell cycle, as expected for inhibitors of tubulin
assembly.

The proposed mechanism of action is also supported by docking
studies of compound 4g in the colchicine site of tubulin'® (method-
ology reported previously).” Figure 2 shows how the trimethoxy-
phenyl moiety of 4g is situated in the same pocket on B-tubulin
as the structurally analogous ring A of the co-crystallized DAMA-
colchicine. In this model, the carbonyl group of the carbamate of
4g overlaps the carbonyl group of ring C of DAMA-colchicine. Fur-
thermore, the alkyl substituent of the carbamate lies in a small

Figure 2. Docking pose of compound 4g in the colchicine site. DAMA-colchicine in green.
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hydrophobic pocket deep in the binding cavity, which can only
accommodate a small group like methyl or ethyl. This model thus
is consistent with the SARs observed in the antiproliferative stud-
ies, and is in accord with previously reported results.!®

In conclusion, the synthesis and the SAR of a series of 2-amino-
3-(3,4,5-trimethoxybenzoyl)-6-substituted-4,5,6,7-tetrahydrothie-
no[b|pyridines, which incorporated partial structures of both
2-amino-3-(3,4,5-trimethoxybenzoyl)-benzo| b]thiophene and 2-acet-
amido-3-cyano-6-alkoxycarbonyl-4,5,6,7-tetrahydrothieno [2,3-
b]pyridine with general structures 2 and 3, respectively, are
described. In particular, compounds 4f and 4g are the best amal-
gamation of structures 2 and 3. Derivatives 4f and 4g were highly
active as inhibitors of tubulin assembly, with ICses half that of
CA-4. They also were strong inhibitors of the binding of colchicine
to tubulin, although somewhat less active than CA-4. Consistent
with their antitubulin activity, both 4f and 4g caused cells to arrest
in the G2/M phase of the cell cycle.

Molecular docking studies with 4g into the colchicine site!®
provided a rationale for our observations. The trimethoxybenzene
ring and the carbamate carbonyl of 4g could bind in the same man-
ner as the trimethoxybenzene ring A and the ring C carbonyl,
respectively, of DAMA-colchicine in the crystal structure.'® An
adjacent pocket in B-tubulin could readily accommodate only a
methyl or ethyl group, consistent with the SAR observations.

Finally, we should note that the synthesis of 4f was efficient and
produced the compound in high yield. Thus, 4f represents the lead
compound of an interesting new class of antitubulin agents with
potential to be developed clinically for anticancer chemotherapy.

Supplementary data

Detailed synthesis and spectroscopic data for compounds
4a-w, 5, 6h-i, 7-8j, and 9m-w can be found in the online version.
Supplementary data associated with this article can be found, in
the online version, at doi:10.1016/j.bmcl.2008.08.006.
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ABSTRACT

The water extract of Scutellariae baicalensis Georgi (S. baicalensis) has potential anti-tumor and anti-
inflammatory activities. A major flavonoid isolated from S. baicalensis, baicalein, was also found to have
anti-tumor and anti-inflammatory activities. These biological activities could be due to their antioxidant
action and/or effect on different signal transduction pathways. We investigated the effects of several
baicalein analogs with a substitution of hydrogen of the hydroxyl group at the 6th position of A ring
on three signal pathway mediated transcription (NF-kB, AP-1, and CREB) associated with inflammation
and cancer growth. We found that the analogs with O-alkyl group of the different carbon chain length
or O-benzyl activated NF-kB transcription without TNFo stimulation. Some of the analogs increased TNFo
stimulated NF-«B transcription by two- to threefold. None of the analogs studied has major effect on AP-1
signal transduction with or without TPA stimulation. All of the analogs increased CREB transcription with
forskolin stimulation up to twofold. However, they did not have a potent effect (less or about twofold
activation) on intrinsic CREB signal transduction. The modification of baicalein at the 6th position of A
ring was not correlated with change in these signal transduction pathways and cytotoxicity. Though, they
are structural analogs, they are not functional analogs. Modification of baicalein at the 6th position could
alter the specificity of action toward different cellular targets. Flavonoids could be chemophores in the
development of drugs targeted at different signal transcriptional pathway.

© 2008 Elsevier Ltd. All rights reserved.

Scutellaria baicalensis Georgi (S. baicalensis) in combination with
other herbs is commonly used for the treatment of fever, cough,
inflammation, dysentery, jaundice, and hypertension in traditional
Chinese medicine.! It is used in the treatment of allergies.?
S. baicalensis contains four major bioactive flavonoid compounds:
baicalin, baicalein, wogonin, and oroxylin-A that have anti-inflam-
mation and anti-cancer effects.>=> Flavonoids are polyphenolic
compounds that are abundant in vegetables and plants. Flavonoids
are implicated to have different anti-cancer, anti-platelet, anti-
ischemic, and anti-inflammatory activities.® These biological activ-
ities could be partly due to their antioxidant property.®’ Moreover,
some flavonoids can regulate the expression of genes that are rel-
evant to the synthesis or action of several pro-inflammatory medi-
ators such as prostaglandins, reactive oxygen species, nitric oxide,

Abbreviations: S. baicalensis, Scutellariae baicalensis Georgi; SAR, structure—
activity relationship; NF-kB, nuclear factor-kappa B; AP-1, activator protein-1;
CREB, cyclic-AMP response element binding protein; TNFo, tumor necrosis factor o;
TPA, 12-0O-tetradecanoylphorbol 13-acetate.

* Corresponding author. Tel.: +1 203 785 7118; fax: +1 203 785 7129.

E-mail address: yccheng@yale.edu (Y.-C. Cheng).

™ Fellow of the National Foundation for Cancer Research.

0960-894X/$ - see front matter © 2008 Elsevier Ltd. All rights reserved.
doi:10.1016/j.bmcl.2008.08.001

and intercellular adhesion molecules.>®’ Prostaglandins play an
important role in inflammatory process.® COX-2, a key enzyme in
the synthesis of prostaglandins, plays an important role in inflam-
matory process. The transcription complex at the COX-2 promoter
requires the transcriptional co-activator p300 to bind to the cyclic-
AMP response element binding protein (CREB), activator protein-1
(AP-1), and nuclear factor-kappa B (NF-kB) in controlling the
initiation of transcription.® The interplay of NF-kB, AP-1, and CREB
nuclear transcription factors in enhancing the transcription of
COX-2 m-RNA is not well understood. Interleukin (IL)-1, a pro-
inflammatory cytokine could induce NF-xB, AP-1, and CREB
activation'® to exert its inflammatory activity. The downstream
gene activation of each pathway could differ in different tissues
due to epigenomic differences. We previously synthesized a series
of flavonoids from baicalein with structural variations at the 5th,
6th, and 7th position of A ring.!' We investigated whether these
structural analogs are also functional analogs with regard to their
effect on different cellular transcriptional pathways. We studied
the activity of baicalein analogs (A ring 6th position modified) on
three signal transduction pathways (NF-kB, AP-1, and CREB) in
HepG2 cells with specific response element coupled to a luciferase
reporter. These transcription factors play important roles in cancer
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and inflammatory processes. This study provides information on
the mechanism of action of these compounds and their potential
use in drug discovery to target on these pathways.

6-Methoxy-5,7-dihydroxyflavone (O), 6-acetoxy-5,7dihydr-
oxyflavone (S2), 6-propyloxy-5,7dihydroxyflavone (S17), 6-benzyl-
oxy-5,7dihydroxyflavone (S15), and 6-ethoxy-5,7dihydroxyflavone
(S32) were synthesized previously in our laboratory.!’ KB (human
nasopharyngeal squamous cell carcinoma) or KB/MDR (multi-drug
resistant) cells were used for the growth inhibition assay. The
methods for the synthesis and the activities of these flavonoids
with the exception of oroxylin-A against KB and KB/MDR cells have
been previously reported.!' The potency to inhibit cell growth is
presented as an ICso value, which is the concentration of com-
pound required to inhibit 50% of cell growth at 3 days of incubation
with compound. The doubling time of KB and KB/MDR cells was
about 20-24 h. The data presented are the mean of three indepen-
dent experiments.

The assays for signal transduction-mediated transcription have
been described previously.'>!3 In brief, stable cell lines (HepG2-
NF-kB-luc, HepG2-CRE-luc, HepG2-AP-1-luc) were pretreated with
different concentrations of compounds for 1 h and then incubated
with or without stimulation by tumor necrosis factor o (TNFa), for-
skolin, or 12-O-tetradecanoylphorbol 13-acetate (TPA) for 4 h. The
luciferase activity was measured using Promega’s luciferase assay
kit (Madison, WI) according to the manufacturers’ instructions.
We determined the concentration of compound at which activa-
tion was 50% (ACsp) and maximal transcriptional activity in com-
parison with control (Amax).

We analyzed the structure-activity relationships of baicalein
analogs with modification at the 6th position of baicalein A ring
(Fig. 1) to compare their cytotoxicity in KB cells and multi-drug
resistant cell line (KB/MDR). KB/MDR overexpresses mdr1. KB cells
were used to evaluate the susceptibility of a compound to act as a
substrate or inhibitor of the P-gp 170 efflux pump. The cytotoxicity
of these analogs, except that of oroxylin-A, were previously pub-
lished.!! The ICs, of the six baicalein analogs are shown in Figure
1. Among the analogs, S15 was the most potent against the growth
of both KB and KB/MDR cells. The substitution of the hydroxyl
group at position 6 of A ring to the O-benzyl group increased the
toxicity in KB and KB/MDR cells. P-gp 170 efflux pump did not play
a role in its cytotoxic action.!! The ICsq of S2 in KB and KB/MDR
cells were 10.5+1.4 and 61.6 £4.8 uM, respectively. The ICso
of S17 in KB and KB/MDR cells were 58.9+6.3 and >100 uM,

functional group cytotoxicity (ICsy, uM)

compd RS R® R’ KB KB/MDR
S$1 H H H 62.313.72 87.113.6°
(o} H Me H 31.115.4 16.115.5
$32 H Et H 24.613.5° 17.515.62
$17 H Pr H 58.916.32 >1002
$15 H Bn H 4.311.6° 3.281.22
S2 H Ac H 10.5+1.42 61.614.8°

Figure 1. Chemical structures and their respective ICsq of baicalein analogs at the
6th position of the A ring. Values are mean + SD of three independent experiments.
Published."!

respectively. This suggests that P-gp 170 is one determinant of
the cytotoxicity of these two compounds. The cytotoxicity of the
other four compounds (baicalein (S1), oroxylin-A (O), 6-benzyl-
oxy-5,7-dihydroxyflavone (S15), and 6-ethoxy-5,7-dihydroxyflav-
one (S32)) showed no differences in KB and KB/MDR cells. This
indicates that these compounds are not efficient substrates of the
P-gp 170 efflux pump. However, the mechanisms responsible for
the varying degrees of cytotoxicity are still not clear. Since
NF-xB, AP-1, and CREB are important transcriptional processes that
regulate cell growth and inflammation, we investigated if the
analogs have any effect on NF-xB, AP-1, and CREB pathways.

First, we studied the effects of the baicalein analogs (Fig. 2) on
NF-kB-mediated transcription with or without TNFa activation.
S1, O, and S2 activated NF-kB with or without TNFa stimulation.
By comparing the efficiency (Amax/ACsg), S2 is the most efficient
activator of NF-kB among the three analogs with or without TNFa.
In the presence of TNFa activation, we observed maximum activa-
tion by NF-kB. The mechanism of the activation through NF-xB by
the three analogs may be different from that of TNFo.. Moreover,
there was no correlation between the potency of an analog to acti-
vate NF-kB transcription and its cytotoxicity. This suggests that the
mechanism for the activation of NF-kB may not be the mechanism
of their cytotoxicity. The rank order of the potency in the activation
of NF-kB of the modified baicalein analogs at the 6th position of A
ring was OAc > OH > OMe > OEt > OBn > OPr. The binding site for
these compounds may favor a hydrophobic group but that is not
a bulky group. The target site may be located downstream of the
TNFa receptor. NF-kB activation is important for the initiation of
inflammatory process and function of immunocytes.> Baicalein
(S1) is known to have anti-inflammatory activity.>” Our findings
indicate that the anti-inflammatory action of baicalein analogs is
not due to the inhibition of NF-kB transcription. It is likely due
to the action of baicalein on other sites, which may play a role in
inflammation. Moreover, the lack of correlation between the po-
tency of these analogs against cell growth and their ability to acti-
vate NF-kB pathway supports the postulate that this class of
compounds may have multiple sites of action.

AP-1-mediated transcription is triggered by TPA, which is a pro-
teinkinase C activator. This signal transduction pathway involves
the MAPKinase cascade. It modulates biological processes includ-
ing vasodilation, inflammation, cell proliferation and differentia-
tion, stress response, apoptosis and survival according to the cell
type and stimulus.'® Our study showed that baicalein analogs
could not activate or inhibit the AP-1-mediated transcription over
50% with or without TPA stimulation (Fig. 3). Therefore, AP-1-med-
iated transcription may not be responsible for the anti-inflamma-
tory or anti-cancer activity of these baicalein analogs.

CREB is essential for both basal and induced COX-2 transcrip-
tion which is regulated through the binding CREB, NF-kB, and
AP-1 proteins.!®> COX-2 plays a key role in the synthesis of inflam-
matory mediators and it is a target for developing anti-inflamma-
tory drugs. In addition, the cAMP/CREB signaling pathway has been
implicated in the regulation of a wide range of biological functions
such as growth factor-dependent cell proliferation and survival,
glucose homeostasis and inflammation.'® We examined the effects
of baicalein analogs on CREB-mediated transcriptional activity
with or without forskolin stimulation (Fig. 4). None of the com-
pounds inhibited or activated intrinsic CREB mediated transcrip-
tion over two-fold. However, the compounds enhanced forskolin
(an adenyl cyclase activator) stimulation of CREB-mediated tran-
scription. Baicalein (S1) and O demonstrated 2.2- and 2.61-fold
activation, respectively, whereas S32 showed 14.5-fold activation
with forskolin treatment. The rank order of enhancement of for-
skolin activation of CREB signal pathway by modified baicalein at
the 6th position of A ring was OEt > OPr = OBn > OAc > OMe = OH
(Fig. 4). The structure-activity relationship was different from that
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Figure 2. Effect of baicalein analogs on the transcriptional activity of NF-kB. HepG2 cells stably transfected with NF-«B treated with baicalein analogs followed by activation
without (A) or with (B) TNFo treatment. The data were presented as % of control, where the control was the luciferase activity without or with TNFo stimulated cells in the
absence of drugs. (C) Represented the Amax (fold) and ACso (ULM) of baicalein analogs of NF-kB-mediated transcription in HepG2 cells. Amax stands for maximal
transcriptional activity in comparison with control. ACs, is the concentration (M) that leads to 50% of maximal transcriptional activity. All values represent the mean + SD of
at least three independent experiments. ND represents no detection. TNFo (+) was added to give maximal activation, which is 4.5 £ 0.5 fold above intrinsic activity.
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Figure 3. Effect of baicalein analogs on the transcriptional activity of AP-1. HepG2 cells stably transfected with AP-1 treated with baicalein analogs followed by activation
without (A) or with (B) TPA treatment. The data were presented as% of control, where the control was the luciferase activity without or with TPA stimulated cells in the
absence of drugs. (C) Represented the Amax (fold) and ACs (M) of baicalein analogs of AP-1-mediated transcription in HepG2 cells. Amax stands for maximal transcriptional
activity in comparison with control. ACsg is the concentration (M) that leads to 50% of maximal transcriptional activity. All values represent the mean * SD of at least three
independent experiments. ND represents no detection. TPA (+) was added to give maximal activation, which is 2 + 0.5 fold above the intrinsic activity.

of NF-kB-mediated transcription or cytotoxicity. The rank order of
the efficiency of these analogs estimated by Amax/ACsg was
OPr > OEt = OBn > OMe > OAc > OH. Forskolin can increase the
intracellular levels of cAMP, which could activate PKA.!” The acti-
vated PKA could enter nucleus to phosphorylate CREB at serine
133.17 It was reported that the formation of phosphorylated CRE-
binding protein can induce expression of IL-10 in monocytes in
down-regulation of inflammation caused by NF-kB.'® The analogs
studied enhanced CREB activation by forskolin. The anti-inflamma-
tory activity of baicalein could be partly due to its action and/or
its metabolite, such as oroxylin-A, in activating CREB-mediated

transcription. S17 and S32 may have better anti-inflammatory
activity; this needs further exploration.

Although these compounds are close structural analogs, baica-
lein analogs modified at the 6th position of the A ring exhibited dif-
ferent cell cytotoxicities and effects on the signal transduction
pathway of NF-xB, AP-1, and CREB. Baicalein analogs may mimic
the TNFa effect to activate intrinsic level of NF-xB-mediated tran-
scription. They also enhanced NF-xB- and CREB-mediated tran-
scription with TNFa and forskolin, respectively. However, they
did not enhance AP-1-mediated transcription with TPA. Though
these structural analogs differ at only one position, having different





S.-T. Huang et al./Bioorg. Med. Chem. Lett. 18 (2008) 5046-5049

5049

——5] ——5]|
E -3 e —a—3)
§ S15 § S15
= §17 = S17
= —¥—532 = —%—SR
——0 ——0
@ HM o 10 2 % 4 0 e MM
C - Forskolin +Forskolin*

compd Amax (fold) ACs, (nM) Amax (fold) ACs, (uM)

S1 1.3510.14 ND 2.2010.32 13.513.2

(o] 1.2840.22 ND 2.6110.3 2.240.6

S32 1.8110.17 ND 14.5+2.25 8.241.1

S$17 1.5910.14 ND 7.3510.85 1.710.2

S15 1.3110.15 ND 7.69+1.19 4.311.6

s2 2.0410.11 38.3+1.3 5.2140.44  13.9+1.7

* Forskolin (+) could stimulate 410.5 fold

Figure 4. Effect of baicalein analogs on the transcriptional activity of CREB. HepG2 cells stably transfected with CREB treated with baicalein analogs followed by activation
without (A) or with (B) forskolin treatment. The data were presented as% of control, where the control was the luciferase activity without or with forskolin stimulated cells in
the absence of drugs. (C) Represented the Amax (fold) and ACso (M) of baicalein analogs of CREB-mediated transcription in HepG2 cells. Amax stands for maximal
transcriptional activity in comparison with control. ACs, is the concentration (M) that leads to 50% of maximal transcriptional activity. All values represent the mean * SD of
at least three independent experiments. ND represents no detection. Forskolin (+) was added to give maximal activation, which is 4 + 0.5 fold above the intrinsic activity.

0-alkyl, O-acyl, and O-benzyl groups, their effect on the three path-
ways and cell growth are quite different. Flavonoid modification
appears to be a possible approach for developing drugs with un-
ique activities.
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Novel diphenylamine-type estrogen receptor ligands were designed and synthesized, and their biological
activities were evaluated by means of binding assays for estrogen receptor-o and - and cell proliferation
assay using MCF-7 cells. Compounds 4f, 11b, 12¢, and 8 showed moderate estrogenic activities. We pro-
pose that the diphenylamine skeleton may be a privileged structure for various nuclear receptor ligands,
including RAR, RXR, and AR ligands.

© 2008 Elsevier Ltd. All rights reserved.

Efficient synthetic methods for diphenylamines were developed
by Buckwald et al.! and Hartwig,? and the diphenylamine skeleton
has proved useful in medicinal chemistry.> The nitrogen atom has
weak basicity (pKy = 13.2) and the two benzene rings are sterically
bulky, so diphenylamines do not readily form hydrogen bonds with
amino acid residues of receptors. Among related structures, diphen-
ylether and diphenylsulfide skeletons have less potential because it
is not possible to introduce a substituent on the heteroatoms. In the
case of diphenylmethanes, it is difficult to introduce substituents on
the linker carbon atom, and the C-substituted products can be enan-
tiomeric if the aromatic rings are different. Thus, the diphenylamine
skeleton has the advantages that the linker nitrogen atom can be
readily modified with various substituents and the products are
not enantiomeric, unless an asymmetric substituent is introduced,
so that synthesis is more straightforward. Thus, diphenylamine
structure is expected to be a useful skeleton for new drugs.

We have already reported retinoic acid receptor (RAR)* and ret-
inoid X receptor (RXR) modulators® based on the diphenylamine
skeleton. In addition, an androgen receptor (AR) modulator based
on the diphenylamine skeleton has been reported.® Since nuclear
transfer is an important process for nuclear receptor ligands, the
weak basicity of the nitrogen atom of diphenylamine (in other
words, the low polarity of its structure) should be favorable for
developing novel nuclear receptor ligands.

The estrogen receptor (ER) is a member of the superfamily of
nuclear receptors. Endogenous estrogen, 17f-estradiol, plays

* Corresponding author. Fax: +81 22 275 2013.
E-mail address: yendo@tohoku-pharm.ac.jp (Y. Endo).

0960-894X/$ - see front matter © 2008 Elsevier Ltd. All rights reserved.
doi:10.1016/j.bmcl.2008.08.004

important roles in the regulation of the female and male reproduc-
tive systems, as well as in bone metabolism, the cardiovascular
systems, and the central nervous system. The first step in the
appearance of estrogenic activity is the binding of agonist ligands
to ERo” and ERB,® resulting in a conformational change. The result-
ing ligand-bound ER then dimerizes, forms complexes with various
cofactors, and binds to specific promoter elements of DNA to initi-
ate gene transcription.’

A synthetic estrogen, diethylstilbestrol 1, acts like a native li-
gand, estradiol. Hydroxytamoxifen 2 has potent antagonistic activ-

OH O OH
(WD) (I
' HO

Diethylstilbestrol 1

17B-estradiol

OCH,CH,N(CH3),

Hydroxytamoxifen 2 3

Figure 1. Structures of the native ligand and synthetic ligands for ER.
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ity for ER and acts as a selective estrogen receptor modulator
(SERM).'0 Currently, various third- or fourth-generation SERMs
are under development.'® Recently, compound 3, which is a potent
antiestrogen without the alkylamino residue found in typical SER-
Ms, was reported!!(see Fig. 1).

The development of ER ligands remains an important issue in the
field of medicinal chemistry because novel functions of estrogen are
still being found.'? Therefore, we initially designed and synthesized
N-alkylated diphenylamine derivatives 4 as ER ligand candidates
based upon their attractive chemical properties and easy availability
(Fig. 2). Here, we describe the synthesis and the structure-activity
relationships of these diphenylamine derivatives.

The synthesis of N-alkylated compounds 4a-4j is summarized
in Scheme 1. Using the usual conditions of Buckwald-Hartwig ami-
nation, a key intermediate, bis(4-methoxyphenyl)diphenylamine
5, was synthesized from 4-bromoanisole and p-anisidine, which
are commercially available. N-alkylated compounds 6 were ob-
tained by the reaction of 5 with the corresponding alkyl halides
in the presence of NaH as a base. Compounds 6 were reacted with
BBr; to afford N-alkylated derivatives 4a-4j.

Scheme 2 summarizes the synthesis of compounds 4k-4m.
Compound 4k was synthesized by N-acylation of 5, demethylation,
and reduction of the amide group with LiAlH4 because N-(4-
methoxybenzyl)diphenyl-amine was decomposed in the demeth-
ylation with BBr3 as shown in Scheme 1. Compound 41 was synthe-
sized from cyclohexylamine by double Buckwald-Hartwig
amination using ‘BusP as a ligand, followed by demethylation with
BBr3, since the sterically bulky N-cyclohexyl group could not be
introduced into the intermediate 5 shown in Scheme 1. An N-phe-
nyl derivative 4m was synthesized by Buckwald-Hartwig amina-
tion of the intermediate 5 with bromobenzene, followed by
demethylation with BBrs.
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*H  4a ®NnCeHys 4t .\/@ 4
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Figure 2. Designed compounds as ER ligand candidates based on diphenylamine
skeleton.
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Scheme 1. Synthetic scheme of N-alkylated diphenylamine derivatives 4a-4j.

Reagents and conditions: (a) p-anisidine, Pd,(dba)s, rac-BINAP, NaO'Bu, toluene,
reflux, 67%; (b) NaH, RX, DMF, 22—97%; (c) BBr3, CH,Cl,, 74%-quant.
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Scheme 2. Synthetic scheme of 4k-4m. Reagents and conditions: (a) 4-methoxy-
benzoyl chloride, toluene, reflux, 87%; (b) BBr3, CH,Cl,, 53—97%; (c) LiAlH,4, THF,
58%; (d) p-anisidine, Pd,(dba)s, ‘BusP, NaO'Bu, toluene, reflux, 91%; (e) bromoben-
zene, Pd,(dba)s, rac-BINAP, NaO'Bu, toluene, reflux, 71%.

All of the synthesized compounds were evaluated with a com-
petitive binding assay using [2,4,6,7->H]17B-estradiol (4 nM) and
human recombinant ERot and ERB as an initial screening.'® The re-
sults of binding assay are summarized as relative binding affinity
(RBA) for ERa and ERB, and selectivity ratio in Table 1. Compounds
4a, 4b, and 4c did not bind to either of the ERs. When the hydro-
phobicity and bulkiness of the substituents on the nitrogen atom
were increased, binding affinities for ERo and ERp increased. Com-
pound 4h and 4k showed moderate binding affinity to ERo. and
ERB. Compound 4j bound to ERB about 30 times more strongly than
to ERat.

The biological activities were evaluated by means of cell prolif-
eration assay using human breast cancer MCF-7 cells.!* Although

Table 1
Binding affinity and receptor selectivity of compounds 4 for the human recombinant
ERa or ERB

Compound RBA® for ERa RBA?® for ERB Selectivity ERBot
4a <0.001 <0.001 -

4b <0.001 <0.001 -

4c <0.001 <0.001 —

4d 0.054 <0.001 —

4e 0.129 2.339 18.132
4f 0.153 0.102 0.667
4g 0.890 6.696 7.523
4h 3.643 6.836 1.876
4i 0.551 0.565 1.025
4j 0.655 18.134 27.685
4k 4.260 4.050 0.951
41 1.130 4.299 3.804
4m 1.295 1.912 1.476

2 All binding assays were performed in triplicate (n = 3). ICs value of estradiol for
ERa and ERB is each 4 nM. Relative binding affinity (RBA) is ICsq (estradiol)/ICsqo
(compound) x 100.
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compounds 4a-4c were inactive, compounds 4d-4m allowed
MCE-7 cells to grow in dose-dependent manner. The ECsy values
of the tested compounds are summarized in Table 2. None of the
synthesized compounds exhibited antiestrogenic activity (data
not shown). Compounds 4f and 4j showed the best estrogenic
activity (ECs0=1.1x108M and 6.7 x 108 M, respectively),
although they were less potent than the native ligand, estradiol.
The estrogenic activity of compounds 4f and 4g showed higher effi-
cacy than that of estradiol.

Next, N-acyl 8'°> and 11 and N-sulfonyl 12 derivatives were de-
signed and synthesized to evaluate the effect of the linking group
on the activity. Based on the results of binding assay and cell pro-
liferation assay, compound 4j and 4k with the less flexible N-ben-
zyl substituents were selected. The methyl group as shown in the
structure of 4a was chosen as a negative control.

The structures and synthetic scheme of compounds 8, 11a, 11b,
and 12a-12c¢ are summarized in Scheme 3. The structure and syn-
thetic scheme of compound 8 are shown in Scheme 2. As described
in the synthesis of compound 8, the reaction of 5 with the corre-
sponding acyl chlorides in toluene afforded the N-acylated com-
pounds, and demethylation with BBr; gave compounds 11a and
11b. N-Sulfonylated compounds 12 were obtained by the reaction
of 5 with the corresponding sulfonyl chlorides in the presence of
NaH in THF, followed by demethylation with BBrs.

Table 2
ECso values of N-alkylated diphenylamine derivatives 4a—4m in cell proliferation
assay using MCF-7 cells®

Compound ECso” (M) Compound ECs0” (M)

4a Inactive 4h 5.0 x 1077 (71)
4b Inactive 4i 1.1 x 107> (77)
4c Inactive 4j 6.7 x 1078 (85)
4d Compound 4k 3.7 x 1077 (42)
4e 57 x 107 (31) al 59 x 107 (64)
af 1.1 x 1078 (130) 4m 1.2 x 1077 (87)
ag 2.1 x 1077 (109) Estradiol 3.7 x 1012 (100)

2 MCF-7 cells were incubated with the test compounds for 5 days. Cell prolifer-
ation assay was performed in triplicate (n = 3).

b ECso values of the test compounds were estimated from the sigmoidal dose-
response curves using GraphPad Prism 4 software. The values in parentheses
indicate the efficacy for cell proliferation with the value for estradiol taken as 100.

Oy R O+ R
T T
MeO 13 OMe HO OH

R = CHj3 (11a)
Ph (11b)
4-OH-Ph (8)

o
N

5

R R
O:$:o O$O
MeO OMe HO OH
14 12

R= CHs (12a)
Ph (12b)
4-OH-Ph (12¢)

Scheme 3. Structures and synthetic scheme of N-acylated 11 and N-sulfonylated
diphenylamine derivatives 8, 12a, and 12b. Reagents and conditions: (a) RCOCI,
toluene, reflux, 55—87%; (b) NaH, RSO,Cl, THF, reflux, 43—69%; (c) BBr3, CH,Cl,,
25—-97%.

Table 3
Binding affinity and receptor selectivity of compounds 8, 11a, 11b, and 12a—12c for
the human recombinant ERo or ERp

Compound RBA*for ERat RBA® for ERB Selectivity ERBot
11a <0.001 <0.001 —

11b 0.193 1.258 6.518

8 0.336 0.063 0.188

12a <0.001 <0.001 —

12b 0.040 <0.001 —

12c 0.352 0.004 0.011

¢ All binding assays were performed in triplicate (n = 3). ICso value of estradiol for
ERo and ERB is each 4 nM. Relative binding affinity (RBA) is ICso (estradiol/ICso
(compound) x 100.

Table 3 summarizes the binding affinity of N-acyl and N-sulfo-
nyl compounds. As expected, methyl derivatives 11a and 12a did
not bind to either ERa or ERB. N-Acyl compounds showed higher
binding affinity to both ERs than did the corresponding N-sulfonyl
compounds. It seems that the binding affinity of these compounds
was decreased compared to those of the parent compounds owing
to the high hydrophilicity of the N-acyl and N-sulfonyl groups.'®

The cell proliferation activity of compounds 8, 11a, 11b, and
12a-12¢ was evaluated using MCF-7 cells as described above.
Dose-response curves and ECsq values of the test compounds are
summarized in Figure 3 and Table 4, respectively. As expected,
the methyl derivatives 11a and 12a showed weak estrogenic activ-
ity (ECso=4.3x10>M and 6.9 x 107° M, respectively), being
more potent than the parent compound 4a. Both derivatives, N-
acyl and N-sulfonyl, showed the tendency that the compounds
with a 4-hydroxyphenyl substituent, 8 and 12c, exhibited more po-
tent estrogenic activity than the phenyl derivatives 11b and 12b,
although the parent 4-hydroxyphenyl compound 4k showed
weaker estrogenic activity than the phenyl compound 4j. Com-

350 - v 11a

300 A 11b
5 * 8
-§25°' * 12a
2 200 - ® 12b
8 150 1 o 12¢c
Q
= 100 1 1
8
& 50-

0_
T T T T T 1

T T T
12 11 10 9 -8 -7 6 -5 -4 -3
Log concentration (M)

Figure 3. MCF-7 cell growth in the presence of the synthesized compounds. MCF-7
cells were incubated with the test compounds (1 x 107#to 1 x 10~'" M) for 4 days,
and the results are shown as relative cell number, with the value for estradiol taken
as 100. Cell proliferation assay was performed in triplicate (n=3). Values are
means * SD for separate experiments.

Table 4
ECso value of N-acylated and N-sulfonylated diphenylamine derivatives 8, 11a, 11b,
and 12a—12c in cell proliferation assay using MCF-7 cells®

Compound ECso (M)? Compound ECso (M)?

11a 43 x107° (114) 12a 6.9 x 1076 (213)
11b 1.4 x 1078 (114) 12b 6.3 x 1078 (98)
8 5.2 x 1079 (240) 12¢ 1.2 x 1078 (99)

2 All experiments were performed according to the same method described in
Table 2.
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pound 8 showed the most potent estrogen activity among the test
compounds, and the efficacy was 2.4 times higher than that of
estradiol.

These results suggest that the diphenylamine skeleton is a
suitable structure for the expression of estrogenic activity. The
greatest advantage of the diphenylamine skeleton as a platform
for drug design is the potential for control of the activity by easy
modification of N-substituents and aromatic substituents. The
diphenylamine skeleton appears to be a promising core structure
for ligands of various nuclear receptors, including ER, AR, RAR,
and RXR.

In conclusion, novel ER ligands were designed and synthesized
based on the diphenylamine skeleton. Compounds 4f, 8, 11b, and
12c showed moderate estrogenic activities. It is noteworthy that
the diphenylamine skeleton appears to be a suitable core structure
for ER ligands, as well as for RAR, RXR, and AR ligands, and we sug-
gest that this skeleton may be a privileged structure for nuclear
receptor ligands. Further, structural modification of 4, such as
introduction of a basic side chain as in 2, or a heteroatom contain-
ing-substituents on the nitrogen atom, may afford potent ER antag-
onists, SERMs or ERB-selective modulators. It may prove possible
to develop a wide range of nuclear receptor ligands based upon
the diphenylamine skeleton.
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PNA/DNA interstrand cross-links (ICLs) were observed when peptide nucleic acids (PNAs) containing
modified thymine derivatives were hybridized with the complementary or one-base mismatched DNA
upon photolysis or treatments of oxidative agent. PNA/DNA ICL formation provides a useful method
for biological applications such as antisense technologies or PNA chips.

© 2008 Elsevier Ltd. All rights reserved.

Peptide nucleic acids (PNAs)! have widespread applications in
many areas such as bio-drug for antigene/antisense therapy and
molecular tools for molecular biology and functional genomics.?
Many of theses applications involve the hybridization of PNA olig-
omers to DNA targets to form PNA/DNA duplexes because of the
characteristics of strong PNA/DNA binding modes. If further treat-
ments of these PNA/DNA duplexes such as UV-photolysis or oxi-
dants can produce a covalent linkage between a PNA and a DNA
strand, covalently linked PNA/DNA duplexes could become an inert
molecule permanently under thermodynamic conditions.

Recently, DNA/DNA interstrand cross-links (ICLs) formation
from a modified nucleotide was first reported by the Greenberg
group.® ICLs formation in duplex DNA after exposure to y-radioly-
sis is a particularly exciting result because the modified nucleotide
triphosphate could be a useful radiosensitizing agent.*

The Greenberg group showed that a DNA duplex containing a
phenyl selenide derivative (1) produces DNA interstrand cross-
links with the opposing strand dA upon photolysis or oxidative
conditions (Scheme 1). Cross-linking proceeds through the 5-(2'-
deoxyuridinyl) methyl radical (2) upon photolysis® or methide
(3) under oxidative conditions.> Both reaction conditions produce
a kinetic ICL product believed to be a dA-N1 adduct, which isomer-
izes in solution to the stable dA-N6 adduct (4) by Dimroth
rearrangement.®

Herein, we describe the possibility that ICL formation can be ex-
tended to a PNA/DNA duplex using a PNA probe containing phenyl
selenide-modified thymine (6). If PNA/DNA ICLs are formed using a

* Corresponding author. Tel.: +82 41 850 8498; fax: +82 41 856 8613.
E-mail address: ishong@kongju.ac.kr (LS. Hong).

0960-894X/$ - see front matter © 2008 Elsevier Ltd. All rights reserved.
doi:10.1016/j.bmcl.2008.08.002

o) o]
PhSeAfl‘ H HN
ox. OA\N OSePh
o] —» O [e)
(2,3] <
Migration
Ow 3
b ldA
fo)
% HN ,ti
N
N N o
ST e
N™™N
0 0.
Kj kj 7.
O 4

Scheme 1. Proposed mechanisms of DNA ICL formation from a modified nucleotide
upon photolysis or oxidative stress.®

modified PNA probe when treated with photolysis or oxidative
stress, they could be a useful tool for PNA biotechnological applica-
tions such as antisense techniques and PNA chips.

A phenyl selenide-modified thymine 1-acetic acid (6) was pre-
pared from thymine 1-acetic acid methyl ester (5) by modifying
the previously reported procedure for thymidine derivative’
(Scheme 2).

First, the photochemical activity of phenyl selenide derivative
(6) was determined under aerobic conditions. After the photolysis
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Scheme 2. Reagents and conditions: (a) NBS, benzene, AIBN; (b) PhSe-SePh, NaBH,,
DMF, 52% (two steps); (c¢) aq NaOH/Dioxane, 98%.

of 6 at 350 nm, the photolysates were analyzed by HPLC. Consump-
tion of 6 was monitored using an internal standard marker (thymi-
dine, T) by reverse phase HPLC (Fig. 1). Compound 6 (1.0 mM) was
consumed to about 90% within 30 min.

Upon photolysis, the intermediate expected could be a 5-(1-car-
boxymethyl-uracil) methyl radical (7) like the nucleoside analogue
(2). We believe that several stable products that eluted out faster
than the internal standard are derived from the peroxy radical 8,
as proposed previously, and/or the reduction of the hydroperoxide
(Scheme 3).”8

Next, we tested that oxidative stress can produce a reactive
methide, which is the intermediate for the ICL formation in DNA
under oxidative conditions. We confirmed via NMR experiments
that a reactive methide intermediate (10) is generated under oxi-
dative conditions (NalO,4 treatment).

Phenyl selenide thymine derivative (6) was oxidized into selen-
oxide (9) by NalO4 in good yield, and allylic selenoxide underwent
[2,3]-sigmatropic rearrangements to produce a methide (10) like
nucleoside analogue 3, as is shown in Figure 2. The production of
methide intermediate was confirmed by the appearance of vinyl
protons (Hx and Hg in Fig. 2C). Finally, 5-hydroxymethyluracil
T-acetic acid 11 was produced through a reaction with water
during the overnight incubation.

A 6
T
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6
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Figure 1. HPLC analysis of the photolysates of 6. (A) Before photolysis, (B) after
photolysis at 350 nm for 30 min, internal standard; thymidine (T).
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Scheme 3. Methyl radical intermediate upon the photolysis of 6.
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Figure 2. '"H NMR analysis of the reaction of 6 (1 mM) with NalO, (2 mM) in
deuterated phosphate buffer (10 mM, pD 7.0). (A) Before NalO, addition; 6, (B)
10 min after NalO,4 addition; 9, (C) 2 h after NalO,4 addition; 10, and (D) 16 h after
NalO,4 addition; 11.

The rate constant of the formation of intermediate 10 was
determined by NMR experiments using an internal standard (thy-
midine). The disappearance of the Hg hydrogen of 9 was monitored
in time courses (Fig. 3). The plotting was well fixed to the first-or-
der rate equation. However, phenyl selenoxide derivative 9
(ko=5.30 x 1075, t;,=21.8 min) rearranged approximately
ten times more slowly than the comparable nucleoside thymidine
derivative (6.1 x 107357, t;=1.9 min).° Hence, we confirmed
that the reactivity of phenyl selenide 6 is similar to that of nucle-
oside analogue 1 upon photolysis or oxidative conditions.

Precursor 6 was independently introduced at the defined site in
PNA oligomer (12) using standard Fmoc-solid phase synthesis
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Figure 3. The rate constant determination of the formation of methide interme-
diate 10.
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methods.'® The N-terminal of PNA probe was modified with the
acetyl group (Scheme 4).

DNA oligomers were purchased from Bioneer Inc. DNA13 is a
fully matched 15 mer to the modified PNA (12) and DNA14 is a
mismatched sequence in the base opposite of the precursor site
in PNA (12). DNA15-17 were designed to determine the mis-
matched sequence effects.

In order to determine the ICLs formation between the PNA
probe and DNAs, 5'-fluorescein labeled DNAs were hybridized with
a PNA probe under standard hybridization conditions, and then
PNA/DNA duplexes were further treated with photolysis or
NalO4.!"' Denaturing polyacrylamide gel electrophoresis analysis
reveals the formation of products whose migration is severely re-
tarded relatively to unreacted DNA oligomers, indicative of inter-
strand cross-linked products (Fig. 4).

In photolysis, ICL was formed in significant quantities in a fully
matched PNA/DNA13 duplex (Fig. 4A), but the formation of ICLs in
single-base mismatched sequences (PNA/DNA14-17) was less than
10% yield except that of PNA/DNA15. This is consistent with the
previous results from DNA/DNA ICL formation.* Under oxidative
stress, the extents of ICL formation were dramatically changed. A
fully matched PNA/DNA13 duplex with treatment of NalO, did
not produce significant interstrand cross-link. Also, ICL formation
in distal mismatched sequences (DNA16 and 17) was negligible.
However, ICL formation was accelerated in an opposing base or
adjacent base-mismatched sequence PNA/DNA14, PNA/DNA15,
respectively (Fig. 4B).

A characterization of the cross-linked product from the treat-
ment with NalO, of PNA/DNA15 was obtained by MALDI-TOF
mass.'? The observed molecular weight (calculated m/z 8666.9;
found m/z 8664.8) is well consistent with that of the reaction be-
tween 6 and the opposing DNA strand (Fig. 5). The observed molec-
ular weight is also consistent with the observation that O, is
unnecessary for interstrand cross-link formation as in the DNA ICLs
formation.

In contrast to ICL formations of photolysis, which are produced
from the radical pathway, interstrand cross-links of modified PNA/
DNA under oxidative stress are formed from the methide type
intermediate (10). Further support for this mechanism was ob-
tained by determining the rate constant for ICL formation in

GTA GTA GB6T ATA TTG-N-Ac
PNA control (18): GTA GTAGTT ATATTG-N-Ac
DNA 13: 5-F- CAT CAT CAA TAT AAC-3'

14: 5'-F- CAT CAT CCA TAT AAC-3'
15: 5'-F- CAT CAT CAC TAT AAC-3'
16: S5'-F- CAT CAT CAA GAT AAC-3'
17: 5'-F- CAT CAT CAATCT AAC-3'

PNA probe (12):

Scheme 4. The sequences of a modified PNA probe, fully matched (DNA13) and
single-base mismatched DNA oligomers (DNA14-17). 5 sites of DNAs were labeled
with fluorescein.

PNAIDNA 13 14 15 16 17 13 14 15 16 17

Cross-links ' -
16 mer . . ... - e - - e

Relative
Yield of ICL(%) 30.8 65 157 7.7 6.6

12 307 491 38 49

Figure 4. Denaturing PAGE analysis of PNA/DNA duplexes. (A) Photolysis (350 nm,
30 min), (B) NalO4 treatments (5.0 mM, 37 °C for 2 h).
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Figure 5. MALDI-TOF mass of the cross-linked PNA/DNA obtained upon NalO4
treatment of PNA/DNA15.

PNA/DNA15 treated with NalO4 (5 mM) (Fig. 6A). Phenyl selenox-
ide derivative 9 (t;2=21.8 min) rearranged approximately 10
times more slowly than the comparable nucleoside thymidine
derivative (t;2=1.9 min).® Hence, the plotting was carried out at
20 min as an initial background after the treatment of NalO,4. ICL
growth was well fixed first-order kinetics (Fig. 6B). The observed
rate constant for ICL formation (6.9 x 107%s™!, t;;, = 16.9 min)
was comparable to that of DNA ICL formation (1, = 28.2 min).

In contrast to the reactivity of the thymidine analogue (1), we
found that the fully matched PNA/DNA13 under oxidative stress
did not produce a significant amount of ICLs as shown in Figure
4B. It can be explained by local duplex stability. The effect of the
phenyl selenide group on duplex thermal stability was analyzed
by measuring the UV-melting temperature (T,,, Table 1). The phe-
nyl selenide group reduced the Ty, by 0.8 °C relative to when thy-

A Time: 0 20 40 60 80 100 120
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15 mer
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Figure 6. Rate of ICL growth from PNA/DNA15 upon NalO, (5mM, 37 °C)
treatments. (A) Denaturing PAGE analysis, (B) ICL growth follows first-order
kinetics.
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Table 1
Comparison of the UV-melting temperature of PNA/DNA duplexes containing
modified 6

PNA DNA? T (°C)°

18 13 63.0+0.0
12 13 622+05
12 14 49.4+0.5
12 15 49.0+0.1
12 16 50.3+0.8
12 17 52.8+0.7

@ Sequences of DNA were the same as those of DNA13-17, but without labeling of
fluorescein.
> [PNA], [DNA] = 1.0 uM, phosphate buffer (20 mM, pH 7.2).

mine was present. The effect of a mispair opposite 6 was similar to
when one mispair was present in other sites.

Recently, the Greenberg group described flanking sequence
effects on cross-linking reactions in a DNA duplex containing a
phenyl selenide-modified 5-methyl-deoxycytidine.® Almost no
ICL formation in fully matched PNA/DNA13 and distal single-base
mismatched sequences (PNA/DNA16, PNA/DNA17) indicates that
the local duplex stability could be the cause of the sequence effect
on cross-linking because 6 must adopt the syn-conformation in or-
der to react with the opposing DNA strand.

The methide type intermediate 10 cannot adopt the syn-confor-
mation in a stable local duplex environment. Hence, no ICL forma-
tions were observed in fully matched and distal single-base
mismatched DNA sequences. However, there was a high yield of
ICL formation in a mispair opposite 6 and adjacent mispair se-
quence due to more flexible local stability. A cross-linking site
opposite of DNA14 strand in the PNA/DNA14 duplex might be a
3’-adjacent dA, which was reported by the Greenberg group.’

In summary, PNA/DNA interstrand cross-links were formed from
modified PNA base upon photolysis or oxidative conditions.

In contrast to photolysis, ICLs formation in NalO, treatment
was observed in mismatched DNA sequences in the vicinity of
opposing 6. PNA/DNA ICL formation could be a useful tool for
PNA biotechnological applications such as PNA chips and PCR
clamping.
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A new series of betulinic acid derivatives have been synthesized by introducing heterocyclic ring between
C-2 and C-3 positions of betulinic acid. Further modifications were also carried out by reduction of C-
20(29) unsaturated bond and substitution of C-28 carboxyl group by ester and amide linkage to enhance
the selectivity. Compound 11 resulted in ICsq of 2.44, 2.5, and 2.7 pg/ml on MIAPaCa, PA-1, and SW620
cancer cell lines, respectively. Compound 38 resulted in ICso of 0.67 pg/ml on MIAPaCa cell line.

© 2008 Elsevier Ltd. All rights reserved.

Natural products played a major role in the anticancer drug dis-
covery. Over 60% of the anticancer drugs are of natural origin. Bet-
ulinic acid (1), 3B-hydroxy-lup-20(29)-en-28-oic acid, a naturally
occurring pentacyclic lupane-type triterpene, is widely distributed
throughout the tropics. A variety of biological properties are as-
cribed to betulinic acid, but betulinic acid is recognized for its anti-
cancer and anti-HIV activities."™* Previous reports revealed that
betulinic acid is a melanoma-specific cytotoxic agent,> but recent
evidence has indicated that betulinic acid also possesses a broader
spectrum of cytotoxic activity against other cancer cell lines.

Various modifications of substituents at positions 2, 3, 20, and
28 of betulinic acid have been the subject matter of all research ef-
forts to obtain potent lead compounds.®~'! All the above men-
tioned reports collectively disclose a large number of betulinic
acid derivatives, with a vast majority of them found to possess
antitumor activity. However, due to various reasons they are not
particularly good candidates, clinically as well as do not have the
best of pharmacokinetic properties. A need therefore exists for no-
vel betulinic acid derivatives, which are not only potent, but also
clinically safe and moreover, have better pharmacokinetic proper-
ties. In our efforts, we have found that in betulinic acid (1) hetero-
cyclic ring-like indole, benzofuran and pyrrole at C-2 and C-3
positions, imparts the desired characteristics. Further changes
were also carried out by reduction of C-20(29) unsaturated bond

* Corresponding author. Tel.: +91 120 4378501; fax: +91 120 4376501.
E-mail addresses: kumarv@dabur.com (V. Kumar), jaggim@dabur.com (M. Jaggi).

0960-894X/$ - see front matter © 2008 Elsevier Ltd. All rights reserved.
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and substitution of C-28 carboxyl group by ester and amide linkage
to enhance the selectivity (Table 1).!2

Synthesis of betulinic acid derivatives has been described in
Schemes 1-3.'3 Betulinic acid (1) was acetylated with acetic anhy-
dride in presence of pyridine to afford 3-acetyloxy betulinic acid
(2). Compound 2 upon hydrogenation with Pd/C in presence of
hydrogen gas afforded 3-acetyloxy-20,29-dihydrobetulinic acid
(3).1* Dihydrobetulinic acid (4) was obtained by deacetylation of
3-0-acetyl 20,29-dihydrobetulinic acid (3) under basic conditions
as shown in Scheme 1.

Both betulinic acid (1) and dihydrobetulinic acid (4) were oxi-
dized in presence of Jones reagent to their respective betulonic acid
(5) and 3-0-dihydrobetulinic acid (6), respectively.!> Compounds 5
and 6 undergo Fischer indole synthesis with various arylhydra-
zines by loss of ammonia to afford compounds 7-19.'® N-Benzyl-
pyrrolo substituted betulinic acid derivative (20) was afforded by
the reaction of intermediate formed from the reaction of benzyl-
amine with dihydrobetulinic acid (6), then with Michael acceptor
nitroalkene.!” Benzofuran derivatives (21 and 22) were synthe-
sized from betulonic acid (5) and 3-0O-dihydrobetulinic acid (6)
with O-phenylhydroxylamine in presence of methanesulfonic acid
as shown in Scheme 2.1%

Ester derivatives 23-27 were synthesized by the reaction of
compounds 7 and 11 with corresponding halides under basic con-
dition. To synthesize amide derivatives (28-37), C-28 carboxylic
group was converted to acyl chloride intermediate, which was fur-
ther reacted with the corresponding amines. Compounds 28 and
29 upon hydrolysis under basic condition afforded compounds
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Table 1
Betulinic acid derivatives

Chem. Lett. 18 (2008) 5058-5062 5059

Compound X Y R R! Z R? R® R*
7 H N C(=CH,)CH5 H 0 H Ph
8 H N CH(CHs), H 0 H Ph
9 H N C(=CH,)CH3 CH3 0 H Ph
10 H N CH(CHs), CHs 0 H Ph
11 5-Cl N C(=CH,)CH5 H 0 H Ph
12 5'-Cl N CH(CHs), H 0 H Ph
13 5'-F N C(=CH,)CH; H 0 H Ph
14 5'-F N CH(CHs), H 0 H Ph
15 7'-Cl N C(=CH,)CHs H 0 H Ph
16 7'-F N C(=CH,)CH; H 0 H Ph
17 4/-Cl, 6/-Cl N C(=CH;)CHs H 0 H Ph
18 5'-Cl, 7-Cl N C(=CH,)CHs H 0 H Ph
19 5/-0CH3 N C(=CH,)CH; H 0 H Ph
20 = N CH(CHs), CgHsCH, 0 H H Ph
21 H 0 C(=CH,)CH; 0 H Ph
22 H 0 CH(CHs), = 0 H Ph
23 H N C(=CH,)CH; H 0 CH,C(0)OC(CH5); Ph
24 H N C(=CH;)CHs H 0 CH,CH=CH, Ph
25 H N C(=CH,)CH5 H 0 CH,Ph Ph
26 5-Cl N C(=CH,)CH; H 0 CH,Ph Ph
27 H N C(=CH,)CH; H 0 CH,PhNO,(4) Ph
28 H N C(=CH,)CH5 H NH CH,CO,CH; Ph
29 5-Cl N C(=CH,)CH; H NH CH,CO,CH3 Ph
30 5-Cl N C(=CH,)CH; H NH CH,C=CH Ph
31 5'-Cl N C(=CH,)CH5 H NH HN 4 Ph
32 5-Cl N C(=CH,)CH3; H NH HN ,O Ph
33 5-Cl N C(=CH,)CHs H NH CgH4CF5 (4") Ph
34 5-Cl N C(=CH,)CH5 H NH CgH4OCF; (4") Ph
35 H N C(=CH,)CH; H NH CH,Ph Ph
36 5-Cl N C(=CH,)CH; H NH HN / \ Ph
N=
)
37 5-Cl N C(=CH,)CH; H NH _) Ph
HN /48
38 H N C(=CH,)CH; H NH CH,CO,H Ph
39 5'-Cl N C(=CH,)CH5 H NH CH,CO,H Ph
40 H N C(=CH,)CH5 CgHsCH, NH CH,CO,H Ph
41 5-Cl N C(=CH,)CH5 CgH5CH, NH CH,CO,H Ph

38 and 39. In a similar way, compounds 40 and 41 were synthe-
sized by benzylation at N-1 position using sodium hydride, fol-
lowed by hydrolysis as shown in Scheme 3.

Results and discussion. All the synthesized betulinic acid deriva-
tives (7-41) were tested for in vitro cytotoxicity on seven tumor
cell lines as well as on one non-tumorous cell line, and ICsy values
were calculated in micromole (pg/ml)."®?° The human tumor cell
lines used in the study are ovary (PA-1), prostate (DU145), colon
(SW620), breast (HBL100), pancreas (MIAPaCa2), lung (A-549),
and leukemia (K562) cancers. Compounds (7-41) were also
screened against normal mouse fibroblast (NIH3T3) to evaluate
their cancer cell specificity (safety index).!® The cytotoxicity data
are summarized in Table 2.

Unsubstituted indolo betulinic acid derivative (7) resulted in
broad spectrum of cytotoxicity with ICsq of 5.15, 6.01, and
6.7 pg/ml on SW620, PA-1, and MIAPaCa cancer cell lines, respec-
tively. Reduction of C-20(29) double bond led to inactive

compound 8. Introduction of electron-donating methyl group at
N-1 position in indolo betulinic acid derivative (9) showed selec-
tivity toward MIAPaCa cancer cell line with ICso of 5.34 pg/ml.
No major affect on activity was observed (10) upon reduction of
C-20(29) double bond.

Introduction of the electron-withdrawing halogen group in
indolo ring imparted potent cytotoxicity. Compound 11 having
chloro group at C-5’ position is the most potent compound of this
series. Compound 11 showed ICso of 2.44, 2.5, and 2.7 pug/ml on
MIAPaCa, PA-1, and SW620 cancer cell lines, respectively, with
safety index of ~2 on MIAPaCa. Reduction of C-20(29) double bond
(12) caused 2- to 3-fold decrease in the activity. However, when we
replaced the chloro group with fluoro at C-5’ position (13), major
fall in activity was observed. Reduction of double bond (14) caused
some improvement in activity on MIAPaCa and A549 cancer cell
lines. On changing the position of halo group from C-5' to C-7’ in
indolo ring, chloro-substituted derivative 15 resulted in maximum
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activity on SW620 cancer line with ICsq of 2.00 pig/ml, with safety
index of ~6. Exchange of chloro with fluoro led to compound 16,
which showed potent activity with ICsq of <3.5 pg/ml on three can-
cer cell lines. Substitution of the indolo ring with dihalo electron-
withdrawing group provided the selectivity toward A549 cancer
cell line in compound 17, but compound 18 was inactive. Replacing
the electron-withdrawing halo group with electron donating
methoxy group (19) did not result in substantial change in the
activity.

N-Benzyl pyrrolo-substituted betulinic acid derivative (20) led
to complete loss in the activity. Replacement of the indolo part
with isosteric benzofuran led to inactive compound 21. While
reduction of C-20(29) double bond in benzofuran derivative (22)
resulted in moderate activity on A549 cancer cell line.

As indolo-substituted betulinic acid derivatives 7 and 11 might
have broad spectrum of cytotoxicity, their C-28 carboxyl group was
further replaced with different ester and amide linkage. Replace-
ment of the C-28 carboxyl group with ester groups like Boc (23),
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Table 2
ICs0 values of in vitro cytotoxicity of betulinic acid (BA) derivatives
Compound ICs0 (pg/ml) for cell lines
PA-1 DU145 SW620 HBL100 MIAPaCa A549 K562 NIH3T3
1 11.53+0.8 >20 13.26 £ 0.64 5.02+0.7 >20 3.00+0.7 325+1.2 437 +0.7
7 6.01 £0.9 8.86+0.2 5.15x0.7 10309 6.7 £0.59 7.6 £0.57 10.05 £ 0.61 6.9+0.76
9 >20 20+0.6 >20 19.5+2.1 5.34+0.96 6.9 +0.21 7.73 £0.17 15.12 +3.04
10 >20 >20 >20 14.14£0.8 5.4+0.43 6.5+34 1085+ 1.5 >20
11 25+0.6 49+09 2.7+0.2 11.75+£1.65 2.44 +0.26 7.14+0.5 9.61+0.78 46+0.14
12 6.6+0.9 6.5+1.2 59+0.8 >20 15.19 £ 1.06 8.8+0.74 >20 19.03 £0.21
13 >20 >20 9.16£0.8 >20 174+26 17.8 £1.79 10.95+£0.93 >20
14 >20 >20 7.28+0.3 >20 8.4+0.76 8.89+0.84 14.01 £0.75 14.59£0.33
15 6.39+0.1 11.66 £0.71 2.00£0.3 11.8 £0.35 11.6 £0.49 8.7+0.19 9.26+1.6 11.8+£0.19
16 ND >20 >20 3.5+09 33+0.2 3.0+£0.6 8.7+0.9 2.1+£0.55
17 >20 >20 >20 >20 >20 55+1.1 >20 41009
19 58+09 5.75+0.75 8409 12.8 £0.39 6.4 £0.44 8.2+0.14 >20 7.5+0.48
22 >20 >20 >20 >20 8.8+0.36 7116 15.28 £0.18 20£5.6
38 3.0£0.9 7.0£0.7 8.7+0.1 >20 0.67 £0.03 3.53+0.82 11.92+£1.37 0.68 + 0.003
39 6.66 + 0.43 10.32+£0.9 10.42 £ 0.5 16.5+£0.6 10.7 £ 0.63 124 +1.78 >20 11.2+£0.63

Cytotoxicity was determined by MTT assay, as described.'® Data shown are ICsq + SD of three independent experiments. If ICso was not achieved, it was represented as greater

than highest concentration tested, that is, 20 pg/ml.
ND, not done.

allyl (24), and benzyl groups (25-27) led to the complete loss of the
activity. Similarly, replacement of the C-28 carboxyl group with
amide groups like amino acid ester (28 and 29), alkyl (30) cyclo-
alkyl (31 and 32), aryl (33-35), and heteroaryl (36 and 37) amide
led to the inactive compounds.

However, when we carried out the hydrolysis of ester com-
pound 28, it led to potent molecule 38, which resulted in ICsqy of
0.67, 3.0, and 3.53 pg/ml on MIAPaCa, PA-1 and A549 cancer cell

lines, respectively. While compound 39 showed moderate activity
with ICsg of 6.66 1g/ml on PA-1 cancer cell line. Substitution of N-1
position with benzyl group along with hydrolysis in compounds 28
and 29 resulted in inactive compounds 40 and 41.

In the present study, several derivatives have shown better
cytotoxicity than betulinic acid. The halo-substituted hetrocyclic
ring (indolo) at C-2 and C-3 positions in betulinic acid afforded
highly potent cytotoxic compounds 11. Substitution of N-1 posi-
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tion of indolo ring led to the loss of activity. So, N-1 position should
be kept unoccupied. In most of the cases, hydrogenation of C-
20(29) double bond decreased the cytotoxicity. At C-28 position,
carboxylic group is essential for activity, replacement of carboxyl
group with ester and amide ester leads to inactive compounds.
However, hydrolysis of amide ester provided highly potent com-
pound 38. Compounds 11 and 38 have been selected for further
studies.
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culture medium such that the final DMSO concentration in the well even at the
highest concentration is less than 1%. After 24 h, the cells were incubated with
the above-mentioned test substance to obtain drug concentrations in the range
of 0.5-20 pg/mL. After 72 h of incubation in a CO, incubator, cytotoxicity was
measured by the tetrazolium-based MTT assay adapted from previously
published methods.?° Briefly, 25 L of MTT (5 mg/ml, Sigma, USA) was added
to each well of the 96-well plate, and the plate was incubated at 37 °C for 3 h.
MTT was converted to greenish-brown colored formazan by mitochondrial
dehydrogenase enzyme present in viable cells. For adherent cells, the medium
in the wells was gently pipetted out and replaced with 150 pL of DMSO and
kept with gentle shaking for 15 min to dissolve formazan crystals. For
suspension cultures, formazan was dissolved by direct addition of 50 puL of
sodium dodecyl sulfate (SDS) acidified with 1N HCl, added to the wells
followed by incubation for 1 h and the contents were mixed using a pipetman.
The optical density (0.D.) in the wells was measured at 540 nm (for adherent
cells) or 570 nm (for suspension cells) using a multi-well spectrophotometer.
Percentage cytotoxicity was calculated using the formula given below
%Cytotoxicity = 1 — (X/Ry) » 100 where X = 0.D. of wells containing the test
substance and R; = O.D. of control wells. Each experiment was repeated thrice
and ICsg values (half-maximal cytotoxicity) were calculated by employing non-
linear regression analysis using Prism® software.
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A series of cis-3,4-disubstituted piperidines was synthesized and evaluated as CC chemokine receptor 2
(CCR2) antagonists. Compound 24 emerged with an attractive profile, possessing excellent binding (CCR2
ICs0=3.4nM) and functional antagonism (calcium flux ICs5o=2.0nM and chemotaxis ICsg=5.4 nM).
Studies to explore the binding of these piperidine analogs utilized a key CCR2 receptor mutant
(E291A) with compound 14 and revealed a significant reliance on Glu291 for binding.

© 2008 Elsevier Ltd. All rights reserved.

Chemokines are a large family of proteins involved in the acti-
vation and migration of leukocytes.! Our interest in chemokines
has focused on a CC family member, monocyte chemoattractant
protein-1 (MCP-1 or CCL2),2 which is upregulated in many autoim-
mune and inflammatory conditions.> MCP-1 binds to its exclusive
receptor, CC chemokine receptor 2 (CCR2),* which is a member of
the G-protein coupled receptor (GPCR) family. The CCR2/MCP-1
pair has been implicated in a variety of diseases, including rheuma-
toid arthritis,> atherosclerosis,® multiple sclerosis,” and insulin
resistance.® This has generated a great deal of interest in small
molecule antagonists of CCR2 as potential therapeutic agents.® In
this letter, we describe a novel series of disubstituted piperidines
as potent CCR2 antagonists.

Recently, we described a series of disubstituted cyclohexanes 1
(Fig. 1) as selective CCR2 antagonists (see also derivative 2 in Table
1).1% Looking to improve these antagonists, we became interested
in the addition of a nitrogen within the cyclohexane to give a
piperidine 3. These piperidines were synthesized in racemic form,
starting from dihydropyridine 4, as shown in Scheme 1. Racemic
epoxide 5 was produced via m-CPBA and was opened with sodium
azide to give the regiomeric pair 6 and 7.'! This mixture was sub-
jected to a hydrogenolysis (H,, Pd/C) followed by carbamate forma-
tion and chromatography to afford the major isomer 8. The
secondary alcohol was then converted to an azide via a Mitsunobu
reaction to yield 9. This, in turn, was reduced to the amine 10 be-

* Corresponding author. Tel.: +1 609 252 3066; fax: +1 609 252 7446.
E-mail address: robert.cherney@bms.com (R.J. Cherney).

0960-894X/$ - see front matter © 2008 Elsevier Ltd. All rights reserved.
doi:10.1016/j.bmcl.2008.07.123
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1 X =CH,; W=0 or HH; R and R! = varied
3IX= NR2; R, W, R' see Table 1 and 2

Figure 1. Exploration of piperidines as CCR2 antagonists.

fore it was coupled to the glycinamide 11 to give 12. Hydrogenol-
ysis gave the primary amine 13, which was taken to either a target
amine 14 or a target amide 15. As shown in Scheme 2, for piperi-
dine nitrogen substitution, 12 was treated with TFA to provide
amine 16. Selective alkylation with crotyl bromide (or other elec-
trophiles) and subsequent hydrogenolysis gave 17. As before, tar-
get amines 18 were produced via a reductive amination, and
amides 19 were produced by a coupling reaction.

The newly synthesized piperidines were evaluated using a radi-
olabeled MCP-1 displacement assay in peripheral blood mononu-
clear cells (PBMCs).'? We were interested in selective CCR2
antagonists, and hence used a CCR3 binding assay'? for an initial
assessment of selectivity. Highly active compounds were also eval-
uated in two functional assays, the calcium flux assay'? based on
PBMCs and a chemotaxis assay'? based on monocytes. With these
highly active compounds, we also verified that the compounds did
not induce calcium flux when incubated alone in PBMCs (without
MCP-1 present), thus validating the compounds as antagonists and
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Table 1
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Evaluation of benzylamine piperidines derivatives®

Compound R X R' ICs5° (nM) CCR3 binding % inh. at 10 pM¢
CCR2 binding Ca flux CTX mono©

2 4-SMe CH, 2-NH, 1180 £ 130 (3) NT NT NT

14 4-SMe NH 2-NH, 6.3+52(2) 7.0+1.4(2) 285+3.5 (2) 473

20 4-Cl NH 2-NH, 215+7.7 (2) 19 (1) NT 90

21 4-SEt NH 2-NH, 123 +21.2 (2) NT NT NT

22 4-SMe NH H 97 +48.1 (2) 510 +70.7 (2) NT 46

23 4 SMe NMe 2-NH, 0.95+0.2 (2) 5.0 (1) 27.5+12 (2) 56

24 4-SMe NPr 2-NH, 3.4+23(2) 2.0 (1) 5.4+0.5 (2) 47

18 4 SMe NBu 2-NH, 7.9+2.7 (2) 13.0 (1) 19.0 (1) 75

25 4-SMe NPr 2-NHCONHMe 3.8+1.1(2) 3.0 (1) 8.0+2.9 (2) 5.5+3.9(2)

26 4 SMe NPr 2-NHCOpyrrolidine 8.7+0.3 (2) 21 (1) 48+0.6 (2) 38.2+0.8 (2)

27 4-SMe NPr 3-NH, 6.1+1.1(2) 3.0 (1) 26.0+21.6 (3) 493

28 4 SMe NAc H 463 +117.4 (2) NT NT NT

29 4-SMe NBoc H 0% at 1 uM NT NT NT

@ Compounds are racemic, one enantiomer is displayed for illustrative purposes.
b ICso values (n) are displayed as mean + SD (n=2) and mean + SEM (n > 2).
¢ CTX mono, chemotaxis in monocytes.

4 CCR3 % inhibition are n =1, unless otherwise noted. NT, not tested. 2-NHCOpyrrolidine —.‘ J\
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NHEoc NH M O NH,
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Scheme 1. Reagents and conditions: (a) m-CPBA, CH,Cl,

14 R=8Me, W=HH
15R=5Me,W=0

0°C; (b) NaN3, NH4Cl, MeOH/H,0, A; (c) i—H,, Pd/C, MeOH; ii—Cbz,0, TEA, THF/H,0; iii—separation of

diastereomers; (d) HN3, DEAD, PPhs, THF/PhH, 5 °C; (e) PPhs, H,0, THF, 65 °C; (f) 11, NMM, HATU, DMF; (g) H,, Pd/C, MeOH; (h) i—4-methylthiobenzaldehyde, NaBH3CN,

ZnCl,, MeOH; ii—TFA; (i) i—4-methylthiobenzoic acid, NMM, HATU, DMF; ii—TFA.

not partial agonists. As shown in Table 1, the addition of a nitrogen
to form the piperidine was very beneficial. When compared to the
cyclohexyl derivative 2,'° piperidine 14 displayed a 180-fold
improvement in binding affinity for CCR2. Piperidine 14 also had
excellent activity in the calcium flux assay (ICso =7 nM) and the
chemotaxis assay (28.5nM), along with good selectivity over
CCR3. In order to optimize this CCR2 activity, we examined other
areas of piperidine 14. The methyl sulfide substituent was opti-
mized in the cyclohexyl series,'® and again proved to be sensitive
toward substitution as shown with the chloro-derivative 20
(CCR2 1ICs50=21.5nM) and the ethyl sulfide 21 (CCR2

ICs0 = 123 nM). The 2-amino substituent'* of the benzamide was
known to be important for binding affinity and functional activ-
ity,'%1> and its removal in compound 22 (CCR2 ICso=97 nM)
proved to be detrimental when compared to 14. As shown by
derivatives 18, 23, and 24, the CCR2 affinity was retained by substi-
tuting the piperidine nitrogen with small alkyl groups. This could
be effectively matched with urea substitutions on the benzamide
(derivatives 25 and 26) or the incorporation of a 3-amino group
(derivative 27). However, conversion of the piperidine nitrogen
to a non-basic moiety was unfavorable as observed for acetamide
28 (CCR2 IC59 =463 nM) and carbamate 29 (CCR2 IC5q > 1000 nM).
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Scheme 2. Reagents and conditions: (a) TFA, CH,Cl,; (b) i—crotyl bromide, K,COs,
CH3CN; ii—H,, Pd/C, MeOH; (c) 4-methylthiobenzaldehyde, NaBH3CN, ZnCl,, MeOH;
(d) 4-methylthiobenzoic acid, NMM, HATU, DMF.

Unlike the piperidine nitrogen, the benzyl amine could be con-
verted to an amide and retain significant CCR2 affinity. As shown in
Table 2, the unsubstituted piperidine derivative 15 lost only 4-fold
in CCR2 affinity when compared to its benzyl amine analog 14. The
amide derivatives with small N-alkyl piperidines were essentially
equipotent to their benzyl amine counterparts as shown by N-bu-
tyl 19, N-methyl 30, and N-propyl 31. As before, these derivatives
lost all CCR2 activity when a carbamate was installed on the piper-
idine nitrogen (see derivative 32).

Given the 180-fold enhancement in CCR2 binding affinity of
piperidine 14 as compared to the cyclohexyl derivative 2, it was
suspected that the piperidine nitrogen of 14 was making a new
contact within the CCR2 receptor. In order to gain additional in-
sight into this interaction, we examined the binding of piperidine
14 in a CCR2 receptor mutant. Of the GPCRs, chemokine receptors
are unique in that they contain a conserved glutamic acid (Glu) in
transmembrane domain-7 (TM-7).'® In CCR2, this is Glu291, which
has been shown to be critical for small molecule antagonist bind-
ing via site-directed receptor mutagenesis with the Glu291 to
Ala291 mutant (E291A)."7 Piperidine 14 was examined in
wild-type CCR2 and the E291A mutant in order to assess the
involvement of Glu291 in its binding (Table 3). As evident from
the 123-fold change in binding between wild-type CCR2 and the
E291A mutant, piperidine 14 had a significant reliance on Glu291
for its binding affinity. A second derivative, 15, was examined in
the E291A mutant, and it also displayed a large reliance on

Table 2
Evaluation of benzamide piperidine derivatives®
CF3
X
O o] = ‘
MeS v ”'NJI\/N N3
\Q\WNH H iz
(o]

Compound X R IC50° (nM) CCR3
CCR2 Ca flux CTX mono*© I.Dmdmg &
binding inh. at

10 uMm¢

15 NH 2-NH, 28+7.1(2) 75+0.7(2) 109+58.0(2) 19.7

19 NBu 2-NH, 4.3+0.73(3) 13(1) 175+2.1(2) 77

30 NMe 2-NH, 1.8+03(2) 2(1) 38.5+9.2(2) 431

31 NPr 3-NH, 62+09(2) 6.0(1) 25.0+19.8 (2) NT

32 NBoc 2-NHBoc 0% at 1 puM  NT NT NT

¢ Compounds are racemic, one enantiomer is displayed for illustrative purposes.
b ICso values (n) are displayed as mean + SD (n=2) and mean + SEM (n > 2).

¢ CTX mono, chemotaxis in monocytes.

4 CCR3 % inhibition are n = 1. NT, not tested.

Table 3
Evaluation of 14 and 15 versus the E291A CCR2 mutant

Compound WT CCR2 ICsq ? (nM) E291A ICsp @ (nM) E291A fold change
14 6.1 749.3 123
15 12 380.8 32

2 ICsp values are n=1.

Glu291 (32-fold shift, Table 3). This represents a departure from
the cyclohexyl derivatives, which did not have a large reliance on
Glu291 when examined in the E291A mutant, as reported
previously.'®

In conclusion, we have described the synthesis and evaluation
of novel piperidine derivatives as potent CCR2 antagonists. As ob-
served for the comparison of cyclohexane 2 to piperidine 14, addi-
tion of the piperidine nitrogen alone can afford a significant
enhancement in CCR2 affinity. From a binding study with the
E291A CCR2 mutant, this enhanced affinity appears to be attrib-
uted to an interaction with Glu291 within the CCR2 receptor.
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anism of action.

The catalytic activity and inhibition of the B-carbonic anhydrases (CAs, EC 4.2.1.1) from the pathogenic
fungi Candida albicans (Nce103) and Cryptococcus neoformans (Can2) with inorganic anions such as halog-
enides, pseudohalogenides, bicarbonate, carbonate, nitrate, nitrite, hydrogen sulfide, bisulfite, perchlo-
rate, sulfate were investigated. The two enzymes showed appreciable CO, hydrase activity (kc, in the
range of (3.9-8.0) x 10° s!, and kc./Ks, in the range of (4.3-9.7) x 10’ M~! s~1). Can2 was weakly inhib-
ited by cyanide and sulfamic acid (K;s of 8.22-13.56 mM), while all other anions displayed more potent
inhibition. Nce103 was strongly inhibited by cyanide and carbonate (K;s of 10-11 uM), and weakly inhib-
ited by sulfate, phenylboronic, and phenyl arsonic acid (K;s of 14.15-30.85 mM). These data demonstrate
that pathogenic, fungal B-CAs may be targets for the development of antifungals that have a novel mech-

© 2008 Elsevier Ltd. All rights reserved.

Carbonic anhydrases (CAs, EC 4.2.1.1) are ubiquitous Zn(II)-,
Cd(II)- or Fe(Il)-containing metalloenzymes present in prokaryotes
and eukaryotes, being encoded by at least five distinct, evolution-
arily unrelated gene families: the o-CAs (in prokaryotes from the
Bacteria domain, algae, cytoplasm of green plants and verte-
brates—with 15 isozymes presently known in humans), the B-CAs
(predominantly in Bacteria, Fungi, algae and chloroplasts of both
mono- and dicotyledons), the y-CAs (mainly in Archaea and some
Bacteria), the 3-CAs (found so far only in marine diatoms) and
the recently described ¢-CAs, which have a cadmium metal centre
(present again in marine diatoms), respectively.'~® The B-class en-
zymes predominate in most bacterial and fungal species, for which
the complete genome has been sequenced, but they are poorly
investigated.!>®° These enzymes catalyse the reversible hydration
of carbon dioxide to bicarbonate and protons by means of a metal-
hydroxide mechanism, but at least the a-CAs possess other cata-
lytic activities (esterase, phosphatase, cyanate/cyanamide hydrase,
etc.).?

* Corresponding author. Tel.: +39 055 4573005; fax: +39 055 4573385.
E-mail address: claudiu.supuran@unifi.it (C.T. Supuran).

0960-894X/$ - see front matter © 2008 Elsevier Ltd. All rights reserved.
doi:10.1016/j.bmcl.2008.07.122

CAs play an important role in many physiological processes of
eukaryotes including respiration, CO, transport, electrolyte secre-
tion and photosynthesis among others.!~3 Although ubiquitous in
organisms from the Eukarya domain (mainly vertebrates) in which
they have been thoroughly investigated, these enzymes have
received scant attention in prokaryotes from the Bacteria and
Archaea domains as well as microscopic eukaryotes, such as path-
ogenic fungi.!?»®° Recently, we and others characterized two $-CAs
(Nce103 and Can2) from the fungal pathogens Candida albicans and
Cryptococcus neoformans.®~1° These enzymes were denominated
Nce103 in C. albicans and Can2 in C. neoformans.8~1° CO, sensing
plays an important role in fungal pathogenesis. In fact physiologi-
cal concentrations of CO,/HCO,~ induce prominent virulence attri-
butes in C. albicans (filamentation) or C. neoformans (capsule
biosynthesis) through direct activation of the fungal adenylyl cyc-
lise.2~'° CO,/HCO,~ equilibration by fungal p-CAs equally plays a
critical part in fungal CO, sensing and pathogenesis. For example,
Nce103 is essential for pathogenesis of C. albicans in niches where
the available CO, is limited (e.g., the skin), or essential for the
growth of C. neoformans in its natural environment.®-1° Thus the
link between cAMP signalling and CO,/HCO;~ sensing is conserved
in fungi and revealed CO, sensing to be an important mediator of
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fungal metabolism and pathogenesis. No inhibitors of these new B-
CAs have been described up to now, but it has been hypothe-
sized,"®1° that novel therapeutic agents could target this
unexplored pathway at several levels, in order to control fungal
infections as a different class of antifungals. Indeed, these patho-
gens cause potentially life-threatening disease, and drug resistance
to the currently used antifungals is increasing worldwide.!"!?

Similarly to all metalloenzymes, CAs are inhibited by inorganic,
metal-complexing anions (acting as non-competitive inhibitors
with CO, as substrate)!!>4 but they also possess a class of specific
inhibitors, the sulfonamides and their bioisosteres (sulfamates,
sulfamides, etc.), which coordinate to the metal ion within the en-
zyme cavity as anionic species.!*%713-15 Sylfonamides and sulfa-
mates are clinically used inhibitors of the mammalian «-CAs,
mainly as diuretics, antiglaucoma, anticonvulsant, antiobesity or
antitumor drugs/diagnostic tools.!> However, very few anion/sul-
fonamide inhibition studies are available for non-a-CAs. The archa-
eal B-CA from Methanobacterium thermoautotrophicum (Cab) and
the prototypical y-CA from Methanosarcina thermophila (Cam)
were investigated by our and Ferry’s groups for their interaction
with both inorganic anion and sulfonamide inhibitors,'* whereas
Nishimori et al.!® reported a detailed inhibition study of the p-CA
from the pathogenic bacterium Helicobacter pylori with sulfona-
mides and sulfamates. Here, we present the first detailed inhibition
study of the fungal B-CAs from the pathogenic species C. neofor-
mans (Can2) and C. albicans (Nce103) with a series of simple,
mostly inorganic anions. This study is useful both for understand-
ing the catalytic/inhibition mechanism of these poorly investigated
B-CAs and for detecting potential zinc-binding groups (ZBGs) for
the design of potent inhibitors targeting these enzymes, which
might have pharmacologic applications.

Although Can2 and Nce103 have been cloned, purified and char-
acterized earlier,®® their kinetic parameters for the catalyzed phys-
iological reaction, that is, CO, hydration to bicarbonate and a
proton, are not available in the literature.'®!” Therefore, we per-
formed a kinetic investigation of purified Can2 and Nce103, com-
paring their kinetic parameters (kcy and ke, /Ky,) with those of
thoroughly investigated CAs, such as the cytosolic, ubiquitous hu-
man isozymes hCA I and II (a-class CAs) as well as Cab, the best
characterized B-CA from the archaeon M. thermoautotrophicum,'®1?
(Table 1). Data of Table 1 show that similarly to other CAs belong-
ing to the a- or B-class, Can2 and Nce103 possess appreciable CO,
hydrase activity, with a k., in the range of (3.9-8.0) x 10° s™!, and
keat/Km in the range of (4.3-9.7) x 107 M~ ! s~1. Data of Table 1 also
show that these enzymes (except Cab)'* are inhibited appreciably
by the clinically used sulfonamide acetazolamide (5-acetamido-
1,3,4-thiadiazole-2-sulfonamide), with inhibition constants in the
range of 10.5-250 nM. Thus, our data prove the following.

(i) B-CAs from the fungal pathogens Can2 and Nce103 are effec-
tive catalysts for the interconversion between carbon dioxide and
bicarbonate. Indeed, these enzymes show a moderate-high cata-

Table 1

lytic activity for the physiological reaction catalyzed by CAs.
Can2, the less active enzyme of the two B-CAs investigated here,
possesses a kca /Ky value in the same range as the ubiquitous,
house-keeping human isoform hCA I' (Can2 has 86% of the cata-
lytic activity of hCA I, considering the turnover number, kca¢/Kin).
However, the fungal enzyme is almost two times (1.95-fold) faster
than the human one, as observed by comparing their k., values.
Nce103, on the other hand, displays 64.66% of the catalytic activity
of hCA II for the CO; hydration reaction, with CA Il being one of the
best catalysts known in nature! (again considering the kc./Kp, val-
ues). Nce103 is considerably more effective as a catalyst for the
physiological reaction as compared to Cab (53.88 times), Can2
(2.25 times) or hCA I (1.94 times). Taken together this is an excel-
lent example of convergent evolution of highly efficient catalytic
activity (for CO, hydration) in genetically unrelated enzymes. It
should be also mentioned that unlike mammalian o-CAs (including
hCAIand I1),>“ the investigated B-CAs Can2 and Nce103 do not pos-
sess esterase activity with 4-nitrophenyl acetate as substrate (data
not shown).

(i) Similarly to o- or B-class CAs investigated earlier,'*'> Can2
and Nce103 are susceptible to inhibition by the clinically used sul-
fonamide inhibitor acetazolamide, with inhibition constants in the
range of 10.5-132 nM. The human o-CAs hCA I and I, are inhibited
with Kj values in the range of 12-250 nM, very similar to those of
Can2 and Nce103. Cab on the other hand was poorly inhibited by
this sulfonamide (K; of 12.1 uM),!* being, however, susceptible to
inhibition by other types of sulfonamides (e.g., ethoxzolamide),
as previously shown.!*

Table 2 shows the Can2 and Nce103 inhibition data with anio-
nic, physiological species (such as chloride, bicarbonate and sul-
fate) as well as other non-physiologic anions. Here we also
include inhibition data for hCA I and Il as well as Cab (reported ear-
lier).'>'* This helps to compare the newly generated data with
those of the better investigated CAs belonging to the o- and B-CA
families. The following should be noted regarding the fungal
B-CA inhibition data of Table 2:

(i) Can 2 was not inhibited by perchlorate, similarly to all other
o- and B-CAs investigated up to now, and it was weakly inhibited
by cyanide and sulfamic acid, which showed inhibition constants
of 8.22-13.56 mM. The weak inhibitory activity of cyanide against
Can2 is quite surprising considering the fact that this metal-com-
plexing anion is a submicromolar inhibitor of hCA I, a micromolar
inhibitor of Nce 103 (see later in the text), and also appreciably
inhibits hCA II (Table 2). Thus from this point of view Can2 is sim-
ilar to Cab, which is also weakly inhibited by this anion (K; of
27.8 mM). The remaining investigated anions had a very compact
behaviour of modest inhibitors, with inhibition constants in the
range of 0.60-1.11 mM. The best Can2 anion inhibitor was hydro-
gen sulfide, and the worst one iodide, in this subgroup of discussed
anions. Since the X-ray crystal structure of these fungal enzymes is
not known it is currently difficult to fully interpret these results.

Kinetic parameters for the CO, hydration reaction catalysed by the human cytosolic isozymes hCA I and II (a-class CAs) at 20 °C and pH 7.5 in 10 mM HEPES buffer and 20 mM
Na,S04, and the B-CAs Cab (from M. thermoautotrophicum) and Can2 and Nce103 (from C. neoformans and C. albicans, respectively), measured at 20 °C, pH 8.3 in 20 mM Tris buffer

and 20 mM NaCl04'”

Isozyme Activity level keae (s71) Keat/ K (M~1s71) K; (acetazolamide) (nM)
hCA I? Moderate 2.0 x 10° 5.0 x 107 250

hCA II? Very high 1.4 x 108 1.5 x 10® 12

Cab? Low 3.1 x 10* 1.8 x 10° 12,100

Can2® Moderate 3.9 x 10° 43 x 107 10.5

Nce103 P High 8.0 x 10° 9.7 x 107 132

Inhibition data with the clinically used sulfonamide acetazolamide (5-acetamido-1,3,4-thiadiazole-2-sulfonamide) are also provided.

¢ Data from Ref. 1.
® This work.
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Table 2

Inhibition constants of anionic inhibitors against isozymes hCA I, and II (a-CA class),
and B-isozymes Cab (from the archaeon Methanobacterium thermoautotrophicum) as
well as Can2 (from Cryptococcus neoformans) and Nce103 (from Candida albicans), for
the CO, hydration reaction, at 20 °C'”7

Inhibitor K; (mM)?
hCA 1€ hCA II° Cab® Can2¢ Nce103¢

F- >300 >300 >1000 0.86 0.69
cl 6 200 152 0.92 0.85
Br- 4 63 421 1.00 0.94
I~ 0.3 26 13.2 1.11 1.40
CNO~ 0.0007 0.03 11.2 1.01 1.18
SCN 0.2 1.60 0.52 0.94 0.65
CN™ 0.0005 0.02 27.8 13.56 0.011
[\ 0.0012 1.51 55.7 0.73 0.52
HCO,~ 12 85 449 0.75 0.62
€05~ 15 73 9.6 0.60 0.010
NO; - 7 35 7.8 0.92 0.69
NO, - 8.4 63 44.8 0.96 0.53
HS™ 0.0006 0.04 0.70 0.60 0.37
HSO,~ 18 89 45.1 0.71 0.54
S0, 63 >200 >200 0.86 14.15
Clo,~ >200 >200 >200 >200 >200
H,NSO,NH, 0.31 1.13 103 0.99 0.30
H,NSO3HP 0.021 0.39 44,0 8.22 0.70
Ph-B(OH), 58.6 23.1 0.20 0.81 30.85
Ph-AsO;H," 31.7 49.2 0.33 0.87 30.84

¢ Errors were in the range of 3-5% of the reported values, from three different
assays.

b As sodium salt.

¢ From Ref. 14.

4 This work.

However, it can be stated that Can2 is much better inhibited by
most of these anions as compared to Cab, an archaeal B-CA for
which the X-ray crystal structure has been reported by Ferry’s
group.'® Most of these anions inhibit Cab in the range of 7.8-
103 mM, except for hydrogen sulfide, thiocyanate as well as phenyl
boronic/phenyl arsonic acids which were the only submillimolar
Cab inhibitors (Table 2). On the other hand, Can2 was generally less
susceptible to inhibition with anions as compared to the other
investigated fungal enzyme, Nce103 (see discussion later). How-
ever, as shown in Table 1, Can2 has a 12.5 times higher affinity
for the sulfonamide inhibitor acetazolamide compared to Nce103
which was moderately inhibited by this clinically used compound.
Notably, the inhibition profile of Can2 is also very different from
those of the ai-class enzymes hCA I and II (Table 2). This is predict-
able considering the different metal coordination spheres in these
enzymes as well as the fact that the overall charge can be consid-
ered as +2 for the o-CAs (three neutral His residues as metal(Il) ion
ligands). By contrast, this charge is formally O for the open active
site B-CAs, with the two cysteinate metal ion ligands ‘neutralizing’
the +2 charge of the metal ion. These different distributions of the
charge at the bottom of the enzyme active site cavity in the o~ and
B-CAs is clearly reflected in their quite distinct inhibition profiles
with small anions as those investigated here, but obviously this
is just one of the factors controlling inhibitory activity. The various
hydrophobic contacts that these inhibitors, possessing various io-
nic radii, with amino acid residues within the enzyme active site
can be evidenced only by resolving high-resolution X-ray crystal
structures of such enzyme-anion adducts, which for the moment
are not available.2°

(ii) When compared to Can2, Nce103 shows a distinct inhibition
profile. Thus, except for perchlorate, which was not an inhibitor in
concentrations up to 200 mM, the other weak Nce103 inhibitors
were sulfate, and the phenyl boronic/phenyl arsonic acids (K;s in
the range of 14.15-30.85 mM). Again most of the remaining inves-
tigated anions showed rather similar inhibition constants, in the
range of 0.30-1.40 mM, except for two anions which behave as

quite potent inhibitors: cyanide and carbonate (Kis of 10-11 pM).
Several comments must be made regarding these very interesting
data. Thus, there are many anions, such as cyanide, carbonate, sul-
fate, sulfamic acid (sulfamate), as well as the neutral inhibitor phe-
nyl boronic acid or the anionic one phenyl arsonate, which show
very different inhibition profiles for Can2 and Nce103. For exam-
ple, sulfate is 16.8 times better inhibitor of Can2 than Nce103,
whereas the isoelectronic and isostructural sulfamate is 11.7 times
better at inhibiting Nce103 than Can2. These data provide strong
hints for the design of more potent inhibitors targeting these en-
zymes, with organic sulfonates as leads for obtaining Can2 inhibi-
tors, whereas organic sulfamates as leads for strong Ncel03
inhibitors. Work is in progress in our laboratories to detect such
inhibitors.

The affinity of the two enzymes for cyanide is also very different
and difficult to explain with the data available at this time. It may
be observed that some B-CAs such as Cab and Can2 show a weak
inhibition with this complexing, metal-poison anion, whereas
Nce103 or the a-CAs hCA I and II are much better inhibited by it.
Again an X-ray structure of these adducts would help us under-
stand this very different behaviour. However, maybe the most
interesting data regard the carbonate inhibition of these fungal en-
zymes. Indeed, this anion is a 60 times more potent Nce103 than
Can2 inhibitor (Table 2). Since carbonate is in equilibrium with
one of the enzyme substrate, i.e., bicarbonate (a much weaker
inhibitor of both Can2 and Nce103), our data raise several impor-
tant questions. Is this potent carbonate inhibition of Nce103 an
evolutionary adaptation which silences this enzyme once the pH,
at which C. albicans grows, reaches above 7.5? How do these pro-
cesses affect the growth and pathogenicity of this ascomycete?
And why is this effect not observed for the orthologue of Nce103
in the basidiomycete C. neoformans, Can2, which does not show
this susceptibility to inhibition by carbonate?

In order to try to rationalize the kinetic and inhibition data re-
ported here, an alignment of the amino acid sequences of Cab,
Nce103 and Can2 is shown in Figure 1.>! We chose this archaeal
B-CA for comparison since it is one of the best characterized B-class
enzymes both from the point of view of the catalytic and inhibition
mechanism,#1819 js the smallest such enzyme known up to now,
and its high-resolution X-ray crystal structure is reported.'® Data
from Figure 1 show that the putative zinc ligands of the fungal -
CAs Can2 and Ncel03 are conserved, corresponding to residues
Cys37, His92 and Cys94 in the Cab sequence. A second pair of con-
served amino acid residues in all sequenced B-CAs, known to date,
is constituted by the dyad Asp39 - Arg41. These amino acids are
close!® to the zinc-bound water molecule, which is the fourth zinc
ligand in this type of open active site B-CAs, making a network of
hydrogen bonds with it, which probably assists its deprotonation
and formation of the nucleophilic, zinc hydroxide species of the en-
zyme. Indeed, in B-CAs, unlike the o-class enzymes, as mentioned
above, the formal zinc charge is zero, and as a consequence the
activation of the zinc-coordinated water molecule needs the assis-
tance of additional amino acids. The pair Asp39-Arg41 probably
has this function, as it is conserved in all B-CAs. As a consequence,
the catalytic water molecule is activated both by the metal ion (as
in metalloproteases®? and a-CAs!?3), but also by an aspartic acid
residue, as in aspartic proteases.?* This particular mechanism
makes the B-CAs very different as compared to all other known en-
zyme classes involved in hydrolytic or hydration processes.

In conclusion, we investigated the catalytic activity and inhibi-
tion of the B-CAs from the pathogenic fungi C. albicans (Nce103)
and C. neoformans (Can2) with simple inorganic anions such as
halogenides, pseudohalogenides, bicarbonate, carbonate, nitrate,
nitrite, hydrogen sulfide, bisulfite, perchlorate, sulfate and some
of its isosteric species. The two enzymes showed appreciable CO,
hydrase activity, with a ke, in the range of (3.9-8.0) x 10°s71,
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NCE103 MGRENILKYQLEHDHESDLVTEKDQSLLLDNNNNLNGMNNTIKTHPVRVSSGNHNNFPFT 60
CAN2 e e e e e — - MPFHAEPLKPSDEIDMDLGHS 21
CAB  mmmemmm———- MRFVSMIIKDILRENQDFRFRDLSDLKHSPKLCIITCMDSRLIDLLERA 49
NCE103 LSSEST--LODFLNNNKFFVDSIKHNHGNQIFDLNGQGQSPHTLWIGCSDSRAG---DQC 115
CAN2 VAAQKFKEIREVLEGNRYWARKVTS -EEPEFMAEQVKGQAPNFLWIGCADSRVP--EVTI 78
. L . ] * : * 7 kk*
CAB LGIGRGDAKVIKNAGNIVDDGVIRS---AAVAIYALGVNEITIIVGHTDCG--MARLDEDL 104
NCE103 LATLPGEIFVHRNIANIVNANDISSQGVIQFAIDVLKVKKIIVCGHTDCGGIWASLSKKK 175
CAN2 MARKPGDVFVQRNVANQFKPEDDSSQALLNYAIMNVGVTHVMVVGHTGCGGCIAAFDQPL 138
: *: ook ko * *k co KL L *¥Z*x 7% *
CAB IVSRMRELGVEEEVIENFS-IDVLNPVGDE--------- EENVIEGVKRLKSSP----- L 149
NCE103 IGGVLDLWLNPVRHIRAAN-LKLLEEYNQDPKLKAKKLAELNVISSVTALKRHPSASVAL 234
CAN2 PTEENPGGTPLVRYLEPITRLKHSLPEGSDVN- - - -DLIKENVKMAVKNVVNSPTIQGAW 194
. . . * % * . *
CAB IPES------ IGVHGLIIDINTGRLKPLYLDED--------------—------ 176
NCE103 KKNE------ IEVWGMLYDVATGYLSQVEIPQDEFEDLFHVHDEHDEEEYNPH 281
CAN2 EQARKGEFREVFVHGWLYDLSTGNIVDLNVTQGPHP- - -FVDDRVPRA- - - - - 239
* k. k. kK . coe .

Figure 1. Alignment of Cab, Nce103 and Can2 amino acid sequences. The three zinc ligands (Cys37, His92 and Cys94, Cab numbering)'® are evidenced in blue (and the “Z”
sign) whereas the other conserved amino acid residues between the three p-CAs are evidenced by an asterisk. The two conserved residues Asp39, Arg41, thought to be

involved in the B-CA catalytic cycle'® are shown in red. Amino acids where conserved substitutions were identified are represented with the *:” sign, while semi-conserved

substitutions are represented by the “.” symbol.?!

and ke /K, in the range of (4.3-9.7) x 10’ M~!s~!. Can2 was
weakly inhibited by cyanide and sulfamic acid (Kis of 8.22-
13.56 mM) whereas all other anions showed a compact behaviour
of stronger inhibition (K;s of 0.60-1.11 mM). Notably, Nce103 was
strongly inhibited by cyanide and carbonate (K;s of 10-11 pM),
weakly inhibited by sulfate, phenylboronic and phenyl arsonic acid
(Kis of 14.15-30.85 mM), whereas other anions where medium po-
tency inhibitors (Kis of 0.30-1.40 mM). Perchlorate was not an
inhibitor of these enzymes. Can2 and Nce103 show distinct inhibi-
tion profiles compared to the B-CA from the archaeon M. thermo-
autotrophicum (Cab) or the cytosolic, human a-CA isozymes | and
II. These data demonstrate that B-CAs from fungal pathogens of hu-
mans may function as attractive drug targets for developing a class
of therapeutic agents with a novel mechanism of action.
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This study concerns the synthesis of new histone deacetylase inhibitors (HDACi) characterized by a
1,4-benzodiazepine ring used as the cap, joined through an amide function or a triple bond as connection
units, to a linear alkyl chain bearing the hydroxamate function as Zn?*-chelating group. Biological tests
performed in human acute promyelocytic leukemia NB4 cells showed that new hybrids can induce his-
tone H3/H4 acetylation, growth arrest, and also apoptosis. Notably, chiral compounds exhibit stereoselec-

© 2008 Elsevier Ltd. All rights reserved.

Histone deacetylases (HDAC) and the other enzymes involved in
chromatin remodeling are important targets for anticancer ther-
apy, as inferred by the number of inhibitors (henceforth histone
deacetylase inhibitors, HDACi) which have entered clinical trials
as antineoplastic agents.'? Several HDAC isoforms exist, classified
into four distinct classes which differ for cellular localization, tar-
geted acetylated proteins, and sensitivity to inhibitors.> The first
HDACi to be studied was trichostatin-A (TSA, Fig. 1), a hydroxamic
acid derivative: this functional group is important for activity since
it coordinates the Zn?" cation located at the bottom of the pocket
for the N-acetylated residue of lysine.* Several other hydroxamic
acid derivatives were independently developed, including SAHA
(suberoyl anilide hydroxamic acid or Vorinostat, Fig. 1), recently
approved by the FDA for the treatment of cutaneous T-cell lym-
phoma.’ Other either natural or synthetic non-hydroxamate HDACi
have also been developed and entered clinical trials.5’

Classical HDACi share a common pharmacophore: a Zn?*-che-
lating group joined, through a suitable linker, and connection unit,
to a hydrophobic cap. The flexible part of the molecule enters the
active site of the enzyme, while the cap should interact with the
external domain of the enzyme and regulate the interaction be-
tween HDAC and the substrate, whether histone or non-histone
protein. Much work has been done to optimize the chelating group,

* Corresponding authors. Tel.: +39 055 4598212; fax: +39 055 4598900 (F.
Paoletti), tel.: +39 055 4573691; fax: +39 055 4573780 (M.N. Romanelli).
E-mail addresses: francesco.paoletti@unifi.it (F. Paoletti), novella.romanelli@
unifi.it (M.N. Romanelli).

0960-894X/$ - see front matter © 2008 Elsevier Ltd. All rights reserved.
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Figure 1. Structure of HDAC-inhibitors.

linker and connection unit, counting on (i) the availability of X-ray
structures of the complexes between inhibitors and HDAC or anal-
ogous proteins, and also (ii) the high degree of homology, among
the isoforms, of the catalytic domain, which has allowed the build-
ing of homology models.®~!! In turn, there are more problems to
optimize the cap through structure-based drug design: the model-
ing of the external domain of the proteins is hampered by the great
variability in the surface regions, due to both the flexibility of the
external loops and the differences in the sequences which allow
specificity in the interaction with different substrate proteins.
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Previously, some of us showed that antagonists of platelet-acti-
vating factor receptor (PAF-R) such as WEB-2086 and WEB-2170
were capable of inducing erythroleukemia cell maturation, trigger-
ing apoptosis in human promyelocytic leukemia cells, and promot-
ing differentiation in human breast cancer cells.'>'* The chemical
structure of these PAF-R antagonists is similar to that of anxiolytic
benzodiazepines (BDZ), which were reported to exert cytostatic/
differentiative effects in a variety of transformed cell types,'>'®
through mechanisms that, apparently, did not involve the periph-
eral BDZ receptor.!>!?

Considering that the BDZ nucleus may be a versatile scaffold to
design new anticancer agents (see for instance Refs. 18 and 19) and
that HDACi were effective drugs to treat some forms of leuke-
mia,”?%?! we thought it interesting to hybridize the structure of
BDZ and SAHA to obtain HDACi with enhanced antineoplastic
properties. Toward this aim, the 5-phenyl-1,3-dihydro-2-oxo-ben-
zole][1,4]-diazepine ring was joined, using an amide function or a
triple bond as connection units, to a linear alkyl chain bearing the
hydroxamate function as chelating group, obtaining compounds 1-4
(Fig. 1). While the amide is a widely used connection unit,® the less
frequent triple bond is found in compounds such as oxamflatin.??
We initially chose to place the side chain in the 7-position of the
BDZ ring, leaving the exploration of other positions to future
work.?® Finally, since the differentiation of Friend erythroleukemia
cells induced by BDZ was reported to be stereoselective,'® we
introduced a chiral center in position 3 of the 1,4-diazepine ring
(compounds 1 and 2) and then compared their HDACi activities
to those of the non-chiral analogues 3 and 4.2 During our work
on this research, other HDACI, different from ours, and carrying a
benzo[e][1,4]diazepin-2,5-dione nucleus as the cap, were
reported.?>2%

Racemics 1 and 2 were synthesized first (Scheme 1). Thus, rac-5
and rac-6 were prepared starting from, respectively, 2-aminoben-
zophenone or 4-iodo-2-aminobenzophenone.?” Treatment of rac-
5 with potassium nitrate in sulfuric acid, followed by reduction
with stannous chloride gave rac-7 in 30% yield, which was treated
with ethyl hydrogen suberate, followed by hydrolysis of the ester
function and reaction with N-tert-butyldimethylsilylhydroxyl-
amine. Chromatographic separation of the complex reaction mix-
ture did not afford the protected hydroxamate but yielded a
small amount of rac-1 (10% overall yield starting from rac-7). For
the synthesis of rac-2, the Sonogashira reaction between rac-6 with
N-(tert-butyldimethylsilyloxy)hex-5-ynamide, obtained by cou-
pling commercially available 5-hexynoic acid with N-tert-buty-

rao-5.R_H

rac-6 R=1 rac-7
l o f l ic,jf
Me
N
CHs /@Lr CHs
_N _
Z Ph
s CHZ
rac- 2
0 g: O%NH,OH rac- 1

Scheme 1. Reagents: (a) N-BOC-alanine, WSC, HOBT; (b) HCI, MeOH; (c) NaOH; (d)
NaOMe, Me,SOy; (e) N-(tert-butyldimethyl-silyloxy )hex-5-ynamide, Cul, Pd(PPhs)s,,
Et3N; (f) chromatographic separation; (g) KNOs, H;SO4; (h) SnCl,-2H,0, HCl; (i)
ethyl hydrogen suberate, WSC, HOBT; (j) TBDMSONH,, BOP-CI.

R)7R Me S)G(RSR Me
10: R 12:R=H
l f .
i
Me
NP
k R
EtO CH2 = =N
(CHo)s Ph
(S)-8, (R)-8: R=Me | (5)9, (R)-9: R =Me
11:R=H COOH 13: R=H
l g-i l h,i
Me
NP N
o) o)
1 @qﬂ Son
Ry e N N . =N
H (CH2)s Ph
‘Ro -2, (R)-2: R=Me
(S)1, (R)-1: R = Me (812, (R)-2:
3:R=H O)\NH 4:R=H

OH

Scheme 2. Reagents: (a) Fmoc-alanine, or Fmoc-glycine, SOCl,; (b) EtsN, CH,Cly; (c)
Me,S04, MeONa; (d) SnCl,-2H,0, HCl; (e) NaNO,, KI; (f) ethyl hydrogen suberate,
WSC, HOBT; (g) NaOH; (h) TBDMSONH,, BOP-CI; (i) MeOH; (j) 5-hexynoic acid, Cul,
Pd(PPhs)4, EtsN. The synthesis of (S)-1 and (S)-2, or (R)-1 and (R)-2, started from
enantiopure (S)-Fmoc-alanine of (R)-Fmoc-alanine, respectivley.

ldimethylsilylhydroxylamine, gave again a complex mixture,
from which rac-2 was obtained in low yield.

In order to improve yields, the synthesis of the enantiomers of 1
and 2 was performed in a different way (Scheme 2). Commercially
available 2-amino-4-nitrobenzophenone was coupled with enan-
tiopure Fmoc-alanine; deprotection, N-alkylation and reduction
gave (S5)-7 and (R)-7 in 50% yield. These compounds were con-
verted into the ester (S)-8 and (R)-8 as described for the racemate;
coupling with N-tert-butyldimethylsilylhydroxylamine, followed
directly by deprotection gave (S)-1 and (R)-1 in 20% yield. Treat-
ment of (S)-7 and (R)-7 with sodium nitrite and potassium iodide
gave, respectively, (S)-6 and (R)-6, which were reacted with
5-hexynoic acid to give (5)-9 and (R)-9. Coupling with tert-butyldi-
methylsilylhydroxylamine, followed by deprotection gave (S)-2
and (R)-2 in 22% yield. The same pathway was applied to the syn-
thesis of compounds 3 and 4, starting from commercially available
Fmoc-glycine (Scheme 2).

Biological activities of newly synthesized HDACi were assessed
by using the human acute promyelocytic leukemia cell line NB428
as the experimental model. Procedures employed for cell culture,
analysis of proteins and of apoptosis were as described
previously.'?

Initially, we tried to assess whether the new HDACi were capa-
ble of inducing acetylation of histone H3 and H4 isoforms. Results
reported in Figure 2 concern samples of promyelocytic leukemia
cells NB4 which were incubated in culture for 6 h with increasing
drug concentrations to determine levels of acetylated histones by
Western blot. All compounds tested were capable of promoting
histone H3 acetylation in a dose-dependent manner and, on aver-
age, alkyne derivatives 2 and 4 were approximately two to three
times more active than suberoyl derivatives 1 and 3. This was valid
also for drug-induced H4 acetylation by new HDACI, apart from
compounds (R)-2 and (S)-1 which, under these experimental con-
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Figure 2. Dose-dependent acetylation of H3 and H4 histone isoforms. NB4 cells
were incubated for 6 h with the drugs, then harvested and processed for
immunodetection, by Western blot, of acetylated H3/H4, and of a-tubulin as the
loading control (see Supporting information).

ditions, gave a null or a faint signal, respectively, to denote their
low HDAC I activity in contrast to the high activity of enantiomers
(S)-2 and (R)-1. Moreover, histone H3 appeared to be more sensi-
tive than histone H4 to drug-induced acetylation. Apparently, the
presence of the 3-methyl group in the BDZ cap did not interfere
significantly with efficacy of new HDACi; on the contrary, the con-
nection unit and length of the hydroxamic chain was relevant to
HDACi activity, as the relatively short alkyne chain mimicking that
of oxamflatin, was more effective than the longer six-methylene
chain typical of SAHA (Fig. 1).

Subsequently, new hydroxamate-HDACi were assayed for their
inhibitory effects on NB4 cell growth (Table 1). IC5o values indi-
cated that (i) short-chain HDACi (2 and 4) were definitely more ac-
tive than long-chain HDACi (1 and 3), and (ii) (5)-2, 4 and SAHA
were the most effective compounds yielding overlapping values
of approximately 0.6 M.

Notably, compound 2 showed enantioselectivity as far as HDAC
inhibition and antiproliferative effect were concerned. In fact, (5)-2
was eight times more active than its R-enantiomer in decreasing
NB4 cell growth (Table 1). Accordingly, Western blot analysis
showed a clear difference in the amount of acetylated H3 and H4
histones induced by the two enantiomers (Fig. 2); (S)-2 was more
potent than (R)-2 in inducing H3 acetylation, but only (S)-2 was
able to increase the amount of acetylated H4 histone, while the
R-enantiomer seemed to be inactive. With regard to compound 1,
there was practically no enantioselectivity in terms of growth inhi-
bition, although the R-enantiomer displayed higher potency than
the S-one (Table 1); on the contrary, enantioselectivity was clearly
evident looking at the different levels of acetylated H3 and H4

Table 1

Inhibition of NB4 cell growth by new HDACi

N ICsp (LM)
rac-1 4.09 £0.37
(51 5.83.£0.28
(R)-1 3.71+£0.15
rac-2 1.26£0.11
(8)-2 0.61+0.04
(R)-2 4.80+0.31
3 2.50 £0.22
4 0.62 £ 0.03
SAHA 0.60 + 0.04

Inhibitory effects of new HDACi on NB4 cell proliferation. Cells were incubated for
48 h with increasing amounts of listed compounds and then counted with the aid of
a Biirker chamber. ICs5o values—that is, the drug concentration (ptM) necessary to
reduce cell density by 50% relative to control—were the means+SD of three
separate experiments. Data relative to SAHA were reported for comparison.

histones (Fig. 2), the eutomer being the (R)-enantiomer. These find-
ings highlighted an inversion of the stereochemical preference be-
tween suberoyl and alkyne derivatives, thus suggesting a different
selectivity for and/or a different way of binding to HDACs.

Enantioselectivity is not a rare event in the field of HDACI,
although the majority of synthetic HDACi are non-chiral com-
pounds.>® Enantiopure compounds have been synthesized, mainly
designed from cyclic peptides or derived from L-aminoacids.?~3? In
some instances both enantiomers have been synthesized and stud-
ied®3-37: usually, the chiral center has been placed close to the rim
of the HDAC active site channel. In our compounds, the chiral cen-
ter placed on the cap was relatively far from the active site chan-
nel; while the addition of a small methyl group in position 3 on
the BDZ nucleus was not so important for potency, since (S)-2
and 4 showed similar ICsq values, its direction seemed to be crucial
for activity as (R)-2 was much less active than (S)-2 or 4. In addi-
tion, suberoyl and alkyne derivatives showed a different stereo-
chemical preference. Apparently, the different connection unit
(amide linkage or triple bond), possibly coupled with a different
length of the methylene chain, allowed a different orientation of
the cap on the surface of the enzyme; this enables compounds 1
and 2 to have access to spaces and/or to establish interactions,
which have different stereochemical requirements.

To further characterize the compounds, rac-2 and the two enan-
tiomers (S)-2 and (R)-2 were examined by flow cytometry for their
ability to decrease viability and to induce apoptosis in leukemic
cells (Fig. 3). A 48-h treatment of NB4 with 5 uM rac-2 or 2.5 uM
(5)-2 led to a massive apoptosis as indicated by the high percent-
ages of cells in LR (lower right) and UR (upper right) quadrants
and a few viable cells in LL (lower left) quadrants. Instead, in cul-
tures either untreated (control) or treated with 2.5 uM (R)-2, viable
cells in LL quadrants accounted for approximately 90% of the pop-
ulation with a negligible presence of apoptotic/necrotic bodies.

Control rac-2 (5 pM)
o4 v o0s% : 4 UL 17%
o JUR L7% 1 o T4 UR3S6%
8 JLL927% 1 & 3 LL s6%
55 IR 50% : il = LR 54.1%
= - ot 5 o -
S 23 SERTI B
£ 3 £ 7
35 ] E
T O °
3% ==y
2 e 7
a " o =
= -
102 10° 109 102 102 104 105
Annexin V FITC Annexin V FITC
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Figure 3. Cytofluorimetric analysis of apoptosis in HDACi-treated NB4 cells. Cells
(0.5 x 10%/ml) were incubated for 48 h either in the absence (control) or in the
presence of rac-2 (5 uM), (S)-2 (2.5 uM) and (R)-2 (2.5 pM). Cells were stained with
Annexin-V-Fluos and PI using a binding buffer according to the manufacturer’s
instructions. X-axis, the fluorescent intensity of Annexin-V; Y-axis, the fluorescent
intensity of PI. Values reported in each panel indicated the% of necrotic cells (upper
left), late apoptotic cells (upper right), live cells (lower left), and early apoptotic
cells (lower right). Results of a typical experiment out of three.
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These data underlined once more the difference between active
(S)-2 and inactive (R)-2 enantiomers.

In conclusion, newly synthesized hydroxamate-BDZ hybrids
showed to be powerful HDACi regardless of the presence or ab-
sence of a chiral center, as activity of compounds 1 and 2 was com-
parable to that of their non-chiral analogues 3 and 4. Even so, chiral
compounds demonstrated to be stereoselective.

Compounds capable of promoting acetylation of histone H4,
rather than histone H3, were also the most effective inhibitors of
leukemia cell growth and the most active inducers of apoptosis.
As regards growth inhibition activity (S)-2, 4 and SAHA yielded
overlapping ICsq values. The length and structure of the hydroxa-
mic chain can influence HDAC inhibitory properties: alkyne deriv-
atives (short-chain) were approximately two to three times more
active than suberoyl derivatives (long-chain). Work is underway
to optimize the length of the polymethylene chain.
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A series of estrogen receptor ligands based on a 3-alkyl naphthalene scaffold was synthesized using an
intramolecular enolate-alkyne cycloaromatization as the key step. Several of these compounds bearing
a C6-0OH group were shown to be high affinity ligands. All compounds had similar ERo and ERB binding
affinity ranging from micromolar to low nanomolar.

© 2008 Elsevier Ltd. All rights reserved.

Estrogen receptors (ER) are members of the superfamily of li-
gand-modulated nuclear receptors that mediate the actions of ste-
roid hormones, vitamin D, retinoids, and thyroid hormones.!
Naturally occurring estrogens such as 17B-estradiol have been
used in hormone replacement therapy (HRT) by postmenopausal
women for the treatment of osteoporosis and hot flush. Although
HRT is effective, it has been associated with increased risk of car-
diovascular disease and breast cancer.? Selective estrogen receptor
modulators (SERMs) are a class of therapeutic agents that provide
the benefit of estrogen while limiting some associated liabilities.
Their tissue selectivity allows them to function as estrogen ago-
nists in certain tissues, while acting as estrogen antagonists in
other tissues. The clinical utility of SERMs has been exemplified
with tamoxifen? for the prevention and treatment of breast cancer
and raloxifene? for the prevention of osteoporosis and breast can-
cer in postmenopausal women.’

A series of estrogen receptor ligands derived from a naphtha-
lene scaffold was previously reported by researchers at Eli Lilly.®
However, the reported scope of this series was limited by a lack
of substitution at the C3 position of the naphthalene skeleton
(R®>=H, Fig. 1).

Our interest in exploring substitution at the C3 position was
motivated by an X-ray crystal structure of one of our naphthalene
analogues GW2368 bound to ERa, which revealed an unfilled
hydrophobic region of the ligand binding pocket adjacent to the
C3 position (shown in yellow in Fig. 2). We hypothesized that
incorporation of lipophilic substituents at the C3 position might
provide analogues with increased ER binding affinity. We herein

* Corresponding author. Tel.: +1 919 483 8698; fax: +1 919 315 0430.
E-mail address: jing.m.fang@gsk.com (J. Fang).

0960-894X/$ - see front matter © 2008 Elsevier Ltd. All rights reserved.
doi:10.1016/j.bmcl.2008.07.121
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Figure 1. Generic structure of naphthalene SERMs.
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report the synthesis of a series of C3-substituted naphthalenes
and their binding affinity against ERa and ERB.

We have previously explored several routes to prepare func-
tionalized naphthalene-based ER ligands.” These earlier efforts in-
cluded a squarate-based ring expansion chemistry approach as
well as an attempt to adopt the route originally developed by
researchers at Lilly. Unfortunately, while both of these approaches
afforded some of our target compounds, they proved to be long, te-
dious, and subject to highly variable yields. Accordingly, rapid
development of SAR at the C3 position demanded a more efficient
synthetic route.

We focused our attention on two reports in the literature,®°
describing an intramolecular cycloaromatization strategy to con-
struct 3-alkyl-1-naphthols. We envisioned that a substrate like 1
would probably undergo a similar benzannulation reaction to yield
3-alkyl-2-aryl-1-naphthol core, which could be used as a suitable
intermediate for the generation of new ER ligands.

Phenylethanone 1 was prepared by three-step process (Scheme
1). Sonogashira coupling of methyl 2-iodobenzoate with 1-hexyne
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Figure 2. X-ray structure of GW2368 bound to ERa (RCSB Protein Data Bank ID: 3DT3).
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Scheme 1. Reagents and conditions: (i) 1-hexyne, Pd(PPhs),Cl,, Cul, DIPEA, DMF; (ii) N,0-dimethylhydroxylamine HCI salt, nBuLi, —20 °C; (iii) benzylmagnesium chloride,

THF, 0 °C.

provided o-hexynylbenzoate 2,'° which was then reacted with the
lithium salt of N,0-dimethylhydroxylamine to give Weinreb amide
3.1! Treatment of 3 with benzylmagnesium chloride in THF affor-
ded 1 in 78% yield.'?

A variety of cycloaromatization conditions were applied to phe-
nylethanone 1. Deprotonation of this ketone with KHMDS (1.2

1) KHMDS (1.2 eq.), PhMe

equiv) in toluene at —78 °C followed by heating at 80 °C for an hour
gave the desired naphthol 4 in 68% yield (Scheme 2).'3

Similar to what was reported previously,® a potassium counter-
ion appears to be required. KOtBu and KH in THF provided 4 in
comparable yields, but NaOMe, NaH and NaOtBu in THF afforded
either none or a very low yield of the desired product along with

OH

2) aqueous, HCI

—

Scheme 2.
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Scheme 3. Reagents and conditions: (i) HC=C-R>, Pd(PPhs),Cl,, Cul, DIPEA, DMF; (ii) a—N,0-dimethylhydroxylamine HCI salt, nBuLi, —20 °C; b—ArCH,MgCl, THF, 0 °C; (iii)
KHMDS, toluene, 80 °C; (iv) 4-F benzaldehyde, base, heat; (v) a—nBulLi, (EtO),POCH,CO,Et; b—NaOH, heat; or malonic acid, piperidine, Py., heat; (vi) BBrs, CH,Cl,.
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accommodating unbranched alkyl chains in this region of the bind-
ing pocket resulting in a loss of binding affinity.

In summary, we have modified a previously described cycloaro-
matization procedure to prepare a series of 3-alkyl substituted
naphthalenes with good affinity for ERa and ERB. This route pro-
vides a more efficient approach to the naphthalene scaffold than
those previously reported for structurally related ER ligands, and
provides a method to directly examine the impact of substitution

Table 1
ERa and ERB binding data
Compound R R? R3 ERa binding K; ERB binding K;
(nM) (nM)
Estradiol — - — 2 2
Raloxifene — — — 2 23
10a H H CH50CH, 692 501
10b H H Bu 977 170
10c H F Bu 724 110
10d H OCH; Bu 158 162
10e H OH Bu 52 48
11a OH H cyclo-Pr 60 16
11b OH H Bu 4 4
11c OH H i-Bu 28 22
11d OH H Pentyl 2 3
11e OH H Octyl 55 30

multiple by-products. Refluxing 1 with 1 equiv of camphorsulfonic
acid in CHCl3 only resulted in a trace amount of 4.

Using this cycloaromatization reaction, we synthesized various
3-alkyl-2-aryl-1-naphthols 8 starting from an appropriate aryl
bromide or aryl triflate 5 for the Sonogashira coupling'* (Scheme 3).
1-Naphthol 8 was then heated with 4-F benzaldehyde in the pres-
ence of a base (NaH or Cs,CO3)'” to give aryloxy benzaldehyde 9.
Formyl group of 9 was converted to acrylic acid side chain of
10a-e using Horner-Emmons olefination'® followed by saponifica-
tion or Knoevenagel condensation'’with malonic acid in pyridine.
When R! = OMe, demethylation with BBrs in CH,Cl, yielded C6-OH
naphthalene analogues 11a-e.

Compounds 10a-e and 11a-e were tested for their ability to
compete with 3H-estradiol for binding to full length biotinylated
human ERo and ERB linked to an SPA bead (Table 1).” Consistent
with the observed binding mode of GW2368 to ERa, the C6-H
(des hydroxyl) analogues 10a-e are significantly less potent than
the corresponding C6-OH analogues 11a-e due to the inability of
10a-e to form hydrogen bonds with Glu 353 and Arg 394 in ERa
and Glu 305 and Arg 346 in ERpP.'® Enhanced potency in the
R! = H series was observed with the R? phenol analogue 10e, which
is well positioned to form a hydrogen bond with His-524 (ERa) or
His-475 (ERp).'® In general, small unbranched alkyl groups are well
tolerated at C3 position of the naphthalenes as predicted in Figure
2. The octyl analogue (11e) appears to approach the steric limit for

at the C3-position on binding to estrogen receptors.
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We designed and synthesized a series of novel 3,6-bicyclolide oximes, possessing linkers of varying
lengths to the secondary binding site. The E isomers exhibited excellent antibacterial profiles against a
broad spectrum of resistant pathogens.

© 2008 Elsevier Ltd. All rights reserved.

The development of novel, effective, and safe antibacterial
agents is urgently needed to control infectious disease caused
by antibiotic-resistant bacteria. Macrolide antibiotics are an
important class of therapeutic agents against bacterial infec-
tions.! However, the extensive clinical use of macrolide antibiot-
ics has resulted in an increasing MLSg-resistance in respiratory
pathogens. In our laboratories, we have been pursuing new gen-
erations of macrolides. Recently, EP-1304,2 a 6,11-bicyclolide
core, was discovered. Subsequent chemistry efforts based on this
core structure resulted in EDP-420 (EP-013420)> our first-in-
class bicyclolide antibiotic clinical candidate, currently in phase
II clinical trial for the treatment of community acquired pneumo-
nia. In continuation of our efforts, we have designed and synthe-
sized 3,6-bicyclolide oxime derivatives possessing linkers of
varying lengths attached to the secondary aromatic binding mo-
tifs* (see Fig. 1).

The synthesis of 3,6-bicyclolide oxime is outlined in Scheme 1.
Key intermediate 11,12-carbamate 3,6-bicyclolide 2 was prepared
from 1 in 85% yield in a three-step one-pot fashion. The following
Osmium tetraoxide and sodium periodate mediated olefin cleavage
provided diketone compound 3 in 94% yield. The acid catalyzed
oxime formation was carried out using diketone 3 and hydroxyl-
amine 4a-4f in an aqueous alcoholic media at room temperature.
Oxime formation at C-9 ketone was not observed under these reac-
tion conditions. The resulting oximes 5a-5f were usually about 3
to 1 E/Z mixtures, which underwent 2’-deacetylation to give 6a-

* Corresponding author. Tel.: +1 617 607 0716; fax: +1 617 6070532.
E-mail address: dtang@enanta.com (D. Tang).

0960-894X/$ - see front matter © 2008 Elsevier Ltd. All rights reserved.
doi:10.1016/j.bmcl.2008.07.118

6f as mixtures in similar E/Z ratios. The final desired 3,6-bicyclolide
E-oximes 7a-7f were isolated by either crystallization or prepara-
tive reverse-phase HPLC chromatography.®

The structure of ketolide 7b was confirmed by the X-ray crystal-
lography (Fig. 2).

The 3,6-bicyclolides 7a-7f and the reference compound, eryth-
romycin A, were tested against a panel of representative respira-
tory pathogens. Various macrolide- and multidrug-resistant
isolates were included in the panel in order to identify potent ana-
logues that could overcome macrolide resistance. Staphylococcus
aureus 29213, Streptococcus pyogenes 19615, and Streptococcus
pneumoniae 49619 are erythromycin-susceptible strains. Staphylo-
coccus aureus 27660 is an inducibly MLSB-resistant strain encoded
by an ermA gene. Staphylococcus aureus 33591 is an MRSA. Strepto-
coccus pyogenes 2912 is constitutive MLSg-resistant strain encoded

EP-1304

EDP-420

Figure 1. Structure of 6,11-bicyclolide EP-1304 and EDP-420.
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Scheme 1. Synthesis of 3,6-bicyclolide oximes.

by an ermA gene, and S. pneumoniae 700906 is resistant strain
encoded by an erm gene. Streptococcus pyogenes 1323 and S. pneu-
moniae 7701 are efflux-resistant strains encoded by mefA genes.
Haemophilus influenzae 33929 is an ampicillin-resistant strain with
a p-lactamase positive determinant. The in vitro antibacterial
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activities are reported as minimum inhibitory concentrations
(MICs), which were determined utilizing the broth-microdilution
method as per CLSI standards. The in vitro antibacterial activities
of 3,6-bicyclolides 7a-7f and reference compound are shown in
Table 1.

Figure 2. X-ray single crystal structure of 3,6-bicyclolide 7b.
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Table 1
In vitro antibacterial activities of 3,6-bicyclolide oximes—length optimization

Organism MIC (pg/ml)
7a (n=0) 7b(n=1) 7c(n=2) 7d (n=3) 7e (n=4) 7f (n=5) Ery A
S. aureus 29213 Ery S <0.06 <0.06 0.125 0.125 0.25 0.25 0.5
S. aureus 27660 MLS Ri <0.06 <0.06 0.125 0.125 0.25 0.25 >64
S. aureus 33591 MRSA >64 >64 >64 >64 64 >64 >64
S. pneumoniae 49619 Ery S <0.06 <0.06 <0.06 <0.06 <0.06 <0.06 <0.06
S. pneumoniae 7701 Ery R-mef <0.06 <0.06 <0.06 <0.06 0.125 0.125 4
S. pneumoniae 700906 Ery R-erm 32 >64 16 4 4 8 >64
S. pyogenes 19615 Ery S <0.06 <0.06 <0.06 <0.06 <0.06 <0.06 0.015
S. pyogenes 1323 Ery R-mef <0.06 0.125 0.125 <0.06 0.25 0.125 16
S. pyogenes 2912 Ery R-erm 4 4 8 8 16 8 >64
H. influenzae 33929 Amp R 1 2 2 2 4 4 4
H. influenzae Amp S 2 2 2 2 8 4 4
M. catarrhalis <0.06 <0.06 <0.06 0.125 0.25 0.25 0.13
Table 2 well as H. influenzae strains. These results strongly suggested that

In vitro antibacterial activities of 3,6-bicyclolide oximes—E/Z isomer comparison

“” o
J,
(o] IO
7b 8
Organism MIC (pg/ml)
7b 8
S. aureus 29213 Ery S <0.06 0.5
S. aureus 27660 MLS Ri <0.06 0.5
S. aureus 33591 MRSA >64 >64
S. pneumoniae 49619 Ery S <0.06 <0.06
S. pneumoniae 7701 Ery R-mef <0.06 0.125
S. pneumoniae 700906 Ery R-erm >64 >64
S. pyogenes 19615 Ery S <0.06 <0.06
S. pyogenes 1323 Ery R-mef 0.125 0.25
S. pyogenes 2912 Ery R-erm 4 64
H. influenzae 33929 Amp R 2 16
H. influenzae Amp S 2 8
M. catarrhalis <0.06 0.125

The undesired Z-oxime isomer 8 was isolated and subjected to
in vitro antibacterial test together with the corresponding E-oxime
isomer 7b (Table 2). This direct comparison clearly showed that the
E-oxime was much more potent than the Z-oxime.

All 3,6-bicyclolide oximes 7a-7f showed good antibacterial
activities against the susceptible strains, mef resistant strains, as

each of the 3,6-bicyclolide oximes are good templates for further
modifications.

To overcome S. pneumoniae and S. pyogenes erm resistant
strains, zero carbon linker 3,6-bicyclolide oximes 13g-13n
were synthesized as shown in Scheme 2. Boronic acids 9g-
9n were reacted with N-hydroxyl phthalimide via copper (II)
acetate-catalyzed coupling condition to give 10g-10n.° Treat-
ing 10g-10n with ammonia in methanol provided zero carbon
linker O-hydroxylamine 11g-11n. Oxime formation reactions
from diketone 3 and 11g-11n were carried out in a similar
fashion as previously described to give 3,6-bicyclolide E/Z
oxime mixtures 12g-12n. Finally, 2’-deacetylation followed
by preparative reverse-phase chromatography provided the
desired zero carbon 3,6-bicyclolide E-oximes 13g-13n
(see Table 3).

Compared to its phenyl analog, 3-pyridyl oxime 13g showed
slight antibacterial improvement against S. pneumoniae erm and
Haemophilus influenzae. Among the three chlorophenyl derivatives
13h, 13i, and 13j, the meta-substituted oxime 13i showed the most
potent antibacterial profile against the resistant strains. Further-
more, the three biphenyl analogs 13k, 131, and 13m appeared to
give similar antibacterial activity pattern. Meta-biphenyl oxime
131 gave the most balanced antibacterial profile and it even exhib-
ited good potency against S. aureus resistance strain MRSA. These
zero carbon 3,6-bicyclolides represent a novel and promising mac-
rolide series.

In conclusion, we designed and synthesized a series of no-
vel 3,6-bicyclolide oximes, possessing linkers of varying
lengths to the secondary binding site. Further modifications
of zero carbon linker 3,6-bicyclolide oximes improved antibac-
terial activities against a broad panel of macrolide-resistant
bacterial strains. Good overall antibacterial activities of 3,6-
bicyclolide oximes warrant further efforts on this novel class
of antibiotics.
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Scheme 2. Synthesis of zero carbon linker 3,6-bicyclolide oximes.

Table 3
In vitro antibacterial activities of 3,6-bicyclolide oximes—length optimization

Organism MIC (pg/ml)
7a 13g 13h 13i 13j 13k 131 13m 13n Ery A
Ar= Ph 3-Pyridyl 2-Cl-Ph 3-Cl-Ph 4-Cl-Ph 2-Ph-Ph 3-Ph-Ph 4-Ph-Ph 2-Napthyl
S. aureus 29213 Ery S <0.06 0.125 <0.06 <0.06 <0.06 0.5 0.125 0.5 0.25 0.5
S. aureus 27660 MLS Ri <0.06 0.125 <0.06 <0.06 <0.06 0.5 0.125 0.5 0.25 >64
S. aureus 33591 MRSA >64 >64 64 32 >64 16 4 16 32 >64
S. pneumoniae 49619 Ery S <0.06 0.125 <0.06 <0.06 <0.06 <0.06 <0.06 <0.06 <0.06 <0.06
S. pneumoniae 7701 Ery R-mef <0.06 0.125 <0.06 <0.06 <0.06 0.5 <0.06 0.125 0.125 4
S. pneumoniae 700906 Ery R-erm 32 16 32 8 16 16 2 0.25 0.5 >64
S. pyogenes 19615 Ery S <0.06 <0.06 <0.06 <0.06 <0.06 <0.06 <0.06 <0.06 <0.06 0.015
S. pyogenes 1323 Ery R-mef <0.06 0.25 <0.06 <0.06 <0.06 0.5 0.125 0.25 0.125 16
S. pyogenes 2912 Ery R-erm 4 4 4 1 2 16 4 2 2 >64
H. influenzae 33929 Amp R 1 1 2 2 4 8 4 8 8 4
H. influenzae Amp S 2 1 2 2 4 8 4 8 4 4
M. catarrhalis <0.06 <0.06 <0.06 <0.06 <0.06 0.5 0.125 1 0.25 0.13
Acknowledgment Korkhin, Y.; Phan, L. T.; Or, Y. S. 43rd ICAAC, Chicago, IL, USA, 2003; Poster F-
1193.
X X . 3. (a) Scorneaux, B.; Arya, A.; Polemeropoulos, A.; Lillard, M.; Han, F.; Amsler, K.;
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5. Synthesis of 3,6-bicyclolide 7b and 8: To a solution of O-benzyl-hydroxylamine
1. For recent reviews, see: (a) Zhanel, G. G.; Dueck, M.; Hoban, D. J.; Vercaigne, L. (18 mg, 0.15 mmol, 1.5equiv) and 1.0 M aqueous hydrochloric acid (0.2 ml,
M.; Embil, J. M.; Gin, A. S.; Karlowsky, ]J. A. Drugs 2001, 61, 443; (b) Ma, Z.; 0.2 mmol, 2.1 equiv) in ethanol (0.25 ml) was added a solution of bridged ketone
Nemoto, P. Curr. Med. Chem. Anti-Infect. Agents 2002, 1, 15. 3 (67 mg, 0.10 mmol) in acetonitrile (0.25 ml) dropwise at room temperature.
2. Wang, G.; Qiu, Y.; Niu, D.; Vo, N. H.; Haley, T.; Polemeropoulos, A.; After stirring for 15 min at room temperature the mixture was quenched with

Scorneauxl, B.; Arya, A.; Schliinzen, F.; Harms, ]. M.; Albrecht, R.; Yonath, A.; saturated aqueous sodium bicarbonate solution and extracted with EtOAc twice.
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The combined organic extracts were washed with brine, dried, filtered, and Compound 7b : '*C NMR (CDCl5) 6 217.0, 177.6, 158.0, 157.8, 137.9, 128.6, 128.2,
concentrated in vacuo to give an E/Z oxime mixture 5b as a tan foam. MS (ESI): 128.1,104.8,84.5,80.8,80.5,79.2,76.8,76.5,70.6,69.6,66.3,66.1,61.0,58.3,44.4,
m/z 802.15 [M+H]. 44.2,43.0,40.6,39.0, 37.4,23.0, 21.5,21.4,19.9, 13.9, 13.5, 11.6, 11.4, 11.0 ppm.
The above residue was dissolved in methanol (1 ml) and stirred at room Compound 8: '*C NMR (CDCl5) § 217.1, 177.3, 158.5, 157.7, 137.7, 128.6, 128.5,
temperature for 21 h. The reaction mixture was in vacuo to give E/Z (2:1 ratio by 128.1,103.4,84.4,82.3,81.0,80.9, 76.6, 76.3,73.1,70.0,68.2,67.2,58.6,44.4,44.1,
HPLC) oxime mixture 6b as a tan foam. MS (ESI): m/z 760.10 [M+H]. 43.3, 414, 40.5, 39.5, 37.3, 32.0, 22.6, 21.7, 21.0, 20.1, 14.1, 134, 12.3, 11.3,
The above residue was purified by HPLC to afford the desired E-oxime 7b and Z- 11.1 ppm.

oxime 8. 6. Petrassi, H. M.; Sharpless, K. B.; Kelly, J. W. Org. Lett. 2001, 3, 139.
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The discovery and optimization of a novel series of prolinol-derived GHSR agonists is described. This ser-
ies emerged from a 11,520-member solid-phase library targeting the GPCR protein superfamily, and the
rapid optimization of low micromolar hits into single-digit nanomolar leads can be attributed to the
solid-phase synthesis of matrix libraries, which revealed multiple non-additive structure-activity rela-
tionships. In addition, the separation of potent diastereomers highlighted the influence of the o-methyl
stereochemistry of the phenoxyacetamide sidechain on GHSR activity.

© 2008 Published by Elsevier Ltd.

The Growth Hormone Secretagogue receptor (GHSR) has been
implicated in a number of important biological functions, including
the regulation of growth, metabolism, and food intake.! Small mol-
ecule agonists of GHSR have been studied in the clinic? for the
treatment of growth hormone disorders, frailty, and cachexia.
GHSR is a member of the G-protein-coupled receptor (GPCR) pro-
tein superfamily?, and as part of an in-house effort to identify novel
GHSR agonists* we screened a series of GPCR-targeted libraries,
including one based on a secondary amine chemotype.® This
library afforded a number of low micromolar GHSR agonist hits,
and the identification and optimization of these hits is described
herein.

The secondary amine GPCR-targeted library®> was synthesized
on solid support and comprised three reagent sets: R!, consisting

* Corresponding author. Tel.: +1 203 677 6884; fax: +1 203 677 6984.
E-mail address: samuel.gerritz@bms.com (S.W. Gerritz).

0960-894X/$ - see front matter © 2008 Published by Elsevier Ltd.
doi:10.1016/j.bmcl.2008.07.120

of cyclic and acyclic secondary amino alcohols; R?, consisting of
primary amines and anilines; and R, consisting of carboxylic acids.
The overall dimensions of the library were 11 R! x 31 R? x 42 R3,
which in theory would afford 14,322 discrete products. However,
each library sample underwent a rigorous quality control (QC) pro-
cess: each sample was analyzed by HPLC (with UV and ELS detec-
tion) and mass spectrometry. Samples which did not afford >70%
purity by HPLC and a mass ion corresponding to the desired prod-
uct were discarded. Upon completion of the QC process, 11,520
samples were submitted for screening against a variety of GPCR
targets and resulted in the identification of a series of prolinol-de-
rived GHSR agonists as described in Table 1.

Given that 11,520 library members were screened in the GHSR
assay, the high degree of structural homology for the active sam-
ples described in Table 1 was compelling. Indeed, a modest amount
of SAR could be elucidated from the HTS data, with the caveat that
the original library samples were submitted as crude (but >70%
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Table 1
Initial hits from secondary amine GPCR library
(0]
N o
T e O
2
(), R
R1 \\ /
Entry R! n GHSR ECs0™ (uM)
R*=H R? = Me R® = Et
1 H 0 >10 3 N.a.
2 p-AcNH 0 2 0.3 4
3 p-NCCH, 0 N.a. 9 14
4 m-MeO 0 >10 4 >10
5 m-MeS 0 N.a. 2 >10
6 0-MeO-m-Ph 0 5 N.a. 2
7 H 1 >10 N.a. 0.9

2 See Ref. 6 for experimental details.
B N.a., no sample (failed QC).

pure by HPLC) samples. Moreover, the 31 primary amines (30 ani-
lines and 1 benzylamine) used in the library spanned a wide range
of chemical property space and thus the R! substituents listed in
Entries 1-6 of Table 1 do not constitute a focused library by any
stretch of the imagination. The p-AcNH substituent (Entry 2) was
the most active R! substituent in the aniline series (n=0), and it
appeared that a methyl group was the optimal R? substituent,
although the R? SAR was confounded by a significant number of
missing samples—these samples were not screened because they
failed our QC process and were discarded. In addition to the aniline
series exemplified by Entries 1-6, a benzylamine analog (n=1)
afforded sub-micromolar GHSR agonist activity (Entry 7, R? = Et).
Because only a single benzylamine reagent was present in the li-
brary, the absence of the R?> = Me sample (which was anticipated
to be more potent than the R?=Et sample) served to heighten
our interest in the benzylamine series.

Analysis of the GHSR screening data for inactive library mem-
bers indicated that the prolinol-derived secondary amine and

o NO,

OH B O
(,)H ClI” O

‘ . — Wang DCM/NMM

O O/ 20 h, RT

1

I
Wang
Q 2

o-substituted phenoxyacetamide moieties described in Table 1
were critical for activity. As a result, we initiated the synthesis of
follow-up libraries utilizing the solid-phase chemistry (outlined
in Scheme 1) which provided the original library® Starting with
commercially available Wang’ linker-equipped polystyrene resin
1, the Wang hydroxyl group was converted to the corresponding
p-nitrophenyl carbonate 2 under standard conditions® followed
by p-nitrophenol displacement with (R)-prolinol to afford solid-
supported prolinol carbamate 3. The primary hydroxyl group of 3
was oxidized to aldehyde 4 using pyridine-sulfur trioxide® and
the aldehyde subsequently underwent reductive amination with
primary anilines (n =0) and benzylamines (n =1) under standard
conditions'® to afford secondary amine 5. It should be noted that
this seemingly innocuous reductive amination step does not pro-
ceed smoothly in solution, particularly with anilines. In a deviation
from the amide coupling conditions used in the original library
(carboxylic acid + coupling reagent), we elected to utilize acid chlo-
rides owing to their enhanced electrophilicity. Thus, treatment of 5
with the appropriate acid chloride and Hunig’s base afforded 6,
which was liberated from the solid support via treatment with tri-
fluoroacetic acid to provide the final product 7. All follow-up sam-
ples were purified by reverse-phase HPLC and characterized via LC/
MS (>95% pure by UV) and 'H NMR.

Through the synthesis of a number of small libraries (containing
<20 samples per iteration), we were able to rapidly elucidate the
key structure-activity relationships described in Figure 1, includ-
ing the observations that substitution at the prolinol nitrogen
abrogated GHSR activity, R stereochemistry was preferred at the
2-position of the pyrrolidine, and an a-methyl group was optimal
on the phenoxyacetamide sidechain. As a result, our SAR efforts fo-
cused on the two aromatic groups: the aniline (or benzylamine)
sidechain and the phenoxy group of the a-methyl 2-phenoxyaceta-
mide sidechain.

At this point, we elected to synthesize a ‘matrix’ library, in
which the aniline/benzylamine and phenoxyacetamide substitu-
ents were varied simultaneously. This library was straightforward
to synthesize on solid support, as the use of IRORI MicroKans™ and
radiofrequency tags facilitated a ‘split-mix’ synthesis protocol'!
We synthesized a library comprising approximately 40 different

OH
NO, ]
0 o OH
HN
oJ\o T OJ\N

|
Wang
Et;N/DCM
20 h, RT O/
3
0}

CHKM(:’Q

Py.SO o) X
ét N J (" R1:_/ " )OJ\ e
3 R?
o N - Y (\-)n_@l/ -
DMSO/DCM O/Wang NaBH(OAc);, AcOH v'Vang R! DIEA, DCM
4h,RT 4 DMF/TMOF, 2d, RT O/ 2d, RT
5

)Oj\ N Me
AN
0" N nll
5”@1
R

|
O Wang
6

H
50% TFA/DCM {leN)H/O\@
1h  RT (% Me ¢
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Scheme 1. Solid-phase synthesis of the secondary amine library.
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(R) stereochemistry
is preferred.

Alkylation/acylation H X 0

is not tolerated.|:><\lj/\N)H/0

AcNH Me is optimal.

Figure 1. SAR of the secondary amine and phenoxyacetamide sidechains.

Table 2
SAR matrix for the benzylamine series

(0]

H
YT
Me N
7 R?
R
Entry R! GHSR ECsq (% Control)* (nM)
R>=H R? = 0-Cl R?=m-Cl
1 H 90 (110) 20 (60) 7 (80)
2 0-Me 40 (110) 140 (90) 3 (100)
3 m-Me 80 (90) 90 (70) 120 (20)
4 o-Cl 150 (100) 260 (60) 40 (80)
5 m-Cl 50 (80) 10 (90) 20 (70)
6 p-Cl 220 (80) 60 (80) 30 (90)

@ See Ref. 6 for experimental details.

anilines and benzylamines, and 11 different phenoxyacetamides
and screened it for GHSR activity. The most interesting SAR trends
are summarized in Table 2 (benzylamine series) and Table 3 (ani-
line series).

In the case of the benzylamine series (Table 2), it was apparent
that the R! and R? SAR were non-additive; that is, the most potent
R! substituent when R? = H does not continue to be the most po-
tent R! substituent when R? is varied, and vice-versa. This trend
can be clearly seen by comparing Entries 2 and 5: when R?> =H or
R?>=m-Cl, the most potent GHSR agonists were found when
R'=0-Me (Entry 2, ECs50=40 and 3 nM, respectively); when
R? = 0-Cl, the most potent GHSR agonist was found where R! = m-
Cl (Entry 5, ECso = 10 nM). It is also interesting to compare Entries

Table 3
SAR matrix for the aniline series
(0]
N (0]
<NJ/\N | X
N %
R
X
Entry R! GHSR ECs (% Control)*® (nM)
R?=H R? = 0-Cl R% =m-Cl
1 H 440 (80) La. 120 (60)
2 m-AcNH 1000 (80) 200 (70) 140 (60)
3 p-AcNH 330 (80) 50 (90) 30 (90)
4 o-Cl 1260 (80) La. 780 (70)
5 m-Cl 90 (110) 250 (60) 40 (110)
6 p-Cl 600 (80) La. 120 (90)

2 See Ref. 6 for experimental details.
b La., inactive (ECso = 10 pM).

2 (R'=0-Me) and 3 (R!=m-Me); in this case, similar potencies
were observed when R?>=H or R?=0-Cl, but when R?> =m-Cl the
SAR diverged dramatically, R' = 0-Me (Entry 2) afforded a 3-nM full
agonist, whereas R! =m-Me (Entry 3) provided a 120-nM weak
partial agonist.

As shown in Table 3, non-additive SAR was also observed in the
aniline series. For example, the most potent GHSR agonist when
R? = 0-Cl or R? = m-Cl was Entry 3 (R! = p-AcNH), affording full ago-
nists with ECses of 50 and 30 nM, respectively. However, when
R? = H, the most potent GHSR agonist was Entry 5 (R! = m-Cl). It
is also noteworthy that even though a significant loss of activity
was observed when R? = 0-Cl—three analogs (Entries 1, 4, and 6)
were inactive and two others (Entries 2 and 5) were partial ago-
nists—Entry 3 (R!=p-AcNH) was one of the most potent com-
pounds in the entire matrix.

Although the ramifications of non-additive SAR are context-
dependent, the knowledge that perturbations in one region of a
chemical series are not synergistic with perturbations in another
region of the same chemical series is clearly pertinent to any
medicinal chemistry effort. In our experience, non-additive SAR
is often observed with GPCR targets, possibly due to the inherent
mobility of the membrane-spanning o-helices which compose
the small molecule binding sites. The detection of non-additive
SAR is greatly facilitated by the synthesis of matrix libraries, an
observation which has been described in detail elsewhere.!?

All of the aforementioned compounds were synthesized as dia-
stereomeric mixtures because the o-methyl phenoxyacetyl chlo-
rides used in the library synthesis were commercially available
only as racemates or were derived from racemic carboxylic acid
precursors. We were interested in determining the influence of
the o-methyl stereocenter on the potency and efficacy of these
GHSR agonists, and so we performed a chromatographic separation
of compound 8 to afford optically pure diastereomers 8a and 8b, as
shown in Table 4.

The stereochemistry of the o-methyl group of the phenyoxyac-
etamide sidechain had a dramatic effect on GHSR potency, as illus-
trated by the 60-fold difference in ECsq and >40-fold difference in
K; observed between the R (8a) and S (8b) isomers. The R stereo-
chemistry for 8a was assigned via X-ray crystallography, as shown
in Figure 2.13

Table 5 describes similar stereochemical effects in the benzyl-
amine series. In the case of the diastereomers of compound 9, we
observed that virtually all GHSR activity resided in 9b, as 9a was
>300-fold less active in both functional and binding assays. With
10, the single diastereomer 10b was 90-fold more potent than 10a
in the functional assay, and 70-fold more potent in the binding as-
say. Combined with the data from Table 4, it is clear that the ste-
reochemistry of the a-methyl group of the acetamide sidechain
makes a significant contribution to the potency of this chemotype.

Table 4
GHSR activity of diastereomers of compound 8
(0]
N o a
*
<j/\N
Me
8
AcNH

Compound Stereochem (*) ECs0 (nM) % Control K; (nM)
8 Rand S 30 90 260
8a R 1200 100 >10,000
8b S 20 100 250
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Figure 2. X-ray structure of 8a.

Table 5
GHSR activity of diastereomers of compounds 9 and 10
(0]
N o a
*
<j/\N
Me
R 9(R=H)

10 (R=Me)
Compound R Stereochem (*)* ECso (nM) % Control K; (nM)
9 H R and S 7 90 300
9a H R 1500 100 >10,000
9b H S 4 90 30
10 Me Rand S 3 100 90
10a Me R 180 90 2200
10b Me S 2 100 30

2 Stereochemistry was assigned by analogy to 8a and 8b.

In summary, this report describes the discovery and optimiza-
tion of a potent series of GHSR agonists which were identified from
a large GPCR-targeted screening library. Owing to the library pedi-
gree of these screening hits, we were able to rapidly optimize
micromolar partial agonists to full GHSR agonists with single-digit
nanomolar potencies. In addition, the a-methyl stereochemistry of
the phenoxyacetamide sidechain was found to have a dramatic ef-
fect on potency.
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A novel series of bacterial topoisomerase (3-aminoquinazolinediones) inhibitors are described. The side-
chain SAR against Gram-positive and Gram-negative organisms as well as DNA gyrase activity is reported.

© 2008 Elsevier Ltd. All rights reserved.

We recently reported a new class of antibacterial agents, the 3-
hydroxyquinazolinediones, which have been identified as bacterial
type-2 topoisomerase inhibitors.! While this class exhibited good
potency against Escherichia coli gyrase, it possessed no in vivo effi-
cacy. Metabolism studies showed that this was attributed to rapid
clearance due to glucuronidation of the 3-hydroxy function. Fur-
ther investigation showed that replacement of the 3-hydroxy with
a 3-amino moiety retained potency and prevented this route of
metabolism, thus providing excellent in vivo efficacy in murine
infection models.>?

This novel class of agents is similar in structure to the flu-
oroquinolones (i.e., ciprofloxacin). The acidic functionality of
the fluoroquinolones has historically been viewed as being
essential for binding to bacterial gyrase and topo IV (pK,
5.6-6.4).*> Although the 3-hydroxyquinazolinedione series re-
tains acidic functionality at the 3-position (pK, 6.3-7.0), the
3-aminoquinazolinediones are neither acidic nor basic at the

* Corresponding author at present address: AstraZeneca Pharmaceuticals, Infec-
tion chemistry, 35 Gatehouse Drive, Waltham, MA 02451, USA.
E-mail address: kim.hutchings@astrazeneca.com (K.M. Hutchings).

0960-894X/$ - see front matter © 2008 Elsevier Ltd. All rights reserved.
doi:10.1016/j.bmcl.2008.07.117

3-position. Notably, they share the same mechanism of action
as the fluoroquinolones. More specifically, the 3-amin-
oquinazolinediones inhibit the supercoiling of DNA, and, like
the fluoroquinolones, provide a linear cleavage complex.
Although these two classes share a similar mechanism of ac-
tion, we have shown that fluoroquinolone-resistant strains are
sensitive to the 3-aminoquinazolinediones. Sequencing of resis-
tant mutants grown in Neisseria gonorrhoeae identified muta-
tions in or near the quinolone-resistant determining regions
(QRDR) in gyrA or gyrB, suggesting that the binding site is near
to or overlapping that of the fluoroquinolones. This lack of
cross resistance to quinolone-resistant strains in addition to
the 3-aminoquinazolinedione’s exceptional activity makes this
an attractive new series for further evaluation. Our earlier re-

F ~NH; a F ~NH,

N

Scheme 1. Reagents and conditions: (a) TMG, DMSO, NR'R?, 80-100 °C, 30-60%.



mailto:kim.hutchings@astrazeneca.com

http://www.sciencedirect.com/science/journal/0960894X

http://www.elsevier.com/locate/bmcl



5088 K. M. Hutchings et al./Bioorg. Med. Chem. Lett. 18 (2008) 5087-5090

0]
F N.NH2 a F- N.NH2
A A
/\N N0 (\N N0
BocHN/V, A H2N/V, A

3 4

Scheme 2. Reagents and conditions: (a) HCI, CH,Cl, or EtOH, 80-90%.

ports profiled two compounds within the 3-aminoquinazolined-
ione series.”® In this Letter, a systematic SAR around the C-7
side chain is explored.

The 3-aminoquinazolinediones (3-AQD) were prepared accord-
ing to Schemes 1 and 2. A substituted heterocyclic side chain was
coupled to the 3-AQD core® in dimethylsulfoxide using 1,1,3,3-tet-
ramethylguanidine (TMG) providing the desired analogs in moder-
ate yields (unoptimized). In many cases, the functionalized side
chains contained Boc-protected nitrogens that were deprotected
using anhydrous hydrogen chloride in dichloromethane or ethanol
(Scheme 2). In these cases, the compounds were isolated and
tested as hydrochloride salts.

Many of the side chains included in this study are either
available commercially (R! for compounds 5-11), or prepared
as reported in the literature (R' for compounds 12-15, 17-
22).7° The side chain for compound 16 was prepared in six
steps from commercially available methyl N-benzyl-3-
pyrrolidinecarboxylate.'®

The prepared 3-aminoquinazolinediones were tested according
to CLSI guidelines (formerly NCCLS)'""'? against representative
Gram-negative and Gram-positive strains using standard micro-
broth dilution methodology.!® The Gram-negative strains reported
here include E. coli MC4100, a wild-type strain, as well as E. coli
TolC, an efflux pump knock-out strain. The Gram-positive strains
represented here include Staphylococcus aureus, Streptococcus pyog-
enes, and Enterococcus faecalis. The minimum inhibitory concentra-
tions are summarized in Tables 1-4 and are compared to that of
ciprofloxacin.

The compounds were also tested for their inhibition of DNA
gyrase.'

Table 1
Structure-activity relationships of several heterocycles at the C-7 position

We have previously published on the SAR around the 3-hydrox-
yquinazolinedione core.! The work described here focuses on the
SAR of the C-7 position of the 3-aminoquinazolinediones. All com-
pounds reported in this Letter utilize the core with optimal substi-
tution at the C-1, C-6, and C-8 positions (Fig. 1). The results of this
effort are shown in Table 1. In general, the MICs against wild-type
E. coli are poor, although the MICs versus the TolC strain are signif-
icantly improved, suggesting that these compounds are substrates
for efflux. Both the pyrrolidine (6) and the piperidine (7) analogs
show good MICs against Gram-positive organisms, with pyrroli-
dine 6 exhibiting the best MICs overall. Similar to the fluoroquino-
lones, the 5- and 6-membered heterocycles demonstrate the best
activity in Gram-positive organisms and the piperazine side chain
has the best activity in wild-type E. coli.*

Historically, fluoroquinolones containing amino-substituted
pyrrolidines give improved Gram-positive activity.* Therefore,
substitution of the pyrrolidine with an additional amino group
was explored and found to give significantly improved potency
(Table 2). The optimal positioning of an amino substituent was
determined by varying the distance of the terminal amino group
to the pyrrolidine. Although pyrrolidine 9 has excellent enzyme
activity, the aminomethyl-substituted pyrrolidine analog (10) dis-
plays the best overall activity with significantly better Gram-posi-
tive activity relative to its comparators.

Having identified the methyl amino pyrrolidine side chain as
having the best activity, we then looked to further explore the
SAR around this template. Several analogs are shown in Table 3.
Many of these targets with substitution of the exocyclic meth-
ylene showed improved activity over the unsubstituted analog
10. Most notably, the larger ethyl and phenyl substituents (15
and 16) demonstrate superior enzyme activities. Disubstitution
of the exocyclicmethylene was also examined. While an addi-
tional methyl group (13 vs 12) gave a modest decrease in anti-
bacterial activity, incorporating the cyclopropyl group resulted
in one of the most active of the 3-aminoquinazolinediones
(compound 14).

Having determined that substitution at the methylene pro-
vided enhanced activity, the role of stereochemistry was also
explored examining the isomers of 12. A comparison of the en-
zyme activity of each of the four stereoisomers shows that the
stereocenter adjoining the pyrrolidine ring is the most impor-
tant for enhanced activity. Compounds 17 and 18 with the R

o)
F N NHz
A i/go

Compound R MICs (pg/mL) IC50 (UM)
E. coli MC4100 E. coli Tol C E. faecalis MGH-2 S. aureus 29213 S. pyogenes C-203 E. coli gyrase
Ciprofloxacin 0.06 0.06 0.5 2 0.4
5 CN >64 2 64 32 64 12.5
6 |:>N 16 0.13 1 1 1.9
N
7 Q >64 0.25 4 4 6.3
8 (N 32 4 3.1
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Table 2
Structure-activity relationships of aminopyrrolidines at the R-7 position
(o}
F n-NH2
A i/go
Compound R! E. coli MC4100 MICs (pg/mL) IC50 (UM)
E. coli Tol C E. faecalis MGH-2 S. aureus 29213 S. pyogenes C-203 E. coli gyrase
6 CN 16 013 2 1 1 19
HyN
9 \CN 1 0.25 8 8 1 0.2
10 HZN/\CN 5 0.13 0.5 05 0.06 04
H,N
11 \/\CN 16 0.5 4 4 0.125 1.2
Table 3
Effect of substitution on the exomethylene of the pyrrolidine 10
o
F N NH2
: i/go
Compound R MICs (pg/mL) IC50 (UM)
E. coli MC4100 E. coli Tol C E. faecalis MGH-2 S. aureus 29213 S. pyogenes C-203 E. coli gyrase
12 HZN/kC 4 0.25 1 0.5 0.03 0.6
N
13 HzNJﬁ:) 16 0.25 2 1 0.125 1.6
N
14 HZN/%:\ 2 0.03 0.13 0.25 0.03 0.8
N
15 HZNj\C 8 0.13 0.25 0.5 0.03 0.4
N
16 4 0.06 0.25 0.13 0.03 0.26
HoN
N

configuration at the pyrrolidine ring showed increased antibac-
terial activity in most strains versus their comparators 20 and
19. Of these two compounds, 17 has superior activity with min-
imally 4x better MICs in all organisms. Historically, the stereo-
center on the pyrrolidine ring had a profound effect on activity
in the fluoroquinolones as well, and as in the AQD series, the R
configuration is favored.*1®

Finally, we explored the effect of substitution on the primary
amine of analog 17. Although methyl substitution on the nitrogen

showed similar activity to compound 17, larger groups showed a
decrease in activity, especially noticeable in Strep. pyogenes in com-
pound 22.

In conclusion, we have reported on the SAR of the C-7 position
of 3-aminoquinazolinediones, which has a remarkable similarity to
the fluoroquinolone SAR. A number of analogs were prepared
exhibiting good antibacterial activity, especially in Gram-positive
organisms. Further exploration in this series will be reported in
due course.
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Table 4
Effect of stereochemistry and substitution on the distal nitrogen
(o]
F n-NH2
R N/go
Compound R! MICs (pg/mL) ICs0 (UM)
E. coli MC4100 E. coli TolC E. faecalis MGH-2 S. aureus 29213 S. pyogenes C-203 E. coli gyrase
INLTo
17 2 Lj 0.5 0.03 0.06 0.13 0.015 0.2
N
NH,
18 Lj 2 0.13 0.5 0.5 0.06 03
N
NH,
19 H 2 0.13 0.25 1 0.25 0.8
N
NH,
20 U 4 0.13 2 2 05 06
/\CN
\NH
21 ~ Lj 4 0.03 0.13 0.5 0.015 0.2
N
/\NHH
22 S 8 0.13 0.25 0.5 0.13 0.9
N
0 0 7. Kimura, Y.; Atarashi, S.; Takahashi, M.; Hayakawa, I. Chem. Pharm. Bull. 1994,
F COH NPNG S a2, 142
‘ 2 N~ 8. Fleck, T. J.; McWhorter, W. W., Jr.; DeKam, R. N.; Pearlman, B. A. J. Org. Chem.
, A 2003, 6(8), 961.
pN N R 3 Ni ~0 9. Schroeder, M. C.; Kiely, ]. S.; Laborde, E.; Johnson, D. R.; Szoteck, D. L.;
HN \/ A Domagala, J. M.; Stickney, T. M.; Michel, A.; Kampf, J. W. J. Heterocycl. Chem.
1992, 1481.
10. The side chain for compound 16 was prepared from methyl N-benzyl-3-

ciprofloxacin R3=0OH 3-Hydroxyquinazolinedione

R3=NH, 3-Aminoquinazolinedione

Figure 1. Structural comparison.

Acknowledgments

We thank Richard Zaniewski for providing enzyme data and

Lisa Mullins for performing several MIC determinations.

References and notes

“u

Tran, T. P.; Ellsworth, E. L.; Stier, M. A.; Domagala, J. M.; Showalter, H. D. H.;
Grachek, S. J.; Shapiro, M. A.; Joannides, T. E.; Singh, R. Bioorg. Med. Chem. Lett.
2004, 14, 4405.

Ellsworth, E. L.; Tran, T. P.; Showalter, H. D. H.; Sanchez, J. P.; Watson, B. M.;
Stier, M. A.; Domagala, ]. M.; Grachek, S. J.; Joannides, T. E.; Shapiro, M. A.;
Dunham, S.; Hanna, D.; Huband, M.; Gage, J. W.; Nguyen, D. Q.; Singh, R. J. Med.
Chem. 2006, 49, 6435.

Huband, M. D.; Cohen, M. A.; Zurack, M.; Hanna, D. L.; Skerlos, L. A.; Sulavik, M.
C.; Gibson, G. W.; Gage, J. W.; Ellsworth, E. L.; Stier, M. A.; Gracheck, S. J.
Antimicrob. Agents Chemother. 2007, 51, 1191.

Gootz, T. D.; Brighty, K. E. Med. Res. Rev. 1996, 16(5), 433.

Wentland, M. P. Structure-activity relationships of fluoroquinolones. In The
New Generation of Quinolones; Siporin, C., Heifetz, C. L., Domagala, J. M., Eds.;
Marcel Dekker: New York, 1990; p 1.

Tran, T. P.; Ellsworth, E. L.; Watson, B. M.; Sanchez, ]. P.; Showalter, H. D. H,;
Rubin, R. R; Stier, M. A;; Yip, J.; Nguyen, D. Q.; Bird, P.; Sing J. Heterocycl. Chem.
2005, 42, 669.

11.

12.

14.

15.

pyrrolidinecarboxylate. The ester was converted to the Weinreb amide via the
carboxylic acid using standard conditions. Addition of phenyl Grignard provided
the phenyl ketone, which was converted to the oxime. Reduction to the amine
followed by deprotection of the benzyl group gave the desired side chain.

Q O,
OCH
g % abc d.ef HoN
N N N
O O i

Reagents and conditions: (a) NaOH, dioxane, 60 °C; (b) MeON(Me)H,Cl, EDCI,
CH,Cl,, 68% (2 steps); (c) PhMgBr, THF 0 °C to reflux, 95%; (d) MeONH,.HCl,
EtOH; (e) BH3.THF, reflux, 87%; (f) 10% Pd/C, Ho, MeOH, 94%.

National Committee for Clinical Laboratory Standards. January 2003. Methods
for dilution antimocrobial tests for bacteria that grow aerobically, Approved
Standard (6th ed). M7-A6, NCCLS, Wayne, PA.

National Committee for Clinical Laboratory Standards. January 2003. MIC
testing supplemental tables. M100-S13 (for use with M7-A6), NCCLS, Wayne,
PA.

. Cohen, M. A;; Griffin, T. ].; Bien, P. A.; Heifetz, C. L.; Domagala, J. M. Antimicrob.

Agents Chemother. 1985, 28, 766.

Domagala, J. M.; Hanna, L. D.; Heifetz, C. L.; Hutt, M. P.; Mich, T. F.; Sanchez, ].
P.; Solomon, M. J. Med. Chem. 1986, 29, 394.

Domagala, ]. M.; Hagen, S. E.; Joannides, T.; Kiely, ]. S.; Laborde, E.; Schroeder,
M. C.; Sesnie, J. A.; Shapiro, M. A.; Suto, M. J.; Vanderroest, S. J. Med. Chem. 1993,
36, 871.





		Synthesis and antibacterial activity of the C-7 side chain of 3-aminoquinazolinediones

		Acknowledgments

		References and notes






Bioorganic & Medicinal Chemistry Letters 18 (2008) 5091-5094

journal homepage: www.elsevier.com/locate/bmcl

Contents lists available at ScienceDirect

Bioorganic & Medicinal Chemistry Letters

Bicorganic & Medicinal
Chemistry Lotters

Design, synthesis, and bioactivity of putative tubulin ligands with

adamantane core

Olga N. Zefirova *“*, Evgeniya V. Nurieva?, Heiko Lemcke ®, Andrei A. Ivanov ¢, Dmitrii V. Shishov?,
Dieter G. Weiss®, Sergei A. Kuznetsov ®, Nikolay S. Zefirov *¢

4 Department of Chemistry, M. V. Lomonosov Moscow State University, 119992 Moscow, Russian Federation
b Institute of Biological Sciences, Cell Biology and Biosystems Technology, University of Rostock, D-18059 Rostock, Germany
CInstitute of Physiologically Active Compounds, 142432, Chernogolovka, Noginsk Area, Moscow Region, Russian Federation

ARTICLE INFO ABSTRACT

Article history:

Received 10 June 2008

Revised 30 July 2008

Accepted 31 July 2008
Available online 3 August 2008

Keywords:

Taxol

Taxoter

Taxol mimics

Tubulin ligands
Adamantane derivatives

Several adamantane-based taxol mimetics were synthesized and found to be cytotoxic at micromolar
concentrations and to cause tubulin aggregation. The extent of the aggregation is maximal for N-ben-
zoyl-(2R,3S)-phenylisoseryloxyadamantane (5) and is very sensitive to the structural modifications. A
hybrid compound (15), combining adamantane-based taxol mimetic with colchicine was synthesized
and found to possess both microtubule depolymerizing and microtubule bundling activities in A549
human lung carcinoma cells.

© 2008 Elsevier Ltd. All rights reserved.

Taxol (paclitaxel, 1a, Fig. 1), isolated from the bark extracts of
Taxus brevifolia, and its synthetic analogue taxotere (docetaxel,
1b) possess high antitumor activity due to their ability to cause
spontaneous polymerization of the intracellular protein tubulin
into stable microtubules and to stabilize preformed microtubules,
thereby preventing cell division."? The most important contribu-
tion to tubulin binding is provided by the C'? side chain taxol
and taxotere (i.e., N-benzoyl- or N-tert-butoxycarbonyl-(2R,3S)-
phenylisoseryl), while C? (-OBz), C* (-OAc) substituents, and the
oxetan fragment also play a role in this binding.!*

The intricate molecular structure of taxane compounds and the
necessity to obtain them semi-synthetically from natural sources
make the development of taxol and taxotere analogues with a sim-
pler structure important. During the last ten years there appeared
several publications about such attempts.>™®

In 2002, based on the hypothesis, that the main function of
the taxane skeleton is to provide proper orientation of the sub-
stituents important for tubulin binding,'® we suggested a general
theoretical model of a ‘simplified’ taxol analogue with a bicy-
clo[3.3.1]nonane core (structurally similar to the AB rings of
the parent molecule).!! Later, we synthesized a number of such
compounds, including structure 2, and demonstrated that they
possess weak cytotoxicity and can cause slight tubulin aggrega-

* Corresponding author. Tel.: +7 495 939 48 78; fax: +7 495 939 02 90.
E-mail address: olgaz@org.chem.msu.ru (O.N. Zefirova).

0960-894X/$ - see front matter © 2008 Elsevier Ltd. All rights reserved.
doi:10.1016/j.bmcl.2008.07.116

tion, but not polymerization to microtubules.'> Because one of
the reasons for this result might be improper substituents posi-
tions in structure 2 and similar compounds due to the relative
conformational freedom of the bicyclo[3.3.1]nonane framework,
we suggested to synthesize their analogues with a rigid adaman-
tane core. Here, we present the results of molecular modeling
and synthesis of structure 3 and the data of biological tests of
compound 3 and two other adamantane-based taxol mimetics
4 and 5 (Fig. 1).

The model of tubulin structure (kindly granted to us by Prof. ].
Snyder, USA)'3 was used for the molecular docking of compound
3 to the taxol binding site. The obtained binding mode of ester 3
is presented in Figure 2.1!> According to the modeling results, in
case of an identical location of taxol and compound 3 side chains
in the protein, the oxetan oxygen of 3 can be hydrogen bonded
to the Thr 276 amino group. This interaction was not observed
for the compound 2,'? but it corresponds exactly to the bond
formed by the oxetan oxygen in taxol.'> Moreover, the carbonyl
oxygen of structure 3 ester linker can be hydrogen bonded with
Arg284 (Fig. 2).

For the synthesis of compound 3 double esterification was per-
formed for the TMS-protected 1-hydroxyadamantane-5-carboxylic
acid 6, first by 3-hydroxyoxetan (obtained in five steps from glyc-
erin) with the formation of ester 7,!® and then by an oxazolidine-
protected amino acid (Scheme 1).!7 The subsequent opening of
the oxazolidine ring in the product 8 led to the ester 3.18
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Figure 1. Structures of taxoids and their ‘simplified’ analogues.

Figure 2. Structure 3 inside the taxol binding site of B-tubulin (hydrogen atoms are
not indicated).

Compounds 4 and 5 were synthesized by esterification of
kemantane (1-hydroxy-adamantane-4-one)'® and adamantane-1-
ol?° correspondingly using slightly different oxazolidine amino
acid protections®' (general Scheme 2). It should be noted that this
type of protection is unsuitable for the synthesis of compound 3
due to the destruction of the oxetan ring during amino acid regen-
eration by formic acid.

The synthesized adamantane-based taxol mimetics were evalu-
ated for their in vitro cytotoxicity against the A549 human lung

OTMS OH j” o
° J: >—< >—OCH3
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Scheme 2. Reagents and conditions: (a) DCC, DMAP, CH,Cl,, 25 °C, 12 h, 99% from
kemantane, 82% from adamantanol; (b) for 4: 1—NaBH,4, MeOH, Et,0, 0 °C, 99%; 2—
BzCl, EtsN, DMAP, CH,Cl,, 25 °C, 12 h, 74%; 3—HCO,H, 25 °C, 2 h, then BzCl, NaHCO3,
EtOAc, H;0, 25 °C, 15 min, 83%. For 5: HCO,H, 25 °C, 2 h, then BzCl, NaHCO3, EtOAc,
H,0, 25 °C, 15 min, 44%.

carcinoma cell line. The results are presented in Table 1. These data
indicate that compounds 3-5 exhibit cytotoxicity at the micromo-
lar level, that is, the same as the bicyclo[3.3.1]nonane esters (e.g.,
2)'2 and other simplified taxol analogues (e.g., indolizidinones’
and macrocycles®).

To determine if the ‘adamantane taxoids’ 3-5 are able to cause
tubulin polymerization, the samples of tubulin purified from bo-
vine brain?®> were incubated with compounds 3-5 or with taxol
as a positive control and studied by means of video-enhanced con-
trast light microscopy (AVEC-DIC microscopy).?* This study
showed that all tested taxol mimetics were not able to promote
microtubule assembly of isolated tubulin (no microtubule bundles
were observed). However, sedimentation assays®® revealed that
these compounds induced tubulin aggregation (Fig. 3A). Remark-
ably, ester 5 showed the highest ability to promote tubulin sedi-
mentation—57%, whereas for all other compounds (including 2
and similar structures)'? it varied between 25% and 33%
(Fig. 3B).

h

O p
O/K(\NBOC

OCH,

o Cs\o—<;0

Scheme 1. Reagents and conditions: (a) DCC, DMAP, CH,Cl,, 25 °C, 12 h, 49%; (b) TsOH, MeOH, 25 °C, 2 h, 89%.
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Table 1

In vitro cytotoxicities against the A549 cell line

Compound IC50 (UM)
Taxol 0.002

2 3.8 (Ref. 12)
3 2.5

4 9.5

5 5.6

15 0.0006

" Ester 4 was tested as a mixture of trans- and cis-isomers (in the ratio 2:1).22

B 11[]%- 1DD’DD% DMSO Tax 2 4 12
- = \ = =

& 90%] A

£

'; % 57,06%

2 50%-

o 32,34%

g 30%- 25,27%27,06%

=

e 10%-

-10%-DMSO Taxel 2 3 4* 5 12
Compounds

Figure 3. Sedimentation analysis of the tubulin after incubation in the presence of
compounds 2-5 and 12. (A) SDS-PAGE of tubulin pellets. (B) Estimation of the
relative amount of tubulin in the sediment (100% corresponds to the amount of
tubulin pelleted after incubation with taxol; DMSO was used as a negative control).

Although we were unable to observe aggregates of tubulin by
AVEC-DIC microscopy in all tested adamantane ester samples (3-
5), electron microscopy of these samples stained with uranyl ace-
tate showed the presence of amorphous aggregates (data not
shown). Thus, the results of the sedimentation assay and electron
microscopy indicate that compounds 3-5 induce tubulin aggrega-
tion, and this ability is remarkably high for ester 5. It is interesting
that both unsubstituted adamantane core and taxol side chain
seem to play a part in this ability, because specially synthesized es-
ters 9-12 as well as 13a-c demonstrate a relative amount of tubu-
lin in the sedimentation assay of less than 35% (e.g., 12 in Fig. 3). At
the same time, the taxol side chain shift to the 2-position of ada-

9

R = taxol side chain

mantane (compound 14) maintains the high level of tubulin aggre-
gation.

The interesting ability of structure 5 enabled us to chose taxol/
taxotere side chain substituted adamantane as a structural frag-
ment in a hybrid compound 15 analogous to recently obtained hy-
brid taxol-colchicine ligand colchitaxel.® (It is known that taxol
and colchicine interact with tubulin at different binding sites and
the latter inhibit the protein polymerization and microtubule for-
mation.)>” We hypothesized that binding of a ‘colchicine part’ of
compound 15 with colchicine binding site might induce the ‘ada-
mantane-based taxoid mimic part’ to interact effectively with the
taxol binding site of tubulin.

The synthesis of the structure 15 is presented in Scheme 3. The
esterification of kemantane by an oxazolidine-type-protected
N-tert-butoxycarbonylphenylisoserine led to the ester 16, and sub-
sequent reduction of its keto-group by NaBH,4 gave the correspond-
ing alcohol 17 (trans-/cis-isomer ratio 2:1). The further
esterification of 17 by the polyanhydride of pimelinic acid led to
isomeric esters 18. Finally, deacetylcolchicine (obtained in three
steps from colchicine)?” was attached to the carboxylic group of
compound 18, and the following deprotection of amino acid in
the product 19 led to compound 15 (trans-/cis-isomers ratio 2:1).

Compound 15 was found to possess very high cytotoxicity
against human lung carcinoma cell line A549 (Table 1). Though it
is caused mostly by interaction with colchicine binding site, it is
interesting to mention that immuno-fluorescent microscopy of
microtubules in the A549 cells?® revealed the existence of a small
amount of microtubule bundles, characteristic for the taxol action
among microtubules and their shortened aggregates in cells trea-
ted with 5 uM of 15. This observation needs, however, additional
investigation, because visually similar structures might be a result
of compound 15 interacting with a vinca-alkaloid binding site on
tubulin. These investigations are currently in progress.

In summary, the synthesized adamantane derivatives, though
being cytotoxic, turned out to be unable to promote microtubule
assembly of purified tubulin in vitro like most of the known simpli-
fied taxol analogues (e.g., Refs. 4,6,7,9,12). This indicates that the
‘simplification’ in the presented structures is too drastic in compar-
ison with the parent molecule. Nevertheless, the N-benzoyl-
(2R,3S)-phenylisoseryloxyadamantane (5) demonstrated the
ability to cause significant aggregation of the protein, whereas
the hybrid compound 15 revealed high and rather unusual cyto-
toxicity profile and may be considered as a structural clue for the
further studies.
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OR OR OCCHZCHQNHBZ
R2 OR
H coiH aR! R2 =0
RO b R'=R?= -CH;4
HiC~ “CHy
10 1






5094

HO: p-MeO-P

(O0C-(CHy)s-C0O0),

c BocN
—_

p-MeO-Ph

BocN
—

p-MeO-Ph

0. N. Zefirova et al./Bioorg. Med. Chem. Lett. 18 (2008) 5091-5094

Ph o) OmHN
“\o o} 0 . ocH;
>,o 0 — % s 15
CHy0 OCHs

19

CH30
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Starting from the previously reported HCV NS3/4A protease inhibitor BILN 2061 (1), we have used a fast-
follower approach to identify a novel series of HCV NS3/4A protease inhibitors in which (i) the P3 amino
moiety and its capping group have been truncated, (ii) a sulfonamide is introduced in the P1 cyclopropyl
amino acid, (iii) the position 8 of the quinoline is substituted with a methyl or halo group, and (iv) the
ring size of the macrocycle has been reduced to 14 atoms. SAR analysis performed with a limited set
of compounds led to the identification of N-{17-[8-chloro-2-(4-isopropylthiazol-2-yl)-7-methoxyquino-

giy"::irt?::c lin-4-yloxy]-2,14-dioxo-3,15-diazatricyclo [13.3.0.0 [Bartenschlager, R.; Lohmann, V. J. Gen. Virol. 2000,
ng 81, 1631; Vincent Soriano, Antonio Madejon, Eugenia Vispo, Pablo Labarga, Javier Garcia-Samaniego,
Macrocycle Luz Martin-Carbonero, Julie Sheldon, Marcelle Bottecchia, Paula Tuma, Pablo Barreiro Expert Opin. Emerg.
Protease Drugs, 2008, 13, 1-19]]Joctadec-7-ene-4-carbonyl}(1-methylcyclopropyl)(1-methylcyclopropyl)sulfon-

amide 191 an extremely potent (K; = 0.20 nM, ECso = 3.7 nM), selective, and orally bioavailable dipeptide

NS3/4A protease inhibitor, which has features attractive for further preclinical development.

© 2008 Elsevier Ltd. All rights reserved.

An estimated 3% of the global human population is infected by
hepatitis C virus (HCV),' an infection that often leads to cirrhosis,
hepatocellular carcinoma, and liver failure in later life. The current
standard of care therapy is based upon the use of pegylated inter-
feron-o in combination with ribavirin, leading to a sustained viro-
logical response (SVR) in approximately 50% of patients infected
with genotype 1 virus.? Moreover, this limited efficacy is often
associated with side effects leading to discontinuation of treat-
ment.? In this context, there is an urgent need for more effective,
convenient, and well-tolerated therapies. The HCV non-structural
protein 3 (NS3) serine protease has been shown to be essential
for viral replication.* Together with RNA-dependent RNA polymer-
ase (RdRp) NS5B, NS3/4A protease are the most promising targets
in the search for next generation anti-HCV drugs.®> As such, multi-
ple antiviral agents targeting NS3/4A protease activity are cur-
rently under clinical development.®

On the basis of the initial finding that N-terminal cleavage prod-
ucts of NS3/4A protease peptide substrates are competitive inhib-
itors of this enzyme,”® preliminary SAR studies allowed the
identification of nanomolar substrate-based hexapeptide inhibi-
tors.”? Since it is well documented that polypeptides are unlikely
to permeate cells resulting in limited oral bioavailability,!° the

* Corresponding author. Tel.: +32 15 44 42 62; fax: +32 1540 1257.
E-mail address: praboiss@tibbe.jnj.com (P. Raboisson).

0960-894X/$ - see front matter © 2008 Elsevier Ltd. All rights reserved.
doi:10.1016/j.bmcl.2008.07.124

peptidic character of this first series of NS3/4A inhibitors was de-
creased by successive N-terminal truncations leading to the discov-
ery of potent and selective tripeptide inhibitors.® Further,
improvement of pharmaceutical properties was achieved by the
design of macrocyclic B-strand mimic scaffolds that culminated
with the discovery of the potent, highly selective, and orally bio-
available drug BILN 2061 (1).!! This inhibitor is characterized by
three unnatural amino acid residues (P1, P2, and P3), oriented in
a macrocycle as shown in Chart 1. Oral administration of BILN

P1
Z o}
o,  n_Sor
| B
P3 capping Q 0 - /
group O/«NJ-\O
H -

1 N

(BILN 2061) P3

Chart 1. NS3/4A protease inhibitor 1 (BILN 2061) with the P1, P2 and P3 moieties."
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2061 to patients infected with the hepatitis C genotype 1 virus re-
sulted in an impressive reduction of viral RNA levels, establishing
the first proof-of-concept for HCV NS3/4A protease inhibitors as
therapeutic agents.!? Further development of this compound was
discontinued due to cardiotoxicity findings in primates given
supratherapeutic doses for several weeks.'> Although the mecha-
nism by which BILN 2061 exerts cardiotoxic effects has not been
published, a number of companies have initiated fast-follower pro-
grams with the rationale that the toxicity observed with the pio-
neer drug should be compound specific. As a result, several
groups have recently reported on macrocyclic HCV NS3/4A prote-
ase inhibitors entering phase 1 clinical trials.®* In this letter, we
report on our efforts to design a novel series of NS3/4A protease
inhibitors obtained by further truncation of the N-terminal part
of previously reported macrocyclic series (e.g., BILN 2061, 1).!!

Although the optimization of the N-terminal cleavage products
of NS3/4A protease peptide substrates into tripeptide macrocyclic
B-strand mimics (e.g., BILN 2061) is well documented,®!! the
importance of the P3 amino moiety and its capping group in the
overall potency and pharmaceutical properties of this series of
inhibitors have never been reported. Previously, however, the suc-
cessful truncation of P3 capping groups has been reported for an-
other series of macrocyclic HCV NS3/4A inhibitors incorporating
a cyclopentane dicarboxylic acid as a mimic of proline in the P2 po-
sition.!® Previous structural studies have indicated that the rigid
carbamate functionality of the capping group is responsible of
the proper positioning of the N-terminal alkyl group into the shal-
low S4 binding pocket of the enzyme,'® and that both the amino
and carbonyl groups of the P3 residue are involved in hydrogen
bonding to the protein backbone.!®"'® Given the remarkable po-
tency of BILN-2061, we predicted that the truncation of the P3 ami-
no moiety and its capping group should lead to a compound which
retains enough intrinsic potency to be further optimized into a no-
vel series of drug-like NS3/4A protease inhibitors.

The synthesis of the target products 19a-1 (Table 1) is outlined
in Schemes 1 and 2. Preparation of 2-substituted quinolines 7a-f
was carried out either from commercially available m-anisidine
4d to generate the 8 non-substituted quinolines 7a and 7d, or from
the 2-substituted 3-methoxyanilines 4a-c obtained via a Curtius
rearrangement'® from the corresponding 3-methoxybenzoic acids
2a-c, as depicted in Scheme 1. Treatment of 3-methoxyanilines
4a-d with boron trichloride followed by the addition of acetoni-
trile and aluminum chloride afforded the corresponding ketones
5a-d via an aromatic electrophilic substitution in 40-73% yield.2°
Finally, acylation of the anilines 5a-d followed by the subsequent
ring closure and aromatization of intermediates 6a-f led to the de-
sired quinolin-4-ol derivatives 7a—f (58-88%).2°

The other 4-hydroxyquinolines 7g and 7h were prepared fol-
lowing the procedures reported in the literature.!'!

The target macrocyclic products 19a-1 were efficiently prepared
in a 10-step procedure from the N-Boc-trans-4-hydroxy-L-proline
8, 7-octenoic acid, or 8-nonenoic acid, (2R,3S)-3-vinyl-2-amino-2-
cyclopropylcarboxylic acid ethyl ester 9, and the 4-hydroxyquino-
lines 7a-h as depicted in Scheme 2. This synthesis represents an
adaptation of the literature procedure reported for the synthesis
of BILN 2061.11%122 Gjven the high cost of cis-hydroxyproline, we
have utilized a tandem of epimerization sequence involving two
successive Mitsunobu reactions,?> which allowed the use of the
readily available N-Boc-trans-4-hydroxy-i-proline as a starting
material for the P2 core.

The P1 cyclopropyl amino acid 9% was coupled to the P2 pro-
line core 8 using a standard HATU-mediated peptide coupling pro-
cedure in 97% yield. Inversion of the configuration at the position 4
of intermediate 10 via a Mitsunobu reaction®* was achieved using
p-nitrobenzoic acid to give ester 11 in 78% yield. Subsequent
unmasking of the BOC protecting group followed by the introduction

of the alkenylcarbonyl moiety using a standard peptide coupling
procedure with HATU led to the esters 13a and 13b in 97% and
93% isolated yields, respectively. The regioselective hydrolysis of
the p-nitrophenyl moiety of 13a and 13b was performed with lith-
ium hydroxide at low temperature to afford alcohols 14a and 14b,
respectively (91% and 87% yield, respectively). Introduction of the
P2 quinoline moieties 7a-h onto the proline central scaffold of
14a and 14b was achieved by a Mitsunobu reaction,?® which pro-
vided the definitive configuration of the chiral center at position
4 of the proline via a second epimerization leading to non-cyclic
intermediates 15a-k. Subsequently, the 14- and 15-membered
macrocyclic ring esters 16a-k were obtained in good yields (68—
87%) by ring-closing olefin metathesis of the open precursors
15a-k using Hoveyda-Grubbs 1st generation catalyst. Interest-
ingly, previous cyclization studies performed with intermediate
15a in refluxing dichloromethane did not produce the desired
product 16a with satisfactory yields.?> Instead, a complex mixture
of cis and trans olefins was observed in these reaction conditions
with low overall yields (<15%).

In the present study, the fact that 16a was obtained as the major
product in good yield (71%) with only traces of the trans derivative
is most likely due to the elevated temperature used, which may al-
low the open structures 15 to adopt the preorganized conforma-
tion needed for the cyclization to the thermodynamically more
stable ruthenium complex, thereby giving access to the cis olefin
macrocycle. Thus, we suggest that the temperature used in the
present study is high enough to overcome the rotational barrier
of the proline amide in position 1 leading to a rapid equilibrium be-
tween the cis and trans rotamers. This hypothesis is in accordance
with previous studies performed with similar diolefin substrates,
showing the coalescence of resonances obtained at elevated tem-
perature (67 and 77 °C) in 'H NMR spectroscopy experiments.?®
Hydrolysis of the ethyl esters 16a-j provided the corresponding
acids 17a-j in quantitative yields.

Finally, treatment of acids 17a-j with carbonyldiimidazole led
to the oxazolidinediones 18a-j, that were subsequently opened
with sulfonamides to complete the synthesis of the target products
19a-1. Reduction of the double bond in the macrocycle of 19¢c was
performed with 2,4,6-triisopropylbenzenesulfonohydrazide and
triethylamine at 80 °C in methanol to give 19m (Chart 2) in only
6% yield after purification (reaction conditions non-optimized).

The new macrocyclic derivatives 19a-m prepared in the pres-
ent study were first tested for their inhibition of the full-length
NS3 protease activity in a biochemical assay in presence of a trun-
cated NS4A cofactor, as described earlier.?® The inhibition con-
stants (K; values)?” were determined and are listed in Table 1.
The cell-based activities were measured in the Huh7-Rep cell line
containing the subgenomic bicistronic replicon clone ET with a
luciferase reporter read out.?® Inhibitory activities (ECso’s) were
calculated as the concentration of compound that caused a 50%
reduction in luciferase signals compared to that of the untreated
control (Chart 3).

The truncation of the terminal P3 amino moiety and its capping
group of BILN 2061 provided the dipeptide proline amide 17a, in
which the P3 amino acid has been replaced by an acyl group link-
ing the P2 proline with the P1 cyclopropyl amino acid. Although,
this modification led to a dramatic decrease in intrinsic potency,
17a still retained significant potency on the enzyme with a K; of
46 nM. This observation prompted us to further investigate struc-
ture-activity relationships (SAR) of this shorter and less peptidic
series of NS3/4A protease inhibitors. Indeed, we predicted that
the decrease in intrinsic potency due to the cleavage of the P2
NH-capping group moiety could be compensated by further opti-
mizations. Since recent studies on NS3/4A protease inhibitors have
demonstrated the utility of acylsulfonamides as valuable bioisos-
teres of the carboxylic acid,>® we explored whether the introduc-
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Table 1 (continued)

Ns3-K; (nm)? HUH7-Rep EC50 (uM)® HLM stability (% metb.)*

Compound R! R? R? R* n
19i %” -i |>l ;\57 CH; H 1
19j %H -\5& }ﬁ ;\57 CH; H 1

19k %” -“S/A/ Xlil ;\57 a H 1
191 %H-o‘é/& }ﬁ? c H 1

0.20 0.00355 50.2
0.40 0.0141 28.8
0.40 0.0117 —

0.20 0.00376 42.6

2 Inhibition of the full-length HCV NS3/4A protease®® measured by the inhibition constants (K; values).?”

b Inhibition of HCV replication in Huh-7-Rep cells containing the subgenomic bicistronic replicon clone ET with a luciferase reporter read out for macrocyclic HCV NS3/4A
protease inhibitors 1, 17a, 17g, 19a-1 measured by 50% effective concentration (ECsq).2%

¢ Human liver microsomes (HLMs) stability measured by the percentage of metabolized product after 15 min at 37 °C in the presence of 5 uM of tested compound.

tion of this moiety into the acid P1 residue could also positively
impact the potency of the resulting compound 19a. To our satisfac-
tion, a substantial increase in intrinsic potency was observed for
the cyclopropylsulfonamide analogue 19a (K; = 0.9 nM) compared
to the original acid derivative 17a (K; = 46 nM). A similar beneficial
effect on the replicon cell-based assay was observed
(ECs0=1.98 uM and 20.4 nM, respectively, for 17a and 19a), mak-
ing this series of P3-truncated macrocyclic inhibitors interesting
candidates for further optimization. However, despite the dramat-
ically improved potency in both enzymatic and cell-based assays,
the very low metabolic stability of 19a, measured in vitro using hu-
man liver microsome (HLM) preparations, rapidly emerged as a
major drawback for this novel series. In fact, 19a was found to be
91.5% metabolized after 15 min, whereas BILN 2061 was only
28.5% metabolized under the same conditions. Therefore, we
decided to explore the effect on both the potency and HLM stability

R 0 R® H Rr®
MeO MeO N._O MeO NH,
OH " TR G .
L fe) i, LA
2a-c 3a-c 4a-d
R’ R R’
2 2
Vi —
(0] F
5a-d O 6a-f o 7a-f OH
with 2a-5a: R3 = Me 6a,7a, R3=H
2b-5b: R3 = Cl > . N\—{ 6b, 7b, R3=CH
2c¢-5¢: R3 = Br R }(L; 6¢c, 7¢, R® = Br ’
4d-5d: R3=H 6d. 7d. R3 = H
Rz:;&l{ 6e, 7e, R® = CH,
s 6f, 7f, R3=Cl

Scheme 1. Reactions and conditions: (i) TEA, diphenylphosphorylazide (dppa),
toluene, 100 °C; (ii) t-BuOH, toluene, 100 °C; (iii) TFA, CH,Cl,, 20 °C; (iv) BCls,
xylene, 0 °C; (v) CH3CN, AICls, CH,Cl,, 0 °C to 70 °C; (vi) RZ2COOH, POCls, pyridine,
—20 to 0 °C; (vii) tBuOK, tBuOH, 80 °C.

of subtle changes in three different parts of the macrocyclic inhib-
itor: (i) P1 cyclopropylsulfonamide, (ii) P2 quinoline moiety, and
(iii) the macrocycle (ring size and saturation of the double bond).
Since we have found with a similar macrocyclic series (data pub-
lished elsewhere) that the incorporation of a 2-thiazole in position
2 of the quinoline provided a compound which exhibits better Caco
permeability (Papp values) compared to the 2-isopro-
pylaminothiazol-4-yl present in compounds BILN 2061, 17a, and
19a, we decided to perform this study on the 2-thiazolylquinoline
series. Although the first compounds synthesized 17g and 19c
were found equipotent compared to the corresponding isopropyla-
minothiazole analogues 17a and 19a, the metabolic stability was
still very poor (98% metabolized). The saturation of the double
bond in the macrocycle of 19¢ was found to be highly detrimental
for the potency of the resulting compound 19m (19c and 19m,
ECso=18 and 65.9 nM, respectively). This significant loss in po-
tency might be due to the unfavorable increased flexibility of
19m leading to an entropy penalty to adopt the proper bioactive
conformation.®® Interestingly, the introduction of either a methyl
(19e and 19f, ECso = 4.3 and 5.8 nM, respectively) or a bromo sub-
stituent (19g, ECso = 1.9 nM) in the position 8 of the quinoline led
to derivatives that were approximately fourfold more potent in
the replicon assay, providing single digit nanomolar NS3/4A inhib-
itors. This improvement in replicon activity of the 8-substituted
derivatives 19e-g is not fully understood at this point and might
be explained by more favorable overall physicochemical properties
leading to improved cell permeability. However, the metabolic sta-
bility of 19e-g remained very poor. Since the parent drug candi-
date BILN 2061 (1) was found metabolically stable, we
hypothesized that the low stability observed in the present series
might be attributed to the more flexible scaffold generated by
the cleavage of the P3-NH-capping group moiety, known to con-
strain the inhibitor in a p-strand mimic conformation.>!! To verify
this hypothesis, we synthesized a series of more rigid 14-mem-
bered macrocycles listed in Table 1 (19h-1). Following this
approach, we were gratified to see that metabolic stability of 19h
was significantly better (82.4% metabolized) than the correspond-
ing 15-membered analogue 19¢ (98% metabolized). In addition, the
replicon activity was not affected throughout this ring constriction
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Scheme 2. Reactions and conditions: (i) HATU, diisopropylethylamine, DMF, 0-20 °C; (ii) p-nitrobenzoic acid, PPhs, DIAD, THF, —20 to 20 °C; (iii) TFA, CH,Cl,, 20 °C; (iv)
7-octenoic acid (for n=1) or 8-nonenoic acid (for n =2) HATU, diisopropylethylamine, DMF, 0- 20 °C; (v) LiOH, H,O/THF, 0 °C; (vi) 7a-h, PPhs, DIAD, THF, -20 °C to room
temperature; (vii) Hoveyda-Grubbs 1st generation catalyst, dichloroethane, 70 °C; (viii) LiOH, H,O0/MeOH/THF, 20 °C; (ix) CDI, THF, reflux; (x) cyclopropylsulfonamide or

methylcyclopropylsulfonamide, DBU, THF, 50 °C.

(ECsp=23.4 and 18 nM, respectively). This beneficial effect was
even more pronounced for the 8-methyl quinoline derivative 19i
(50.2% metabolized). Eventually, introduction of a methyl group in
the P1 cyclopropyl sulfonamide moiety led to a compound that was
only 28.8% metabolized in the HLM assay. Similarly, the
8-chloroquinoline derivative 191 turned out to be stable (42.6%
metabolized) and very potent (ECso = 3.76 nM) inhibitor of the HCV
NS3/4A protease. Together with the good permeability data observed
with 191in Caco-2 cells (Papp apical to basolateral =11.1 x 10~®cm/s),
we selected this compound as the lead for this novel series of P3 trun-
cated derivatives. It is noteworthy that all the compounds tested in
this study, including 191, did not exhibit any significant cytotoxicity
toward both MT4-LTR-Luc and Huh7-CMV-Luc cell lines
(CCsp > 20 uM). To verify if the promising in vitro parameters (Caco-
2 permeability and improved HLM stability) reflected the in vivo situ-
ation, the pharmacokinetic (PK) properties of 191 were investigated
and the data are summarized in Table 2 and Fig. 1.

The plasma kinetics, oral bioavailability together with heart and
liver-plasma tissue distribution in male SD rats were determined
after a single intravenous (IV) administration of 2 mg/kg of 191
using 20% hydroxypropyl B-cyclodextrine as vehicle. These data

R
N=
MeO N A S
-
OH
79:R=H
7h: R = -PrNH

Chart 2. Quinoline reported in the literature.'!?!

were compared to an oral administration of 10 mg/kg of 191 in a
50% PEG400 solution in which 2.5% vitamin E-TPGS was added.
The compound levels were quantifiable up to 8 h post administra-
tion. As shown in Figure 1 and Table 2, the mean maximum con-
centration (Cpax=715ng/mL) in the plasma was achieved at
0.75 h post-dose (Tyax), indicating a rapid absorption of 191. Given
that viral replication of HCV is known to occur primarily in hepa-
tocytes, achieving high drug concentrations in the liver is believed
to be critical for the clinical success of HCV inhibitors. In this re-
spect, 191 was found to be well distributed in the liver with a very
high concentration observed after 8 h (3655 ng/g and 7665 ng/mg
after IV and oral administration, respectively). In contrast, the
heart exposure was found to be very low (15.1 ng/g and 35.8 ng/
mg after IV and oral administration, respectively), revealing a
200-fold higher concentration in the liver relative to the heart
tissue. Furthermore, the mean half-life of 191 in the plasma (/2 2-gn))
was found to be 2.73 h after oral administration. The oral bioavail-
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Chart 3. 19m (K; = 1.9 nM, ECs, = 65.9 nM).





5100

Table 2

Mean plasma and tissue levels (n=2) together with some basic pharmacokinetic
parameters of macrocycle 191 after a single intravenous administration of 2 mg/kg in
hydroxypropyl-p-cyclodextrine and oral administration of 10 mg/kg in vitamin
E-TPGS in the male SD rat

Intravenous (n = 2) Oral (n=2)
Concentrations (ng/mL) 0.12h 1500 —
033 h 708 —
0.5h — 698
1h 449 693
2h 290 632
4h 139 363
8h 53 133
Cmax (ng/ml) - 715
Tmax () = 0.75
T2 (2-8 h) (h) 2.49 2.73
AUC(o_gn) (ng h/mL) 1961 3067
AUCq_ins (ng h/mL) 2154 3607
Vd;s (1/kg) 2.75 —
Cl (1/h/kg) 3.94 —
F (%) 31
Heart (8 h) (ng/g) 15.1 72.7
Liver (8 h) (ng/g) 3655 7665
—e— oral (10 mg/kg)
~ 1000 1 —o— intravenous (2 mg/kg)
£
2
S
T 100
‘GE)
e
3 10 . . . ,
0 2 4 6 8
Time (h)

Figure 1. Mean plasma concentrations (n=3) of 191 after a single intravenous
administration of 2 mg/kg in hydroxypropyl-p-cyclodextrine and oral administra-
tion of 10 mg/kg in vitamin E-TPGS in the male SD rat.

ability (F) and oral AUC are, respectively, 31% and 3607 ng.h/mL. A
promising PK profile was also observed in Beagle dog (n = 3) after a
single intravenous (IV) administration of 1 mg/kg of 191 character-
ized by a high AUC (1322 ng h/mL) and low clearance (0.73 1/h/kg).
The observed oral bioavailability (F) after single oral administra-
tion of 4 mg/kg was 21%, with a Cpax at 498 ng/mL, a half-life
(T1/2) of 4.0 h, and an AUC of 928 ng h/mL.

In conclusion, we have reported here a novel series of potent
and non-cytotoxic P3-truncated macrocyclic HCV NS3/4A protease
inhibitors. Structure-activity relationships studies performed with
a very limited set of compounds (<20) in parallel on the potency
and HLM stability led to the identification of N-{17-[8-chloro-2-
(4-isopropylthiazol-2-yl)-7-methoxy-quinolin-4-yloxy]-2,14-di-
oxo-3,15-diazatricyclo [13.3.0.0*%]octadec-7-ene-4-carbonyl}-(1-
methylcyclo propyl)-(1-methylcyclopropyl)sulfonamide 191, a po-
tent (Kj=0.2 nM, ECso=3.76 nM), non-cytotoxic (CCso>20 uM),
and metabolically stable HCV inhibitor. Moreover, 191 exhibits
advantageous drug metabolism and pharmacokinetic properties
in rat and dog, with a high liver exposure after oral administration,
but limited heart exposure observed in rat. Further preclinical
exploration of this novel inhibitor series is warranted.
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Spiro-isobenzofuranones 1a and 1b were discovered as potent, selective, and brain-penetrable non-imid-
azole Hs receptor inverse agonists. Our corporate sample collection was screened to identify 2a as a lead.
Recognizing the right-hand portion of 2a as an essential pharmacophore, an extensive screen of the left-
hand piperidine portion was carried out to yield the potent spiro-derivatives 2t—X. Spiro-isobenzofura-
none 2x, the most potent among the derivatives, was converted to the corresponding amide 1a, which
possessed dramatically improved Hs activity (ICsq=0.72 nM; more than 20-fold improvement over
2x). Further elaboration led to the identification of 1b, a 5-methoxy derivative with an ICso of 0.54 nM.
Our studies demonstrated that derivatives 1a and 1b to be potent, selective, and brain-penetrable Hs

© 2008 Elsevier Ltd. All rights reserved.

Despite the pharmacological discovery of the Hs receptor in
1983,! it was not until 1999, with its genetic identification,? that
the H; receptor gained widespread attention and redirected the de-
tailed pharmacological characterization of the receptor and drug
discovery efforts from academia and pharmaceutical industries.?
Studies have shown that signaling through the Hs receptor acti-
vates G-proteins that inhibit adenylate cyclase activity and reduces
intracellular cAMP levels.>* The H; receptors, which are predomi-
nantly expressed in the CNS, are localized on the presynaptic mem-
brane as autoreceptors, and negatively regulate the release and
synthesis of histamine.! The H; receptor is also known to modulate
the release of other neurotransmitters such as norepinephrine,
dopamine, acetylcholine, serotonin, and GABA,” and accordingly,
it has been suggested that Hs antagonists/inverse agonists could
serve as effective therapeutics for several CNS-related disorders.®
In animal models, H3 receptor antagonists/inverse agonists have
been shown to enhance wakefulness, improve attentive and cogni-
tive behaviors, and reduce feeding and body weight.”® It has re-
cently been reported that BF2.649 (Chart 1), a potent and
selective Hz receptor inverse agonist, can suppress excessive day-
time sleep among narcoleptic patients.’

First-generation imidazole-based H; antagonists, which possess
inhibitory actions on cytochrome P45¢ activity, may cause drug-
drug interactions against co-administered drugs by inhibiting he-
patic clearance.!® Because of these liabilities, current efforts have

* Corresponding author. Tel.: +81 29 877 2004; fax: +81 29 877 2029.
E-mail address: nagaaki_sato@merck.com (N. Sato).

0960-894X/$ - see front matter © 2008 Elsevier Ltd. All rights reserved.
doi:10.1016/j.bmcl.2008.07.125

focused on non-imidazole classes of Hs receptor antagonists/in-
verse agonists. Since the identification of the Hs receptor genes,
various classes of non-imidazole Hs receptor antagonists have been
developed to target the CNS H; receptors.>”!! Among them,
BF2.649,°'% ABT-834,'% and GSK189254,'* as shown in Chart 1, tar-
get CNS disorders such as excessive daytime sleepiness, schizo-
phrenia, and cognitive dysfunctions, and have successfully
entered clinical trials.

Recently, our corporate chemical collection was screened
against the human Hs receptor, and resulted in the identification
of 2a. Subsequently, the substituted piperidine component (left-
hand portion of 2a) was extensively screened for Hs affinity, and
resulted in the identification of potent spiro-isobenzofuranones
1a and 1b. In this report, the discovery and characterization of
these potent, selective, and brain-penetrable Hs inverse agonists
are described.

The synthetic route for the derivatives reported herein is illus-
trated in Schemes 1-4. Carbamoylchloride 4, which was generated
in situ from N-methyl-2-(1-piperidinyl)ethanamine (3) and tri-
phosgene, was coupled with substituted piperidines and pipera-
zines 5 to afford 2a-y in 20-30% yield (Scheme 1). The
substituted piperidines and piperazines 5 employed in the present
study were either commercially available or reported in the litera-
ture.!® The low yields for these coupling reactions can be improved
by reversing the reaction sequence. For instance, compound 2x was
prepared in 81% yield by the generation of the carbamoylchloride
from 3H-spiro[2-benzofuran-1,4'-piperidin]-3-one followed by
coupling with amine 3. For the preparation of alcohol 8 (Scheme
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N
cl O \
BF2.649 g
ABT-239

GSK189254

Chart 1. Structures of non-imidazole Hs antagonists and inverse agonists.

e : 20
— Sy N - N/\/N

PN NH va |

o
R2
5:X=NorC

cl
2a-y (20-30%)

Scheme 1. Reagents and conditions: (a) triphosgene, N,N-diisopropylethylamine, CHCl3, 0 °C, 3 h; (b) N,N-diisopropylethylamine, CHCls, 70 °C, 4 h.

O OH
Br
a b
Ra/@H/OH —_— R3 e RS
5 0} (0]
o} o}

6a:R®=H 7a: R® = H (44%) 8a: R°=H (71%)
6b: R® = OMe 7b: R® = OMe (65%) 8b: R = OMe (90%)

Scheme 2. Reagents and conditions: (a) i—n-BuLi, THF, —78 °C, 1 h, then 4,4-ethylenedioxycyclohexanol, rt, 18 h; ii—concd HCl, acetone, H,0, reflux, 18 h; (b) NaBH,4, H,0/
THF (v/v=1/10), 0°C, 1 h, diastereomeric ratio > 4:1.

G

7<\OH

9a: R*=OMe, R®=H 10a: R* =OMe, R®=H (48%) 11a:R*=0OMe, R°=H
9b: R* = H, R® = OMe 10b: R*=H, RS = OMe (47%)  11b:R*=H, R®= OMe
OH
R
o]
o)

12a: R* = OMe, R® = H (90% over 2 steps)
12b: R* = H, R® = OMe (74% over 2 steps)

Scheme 3. Reagents and conditions: (a) n-BuLi, THF, rt, 2 h then 4,4-ethylenedioxycyclohexanol, rt, 18 h; (b) 2 N H,SO,, acetone, 80 °C, 18 h; (c) NaBH,4, HO/THF (v/v = 1/10),
0°C, 4 h, diastereomeric ratio > 4:1.
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8a 13a 14a (58% over 2 steps)
8b 13b 14b (70% over 2 steps)
12a 13c 14c¢ (30% over 2 steps)
12b 13d 14d (62% over 2 steps)
COOH
8a,13-15a: R®=R*=R%=H
B 8b, 13-15b: R® = OMe, R*=R® =H
12-15¢c: R* = OMe, R =R% = H
12-15d: R® = OMe, R®=R*=H

15a (84%)
15b (95%)
15¢ (88%)
15d (92%)

Scheme 4. Reagents and conditions: (a) methanesulfonyl chloride, EtsN, THF, 0 °C, 30 min; (b) Et4,NCN, DMF, 100 °C, 18 h; (c) 30% H,SO,4, dioxane, 100 °C, 48 h.

2), 2-bromobenzoic acid 6 was reacted with n-butyllithium, then
treated with 4,4-ethylenedioxycyclohexanol, followed by hydroly-
sis of the ketal group under acidic conditions to afford 7 (7a, 44%;
7b, 65%). Ketone 7 was reduced using sodium borohydride to give
the corresponding alcohol 8 in good yields. For the preparation of
alcohols 12 (Scheme 3), substituted 2-phenyloxazole 9 was reacted
with n-butyllithium followed by treatment with 4,4-ethylenedi-
oxycyclohexanol to afford 10 (10a, 48%; 10b, 47%). The imidate
and ketal groups of 10 were hydrolyzed under acidic conditions
to give ketone 11, which was reduced using sodium borohydride
to give the corresponding alcohol 12 in good yields. It is important
to note that the reduction of ketones 7 and 11 using sodium boro-
hydride was diastereoselective—the desired cis-isomers 8 and 12
were obtained with a diastereomeric ratio of greater than 4:1.
The hydroxy group of 8 and 12 was mesylated and displaced by
a cyanide ion to give 14, which was converted to the spiro-iso-
benzofuranone carboxylic acids 15a—d by subsequent treatment
with 30% sulfuric acid in dioxane (Scheme 4). The minor diastereo-
mer in 15 was separated by silica gel chromatography without dif-
ficulty. Finally, 15a—d were coupled with amine 3 in the presence
of 2-chloro-1,3-dimethylimidazolinium chloride and triethylamine
to afford 1a—d (Scheme 5).

The compounds described herein were tested in the [*>S]GTPYS
binding assay in membranes isolated from cells transfected with
cloned human H; receptors.!® All the quinazolinone derivatives re-

COOH
RO/
+
3
R o}
15a
15b 3
15¢
15d

ported herein reduced basal GTPYS binding, indicating that they
are inverse agonists. Selected compounds were evaluated for hERG
K* channel inhibitory activity using the [>*S]N-[(4R)-1’-[(2R)-6-cy-
ano-1,2,3,4-tetrahydro-2-naphthalenyl]-3,4-dihydro-4-hydroxy-
spiro[2H-1-benzopyran-2,4’-piperidin]-6-yl|methanesulfonamide

binding assay to assess QTc prolongation liability.!” Screening of
Merck sample collection led to the identification of lead 2a, which
possessed an ICsq value of 110 nM (Table 1). Based on previous SAR
studies,>”!! the structure of 2a can be defined as a basic piperidine
pharmacophore with an ethylene linker and a lipophilic left-hand
pharmacophore tethered by a urea linkage. Consequently, our
studies focused on modifying the lipophilic left-hand component,
and by taking advantage of the urea linkage, a variety of 4-substi-
tuted piperidine and piperazine analogs were prepared and evalu-
ated (Table 1). Compared to compound 2a, the 1-naphthyl
derivative 2b was less potent, while replacement of the naphthyl
with a phenyl group as in 2c¢ resulted in marked loss of potency.
The tetrahydroquinoline derivative 2d showed weak activity.
Introduction of spacers between the piperidine and phenyl rings
as in 2e—g proved to be ineffective. Inclusion of another 4-substit-
utent, in addition to the phenyl group, showed mixed results—the
4,4-diphenyl and 4-cyano-4-phenyl derivatives 2i and 2h dis-
played similar activities as that of lead 2a, whereas the 4-hydro-
xy-4-phenyl derivative 2j exhibited a complete loss of potency.
The 4-phenyl piperazine derivative 2k showed weak activity

\\\/
e

1a: R3 =H (87%)

1b: R% = OMe R“ H(64%)
1c: R*=OMe, R% = R5 H (95%)
1d: RS = OMe, R® = R* = H (67%)

Scheme 5. Reagents and conditions: (a) 2-chloro-1,3-dimethylimidazolinium chloride, EtsN, CHCls, rt, 1 h.
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Table 1 Table 1 (continued)
Human Hj activities of the urea derivatives 2a—y®

e

Compound Human Hs (ICso nM)

=2
—=
27
X
=
D &%»«
2

R2

Compound (\ ‘%{ Human Hs (ICso, nM) 2m CI\©/N\) 297 +55
N
RL/X\) (\ NT
R? N_J
2n /@/ 160 + 31
N -
2a 11010 NZ
20 >1000
OO
2b 343 +97 N‘z'Z
O 2p I 783 +213
N
2¢ 893 + 47 %‘z’{
2q s >1000
2d @g\h 680 61 \g/ B
BN
o 2r N?) 560 + 195
2e @\/@ 393 £ 26
(0] o
ANE
N% 2s O\) 38095
2f 237 £27
(0] o
0 o ~NE
N 2t \) 68 +27
2g 530 £ 65
O -
N
N%
2u 43+4
2h Q 9819
(0}
L) ¢
@7015{ 2v 5316
i NH
2i 267 £81
llf o .
N N
N
2j >1000 2w N 45+12
HO J N
(\Nﬁﬂ/ N%
2k ©/N\) 506 + 147 - a1
(0]
_ (0]
o ONE N
21 ©/N\) >1000 2y 387 +34
(0]

2 The values represent the mean + SE for n > 3.
® Inhibition of R-o-methylhistamine-induced binding of [35S]GTPyS at human Hs
receptor.
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Table 2
In vitro profiles of 1a—d*

6/ N
NS O
5/

o)

—
4
(0]

Compound R® Human Hs® ICso (nM) hERGS ICsq (nM)
1a H 0.72 +0.03 >10,000

1b 5-MeO 0.54 £ 0.06 >10,000

1c 6-MeO 182 d

1d 7-MeO 3.6%0.8 d

2 The values represent the mean + SE for n > 3.

® Inhibition of R-o-methylhistamine-induced binding of [**S]GTPyS at human Hs
receptor.

¢ Inhibition of [**S|N-[(4R)-1’-[(2R)-6-cyano-1,2,3,4-tetrahydro-2-naphthalenyl]-
3,4-dihydro-4-hydroxyspiro[2H-1-benzopyran-2,4’-piperidin]-6-ylJmethanesul-
fonamide binding to hERG in HEK293 cells.

9 Not tested.

(ICsp = 506 nM). Slight improvements in potency were observed for
the para-chloro and meta-chloro derivatives 2n and 2m, whereas
the ortho-chloro derivative 21 was devoid of potency. Introduction
of a bulky alkyl group such as a tert-butyl group as in 20 was
ineffective.

Next, we turned our attention to various spiro-derivatives.
Among the 3-azaspiro[5,5]undecane-based derivatives 2p-—t,
spiro-benzopyranone 2t displayed the highest ICs5o value (68 nM).
Several more potent derivatives were identified among the 8-aza-
spiro[4,5]decane-based derivatives 2u-y. The indanone and iso-
indolinone derivatives 2u and 2v possessed ICsq values of 43 and
53 nM, respectively. Methylation of 2v resulted in the slightly
more potent derivative 2w. Within our urea screening study,
spiro-isobenzofuranone 2x was found to be the most potent deriv-
ative (ICso = 21 nM). The carbonyl group of 2x is pivotal for potency
since the isobenzofuran derivative 2y showed a 10-fold loss in po-
tency. Consequently, in hopes of further enhancing the potency,
the corresponding amide derivative of 2x was synthesized and
evaluated. The active trans-isomer 1a showed a dramatic 30-fold
increase in potency (ICso = 0.72 nM), relative to the corresponding
urea derivative 2x. Furthermore, 1a displayed excellent selectivity
over other histamine receptor subtypes, such as H;, Hy, and Hy
(IC50> 10 uM) and 60 CNS receptors (ICso> 10 uM), along with
an absence of any significant hERG inhibitory activities
(IC50 > 10 uM). Using the serum incubation method, the hepatic
clearance of 1a was found to be very poor (18 and 59 mL/min/kg
for human and rat hepatocytes, respectively).'® Based on a phar-
macokinetic study involving iv administration of 1 mg/kg of 1a in
rats, the plasma clearance in rats was determined as 97 mL/min/
kg. Upon iv administration of 1 mg/kg of 1a in rats, the plasma,

Table 3
Brain-penetration and P-gp susceptibility of 1a and 1b

Table 4
Pharmacokinetic parameters of 1b in SD rats®

iv (1 mg/kg) tiz=14h
Vass = 7.2 L[kg

CLp = 74 mL/min/kg

tip= 14h
Tmax=0.3 h
Cmax = 0.06 pM
F=7%

po (3 mg/kg)

¢ The values represent the mean for n = 3.

brain, and cerebrospinal fluid levels were 1.5 uM, 2.4 nmol/g, and
0.36 uM, respectively (Table 3), and therefore, it is reasonable to
consider 1a as brain-penetrable in rats. Moreover, 1a is neither a
human nor a mouse P-gp substrate, and therefore the effects of
P-gp-mediated efflux in humans and mice should be negligible (Ta-
ble 3).° Based on these data, the development of 1a as an oral drug
would be challenging; in contrast, however, development as an iv
tool such as a positron emission tomography (PET) tracer may be
feasible.

As a potential candidate for carbon isotope labeling, a methoxy
group was introduced into various positions in the phenyl ring of
the spiro-isobenzofuranone moiety of 1a (Table 2). Although the
6-methoxy and 7-methoxy derivatives 1c and 1d displayed signif-
icant losses in potency, the 5-methoxy derivative 1b showed en-
hanced activity (ICso=0.54 nM). The profiles of 1b and 1a were
comparable, where 1b showed good selectivity over other hista-
mine receptor subtypes, such as H;, H,, and Hy (IC50 > 10 uM),
and 115 diverse, unrelated binding sites (ICsq > 10 uM for all the
binding sites tested). Again, using the serum incubation method,
the hepatic clearance of 1b was found to be very poor (18 and
54 mL/min/kg for human and rat hepatocytes, respectively).'®
The pharmacokinetic profile of 1b in rats was indeed poor (Table
4). As in the case of 1a, good brain permeability in rats was ob-
served for 1b (Table 3)—upon oral administration of 10 mg/kg of
1b in rats, the plasma, brain, and cerebrospinal fluid levels at 2 h
were 0.27 uM, 0.48 nmol/g, and 0.058 pM, respectively. Although
1b was a significant mouse P-gp substrate, the P-gp-mediated ef-
flux should not be an issue in humans based on the transcellular
transport ratio for human MDR1 (Table 3).1°

In summary, spiro-isobenzofuranones 1a and 1b were deter-
mined as potent and selective non-imidazole Hs receptor inverse
agonists. Our studies showed that 1b is brain-penetrable in rats,
and is not a human P-gp substrate. Moreover, the structure of 1b,
which is amenable to carbon isotope labeling, is distinctly different
from the current quinazolinone class of clinical development can-
didates.?° On the basis of these features, we believe 1b to be an
ideal clinical PET tracer candidate. The synthesis and preclinical
characterization of tracers based on 1b for imaging Hs receptors
are currently in progress. Additionally, efforts to optimize the
structure of 1 to improve its metabolic stability are underway to
develop a candidate from this class of spiro-isobenzofuranone H;
receptor inverse agonists for clinical development.

Compound Brain-penetration in SD rats® P-gp transporter assay®
Transcellular transport ratio (B-to-A)/(A-to-B)
Plasma (pM) Brain (nmol/g) CSF (uM) MDR1 mdrla
1a 1.5 24 0.37 1.2 2.0
1b 0.27 0.48 0.058 23 7.0

2 The values represent the mean for n = 3. The concentrations were determined at 10 min after 1 mg/kg iv for 1a and at 2 h after 10 mg/kg po for 1b.
b Transcellular transport ratio ((B-to-A)/(A-to-B)) was obtained from human MDR1- and mouse mdr1a-transfected LLC-PK1 cell monolayers. The values represent the mean

for n > 3. The value above 3.0 indicates that a compound is a P-gp substrate.
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A series of carbo- and heterocyclic a-hydroxy amide-derived bradykinin B; antagonists were prepared
and evaluated. A 4,4-difluorocyclohexyl a-hydroxy amide was incorporated along with a 2-methyl tetra-
zole in lieu of an oxadiazole to afford a suitable compound with good pharmacokinetic properties, CNS
penetration, and clearance by multiple metabolic pathways.

© 2008 Elsevier Ltd. All rights reserved.

One component of the response of humans and animals to tis-
sue injury is mediated by bradykinin (BK) peptides which are pro-
duced in plasma soon after injury occurs. The physiological effects
of these peptides, including pain and inflammation,'? are regu-
lated by the G-protein-coupled receptors, B; and B,.3~> The B,
receptor is constitutively expressed, and the current thinking is
that it is responsible for the incipient acute pain response follow-
ing injury. The native ligands for the B, receptor are the peptides
bradykinin (BK = Arg-Pro-Pro-Gly-Phe-Ser-Pro-Phe-Arg) and kalli-
din (Lys-BK). The metabolites of these peptides, [des-Arg9] brady-
kinin and [des-Arg10] kallidin, are agonists for the B; receptor,
which is induced subsequent to the occurrence of the injury.

Animal models have demonstrated that bradykinin B; receptor
antagonists attenuate the response to painful stimuli®® It has
been further shown that transgenic B; knockout mice exhibit re-
duced sensitivity to painful stimuli while appearing normal in all
other respects.'® In addition, experimental evidence has been gath-
ered that indicates that the B, receptor is constitutively expressed
in the central nervous system of rats and mice.!" This would imply
a role for the By receptor not only in the periphery but also in the
CNS. Therefore, CNS penetrant bradykinin B, receptor antagonists
are highly desirable because they may be much more efficacious
than peripheral B, antagonists.'?

* Corresponding author.
E-mail address: scott_d_kuduk@merck.com (S.D. Kuduk).

0960-894X/$ - see front matter © 2008 Elsevier Ltd. All rights reserved.
doi:10.1016/j.bmcl.2008.07.126

Recently, we reported a series of a-hydroxy amide-based bra-
dykinin BK; receptor antagonists.'> For example, compound 1
bearing an oxadiazole ester surrogate had sub-nanomolar affinity
for the B; receptor, good pharmacokinetics across three species,
and exhibited efficient receptor occupancy in an ex vivo transgenic
mouse model. However, 1 was metabolized exclusively by a single
P450 in the form of CYP2B6 raising the possibility for drug-drug
interactions (Fig. 1). In addition, this oxidation by CYP2B6 led to
a major circulating metabolite in vivo (2), which also showed
excellent hBK; binding affinity and good pharmacokinetic proper-
ties. Accordingly, we sought to prepare compounds that would be
oxidized by multiple CYP enzymes and/or have alternative clear-

1: hBy K; =0.5 nM

2: hB4 K; =0.8 nM

Figure 1. Metabolism of compound 1.
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Compound 1
Figure 2. Strategy to address metabolism.

ance pathways, while avoiding the production of a major circulat-
ing active metabolite.

The strategy to overcome these issues is shown in Fig. 2. Previ-
ous work on a series of related biaryl bradykinin B; antagonists has
shown that an N-2-methyl tetrazole was an effective isostere for a
methyl ester.' Oxidative dealkylation led to the acidic N-H-tetra-
zole which had no significant affinity for the B receptor. Therefore,
we wanted to incorporate a tetrazole in lieu of the oxadiazole to
address the circulating metabolite issue. To confer additional oxi-
dation potential to the molecule, hopefully by P450’s other than
CYP2B6, we planned to remove the metabolism resistant trifluoro-
methyl group and incorporate an aliphatic cyclopentane ring.

The methods used to prepare the o-hydroxy carboxylic acids
4a-g are shown in Scheme 1. When the ketone starting materials
were available (3a-d), the compounds were prepared via hydroly-
sis of the intermediate cyanohydrins. Alternatively, the compounds
could be prepared from the corresponding esters, via hydroxyl-
ation using the method described by Davis.!”

The requisite tetrazole 8 was prepared in a three-step sequence
(diazotization-cyanation, tetrazole formation, and methylation)
from commercially available aniline 7 (Scheme 2). The N-2-methyl
tetrazole 8 was formed as a 1:1 mixture with the N-1 isomer (not
shown), but was readily separable. Suzuki coupling of 8 with bor-
onate 9,6 followed by removal of the Boc group with HCl, provided
amine 10. Final acylation with the appropriate acid 4a-g, afforded
target molecules 11a-i. Compound 11d was prepared via TPAP oxi-
dation of 11b.

a, b
)Q:O
n

3a; X=CHy, n=1
3b; X=CH,,n=2

Q<OH
X<, CO,H

4a; X =CHy, n=1
4b; X =CH,, n=2

3c;X=8,n=2 4c; X=S,n=2
3d; X=0,n=2 4d;: X=0,n=2
CO,H COan
COzH
5a;n=0 4e;n=0
5b;n=1 4f;n =1
TBSO
c, h,i
A= Q. Qo
COxH CO,Bn CO,H
6 49

Scheme 1. Reagents and conditions: (a) NaCN, H,0, Na,S,0s. (b) HCl, reflux. (c)
BnBr, K,CO3, DMF. (d) PCC, DCM. (e) Deoxo-fluor, CHxCl,, rt. (f) KHMDS, THF,
—78 °C, Davis Oxaziridine. (g) Pd/C, H,, EtOAc. (h) i—BHj3, THF. ii—NaBOs, H,0. (i)
TBSCl, imidazole, DMF. (j) 1 N HCl, THF.

/
NN
_N NHBoc
Br \
Z ‘IB/O
07@<
7 8 9

11a-i 10

Scheme 2. Reagents and conditions: (a) NOBF,, KCN. (b) TMSnNs, toluene, 120 °C.
(c) Mel, K,CO5, DMF. (d) PdCl,-dppf, DMSO, K,COs, H,0. (e) HCl, EtOAc. (f) 4a-g,
EDC, TEA, HOBt, DMF.

Compounds 11a-i were evaluated for human bradykinin B,
binding affinity and susceptibility to efflux by the transporter P-
glycoprotein (P-gp). In addition, pharmacokinetic properties in
dog were screened to further triage analogs for additional testing.!”
Results are shown in Table 1.

Cyclopentane derivative 11a proved to have high affinity for the
B, receptor, similar to that for 1, and was not a substrate for human
P-gp (BA/AB ratio = 2.1). This compound also exhibited low dog
clearance, but a shorter half-life relative to 1. Incorporation of a sul-
fide (11b) was similarly well tolerated with only a slight increase in
P-gp susceptibility, but sulfoxide and sulfone analogs 11c-d proved
to be impressive substrates for P-gp. This is likely due to incorpora-
tion of the additional heteroatom(s), as the related ketone 11e,
which despite having impressive binding and dog pharmacokinetic
properties, also proved to be subject to P-gp-mediated efflux.

In order to avoid the undesired effects on P-gp and to improve the
pharmacokinetic profile of 11a, a difluoromethylene unit was incor-
porated into the cyclopentane ring. This led to a loss of symmetry to
produce diastereomers 11f and 11g after chromatographic resolu-
tion. Both diastereomers maintained good B, binding affinity, but
it was fortuitous that the modestly more potent 11g also exhibited
a markedly better half-life in the dog (t;2 = 19 h) with a more pref-
erable P-gp profile. Homologation to the symmetrical six-membered
ring analogs was also investigated. Tetrahydropyran 11h exhibited
good affinity, but continued the trend of increasing P-gp efflux
(BA/AB = 8.2) with additional heteroatom incorporation. However,
difluorocyclohexane 11i exhibited excellent binding affinity
(hK; = 0.41 nM), P-gp transport, and dog pharmacokinetic profiles
(F=91%) comparable to difluorocyclopentane 11g.

Analogs 11a, 11g, and 11i were selected for further triage via
determination of rat pharmacokinetics and brain penetration in
African green monkey. In addition, ex vivo receptor binding exper-
iments were investigated using a transgenic rat construct, which
expresses the hBK B; receptor broadly throughout the CNS, includ-
ing the brain and spinal cord.'® The binding efficiency of a com-
pound to the hBK B; receptor expressed in the CNS can therefore
be determined with this rat model. Results are shown in Table 2.

With respect to rat pharmacokinetics, difluoro derivatives 11g
and 11i exhibited better bioavailability (>60%) and lower clearance
relative to cyclopentane 11a (F=26%, Cl=10 mL/min/kg). The
pharmacokinetic advantage of the difluoro analogs is across spe-
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Table 1

Bradykinin B; receptor binding affinities, P-gp transport properties, and dog pharmacokinetics

Compound X n hBK; ? (nM) P-gp® Papp (107 cm/s)° Dog F% 4 Dog ty) ¢ Dog CL ¢
1 — — 0.66 1.9 27 84 11 0.5
11a CH, 0 0.48 2.1 29 nd 4.7 0.6
11b S 0 0.39 29 31 nd 54 3.2
11c S(0) 0 1.6 14.3 24 nd 3.1 2.3
11d S(0) 0 0.69 29 22 nd 9.9 0.5
11e =0 0 0.67 16 31 nd 9.8 0.3
11f CF, 0 1.0 2.6 29 nd 3.0 0.3
11g CF, 0 0.67 1.9 32 85 19 0.2
11h (6] 1 0.96 8.2 24 nd nd nd
11i CF, 1 0.41 2.0 31 91 203 1.0

2 Values represent the numerical average of at least two experiments. Interassay variability was +25% (K;, nM).

> MDR1 directional transport ratio (B to A)/(A to B). Values represent the average of three experiments and interassay variability was +20%.

: Passive permeability (10~ cm/s).

variability was less than 20% for all values.

Table 2

Rat pharmacokinetics and transgenic rat receptor occupancy for select compounds
Compound Rat F%? Rat t;); (h)? Rat CL? Occop ® B/P¢
11a 26 5.5 10 214 nd
11g 96 4.1 52 120 0.55
11i 62 5.6 22 140 0.63

¢ F% oral bioavailability, half-life is represented in hours, CL in mL/min/kg.
Sprague-Dawley rats (n = 3). Oral dose = 10 mg/kg in methocel, IV dose = 2 mg/kg
in DMSO. Interanimal variability was less than 20%.

" Values represent the numerical average of at least two experiments. Interassay
variability was +25% (K;, nM).

¢ African Green Monkeys (n =2). IV dose = 2 mg/kg. Interanimal variability was
less than 20% for all values.

cies and consistent with high microsomal and hepatocyte stability
for these three compounds (data not shown).

Both difluoro analogs proved to be very efficient in the ex vivo
receptor occupancy assay compared to the cyclopentane deriva-
tive. In addition, 11g and 11i were found to be brain penetrant in
African green monkey with brain to plasma ratios of 0.55 and
0.63, respectively. However, the symmetrical difluorocyclohexane
11i showed better dose proportionality in rat and dog, and was se-
lected for more in depth metabolic studies.

Metabolic profiling revealed that compound 11i was metabo-
lized by multiple pathways in human microsomes and hepatocytes

glucuronidation

F
F oy Amide hydrolysis
/\/ /
O0”“"NH N-N ~—  N-demethylation
N. N__N (CYP2B6)
N
Hydroxylation |
(CYP3A4) NS F
Cl

Figure 3. Metabolic profile of 11i.

F% oral bioavailability, half-life is represented in hours, CL in mL/min/kg* Mongrel dogs (n = 2). Oral dose 3 mg/kg in methocel, IV dose = 1 mg/kg in DMSO. Interanimal

(Fig. 3). N-Demethylation was mediated by CYP2B6 similar to the
hydroxylation of 1 into metabolite 2. However, unlike the case
for 2, the N-desmethyl metabolite had 30 fold weaker affinity
(hK; = 21 nM) for the hB; receptor. In addition, CYP3A4 mediated
hydroxylation of the difluorocyclohexane ring was seen as a sec-
ond oxidative pathway. Direct conversion of the tertiary hydroxyl
of 11i into the acyl glucuronide was also observed, although this
pathway is much more significant in rat hepatocytes than other
species. Hydrolysis of the amide bond was also noted as a fourth
biotransformation pathway.

In conclusion, a series of 5- and 6-membered carbocyclic and
heterocyclic a-hydroxy amide-derived bradykinin B; antagonists
bearing an N-2 methyl tetrazole as an oxadiazole replacement
was prepared and evaluated. A number of compounds with excel-
lent B; binding affinity, good pharmacokinetic properties, and
desirable P-gp transport properties was elucidated. In particular,
4,4-difluorocyclohexane 11i possessed similar properties to oxadi-
azole 1, but was found to undergo biotransformation by multiple
pathways lowering the risk of any potential drug-drug interac-
tions. In addition, no major active circulating metabolites were ob-
served. Accordingly, 11i was selected for additional pre-clinical
development as a backup to compound 1.
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Vesicular monoamine transporter type 2 (VMAT2) is a newly emerging target for both diagnostic and
therapeutic applications in diabetes mellitus. In pursuit of novel VMAT2 antagonists, we identified a
potent hypoglycemic agent with a novel dihydropyridone scaffold. Several analogs were designed and
synthesized. A preliminary structure activity relationship (SAR) showed that the dihydropyridone scaf-
fold is required for the activity.

© 2008 Elsevier Ltd. All rights reserved.

Diabetes mellitus is a growing epidemic affecting hundreds of
millions of people worldwide.! Despite a recent explosion of new
classes of hypoglycemic agents, the medical need remains largely
unmet and innovative diagnostics and therapeutics are still ur-
gently needed. We have been particularly interested in the vesicu-
lar monoamine transporter type 2 (VMAT2) as a potential
diagnostic and therapeutic target for diabetes.

VMAT is a member of the vesicular transporter family responsi-
ble for the uptake and secretion of monoamine neurotransmitters
in neurons and endocrine cells.?> Two isoforms of VMAT (types
1 and 2) have been cloned, and interestingly, the insulin-producing
beta cells in the pancreas only express the VMAT2 isoform.> We
have recently demonstrated the feasibility of noninvasive mea-
surement of beta cell mass both in humans and in rodents by pos-
itron emission tomography (PET) using VMAT2 as the biomarker
and its specific antagonist dihydrotetrabenazine (DTBZ) as the tra-
cer.*> More strikingly, our studies have further shown that VMAT2
plays an important functional role in the regulation of insulin
secretion in beta cells.® VMAT2 antagonist tetrabenazine (TBZ)
and its active metabolite DTBZ (Fig. 1) are potent hypoglycemic
agents that stimulate insulin secretion in vitro and improve glu-
cose tolerance in normal and diabetic rats.® VMAT2 antagonists,
therefore, have both diagnostic and therapeutic potential in the
management of diabetes mellitus.

* Corresponding author. Tel.: +1 212 3055839; fax: +1 212 3053475.
E-mail address: dwl1@columbia.edu (D.W. Landry).

0960-894X/$ - see front matter © 2008 Elsevier Ltd. All rights reserved.
doi:10.1016/j.bmcl.2008.07.129

In an effort to generate novel VMAT2 antagonists, we attempted
to synthesize compound 1 (Fig. 1), a simplified analog of DTBZ. As
shown in Scheme 1, veratraldehyde 2 was treated with ammonium
acetate and converted into B-amino acid 3 by condensation with
malonic acid. Protection with Boc anhydride and subsequent con-
densation with potassium malonate methyl ester led to B-keto
ester 4. Alkylation with isobutyl bromide in the presence of potas-
sium carbonate afforded a mixture of 5 and 6 in moderate yield.
After removal of the Boc group, the mixture was treated with
sodium bicarbonate in methanol to yield the cyclized products 7
and 8 quantitatively. Compound 9 was obtained from reduction
of 7 with sodium borohydride and then further converted to 1
and its diastereoisomers with lithium aluminum hydride.

Racemic compound 1 and its diastereoisomers were evaluated
for their ability to improve glucose tolerance by intraperitoneal
glucose tolerance tests (IPGTTs)” in rats. The new analogs were less
potent than TBZ possibly due to diminished affinity for VMAT2
(Fig. 2). This poor result halted our further study of compound 1.
However, during random screens of intermediates generated in
the course of the synthesis of 1, we found that compound 8, a novel
dihydropyridone resulted from the competing O- versus C-alkyl-
ation of enolic B-keto ester 4 followed by cyclization, showed
potent hypoglycemic effect. As illustrated in Figure 2, compound
8 decreased the AUC IPGTT (the area under the blood glucose con-
centration-time curve) by 45% at the dose of 2 mg/kg compared to
26% for TBZ.

Prompted by this surprising result, we designed and
synthesized several analogs of 8. As outlined in Scheme 2,
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veratraldehyde 2 was first condensed with ethyl acetoacetate,
and spontaneous cyclization yielded lactone 10. Using potas-
sium carbonate as the base, O-alkylation of 10 with methyl
bromide or isobutyl bromide provided 11 and 12. Similarly,
15 and 16 were prepared from dihydroisoquinoline 13 via con-
densation with dimethyl 1,3-acetonedicarboxylate followed by
cyclization and alkylation. DDQ-induced aromatization and
acidic hydrolysis of 8 afforded 17 and 18, respectively. Analogs
prepared as above were tested for their hypoglycemic activities
in rats using the IPGTT protocol. Interestingly, the hypoglyce-
mic effects of these compounds were only seen following glu-
cose stimulation. Results in Figure 2 demonstrated that the
dihydropyridone scaffold in 8 is essential for the hypoglycemic
activity. Replacement with dihydropyrone (11, 12), oxidation, or
hydrolysis of 8 (17, 18) resulted in the total loss of activities.
Interestingly, the rigid derivatives 15 and 16 were active but
less potent in opposition to the SAR trend seen in compound
1 and DTBZ.

To test whether the strong hypoglycemic effect of 8 is con-
ferred by binding to VMAT2 in beta cells, we performed a PET
study in rats.® The animals were treated with radiolabeled DTBZ,

and the uptake of [!'C]DTBZ in pancreas was monitored by PET
scan in the presence of excess of 8. Contrary to our expectation,
8 did not significantly displace [''C]DTBZ in the endocrine pan-
creas (Fig. 3), suggesting a weak binding of 8 to VMAT2 relative
to DTBZ. VMAT?2 is known to possess multiple binding sites.!®
Our results do not rule out the possibility that 8 binds to VMAT2
at different binding sites. We have previously shown that TBZ and
DTBZ act directly on beta cells of the endocrine pancreas to in-
crease insulin secretion following glucose challenge® and give
rise to a hypoglycemic activity, but due to abundant expression
of VMAT?2 in brain, these compounds also cause central nervous
system side effects. Interestingly, we observed that the treatment
with 8 (at 2 mg/kg) was devoid of tonic seizure commonly asso-
ciated with equal doses of TBZ or DTBZ, supporting that com-
pound 8 works through a different mechanism. Another
possibility consistent with our observations is that 8 may act as
a competitive inhibitor of dopamine at VMAT2 on beta cell vesi-
cles. DTBZ and its analogs are structurally similar to a class of
quinolizine alkaloids previously shown to inhibit dipeptidyl pep-
tidase IV (DPP-1V),!! but 8 tested negative against DPP-IV in vitro
at concentrations up to 10 pM (data not shown).!? Therefore, the
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Figure 2. Glucose tolerance tests of novel hypoglycemic compounds. Six hours
fasted Lewis rats were administered the drugs intravenously (—30 min, 2 mg/kg)
followed by intraperitoneal glucose injection (0 min, 2 g/kg), and blood glucose
levels were monitored for 120 min. Top panel: the blood glucose concentration
versus time curves are presented for three repeat experiments with vehicle, TBZ,
and compound 8 performed in a single rodent. Bottom panel: results are presented
as area under the curve. The area under the curve (AUC IPGTT) was calculated by
the trapezoidal rule. Error bars indicate SEM (n =5). The statistical significance of
the difference between drug and vehicle was calculated by the method of Student. A
p value of less than 0.005 is shown by an asterisk. The p value of the difference in
between the average AUC IPGTT of TBZ and compound 8 was 0.030.
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Figure 3. Effect of post-injection of compound 8 on biodistribution of [''C]DTBZ in
pancreas. PET scans were performed on anesthetized 12-14-week-old Lewis male
rats injected with radioligand [''C]DTBZ (0 min, 0.5-1.0 pCi/jgm body weight,
specific activity >2000 mCi/mol) and cold compound 8 (30 min, 2 mg/kg). The
fraction of radioligand in pancreas relative to the total amount of injected was
calculated and plotted versus time after injection. Error bars indicate SEM (n = 3).
The area under the curve (AUC) from 30 min to 90 min was calculated by the
trapezoidal rule for each experiment. The statistical significance of difference
between the average AUC baseline and AUC compound 3 was p > 0.05 as calculated
by the method of Student.

mechanism underlying the anti-hyperglycemic effect of 8 remains
to be determined.

In summary, we have completed the synthesis of a novel analog
of VMAT?2 antagonist DTBZ (compound 1). Despite the disappoint-
ing results of 1, a highly potent hypoglycemic agent (compound 8)
was serendipitously discovered. Subsequent modification revealed
the requirement of a novel dihydropyridone core structure for the
activity. Mechanism studies show that compound 8 may not work
through VMAT2 and DPP-IV. More detailed studies of 8 are cur-
rently being pursued.
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Scheme 2. The synthesis of analogs of compound 8.
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Deregulation of the receptor tyrosine kinase c-Kit is associated with an increasing number of human dis-
eases, including certain cancers and mast cell diseases. Interference of c-Kit signaling with multi-kinase
inhibitors has been shown clinically to successfully treat gastrointestinal stromal tumors and mastocyto-
sis. Targeted therapy of c-Kit activity may provide therapeutic advantages against off-target effects for
non-oncology applications. A new structural class of c-Kit inhibitors is described, including in vitro
c-Kit potency, kinase selectivity, and the observed binding mode.

© 2008 Elsevier Ltd. All rights reserved.

The receptor tyrosine kinase, c-Kit, is a transmembrane glyco-
protein, which is highly expressed on mast cells, as well as hema-
topoietic stem cells, germ cells, and gastrointestinal tract cells.!
Ligation of c-Kit to the cytokine stem cell factor (SCF) results in
dimerization, transphosphorylation, and initiation of multiple
downstream signaling pathways. Deregulation, overexpression, or
mutation of c-Kit signaling has been implicated in a variety of hu-
man tumors, including mast cell tumors, non-small cell lung tu-
mors, and gastrointestinal stomal tumors.>? Additionally, the
interaction between c-Kit and SCF regulates the survival, differen-
tiation, and proliferation of mast cells, which has implications in
inflammatory and autoimmune diseases.*>

Gleevec (also known as imatinib mesylate or STI-571) inhibits
the tyrosine kinases c-Abl, platelet-derived growth factor (PDGF),
and c-Kit, and is approved for the treatment of chronic myeloge-
nous leukemia and gastrointestinal stromal tumors.® For non-
oncology applications, however, we desired a potent and more
selective c-Kit inhibitor for the treatment of mast cell-related
autoimmune or inflammatory diseases. As such, compound 1 was
identified through a screen of our kinase-preferred library. Gratify-
ingly, compound 1 exhibited greater c-Kit enzymatic potency com-
pared to Gleevec (Fig. 1)” but was less selective against p38 kinase
(14-fold vs 236-fold, respectively), which was selected as our

* Corresponding author. Tel.: +1 805 313 5370; fax: +1 805 480 3016.
E-mail address: kunz@amgen.com (R.K. Kunz).

0960-894X/$ - see front matter © 2008 Elsevier Ltd. All rights reserved.
doi:10.1016/j.bmcl.2008.07.111

primary counter-screen to avoid acting through the MAP kinase
pathway.? Preliminary in vivo metabolism studies of compound 1
revealed extensive hydrolysis of the lower trifluoromethyl amide
and formation of a potentially toxic aniline metabolite.>'® While
bis-amide 1 represented a new structural class of c-Kit inhibitor,
a more selective compound, which avoided the potential formation
of reactive metabolites, was desired.!!

Based on molecular modeling, we envisioned that the lower
amide in compound 1 could be replaced by a bicyclic benzisoxaz-
ole moiety. Substitution with this bioisostere would bypass the
amide hydrolysis metabolism pathway.!?> We also chose to replace

]
Na | N N
~ O M
Lot SN P
HN N
Gleevec 1
N/\ HN
HN K/N\ CF3
O

o}
cKit IC5, = 0.058 uM
p38 ICsy = 13.69 UM

cKit ICsp = 0.014 uM
p38ICs, = 0.199 M

Figure 1. In vitro potencies of Gleevec and bis-amide 1.
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the C-6 methyl group of compound 1 with a chloro group based on
our in vivo metabolism studies, which showed benzylic hydroxyl-
ation and subsequent oxidation to an aldehyde metabolite. The
synthesis of amido-benzisoxazoles (i.e., 7, Scheme 1) began with
lithiation of 1-chloro-3-fluorobenzene (2) followed by treatment
with methylchloroformate to access the benzoate ester. ortho-Lith-
iation and formylation led to aldehyde 3, which was condensed
with hydroxylamine to give the intermediate oxime. Subsequent
chlorination with N-chlorosuccinimide gave compound 4 in good
yield for the four steps. Various anilines were introduced by dis-
placement of the chloride to provide hydroxyamidine 5. Closure
of the benzisoxazole ring'? was effected by treatment with sodium
hydride, which was followed by ester hydrolysis to give acid 6. Fi-
nally, a series of arylamides were prepared utilizing standard cou-
pling conditions.!*

Initial structure-activity relationship (SAR) studies began with
substituted anilines (Table 1). A class of para-substituted com-
pounds was prepared (9-15), and it was found that increasing
the alkyl chain length from ethyl (9) to n-pentyl (12) resulted in
a 24-fold decrease in potency. Replacement of the ethyl group with
t-butyl, trifluoromethyl, or trifluoromethoxy (13-15) maintained
c-Kit potency, although p38 selectivity was diminished. Analogs
incorporating meta-substitution were examined next (16-19).

Table 1
SAR of substituted arylamino-benzisoxazoles represented by general structure 8

A ) o o
N\ N
H R
Q
8 —
N N R2
H

=

Compound R! R? R® c-Kit ICsq p38 ICso Fold
(nuM) (uM) selectivity
9 H H Et 0.007 0.399 57
10 H H Pr 0.007 0.189 27
11 H H Bu 0.028 0.296 11
12 H H Pent 0.170 1.83 11
13 H H t-Bu 0.008 0.190 24
14 H H CF3 0.011 0.217 20
15 H H OCF3 0.011 0.187 17
16 H ¢tBu H 0.005 0.050 10
17 H CN H 0.059 5.34 91
18 H OCF; H 0.004 0.156 39
19 H CFs H 0.003 0.339 113
20 H CFs F 0.011 0.265 24

Although the intrinsic potency of m-nitrile compound 17 was sim-
ilar to that of Gleevec, the overall fold selectivity against p38 was
lower (90-fold vs 236-fold, respectively). Compound 19 was found
to have the best combination of c-Kit potency (3 nM) and fold
selectivity (113-fold). Compared to the original screening hit 1,
19 was nearly 5-fold more potent against c-Kit and 8-fold more
selective against p38. Disubstitution did not lead to an increase
in potency or selectivity (20).

Having identified the optimal arylamino-benzisoxazole frag-
ment, the m-trifluoromethyl group was kept constant while vary-
ing the aryl amide (Table 2). Substitution of the original
pyrimidine ring with an amino or acetamido-pyrimidine led to a
decrease in p38 selectivity (24 and 25). Similarly, amino- or acet-
amido-pyridines resulted in significant erosion in selectivity (22
and 23). Unsubstituted pyridine (26) or chloro-pyrimidine (27)
also did not yield an advantage over the parent pyrimidine com-
pound 19.

An extended kinase profile of benzisoxazole 19 was undertaken
to assess potential for off-target activity (Fig. 2). In addition to p38,
good selectivity over KDR was achieved (118-fold), as well as Tie-2
(>5 uM). Moderate (20-fold or greater) selectivity against Src, Lck,
and cFMS was observed. Compound 19 was equipotent against the
most closely related receptor tyrosine kinase PDGF-a (4 nM). This
result is not entirely surprising given the sequence homology be-
tween the active site residues of c-Kit and PDGF.!® Indeed, Gleevec
is nearly equipotent against PDGF as compound 19 and it has been
suggested that Gleevec may have added potential for treatment of
diseases regulated through PDGF signaling.'®

Table 2
SAR of m-CF; amido-benzisoxazoles represented by general structure 21

YN
YI o cl
X\N

H

n L L

N=SN CF

c-Kit ICso (UM)

Compound X Y p38 ICso (UM)  Fold selectivity

19 N H 0.003 0.339 113
22 CH NH, 0.002 0.010 5
23 CH NHAc 0.001 0.013 13
24 N NH, 0.001 0.015 15
25 N NHAc  0.004 0.182 46
26 CH H 0.003 0.065 22
27 N Cl 0.020 0.285 14
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Kinase ICs0 (uM)
r/N o a cKit 0.003
NJ p38 0.339
N KDR 0.353
o Tie-2 >5.00
19 = Src 0.117
N CFs Lek 0.075
cFMS 0.071

PDGF-0.  0.004

Figure 2. Kinase selectivity of benzisoxazole 19.
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Figure 3. Co-crystal structure of compound 19 and V916T KDR mutant enzyme.
Oxygen atoms, red; nitrogen atoms, blue; chlorine atoms, orange; fluorine atoms,

magenta; sulfur, yellow. The KDR mutant residues are labeled in black, and the
corresponding wild-type c-Kit residues are shown in blue.

To gain a better understanding of the binding mode of com-
pound 19, a co-crystal structure was obtained with a KDR mutant
protein where the gatekeeper residue was mutated from valine to
threonine to mimic the active site of c-Kit. The 2.9-A resolution
structure is shown below in Fig. 3.7 Consistent with the Gleevec/
c-Kit co-crystal structure,'®!° benzisoxazole 19 binds to the DFG-
out form of the enzyme. The gatekeeper threonine is engaged in
a 3.2 A hydrogen bonding interaction with the amide hydrogen,
similar to the Gleevec aminopyrimidine-Thr-670 hydrogen bond
in c-Kit. The pyrimidine ring forms a hydrogen bond with the back-
bone amide adjacent to the Cys-673 residue in the linker region,
which mirrors the hydrogen bond formed between this residue
in c-Kit and the pyridine nitrogen of Gleevec. The third contact

formed between compound 19 and the KDR mutant is a 2.9-A
hydrogen bond between the benzisoxazole nitrogen and the back-
bone amide of Asp810. Although the potential exists for a hydro-
gen bond between Glu-640 and the arylamino-benzisoxazole
hydrogen, it is not observed in the KDR mutant co-crystal struc-
ture. The equivalent interaction is present in the c-Kit/Gleevec
structure (with the amide hydrogen of Gleevec) and this discrep-
ancy could be a result of subtle structural differences between
the KDR mutant and wild-type c-Kit.

In summary, a new class of c-Kit inhibitors has been described,
which exhibits superior in vitro potencies compared to Gleevec.
Compound 19, exhibiting the greatest selectivity against p38,
was nearly 20-fold more potent against c-Kit as compared to Glee-
vec. Improvement in off-target selectivity against p38 was
achieved by modification of the arylamino group.
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Clinical candidate AMG 517 (1) is a potent antagonist toward multiple modes of activation of TRPV1;
however, it suffers from poor solubility. Analogs with various substituents at the R region of 3 were
prepared to improve the solubility while maintaining the potent TRPV1 activity of 1. Compounds were
identified that maintained potency, had good pharmacokinetic properties, and improved solubility

© 2008 Elsevier Ltd. All rights reserved.

The TRPV1 receptor (also known as Vanilloid Receptor 1 (VR1))
is a non-selective cation channel in the Transient Receptor Poten-
tial superfamily of ion channels. TRPV1 is activated by physical
stimuli such as heat (>43 °C) and protons (low pH), endogenous
stimuli such as anandamide as well as exogenous ligands such as
capsaicin (CAP) and resiniferatoxin.!=* TRPV1 expression is in-
creased after inflammatory injury in rodents,> and TRPV1 knockout
mice show reduced thermal hypersensitivity after inflammatory
tissue injury.>” TRPV1 antagonists show a decrease in thermal
and mechanical hyperalgesia in rats in inflammatory and neuro-
pathic pain models.2~!! This has resulted in the TRPV1 receptor
being an attractive target in the treatment of pain.'2

We have recently reported the identification of our clinical can-
didate 1 (AMG 517) which is a potent TRPV1 antagonist that blocks
multiple modes of activation including capsaicin and acid (Fig. 1).3
While AMG 517 demonstrated good potency and in vivo efficacy in
rat in the capsaicin-induced flinch model and in the complete Fre-
und’s adjuvant (CFA)-induced inflammatory pain model, it suffered
from poor solubility, which led to solubility limiting absorption at
higher doses. We have reported on strategies to address this issue
including replacing the phenyl ring in AMG 517 with a saturated
heterocycle' and incorporating solubilizing groups at the 2-posi-
tion of the pyrimidine ring'> of AMG 517. In this letter, we describe
an alternative approach to address the low solubility of AMG 517.

* Corresponding author. Tel.: +1 805 447 8006; fax: +1 805 480 3015.
E-mail address: mstec@amgen.com (M.M. Stec).

0960-894X/$ - see front matter © 2008 Elsevier Ltd. All rights reserved.
doi:10.1016/j.bmcl.2008.07.112
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=N CFs CAP stimulus = 0.9 + 0.8 nM
S (o) Acid stimulus = 0.5 + 0.2 nM
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| Solubility:
NN
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2, X = CH,N 3, X = CH,N

Figure 1. Clinical candidate AMG 517 (1) and related TRPV1 antagonist series (2
and 3).

In addition to pyrimidine derivatives such as AMG 517, we have
also reported on a series of cinnamide TRPV1 antagonists (2) in
which substitution at the region denoted as R was tolerated with
respect to potency.'® Based on evidence which demonstrated that
our pyrimidine core functioned as a cyclized cinnamide analog,!”
we believed that incorporation of substituents in the R region of
3 would similarly be tolerated. With this in mind, a variety of
derivatives with modifications in the R region of 3 were considered
with the goal of improving solubility while maintaining reasonable
pharmacokinetic properties'® and potency relative to AMG 517.
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In this study, two sets of analogs (3) were investigated: an
amide-linked series wherein R=NHC(=0)R’; X=CH and an
amine-linked series wherein R=NR’,; X=N. The amide linker
was chosen based on the limited chemical reactivity of the aniline
nitrogen when R = NH,, X = CH and amidation reactions were one
of the few reactions that were generally successful with this sub-
strate. This poor reactivity is likely due to the steric crowding of
the ortho-pyrimidine group and the electron-withdrawing nature
of the CF; group. Hence, we had limited success in performing
reductive aminations on this position. However, when X =N and
R =Cl, amine-linked derivatives were readily accessible through
chloride displacement with amines. To improve the solubility of
the analogs, we attached a variety of ionizable groups and/or bulky
alkyl groups. We postulated that the ionizable groups would im-
prove solubility in acidic media, while the bulky alkyl groups

5119

would help reduce the crystal packing stability resulting in im-
proved compound dissolution.

The synthesis of the amide-linked series is outlined in Scheme
1. Boc-protection of (3-trifluoromethyl)aniline (4) followed by a
regioselective borylation'®2° and subsequent Suzuki coupling with
4,6-dichloropyrimidine gave chloropyrimidine 5. Deprotonation of
hydroxybenzothiazole 6!“ followed by the addition of intermediate
5 afforded disubstituted pyrimidine 7. Removal of the Boc group
afforded aniline 8 which was coupled with various acid chlorides
or carboxylic acids to provide amides 9a-i. The two carboxylic acid
coupling reagents that were used were EDC and PyClU.2! PyClU
was used for sterically hindered carboxylic acids such as (S)-1-
(tert-butoxycarbonyl)-2-methylpyrrolidine-2-carboxylic acid that
would not undergo amide formation with EDC. Conveniently, the
Boc group was cleaved to give 9e directly during the amide cou-

ACHN AcHN
FaC CF3 X
o % %
AcHN orf
NH2 NQ/ NHBoc >:N
5 S@/OH ’: 7: R=Boc 9a-i R
c
8:R=H
6
c
CF, AcHN . CF,
CF3 g Cl\_~ ‘ h,c S O%YQ/
—_— —_— ‘
Cl NN HN__O NeN HN._O
NeN  NH,
NBoc NH
10 11 9j
AcHN AcHN
=N CF; =N CF3
S O~ i S@O Z
NN HN_O Ny N HN_O
R' R'
9e-g, j NH 12a-d Nw/
R? R2

Scheme 1. Reagents and conditions: (a) i—(Boc),0, tol., reflux, 94%; ii—sec-BuLi, THF, B(OMe)s, —70 °C then 1 M HCl; iii—4,6-dichloropyrimidine, Pd(OAc),,

PPhs, Na,COs,

CH5CN, 70 °C, 36% over two steps; (b) NaH, DMF, rt, 83%; (c) TFA, CH,Cl,, rt, 87-91%; (d) i—carboxylic acid, EDC, CH,Cl,, 61-91%; ii—TFA, CH,Cl,, rt, 78-82%; (e) acid chloride,

pyr., CHyCly, 32-79%; (f) (S)-1

~(tert-butoxycarbonyl)-2-methylpyrrolidine-2-carboxylic acid, PyCIU, i-Pr,NEt, CH,Cl,, 45%; (g) (2)-S-pyrrolidine-1,2-dicarboxylic acid 1-tert-
butyl ester, EDC, CH,Cl,, 84%; (h) 6, K2CO3, DMF, 100 °C, 79%; (i) isobutyraldehyde, NaBH(OAc)s,

CH3CN, 38-59%.

HoN HoN HaN ~CFs
=N NN =N )=N |
S OH W a S o) I c S O~ _N
NN >y — 17— \
NN NN ClI
13 14 15 18
d,e
_~_CF3 b = CFs3 ore,f
N Bussn” SN AcHN oF
Cl of =N B 8
16 17 s O~ _N
\
NN R
19a-g

Scheme 2. Reagents and conditions: (a) K,CO3, DMSO, 80 °C, 78%; (b) LDA, Bu3SnCl, THF, 79%; (c) Pd(PPhs)4,

HCOOH, Pd(OAc),, PPhs, DMF, 68%; (f) alkylamine, DMSO, heat, 17-58%.

, Cul, DMF, 51%; (d) Ac,0, pyr. or Ac,0, DMAP, CH,Cl,, 38-76%; (e)
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Table 1
In vitro #°Ca®* influx activity and solubility of ortho-amides in rat TRPV1-expressing
CHO cells
AcHN
CF
=N ’
S O~ ‘
NN R
R CAP stimulus ICs¢® (nM) Aqueous solubility (pg/mL)
0.01 N HClI  PBS buffer SIF
1 _|T_|— 0.9+0.8 <1 <1 6.6
o
Os_NH
9a T >4000 >200 25 83
HoN
o
OsNH
9b j/ 42+0.2 100 2.4 61
Y
\
-
Os_NH
9c 130° 81 3.9 30
/N\
o
Os_NH
9d 520 + 40 >200 33 55
Y
\
T
Ox_NH
9j 13+£2 NA NA NA
NH
-
Os_NH
12a 0.36+0.5 >200 6.0 39
e
-
OYNH
9e E 8.2° 140 15 86
-
-
Oy, -NH
12b = 0.53 +0.07 >200 1 39
Oy
-
OxNH
9f \\\CH'3 28103 >200 54 180
NH
o
OsNH
12¢ .CHj 0.68 +0.04 >200 1 37

Table 1 (continued)

R CAP stimulus ICs¢? (nM) Aqueous solubility (pg/mL)
0.01 N HCl  PBS buffer SIF

Oy NH
9g 24102 120 74 59
NH
o
Oy NH
12d 0.069 +0.021 180 1 29
Nw/
-
Oy NH
9h 1204 >200 1.8 79
NH
i
Oy NH
9i 1.0£04 18 1 75
"N
<

@ Unless otherwise indicated, each ICsy value represents the average of at least
two independent experiments with three replicates at each concentration (+SEM).
" The result of one experiment with three replicates at each concentration.

pling of (S)-1-(tert-butoxycarbonyl)-2-methylpyrrolidine-2-car-
boxylic acid with 8 using PyCIU. Compound 9j was made by an
alternative sequence in which the benzothiazole moiety was incor-
porated after amide formation. In this case, chloropyrimidine 5
was first deprotected to give aniline 10. Amide formation on 10
with EDC and (S)-1-(tert-butoxycarbonyl)pyrrolidine-2-carboxylic
acid afforded Boc-protected pyrrolidine 11 which underwent chlo-
ride displacement with benzothiazole 6 followed by Boc-deprotec-
tion to afford 9j. Finally, compounds 9e-g and 9j underwent
reductive aminations with isobutyraldehyde to afford alkylated
pyrrolidine analogs, 12a-d.

The synthesis of the amine-linked series is shown in Scheme 2.
Displacement of one of the iodine atoms on 4,6-diiodopyrimidine
14'* with hydroxybenzothiazole 13 under basic conditions affor-
ded iodopyrimidine 15. The aryl tin Stille coupling partner 17
was formed by regioselective stannylation of chloropyridine 16.22
Stille coupling of 15 and 17 afforded chloropyridine 18. In the case
of 19a, where R = H, 18 underwent acetylation of the 2-aminoben-
zothiazole group first followed by reduction of the chloride. For
19b-g, various amines were added to intermediate 18 followed
by acetylation of the 2-aminobenzothiazole group to give analogs
19b-g.

The ICso data described herein are obtained from a #°Ca®*
uptake assay on rat TRPV1 expressing CHO cells preincubated with
compound that was activated with either capsaicin or acid.!” No
significant difference in inhibiting either stimulant was observed
for these series.!> None of the compounds showed agonist activity
in a separate assay. Solubility data were obtained in three different
aqueous media, 0.01 N HCI, PBS buffer (pH 7), and simulated intes-
tinal fluid (SIF) by a Symyx automated method.?*

Initially, we examined a set of amide-linked derivatives (Table
1). In this ortho-amide series, we found that while primary amine
9a was soluble in 0.01 N HCl, it showed >4 uM potency toward
capsaicin activation. In contrast, the corresponding dimethylamino
analog, 9b, maintained reasonable solubility in 0.01 N HCl, and was
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much more potent suggesting that lipophilic groups were favored
in this region of the receptor. Compounds 9b-d examined various
distances between the phenyl ring and the basic nitrogen. With
increasing length, potency dropped two orders of magnitude (9b
to 9d). With this information, we maintained the three-atom sep-
aration between the phenyl ring and the basic nitrogen, and inves-
tigated a series of pyrrolidine derivatives (9e-h, 9j, and 12a-d).
The unsubstituted pyrrolidines, 9e and 9j showed a small loss in
potency relative to the open-chain compound 9b, while the ter-
tiary amine analog, 12a, and its enantiomer, 12b, were subnanom-
olar TRPV1 antagonists, again suggesting that the receptor prefers
lipophilic groups in this region. Unfortunately, these two potent
and soluble compounds suffered from high clearance in vivo
(>4 L/h/kg).* Incubation of 12a in rat hepatocytes® identified both
the amide hydrolysis product and the N-dealkylation product as
metabolites.

One strategy we investigated to suppress the metabolism of 12a
was to incorporate flanking methyl groups on either side of the
pyrrolidine nitrogen. For example, 9f and 12¢ which contained a
methyl group between the pyrrolidine nitrogen and the amide car-
bonyl maintained good potency and solubility. However, the in
vivo clearance for these compounds was also high (>3.4 L/h/kg).
Compounds 9g and 12d contained a single methyl group at the
5-position of the pyrrolidine ring. The N-alkylated analog, 12d,
showed good potency and solubility in 0.01 N HCI but high in vivo
clearance (4.7 L/h/kg). The unalkylated secondary amine, 9g, lost a
small amount of potency and maintained good solubility in 0.01 N
HCI; however, the in vivo clearance was reduced significantly
(0.62 L/h/kg). Unfortunately, 9g and its precursors were an insepa-
rable 1:1 mixture of diastereomers epimeric at the methyl group.
Placing two geminal methyl groups o to the pyrrolidine nitrogen
such as in 9h also afforded a potent and soluble compound, but
again the in vivo clearance was high (4.9 L/h/kg). Interestingly
while the flanking methyl groups did not lower the in vivo clear-
ance in general, they did demonstrate that secondary amines could
achieve <3 nM potency by increasing the lipophilic character
around the pyrrolidine nitrogen.

In addition to amides containing alkyl amines as solubilizing
groups, we also synthesized heteroaromatic amides such as 9i to
try to avoid the high in vivo clearance that we observed in the pyr-
rolidine series. Pyridine amide 9i, which maintained the three
atom linker between the phenyl ring and the basic nitrogen, did
show single digit potency and reasonable in vivo clearance
(0.44 L/h/kg); however, no improvement in solubility was ob-
tained. According to calculations, the conjugate acid of 9i has a
pK, value of 1.6.2° Therefore, this pyridine amide may not be suffi-
ciently ionized in 0.01 N HCI (pH 2.0) to impart significant solubil-
ity at low pH.

In addition to the amide derivatives, we also explored a simple
amine linkage between the phenyl ring and the solubilizing group.
This modification would remove the possibility of amide hydroly-
sis that may contribute to the high in vivo clearance observed in
the amide-linked derivatives. To facilitate the synthesis of the
amine-linked derivatives, we employed a pyridine ring in which
X =N in 3. The data for the pyridine derivatives are shown in Table
2. Compound 19a, the pyridine analog of AMG 517, showed about a
10-fold loss in potency, a slight improvement in solubility and low
in vivo clearance (0.6 L/h/kg). The structure-activity relationships
of this series of compounds generally paralleled the trends ob-
served in the amide series but were typically 10-fold less potent.
Dimethylamino derivatives 19b and 19¢ showed a threefold drop
in potency, when the linker between the pyridyl ring and the basic
nitrogen was increased from three to four atoms. This result is con-
sistent with the amide series in which the optimal number of
atoms between the aromatic ring and the basic nitrogen was also
three. The pyrrolidine analog 19d showed good potency and solu-

Table 2
In vitro 4°Ca?* influx activity and solubility of 2-substituted pyridine analogs in rat
TRPV1-expressing CHO cells

AcHN
=N N

S O~ N
\
NoN R

A R CAP stimulus Aqueous solubility (pg/mL)
ICs0” (nM)
0.01 N HCI PBS buffer SIF
19a ";:“ 101 49 5.9 1
N
NH
19b J/ 63+6 NA NA NA
N
\
o
NH
19c¢ H/ 210+ 40 190 17 150
/N\
o
/NH
19d : 17+0.5 >200 6.3 170

|
N-
CHs
19e 280+30 >200 80 116
Y

N
HsC._NH

19f 0.48 £ 0.25 120 1.9 36
N

~ |

# Each ICsg value represents the average of at least two independent experiments
with three replicates at each concentration (+SEM).

bility, but as with the amide analogs, the in vivo clearance was high
(2.5 L/h/kg). Hence, N-dealkylation may be the likely metabolic
pathway for these compounds. Analog 19e demonstrated that a
methyl group on the aniline nitrogen significantly diminished po-
tency. The aniline methyl may be removing the possible hydrogen
bond between the aniline nitrogen and the pyrimidine ring or sim-
ply producing an unfavorable steric interaction that changes the
conformation to a less optimal one for binding.

Based on the good potency and low clearance of the pyridine
amide 9i, we revisited pyridine substituents in the amine-linked
series. In looking at analog 9i, if the carbonyl of the amide was re-
moved the pK; of the molecule would be dramatically raised and
the solubility at low pH may be improved. Compound 19f exempli-
fies this with a calculated pK, of 4.5. This compound did show
subnanomolar potency and improved solubility in 0.01 N HCI rela-
tive to the pyridine substituted amide. In addition, 19f demon-
strated low in vivo clearance (0.11L/h/kg), an elimination half
life (t,,) of 4.7 h, a volume of distribution (Vss) of 2.2 L/kg as
well as moderate oral bioavailability (Foa=17%) and exposure
(AUCq_o, = 5530 ng h/mL).'827

In conclusion, a series of TRPV1 antagonists were designed and
synthesized with substitution at the R region of 3 with the goal of
having improved solubility relative to clinical candidate AMG 517.
One analog, 19f, from the amine-linked series, showed improved
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solubility relative to AMG 517, yet maintained good potency to-
ward TRPV1 and good pharmacokinetic properties.
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The synthesis and SAR of a series of 60 substituted 2-phenoxy-5-nitrobenzonitriles (analogues of MDL~
860) as inhibitors of enterovirus replication (in particular of coxsackievirus B3 (CVB 3)) are reported. Sev-
eral of the analogues inhibited CVB 3 and other enteroviruses at low-micromolar concentrations.

© 2008 Elsevier Ltd. All rights reserved.

Enteroviruses are non-enveloped, single-stranded (+) RNA
viruses belonging to the picornavirus family. This large family har-
bours several pathogens that are implicated in a wide range of clin-
ical manifestations, affecting humans as well as animals.! It is
estimated that enteroviruses cause each year 10-15 million (or
more) symptomatic infections.? Although often mild and self-lim-
iting, enteroviruses may also be involved in more serious condi-
tions, which can be life-threatening, such as pancreatitis,
meningitis, encephalitis or myocarditis.? Coxsackieviruses, and in
particular CVB 3, have often been associated with the development
of myocarditis, which may lead to sudden death in young adults or
progress to dilated cardiomyopathy.>—>

In the past, several compounds have been reported to be selec-
tive inhibitors of enteroviruses, some of which have entered clini-
cal trials.® Pleconaril is the prototype of a series of broad-spectrum
picornavirus inhibitors, known as ‘WIN-compounds’.” These com-
pounds block replication by inhibiting host cell attachment and/
or uncoating, as a result of binding into a pocket, located under-
neath the canyon on the virion surface.® Despite its proven efficacy
in several studies,®!° pleconaril was not approved by the FDA for
the treatment of the common cold (due to rhinovirus infections),!!
but is still being studied on a compassionate base for the treatment
of life-threatening infections in children, such as meningitis or
encephalitis, but on the other hand it is also being developed at

* Corresponding author. Tel.: +43 512 507 5260; fax: +43 512 507 2940.
E-mail address: Gerhard.Puerstinger@uibk.ac.at (G. Pirstinger).

0960-894X/$ - see front matter © 2008 Elsevier Ltd. All rights reserved.
doi:10.1016/j.bmcl.2008.07.099

Schering-Plough, under license of Viropharma, for the treatment
of rhinovirus infections in high-risk asthma and COPD (chronic
obstructive pulmonary disease) patients. Pleconaril is inactive
against the cardiotropic coxsackievirus B3 (Nancy strain).'?!3
Although several research groups are still working on the synthesis
of antivirals structurally related to pleconaril,'*'® the search for
novel broad-spectrum inhibitors of enteroviruses replication re-
mains compulsory.

MDL-860 (2-(3,4-dichlorophenoxy)-5-nitrobenzonitrile, 1)'7~2°
was previously reported to possess broad-spectrum in vitro activ-
ity against picornaviruses by inhibiting an early event in virus rep-
lication, after initial uncoating.'® This compound also elicited
in vivo efficacy in a model of coxsackievirus B3-induced myocardi-
tis.'® However, MDL-860 was never further developed. To gain in-
sight into the structural features that might contribute to a
potential improvement in antiviral activity, 60 analogues of this
lead compound were synthesized?' (Scheme 1) and evaluated??
for inhibition of coxsackievirus replication.

1 1
O,N R O,N R
2 a 2
s e =0 e
Cl HO R® 0] R3
CN CN

Scheme 1. Reagent and condition: (a) dry DMF, anhydrous K,CO3, room tempera-
ture, 24 h.
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CN CN
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Figure 1. Structures of compounds 1 and 2-39.
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40 - 61

Figure 2. Structures of compounds 40-61.

Table 1
Anti-CVB 3 activities and cytotoxicities for compounds 1 and 2, and monosubstituted Table 2
analogues 3-39 Anti-CVB 3 activities and cytotoxicities for di- and trisubstituted analogues 40-61
Compound R ICso? (M) CCso° (UM) SILP Compound R', R? R® 1Cs07 (M) CCs® (UM) s1P
1 = 65+49 >324 >49.8 40 2,3-Cl, 49+3.1 >324 >66.1
H 87+15 >416 >47.8 a1 2,4-Cl, 13£9.6 >324 >24.9
3 2-Cl 6.9+3.1 >364 >52.8 42 2,5-Cl, 38+22 >324 >85.3
4 3-Cl 49109 >364 >74.3 43 3,5-Cl, >81 81 na.
5 4-Cl 5.0%4.1 >364 >72.8 44 2-Cl-4-NO, 39+9.0 >313 >8.0
6 2-CH3 57+15 >393 >6.9 45 2-Cl-4-CN 73243 >334 >45.8
7 3-CH3 6.4%4.6 >393 >61.4 46 2-Cl-4-Br 3727 >283 >76.5
8 4-CHs 6222 >393 >63.4 47 2-Br-4-Cl 3.7+26 >283 >76.5
9 2-Br >143 >269 1.9 48 2-NH,-4-Cl >53 53 na.
10 3-Br 5.0%1.9 >313 >62.6 49 3-Cl-4-Br 6.7+0.4 >283 >42.2
11 4-Br 5.7+43 >313 >54.9 50 2-CH3-4-Cl 119 >346 >31.5
12 2-OCH3 54 +6.5 >370 >6.9 51 3-Me-4-Cl 2016 >346 >173
13 3-OCH; 12422 >370 >30.8 52 3-Et-4-Cl >330 >330 na.
14 4-OCH; 46 3.6 >370 >8.0 53 2,4-Br, 6.2+0.1 >251 >40.3
15 2-CN 11427 >377 >34.3 54 3,4-Me, 99 +71 >346 >3.5
16 3-CN 74115 >377 >50.9 55 3-Me-4-Br 2602 >300 >115.4
17 4-CN 4126 >377 >92.0 56 3-Me-4-NO, 11222 >334 >30.4
18 3-Isopropyl 40 +37 >354 >8.9 57 3-NO,-4-NH, 10£9.0 >333 >33.3
19 3-N(CH3), 3115 >353 >11.4 58 3,5-Me, >324 >324 na.
20 3-NH, 24152 >392 >1.6 59 2,3,4-Cls >146 146 na.
21 4-NH, 106 + 68 >392 >3.7 60 2,4,5-Cls 59 27 >291 >4.9
22 3-COOH >352 >352 na. 61 2,4,6-Cls 7220 >291 >4.0
= 4-COOH >332 >332 . ¢ Values are means of three independent experi ts + standard deviati
24 3-COCHs 57446 >354 >6.2 . ! ans o P periments + standard deviation.
25 4-COCHs 35423 >354 >10.1 In vitro selectivity index (CCso/ICsp).
26 3-NO, 38422 >351 >9.2
27 4-NO, 33104 >351 >106.4
28 3-NHCOCH; 121+ 26 >336 >238 better than that of the lead compound against CVB 3. In particular,
- 4- NHCOCH, >336 >336 ha 3. 24- and 3,4-disubstitution with halogens (or in part with
30 3-1 5719 >273 >47.9 . . .
31 4l 57431 273 >47.9 other substituents such as methyl, cyano or nitro) were beneficial
32 3-NH-CO-NH, >335 >335 na. for anti-CVB 3 activity. Most potent activities were measured for
33 3-NH-CS-NH, 234 +40 >318 >14 the 4-chloro-3-methyl analogue 51 and for the 4-bromo-3-methyl
e A=0R, 93434 >349 >3.8 analogue 55. Interestingly, formal replacement of the methyl group
23 4-S0CH; 205£9.2 >331 716 in compound 51 by an ethyl group resulted in an inactive analogue
36 4-SO,CH3 17416 >314 >1.8 L
37 4-tert-Butyl >338 >338 el (52). Also, replacement of the chlorine in compound 51 by a second
38 4-CONH, >353 >353 na. methyl group resulted in reduced anti-CVB 3 activity (54). Simi-
39 4-CH,0H 121£91 >370 >3.1 larly, 3,5-disubstitution with chlorine (43) or methyl (58), or tri-

2 Values are means of three independent experiments + standard deviation.
b In vitro selectivity index (CCso/ICs0).

First, the unsubstituted analogue 2 and a set of 38 monosubsti-
tuted MDL-860 analogues (3-39) (Fig. 1) were synthesized and
tested against CVB 3 (Table 1). Several compounds exhibited activ-
ities and selectivities comparable to that of the lead compound (1),
in particular when substituted with a halogen, a cyano group or a
4-nitro group. Introduction of polar and/or bulkier substituents
seemed to result in reduced antiviral activities. There also ap-
peared a preference—at least for some substituents—for positions
3 and 4.

Recently, it has been proposed that the anti-human rhinovirus 2
(HRV-2) activity of MDL-860 and its analogues is highly dependent
on hydrophobicity.?> This may possibly also be applied for the
activities against enteroviruses within this class of inhibitors.

Next, a set of 22 di- and trisubstituted MDL-860 analogues (40—
61) was prepared (Fig. 2, Table 2). Again, several of these com-
pounds had activities and selectivities comparable to or slightly

substitution with chlorine (compounds 59-61) resulted in—more
or less—inactive analogues.

A selection of six compounds was evaluated against the other
five coxsackie B viruses (Table 3). All of the analogues, with the
exception of 51, which was inactive against CVB 4 and 6, had
broad-spectrum activity with analogues 3 and 40 being the most
potent ones.

Table 3
Activities (on Vero cells, uM)* of selected compounds against CVB 1, 2, 4, 5 and 6
Compound CVB 1 CVB 2 CVB 4 CVB 5 CVB 6
1 15+6.9 15+11 17+£9.9 18+9.4 12£5.2
2 69+33 17+6.9 26+3.3 10+4.8 1942
3 56+1.4 6.2+0.7 14+73 3.1+2.1 8.1+0.5
7 8.9+3.1 11+£33 22+1.0 13£6.1 22+44
40 33+1.7 8.6+6.3 17+0.6 48+22 10+4.2
51 48+34 52+0.8 >346 2.1£05 >346

@ Values are means of three independent experiments + standard deviation.
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Table 4
Activities (on MRC-5 cells, uM)* of selected compounds against selected non-CVB
picornaviruses

Compound CVA 24 Echo 9 Echo 11 Entero 68
1 1.8+0.9 >324 6.7 £3.7 12+9.0
2 >240 >416 >416 >416
3 2377 35+18 3515 227
5 >364 >364 >364 >364
7 19+94 >393 >393 76 + 28

27 >350 >350 >350 >350

40 >309 >323 >323 >323

42 >323 >323 >323 >323

51 234+70 >346 >346 >346

@ Values are means of three independent experiments + standard deviation.

Nine compounds were selected for evaluation against a set of 4
non-CVB enteroviruses (Table 4). This selection was based on the
activities against CVB 3 and on diversity with respect to the substi-
tution pattern of the phenoxy substructure. The lead compound
MDL-860 (1) proved active against CVA 24, echovirus 11 and
enterovirus 68, but was inactive against echovirus 9. Only the 2-
chloro analogue (3) proved active against all four non-CVB entero-
viruses, and five analogues (2, 5, 27, 40 and 42) were inactive
against any of the four viruses. Compound 40, therefore, seemed
to be a selective inhibitor of coxsackie B virus replication. Com-
pound 7 had moderate activity against CVA 24 and enterovirus
68, whereas the 3-methyl-4-chloro analogue 51 exhibited only
weak activity against CVA 24.

The exact mode of action of this class of compounds against
enteroviruses has yet to be figured out. Without knowing the tar-
get (and the structural differences of the target within the different
enteroviruses), it is very difficult to fully understand the obtained
structure-activity relationships (SARs).

In summary, several of the MDL-860 analogues are selective
inhibitors of CVB replication with activities that are comparable
to or slightly better than that of the lead compound. The SAR of this
class of compounds for CVB 3 does, however, not parallel the SAR
for other enteroviruses. At least one compound (3) was identified
that had broad-spectrum enterovirus activity and that was—unlike
the lead compound MDL-860—active against echovirus 9. Further
exploration of this class of compounds should allow obtaining fur-
ther insights into the SAR for inhibition of enterovirus replication.
Also studies are underway to identify the molecular target of this
class of compounds. Once this target has been identified, this infor-
mation may help to rationally design analogues with improved
antiviral activity.
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A novel class of PARP-1 inhibitors was identified containing a non-aromatic heterocycle or carbocycle
fused to a pyrazolo pyridin-2-one. Compounds displayed low nanomolar binding activity in the PARP-
1 binding assay and submicromolar activity in a cell based chemosensitization assay.
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Poly(ADP-ribose)polymerase-1 (PARP-1) is a highly abundant
nuclear enzyme that is activated by single or double DNA strand
breaks.! Activated PARP-1 uses nicotinamide adenine dinucleotide
as a substrate to catalyze the addition of long branched chains of
poly ADP ribose onto itself and other target proteins involved in
DNA replication, transcription, and repair.?

The involvement of PARP-1 in the regulation of DNA integrity
has made it an attractive target for cancer therapy. PARP-1 has
been demonstrated to be important for repair of damage induced
by radiation as well as by different classes of chemotherapy agents,
including the topoisomerase I inhibitors and the mono-functional
DNA alkylating agents. Disruption of PARP-1 expression or func-
tion results in increased sensitivity of tumor cells to these cancer
agents. Indeed, PARP-1 inhibitors have been in development as
sensitizers in radiation and chemotherapy treatment of cancer
for many years.? In addition, PARP-1 inhibitors are currently being
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studied as protective agents against tissue damage occurring from
ischemia/reperfusion injuries® and various forms of inflammation.®

The vast majority of PARP-1 inhibitors described to date are
competitive with NAD", are analogs of nicotinamide, and have a
carboxamide attached to an aromatic ring or contain a fused aro-
matic lactam (Fig. 1).”

In this letter, we describe the discovery, synthesis, and SAR of a
novel series of tricyclic PARP-1 inhibitors that contains a non-aro-
matic heterocycle or carbocycle fused to a pyrazolo pyridin-2-one.®

To initiate this program, a large collection of commercial sam-
ples from different vendors was screened in a PARP-1 binding as-
say. From this screening effort, compound 5 was identified as a
potent PARP-1 inhibitor with an ICsy of 93 nM (Fig. 2). However,
after resynthesis of this compound and some close analogs, no sig-
nificant binding affinity for PARP-1 was observed. NMR analysis of
the commercial sample 5° showed strong NOE enhancements be-
tween methyl protons and methylene protons suggesting that
the correct structure was in fact compound 6, containing a pyri-
din-2-one (Fig. 2). This pharmacophore with a s-trans conforma-
tion of an amide functionality is known to be a favorable binding
conformation for PARP-1 inhibitors as described in the litera-
ture.!®!! Close analogs of structure 6 were synthesized, varying
both the substituents off the pyrazole unit and the non-aromatic
heterocycle fused to the pyridin-2-one.

Two synthetic routes were employed for the synthesis of ana-
logs around compounds 5 and 6:

Method A: Cyclic B-ketoesters (7) were reacted with 5-amino-
pyrazoles (8) in PPA at ~130°C to generate pyridin-4-ones pre-
dominantly'? (9) (Scheme 1). If reaction times surpassed 15 min
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Figure 1. PARP-1 inhibitors 1, 2, 3, and 4 with PARP-1 ICso values of 160, 60, 20, and 5 nM, respectively.

for the tetrahydrothiophene subseries, significant aromatization to
the thiophene pyridine-4-one occurred. When cyclic p-ketoesters
(7) were reacted with 5-aminopyrazoles (8) under basic condi-
tions'® amide intermediates (10) were formed which were purified
by HPLC chromatography. Subsequent cyclization under acidic
conditions or at high temperature in vacuo gave the pyrazolo pyri-
din-2-ones (11). In early reports, it is described that the enamine
condensation product from 5-amino-1,3-dimethylpyrazole and
ethyl acetoacetate does not cyclize in acetic acid to yield the ex-
pected 4-pyridinone but rather the 2-pyridinone due to intercon-
version of the enamine intermediate to the amide condensation
product (10).' This possibly led to the disparity in assignment of
the commercial HTS lead (5).

Method B by Winters et al. '>: Cyclic ketones (12) were reacted
with 5-aminopyrazoles (8) to give dienamines (13), converted to
ureas and subjected to thermal cyclization to give pyrazolo pyri-
din-2-ones (14) (Scheme 2).'® When tetrahydrothiophen-3-one
was used in this sequence, the major product isolated upon con-
densation with 5-aminopyrazole (8) was a fully aromatized thio-
phene aminopyrazole (13). Therefore this method was only
employed with the carbocyclic ketones. All compounds were iso-
lated by either filtration from crude reaction mixtures or reverse
phase HPLC/MS purification using mass triggered fraction
collection.!”

Compounds were evaluated in a PARP-1 binding assay,'® and
the results are summarized in Tables 1-4. Representatives of the
pyridin-4-one series (Table 1), including 5, the reported structure
of the high-throughput screening hit, did not display the inhibitory
activity for PARP-1 as one would have expected based on the re-
sults (ICsp = 93 nM) for the commercial sample. None of the other
compounds in this series, in which the pyrazolo substituents and
the non-aromatic heterocycle attached to the pyridin-4-one core
were varied, showed PARP-1 inhibition with ICso values <5 pM
(data not shown).

In contrast, the pyridin-2-one series resulted in potent PARP-1
inhibitors (Tables 2-4). In the dihydrothiophene (I), cyclopentene
(II) and cyclohexene (III) subseries, the most active compounds
contained methyl substituents at both R! and R? positions (6, 21,
27). Replacement of the methyl at R? by phenyl or 2-thienyl typi-
cally resulted in a small decrease (up to 5-fold) in inhibition (17,
18, 22, 23, 28, 29). A more dramatic decrease in binding affinity

Figure 2. Reported structure (5) and correct structure (6) of high-throughput
screening hit.

was observed with bulky substituents at R! such as t-butyl or phe-
nyl in the presence of methyl at R? (19, 20, 24, 25, 30). Phenyl sub-
stituents at both R! and R? (26, 31) caused a complete loss of
inhibitory activity.

Preliminary docking experiments using the co-crystal structure
of chicken PARP-1 (1PAX) and the Parke-Davis/Pfizer inhibitor!'!?
(1) indicated that the pyrazolo pyridin-2-ones have a similar bind-
ing mode'® and provided a rationalization for the observed PARP-1
data. In Figure 3, a high scoring pose of compound 22 is shown,
making two hydrogen bonds between the amide bond and Gly-
863 and Ser 904. A fairly large binding pocket can accommodate
the phenyl group or a variety of other substituents at R? in subser-
ies II. The volume tolerance in the direction of R! in subseries Il was
substantially less. Figure 3 displays a high scoring pose of inactive
compound 25. In this orientation the amide can only make one of
the two key donor/acceptor interactions because of the orientation
required to accommodate the R! phenyl group (subseries II) in the
active site.

Comparison of dihydrothiophene (I), cyclopentene (II) and
cyclohexene (IlI) sub-series, indicates a preference for binding
affinity according to cyclohexene III > cyclopentene II > dihydrothi-
ophene I. These results are consistent with the predicted outcome
from modeling. Docking shows subseries III to be the most favored
as the additional methylene from the cyclohexyl provides addi-
tional favorable hydrophobic contact with PARP-1. In a comparison
of 6, 21, and 27, the hydrophobic surface area is 7% larger for 27
than for 6 and 21 and the ligand/protein contact in this area of
the binding site is predominantly aromatic/hydrophobic. A similar

X =S, CHy , -CH,CHy- o R2

borc
10 —_—

X=8

Scheme 1. Reagents and conditions: (a) PPA, 130°C, 2 h (X=CH, and CH,CH,),
15 min (X =S); (b) HOAG, reflux, 1 h; (c) ~220 °C, vacuo, 15 min; (d) Pyr, o-Xylene,
110°C, 2-6 h.
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n=1,2 n=12
o
+ 8

(¢}

12

Scheme 2. Reagents and conditions: (a) HOAC, rt, 45 h; (b) PhAN=C=O0, toluene, 3 h, rt then 15 min—3 h at 85 °C (c¢) ~200 °C, 5-15 min.

Table 1
PARP-1 inhibition for pyrazolo pyridin-4-ones

(0]

N
X N

N

H \
Compound X PARP-1 Inhibition ICs5p, pM?
5 -S- >10
15 ~CHa- 7
16 —CH,CH,- >10

¢ Values for single experiments.

increase in binding potency was observed in a bicyclic uracil series
when a cyclopentyl group was replaced by a cyclohexyl moiety.2°

Potent compounds were subsequently tested for their ability to
augment cytotoxicity of the alkylating agent streptozotocin with
the human colon carcinoma HCT 116 cell line?! (Table 5). Com-

Table 3
PARP-1 inhibition for cyclopentene subseries I

1I

Compound R! R? PARP-1 Inhibition ICs¢?, nM
21 Me Me 29.8

22 Me Ph 106.0

23 Me 2-Thienyl 148.6

24 t-Bu Me 519.2

25 Ph Me >10,000

26 Ph Ph >10,000

Single determinations when ICsq > 1000 nM.
@ Values of duplicate determinations are within twofold of each other.

pounds from the cyclohexene subseries III, the most potent in
the enzyme binding assay (27-29), were also most active in the

Table 2 Table 4
PARP-1 inhibition for dihydrothiophene subseries I PARP-1 inhibition for cyclohexene subseries III
(0]
NH
S I 11
F N— R
— /
N
RZ
Compound R! R? PARP-1 Inhibition ICs¢%, nM Compound R! R? PARP-1 Inhibition ICs¢%, nM
6 Me Me 92.7 27 Me Me 22
17 Me Ph 1103 28 Me Ph 7.3
18 Me 2-Thienyl 428.1 29 Me 2-Thienyl 6.9
19 t-Bu Me 1841.5 30 Ph Me 9720
20 Ph Me >10,000 31 Ph Ph >10,000

Single determinations when ICsq > 1000 nM.
@ Values of duplicate determinations are within twofold of each other.

Single determinations when ICso > 1000 nM.
? Values of duplicate determinations are within twofold of each other.

Figure 3. Dock of 22 (left) and 25 (right) using the co-crystal structure of chicken PARP-1 (1PAX) and the Parke-Davis/Pfizer inhibitor (1).
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Table 5
Chemosensitization, cell toxicity, and therapeutic index for compounds 6 and 17, 21-
23, and 27-29

Compound ECsens, LM? LDy4o, UM TI¢

6 28.6 >50 >1.8
17 15.4 21.2 14
21 19.3 27.2 14
22 26.8 42.5 1.6
23 3.1 (1.3) 11.2 3.6
27 1.9 (1.2) >12.5" >6.6
28 0.38 (0.15) 7.5° 19.7
29 0.38 (0.21) >12.5" >32.9

2 Values for quadruplicate experiments. Single determinations if ECsps values
were >10 uM.

b Values of duplicate determinations are within twofold of each other.

¢ In vitro therapeutic index (LD4o/ECsens)-

chemosensitization assay and displayed the most favorable thera-
peutic index. Addition of an aromatic group at R2 in compounds 28
and 29 appeared to accentuate chemosensitizer potency relative to
the dimethyl analog 27. Since analogs 27-29 exhibited similar en-
zyme potency in vitro, this result implies that other factors are
contributing to the enhanced potency of the aryl-substituted ana-
logs in the cell-based assay. Possible factors would include solubil-
ity and cellular permeability, which is consistent with the observed
lack of activity for compound 21 in cyclopentene subseries II.

In conclusion, tricyclic pyrazolo pyridin-2-ones containing a
non-aromatic carbocyle or heterocycle fused to the pyridin-2-one
were identified as a novel series of potent low nanomolar inhibi-
tors of PARP-1. Structure activity was further developed in the pyr-
azolo moiety resulting in the identification of analogs with
submicromolar activity in a chemosensitization assay.

The compounds described herein could be useful for further
studies on the role of PARP-1 inhibitors as adjunct agents in cancer
therapy.
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A novel series of 7-[1H-indol-2-yl]-2,3-dihydro-isoindol-1-ones designed to be inhibitors of VEGF-R2
kinase was synthesized and found to potently inhibit VEGF-R2 and Aurora-A kinases. The structure-based
design, synthesis, and initial SAR of the series are discussed.

© 2008 Elsevier Ltd. All rights reserved.

Vascular endothelial growth factor (VEGF) is an important reg-
ulator of vascular growth and permeability. Overexpression of
VEGF in solid tumors has been shown to promote angiogenesis,
thereby facilitating tumor growth. VEGF acts on VEGF-R2, a recep-
tor tyrosine kinase present on the surface of endothelial cells. The
inhibition of VEGF-R2 by small molecules is a validated therapeutic
approach for treating cancer and has received much attention in
the literature.! We have concentrated our efforts to find novel
inhibitors of the VEGF receptor kinases. By coupling the computer
modeling of virtual compounds with traditional medicinal chemis-
try principles, we designed a new kinase inhibitor scaffold 1 based
on known kinase inhibitors (Fig. 1).2 Initial modeling of our scaf-
fold using a homology structure of VEGF-R2 overlaid with known
VEGF-R2 inhibitors showed that key binding interactions were
maintained. Kinase screening of early examples of this series
revealed that the scaffold displayed inhibition of VEGF-R2 kinase
and unexpected inhibition of Aurora-A kinase.

The Aurora kinases (Aurora-A, Aurora-B, and Aurora-C) are ser-
ine/threonine kinases that are essential for mitotic progression.
Aurora-A kinase plays a role in spindle formation and organization

* Corresponding author. Tel.: +1 610 270 6561; fax: +610 270 6609.
E-mail address: hughe007@hotmail.com (T.V. Hughes).

0960-894X/$ - see front matter © 2008 Elsevier Ltd. All rights reserved.
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SU-11248 (sunitinib)
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Figure 1. Pharmacophore 1 and known VEGF-R2 inhibitor SU-11248 (sunitinib).
The dashed lines depict intramolecular hydrogen bonds.

of the centrosome and Aurora-B regulates chromosomal
movement and cytokinesis. The biological function of Aurora-C is
still not understood. The inhibition of Aurora kinases by a small
molecule has been reported to induce apoptosis in a variety of can-
cer cell lines and suppress tumor growth in vivo.>* The dual inhi-
bition of VEGF-R2 and Aurora-A kinases is an attractive compound
profile and may provide for enhanced antitumor activity toward a
wide range of cancers.

In this letter, scaffold design, synthesis, and preliminary struc-
ture-activity relationships for the series are presented. Modeling
of our scaffold using a homology structure of Aurora-A, and an
X-ray structure of an analog in Aurora-A, have added to the under-
standing of the unexpected activity against Aurora-A, thereby
helping to direct our future synthetic efforts.
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We observed that the VEGF-R2 kinase inhibitor SU-11248 (sun-
itinib) as well as other potent kinase inhibitors were capable of
forming a pseudocycle via an intramolecular hydrogen bond (Fig.
1).2%6 We felt that the intramolecular hydrogen bonding in these
compounds held them in a flat, planar conformation that would
facilitate binding to the hinge region in the active site of protein
kinases. With this hypothesis in mind we proposed the novel
pharmacophore 1 as a scaffold for the inhibition of protein kinases.
Molecular modeling confirmed that in the minimum energy
conformation, the pyrrole NH of pharmacophore 1 is well situated
to participate in an intramolecular hydrogen bond with the
isoindolinone carbonyl oxygen (Fig. 1).

The synthesis of compound 1 is shown in Scheme 1. Suzuki cou-
pling of the known’ 7-bromo-2,3-dihydro-isoindol-1-one (2) with
commercially available 1-(tert-butoxycarbonyl)pyrrole-2-boronic
acid afforded the Boc-protected core 3. Thermolytic cleavage of
the Boc-protecting group® cleanly afforded the proposed pharma-
cophore 1. Additionally, the isoindolinone 3 was N-methylated
with methyl iodide to give compound 4. Subsequent thermal
deprotection of 4 afforded the N-methylated analog 5. Kinase data
for these analogs are shown in Table 1.

Gratifyingly, our proposed core 1 displayed promising activity
against VEGF-R2 kinase (ICso = 1.10 pM), and good activity against
Aurora-A kinase (ICso = 0.338 uM). It was established that the NH
of the isoindolinone ring was important for kinase inhibition since
the N-methylated analog 5 displayed very weak kinase activity.
Additionally, the NH of the pyrrole ring was also found to be
important for kinase activity since the N-Boc analog 3 was also
only weakly active. At this point we considered 1 to be a solid
hit for VEGF-R2 and Aurora-A kinase inhibition with surprisingly
good potency, low molecular weight (198), and a straightforward
synthesis. We then explored the SAR for the left hand pyrrole side
of the pharmacophore 1. The synthesis of a representative set of
analogs is shown in Scheme 2.

The Suzuki coupling of 2 with 1-Boc-indole-2-boronic acid
afforded 6 in good yield when Pd(dppf)Cl, was used as the catalyst.
Similarly, coupling of 2 with 5-benzyloxy-1-Boc-indole-2-boronic
acid afforded 7. Removal of the benzyl group of 7 proceeded
smoothly under mild hydrogenolysis conditions to yield the phenol
8. Alkylation of the phenol with alkyl chlorides and Cs,COs in DMF
at 50 °C occurred to give protected intermediates 10. Final removal

H “ Me
N o N
(e} R R O
a N b N
Br all // = | Y
2 3 (R=Boc) 4 (R = Boc)
1(R=H) :lc 5(R=H) :lc

Scheme 1. Reagents and conditions: (a) Pd(OAc),, 2 N Na,COs, P(o-tolyl)s, 1-(tert-
Butoxycarbonyl)pyrrole-2-boronic acid, DMF, (17%); (b) THF, NaH, Mel, (23%), (c)
Ny, 185 °C, (73%).

Table 1
VEGF-R2, Aurora-A, and CDK1 kinase activity for 1, 3-5

Compound VEGF-R2 IC5¢” (LM) Aurora-A ICs¢* (LM) CDK1 ICs0? (UM)
1 1.10 0.338 (63%)°

3 (46%)° (25%)° (<10%)°

4 >100 >100 >100

5 (<10%)° (37%)° (24%)°

@ ICso data are the average of at least two separate experiments. ICso values listed
as >100 indicate no observed 50% inhibition at the highest dose tested, nor was an
inhibition maximum observed.

® Values in parentheses indicate % inhibition at 100 uM.

H tﬁi

6(R H)
7(R= OBn)
8(R=0H) <P

Scheme 2. Reagents and conditions: (a) 1-Boc-indole-2-boronic acid or 5-benzyl-
oxy-1-Boc-indole-2-boronic acid, Pd(dppf)Cl,, 2 N Na,COs, THF (70-80%); (b) H,
(balloon), 10% Pd/C, THF/MeOH, (100%); (c) Cs,C0O3, DMF, 50 °C, R2Cl, (65-83%); (d)
TFA, DCM (95%) or 185 °C, neat (85-100%).

0 (R=H or OR? R' = Boc)
11(R H or ORZ. R' = H) jd

of the Boc group was achieved by either thermolytic cleavage or
under acidic conditions using TFA in DCM at 25 °C to give the ana-
logs 11. Various indolyl analogs (12¢, 12d, 12f-12j) were prepared
using this general route (Scheme 2). Analogs 12a, 12b, and 12e
were synthesized from 12c¢ via an oxidation/reductive-amination
sequence. The kinase data for representative analogs are summa-
rized in Table 2.

Changing the pyrrole ring of pharmacophore 1 to an indole ring
as in 12i provided 10-fold better VEGF-R2 potency (ICso = 144 nM)
and a 3-fold increase in Aurora-A potency (ICso = 100 nM). Molec-
ular modeling suggested that substitution at the 5-position of the
indole ring should be allowed as that position is solvent-exposed.
Extension of the series through alkylation of the phenol 12h affor-
ded very potent inhibitors (12a-12f) of VEGF-R2 and Aurora-A.
Generally, the VEGF-R2 potency tracked with the Aurora-A
potency, with the most potent analogs having a pendant amine
tethered to the indole ring by an alkyloxy linker. The length of
the linker, either 2-carbon (12d) or 3-carbon (12e), did not have
a significant effect on potency. All analogs of 12 were inactive
against cyclin-dependent kinase—1 (CDK1, ICsq > 100 uM).

To continue variations of the left side of pharmacophore 1 we
synthesized the carboxylic acid intermediate 18 (Scheme 3). Reac-
tion of the commercially available 3-methyl phthalic anhydride
(13) with MeOH and H,SO, afforded an isomeric mixture of phtha-
lic acid mono-esters. The isomeric mixture was converted to the
bis methyl ester 14 with TMS diazomethane in toluene/MeOH.
Treatment of 14 with NBS in CCl,4 using AIBN as a catalyst afforded
the benzyl bromide 15. Direct conversion of 15 to the isoindoli-

Table 2
VEGF-R2, Aurora-A, and CDK1 kinase activity for 12
H
O N
H
N
0~
R
12
Compound R VEGF-R2 ICso® Aurora-A ICso> CDK1 ICso?
(nM) (uM) (nM)
12a O(CH;);4-ethyl- 0.014 0.044 >100
piperazin-1-yl
12b O(CH3)34-hydroxy- 0.018 0.061 >100
piperidin-1-yl
12¢ O(CH,)s0H 0.030 0.100 >100
12d O(CH3),piperidin-1-yl ~ 0.056 0.200 >100
12e O(CHy)spiperidin-1-yl ~ 0.065 0.179 >100
12f O(CH3),morpholin-4-yl  0.074 0.135 >100
12g OMe 0.111 0.070 >100
12h OH 0.119 0.090 133
12i H 0.144 0.100 >100
12j OCH,CgHs 11.26 21.23 >100

2 [Cso data are the average of at least two separate experiments. ICsq values listed
as >10 or >100 indicate no observed 50% inhibition at the highest dose tested, nor
was an inhibition maximum observed.
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o CHj R HN
MeO,C ©)
a,b e
A= -
MeO,C RO,C
O 13 -
14 R=CHj jc 17 R=CHjy jf
dE15 R = CH,Br 18R=H
16 R=CH,N3

Scheme 3. Reagents and conditions: (a) MeOH, H,SOy, reflux; (b) TMSCHN,, (95%);
(c) NBS, AIBN, CCly, (80%); (d) NaNs, DMF, 25 °C, (88%); (e) PPhs, THF, H,0, 25 °C,
(52%); (f) LiOH, THF, MeOH, H,0, 25 °C, (83%).

none 17 with concentrated NH4OH in THF was problematic and
afforded the amide 19d due to unexpected reactivity of the aryl
methylester 17 to concd NH,OH.® This was overcome by first con-
verting 15 into the benzyl azide 16 by treatment with sodium
azide in DMF. The benzyl azide 16 was then reduced in situ to
the benzyl amine, which cyclized to afford the isoindoline 17. Stan-
dard hydrolysis of the ester group of 17 using LiOH in THF/MeOH/
H,0 afforded the desired carboxylic acid 18.

Starting from carboxylic acid 18, series of analogs 19 were pre-
pared (kinase data are shown in Table 3). The reaction of carboxylic
acid 18 with 2-amino-6-methoxyaniline in refluxing 6N HCI affor-
ded the benzimidazole 19a. The kinase potencies of the 2-substi-
tuted benzimidazole analog 19a and the 2-substituted indole
analog 12g were similar. Peptide coupling of 18 with 4-methoxy-
aniline under standard coupling conditions afforded 19b. We were
surprised that 19b, an isostere of the potent indole 12g, displayed
lower potency against VEGF-R2 (ICso = 5.94 pM) and reduced activ-
ity against Aurora-A (45% inhibition at 100 puM). Changing the con-
nection on the indole ring to the 3-position, analog 19c, resulted in
a significant reduction of VEGF-R2 and Aurora-A inhibitory activ-
ity. The 3-substituted indole analog 19c¢ was synthesized from
the corresponding boronic acid as detailed in Scheme 2. The imide
analog 19g, prepared from 4-iodopthalimide (22, synthesized as
shown in Scheme 4) and 5-methoxy-1H-indol-2-boronic acid,
was active at 0.1 uM but did not exhibit greater inhibition at high-
er concentrations, indicative of poor solubility under assay
conditions.

With the initial SAR beginning to take shape we evaluated the
ability of some of the most promising analogs to inhibit aurora ki-
nase in cells. Histone H3 is a direct downstream target of the Aur-
ora kinases. It is involved in chromosomal condensation and

Table 3
VEGF-R2 and Aurora-A kinase activity for 19
H
N
(6) R
R
19
Compound R R VEGF-R2  Aurora-A
ICs0™ (uM)  ICsp™ (UM)
19a 5-methoxy-1H-benzoimidazol-2-yl CH, 0.142 0.205
19b CONH(4-methoxy-phenyl) CH, 594 (45%)°
19c 1H-Indol-3-yl CH, (50%)° (60%)°
19d CONH, CH, >100 14.34
19e CO,Me CH, >100 >100
19f COH CH, >100 >100
19g 5-Methoxy-1H-indol-2-yl C=0 (35%)° (30%)°

2 ICsp data are the average of at least two separate experiments. ICso values listed
as >100 indicate no observed 50% inhibition at the highest dose tested, nor was an
inhibition maximum observed.

P Values in parentheses indicate % inhibition at 100 uM.

¢ Values in parentheses indicate % inhibition at 0.1 pM.

o)
COH Q NH
[ COH
a1 0 p | o

— —

20 21 22

Scheme 4. Reagents and conditions: (a) Ac,0, reflux, (96%); (b) NH,CONH,, (85%).

phosphorylation on Serine 10 by Aurora B kinase is thought to be
crucial for proper chromosomal alignment and cytokinesis. The
inhibition of Aurora B kinase has been shown to reduce phosphor-
ylation of H3 on Serine 10. Compound 12d was shown to inhibit
the phosphorylation of histone H3 at 2.5 uM (Fig. 2).

Polyploidy, the accumulation of cells with >4 N DNA content,
and multinucleation are an expected phenotypic result of Aurora
kinase inhibition.!® Treatment of HeLa cells with 2.5 pM of 12d
for 72 h induced a large number of cells to endoreduplicate result-
ing in a significant population of cells with a greater than 4 N DNA
content (Fig. 3).

To evaluate the ability of this class of compounds to effect
tumor suppression in vivo we performed tumor xenograft studies
using the A375 cell line in nude mice. When 12d was dosed
at 100 mg/kg ip, a 46% inhibition of tumor growth compared
to ip vehicle control (P = 0.08) was observed (Fig. 4). No statistically
significant inhibition was observed when 12d was dosed
100 mg/kg po.

p-H3 (Ser 10) -
practin A —

Nocodazole Nocodazole +
+ DMSO 12d

Figure 2. The level of p-H3 (Ser10) in lysates of HeLa cells synchronized in G2/M
with Nocodazole and then treated for an additional 8 h with either Nocodazole and
DMSO or Nocodazole and compound 12d.
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Figure 3. Polyploidy of HeLa cells upon treatment with 2.5 uM of 12d for 72 h as
determined by FACS anaylsis.
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Figure 4. Tumor inhibition of 12d in a A375 tumor xenograft model in nude mice.
-Hl- vehicle control, -¥- 12d 100 mg/kg po, -o- 100 mg/kg ip.

Ala-213

|

Glu-m

Figure 5. Model of compound 12f docked into the ATP binding site of human
Aurora-A kinase. The protein is depicted as a ribbon structure with backbone atoms
of key residues 210-214 shown explicitly. Amino acids 138, 139, and 147-150 are
hidden for clarity. Potential hydrogen bonds are shown in green.

Compound 12d has a short half-life but is orally available in rat
(po dose 10 mg/kg, F=20%, Cpax =391 ng/mL, t;,=0.9 h). When
12d was dosed in nude mice at 10 mg/kg drug plasma levels of
154, 160, 41, and 12 ng/mL were observed for 0.5, 1, 2, and 4 h
timepoints, respectively.

To investigate potential binding modes of compound 12f, an
energy-minimized structure was docked into the ATP-binding
site of a published crystal structure of human Aurora-A kinase
(Fig. 5)."" In this model, the isoindolinone portion of 12f occu-
pies the same space in the active site as the amino pyrimidine

of ATP. The backbone carbonyl of Glu-211 and the NH of Ala-
213 in the hinge region form the characteristic dual H-bonds
with 12f. Additionally, the indole NH of compound 12f forms
an intramolecular H-bond with the C=0 of the isoindolonone.
The morpholine group is solvent-exposed and this region may
provide a handle for modifying the physicochemical properties
of the series.!?

In summary, we have described the design, synthesis, and initial
SAR development of 7-[1H-indol-2-yl]-2,3-dihydro-isoindol-1-
ones as potent dual VEGF-R2 and Aurora-A kinase inhibitors that
are orally available and display in vivo activity in a tumor xeno-
graft model. The design of the progenitor of this series, pharmaco-
phore 1, was based on the hypothesis that an intramolecular
hydrogen bond between the indole NH and the isoindolinone car-
bonyl O would hold the structure in a relatively flat conformation.
Molecular modeling and a crystal structure of analog 12f in Aur-
ora-A kinase supported this type of intramolecular hydrogen bond
and showed that 12f binds in the ATP binding site. The dual activ-
ity of this series of kinase inhibitors provides a unique profile that
may prove very potent for blocking the growth of cancer cells as it
attacks two important pathways that drive proliferation of almost
all cancers.
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Screening of the Roche compound library led to the identification of the benzoylpiperazine 7 as a struc-
turally novel GlyT1 inhibitor. The SAR which was developed in this series resulted in the discovery of
highly potent compounds displaying excellent selectivity against the GlyT2 isoform, drug-like properties,
and in vivo efficacy after oral administration.

© 2008 Elsevier Ltd. All rights reserved.

Both clinical observations and preclinical studies suggest that
hypofunction of N-methyl-p-aspartate (NMDA) receptor is impli-
cated in the pathophysiology of schizophrenia.! Thus, therapeutic
intervention aiming at restoring NMDA receptor activity repre-
sents a promising novel strategy for the management of schizo-
phrenia. As glycine is an obligatory co-agonist at the NMDA
receptor complex,? one strategy to enhance NMDA receptor activ-
ity is to elevate extracellular levels of glycine in the brain through
selective inhibition of glycine uptake mediated by the glycine
transporter-1 (GlyT1), which is co-expressed with the NMDA
receptor.® Strong support for this approach comes from clinical
studies where glycine and p-serine (co-agonists at the glycine site
of NMDA receptor) and sarcosine (a prototypical weak GlyT1 inhib-
itor) improved positive, negative, and cognitive symptoms in
schizophrenic patients, when added to conventional therapy.* As
a result, considerable efforts have been focused on the develop-
ment of selective GlyT1 inhibitors.” The first examples reported
were sarcosine derivatives including 1,° 2,” and 3.2 More recently,
non-amino-acid chemotypes like 4° and 5,'° have been described
(Fig. 1). We have also contributed to this field and reported re-

* Corresponding author. Tel.: +41 61 688 43 88; fax: +41 61 688 87 14.
E-mail address: emmanuel.pinard@roche.com (E. Pinard).

0960-894X/$ - see front matter © 2008 Elsevier Ltd. All rights reserved.
doi:10.1016/j.bmcl.2008.07.086

cently on the optimization of the non-sarcosine based spiropiperi-
dine 6.1

During our continued efforts to discover and develop structur-
ally novel and selective GlyT1 inhibitors, the Roche compound col-
lection was screened. This campaign led to the identification of the
benzoylpiperazine hit 7 as a potent inhibitor of GlyT1 (15 nM),
showing more than 300-fold selectivity against the type 2 isoform.
7 is characterized by the presence on the benzoyl moiety of a mor-
pholine and a nitro group occupying positions 2 and 5,
respectively.

In this letter, we describe the SAR studies obtained in this novel
benzoylpiperazine class at positions 2, 5, and at the left-hand aro-
matic ring attached to the piperazine moiety (Fig. 2). We also re-
port on the strategy we followed that led to the identification of
highly potent and selective analogues displaying drug-like proper-
ties and in vivo efficacy after oral administration.

Our synthetic strategy'? entailed mainly two straightforward
and complementary approaches allowing for rapid modification
of the three exit vectors around the central benzoylpiperazine core
(Scheme 1). The first route that led to the amino analogues 13, 15—
18, and 20-26 involved the reaction under thermal conditions of
amines with the 2-halogen-substituted benzoyl piperazine precur-
sors 67a-d prepared under standard amide coupling conditions



mailto:emmanuel.pinard@roche.com

http://www.sciencedirect.com/science/journal/0960894X

http://www.elsevier.com/locate/bmcl



E. Pinard et al./Bioorg. Med. Chem. Lett. 18 (2008) 5134-5139

(2 &

5135

Hon

W

e

e L S
L o ST
OH 0 Cl
F:
1: ALX-5407 2: Org-25935 3: Lu AA20465
H
(O 281 T
N Y
Ho: N N gN
HN.__O 5 %ﬁiﬁk@\c] N
cl N
F o:&S.)
¢ OF

4: SSR504734

FQJ\@

7

O

5
NO,

Figure 1. GlyT1 inhibitors.

Figure 2. Core benzoylpiperazine structure and the three exit vectors explored.

from the 2-halogen-benzoic acids 68a-d and piperazine 69. The
second route that led to compounds 7, 8, 10-12, 14, 19, and 27-
66 consisted in coupling the aryl piperazine 70 with the appropri-
ately functionalized benzoic acids 71a-d. Well-established meth-
ods were used for the preparation of these acids from their
precursors 72a-d as indicated in Scheme 1: Mitsunobu alkylation
for the 2-alkoxy-substituted acid 71a, thermal conditions for the
2-alkylsulfanyl and 2-alkylamino-substituted acids 71b-c, and Su-
zuki coupling for the 2-aryl- or 2-cycloalkyl-substituted acids
71d."2

Starting from 7, our first effort was aimed at identifying suitable
groups in position 5 of the benzoyl ring to replace the nitro substi-
tuent: a moiety often causing safety concerns due to its well-doc-
umented mutagenic and carcinogenic potential.'”> Table 1
summarizes the in vitro potency at GlyT1 and selectivity against
GlyT2 of analogues prepared. First, removal of the nitro group to

give (8) resulted in the complete loss of GlyT1 activity. Similar det-
rimental effect was observed after its replacement with either elec-
tron-donating or neutral groups (9-10) as well as with lipophilic
electron-withdrawing (EWG) groups (11-12).

In contrast, in vitro potency recovered with the introduction of
polar EWG groups (13-16). In particular, high activity was ob-
tained with the methylsulfone (14), methylsulfonamide (15), and
sulfonamide (16) derivatives, respectively, showing 70, 100, and
120 nM activity at GlyT1. Gratifyingly, the introduction of such
groups simultaneously abolished the low micromolar activity at
the GlyT2 isoform seen with the starting hit 7. Introduction of lar-
ger substituents than methyl on the sulfonyl group (17-18) re-
sulted in a severe drop in GlyT1 activity, which we postulate to
be due to limited space available in this region of the receptor.

Molecular properties as well as metabolic stability in rat and
human liver microsomes for the most active nitro (7), nitrile
(13), methylsulfone (14), and sulfonamides (15-16) analogues
were measured (Table 2). All these derivatives possessed excellent
membrane permeability as measured in the Pampa assay'® and
furthermore, the sulfone and sulfonamide derivatives (14-16)
exhibited a much higher aqueous solubility (pH 6.5) compared to
the nitro and nitrile analogues 7 and 13. As expected, the two sul-
fonamides displayed the highest polar surface area (PSA) above
90 A?, raising concern regarding the ability of these two com-
pounds to penetrate the central nervous system (CNS). Lower
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Scheme 1. Synthesis of benzoylpiperazines 7-66. Reagents and conditions: (a) TBTU, DIPEA, DMF, rt, 60-95%; (b) RR'NH, THF, 80 °C, 70-97%; (c) H, (1 atm), Pd/C, MeOH, rt,
80%; (d) MeOH, cat. H,SOy4, reflux, 90%; (e) ROH, di-tert-butyl-azodicarboxylate, triphenylphosphine, THF, rt then NaOH, 50 °C, 95-100%; (f) RSH, Cs,CO53, DMA, 90 °C, 88%; (g)
RR'NH, dioxane, sealed tube, 130 °C, 67-92%; (h) ArB(OH),, cat. Pd(OAc),, Na,COs, H,0, rt, 92-95%; (i) 2-cyclohex-1-enyl-4,4,5,5-tetramethyl-[1,3,2]dioxaborolane, cat.

Pd(dppf)Cl,, KOH, dioxane, 80 °C, 57%; (j) Pd/C, ammonium formate, MeOH, reflux, 80%.

Table 1
In vitro inhibitory activity of 7-18 at GlyT1 and GlyT2?*

e

F (\N
N
;
R
(0]
Compound  R! GIyT1 ECso® (uM)  GIyT2 ECso® (uM)  Selectivity©
7 NO, 0.015 4.8 320
8 H >30 nd
9 NH, >30 >30
10 CH; >30 >30
1 Br >30 5.1 <0.2
12 CF3 26.0 11.0 0.4
13 CN 0.18 13 72
14 SO,Me 0.07 >30 >417
15 SO,NHMe 0.1 >30 >300
16 SO,NH, 0.12 >30 >250
17 SO,n-Pr 1.6 >30
18 SO,CH,Ph  >30 >30

# ECsp values are the average of at least two independent experiments.

> [*H]-glycine uptake inhibition assay in cells transfected with hGlyT1'#* or
hGlyT2'*" cDNAs.

¢ Ratio of the ECsq (UM) values GlyT2/GlyT1.

Table 2
Molecular properties and microsomal clearances for 7, 13-16

Compound Pampa, Solubility” PSA® CLint? (rat CLint? (human
Pe? microsomes) microsomes)

7 4.7 9 92 106 35

13 6.1 <1 73 53 31

14 3.1 30 82 40 26

15 5.3 30 94 106 43

16 33 308 105 nd 31

3 Pe: permeation constant (10~® cm/s).'®

b Solubility (pg/mL) measured in a lyophilization solubility assay.'”
¢ PSA: polar surface area calculated with Moloc.'®

4 CLint: intrinsic clearance (uL/min/mg protein).

and more favorable PSA values were obtained for the nitrile (13)
and the methylsulfone (14) derivatives. Finally, encouraging
microsomal stability data were obtained for the methylsulfone
analogue 14 showing a medium in vitro clearance in both the rat
and human species. Altogether, these results demonstrate that
among the groups tested at position 5, the methylsulfone function
offers the best opportunity to generate compounds having CNS
drug-like properties, and as a result constitutes our preferred motif
at this position. Pleasingly, in a CEREP selectivity screen performed
against a panel of 80 targets including transmembrane and soluble
receptors, enzymes, ion channels, and monoamine transporters,'®
the methylsulfone compound 14 exhibited a highly selective pro-
file (< 20% inhibition at 10 pM was measured for all targets).
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Next, SAR exploration at position 2 of the benzoyl ring in hit 7
and compound 14 was conducted (Table 3). Deletion of the mor-
pholine unit (19) as well as its replacement with smaller alkyl-
substituted amino groups (20-22) resulted in inactive or weakly
active analogues. Pleasingly, a dramatic improvement in activity
was seen by increasing the size of the alkylamino substituent as
seen with the isopropyl (23), cyclohexyl (24), and piperidinyl
(25) derivatives, which were found to display 1-2 nM activity at
GlyT1. An abrupt drop of activity was, however, observed upon
introduction of more extended substituents like the cyclohexylm-
ethyl group (26), suggesting that substituents at position 2 fit in a
size limited pocket of the GlyT1 receptor. Further SAR exploration
revealed to our delight that activity was in fact not restricted to the
presence of an alkylamino residue at this position and that, on the
contrary, great latitude for variation was possible. Indeed, low
nanomolar GlyT1 activity was also obtained with analogues carry-
ing a wide array of structurally diverse substituents like alkoxy
groups (27-29), alkylsulfanyl groups (30), and aromatic groups
(31-32). All these derivatives, in addition, displayed excellent
selectivity versus the GlyT2 isoform.

Finally, SAR around the left-hand aromatic system was explored
(Table 4). A rapid scanning of electron-donating (-OMe), electron
neutral (-Me), and EWG groups (-Cl and -CF3) at the ortho, meta,
and para positions of the aromatic ring (33-44) revealed that best
activity was reached with the presence of an EWG group in para
position, as exemplified with the 4-trifluoromethyl-substituted
derivative 44: 100 nM. In fact, further exploration showed that a
variety of EWGs were allowed at this position. Indeed, not only
lipophilic groups, but also moderately or strongly polar substitu-
ents were tolerated such as the cyano (45) or the methylsulfone
group (46). Keeping these preferred motifs in place, a significant
improvement in GlyT1 potency was measured upon the introduc-
tion of an additional EWG like fluorine, or cyano group at either the
ortho or meta position as observed with compounds 47-51. Inter-
estingly, the replacement of the aromatic nucleus with heteroaro-
matic systems as exemplified with pyridine derivatives 52 and 53

Table 3
In vitro inhibitory activity of 19-32 at GlyT1 and GlyT2?*
o R
F N
N
R'
O
Compound R’ R? GlyT1 ECso® (uM)  GlyT2 ECs” (1M)
19 NO, H 32 245
20 NO, NH, >10 33
21 NO, NHMe 1.9 14
22 NO, NMe, 0.5 2.0
23 NO, NH-i-Pr 0.002 10
24 NO, NH-c-CgH1q 0.002 8.5
25 NO, Piperidin-yl 0.001 4.0
26 NO, NH-CH,-c-C¢Hy1 >10 nd
27 SO,Me  O-i-Pr 0.039 >30
28 SO,Me  0-i-Bu 0.009 >30
29 SO,Me  O-CH,-c-Pr 0.015 >30
30 SO,Me  S-i-Pr 0.015 >30
31 SO,Me  Ph 0.069 >30
32 SO,Me  3-F-Ph 0.016 >30

2 ECsp values are the average of at least two independent experiments.
> [*H]-glycine uptake inhibition assay in cells transfected with hGlyT1'4 or
hGlyT2'*" cDNAs.

Table 4
In vitro inhibitory activity of 33-53 at GlyT1 and GlyT2*

)

NO,

Compound R3 GlyT1 ECs0° (UM) GlyT2 ECso® (UM)
33 2-OMe-Ph >10 13.4
34 2-Me-Ph >10 14.2
35 2-Cl-Ph 1.4 11.2
36 2-CF5-Ph 7.1 >30
37 3-OMe-Ph 0.53 8.3
38 3-Me-Ph 1.1 4.0
39 3-Cl-Ph 0.7 3.1
40 3-CF;-Ph 0.4 0.3
41 4-OMe-Ph 13 114
42 4-Me-Ph 29 7.7
43 4-Cl-Ph 0.31 1.17
44 4-CF3-Ph 0.1 3.3
45 4-CN-Ph 0.078 1.1
46 4-S0,Me 0.11 2.1
47 2-F, 4-CN-Ph 0.03 43
48 2-F, 4-S0,Me 0.04 >30
49 2-CN, 4-CF3-Ph 0.015 >30
50 2-F, 4-CF5-Ph 0.041 29
51 3-F, 4-CF5-Ph 0.037 15
52 5-CF3, 6-Cl-2-Py 0.033 24
53 3-Cl, 5-CF5-2-Py 0.047 >30

2 ECsg values are the average of at least two independent experiments.
> [3H]-glycine uptake inhibition assay in cells transfected with hGlyT1'#* or
hGlyT2'%" cDNAs.

was well tolerated. With all active derivatives, good to excellent
selectivity against the GlyT2 isoform was seen (Table 4).

Having established a preliminary SAR at the three exit vectors
around the central benzoylpiperazine core, the next step consisted
in combining some of the preferred groups identified at the left-
hand side as well as at position 2 on the right-hand benzoyl moi-
ety, while keeping position 5 occupied with the favored methyl-
sulfone group. This approach led to the identification of a
number of highly potent GlyT1 inhibitors (Table 5), displaying no
activity at the GlyT2 isoform (data not shown). Gratifyingly, the
great structural diversity seen previously at position 2 was also ob-
served with compounds 54-60 incorporating the 4-CFs;-phenyl
group at the left-hand side. Indeed, low nanomolar activity was ob-
tained with the alkylamino (54-55), the alkoxy (56-57), the aro-
matic (58-59), and the cycloalkyl (60) derivatives. In view of
their favorable pharmacological activities in vitro, these com-
pounds were assessed for solubility and metabolic stability. Inter-
estingly, as seen in Table 5, the isopropyloxy and
cyclopropylmethylenoxy derivatives 56 and 57 exhibited good
aqueous solubility (pH 6.5) and excellent metabolic stability in
mouse and human liver microsomes. Much less favorable results
were obtained with the corresponding alkylamino, aromatic, and
cycloalkyl compounds (54-55, 58-60), which exhibited, in general,
low solubility and medium microsomal clearance, a result likely
due to the higher lipophilicity of these analogues compared to
the alkoxy derivatives (see clogP, Table 5). Moreover, the positive
influence of alkoxy groups on physico-chemical and metabolic
properties was also observed when more polar left-hand aromatic
rings than the 4-CF;-phenyl group were in place. Indeed, for exam-
ple, the cyclopropylmethylenoxy derivatives 62 and 65 incorporat-
ing, respectively, the cyano and methylsulfone-substituted
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Table 5
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In vitro inhibitory activity at GlyT1, molecular properties, and microsomal clearances of 54-66

O R
R3 - N \)
0=8S=0
[

Compound R® R? GlyT1 ECs50™® (uM) clogP Solubility® (ug/mL) CLint¢ (mouse microsomes) CLint (human microsomes)
54 4-CF3-Ph Morpholinyl 0.045 1.97 3 15 10
55 4-CF3-Ph Piperidin-yl 0.075 3.5 <1 125 12
56 4-CF3-Ph O-i-Pr 0.082 2.8 62 0 0
57 4-CF3-Ph 0O-CH;-c-Pr 0.04 2.97 15 1 6
58 4-CF3-Ph Ph 0.031 3.79 <1 9 12
59 4-CF3-Ph 4-F-Ph 0.029 3.95 <1 5 12
60 4-CF3-Ph -c-CgH1q 0.025 4.52 <1 11 10
61 2-F, 4-CN-Ph Piperidin-yl 0.012 2.36 14 33 16
62 2-F, 4-CN-Ph 0-CH,-c-Pr 0.016 1.83 31 9 4
63 2-F, 4-CN-Ph Ph 0.02 2.64 <1 124 5
64 2-F, 4-SO,Me Piperidin-yl 0.046 1.35 5 53 29
65 2-F, 4-SO,Me O-CHy-c-Pr 0.052 0.82 50 14 1
66 2-F, 4-SO,Me Ph 0.057 1.62 18 90 0

2 ECsp values are the average of at least two independent experiments.

b [3H]-glycine uptake inhibition assay in cells transfected with hGlyT1.'4?
¢ Solubility (pig/mL) measured in a lyophilization solubility assay.!”

4 CLint: intrinsic clearance (uL/min/mg protein).

aromatic rings consistently exhibited higher solubility and meta-
bolic stability than the corresponding piperidinyl and phenyl ana-
logues 61, 64 and 63, 66.

Among the compounds prepared at this stage, the cyclo-
propylmethylenoxy analogue 62 attracted our most attention since
it demonstrated particularly good in vitro potency at GIlyT1
(16 nM), no activity at the GlyT2 isoform up to the highest concen-
tration tested (30 uM), good physical properties with moderate
lipophilicity: clogP = 1.83, good aqueous solubility: 31 pg/mL (pH
6.5), high membrane permeability: Pe (Pampa): 3.2, and good
mouse and human microsomal stability.

Consequently, 62 was selected for further evaluation. An in vivo
pharmacokinetic study in mouse (Table 6) revealed that 62, as ex-
pected based on its in vitro profile, exhibited low clearance, good
plasma exposure, excellent oral bioavailability, and moderate plas-
ma protein binding (PPB). Despite demonstrating a relatively low
brain/plasma ratio, 62 could achieve nevertheless a robust expo-
sure in the brain, with a G, of 373 ng/g at the dose of 10 mg/kg
(po), above its inhibitory activity at the GlyT1 transporter.

These favorable data prompted us to evaluate the effect of com-
pound 62 on the extracellular level of glycine in mouse striatum
(Fig. 3). We were delighted to observe that 62 produced at the dose
of 10 mg/kg administrated orally, a robust and sustained increase
of glycine levels: 2.3-fold over basal level at 40 min and 1.7-fold

Table 6

Pharmacokinetics properties of 62 in mouse

Parameter Value®
Iv dose (2 mg/kg)

CL (mL/min/kg) 9.5
Vss (L/kg) 2.8
Po dose (10 mg/kg)

Bioavailability F (%) 100
T1/2 (h) 5.8
Cmax Plasma (ng/mL) 3875
Cmax brain (ng/g) 373
B/P 0.1
PPB (% unbound) 12

2 Values are the average of two independent experiments.

250
—e—Saline

200 - Compound 62

Mean + SEM (N=6)

40 20 0 20 40 60 8 100 120 140
Time (minutes)

Glycine in dialysate (% basal levels)
@
o

Figure 3. Effect of 62 on the extracellular glycine levels in mouse striatum at
10 mg/kg po.

at 140 min. Encouraged by this result, further in vitro profiling in
safety assays was performed.

Compound 62 (like all compounds tested in this series) exhib-
ited no significant inhibition of the major drug metabolizing
CYP450 enzymes (3A4, 2D6, 2C9, 2C19, 1A2; ICsp > 29.1 uM). How-
ever, 62 was found to exhibit a fairly high activity at the hERG
potassium channel with an ICsq of 0.6 pM measured in a patch-
clamp assay.2°

In summary, we report here on the discovery of benzoylpipera-
zines as a novel chemotype of GlyT1 inhibitors. Starting from the
chemically tractable HTS hit 7, rapid exploration of SAR accompa-
nied by the early assessment of molecular property and metabolic
stability of the synthesized derivatives allowed the prompt identi-
fication of a highly promising sub-series in which the nitro and
morpholine residues in 7 are replaced, respectively, by a methyl-
sulfone and an alkoxy group. Within this ‘alkoxy-methylsulfone-
benzoylpiperazine’ sub-series, highly potent and selective GlyT1
inhibitors were identified, which as seen with representative com-
pound 62 demonstrated drug-like properties and in vivo efficacy
after oral administration. Results from our subsequent lead optimi-
zation work in this sub-series, which was mainly focused on the
improvement of brain penetration/in vivo activity as well as of
hERG selectivity, will be reported in due course.
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ABSTRACT

In the continuing search for selective o;-adrenoceptor (AR) antagonists, new alkoxyarylpiperazinylalkylpy-
ridazinone derivatives were designed and synthesized. The new compounds were tested for their affinity
toward o1-AR, o>-AR and 5-HT;, receptors.

The ability of these compounds to inhibit the serotonin transporters (SERT) was also determined. The
pharmacological data confirm that increasing the size of the ortho alkoxy substituent on the phenyl ring
of the arylpiperazine moiety afforded compounds with enhanced affinity toward the o;-AR. The isopropoxy
group, the largest group evaluated, led the best o;-AR affinity profile. In contrast, the compounds which
have an amide group within of the o-alkoxy-phenylpiperazine fragment showed low affinity toward the
receptors studied.

Similar results were obtained when the amide group was present in the linker of the junction between
the two major constituents of the molecule.

6-(Indol-1-yl)-pyridazin-3(2H)-one
fragment

Arylpiperazines

Structure-activity relationships (SARs)

© 2008 Published by Elsevier Ltd.

oii-Adrenergic receptors (o;-ARs) belong to the seven trans-
membrane-domain receptor super family and play a primary role
in the regulation of several physiological processes, particularly
in the cardiovascular system. To date, three different o;-AR
subtypes, namely, o;a — 13-, and o;p-AR, have been cloned and
characterized.!?

In the last years, o;-adrenoceptors (o1-AR) have been the sub-
ject of intense research, in part because receptor-binding studies
and molecular biology have opened up new aspects of understand-
ing, but also because of the potential for finding new drugs that
could act in pathophysiological processes where o;-AR are
involved, such as benign prostatic hyperplasia (BPH) or hyperten-
sion.36

In this context, the goal of our research was to discover and
develop novel o;-AR antagonists characterized by a high affinity
for oi1-AR and possibly, selectivity toward the o,-ARs receptor with
respect to a,-AR or 5-HT;4 receptors.

The arylpiperazines are one of the most studied classes of mol-
ecules with affinity at the o4-AR. In fact, a large amount of work

* Corresponding author. Tel.: +39 075 5855136; fax: +39 075 5855161.
E-mail address: noemi@unipg.it (G. Strappaghetti).

0960-894X/$ - see front matter © 2008 Published by Elsevier Ltd.
doi:10.1016/j.bmcl.2008.07.084

has been done and reported, describing synthetic procedures, bio-
logical evaluation at the o;-AR and the corresponding subtypes,
and structure-activity relationships (SARs).”

We previously reported the synthesis and pharmacological data
of several classes of arylpiperazines, in which an alkoxy-
arylpiperazinylalkylpyridazinone moiety is present as a common
chemical scaffold.®-'> Based on these results, Botta et al.,3%'! de-
scribed the construction and validation of a three-dimensional
pharmacophore model of oi;—AR antagonists sharing a phenylpiper-
azinyl alkyl scaffold as a common structural feature and bearing a
wide variety of heterocyclic moieties at the edge of the alkyl spacer.
The pharmacophoric model®®!'! that suggests the three-dimen-
sional structural properties for an ideal o,;—AR antagonist includes:

(1) A positively ionizable group, corresponding to the more ba-
sic nitrogen atom of the aryl piperazine ring. (2) An ortho- or meta-
substituted phenyl ring, both of which constitute the arylpiper-
azine system and satisfy three of the five features of the pharmaco-
phoric hypothesis. (3) A polar group (corresponding to the
pyridazinone ring) that provides a hydrogen bond acceptor feature,
filling one of the portions of the pharmacophore that is required at
the edge of the molecule opposite the arylpiperazine moiety. (4) A
hydrophobic moiety, corresponding to the terminal molecular por-
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tions directly linked to the pyridazinone ring, was hypothesized to
fit one of the five features of the model. The pharmacophoric model
also suggests that the hydrophobic region accommodating the
substituted phenyl can contain constituents that are larger than a
methoxy group. Moreover, affinity and selectivity depend on the
length of the polymethylene chain that connects the pyridazinone
and arylpiperazine moieties. A four carbon-atom spacer is optimal
for o;-AR affinity, and a heterocyclic fragment linked to the pyrid-
azinone ring is required at the terminal molecular portion for best
o1-AR affinity.

Based on these considerations, and taking into account our pre-
vious experience in this field, compounds 1° and 2° were used as a
template to design compounds 3, 4, 8 and 9.

A spacer of four carbon atoms was maintained in the pipera-
zine-pyridazinone system, and alkoxy moieties, larger than a

(6]
/
/ N
A
%

OCH;

N
N \\/N

methoxy group, were substituted at the ortho position of the phe-
nyl ring. This was in agreement with the pharmacophoric model
generated for o4-AR antagonists that suggested that hydrophobic
groups larger than a methoxy substituent can be accommodated
by a hydrophobic pocket, 8%!where the substituted phenyl ring
that is bound to the piperazine lies. For the same objective, an
ortho-alkoxyphenylpiperazine group was replaced by meta-CFs-
phenyl-piperazine group (compounds 5 and 10), to pyrimidin-
piperazine, or a 1-(2,3-dihydro-1,4-benzodioxin-6-yl)piperazine
group (compounds 6, 7, 11, and 12).

To confirm the importance of the positively ionizable group,
which corresponds to the more basic nitrogen atom of the pipera-
zine ring, compounds 13, 14, and 15 were synthesized, in which an
amide group was linked to the arylpiperazine fragment. To further
investigate if four carbon-atom spacer was indeed optimal for o/;-

20a R'=0-0C,H;s
20b R'=0-OCH(CH;),
20c R'=m-CF;

N
19a R= D
0
4
19b R= @[/)
H
|
N,
| &
u 20e

method A

O + - —
|
NSNS N
|

O

_N
| 3 R =0- OC2H5
R R= [N,> 4 R = 0-OCH(CH;),
N =m- CF";
N /| 8 R = 0-OC,Hs
R= »9 R = 0-OCH(CH;),
10 R'=m- CF;

Scheme 1. Reagents and conditions: (i) acetonitrile, dry potassium carbonate, 20a, 20b, 20c, reflux; (ii) 20d acetonitrile, dry potassium carbonate, reflux; (iii) butan-2-one,

dry potassium carbonate, reflux.
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20 R'=0CH;
20a R'= OC,H;
20b R'= OCH(CH;),

R1
AN OO
=N
N (6]

¥

13 R'= OCH;
14 R'= OC,H;
15 R'= OCH(CHs),

Scheme 2. Reagents and conditions: (iv) (CDI), CH,Cl, room temperature.

AR selectivity, compounds 16, 17, and 18, were synthesized, in
which an amide group was present into linker of junction of the
two major constituents of the molecule.

The synthetic pathways to compounds 3-12 are shown in
Scheme 1.

Alkylation of 2-(4-bromobutyl)-6-(imidazol-1-yl)pyridazin-3
(2H)-one (19a), or 2-(4-bromobutyl)-6-(indol-1-yl)pyridazin-
3(2H)-one (19b), synthesized following the previously described
method,® with 1-(2-ethoxyphenyl)piperazine (20a), 1-(2-isopro-
poxyphenyl)piperazine'® (20b) or with 1-[3-(trifluoromethyl)
phenyl]piperazine (20c), respectively, in acetonitrile in the pres-
ence of dry potassium carbonate, at reflux, afforded the corre-
sponding compounds 3-5 and 8-10. Using the same procedure,
compounds 6 and 11 were made by alkylation starting from 19a
or 19b with pyrimidin-piperazine (20d); compounds 7 and 12
were made by alkylation of compounds 19a or 19b with 1-(2,3-
dihydro-1,4-benzodioxin-6-yl)piperazine (20e) in butan-2-one
and dry potassium carbonate.

The synthesis of compounds 13, 14, and 15 is illustrated in
Scheme 2.

The 4-(3-(imidazol-1-yl)-6-oxopyridazin-1(6H)-yl)butanoic
acid (21) was treated with 1-(2-methoxyphenyl)piperazine (20),
with 1-(2-ethoxyphenyl)piperazine (20a) or with 1-(2-isopropoxy-
phenyl)piperazine'® (20b), respectively, in CH,Cl, in the presence
of 1-(1H-imidazol-1-yl-carbonyl)-1H-imidazole (CDI) under stir-
ring overnight at room temperature. After evaporation to dryness,
the mixture was purified by column chromatography eluting with
(CH,Cl,/EtOH) to afford the corresponding amides 13-15 as an oil,
in 55-80% overall yield.

Acid 21 was obtained by starting with the condensation of
6-(imidazol-1-yl)pyridazin-3(2H)-one® with ethyl 4-bromobut-
anoate in acetone/dry potassium carbonate at reflux for 3h,
the corresponding ester, after purification by column chromatog-
raphy on silica gel, eluting with CH,Cl,/EtOH (96:4), was treated
with 5% hydrochloric acid at reflux for 3 h, after which time, the
crystalline acid was precipitated in a quantitative yield (com-
pound 21).

Compounds 16, 17, and 18 (Scheme 3), containing an amide
group in the linker of the junction of the two major constituents
of the molecule, were prepared by treating the [3-(imidazol-1-
yl)-6-oxopyridazin-1(6H)-yl]acetic acid (23) with 2-[4-(2-alkoxy-

phenyl)piperazin-1-ylJethanamine 24, 24a, and 24b, respectively,
in the presence of 1-(3-dimethylaminopropyl)N-ethylcarbodimi-
dine hydrochloridre (EDCI), 4-dimethylaminopyridine (DMAP),
and 1-hydroxybenzotriazol-hydrate (HOBt), in dichloromethane
stirred at room temperature under nitrogen atmosphere overnight.
The compounds were purified by column chromatography on silica
gel eluting with CH,Cl,/EtOH. The [3-(imidazol-1-yl)-6-0xo-pyri-
dazin-1(6H)-yl]acetic acid (23) was prepared by alkylation of the
6-imidazoil-pyridazinone® with ethyl bromoacetate in the pres-
ence of sodium dissolved in dry ethanol. The mixture was refluxed
under stirring for 15 h. After purification by chromatography on
silica gel, the ethyl[3-(imidazol-1-yl)-6-oxopyridazin-1(6H)-
yl]acetate was treated with 5% hydrochloric acid for 2 h at reflux,
after which time, the crystalline acid precipitated in a quantitative
yield (compound 23).

NH,

24 R'=0CH,
24a R'=0C,H,
24b R'=OCH(CH,),

method C o
e

g ¢
N/\ N

&N\/\IT)'O\/&N/ )
H

(e}

16 R'=OCH,
17 R'=0C,H;

18 R'=OCH(CH,),

Scheme 3. Reagents and conditions: (v) EDCI, DMAP, HOBt, CH,Cl,, room
temperature.
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Table 1
01-AR, 0-AR, 5-HT,4 serotoninergic receptors and SERT binding affinities of compounds 3-12 and comparison with compounds 1 and 2
1
R o)
(0]
O / \
| /N 0 — N ~e~NN \>
N N Z N \_/
N/\/\/ \ ; N/\/\/N N—& \ | | O
| { | | __/ N _N
_N _N
R
R 1-5,8-10 R 6,11 7,12
Compound R R' K (nM)
o1-AR o-AR 5-HT4 SERT Ratio o/0l Ratio 5-HT4/0
N
1° [ /> 0-OCH3 47.5+6.3 393.0+31.8 nd® nd® 8.3 nd®
_ N
N
3 [ /> 0-0OC,H5 0.8+04 147.0+£12.0 14.0+53 15%(10pM) > 10000 163.3 15.5
_ N
N
4 [ > 0-OCH(CH3), 04+0.1 44.0+4.7 6.8+1.1 10%(10uM) > 10000 110.0 17.0
/
N
N
5 [ > m-CF3 118.0+ 14 656.0 £ 170 13.0+£7 230.0+20 5.6 9.1
/
N
N
2° 0-OCH3 09+0.1 20.0+4.9 253.0+£24.5 nd® 22.2 281.0
/
N
8 0-OC,Hs 1.1+0.1 70.12+10 27.7+0.5 639.0 £ 120 62.6 24.7
/
N
9 0-OCH(CH3), 1.7+03 20.1+33 228+34 1040.0 + 281 12.0 13.6
/
N
10 m-CF3 60.0+10 462.0 + 240 62.0+12 109.0+ 8.0 7.7 1.03
/
N
6 [ > - 710 £ 200 1550 £ 70 890.0 + 260 5%(10pM) > 10000 22 1.25
/
N
N
11 CE) - 19.0£9.0 7250+ 1.4 210.0+70 25%(10uM) > 10000 38.1 11.1
/
N
7 [ > — 251.0+80 996.0 + 50 937.0 + 270 26%(10uM) > 10000 3.9 3.73
7
N
N
12 — 14.0+£6.0 476.0 + 100 627.0 £ 64 177 £ 8.0 34.0 448
/
[H]prazosin 0.24 +0.05
[*H]rauwolscine 40+03
[3H]8-OH-DPAT 2.0+02
[H]paroxetine 0.08 +0.2

3 The K; values are means + SD of separate assays, each performed in triplicate. Inhibition constants (K;) were calculated according to the equation of Cheng and Prusoff:'®
K; = 1Cs0/1+(L/K4), where [L] is the ligand concentration and Kj its dissociation constant. K4 of [*H]prazosin binding to rat cortex membranes was 0.24 nM (o), K4 of
[*H]rauwolscine binding to rat cortex membranes was 4 nM (os,), K4 of [*H]8-OH-DPAT binding to rat cortex membranes was 2.0 nM (5-HT;a), and K4 of [*H]paroxetine
binding to human platelet membranes was 0.08 + 0.2 nM (SERT).

> Compounds reported elsewhere by our research group.®

¢ nd: not determined.
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Table 2

o1-AR, 0-AR, 5-HT;4 serotoninergic receptors and SERT binding affinities of compounds 13-18

¢

0
|

|

G

N N
N Y R'
7

.

(0]

|
|

N
™

Iil

N

N/Y
I I
_N O

\/\N N
__/

R]

Compound R! Ki? (nM)

o4-AR ol2-AR 5-HT1a SERT Ratio o/ot; Ratio 5-HT;a/0l
13 -0CH3 2190 + 964 1895 + 400 318+ 79 3%(10uM) >10000 0.86 0.14
14 -0C;Hs 492 + 241 1757 £273 2250 £ 582 11%(10pnM) >10000 3.57 4.57
15 —OCH(CHs), 897 +342 1343 + 327 1556 + 158 2%(10uM) >10000 1.49 1.73
16 -0CH3 688 + 137 2968 +493 2067 +£ 318 3464 + 164 43 3.0
17 -OEt 234122 3136 £ 327 1150 £ 230 5977 +178 13.4 49
18 -0iPr 220+ 44 1956 + 191 1911 £382 >10000 8.89 8.7
[H]prazosin 0.24 +0.05
[*H]rauwolscine 4.0+03
[3H]8-OH-DPAT 20402
[*H]paroxetine 0.08 £0.2

2 Each value is the mean * SE for data of three different experiments conducted in triplicate. Expressed as K;, see Refs. 18-20.

Table 3
Chemical and physical data of compounds 3-18
Compound Formula Mp (°C) Yield (%)
3 Ca6H34C1N40, 182-188 80
4 Cp7H36C1,N40; 169-174 75
5 C2H6C1LF3NgO 164-168 42
6 Cy9H,7CILNgO 257-260 60
7 C23H30C1,NG05 246-249 30
8 Ca3H35C1,N50, 149-153 85
9 Ca9H3,CI,N50, 140-145 70
10 Ca7H30 Cl,F3NsO 200-205 35
11 C24H59C1LN70 225-230 49
12 CagH33C1,N505 181-185 39
13 C25Ha5C1NG03 Hygroscopic 70
14 Cy3H30Cl,Ng03 Hygroscopic 64
15 Co4H35C15Ng03 Hygroscopic 56
16 Ca2oH,9C1,N505 182-196 57
17 C3H3,CI,N;05 178-184 25
18 C4H33C1LN403 104-108 27

Compounds as hydrochlorides, prepared by bubbling dry HCl into the dry ethanol or
diethyl ether solution of the compound.

The corresponding ethanamines 24, 24a, and 24b were prepared
from 1-phenylpiperazines 20, 20a, and 20b with N-(2-bromoeth-
yl)phthalimide, in the presence of dry potassium carbonate and ace-
tonitrile, under stirring at reflux for 12 h. After purification by
column chromatography on silica gel eluting with CH,Cl,/EtOH,
the corresponding phthalimidoethyl derivatives were treated with
hydrazine hydrate in absolute ethanol at reflux for 3 h.

Synthesized compounds were characterized by 'H NMR, mass
spectra, and elemental analysis, and the analytical data were con-
sistent with the proposed structures.!” The chemical and physical
data for these compounds are reported in Table 3.

The pharmacological profiles of these compounds (reported in
Tables 1 and 2) were evaluated for their affinities toward o;-AR,
o-AR, and 5-HT;4 serotoninergic receptors by determining the
ability of each compound to displace [*H]prazosin, [*H]rauwols-
cine, and [3H]8-OH-DPAT, respectively, from specific binding sites
on rat cerebral cortex.!®19

Moreover, the ability of these compounds to inhibit a serotonin
reuptake in human platelet membranes was determined using
[®H]paroxetine as a reference substance.2’

The pharmacological data expressed in K; and reported in Table
1 clearly confirm that as the size of the ortho alkoxy substituent on
the phenyl ring of the arylpiperazine moiety increases the affinity
toward o;-AR also increases (compounds 3 and 4). In fact, the larg-
est group tested, the isopropoxy group (compound 4), gave the
best o,1-AR affinity profile (K; = 0.4 nM). The affinity value was over
100-fold greater than that of the compound in which a methoxy
group was present, (compound 1), with K; = 47.5 nM. This pharma-
cological profile was inverted when the imidazole group was re-
placed by indole group (compounds 8 and 9). The affinity toward
o;-AR decreases when the ortho-alkoxyphenylpiperazine group
was replaced by pyrimidin-piperazine fragment, (compounds 6
and 11) or when this moiety was replaced by a 1-(2,3-dihydro-
1,4-benzodioxin-6-yl)piperazine group (compounds 7 and 12). A
similar reduction in affinity was observed when a meta trifluoro-
methyl group in the piperazine fragment was present (compounds
5 and 10).

The o,-AR affinity profile of these compounds showed a trend
similar to that found for o;-AR affinity. In fact, higher affinity
was associated with a bulkier alkoxy constituent at the ortho posi-
tion of the arylpiperazine system, while the affinity decreased
when the ortho-alkoxyarylpiperazine system was replaced by a
1-(2,3-dihydro-1,4-benzodioxin-6-yl)piperazine or a pyrimidin-
piperazine or when a meta-trifluoromethyl group was present in
the arylpiperazine moiety.

A similar pharmacological profile was obtained with the 5-HT;4
receptor. In fact compound 4, with an isopropoxy group present,
showed an interesting affinity for 5-HT;, receptor with a K; value
of 6.8 nM. A significant decrease in affinity for the 5-HT;, receptor
was observed when the arylpiperazine moiety was replaced
by pyrimidin-piperazine or a 1-(2,3-dihydro-1,4-benzodioxin-6-
yl)piperazine fragment. The low affinity of these compounds for
the SERT suggests that no uptake inhibition is expected with these
derivatives.

It is interesting to note that for compounds 5 and 10, the affinity
toward 5-HT,, was evaluated using [>H]ketanserine as reference
substance. The binding assay was performed in triplicate, with
0.5 nM [3H]ketanserine (K4 = 0.48 + 0.2) in the absence or presence
of unlabelled 10 pM spipern.2! The pharmacological data showed
that compound 10 having an indole moiety at the 6-position of
the pyridazinone group had an interesting affinity toward 5-HT,,
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with a value data of K; = 83.0 + 19 nM, while the affinity decreased
(Ki=166.0 £52) when this group was replaced by an imidazole
fragment (compound 5).

The pharmacological data reported in Table 2 clearly confirm
that the presence of the amide group linked to the arylpiperazine
fragment leads to a marked drop in affinity toward all the receptors
studied (compounds 13, 14, and 15). Similar results were obtained
when this group is present along the length of the alkyl chain that
is used as a spacer between the phenylpiperazine and the terminal
moiety (compounds 16, 17, and 18).

In conclusion, these pharmacological data confirm further on
the pharmacophoric model for o -antagonist, in fact

(a) An increase in the bulkiness of the alkoxy group at the ortho-
position of the phenyl ring attached to the piperazine fragment
leads to an enhanced affinity toward o;-AR, the isopropoxy group
and a linker of four carbon atoms had the highest affinity of the
compounds tested. (b) It was confirmed that a meta-substitution
or the presence of the pyrimidin-piperazine, or 1-(2,3-dihydro-
1,4-benzodioxin-6-yl)piperazine fragment, leads to a marked drop
in affinity toward o;—-AR. (c) The presence of an amide in the alkyl
chain that is used as a spacer between the phenylpiperazine and
the terminal moiety leads to a marked drop in affinity toward
o;-AR. (d) Finally it is confirmed that the presence of an amide
group linked to the arylpiperazine fragment showed low affinity
toward all the receptors studied, confirming the importance of
the positively ionizable group, corresponding to the more basic
nitrogen atom of the piperazine ring.
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A new trifluorinated amino-combretastatin analogue, (Z)-2-(4’-methoxy-3’-aminophenyl)-1-(3,4,5-tri-
fluorophenyl)ethene, prepared by chemical synthesis, was found to be a potent inhibitor of tubulin
assembly (ICso =2.9 uM), and cytotoxic against selected human cancer cell lines. This new lead com-
pound is among the most active from a group of related structural modifications.

© 2008 Elsevier Ltd. All rights reserved.

The combretastatin family of compounds was isolated from the
African bush willow tree [Combretum caffrum Kuntze (Combreta-
ceae)] by Pettit and colleagues.!? The stilbenoids combretastatin
A-4 (CA4)® and combretastatin A-1 (CA1)* are potent inhibitors
of tubulin assembly into microtubules resulting in both antimitotic
activity and tumor vascular disruption. The corresponding CA4 and
CA1 phosphate prodrugs, CA4P>°® and CA1P,” are examples of clin-
ically relevant vascular disrupting agents (VDAs). VDAs selectively
hinder blood flow by occluding tumor vasculature, resulting in hy-
poxia and ultimately necrosis of tumors. Both CA4P (Zybrestat™)
and CA1P (0Xi4503) are currently in human clinical trials.® These
compounds function through a proposed mechanism involving
vascular damage that has been described.>'°

Structure-activity relationship (SAR) studies of the Z-stilbenoid
combretastatin molecular scaffold led to the discovery of biologi-
cally active CA4 analogues, where an amine is substituted at the
2'-position'® and the 3'-position''!> (Fig. 1). A review of the liter-
ature revealed that fluoro-substitutions can be well tolerated on
the combretastatin scaffold,'®?4 and that a 3,4,5-trifluorinated
derivative of CA4, first reported by Hadfield and co-workers, inhib-
its tubulin polymerization.!® Accordingly, a design paradigm cen-
tered on trifluorinated nitrogen-substituted combretastatin
derivatives was utilized for the preparation of eight new analogues.

* Corresponding author. Tel.: +1 254 710 4117; fax: +1 254 710 4272.
E-mail address: Kevin_Pinney@baylor.edu (K.G. Pinney).

0960-894X/$ - see front matter © 2008 Elsevier Ltd. All rights reserved.
doi:10.1016/j.bmcl.2008.07.070

Of significance is the (Z)-2-(4’-methoxy-3’-aminophenyl)-1-(3,4,5-
trifluorophenyl)ethene analogue 8 which is an excellent inhibitor
of tubulin polymerization, and is moderately inhibitory against
both the NCI-H460 lung cancer and the DU-145 prostate cancer
cell lines. The excellent biochemical and biological activity of
compound 8 is significant and establishes it as a new lead com-
pound among analogues bearing nitrogen substitution on the
trifluorinated combretastatin platform. The synthesis of these
nitrogen-containing fluorinated combretastatin analogues as well
as preliminary biochemical and biological results are presented
herein.

The synthesis of newanalogues 2-9 utilized a Wittig reaction
as the key synthetic transformation. Commercially available
3,4,5-trifluorobenzyl bromide was reacted with triphenylphos-
phine to form the corresponding phosphonium bromide salt 1

(Scheme 1), which was treated with NaH followed by
Q @
Br Br (Ph)P.
PPhs / CH,Cl,
Reflux, 22 h
F F 98 % yield F F
F

1

Scheme 1. Synthesis of phosphonium bromide salt 1.



mailto:Kevin_Pinney@baylor.edu

http://www.sciencedirect.com/science/journal/0960894X

http://www.elsevier.com/locate/bmcl



J. J. Hall et al./Bioorg. Med. Chem. Lett. 18 (2008) 5146-5149 5147

H,CO N
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3-NO,-CA4

Figure 1. Combretastatin A4, A1, and related analogues.

4-methoxy-3-nitrobenzaldehyde to afford (Z/E)-2-(4’-methoxy-3'-
nitrophenyl)-1-(3,4,5-trifluorophenyl)ethene (4 and 5) isolated in
a 2.7:1 ratio, respectively (Scheme 2).

S}
PPh,Br

1. n-BuLi /THF/ -30 °C

2. 3,4,5-trifluorobenzaldehyde

OCHg -30°Ctort 12h
1010a

® 9

PPh3Br

1. NaH / CH,Cl, / 0 °C

2. 4-methoxy-3-nitro-

F F
F benzaldehyde,
1 1.5h,0°C
Zn (dust) / glacial AcOH
2-5

1h,rt

Wittig salt 10'° was treated with n-BuLi to generate the
ylide, which was then reacted with 4-methoxy-2-nitrobenzalde-
hyde to afford a mixture of Z- and E-combretastatin isomers (2
and 3, respectively) isolated in a 2.7:1 ratio (Scheme 2). The Z-
alkenes were separated from their corresponding E isomers using
flash column chromatography. Reduction of nitrostilbene ana-
logues 2-5 to their corresponding amines 6-9 was achieved by
treatment with zinc and glacial acetic acid at room temperature.
Interestingly, reduction of a mixture of nitrostilbenes 4 and 5
using iron and acetic acid with toluene as solvent afforded the
corresponding stilbenes 8 and 9 in much lower yields (11%
and 20%, respectively).

For purposes of comparison, 2’-amino-CA4 and F3-CA4, both of
which are excellent inhibitors of tubulin assembly, were evaluated
for inhibition against two cancer cell lines, and found to be active.
The series of eight new trifluorinated nitrogen-containing combre-
tastatin derivatives (2-9) was evaluated for their cytotoxicity
against NCI-H460 (lung) and DU-145 (prostate) human cancer cell
lines using a standard SRB assay.?® In addition, selected analogues
were screened for their ability to inhibit tubulin polymerization.2®

The amino derivative 8 was an excellent inhibitor of tubulin
polymerization having an ICsq value of 2.9 uM, and demonstrated
cancer cell growth inhibition (GIsp=0.11 pg/mL, and
Glso = 0.072 pg/mL) against the NCI-H460 and the DU-145 cancer
cell lines, respectively. The trifluorinated Z-stilbenes with nitro
substitution in either the 2’- (analogue 2), or 3’- (analogue 4) posi-
tion, and an amino substituent in the 2’-position (analogue 6)
showed no inhibition against the NCI-H460 and the DU-145 hu-
man cancer cell lines (Table 1) at a concentration of 5 pg/mL. The
corresponding nitrogen-containing E-fluoro combretastatins (3, 5,
7, and 9) were not cytotoxic against these cancer cell lines (Table
2). In general, combretastatin analogues of the E-configuration re-
ported in the literature are inactive in these assays.>141627

Although, the trifluorinated-3’-amino stilbene 8 inhibited tubu-
lin polymerization at a concentration comparable to that of 3/-ami-
no-CA4 (Table 1), its cytotoxicity was somewhat diminished. It is
interesting to note that the cytotoxicity of F3-CA4 is also less than
the corresponding parent compound CA4.

3 (17% yield)

NO,
OCHs
F N O

OCHjg F
4 (35% yield)

5 (13% yield)

F. A
oo
F

OCHs F
6, R' = NH,, R? = H (68% yield)
8, R' = H, R? = NH, (65% yield)

7, R" = NH,, R? = H (59% yield)
9, R" = H, R? = NH, (84% yield)

Scheme 2. Synthesis of E and Z nitrogen-containing stilbene analogues (2-9).
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Table 1
Inhibition of microtubule formation and cytotoxicity for Z nitrogen-containing
trifluorostilbenes 2, 4, 6, and 8

Compound  R! R? Tubulin Inhibition ~ NCI-H460 DU-145
IG5 (LM) Glso (png/mL) Glsp (pg/mL)

2 NO, H nd >5 >5
4 H NO, >40 >5 >5
6 NH, H nd >5 43
8 H NH, 2.9 0.11 0.072
CA4 = = 1.2% 0.0006? 0.0008%
3'-NH,-CA4 — = 2.6° 0.00068" 0.00096"
2'-NH,-CA4 — — 1.4¢ 0.0012 0.0016
F;-CA4 — — 454 0.20 0.040
nd, not determined.

3 Ref. 27.

b Ref. 14.

¢ Ref. 10a.

d Refs. 16 and 28.

Table 2
Inhibition of microtubule formation and cytotoxicity for E nitrogen-containing
trifluorostilbenes 3, 5, 7, and 9

R2
R! OCHj,
F O x ‘
F

F
Compound  R' R? Tubulin Inhibition ~ NCI-H460 DU-145
ICsp (UM) Glsp (ug/mL)  Glsp (pg/mL)
3 NO, H nd >5 >5
5 H NO, >40 >5 >5
7 NH, H nd >5 >5
9 H NH, >40 >5 >5

nd, not determined.

In conclusion, we have synthesized eight trifluorinated nitro-
gen-containing combretastatin analogues and carried out initial
biochemical and biological evaluations. The activity of compound
8 is impressive and warrants its further development as a potential
VDA.

Tubulin polymerization assay:'®'* Tubulin was purified from calf
brain following a method reported by Hamel and Lin.'® Polymeri-
zation was followed turbidimetrically at 350 nm. ICso values of
the various analogues were determined from the data using non-
linear regression analysis with Prism software (GraphPad) 3.02
version.

SRB assay:® Inhibition of human cancer cell line growth was as-
sessed using the National Cancer Institute’s standard sulforhoda-
mine B assay, as previously described.?> Briefly, cells in an
appropriate culture media solution supplemented with 5% fetal bo-
vine serum were inoculated into 96-well plates and incubated for
24 h. Serial dilutions of the compounds were then added. After
48 h, the plates were fixed with trichloroacetic acid, stained with
sulforhodamine B, and read with an automated microplate reader.
A growth inhibition of 50% (GIso or the drug concentration causing
a 50% reduction in net protein increase) was calculated from opti-
cal density data.
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Abstract—Novel oxazolidinone antibacterials bearing a variety of 3-indolylglyoxamide substituents have been explored in an effort
to improve the spectrum and potency of this class of agents. A subclass of this series was also made with the diversity at C-5 ter-
minus. These derivatives have been screened against a panel of clinically relevant Gram-positive pathogens and fastidious Gram-
negative organisms. Several analogs in this series were identified with in vitro activity superior to linezolid (MIC = 0.25-2 pg/
mL). Compounds 10a, 10c, 10e and 10f displayed activity against linezolid resistant Gram-positive organisms (MIC = 2-4 pg/
mL). Selected oxazolidinones were evaluated for in vivo efficacy against a mouse systemic infection model.

© 2008 Elsevier Ltd. All rights reserved.

The oxazolidinones, exemplified by linezolid 1 and eper-
ezolid 2, are a group of promising antibacterials active
against a variety of susceptible and resistant Gram-posi-
tive organisms such as methicillin-resistant Staphylococ-
cus aureus (MRSA), vancomycin-resistant enterococci
(VRE), and penicillin-resistant Streptococcus pneumo-
niae (PRSP).! This class is known to inhibit the bacterial
protein synthesis by binding to the 50S ribosomal sub-
unit and prevents the formation of a functional 70S ini-
tiation complex.”? Due to this unique mechanism of
action, no cross-resistance is expected between the oxa-
zolidinones and the other families of antibacterials. Lin-
ezolid, the first oxazolidinone to receive FDA approval,
has become an important clinical option for the treat-
ment of nosocomial resistant Gram-positive bacterial
infections. However, a few cases of linezolid-resistant
pathogens in clinical isolates have been reported.> The
emergence of early resistance and safety concerns in
terms of myelosupression emphasize the need for the
development of more effective oxazolidinones.* (see
Fig. 1).

Keywords: Linezolid; Oxazolidinones; Indole; Antibacterials.
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In the course of research to enhance the spectrum and
potency of oxazolidinones,®> we embarked on relatively
less explored glyoxamide derivatives. There are only
two examples reported in the literature carrying 3-thie-
nyl and methyl glyoxamide substituents on piperazine
scaffold of eperezolid analogs.® This type of modifica-
tion resulted in compounds with improved antibacterial
activity against Gram-positive pathogens. For example,
MIC values are in the range of 0.25-0.5 pg/mL and 0.5-
2 ng/mL against S. aureus organisms for 3-thienyl and
methyl glyoxamide derivatives, respectively. On the
other hand, indole ring provides instant access to a vari-
ety of 3-indolylglyoxamides. The synthetic ease and
diversity of indole derivatives as well as the reported po-
tency of glyoxamides prompted us to investigate the ef-
fect of indolylglyoxamides 3 on the antibacterial activity
of oxazolidinones. Thus, a focused library was made
wherein hydroxyacetamido group in eperezolid has been
replaced initially with various substituted 3-indolylgly-
oxamides. In the second variation, acetamide at C-5 ter-
minus has been modified with various N-and O-linked
substituents keeping S5-bromoindole fixed on the left
hand side. The synthesis and antibacterial activity of
these compounds are reported herein.

The advanced intermediates 4, 5, 6, and 7 were prepared
conveniently following the reported procedure as de-
picted in Scheme 1.7 The 3-indolylglyoxalyl chlorides
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Scheme 1. Reagents and conditions: (a) i—MsCl, Et;N, CH,Cl,, rt, ii—NaN3;, DMF, 90 °C, 80%; (b) PPh;, THF-H,O, 78%; (c) Ac,0O, Et3N,

CH,Cl,, 82%; (d) TFA, CH,Cl,, rt, 86%.

have been made by the treatment of corresponding in-
doles 8a—h with oxalyl chloride. Subsequently, the reac-
tion of these 3-indolylglyoxalyl chlorides with 7 in the
presence of Hunig’s base produced targeted oxazolidi-
nones 9a-h in good yields.?

A series of C-5 acetamide compounds was screened
against a panel of susceptible and resistant Gram-posi-
tive and fastidious Gram-negative strains.” As per the
data summarized in Table 1, most of the analogs exhib-
ited superior activity compared to linezolid against
MSSA, MRSA, E. faecalis and E. faecium. The simple
indole analog 9a exhibited onefold better activity
compared to linezolid against most of the organisms.
Among the 5-substituted indole derivatives (9b, 9¢, e,
and 9h), 5-bromoindole 9h displayed 1-2-fold superior
potency compared to linezolid across the panel of
organisms. The MIC values of this derivative against
S. aureus, E. faecalis and E. faecium are in the range
of 0.5-1 pg/mL. The antibacterial activity was minimally
impacted when indole moiety in 9a was substituted by
azaindole 9d. In vitro activities of 2-methylindole 9f

and N-methylindole 9g were onefold better than
linezolid against two enterococcal strains. However,
none of these molecules showed antibacterial activity
against a representative  Gram-negative CAP
(community acquired pneumonia) pathogen such as H.
influenzae. The preliminary SAR indicates that the posi-
tion and electronic nature of substituents on indole ring
have little influence on the antibacterial activity. Thus,
the in vitro activities of simple indole analog 9a and
the rest of the molecules in Table 2 are comparable
(see Scheme 2).

In the next phase, SAR on a relatively potent compound
9h from the above series was undertaken at C-5 side
chain of oxazolidinone pharmacophore. Previous stud-
ies had identified various cyclic and acyclic surrogates
for the privileged acetamidomethyl side chain.!013
Accordingly, acetamide group in 9h has been replaced
with a variety of substituents including amides, carba-
mates and azoles. As illustrated in Scheme 3, primary
amine 6 was reacted with ethyl dithioacetate to yield
the corresponding thioacetamide. Subsequently, trifluo-
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Table 1. In vitro antibacterial activity (MIC (pg/mL)) of oxazolidinone derivatives 9a-h

Compound Sa® Sa® Ef° Ef¢ Ef° Hif
9a 1 1 1 1 1 16
9b 1 1 1 0.5 1 >32
9c 2 1 1 1 2 >32
9d 2 1 1 0.5 1 >32
9e 2 1 1 0.5 1 >32
of 2 1 1 1 2 >32
9g 2 1 1 1 2 >32
9h 1 0.5 1 0.5 1 >32
LNZ 2 1 2 2 2 8
LNZ—linezolid.
MIC—minimum inhibitory concentration.
#S.a., Staphylococcus aureus DRCC 035 (methicillin-susceptible S. aureus).
®S.a., Staphylococcus aureus DRCC 019 (methicillin-resistant S. aureus).
CE.f., Enterococcus faecalis DRCC 034 (vancomycin susceptible E. faecalis).
4E.f., Enterococcus faecalis DRCC 153 (vancomycin-resistant E. faecalis).
®E.f., Enterococcus faecium DRCC154 (vancomycin-resistant E. faecium).
"H.i., Haemophilus influenzae DRCC 433 (B-lactamase —ve).
Table 2. In vitro antibacterial activity (MIC (pg/mL)) of oxazolidinone derivatives 10a-h
Compound Sa? Sa® Sa® Ef! Ef° Eff Ef® Mc" Hi'
%h 1 0.5 8 1 0.5 1 8 2 >32
10a 0.5 0.25 2 0.5 0.12 0.25 2 2 >32
10b 1 0.5 16 1 0.5 1 32 2 >32
10c 1 1 2 1 0.5 1 2 1 >32
10d 1 2 8 2 1 2 8 4 >32
10e 2 1 4 1 0.25 0.5 4 2 >32
10f 1 1 4 1 0.25 0.5 4 2 >32
10g 2 0.5 8 1 0.5 0.5 16 4 >32
10h >32 32 32 32 32 >32 32 32 >32
LNZ 2 1 32 2 2 2 32 4 8
#S.a., Staphylococcus aureus DRCC 035 (methicillin-susceptible S. aureus).
°S.a., Staphylococcus aureus DRCC 019 (methicillin-resistant S. aureus).
°S.a., Staphylococcus aureus DRCC 564 (linezolid resistant S. aureus).
dE.f., Enterococcus faecalis DRCC 034 (vancomycin susceptible E. faecalis).
®E.f., Enterococcus faecalis DRCC 153 (vancomycin-resistant E. faecalis).
PE.f., Enterococcus faecium DRCC154 (vancomycin-resistant E. faecium).
¢ E.f., Enterococcus faecalis DRCC 632 (linezolid resistant E. faecalis).
""M.c., Moraxella catarrhalis DRCC 300 (B-lactamase —ve).
YH.i., Haemophilus influenzae DRCC 433 (P-lactamase —ve).
=Y a) Oxalyl chloride, THF R Q
= AN 3 r.t / \ >\\O
| R N N N
Ny 7N . _/ % §
X \ b) 7, Hunig's base, THF N\H/
R? r.t
(0]
8a-h 9a-h
8a: R'=R?=R>=H, X=CH; 8b: R'=CN, R?>=R®=H, X=CH Yields: 9a (40%), 9b (65%),
8c: R'=N0O,, R?=R3=H, X=CH; 8d: R'=R?=R3=H, X=N 9¢c (24%), 9d ((55%)
8e: R'=OMe, R*=R°=H, X=CH; 8f: R'=R?=H, R®=Me, X=CH Je (83%), 9f (40%)
8g: R'=R’=H, R*=Me, X=CH; 8h: R"=Br, R>=R’=H, X=CH 9g (39%). 9h (45%)
Scheme 2.
roacetic acid treatment followed by the reaction of 3- was treated with methyl chloroformate in the presence

indolylglyoxalyl chloride derived from S5-bromoindole of Hunig’s base to furnish methylcarbamate 10b. Thio-
8h furnished the desired oxazolidinone 10a. Amine 6 carbamate 10c was prepared by the reaction of amine
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10a: A, B, C (29%); 10b: D, B, C (31%)
10c: E, B, C (30%); 10d: F, B, C (32%)
10e: G, B, C (30%); 10f: H, B, C (32%)
6
B
10g: 1, B, C (22%)
5
B
4 10h: J, B, C (25%)

5153
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Scheme 3. Reagents and conditions: (A) CH3C(S)SC,Hs, Ets;N, THF, rt, 80%; (B) TFA, CH,Cl,, rt; (C) 5-bromo-3-indolylglyoxalyl chloride, N-
diisopropyl ethylamine, THF; (D) CIC(O)OMe, N-diisopropyl ethylamine, CH,Cl,, rt, 72%; (E) C(S)Cl,, NaHCO;, CH,Cl, then MeOH, reflux,
67%; (F) cyclopropyl carboxylic acid, EDC-HCI, NMM, CH,Cl,, rt, 65%; (G) CHF,COOH, EDC-HCI, NMM, CH,Cl,, rt, 55%; (H) CHCl,COOH,
EDC-HCI, NMM, CH,Cl,, rt, 52%; (I) bicyclo[2.2.1] hepta-2,5-diene, dioxane, 100 °C, sealed tube, 94%; (J) PPh;, DEAD, 3-hydroxy isooxazole,

THF, rt, 70%.

6 with thiophosgene to produce the corresponding iso-
thiocyanate, which in turn reacted with excess of meth-
anol under reflux. The cyclopropyl amide 10d was
fashioned by the sequential treatment of 6 with cyclo-
propyl carboxylic acid in the presence of EDC-HCI, tri-
fluoroacetic acid and then 5-bromo 3-indolylglyoxalyl
chloride obtained from 8h. Similarly, difluoroacetamide
10e and dichloroacetamide 10f have been accessed by
using difluoroacetic acid and dichloroacetic acid, respec-
tively. The triazole derivative 10g was made by the reac-
tion of azide 5 with bicyclo[2.2.1] hepta-2,5-diene at
100 °C in a closed vial.

The isooxazole ring was appended at C-5 position by
exposing alcohol 4 to Mitsunobu conditions. The t-
Boc group was cleaved by acid treatment and the result-
ing amine was derivatized with 5-bromo 3-indolylglyox-
alyl chloride to afford ether derivative 10h.

All of the analogs were tested in vitro against a broader
panel of Gram-positive bacteria including linezolid-
resistant organisms'# and fastidious Gram-negative bac-
teria such as M. catarrhallis and H. influenzae. The re-
sults are presented in Table 2. In general, C-5
modifications based on N-linkage were well tolerated
and furnished potent molecules. The analogs 10a, 10b,
10c, 10e, 10f and 10g showed excellent in vitro activity
against key Gram-positive pathogens (MICs = 0.25—
2 pg/mL). The thiocarbonyl compounds 10a and 10c
were more potent than the corresponding oxocarbonyl
compounds 9h and 10b as observed in many other oxa-
zolidinone series.!” The enhancement in potency could

be the result of subtle changes in electronic character
and lipophilicity of the molecules.!%** The dihaloaceta-
mides 10e and 10f have shown improved potency com-
pared to simple acetamide 9h. This characteristic is
reminiscent to the C-5 modifications reported by Vicu-
ron and Pfizer groups using various haloaceta-
mides.!'The noteworthy feature of thioacetamide 10a,
thiocarbamate 10¢, difluoroacetamide 10e and dichloro-
acetamide 10f analogs is their activity against linezolid-
resistant S. aureus and E. faecalis (MICs = 2-4 pg/mL).
This result exemplifies that appropriate substitution
around oxazolidinone would result in compounds active
against linezolid-resistant organisms. Though the ra-
tional behind this activity feature is not very clear, it
can be attributed to distinct binding mode to oxazolidi-

Table 3. In vivo efficacy in a murine systemic infection model by oral

route’?
Compound EDs, (mg/kg/day)
9a 19.4 (5.3-70.5)*
9b >30
9d >30
9h 27.0 (18.0-40.4)
10a >30
10c >30
10d 18.9 (9.4-37.9)
10e >30
10f >30
10g 28.9 (19.3-43.3)
Linezolid 5.3 (2.6-9.0)

#Numbers in parentheses are 95% confidence ranges.





5154 M. Takhi et al. | Bioorg. Med. Chem. Lett. 18 (2008) 5150-5155

Table 4. Pharmacokinetic parameters of selected compounds in Swiss Albino mice®

Parameters 9b 9d %h 10d Linezolid
AUC(_ (ng h/mL) 1.90 3.36 2.25 1.26 10.98
Tnax () 3.00 0.50 2.00 2.00 0.25
Chax (ng/mL) 0.43 1.05 0.68 0.30 6.31
t15 (h) 1.19 0.87 2.17 1.13 1.37
K (h—1) 0.58 0.79 0.32 0.61 0.51

#Pharmacokinetic experiments were performed by single dose (10 mg/kg) using oral route of administration.

none site and/or binding to additional site on ribosome.
Cyclopropyl amide 10d derivative showed 1-2-fold less
potency than acetamide congener 9h. Among the C-5-
linked azoles, the activity of triazole derivative 10g
was comparable to acetamide 9h and superior to stan-
dard. The result is in accordance with the early work
on C-5 heterocyclic groups.!?> However, the O-isooxaz-
ole substitution at C-5 terminus in 10h proved to be det-
rimental to the antibacterial activity. This observation is
in contrast to the report disclosing tetrahydropyranyl
and tetrahydropyridyl series where O-linked isooxazole
was found to be optimal.'*> Most of the analogs exhib-
ited respectable activity against fastidious Gram-nega-
tive bacterium M. catarhalis (MIC = 2-4 pg/mlL).
However, these molecules were devoid of antibacterial
activity against other Gram-negative organism H. influ-
enzae. The lack of activity against this Gram-negative
organism in both series could be due in part to active ef-
flux, effectively lowering the intracellular concentration
of the test compound.!> In general the SAR at C-5 ter-
minus followed the trend as reported earlier in most of
the cases and showed improvement in in vitro activity
except for the O-isooxazole analog 10h. These results
once again prove that C-5 side chain can accommodate
diverse functionalities depending upon the nature of
other substituents in the molecule.

Selected oxazolidinones 9a, 9b, 9d, 9h, 10a, 10c, 10d,
10e, 10f, and 10g from both the series have been tested
in vivo against S. aureus DRCC 035 organism in a mur-
ine systemic infection model by oral route.'® The EDs
values are presented in Table 3. Compounds 9a, 9h,
10d, and 10g protected mice from infection at higher
doses compared to linezolid despite the good in vitro
activity against this organism. Subsequently, pharmaco-
kinetic studies of representative molecules 9b, 9d, 9h and
10d in mice were taken up. The pharmacokinetic param-
eters are summarized in Table 4. Upon oral administra-
tion, the absorption from mouse gastrointestinal tract
was slow and the maximum plasma concentration
reached at 2-3 h (7.x) in all the compounds except
for 9d. The elimination half-life (#1,,) and rate of elimi-
nation (K,j) were in the range of linezolid for most of
the compounds. However, the mean plasma concentra-
tion (Cpax) and systemic exposure (AUC ) of these
oxazolidinones were poor compared to linezolid. Thus,
the higher EDsq values can be attributed to poor phar-
macokinetics exhibited by these compounds.

In summary, a novel series of oxazolidinones bearing
indolylglyoxamides active against resistant and suscepti-
ble Gram-positive pathogens has been identified. These
analogs with acetamide moiety at C-5 position were

found to be 1-2-fold more potent compared to linezolid
against the tested organisms. Notable improvements in
terms of potency and spectrum have been made through
the introduction of halogenated amides, thioamides and
1,2,3-triazole at C-5 side chain. Compounds 10a, 10c,
10e and 10f exhibited excellent activity against Gram-
positive organisms such as MSSA, MRSA, E. faecalis
and E. faecium. The activity of these four molecules
against linezolid-resistant S. aureus and E. faecalis is
an additional trait of the present series (MIC = 24 ng/
mL). A few members of this series also showed in vivo
efficacy in a lethal murine infection model at higher
doses.
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