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Studies on the structure-activity relationship of bicifadine analogs as monoamine transporter inhibitors
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Insight from molecular modeling into different conformation and SAR of natural steroids
and unnatural 7-oxa-steroids

Fu-An Kang’, Xin Chen, Nareshkumar Jain, George Allan, Pamela Tannenbaum, Scott Lundeen, Zhihua Sui

Molecular modeling, in vivo activity, pharmacokinetic and metabolic properties of unnatural 7-oxa-steroids are reported.

pp 3687-3690

Protein subtype-targeting through ligand epimerization: Talose-selectivity of galectin-4 and galectin-8
Christopher T. Oberg, Helen Blanchard, Hakon Leffler, UIf J. Nilsson”
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pp 3691-3694

Galectin-4 C-terminal domain and galectin-8 N-terminal domain were found to prefer the p-talopyranose configuration to the natural ligand
p-galactopyranose configuration. Methyl B-b-talopyranosides derivatized at 02 and 03 were synthesized and discovered to be selective submillimolar @"'

inhibitors of galectin-4C and galectin-8N.
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Novel benzimidazole derivatives as selective CB2 agonists pp 3695-3700

Daniel Pagé”, Elise Balaux, Luc Boisvert, Ziping Liu, Claire Milburn, Maxime Tremblay, Zhongyong Wei, Simon Woo,
Xuehong Luo, Yun-Xing Cheng, Hua Yang, Sanjay Srivastava, Fei Zhou, William Brown, Miroslaw Tomaszewski,
Christopher Walpole, Leila Hodzic, Stéphane St-Onge, Claude Godbout, Dominic Salois, Keymal Payza
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The preparation and evaluation of a novel class of CB2 agonists based on a benzimidazole scaffold are reported.

Discovery of potent, orally active benzimidazole glucagon receptor antagonists pp 3701-3705
Ronald M. Kim", Jiang Chang, Ashley R. Lins, Ed Brady, Mari R. Candelore, Qing Dallas-Yang, Victor Ding, Jasminka Dragovic,

Susan lliff, Guogiang Jiang, Steven Mock, Sajjad Qureshi, Richard Saperstein, Deborah Szalkowski, Constantin Tamvakopoulos,

Laurie Tota, Michael Wright, Xiaodong Yang, James R. Tata, Kevin Chapman, Bei B. Zhang, Emma R. Parmee
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N 36

Potent and selective aminobenzimidazole glucagon receptor antagonists are described. Compound 36 was orally efficacious in blocking glucagon-dependent glucose
production and in lowering glucose levels in an animal model of diabetes.

Discovery of new binding elements in DPP-4 inhibition and their applications in novel DPP-4 inhibitor design pp 3706-3710

Gui-Bai Liang’, Xiaoxia Qian, Tesfaye Biftu, Suresh Singh, Ying-Duo Gao, Giovanna Scapin, Sangita Patel, Barbara Leiting,
Reshma Patel, Joseph Wu, Xiaoping Zhang, Nancy A. Thornberry, Ann E. Weber
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The newly discovered aromatic fluorine H-bond and other binding elements in the DPP-4 inhibition were successfully incorporated into novel DPP-4 inhibitors such as 20a.

Discovery and biological evaluation of novel a-glucosidase inhibitors with in vivo antidiabetic effect pp 3711-3715
Hwangseo Park’, Kyo Yeol Hwang, Young Hoon Kim, Kyung Hwan Oh, Jae Yeon Lee, Keun Kim"
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We have discovered four novel a-glucosidase inhibitors with in vivo antidiabetic effects by means of a drug design protocol involving the virtual screening with docking
simulations, in vitro enzyme assay, and in vivo efficacy test.
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Potent and selective small-molecule human urotensin-Il antagonists with improved pharmacokinetic profiles pp 3716-3719
John ]. McAtee", Jason W. Dodson, Sarah E. Dowdell, Karl Erhard, Gerald R. Girard, Krista B. Goodman, Mark A. Hilfiker,
Jian Jin, Clark A. Sehon, Deyou Sha, Dongchuan Shi, Feng Wang, Gren Z. Wang, Ning Wang, Yonghui Wang,

Andrew Q. Viet, Catherine C. K. Yuan, Daohua Zhang, Nambi V. Aiyar, David J. Behm, Luz H. Carballo, Christopher A. Evans, fk
Harvey E. Fries, Rakesh Nagilla, Theresa ]. Roethke, Xiaoping Xu, Stephen A. Douglas, Michael ]J. Neeb HN
Redesign of the potent human urotensin-II antagonist 1 with the 2-pyrrolidinylmethyl-3-phenyl- O
piperidine core to a new chemical series with a substituted N-methyl-2-(1-pyrrolidinyl)ethanamine
core as in 17 resulted in compounds with improved PK profiles. O ~o
Om@ H,C N\)
| ON ',,,,Ni] — '/go
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cl H,C [¢]
1, oral %F = 0-3 % 17, oral %F =83 %
Cubyl amides: Novel P2X; receptor antagonists pp 3720-3723
Hendra Gunosewoyo, Jun Liu Guo, Maxwell R. Bennett, Mark ]. Coster, Michael Kassiou”
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Z
RSy
Cubyl amides were successfully synthesised. All synthesised compounds possessed P2XR antagonistic properties when tested on rat spinal ®+
cord microglia cells.
Design, synthesis, and evaluation of bisubstrate analog inhibitors of cholera toxin pp 3724-3727

Guangtao Zhang
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Bisubstrate analog inhibitors in which a nicotinamide mimetic is attached to a series of structurally diversified guanidines (arginine mimic) were synthesized and evaluated
for inhibition of cholera toxin. Our results demonstrated that the mechanism-based bisubstrate inhibitors were up to 1400-fold more potent than natural substrate NAD*
and 400-fold more potent than the artificial substrate diethylamino (benzylidine-amino)guanidine (DEABAG) in an assay toward an intrinsically active mutant of wild-type
cholera toxin.

Fungicidal activity of truncated analogues of dihydrosphingosine pp 3728-3730

Karin Thevissen, Ulrik Hillaert, Els M. K. Meert, Kuen K. Chow, Bruno P. A. Cammue’,
Serge Van Calenbergh, Isabelle E. J. A. Francois
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Truncated dihydrosphingosine (DHS) derivatives have been evaluated for antifungal activity. DHS derivatives with C15 or C17 showed 10-fold increased fungicidal activity
against Candida albicans as compared to native DHS.
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Antimycotic activity of 4-thioisosteres of flavonoids towards yeast and yeast-like microorganisms pp 3731-3733
Pietro Buzzini', Stefano Menichetti’, Chiara Pagliuca, Caterina Viglianisi, Eva Branda, Benedetta Turchetti
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Flavonoids 4-Thiaflavans
Twelve derivatives tested on 21 microorganisms. MICs > 8 pg/mL were observed.
First synthesis of «-aminoalkyl-(N-substituted)thiocarbamoyl-phosphinates: Inhibitors pp 3734-3736

of aminopeptidase N (APN/CD13) with the new zinc-binding group
Renata Grzywa, J6zef Oleksyszyn”
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Synthesis of new group of a-aminoalkyl-(N-substituted)thiocarbamoyl-phosphinates and their inhibitory activity towards aminopeptidase N are reported.

Antimalarial activity of novel pyrrolizidinyl derivatives of 4-aminoquinoline pp 3737-3740

Anna Sparatore’, Nicoletta Basilico, Manolo Casagrande, Silvia Parapini, Donatella Taramelli,
Reto Brun, Sergio Wittlin, Fabio Sparatore

New orally efficacious chloroquine analogs with excellent activity on CQ-R strains of P. falciparum.

Effect of some P-glycoprotein modulators on Rhodamine-123 absorption in guinea-pig ileum pp 3741-3744
Nicola Antonio Colabufo’, Francesco Berardi, Marialessandra Contino, Carmela Inglese, Mauro Niso, Roberto Perrone
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The inhibition of Rhodamine-123 efflux in guinea-pig ileum by several P-gp inhibitors is reported.
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Microwave-assisted synthesis of 5-aminopyrazol-4-yl ketones and the p38MAPK jnhibitor R03201195 for study pp 3745-3748
in Werner syndrome cells

Mark C. Bagley", Terence Davis’, Matthew C. Dix, Paola G. S. Murziani, Michal J. Rokicki, David Kipling"
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5-Aminopyrazol-4-yl ketones can be prepared rapidly and efficiently using microwave heating for elaboration to the p38a MAP kinase inhibitor, R0O3201195, which shows
very high selectivity in Werner syndrome cells over JNK kinase.

Design of a fluorescence polarization assay platform for the study of human Hsp70 pp 3749-3751
Yanlong Kang, Tony Taldone, Cristina C. Clement, Sheara W. Fewell, Julia Aguirre, Jeffrey L. Brodsky, Gabriela Chiosis’
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Development of a novel fluorescent probe for fluorescence correlation spectroscopic pp 3752-3755
detection of kinase inhibitors H
Mitsuyasu Kawaguchi, Takuya Terai, Rei Utata, Miki Kato, Keiko Tsuganezawa, N_o

Akiko Tanaka, Hirotatsu Kojima, Takayoshi Okabe, Tetsuo Nagano”

With this probe, we successfully evaluated the inhibitory activities of known
inhibitors of ASK1.

Synthesis and biological activities of reveromycin A and spirofungin A derivatives pp 3756-3760

Takeshi Shimizu’, Takeo Usui, Makoto Fujikura, Makoto Kawatani, Tomoharu Satoh, Kiyotaka Machida,
Naoki Kanoh, Je-Tae Woo, Hiroyuki Osada, Mikiko Sodeoka

2,3-Dihydroreveromycin A (10)

Various derivatives of reveromycin A and spirofungin A were synthesized and their inhibitory effects on both the isoleucyl-tRNA synthetase activity and the survival of
osteoclasts were examined.
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Chrobisiamone A, a new bischromone from Cassia siamea and a biomimetic transformation of pp 3761-3763
5-acetonyl-7-hydroxy-2-methylchromone into cassiarin A

Shiori Oshimi, Yuichiro Tomizawa, Yusuke Hirasawa, Toshio Honda, Wiwied Ekasari, Aty Widyawaruyanti,

Marcellino Rudyanto, Gunawan Indrayanto, Noor Cholies Zaini, Hiroshi Morita”

A new bischromone, chrobisiamone A (1) with an antiplasmodial activity has been isolated from the leaves of Cassia siamea and the structure was elucidated by 2D NMR
analysis. Cyclization of 5-acetonyl-7-hydroxy-2-methylchromone (2) in the presence of ammonium acetate resulted in generation of cassiarin A (3) with an unprecedented
tricyclic skeleton, supporting a biogenetic pathway proposed for 3.

2-Aminopropane-1,2,3-tricarboxylic acid: Synthesis and co-crystallization with the class A pp 3764-3768
p-lactamase BS3 of Bacillus licheniformis

Joséphine Beck, Eric Sauvage, Paulette Charlier, Jacqueline Marchand-Brynaert”

1) LDA, BrCH,CO,Et, THF
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0
Synthesis and biochemical evaluation against p-lactamases of amino analog of citric acid are presented. The structure of the complex aminocitrate-BS3 ®+
has been analyzed by X-ray diffraction and compared to ones with citrate and isocitrate.

Pyrrolo[2,1-c][1,4]benzodiazepine-B-glucuronide prodrugs with a potential for selective therapy pp 3769-3773
of solid tumors by PMT and ADEPT strategies

Ahmed Kamal’, Venkatesh Tekumalla, P. Raju, V. G. M. Naidu, Prakash V. Diwan, Ramakrishna Sistla
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Sucutiniranes A and B, new cassane-type diterpenes from Bowdichia nitida pp 3774-3777

Yosuke Matsuno, Jun Deguchi, Yusuke Hirasawa, Kunio Ohyama, Hiroo Toyoda, Chieko Hirobe, Wiwied Ekasari,
Aty Widyawaruyanti, Noor Cholies Zaini, Hiroshi Morita”

Two new diterpenes, sucutiniranes A (1) and B (2), have been isolated from Bowdichia nitida. Sucutinirane A (1) and 6a-acetoxyvouacapane (3) showed a moderate
cytotoxicity and 6q,7f-diacetoxyvouacapane (4) showed in vitro antiplasmodial activity against parasite Plasmodium falciparum 3D7.
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Design, synthesis, and structure-activity relationship study of a novel class of ORL1 receptor
antagonists based on N-biarylmethyl spiropiperidine

Takashi Yoshizumi’, Hiroshi Miyazoe, Hirokatsu Ito, Tomohiro Tsujita, Hirobumi Takahashi,
Masanori Asai, Satoshi Ozaki, Hisashi Ohta, Osamu Okamoto

NHMs
N ORL1 (binding, ICsq): 1.9 nM
N o (GTPYS, IC4p): 0.53 nM
o]

pp 3778-3782

A focused library of biarylmethyl bound to the nitrogen atom of spiropiperidine was designed. Systematic modifications allowed the discovery of a synthetically feasible

and highly potent ORL1 antagonist 37.

Solid-phase synthesis of backbone-modified DNA analogs by the boranophosphotriester method using new
protecting groups for nucleobases

Toshihide Kawanaka, Mamoru Shimizu, Noriko Shintani, Takeshi Wada“
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pp 3783-3786

Synthesis and in vitro anti-hepatitis B virus activities of 4-aryl-6-chloro-quinolin-2-one
and 5-aryl-7-chloro-1,4-benzodiazepine derivatives

Pi Cheng, Quan Zhang, Yun-Bao Ma, Zhi-Yong Jiang, Xue-Mei Zhang, Feng-Xue Zhang, Ji-Jun Chen”
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3-Hydroxylethyl-4-aryl-6-chloro-quinolin-2-ones (5a—c) exhibited inhibitory activities on the secretion of HBsAg and HBeAg in HBV infected
Hep G2.2.15 cells.

pp 3787-3789
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Design, synthesis and evaluation of isaindigotone derivatives as acetylcholinesterase and butyrylcholinesterase
inhibitors

Li Pan, Jia-Heng Tan, Jin-Qiang Hou, Shi-Liang Huang, Lian-Quan Gu, Zhi-Shu Huang"

Trpg2 Phe331

5¢/AChE complex, 5¢cired; AChE residues orange.
5¢/BuChE complex, 5c: green;

pp 3790-3793
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Preliminary in vivo evaluation of a novel °™Tc-Labeled HYNIC-cys-annexin A5 as an apoptosis imaging agent pp 3794-3798

Humphrey Fonge, Marijke de Saint Hubert, Kathleen Vunckx, Dirk Rattat, Johan Nuyts,
Guy Bormans, Yicheng Ni, Chris Reutelingsperger, Alfons Verbruggen”
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The study describes the preliminary evaluation of technetium-99m-labeled novel ‘site-specific HYNIC-cys-annexin A5 as an apoptosis imaging radiotracer in animal models
of hepatic apoptosis and acute myocardial infarction.

Effect of linkage geometry on biological activity in thiourea- and guanidine-substituted pp 3799-3801
acridines and platinum-acridines

Zhidong Ma, Gilda Saluta, Gregory L. Kucera, Ulrich Bierbach®
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Ring-closing metathesis for the synthesis of a highly G-quadruplex selective pp 3802-3804
macrocyclic hexaoxazole having enhanced cytotoxic potency

Mavurapu Satyanarayana, Suzanne G. Rzuczek, Edmond ]. LaVoie, Daniel S. Pilch, Angela Liu,

Leroy F. Liu, Joseph E. Rice”
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Ring-closing metathesis was employed for the synthesis of a highly G-quadruplex selective and cytotoxic macrocyclic hexaoxazole.

Design and synthesis of 4-HPR derivatives for rhabdoid tumors pp 3805-3808
Bhaskar C. Das’, Melissa E. Smith, Ganjam V. Kalpana”
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Synthetic Derivatives of 4-HPR with halogen substitutions are active against rhabdoid tumors. @
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Dopamine/serotonin receptor ligands. Part 17: A cross-target SAR approach: pp 3809-3813
Affinities of azecine-styled ligands for 5-HT,, versus D; and D, receptors

Christoph Enzensperger, Tilo Gérnemann, Heinz H. Pertz, Jochen Lehmann”
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pK;forD,: 6.79 to 9.45; for D,: 6.41 to 8.45; pA,for 5-HT,, : 7.21 t0 9.97

A cross-target SAR was conducted with 13 azecine-styled compounds on Dy, D, and 5-HT,a receptors. Surprisingly, molecular modifications aect the affinity for the D,
receptor in the same manner as the 5-HT,4 receptor. The protein-ligand interactions were discussed with respect to the dierent binding pockets.

Synthesis of 5”-branched derivatives of cyclic ADP-carbocyclic-ribose, a potent CaZ*-mobilizing agent: pp 3814-3818
The first antagonists modified at the N1-ribose moiety

Natsumi Sakaguchi, Takashi Kudoh, Takayoshi Tsuzuki, Takashi Murayama, Takashi Sakurai,

Akira Matsuda, Mitsuhiro Arisawa, Satoshi Shuto”
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Compounds with various activities and selectivities were discovered through structure-activity relation-
ship studies of bicifadine analogs as monoamine transporter inhibitors. The norepinephrine-selective
2-thienyl compound S-6j was efficacious in a rodent pain model.

© 2008 Elsevier Ltd. All rights reserved.

Bicifadine [1, (+)-1-(4-methylphenyl)-3-azabiocyclo[3.1.0]hex-
ane hydrochloride, DOV 220,075, Fig. 1],' an inhibitor of norepi-
nephrine and serotonin reuptake transporters (NET and SERT), is
being developed for the treatment of acute and chronic pain. Bicif-
adine is active in models of neuropathic pain with no evidence of
abuse liability potential.? Clinically, it has been shown to be effec-
tive in the treatment of acute dental pain® and bunionectomy
pain.*> Bicifadine has also been reported to be as effective as the
standard of care in reducing chronic lower back pain.®

Bicifadine inhibits monoamine neurotransmitter uptake by re-
combinant human transporters in vitro with a relative potency of
NET (ICso = 55 nM) > SERT (ICs = 120 nM) > DAT (ICso = 910 nM).”
This in vitro profile is supported by microdialysis studies in freely
moving rats, where bicifadine (20 mg/kg i.p.) increased extrasy-
naptic norepinephrine (NE) and serotonin (SER) levels in the pre-
frontal cortex, NE levels in the locus coeruleus, and dopamine
(DA) levels in the striatum.? In comparison, DOV 216,303 (6b), a
close analog of bicifadine, is known as a triple inhibitor (NET
ICs0=20.3 nM, SERT ICso=13.8 nM, DAT ICso=78 nM)®° and is
being studied for the treatment of major depression.'® Both of its
individual enantiomers, DOV 21,947 (S-6b)''"!> and DOV 102,677

* Corresponding author. Tel.: +1 858 617 7600; fax: +1 858 617 7602.
E-mail address: cchen@neurocrine.com (C. Chen).

0960-894X/$ - see front matter © 2008 Elsevier Ltd. All rights reserved.
doi:10.1016/j.bmcl.2008.05.077

(R-6b)' (Fig. 1), are profiled as monoamine transporter inhibitors.
DOV 21,947 (S-6b) is also undergoing clinical evaluation for the
treatment of pain and other diseases related to these
neurotransporters.'®

Recently, a dual NET/SERT inhibitor duloxetine (3) was ap-
proved by the FDA for the treatment of diabetic neuropathy.'® In
addition, experience with reboxetine (5) suggests that this norad-
renergic antidepressant may have efficacy in the treatment of
chronic pain in patients with depression.!” Like reboxetine, ato-
moxetine (4) is also a NET-selective inhibitor and is used for the
treatment of Attention Deficit Hyperactivity Disorder (ADHD),'®
demonstrating the therapeutic potential of NET inhibitors.'®

Bicifadine is a very small molecule (MW = 173) with moderate
lipophilicity (cLogP = 2.0). This feature is distinctly different from
the highly lipophilic atomoxetine (cLogP=3.3) and duloxetine
(cLogP = 3.7) which have two lipophilic aromatic groups (Fig. 1).
However, the metabolic and pharmacokinetic properties of bicifa-
dine?®?! and DOV 216,303%2 are also significantly different from
the structurally related milnacipran (2),2> which is less lipophilic
(cLogP = 1.2). Although bicifadine and DOV 216,303 were initially
discovered in the early 1980s,! the structure-activity relationship
of its analogs at the transporter levels has not been reported. Here,
we describe the synthesis and SAR studies of a series of bicifadine
analogs as monoamine transporter inhibitors in our efforts to
search for NET active compounds.
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Figure 1. Chemical structures of bicifadine (1) and some other monoamine transporter inhibitors.

The target compounds 6-10 as pairs of enantiomers were syn-
thesized from arylacetic acids 14 as shown in Scheme 1. Alkyla-
tions of 14 with allyl bromides provided the ester intermediates
which were converted to the corresponding diazo compounds 15
using a sulfonylazide. Rhodium-catalyzed cyclizations of 15 gave
the lactones 16.2* Elaboration of 16 by ring opening with potas-
sium phthalimide, followed by activation of the carboxylic acid
and deprotection of the amine resulted in the lactams 17. Finally,
the reduction of 17 with lithium aluminumhydride provided the
bicifadine analogs 6-10.

Alternately, compounds 6 were prepared from 1-benzyl-3-oxo-
pyrrolidine 18 as shown in Scheme 2. Conversion of 18 to the tri-
flate 19 was achieved under basic conditions.?’> Coupling
reactions of 19 with various arylboronic acids using a palladium
catalyst provided the corresponding arylolefins 20, which were

subjected to cyclopropanations?® to give the bicycles 6 as a mixture
of 55- and 5R-isomers after debenzylation. N-Methylation of 6j
(Ar = 2-thienyl) by a reductive alkylation with formaldehyde gave
the tertiary amine 13.

Compounds S-6 and R-6 were synthesized from arylacetonitr-
iles 21 using a stereo-selective procedure'? as shown in Scheme
3. Cyclizations of 21 with S-(+)- or R-(—)-epichlorohydrin pro-
moted by NaHMDS provided the stereoisomers S-16 or R-16,
respectively. Elaboration of these intermediates using a procedure
described in Scheme 1 afforded the single isomers S-6 and R-6.

The cis- and trans-4-methyl analogs of 6b were synthesized
from the lactone 16 (Scheme 4). Ring opening of 16 with diethyl-
amine gave an alcohol which was oxidized with TPAP to give the
aldehyde 22. The Grignard reaction of 22 with methylmagnesium
bromide was stereo-selective, and the secondary alcohol 23-I

N, R3 15a:R'=R?=R%=H
a 1 15b:R'=R?=H,R%=F
Ar OH Ar o xR plop2_ 3_
, 15c:R'=R%=Me, R’ =H
o o R®  E15d:R'=Ph, R?=R%®=H

14 E-15e:R'=Me, R2=R®=H
Z15e: R'=R%®=H, R = Me

1 2
R’ R

N
H

17 ()

16 (+)

_C> A%\Rs _d>
(0]

6(+):R'=R?=R%*=H
7@#):R'=R?=H,R®=F
8(+):R'=R?>=Me,R®=H

cis9 (+):R'=Ph, R?=R%=H

H cis-10 (+): R' = Me, R?=R%®=H
trans-10 (+): R'=R%=H, R?=Me

RY, ,R?
‘\\R3

Scheme 1. Reagents and conditions: (a) i—BrCH,C(R*)=CR'R?/CsCOs/acetone/rt, 10 h; ii—4-AcNHCsH,SO,N3/DBUJ/ACN/0°C to rt, 3 h; (b) Rh(OAc),/DCM/reflux, 3 h;
(c) i—potassium phthalimide/DMF/140 °C, 16 h; ii—(COCl),/DMF (cat.)/DCM/0 °C to rt, 2 h; iii—MeONHMe - HCI/Et;N/DCM/0 °C to rt, 2 h; iv—MeNHNH,/EtOH/rt, 20 h;

A
o) , To A r . AmA—, d Arn,A
N N N N N
| | | H ‘
Bn Bn Bn

(d) LiAlH4/THF/reflux, 2 h.

18 19 20

6 (+) 13 (1)

Scheme 2. Reagents and conditions: (a) i—KHMDS/THF/-78 °C, 1 h; ii—PhN(Tf),/THF/0 °C, 3 h; (b) ArB(OH),/Pd(PPh3),/CsF/THF/reflux, 8 h; (c) i—CH,l,/Et,Zn/DCM/O0 °C,
0.5 h, then rt, 18 h; ii—CH3CH(C1)OCOCI/DIEA/DCM/rt, 16 h; (d) For 6j: CH,0/B1oH14/MeOH/H,0/rt, 1 h.
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Scheme 3. Reagents and conditions: (a) i—NaHMDS/THF/0 °C; ii—(S)-(+)- or
(b) see Scheme 1.
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Scheme 4. Reagents and conditions: (a) i—Et,NH/MesAl/toluene/reflux, 16 h; ii—TPAP/NMO/molecular sieves/DCM/0 °C to rt, 16 h; (b) MeMgBr/THF/—78 °C, 1 h, then rt,
16 h; (c) i—PDC/CH,Cl,/rt, 16 h; ii—Dibal-H/THF/—78 °C, 2 h; (d) i—NaNs3/PPh3/CBr4/DMF/rt, 16 h; ii—H,/Pd-d/MeOH/rt, 16 h; iii—EtsN/toluene/reflux, 20 h; iv—LiAlH4/THF/

reflux, 2 h.

was purified to give a pair of diastereoisomers.?” 23-1 was con-
verted to the corresponding azide with the retention of configura-
tion.2® Hydrogenation of this azide intermediate gave an amine
which was cyclized to the corresponding lactam, followed by a
LiAlIH4 reduction to give the methyl derivative cis-11. Alternatively,
oxidation of 23-1 with PDC gave a ketone which was reduced with
Dibal-H to give 23-II, which was converted to the corresponding
trans-11.

The 2-methyl analog 12 was prepared from the lactam 17a as
shown in Scheme 5. Reaction of 17a with (Boc),0, followed by a
MelLi addition afforded the ketone 24,%° which was reduced with
KBH, to give the alcohol 25 as a pair of stereoisomers. Treatment
of 25 with methanesulfonyl chloride, followed by trifluoroacetic
acid, gave 12 as a pair of cis-isomers.

The activity of bicifadine 1 at the cloned human monoamine
transporters was recently reported.?” Inhibition of rat brain synap-
tosomal uptake of norepinephrine and serotonin was reported by
Beer et al. in a patent application and the ICsy values of 1 were
215 and 96 nM at NET and SERT, respectively.>’ In comparison,
the unsubstituted phenyl compound 6a displayed ICsq values of
401 and 470 nM, respectively, indicating the additional methyl
group of 1 improves SERT activity by 5-fold but only 2-fold at
NET. In our assays using cloned human transporters,>! 6a was
somewhat NET-selective (NET=350nM, SERT=5200nM,
DAT = 2700 nM, Table 1) at the cloned human monoamine trans-
porters. The lipophilic 3,4-dichloro analog 6b (DOV 216,303) was
much more potent at all three transporters compared to 6a, partic-
ularly at SERT (ICso=27 nM). Between the individual stereoiso-
mers, the 1R,5S-compound S-6b (DOV 21,947) was about 8-fold
more potent than the 1S,5R-isomer R-6b (DOV 102,667) at both
NET and SERT. Although these compounds are known as triple
inhibitors,”> S-6b was somewhat more potent at SERT
(ICso=8.6nM) than at the other two transporters (NET
ICs0 =51 nM, DAT IC59 = 260 nM) in our assays.

el ey

17a (+

Scheme 5. Reagents and conditions: (a) i—
2h.

To explore the influence of a small substituent at the core struc-
ture, compounds 7-10 were prepared, and their activities were
compared with 6a and 6b. In human subjects, bicifadine is oxidized
to the corresponding 4-oxo metabolite, and both had similar plas-
ma concentrations.?! Compound 7 with a fluorine at the 5-position
was designed to potentially reduce the rate of this oxidation. How-
ever, 7 was substantially less potent than 6a, despite the fact that
the fluorine atom is only about 40% larger in size than hydrogen.
Incorporation of two methyl groups at the 6-position of 6a almost
abolished its activity at NET (8, IC5o = 7200 nM). However, a 6-phe-
nyl group at the same side of the 1-phenyl of 6a improved its po-
tency, especially at SERT (cis-9a, ICsq=240nM). These results
indicate that a 6-methyl group at the opposite side of the 1-phenyl
of 6a is detrimental to its inhibitory activity at NET. This hypothe-
sis is supported by a pair of 6-methyl analogs of 6b. Thus, cis-10
was almost 20-fold more potent than trans-10 at NET, although
these two stereoisomers showed similar potencies at SERT and
DAT. The cis-phenyl analog cis-9b displayed a slightly higher activ-
ity at NET than 6b but was less potent at SERT. It is worth noting
that bicifadine has polymorphism in crystalline forms, which is
mainly caused by the different orientation of its aryl group.3? The
fact that trans-10 is much less potent than cis-10 suggests that a
small steric effect of the trans-methyl of 10 reduces its interaction
with both NET and SERT, while the cis-methyl group might affect
the orientation of the phenyl ring that is required by SERT.

SAR of different phenyl substitutions showed that the ethylen-
edioxyphenyl derivative 6¢ was much less potent than 6a at NET.
This aryl group displays a 6-fold improvement at milnacipran
2,23 indicating different pharmacophores between these two tem-
plates despite some similarity in chemical structure. Compared to
the biphenyl compound 6d, the naphthyl analog 6e was much
more potent at all three transporters. Among the bicyclic heterocy-
cles 6f-6i, the hydrophilic 6-quinolinyl 6f showed a weak potency,
while the lipophilic 2-benzothienyl 6h had ICsy values around

S
/ f Q
S, 4» //
NHBoc w
OH N
25

12H

(Boc),0/DMAP/CAN/rt, 16 h; ii—MeLi/THF/—78 °C to rt, 1 h; (b) KBH4/MeOH, rt, 1 h; (c) i—MsCI/EtsN/DCM/rt, 1 h; ii—TFA/DCM/rt,
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Table 1
SAR of bicifadine analogs at monoamine transporters®
R
Ar-/K 5
2( 3 )4
N
6-13 H
Compound Ar R NET ICsp (nM) SERT ICso (nM) DAT ICso (nM) cLogP
6a° Phenyl H 350 5200 2700 1.5
7 Phenyl 5-F 1800 2900 >10,000 13
8 Phenyl 6,6-Me 7200 1800 >10,000 2.5
cis-9a Phenyl 6-Ph 120 240 8,700 3.1
6bP< Phenyl, 3,4-dichloro H 88 27 380 2.6
R-6b¢ Phenyl, 3,4-dichloro H 430 66 330 2.6
S-6b¢ Phenyl, 3,4-dichloro H 51 8.6 260 2.6
trans-10 Phenyl, 3,4-dichloro 6-Me 500 200 500 3.1
cis-10 Phenyl, 3,4-dichloro 6-Me 29 190 400 3.1
cis-9b Phenyl, 3,4-dichloro 6-Ph 34 350 360 4.2
6¢c Phenyl, 3,4-ethylenedioxy H 3500 1500 >10,000 1.2
6d Phenyl, 4-phenyl H 360 160 2300 33
6e 2-Naphthyl H 36 50 190 2.7
6f 6-Quinolinyl H 1400 640 3900 14
6g 2-Benzofuranyl H 48 140 330 2.0
6h 2-Benzothienyl H 53 71 180 3.7
6i 3-Benzothienyl H 220 73 780 3.7
6j 2-Thienyl H 130 4500 7500 1.2
R-6j 2-Thienyl H 150 4900 6200 1.2
S-6j 2-Thienyl H 92 1900 2400 1.2
trans-11 2-Thienyl 4-Me 320 7600 3400 1.7
cis-11 2-Thienyl 4-Me 560 6000 9500 1.7
cis-12 2-Thienyl 2-Me 150 5800 8900 1.7
13 2-Thienyl 3-Me 1600 6300 >10,000 1.6
17a 2-Thienyl 2-0x0 >10,000 >10,000 >10,000 -03
6k 2-Thienyl, 5-chloro H 130 190 3300 1.8
R-6k 2-Thienyl, 5-chloro H 590 1300 2500 2.6
S-6k 2-Thienyl, 5-chloro H 77 81 1500 1.8
61 2-Thienyl, 5-bromo H 190 140 2400 2
6m 2-Thienyl, 3,5-dichloro H 5300 4200 >10,000 24
6n 2-Thienyl, 4-methyl H 6800 >10,000 >10,000 1.6
60 2-Thienyl, 5-trifluoromethyl H 3100 190 >10,000 2.2
R-61 2-Thienyl, 5-bromo H 340 380 1700 2
R-6p 3-Thienyl H 300 6800 8200 1.2
R-6q 5-Benzofuranyl, 2,3-dihydro H 4800 610 9100 14
R-6r 5-Indenyl, 1,2-dihydro H 2000 97 >10,000 2.6
S-6s 2-Thienyl, 5-fluoro H 470 8100 >10,000 1.5
S-6t 2-Benzothienyl, 5-fluoro H 67 33 420 3.7
SS-5 3.1 5200 >10,000 2.8

¢ Data are average of two or more independent measurements.

b The following ICso values at rat synaptosomal preparations were reported by Beer and Epstein® For 6a: NET =401 nM, SERT =470 nM; for 1: NET =215 nM,

SERT = 96 nM; for 6b: NET = 145 nM, SERT = 26 nM; DAT =232 nM.

¢ The following data for 6b at the cloned human monoamine transporters were reported by Skolnick et al.? NET = 20.3 nM, SERT = 13.8 nM, DAT = 78 nM.
94 The following data at the cloned human monoamine transporters were reported by Skolnick et al., for S-6b:'" NET = 22.8 nM, SERT = 12.3 nM, DAT = 96 nM; for R-6b:'*

NET = 103 nM, SERT = 133 nM, DAT = 129 nM.

100 nM for all three transporters. These results suggest that a lipo-
philic aromatic group generally increases potency but not
selectivity.

The 2-thienyl compound 6j displayed an ICso of 130 nM at NET
and was over 30-fold selective over SERT and DAT. The two indi-
vidual enantiomers R-6j and S-6j were separated using chiral HPLC
and were found to possess NET selectivity. Thus 15,5S-isomer S-6j,
its stereochemistry was confirmed by a chiral synthesis using the
procedure described in Scheme 3, was slightly more potent than
the 1R,5R-isomer R-6j. Since 6j possessed the NET-selectivity and
a good physicochemical property (cLogP=1.2), we further ex-
plored the effect of a methyl substitution on its transporter activ-
ity. A conformational analysis of 6j showed that the aromatic
thienyl group was freely rotatable despite its compact structure,
and a small methyl group might slow down the rotation. Both
cis-11 and trans-11 had reduced potencies compared to 6j, while
cis-12 had a comparable potency. N-Methylation of 6j also reduced
its potency at NET (13, NET ICso = 1600 nM), while the 2-oxo ana-

log of 6j was inactive (17a), confirming the importance of the basic
amine. Chlorine substitution at the 5-position of the 2-thienyl ring
of 6j resulted in an about 20-fold improvement in SERT activity
(6K, IC5o =190 nM), further demonstrating that a lipophilic aro-
matic ring is preferred for SERT activity. For the two individual
stereoisomers, the 1S,55-compound S-6k was more potent than
the 1R,5R-isomer R-6k at all three transporters. Compound S-6k
had an equal potency at NET and SERT and was about 20-fold
selective over DAT. The bromo compound 61 displayed a similar
profile to its chloro analog 6k. Unexpectedly, the 3,5-dichloro-2-
thienyl compound 6m had very low activities at all three trans-
porters, suggesting that a steric effect of the 3-chlorine limits its
rotation to a favored orientation. The 4-methyl 6n and the 5-tri-
fluoromethyl-2-thienyl compound 60 were also weakly active at
NET.

For the chiral compounds synthesized, the 5R-compounds R-6l,
and R-6p-6r were not very active at NET, including the 3-thienyl R-
6p (NET ICs50=300nM). The 5-fluoro-2-thienyl S-6s (NET





3686

120~

Vehicle
100 ————————— .

80

0. 1

% Vehicle

40

20

0 T T T
$-6j (30mg/kg) S-6j (60 mg/kg) 5 (30 mg/kg)

Figure 2. Compound S-6j in comparison with S,5-5 in phase 2 of the formalin test in
rats. One hour after administration of S-6j or S,S-5, mice received a mid-plantar
injection of 5% formalin solution. Hindpaw flinching number was recorded between
10 and 40 min after formalin injection.

ICso = 470 nM) were significantly less potent than S-6j, indicative
of an electronic requirement of the aromatic ring. The 5-fluoro-2-
benzothienyl S-6t was quite potent as a dual NET/SERT inhibitor.
However, its selectivity over DAT was slightly lower than the 5-
chloro-2-thienyl S-6k. In general, 55-isomers were more active
than the 5R-counterparts.

The moderately lipophilic S-6j was further profiled because its
NET activity matched with DOV 216,303 (6b, NET ICsy = 88 nM).
In an in vitro human liver microsomal assay, S-6j displayed moder-
ate metabolic stability with a CLsys of 12.7 mL/min.kg. In a Caco-2
monolayer assay, S-6j showed high permeability (Papp,=17.6 x
10-% cm/s) and low efflux ratio (0.7).

The antinociceptive efficacy of bicifadine has been examined
by Basile et al. in the formalin model of persistent pain processes,
and their results show that the antinociceptive actions of bicifa-
dine in formalin-treated mice are more pronounced in Phase 2
than in Phase 1, with all doses of bicifadine (5-60 mg/kg) signif-
icantly reducing the time spent licking by as much as 89% at
60 mg/kg.>2 We studied S-6j in the formalin model to compare
its effects with the NET-selective S,S-reboxetine (S,5-5). Oral
administration of S-6j at 30 mg/kg reduced the number of hind-
paw flinches as much as 40% compared to vehicles, which was
only slightly less effective than S,S-reboxetine at the same dose.
Increase of S-6j dose to 60 mg/kg had no significant additional ef-
fect (Fig. 2).

In conclusion, a series of bicifadine analogs were synthesized
and profiled as monoamine transporter inhibitors. Lipophilic
aromatic compounds such as 2-naphthyl and 2-benzothienyl
derivatives possessed high activity at NET and SERT and low
selectivity over DAT. The 1S,55-isomer S-6j displayed a good po-
tency at NET and selectivity over SERT and DAT. S-6j also dem-
onstrated efficacy in a rat formalin model with comparable
activity to S,S-reboxetine.
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Replacement of the 7-CH, group of natural steroid with an oxygen atom led to identification of unnatural
7-oxa-steroids as potent and selective progesterone receptor antagonists. The unnatural 7-oxa-steroids
exhibited a different structure-activity relationship (SAR) from natural steroids. Molecular modeling
demonstrated that the switch of carbon to oxygen in the B-ring results in a subtle conformational change
of the tetracyclic skeleton and induces a remarkable spatial shift at the terminal end of the side chain of
the D-ring. This shift causes the phenyl ring on the D-ring to form a perfect parallel-displaced form of -7
interaction with the phenyl ring of Phe794. The unnatural 7-oxa-steroids were orally active in a rat com-
plement C3 assay and showed comparable pharmacokinetic and metabolic profiles to those of the natural

© 2008 Elsevier Ltd. All rights reserved.

Progesterone plays an important role in the maintenance and
development of female reproductive functions, and its biological
activity is mediated by the progesterone receptor. Progesterone
antagonists or antiprogestins are agents that inhibit the action of
progesterone. Blocking the function of the progesterone receptor
by using an antiprogestin should allow the modulation of diverse
reproductive processes. Therefore, progesterone receptor antago-
nists have great potential as therapeutic drugs for numerous gyne-
cological, obstetrical, and oncological indications.'

Mifepristone (RU-486) is a derivative of the progestin norethin-
drone, and has a high affinity for the progesterone and glucocorti-
coid receptors. It is the first and so far the only commercial
synthetic drug that is an effective antiprogestin at the receptor le-
vel. It has been proven to be useful for cervical priming, emergency
contraception, and therapeutic abortion, and has been studied for a
variety of indications including breast cancer, meningioma, endo-
metriosis, leiomyoma, and refractory ovarian cancer.? It has re-
cently been shown that treatment with mifepristone can
potentially prevent brcal-mediated breast cancer.> However, cur-
rent progesterone antagonists, including mifepristone, are compro-
mised as clinically useful agents by overt glucocorticoid receptor
antagonism.* Therefore, new compounds with antiprogestational
activity devoid of antiglucocorticoid activity are highly desirable
for both clinical applications and basic endocrine research.’

Our approach to discover novel progesterone receptor antago-
nists was to modify the natural steroid skeleton by replacing one
of the CH, groups with an oxygen atom to form an unnatural

* Corresponding author. Tel.: +1 610 458 4147; fax: +1 610 458 8249.
E-mail address: fkang@prdus.jnj.com (F.-A. Kang).

0960-894X/$ - see front matter © 2008 Elsevier Ltd. All rights reserved.
doi:10.1016/j.bmcl.2008.05.070

oxa-steroid.® It was hoped that the resulting oxa-steroid would ex-
ert a fine-tuning modulation of its biological activities toward the
steroid receptors, and potentially leads to differentiation between
the progesterone and glucocorticoid receptors. The mifepristone-
like 7-oxa-steroid, compound 1 (Fig. 1), was designed, synthesized,
and found to be a potent antiprogestin.” Although compound 1 was
a slightly less potent antiprogestin than mifepristone, it showed
promising improved selectivity between the progesterone and glu-
cocorticoid receptors. Molecular modeling demonstrated that com-
pound 1 had a similar binding mode to that of mifepristone in the
progesterone receptor.” Moreover, it also suggested that there was
an open space around the C17-ethynylmethyl group that could tol-
erate further modification with larger functional groups at this
site.® This information, as well as the belief that the C11-aniline
group is likely to be responsible for the antiprogestin action of
mifepristone,® prompted us to focus on modification at the C17-
ethynyl position, while keeping the rest of the molecule the same
as that of mifepristone.”®

Interestingly, among the 7-oxa-steroids synthesized and evalu-
ated, it was found that compound 2 with a phenyl group and com-
pound 3 with a para-fluorophenyl group were more potent and
selective antiprogestins than mifepristone and compound 1. It is
known that antiprogestin RU-746 with a phenyl group is less po-
tent than RU-486 with a methyl group in the natural steroid ser-
ies.!? Therefore, it is notable to find that a different SAR exists in
the unnatural 7-oxa-steroid series.

To rationalize the different SAR observed for the natural steroid
series and the unnatural 7-oxa-steroid series, ab initio quantum
mechanism (QM) calculations were performed to investigate the
influence of this subtle structural change from CH, to O at the 7-
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Compound 3

Figure 1. Natural steroids and unnatural 7-oxa-steroids.

position of the B-ring between the two scaffolds. The overlap of the
QM optimized structures of RU-486 and compound 1 is presented
in Figure 2a. The two structures were aligned by minimizing the
root mean square deviation (RMSD) of the heavy atoms in the A-
ring, since they are believed to bind in the most rigid part of the
ligand-binding pocket of the progesterone receptor,'! and there-
fore should have maximum overlap.

As shown in Figure 2a, the single heavy atom change in the B-
ring, from CH, (RU-486) to O (compound 1), induced a spatial shift
of ca. 1.371 A at the terminal end of the ethynylmethyl group. In
general, it seems that the natural steroid skeleton is more buckled,
while the unnatural 7-oxa-steroid skeleton is more extended.
However, this difference in shape led to a major change of binding
modes at the D-ring binding region. The possible binding modes of
RU-746 and compound 2 suggested by molecular modeling are
shown in Figure 2b and c. Molecular modeling indicated that the
phenyl ring of compound 2 forms a perfect parallel-displaced form
of m—m interaction'? with the phenyl side chain of Phe794. The hor-
izontal and vertical distances between the centers of these two
phenyl rings are 1.4 A and 3.4 A, respectively. According to the re-
ported high-level QM studies of benzene dimers,'* there may be ca.
2.5 kcal/mol favorable interaction energy between the two phenyl
rings in this parallel-displaced configuration. This may well explain
the enhanced potency of compounds 2 and 3 in binding to the pro-
gesterone receptor. On the other hand, the phenyl ring of RU-746
may be directed to a position that may not form a favorable -7
interaction with Phe794. Instead, an unfavorable collision with
the binding pocket may be present, leading to the decreased po-
tency of RU-746 compared to RU-486. The subtle conformational
change and m-7 interaction may also be responsible for the

boosted selectivity of compounds 2 and 3, probably due to altered
unfavorable binding modes in the glucocorticoid receptor. This is a
unique example of a subtle structural change at one end of a mol-
ecule being magnified at the other end of the molecule, so as to
change the SAR.

To investigate the in vivo activity of these novel 7-oxa-steroids,
compounds 1 and 2 were tested orally in ovariectomized Sprague-
Dawley rats in a rat complement C3 assay.'# In this assay, ethinyl
estradiol (EE) is used to stimulate C3 expression. Progestins inhibit
EE-induced expression. In turn, antiprogestins counteract proges-
tin-dependent inhibition. When compounds 1 and 2 were admin-
istered via the oral route along with EE and progesterone, they
had similar dose-responsive antiprogestin activities (Fig. 3) and
comparable efficacy to mifepristone (Table 1). In a standard rat
pharmacokinetic study, compound 3 at 10 mg/kg had a similar
profile to that of mifepristone at 30 mg/kg (Table 2). This result
shows that the 7-oxa-steroids, particularly the more potent ones
with the relatively large phenyl groups at the C17-ethynyl position,
have good oral exposure from a pharmacokinetic perspective. Fol-
lowing incubation with rat liver microsomes, compound 3 was rap-
idly metabolized by oxidative demethylation of the C11-N,N-
dimethylaniline group, affording two metabolites: compound 3a
with the C11-N-methylaniline group and compound 3b with the
C11-aniline group (Fig. 4). This is consistent with the metabolism
of mifepristone.'® It is worth noting that the O7-ether linkage in
the 7-oxa-steroids would apparently prevent hydroxylation at this
site, as in the case of mifepristone.!”

Molecular modeling. The molecular geometries of RU-486 and
compound 1 were optimized using the program Jaguar.!® The
LMP2 (Local Moller-Plesset second-order perturbation theory)
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Figure 2. Illustration of the possible impact of the change from CH, to O at the B-
ring on the binding mode of the D-ring binding region, as suggested by molecular
modeling. (a) LMP2/6-311G”"++ geometries of RU-486 and compound 1, overlapped
by minimizing the RMSD of their A-ring heavy atoms, (b) the binding mode of
compound 2 in the progesterone receptor, (c) the binding mode of RU-746 in the
progesterone receptor. The binding pocket is represented as a dotted molecular
surface. The ligands and the key residues that may form hydrogen bonds with them
are represented as stick models. (Color scheme: oxygen in red, nitrogen in blue,
hydrogen in white, carbon of compounds 1 and 2 in green, and carbon of RU-486
and RU-746 in gray.)

method was used with the 6-311G™"++ basis set. All the calcula-
tions were done in the gas-phase, considering the fact that the
progesterone receptor ligands studied herein are mostly buried
in the ligand-binding pocket. The human progesterone receptor
model in its antagonist conformation was built based on the X-
ray crystal structures of the human progesterone receptor-nor-
ethindrone complex (PDB ID:1SQN)."" Using the X-ray crystal
structure of the human estrogen receptor-raloxifene complex
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Figure 3. In vivo activities of mifepristone, compounds 1 and 2 in a rat com-
plement C3 assay (n = 3 rats, 6 uterine horns/group).

Table 1
D5 and efficacy of mifepristone, compounds 1 and 2 in a rat complement C3 assay
following oral administration

Mifepristone Compound 1 Compound 2
D5 (mg/kg) 2.1 24 2.5
Efficacy at 10 mg/kg (%) 130 110 100

(PDB ID:1ERR)'7 as a reference, it was found that rotation of a
single Co~C bond (Pro906) can easily translocate helix-12 of the
progesterone receptor from agonist conformation to the antago-
nist conformation. The binding conformation of RU-486 in the
progesterone receptor was then determined by aligning the pro-
gesterone receptor model to the X-ray crystal structure of the hu-
man glucocorticoid receptor-mifepristone complex (PDB
ID:1NHZ)'® and copying the mifepristone binding pose in the glu-
cocorticoid receptor X-ray structure to the progesterone receptor
model. Later on, the binding pose of compound 1 was determined
by aligning it to RU-486 to minimize the RMSD of the A-ring
heavy atoms. The final complex structures were optimized by
energy minimization using the program MacroModel,!® holding
the core scaffolds rigid as determined by QM calculations. The
OPLS2005 force field was used.?° The effect of an aqueous solu-
tion was treated using a GB/SA model.?! The binding modes of
RU-746 and compound 2 were generated by mutating the termi-
nal methyl groups of RU-486 and compound 1 into phenyl
groups, followed by full energy minimization.

Biology. In vivo rat complement C3 assay. Ovariectomized 2-
month-old Sprague-Dawley rats were purchased from Harlan
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Table 2
Pharmacokinetic profiles of mifepristone and compound 3
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Compound Model Route Dose (mg/kg) Cmax (ng/mL) Timax (h) Tyj2 (h) MRT (h) AUC last (ng/h/mL) AUC inf (ng/h/mL)
Mifepristone Rat Po 30 53.8 1255 5.56 8.0 446 3571
Compound 3 Rat Po 10 48.7 3.0 6.88 9.4 460 505

Compound 3a

Compound 3b

Figure 4. Metabolites of compound 3 following incubation with rat liver microsomes.

(Indianapolis, IN). Five to seven days after surgery, the rats were
dosed once with the test compound or control. All of the test com-
pound-treated animals also received 0.3 mg/kg EE and 0.3 mg/kg
medroxyprogesterone acetate (MPA) by the oral route. The test
compounds were administered orally. After 24 h, the rats were
euthanized by carbon dioxide asphyxiation. The uteri were re-
moved, trimmed of fat, and frozen on dry ice prior to storage at
—80 °C. The uteri were homogenized in 1-2 mL each of TRIzol
(Invitrogen Life Technologies, Carlsbad, CA), and the homogenates
were processed for RNA preparation according to the manufac-
turer’s directions. Quantitative PCR was performed using rat com-
plement C3 primers, from Applied Biosystems (Foster City, CA) and
an ABI PRISM 7000 Sequence Detection System (Applied Biosys-
tems). The level of 28S ribosomal RNA in each sample was deter-
mined for normalization, and a dilution series of one of the
estrogen-treated samples were used to generate a standard curve.

In conclusion, a subtle structural change from CH, to O led to im-
proved potency and selectivity of the resulting 7-oxa-steroids as no-
vel progesterone receptor antagonists. Molecular modeling
provided a unique insight into the different SAR of the natural ste-
roids and unnatural 7-oxa-steroids, which is caused by conforma-
tional change and m-m interaction. The 7-oxa-steroids had
comparable oral efficacy, pharmacokinetics, and metabolism pro-
files to mifepristone.
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A series of 02 and 0O3-derivatized methyl B-p-talopyranosides were synthesized and evaluated in vitro as
inhibitors of the galactose-binding galectin-1, -2, -3, -4 (N- and C-terminal domains), 8 (N-terminal
domain), and 9 (N-terminal domain). Galectin-4C and 8N were found to prefer the p-talopyranose con-
figuration to the natural ligand p-galactopyranose configuration. Derivatization at talose O2 and/or O3
provided selective submillimolar inhibitors for these two galectins.

© 2008 Elsevier Ltd. All rights reserved.

The family of about 15 different galectin proteins is character-
ized by high sequence homology and galactose-binding properties,
which in general are related to their functions.'? The functions of
galectins have been discovered to be mainly in regulating inflam-
matory processes> and in cancer growth and metastasis.5 1°
The last few years have witnessed coherent pictures emerging on
the mechanisms behind galectins’ apparently multi-faceted influ-
ences on inflammation and cancer through modulating apoptosis,
cell adhesion, angiogenesis, growth factor signaling, and differenti-
ation. Di- or multimerization of galectins allows for ligand cross-
linking and lattice formation,'! which is believed to orchestrate
receptor half-lives on cell surfaces.’?"!> A recent important exam-
ple of this is that differences in cell-surface glycosylation patterns
are decisive for galectin-1 lattice formation and subsequent T-cell
apoptosis.'® Intracellularly, galectins have been shown to direct
raft-independent apical protein sorting!” and intracellular target-
ing.'® Altogether, a majority of the mechanisms depend on carbo-
hydrate ligand binding, which strongly suggest that the
carbohydrate-binding activity of galectins is an attractive thera-
peutic target.'® This hypothesis is supported by in vivo experimen-
tal observations that inhibition of galectin functions suppresses
cancer growth,2921

The galectins are highly conserved and share a common recog-
nition motif in that the a-face of the core galactoside residue of
natural ligands stack face-to-face with a tryptophane side chain,
while the B-face galactose hydroxyls form hydrogen bonds to polar

* Corresponding author. Tel.: +46 462228218; fax: +46 462228209.
E-mail address: ulf.nilsson@organic.lu.se (U.J. Nilsson).

0960-894X/$ - see front matter © 2008 Elsevier Ltd. All rights reserved.
doi:10.1016/j.bmcl.2008.05.066

side chains.?? Noteworthy is that a large number of these polar
amino acids are arginines that line up alongside the natural ligands
to form hydrogen bonds (Fig. 1). However, the fine-structure in
positioning these polar side chains differs between the galectins.
An additional characteristic feature of galectin/ligand complexes
is that the core galactose 02 does not interact with the protein,
but rather extends out into the surrounding environment.

Following the observation that galactose 02 is directed out from
the galectin perpendicular to the arginines that form polar interac-
tions with ligands, p-talopyranose emerged as an attractive scaf-
fold for the design of novel galectin inhibitors. The inverted C2
configuration, relative to p-galactose, offers possibilities for install-
ing affinity-enhancing talose 02 substituents engaging in previ-
ously inaccessible interactions with polar amino acid
functionalities. As the galectins typically have two or three argi-
nine residues interacting with ligands, talose O2-substituents cho-
sen should be electron-rich. The 02-substituted talosides should
preferably also carry aromatic O3-sustituents due to the proven
affinity-enhancing effects on several of the galectins by such sub-
stituents.?>?8-32 Furthermore, because talosides appear not to be
naturally present in mammalians, and hence no endogenous ta-
lose-processing enzymes are present, they may offer desirable
hydrolytic stability in talose-based drug candidates—the hydrolytic
lability is an often-quoted drawback of carbohydrate-based drugs.
Herein, the synthesis of a series of methyl 3-O-(4-methylbenzoyl)-
B-p-talopyranoside O2 derivatives and their in vitro evaluation as
inhibitors of galectin-1, -2, -3, -4N (N-terminal domain), -4C (C-ter-
minal domain), -8N (N-terminal domain), and -9N (N-terminal do-
main) are presented.
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€  Galectin
arg or his

Figure 1. The galactose-binding sites®®> of human galectin-1,24 -3,> -8N,%° and
-9N?7 complexed with lactose or lacNAc (a-d). Galectin-8N is a homology model,
while the remaining galectins shown are crystal structures. Yellow arrows indicate
the core galactose C2-H2 bond direction, which corresponds to a talose C2-02
bond direction. (e) Talose HO2 (bold-face) is directed towards basic amino acid side
chains of galectins.

The key 3-O-toluolyated intermediate 2 was obtained in a good
70% yield by a selective acylation on the equatorial O3 of the known
benzylidene-protected methyl p-p-talopyranoside 133 (Scheme 1).
By employing a small excess of acid chloride, the 2,3-O-di-toluoly-
ated 3 could be isolated from the same reaction. Acetylation of 2
gave 4 and sulfation of 2 to give 5 was uneventful as well. PCl;-med-
iated installation of the H-phosphonate 6 under strictly anhydrous
conditions went smoothly. Subsequently, 7 and 8 were obtained

R0 R20
R'O( OH

R‘O§ OH 1 o2 a
—1 R'R*=(CH)Ph ——
HO & OMeg_,__g R'=R2=H 0] O&aL\/

Q_oMe

R0 0 EtsNH*
R'0/ OAc R‘ofoso3 3

5 R! R%=(CH)P

h[_ 4 R',R?=(CH)Ph
1 =13 R'=R?=H

2R'=R’=H

2R' R?=(CH)Ph
10 R'=R?=H

1'2)/9 _P(H)O," Et;NH*

o o&L\,OMe

from 6 by pivaloyl chloride-mediated coupling of benzyl alcohol
and methanol, respectively, followed by iodine oxidization and
water/pyridine hydrolysis.>* Deprotection of 1 with Dowex 50X8-
400 in methanol gave methyl p-p-talopyranoside 9, while treatment
of 2-8 using aqueous acetic acid gave 10-16.

Evaluation of talosides 9-16, together with methyl p-p-galacto-
pyranoside 17 as reference, against galectin-1, -2, -3, -4N, -4C, -8N,
and -9N was performed in a competitive in vitro fluorescence
polarization assay (Table 1). 3>~ In general, but for a few notable
exceptions, the galactose-binding galectins did not bind or bound
only weakly to the talosides 9-16.

Although galectin-1 neither bound the underivatized taloside 9
nor the reference galactoside 17, talose 3-O-toluolyation gave
weak but detectable binding when 02 was unsubstituted (10) or
carried an aromatic substituent (11 and 15). This shows that ta-
lose-binding by galectin-1 is sensitive to the structure of the 02
substituent, which suggests that optimization of this substituent
may provide an avenue towards improved galectin-1 inhibitors.

Galectin-2 recognized the galactoside 17 better than the corre-
sponding taloside 9. Furthermore, none of the 3-O-substituted talo-
sides were recognized by this galectin, except for the H-phosphonate
14 and the benzyl phosphate 15, which were weakly bound.

Galectin-3 did indeed bind the talose derivatives, although the
talopyranose configuration (i.e., 9) was 2- to 3-fold worse than
the galactopyranose configuration (i.e., 17). Interestingly, the
galectin-3 preferences for the talose O2-substitutents parallels
those for the analogous 02-substituted galactosides®” in that the
02-sulfate 13 bound significantly stronger than other O2-substitu-
ents. This observation most likely reflects that both galactose and
talose 02-substituents interact similarly with galectin-3 Arg144.

While galectin-4N did not bind any of the talosides 9-16, galec-
tin-4C bound the taloside 9 somewhat, but nevertheless signifi-
cantly, better than the galactoside 17. Furthermore, O3-
toluoylation (10) greatly improved the affinity, while O2-substitu-
tion had marginal effect except for the 2-O-toluoate 11. The affinity
of 11 for galectin-4C (K4 160 uM) is indeed remarkable, because 11
is a monosaccharide that should be compared to the virtually non-
binding prototype galectin monosaccharide ligand 17. Hence, the
taloside 11 can be estimated to display more than two orders of

1
+ R O{O 5 OMe

— 3R'R?(CH)Ph
11 R'=R%=H

R20 - +
RO/ O _P(OBn)O, EtsNH
7 R',R2=(CH)Ph
h s
@ E15 R'=R2=H

P(OMe)02 EtsNH*

e R',R2=(CH)P OMe
4 R'=R?=H

8 R',R2=(CH)Ph

O E16 R'=R’=H

Scheme 1. Reagents and conditions: (a) 4-Toluoyl chloride, pyr. (2: 70% and 3: 30%), (b) AcCl, pyr., CH2Cl. (c) SO5-NMes, DMF (86%). (d) PCl5, CHxCl,, MeCN, Imidazole, Et3N,
pyr., H,0. (e) i—BnOH, pivaloyl chloride, pyr.; ii—I,, H>0, pyr. (82% from 2). (f) i—MeOH, pivaloyl chloride, pyr.; ii—I5, H,0, pyr.; (g) Dowex 50X8-400, MeOH (80%); (h) AcOH
(aq 70%), 70 °C (10: 84%, 11: 67%, 12: 91% from 2, 13: 75%, 14: 89% from 2, 15: 57%, 16: 65% from 2).
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Table 1
Galectin dissociation constants (mM) for compounds methyl p-p-galactopyranoside 17 and 9-16 as measured by a fluorescence polarization assay®>—7
Compound Galectin
1 2 3 4N 4C 8N 9N
17 >10° 1332 44+0.8 6.6+0.2 >10 63+15 1.2+0.2
9 >10 >10 10+3.6 >10 10£2.0 1.5+05 46+0.1
10 ~2 >4¢ 1.4+06 >4 14407 0.40+0.13 >4
1 1.8+0.6 >4 0.70+0.18 >4 0.16 £ 0.06 3.6+0.1 >4
12 >4 >4 0.55+£0.15 >4 1.6+0.1 >4 >4
13 >4 >4 0.25 +0.08 >4 3.0+0.2 1.1+03 >4
14 >4 1.5+0.5 23+0.6 >4 >4 1.5+05 >4
15 44+1.2 46+2.0 25+13 >4 3.8+0.2 20+03 >4
16 >4 >4 0.60 +0.33 >4 >4 1.0+0 >4

@ Mean values and standard deviations are from 2 to 12 single-point measurements (nd, not determined).
> Compounds 9 and 17 were evaluated at concentrations up to 5 mM and non-inhibitory compounds are estimated to have K4 > 10.
¢ Compounds 10-16 were evaluated at concentrations up to 2 mM and non-inhibitory compounds are estimated to have Ky > 4.

magnitude-improved affinity for galectin-4C, as compared to the
galactoside 17. This result holds promise for the development of
efficient monosaccharide inhibitors toward galectin-4C. Such
inhibitors may find use in in vivo situations, because activity of a
full-length tandem-repeat galectin (galectin-4) can be expected
to depend on both individual domains being fully functional, as
seen for galectin-8.2°

Galectin-8N perhaps provided the most interesting results, be-
cause this galectin bound the taloside 9 about fourfold tighter than
the galactoside 17. Toluoylation at O3 (10) resulted in the first
submillimolar inhibitory activity discovered for a monosaccharide
against galectin-8N. However, all of the O2-substituents (11-16)
conferred decreased affinities. As galectin-8N indeed binds the
taloside configuration well, an investigation of other O2 structures
can be expected to lead to improved inhibitors. Again, inhibitors
against one domain (galectin-8N) can be expected to block in vivo
activity of the full-length protein (galectin-8) because function of
both domains (galectin-8 N- and C-terminal domains) is required
for activity. This has indeed been demonstrated for galectin-8
binding to cell surfaces.?®

Finally, galectin-9N did not prefer the talopyranose configura-
tion, because this galectin bound the galactoside 17 four times
tighter than the taloside 9. Substitutions at O3 and 02 (10-16) de-
pleted binding to galectin-9N. For galectin-9 inhibition by talosides
to be viable, presumably talosides inhibiting the C-terminal do-
main have to be identified.

In conclusion, evaluation of the synthetic 02- and O3-substituted
talosides for galectin binding provided interesting clues to the devel-
opment of selective inhibitors. Galectin-4C and -8N did prefer the
talopyranose to the galactopyranose configuration, suggesting that
optimized and selective inhibitors of these two galectins may be ob-
tained based on a talopyranose scaffold. In this context, it is particu-
larly noteworthy that galectin-4C and -8N display submillimolar
affinity for talopyranosides 11 and 10, respectively, which is more
than one order of magnitude better compared to the prototype
galectin ligand 17. In light of the importance of galectin-8N in intra-
cellular sorting,'® neutrophile activation,® and cancer®® and of
galectin-4 in cancer,*® the discovery of routes towards efficient
inhibitors of these galectins is particularly promising. Replacing gal-
actose by optimized talopyranoside residues in disaccharide mole-
cules (e.g., 1acNAc,2>?® thiodigalactoside,'? or lactose, 4!} and/or
attaching additional affinity enhancing structural elements can be
expected to provide improved inhibitory potencies.
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The preparation and evaluation of a novel class of CB2 agonists based on a benzimidazole moiety are
reported. They showed binding affinities up to 1 nM towards the CB2 receptor with partial to full agonist
potencies. They also demonstrated good to excellent selectivity (>1000-fold) over the CB1 receptor.

© 2008 Elsevier Ltd. All rights reserved.

The endocannabinoid system has been extensively studied be-
cause of its implication in many biological processes such as met-
abolic regulation,? pain control,>™ cellular proliferation® and
many other CNS functions.” These effects are mediated mainly
via two subtypes of cannabinoids receptors, located either in the
central nervous system (CB1) or in the peripheral tissues (CB2).
The extensive pharmacology of cannabinoid receptors have been
reviewed in the literature over the past few years®'?2 Huge
emphasis has been placed on the CB1 receptor due to its implica-
tion in many therapeutic applications. Selective CB1 antagonists
are currently in clinical studies for the treatment of obesity and
metabolic syndrome'?!3-1> or different types of addictions,!41®
while CB1 agonists are being used for the treatment of multiple
sclerosis, cancer, neuropathic and inflammatory pain.'”~'®

Despite the great homology between the CB1 and CB2 recep-
tors,?° the exact physiological roles of the CB2 receptor still remain
to be fully defined. Recent studies have demonstrated that CB2
selective compounds were active in different neuropathic and
inflammatory pain models.2!~2> Some neuroprotective roles have
also been associated with CB2 agents,?572° that could lead to the
prevention of some neurodegenerative diseases. Other studies
have also highlighted potential roles for CB2 in cancer,2°*! multi-
ple sclerosis®? and bone regeneration.>** Furthermore, since the
majority of CB2 receptors are distributed in peripheral tissues, cen-

* Corresponding author. Tel.: +1 514 832 3200; fax: +1 514 832 3232.
E-mail address: daniel.page@astrazeneca.com (D. Pagé).

0960-894X/$ - see front matter © 2008 Elsevier Ltd. All rights reserved.
doi:10.1016/j.bmcl.2008.05.073

trally mediated side-effects would be greatly diminished with CB2
selective agents.

Several classes of natural or synthetic CB2 ligands have been re-
ported in the literature.>=*2 In a high throughput CB1/CB2 screen-
ing campaign originated a few years ago at our company, several
hit compounds were obtained from a variety of chemical series.
This program enabled us to develop different selective CB2 ligands
such as 1,2,3,4-tetrahydropyrroloindole agonists** or benzimid-
azole inverse agonists.** One of our first hits obtained was shown
to be compound (1) (see Fig. 1). This benzimidazole derivative
demonstrated very good binding affinity towards the CB2 receptor
with decent selectivity over CB1 while showing partial agonist po-
tency. This molecule represented a good starting template for SAR
studies in order to increase the CB2 potency and CB1/CB2 selectiv-
ity of these new ligands. We report herein the synthesis and phar-
macological evaluation of this novel class of benzimidazole ligands.

o)
AN N
\

) Ki hCB2: 36nM
N EC,, hCB2: 38nM (58%)
; 8 J Ki hCB1/ Ki hCB2: >130
N— o
/

Figure 1. Initial benzimidazole hit ligand.
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The synthetic strategy used was designed to maintain the benz-
imidazole core intact while modifying the lower side-chain, the
diethyl amide (left-hand side) and the p-ethoxyphenyl part
(right-hand side) of the molecule. The modifications were initially
performed on the lower side-chain of the molecule by introducing
various alkyl or aromatic substituents. Two different synthetic
routes were developed in order to produce the desired molecules
(Scheme 1). The first approach used a SnAr reaction involving the
fluoro-nitro derivative (2) with different amines in refluxing etha-
nol. Reduction of compounds (3a-j) by catalytic hydrogenation
afforded anilines (4a-j), which were then readily coupled with
(4-ethoxyphenyl)acetic acid using a standard amide coupling strat-
egy. The final cyclization under acidic conditions afforded the
desired benzimidazole products (9) in relatively good yields
(65-90%). Initial studies done at our site demonstrated that
o-branched amines gave lower cyclization yields and the subse-
quent products gave poor binding results. In light of this, the focus
was placed on amines free of any o-substituents. A more conver-
gent approach could also be used by introducing initially the
p-ethoxy moiety in the synthesis. N,N-Diethyl-3-fluoro-4-nitrob-
enzamide (5) was reacted with ammonium hydroxide to give the
corresponding anilino product (6). The coupling of this deactivated
aniline with (4-ethoxyphenyl)acetyl chloride could be performed
in the presence of zinc dust,*> which afforded the desired amide
(7) in a good yield (82%). Reduction of the nitro group gave inter-
mediate (8) that was alkylated with different aldehydes, followed
by the acidic cyclization to give the analogous products (9a-s).
The benzylic position could also be oxidized using MnO, to the cor-
responding ketone (10) in 71% yield. Subsequent reduction of the
ketone afforded the corresponding alcohol (11).

It became evident throughout the initial screening campaign
that the presence of the p-ethoxy group on the phenyl ring, on
the right-hand side of the molecule, greatly enhanced the CB2
binding affinity for this class of compounds when compared to
any other tested para-, ortho- or meta-substituents. Transforma-

o]
/\N N02
A ;
2
l i
(o]
AN X
) N~ R!

H
3a§X=NO, ~ _
42X = NH, Ji

o l fii

gaess
>
R OJ

9a-s Y = CH, vii

10R" = -CH,-CH(CHj),, Y = C(O)
11R" = -CH,-CH(CH,),, Y = CH-OH D viii

tions of the p-ethoxy group into other ether functionalities were
investigated (Scheme 2). The compounds were prepared following
a similar procedure as described in Scheme 1. When the desired
para-substituted phenylacetic acids were not commercially avail-
able, they could be prepared by the alkylation of methyl (4-
hydroxyphenyl)acetate (12) with corresponding alkyl bromides,
followed by hydrolysis of the methyl ester. Amide coupling of
the acids (13a-j) with diamine intermediate (4j), followed by cycli-
zation under acidic conditions afforded compounds 14a-j.

In order to maximize the diversity on the left-hand side of the
molecule, two different templates were used. Modifications of
the diethyl amide could be done starting from 3-fluoro-4-nitro-
benzonitrile (15) (Scheme 3) following a similar synthetic route
as the one described above. p-Ethoxy pyridine derivatives (right-
hand side) were also prepared the same way in order to look at
the potential effect on the CB2 binding. Hydrolysis of the nitriles
(18a-c) under basic conditions into the corresponding acids
(19a-c), followed by HATU (N,N,N',N'-tetramethyl-O-(7-azabenzo-
triazole-1-yl) uranium hexafluorophosphate) coupling using
different amines afforded final compounds (20a-j) in good yields
(70-90%).

Diversity could also be created on the left-hand side starting
from N-(4-fluoro-3-nitro-phenyl)-acetamide (21) in order to intro-
duce different reversed-amide or urea functionalities (Scheme 4).
Following a similar synthetic procedure, the benzimidazole core
could be easily prepared. The N-acetyl amide benzimidazole (24)
could be alkylated under phase transfer catalysis conditions. Re-
moval of the acetate group followed by reaction with different acid
chlorides of isocyanates afforded the final compounds (26a-g) in
75-90% yields. All final products were purified by reversed-phase
chromatography with a water/acetonitrile gradient containing
0.05% TFA v/v and isolated as their corresponding TFA salts.*®

The CB1/CB2 binding results are summarized in Tables 1-4.47
Only compounds that exhibited K; hCB2 <100 nM were tested in
the hCB2 GTPy[?>°S] assay.*® The mixed CB1/CB2 agonists

vi ‘

Scheme 1. Reagents and conditions: (i) R'CH,NH,, EtsN, EtOH, 75 °C, o/n; (ii) Hy, 10% Pd/C, EtOAc, rt, o/n; (iii) a—(4-ethoxyphenyl)acetic acid, HATU, DIPEA, DMF, rt, 3 h;
b—DCE/HCI or glacial AcOH, 80 °C, 2 h; (iv) NH40H, EtOH, 65 °C, o/n; (v) (4-ethoxyphenyl)acetyl chloride, zinc dust, toluene, rt, o/n; (vi) a—aldehyde, BH3-pyridine, DCE,
AcOH, rt, 1 h; b—DCE/HCI or glacial AcOH, 80 °C, 2 h; (vii) MnO,, dioxane, 65 °C, 24-48 h; (viii) NaBH,4, EtOH, rt, 1 h.
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Scheme 2. Reagents and conditions: (i) R'-Br, K,CO3, DMF, 100 °C, 8 h; (ii) LiOH, THF/H,O, rt, 3 h; (iii) 4j, HATU, DIPEA, DMF, rt, 3 h; (iv) DCE/HCI or glacial AcOH, 80 °C, 2 h.
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Scheme 3. Reagents and conditions: (i) cyclopropylmethylamine, EtsN, EtOH, 75 °C, o/n;
glacial AcOH, 80 °C, 2 h; (v) 20% KOH, EtOH, reflux, o/n; (vi) amine, HATU, DIPEA, DMF,

(ii) Ha, 10% Pd/C, EtOAc, rt, o/n; (iii) acid, HATU, DIPEA, DMF, rt, 3 h; (iv) DCE/HCI or
rt, 2 h.
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Scheme 4. Reagents and conditions: (i) cyclopropylmethylamine, EtsN, EtOH, 75 °C, o/n; (ii) Hy, 10% Pd/C, EtOAc, rt, o/n; (iii) (4-ethoxyphenyl)acetic acid, HATU, DIPEA, DMF,
rt, 3 h; (iv) glacial AcOH, 80 °C, 2 h; (v) BuyNBr, Mel, 50%KOH/ DCM, rt, o/n; (vi) 1 M HCI, EtOH, 120 °C, pwaves, 0.5 h; (vii) RC(O)Cl/ RNCO, Et3N, DCM, rt, 1 h.

WIN55212-2%° and A®-THC were tested as standards for compari-
son purposes (Table 1). The results from Table 1 suggest that a
wide variety of groups can be accommodated at the lower part of
the molecule, with a preference for alkyl substituents (9a-9f).
Increasing the bulk of the substituents also had the effect of
increasing the CB1 binding affinity. Noticeable discrepancies be-
tween the CB1 and CB2 binding affinities were observed when po-
lar atoms were introduced in the lower region of the molecule.
Hydrophilic substituents such as pyridines (9h-9i), furan (9Kk), tet-
rahydropyran (91), tetrahydrofurans (9m-9n) and 2-substituted
piperidines (9r-9s) all showed good CB2 binding affinities while
being essentially devoid of any CB1 binding affinity. However,
charged groups at physiological pH, such as secondary amines

(90) or N-oxides (9j) at the position 4 of the substituent rings were
not tolerated. Furthermore, the introduction of either a carbonyl
(10) or alcohol (11) group at the benzylic position was also detri-
mental for the CB2 binding affinity. Even though the nature of
the group seemed to exert an influence on the potency of the com-
pounds, with E.x values ranging from 55% to 93%, no specific
trend could be observed.

The results of the p-ethoxy group substitutions are reported in
Table 2. It seems that only the isopropoxy moiety (14c) gave
similar CB2 binding affinity (4.5 nM) than compound 9a. Smaller
(14a-b) and/or bigger substituents (14d-14i) had a detrimental ef-
fect on the CB2 binding, with the exception of the phenoxy
substituent (14j) which showed a comparable K; (4.9 nM) to
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Table 1
Binding results of benzimidazole derivatives with lower part modifications
O
/\N N
P -
N)
O J
R! Y hCB2 K; (nM) hCB1 K; (nM) hCB2 ECso (nM)
AS-THC - - 41+2 2.9+03 1.5+ 0.1 (100%)
WIN5512-2 — — 20+3 140 £ 42 14 £ 3 (64%)
%9 (CH3),CH-CH,- CH, 45+09 >5000 2.9+0.2 (63%)
9b Cyclopropyl CH, 4.1+0.6 >5000 2.1+0.7 (68%)
9c Cyclobutyl CH, 1.6+0.1 3115+149 1.3 £0.1 (64%)
9d Cyclopentyl CH, 1.0£0.1 491 +27 0.7 + 0.2 (79%)
9e Cyclohexyl CH, 3.7+13 110+ 1.9 0.52 £ 0.04 (79%)
9f 1-Adamantane CH, 2.8+0.2 406 + 44 1.3+£0.2 (81%)
9g Phenyl CH, 12+3 4766 + 348 1.1£0.2 (88%)
9h 2-Pyridine CH, 39+3 >5000 25 +5 (77%)
9i 4-Pyridine CH, 16+2 >5000 5.0+ 0.7 (78%)
9j 4-Pyridine-N-oxide CH, 588 + 191 >5000 nd
9k 2-Furan CH, 11+3 >5000 3.3+0.9 (78%)
91 4-Tetrahydropyran CH, 3.9+09 1209 + 53 1.0+ 0.3 (89%)
9m 2-Tetrahydrofuran(S) CH, 15+3 >5000 48+1.1(76%)
9n 2-Tetrahydrofuran(R) CH, 23+45 >5000 8.3+1.9 (62%)
90 4-Piperidine CH, 2920+ 78 >5000 nd
9p 2-Piperidine(S) CH, 75+9 >5000 256 (77%)
9q 2-Piperidine(R) CH, 35+6 >5000 13 +2 (72%)
or 2-N-Me-piperidine(R) CH, 89+1.1 4315 £ 270 23+0.3 (81%)
9s 2-N-Me-pyrrolidine(R) CH, 12+2 >5000 3.4+0.7 (93%)
10 (CH3),CH-CH,- =0 35+3 >5000 25 + 6 (55%)
11 (CH3),CH-CH,- CH-OH 57+4 >5000 69 + 18 (70%)
nd, not determined.
" Emax are reported in brackets.
Table 2 Table 3
Binding results of benzimidazole derivatives with p-ethoxy group replacements Binding results of benzimidazole derivatives with diethyl amide group replacements
O (0]
A~ N R
N N l}l
) N R?
O—R!?
R! R? X Y hCB2 Ki  hCB1 K; hCB2 ECso’
R! hCB2 K; (nM)  hCB1 K; (nM)  hCB2 ECso’ (nM) (M)l (nM) (o)
o 9b Ethyl Ethyl CH CH 41x0.6 >5000 2.1+0.7 (68%)
9a  Ethyl 4509 >5000 2.9£0.2 (63%) 20a  Ethyl H CH CH 6346  >5000 52+ 18 (53%)
14a H 799 £ 169 >5000 nd
14b  Methyl 17+4 >5000 73+1.38 (43%) 20b T Lo Gl @l 500D - S50 nd
o 20c Propyl Methyl CH CH 7.6%2.1 >5000 3.2+04 (54%)
14c  Isopropyl 45+03 4679 +190 2.4+0.6 (79%) :
1ad  Cyclobutyl i iy 2445 (73%) 20d Propyl Propyl CH CH 28+06 2608+245 200.1 (6704)
14e  Cyclopentyl 43+38 >5000 18+1 (83%) 20e  ~(CH)-  — Gl @R 18s2 - SHE gt 2 (1)
1af  Cyclohexyl 5265125 52000 - 20f —(CHp)s-  — CH CH 69+17 >5000 3.0£04 (45;%)
14g CFs 2547 >5000 11£2 (29%) 20g Cyclohexyl Methyl CH CH 11%5 >5000 4.2+ 0.4 (60%)
o 20h CF3;CH,- CFsCH,- CH CH 5.6+1.0 4534+134 2.0x0.4(51%)
14h —CH,-CF3 5715 >5000 65 + 18 (68%) .
. o 20i Ethyl Ethyl N CH 27+4  >5000 22 +5 (63%)
14i ~CH,-cyclopropyl 53+8 4190 + 149 43 £ 8 (75%) 20i  Ethvl Ethvl CH N 133+25 5000 d
14j  Phenyl 4902 2396 + 124 3.2+0.1 (66%) ) Y V * n

nd, not determined.
" Emax are reported in brackets.

compound 9a, probably coming through an additional - interac-
tion with the receptor binding pocket.

Most of the diethyl amide modifications reported in Table 3
showed CB2 K; values in the same range as compound 9b. Linear
(20c-d), cyclic (20e-g) or fluorinated (20h) bis-alkyl substituents

nd, not determined.
" Emax are reported in brackets.

were all well tolerated demonstrating probably the presence of a
large binding pocket at the receptor site. Reducing the size of the
group to a mono ethyl (20a) showed about a 10-fold decrease in
CB2 binding affinity, whereas having only a primary amide on
the left-hand side (20b) resulted in a total loss of activity. The
introduction of a nitrogen atom in the benzyl ring on the right-
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Table 4
Binding results of benzimidazole derivatives with left-hand side modifications
=
[
N
L
N
OJ
R R> hCB2K; hCB1 K; hCB2 ECso (nM)
(nM) (nM)
24 Acetyl H >5000 >5000 nd
25 Acetyl Me 1349359 >5000 nd
26a H Me 4342+117 >5000 nd
26b -C(O)CH,CH(CHs;), Me 4.0+0.7 >5000 2.7+ 0.4 (54%)
26c -C(0)-2-thiophene Me 5.0+1.3 2483+271  2.6+03 (51%)
26d -C(O)N(CHs), Me 41%3 >5000 36+ 5 (55%)
26e —C(O)N(CH,CH3), Me 5.9+0.7 >5000 2.0+0.1 (48%)
26f -C(O)NHCH(CHs;), Me 5.7+1.2 >5000 6.4+1.5 (51%)
26g -C(O)—N > Me 4.0x0.6 3475 + 206 3.3+0.3 (60%)

nd, not determined. Abbreviations: Me, methyl.

Enmax are reported in brackets.

hand side of the molecule did not have any positive influence on
the CB2 binding, as compounds 20i and 20j showed a 6.5- to 33-
fold decrease in the binding affinity, respectively.

Similar observations can be drawn from the results of Table 4
where compounds bearing smaller groups (24-26a) showed much
lower CB2 binding affinities than those bearing either bulkier
amide (20b-c) or urea (20d-g) moieties. The binding interactions
at this specific site seem to be mainly hydrophobic and non-spe-
cific since it can accommodate different groups and/or functional-
ities. The left-hand part of the molecule also seem to have less
influence on the nature of the ligand since all the reported modifi-
cations in Tables 3 and 4 only resulted in compounds showing par-
tial agonism (Epax 45-67%).

In conclusion, these molecules, based on a benzimidazole core
represent new scaffolds in the development of cannabinoid ago-
nists. These ligands demonstrated good binding affinities with de-
cent potencies towards the CB2 receptor, along with excellent
selectivity over the CB1 receptor. Further investigations of this
new class of ligands are currently underway in our laboratories
in order to look at their potential biological application.
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All products gave satisfactory analytical characterization showing purity >95%
as determined by HPLC using a Zorbax C-18 column (4 =215, 254 and 280 nm).
TH NMR spectra were obtained from a 400 MHz Varian Unity Plus
spectrometer. Mass spectra were obtained on a Micromass Quattro micro API
or an Agilent 1100 Series LC/MSD instrument using loop injection. Selected
analytical characterizations: Compound 9a: '"H NMR (DMSO-dg) & 7.80 (d, 1H),
7.67 (s, 1H), 7.42 (d, 1H), 7.25 (d, 2H), 6.91(m, 2H), 4.46 (s, 2H), 4.31 (t, 2H),
3.97 (q, 2H), 3.16 (b, 4H), 1.61 (m, 1H), 1.35 (m, 2H), 1.28 (t, 3H), 1.07 (b, 6H),
0.85 (m, 6H); 422.29 (MH+ monoisot.); Compound 9b: 'H NMR (DMSO-dg) ¢
7.59 (d, 1H), 7.30 (s, 1H), 7.08 (d, 1H), 6.91 (d, 2H), 6.53 (d, 2H), 4.14 (s, 2H),
3.96 (d, 2H), 3.58 (q, 2H), 3.04 (b, 2H), 2.80 (b, 2H), 0.90 (t, 3H), 0.78 (b, 7H),
0.10-0.03 (m, 4H); 406.17 (MH+ monoisot.); Compound 14j: 'H NMR (CD50D)
§7.84(d, 1H), 7.72 (s, 1H), 7.54 (dd, 1H), 7.33 (m, 4H), 7.10 (t, 1H), 6.98 (m, 4H),
4.57 (s, 2H), 4.41 (dd, 2H), 3.55 (br s, 2H), 3.27 (br s, 2H), 1.69 (m, 1H), 1.51 (m,
2H), 1.24 (br s, 3H), 1.11 (br s, 3H), 0.96 (s, 6H); 470.32 (MH+ monoisot.);
Compound 20h: 'H NMR (CD50D) 6 8.00 (d, 1H), 7.79 (s, 1H), 7.59 (d, 1H), 7.27
(s,2H), 6.95 (d, 2H), 4.56 (s, 2H), 4.36 (m, 6H), 4.02 (q, 2H), 1.37 (t, 3H), 1.24 (m,
1H),0.61 (m, 2H), 0.48 (m, 2H); 514.22 (MH+ monoisot.); Compound 20i: 'H
NMR (CD50D) § 8.13 (d, 1H), 7.94 (d, 1H), 7.69 (s, 1H), 7.53 (dd, 1H), 7.45 (d,
1H), 7.40 (dd, 1H), 4.80 (s, 2H), 4.37 (d, 2H), 4.04 (q, 2H), 3.58-3.46 (m, 2H),
3.26-3.19(m, 2H), 1.32 (t, 3H), 1.25-1.15 (m, 4H), 1.13-1.00 (m, 3H), 0.59-0.52
(m, 2H), 0.45-0.38 (m, 2H); 407.27 (MH+ monoisot.); Compound 26g: 'H NMR
(CD30D) 6 0.51 (m, 2H), 0.66 (m, 2H), 1.28 (m, 1H), 1.41 (m, 7H), 1.55 (m, 2H),
3.28 (s, 3H), 3.34 (m, 4H), 4.07 (q, 2H), 4.39 (d, 2H), 4.57 (s, 2H), 7.01 (m, 2H),
7.30 (m, 2H), 7.39 (dd, 1H), 7.44 (d, 1H), 7.90 (d, 1H); 447.36 (MH+ monoisot.).
General procedure for the CB1/CB2 binding assay: cannabinoids membranes
are thawed at 37 °C, passed 3 times through a 25-gauge blunt-end needle,
diluted in the cannabinoid binding buffer (50 mM Tris, 2.5 mM EDTA, 5 mM
MgCl,, and 0.5 mg/mL BSA fatty acid free, pH 7.4) and 80 pL aliquots containing
the appropriate amount of protein are distributed in 96-well plates. The ICso of
compounds (150 pL) are evaluated from 10-point dose-response curves done
with 70 pL of 2H-CP55, 940 at 20,000 to 25,000 dpm per well (0.17-0.21 nM) in
a final volume of 300 pL. The total and non-specific binding are determined in
the absence and presence of 0.2 uM of HU210 (150 pL). The plates are vortexed
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and incubated for 60 min at room temperature, filtered through Unifilters GF/B
(presoaked in 0.1% polyethyleneimine) with the Tomtec or Packard harvester
using 3 mL of wash buffer (50 mM Tris, 5 mM MgCl,, 0.05% BSA, pH 7.0). The
filters are dried for 1 h at 55 °C. The specific binding (SB) is calculated as TB-NS,
and the SB in the presence of various ligands is expressed as percentage of
control SB. Values of ICso and Hill coefficient (ny) for ligands in displacing
specifically bound radioligand are calculated in Activity base with ExcelFit. The
concentration of compounds to use and dilutions are also calculated with
Activity base. The radioactivity (cpm) is counted in a TopCount (Packard) after
adding 65 pL/well of MS-20 scintillation liquid.

GTPy[>>S] binding on cloned human CB2 receptors in Sf9 cell membranes:
human CB2 assay was performed in a buffer consisting of 50 mM Hepes,
20 mM NaOH, 100 mM NacCl, 1 mM EDTA, 5 mM MgCl,, 0.1% BSA, and 15 pM
GDP. The pH was set at 7.4 at room temperature. The washing buffer consisted
of 50 mM Tris, 5 mM MgCl,, 50 mM NacCl, pH 7.4, at 4 °C. Compounds were
tested in 10-point dose-response curves. The assay, performed in 96-well
plates, consisted of 300 L, containing 150 pL of buffer alone or compound at
varying concentrations, 80 pL of membranes (5 pg of protein/well) mixed with

49.
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56 uM of GDP (15 pM final). Finally, 70 pL of the tracer GTPy[3>S] (100,000 to
130,000 dpm/well) is added to start the reaction. Eight wells were used to
define basal (negative control) binding and 8 for positive control (maximal
binding) using 1 uM WIN55,212-2. Plates were then mixed by hand on an
orbital mixer and incubated for 1 h at room temperature. Filter plates were
presoaked in deionized water. Filtration was performed with a Packard cell
harvester using 3x 1 mL of wash buffer. Filter plates were then dried at 55 °C
for 1.5h before adding 50 uL of Microscint 20 (Packard Biosciences)
scintillation fluid. Filter plates were counted in a Packard Top Count. The
cpm values of GTPy[*°S] binding in the 8 wells containing GTPy[**S] and
membranes were averaged to define basal binding (BB) and the values of the 8
wells containing 1 pM WIN55,212-2 were averaged to define GTPy[3*S]
maximal binding (MB). The stimulation of GTPy[**S] binding observed for
each concentration of compound (cpm ECC) was expressed as a percentage of
maximal effect elicited by 1 uM WIN55,212-2. GTPy[3>S] specific binding is
calculated by subtracting the BB.

Compton, D. R.; Gold, L. H.; Ward, S. ].; Balster, R. L.; Martin, B. R. J. Pharmacol.
Exp. Ther. 1992, 263, 1118.
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The discovery and optimization of potent and selective aminobenzimidazole glucagon receptor antago-
nists are described. One compound possessing moderate pharmacokinetic properties in multiple preclin-
ical species was orally efficacious at inhibiting glucagon-mediated glucose excursion in transgenic mice
expressing the human glucagon receptor, and in rhesus monkeys. The compound also significantly low-
ered glucose levels in a murine model of diabetes.
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Type 2 diabetes is characterized by chronically elevated plasma
glucose levels. A major contributor to this condition is excessive
hepatic glucose production resulting from inappropriately high
levels of the hormone glucagon, which signals via the glucagon
receptor to promote hepatic gluconeogenesis and glycogenolysis.!
Disruption of glucagon signaling may therefore provide a means to
alleviate hyperglycemia in type 2 diabetic patients.? Indeed, bio-
logical agents that do so, including glucagon-neutralizing antibod-
ies,> antisense oligonucleotides,* and peptide glucagon receptor
antagonists® have been shown to reduce glucose levels in animal
models of diabetes. Several small molecule glucagon receptor
antagonists have also been reported to block glucagon-induced
glucose production in animals® and in man,” and more recently,
to decrease glucose levels in animal models of diabetes.®¢ Contin-
uing our efforts to develop small molecule glucagon receptor
antagonists,® we describe the discovery and development of potent
and selective 2-aminobenzimidazoles that are orally efficacious in
blocking glucagon-mediated glucose excursion in vivo, and lower
glucose levels in a diabetic animal model.

Screening efforts against the human glucagon receptor (hGCGR)
led to the identification of moderately active acylurea antagonists
including 1 (Fig. 1). Poor physical properties of the compounds,
however, led us to replace the acylurea moiety with aminohetero-
cycles, providing analogs such as 2a. While the aminoheterocycle

* Corresponding author. Tel.: +1 732 594 4847; fax: +1 732 594 9473.
E-mail address: ron_kim@merck.com (R.M. Kim).

0960-894X/$ - see front matter © 2008 Elsevier Ltd. All rights reserved.
doi:10.1016/j.bmcl.2008.05.072

derivatives showed significantly decreased activity against the glu-
cagon receptor, molecular modeling comparisons with cyclic urea
3% and other previously reported glucagon receptor antagonists®
prompted us to append benzyl-linked acidic groups to the amino
moiety to provide compounds such as 2b. Indeed, 2b showed im-
proved in vitro potency, and was orally efficacious in inhibiting
glucagon-induced glucose excursion in transgenic mice expressing
the human glucagon receptor (hGCGR mice) at 30 mg/kg (data not
shown).

Further evaluation of the aminoheterocycle platform led to the
preparation of aminobenzimidazole glucagon receptor antagonist
4. Listed in Table 1, the compound showed high receptor affinity
as measured by inhibition of '*’l-glucagon binding to hGCGR
expressed in CHO cell membranes (Bnd ICsg), though functional
antagonism of glucagon-induced cAMP accumulation in hGCGR-
transfected CHO cells (cAMP ICso) was weak.'® Replacement of
the diaryl ether moiety with a tert-butylcyclohexyl group pro-
vided compound 5, which showed similar binding affinity to 4,
and also poor functional activity. N-Methylation of the benzimid-
azole ring of 5 provided compound 6, which maintained high
receptor affinity, and now showed significantly improved func-
tional activity.

Benzimidazole 6 was synthesized as depicted in Scheme 1,
which typifies the methodology used to obtain the majority of ana-
logs. A one-pot reaction involving reaction of methyl-4-(4-trans-
tert-butylcyclohexylaminomethyl) benzoate!® with one equivalent
of thiophosgene, followed by addition of phenylenediamine 13,
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Figure 1. Small molecule glucagon receptor antagonists.

Table 1
Binding and functional activity of benzimidazole glucagon receptor antagonists

5
.
< / N
R Nﬁ\ R
\
13

R H
H
NN,
TN
O N-N
Entry R R? R® Bnd ICso (nM) cAMP ICso (nM)
Cl
4 ©/O\©\ 5-Me H 13 >1000
\ Cl
5 g —O-...é 5-Me H 10 >1000
6 g —O....é 5-Me Me 15 71
7 g _O....é H Me 4 55
8 ; —O....é H Et 16 ND?
9 g _O....é H Pr 24 ND?
10 g _O....é H cPent 120 ND?
11 g —O....é H Ph 950 ND?
12 g —O....é H Bn 16 ND?

2 ND, not determined.

then cyclization with mercuric trifluoroacetate, provided the
aminobenzimidazole 14a. Saponification of the ester and coupling
of the aminotetrazole provided the desired product 6. Outlined in
Scheme 2, compounds could also be prepared by an alternative
route, involving one-pot reaction of phenylenediamine 15 with

the desired isothiocyanate, followed by mercury-mediated cycliza-
tion to afford the aminobenzimidazole 16. Benzylation in the pres-
ence of sodium hydride strongly favored alkylation of the 2-amino
group to provide ester 14b, which could then be processed to the
tetrazole product, as described in Scheme 1.
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Scheme 1. Synthesis of compound 6. Reagents and conditions: (a) C(S)Cl, (1.0 equiv), DIEA, CH,Cl,, 0 °C, 30 min; (b) phenylenediamine (1.2 equiv), 1 h, ambient temper-
ature; (c) Hg(0,CCF3), (1.0 equiv) added as a suspension in DMF, 1 h; (d) LiOH, 2:1 dioxane:H,0; (e) EDC, HOBt, DIEA, DMF.
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R R1 a h1 b R1 o—
15 16 14b

Scheme 2. Alternate synthesis of aminobenzimidazoles. Reagents and condition: (a) DMF, 1 h, ambient temperature, then Hg(O,CCFs), (1.0 equiv), 1 h; (b) NaH, DMF.

Parent N-methylbenzimidazole 7 showed slightly enhanced po-
tency compared to 6. Surveying of N-alkyl substituents revealed
that replacement of the methyl group with larger and more steri-
cally bulky substituents generally resulted in decreased activity
(entries 8-11), though N-benzyl derivative 12 showed good recep-
tor affinity.

Shown in Table 2, antagonist activity was highly dependent on
the acid moiety, with replacement of the aminotetrazole with
other acidic groups resulting in significantly diminished activity
(entries 17-19). B-Hydroxyacid 19 showed good binding affinity,
though functional activity in the cell-based assay was greatly de-
creased. Shown in Table 3, antagonist activity was also highly sen-

Table 2
Activity of acid analogs

Qip‘k

N
Me
H
N‘R

0]

Entry R Bnd ICso (nM) CAMP ICso (nM)

160 ND

17 /\<\
N

18 230 ND

>1000

Y
OH
19 g -NH\/k"/OH 14
0

Table 3
2-Amino substituent SAR

5\1 N
Me
HYH‘
Lo
Entry R Bnd ICso (nM) CAMP ICso (nM)
20 S —O—é 170 430
21 Me >1000 ND

22 Q.Q—é 31 810
- OO
24 S{;»ocw3 90

sitive to the 2-amino substituent, with large hydrophobic groups
being required for high affinity and functional activity. Underscor-
ing the sensitivity of this position is the significantly greater activ-
ity of trans-tert-butylcyclohexyl derivative 7 compared to the
corresponding cis-isomer 20 and tert-butylphenyl analog 22.
Extensive investigation of SAR on the benzimidazole ring was
also undertaken, with representative examples listed in Table 4.
Because oxidative metabolism of benzimidazoles can occur at
C-5,'! introduction of substituents at this position to block this po-
tential site of metabolism was of particular interest. C-5 alkoxy
derivatives 25-31 were especially potent, with benzyloxy and
small alkoxy groups providing optimal binding and functional

>1000
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Table 4

Benzimidazole SAR
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" <
N “
YO
N™ "N
Me
H
NN
T
O N-j
Entry R Bnd ICsq cAMP ICso  hGIP cAMP hGLP-1 cAMP
(nM) (nM) IC50 (nM) IC50 (nM)
25 5-OH 2 >1000 >1000 ND
26 5-OMe 4 38 2500 5900
27 5-OEt 2 22 2800 7600
28 5-OPr 2 4 3200 ND
29 5-OcPent 1 9 2000 5000
30 5-0CH,- 2 19 >1000 ND
cPent

31 5-OBn 1 7 1000 ND
32 6-OMe 4 213 >1000 ND
33 6-OPr 1 8 4900 5000
34 5-F 6 220 >1000 ND
35 5-Br 7 62 ND ND
36 5-CF3 11 62 6000 6800
37 5,6-DiMe 6 18 >10000 ND
38 5,6-DiCl 9 23 3000 3700

activity. C-6 alkoxy derivatives (e.g. compounds 32 and 33) were
also highly active, though slightly less so than their C-5 counter-
parts. Hydrophobic substituents were generally well tolerated on
the benzimidazole ring (entries 34-38). Selected compounds were
screened against hGIP and hGLP-1 due to the role of these related
receptors in glucose-dependent insulin secretion; selectivity over
both receptors was typically greater than 50-fold (Table 4).

The benzimidazoles generally showed low oral bioavailability in
rodents. The benzimidazole ethers in particular showed poor oral
bioavailability, as exemplified by compound 29 (Table 5). Trifluo-
romethyl derivative 36, however, displayed moderate pharmacoki-
netic properties in multiple species (Table 5). The compound was
also  highly selective against the hERG K" channel
(IC50 > 10,000 nM) and cytochrome P450 isozymes 3A4, 2C9, and
2D6 (ICso > 10,000 nM), and it was therefore further evaluated for
glucagon receptor antagonist activity in vivo.

In a pharmacodynamic assay, oral administration of 36 to trans-
genic mice expressing the human glucagon receptor (hGCGR
mice)'? 1 h prior to an IP injection of glucagon (15 pg/kg) signifi-
cantly inhibited glucagon-dependent glucose excursion at doses

Table 5

Pharmacokinetic properties of compounds 29 and 36

Entry Species Clearance (mL/min/ Vd, (L/ ti2 AUCy (po) F
kg) kg) (h) (UM h/ (%)

dose)

29 Mouse 10 0.5 3.2 0.07 2

29 Rat 15 0.60 2.9 0.10 5

36 Mouse 4 0.33 1.9 0.40 5

36 Rat 12 0.74 1.6 0.40 15

36 Dog 3.8 0.5 21 21 27

36 Rhesus 16 0.8 24 0.45 23

Mice and rats were dosed at 1.0 mg/kg iv in DMSO:Tween80:water (5:10:85) and
2.0 mg/kg po in 0.5% methylcellulose. Dogs were dosed at 0.25 mg/kg iv in EtOH:
PEG:water (2:5:3), and at 1 mg/kg po in 0.5% methylcellulose. Rhesus monkeys

were dosed at 0.5 mg/kg iv in EtOH:PEG200:water (2:5:3) and at 2 mg/kg po in

Imwitor:Tween80 (1:1).

of 30, 10, and 3 mg/kg (Fig. 2). Compound 36, which showed sim-
ilar in vitro activity against the rhesus and human glucagon recep-
tors (rhesus cAMP ICso=111nM), also inhibited a glucagon
challenge in rhesus monkeys at oral doses of 10 and 3 mg/kg

(Fig. 3).

AUC Delta from 0 time

( 0-24 mll'l) I vehicle
B glucagon
. N 36 @ 3mpk
1500 BN 36 @ 10mpk
36 @ 30mpk
]
£
£ 1000 1
SE
<?
s
S 500 -
o B

* p<0.05 vs vehicle
a p<0.05 vs glucagon

Figure 2. Effect of compound 36 on glucagon-induced glucose excursion in hGCGR
mice. Compound was administered orally in 0.25% methylcellulose (n = 3/group).

60
50 - —a— Vehicle
S —— glucagon
3 40 A
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39
G E 20 A
I
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o
0 -4
-10 T T T T T T 1
0 10 20 30 40 50 60 70
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Figure 3. Effect of compound 36 on glucagon-induced glucose production in rhesus
monkeys 1 h post-dose. Compound was administered orally in Imwitor:Tween80
(1:1); n=4/group.
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Figure 4. Effect of compound 36 on blood glucose levels in hGCGR mice on a high-
fat diet. Compound was administered as an admixture in the feed (n =12 animals

per group). 'p < 0.05 versus control.
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The ability of compound 36 to reduce glucose levels in a dia-
betic animal model was also determined using hGCGR mice placed
on a high-fat diet to induce moderate hyperglycemia.'> Shown in
Figure 4, oral administration of 36 in the feed at 10 and 30 mg/kg/
day over 10 days provided a dose-dependent reduction in glucose
levels, with nearly complete correction compared to lean controls
at the high dose.

The 2-aminobenzimidazoles are potent glucagon receptor
antagonists, which show good selectivity over related receptors
hGIP and hGLP-1. Compound 36, which displayed moderate phar-
macokinetic properties in multiple preclinical species and a favor-
able off-target profile, was further evaluated in vivo. The
compound was orally efficacious in blocking glucagon-mediated
glucose production in hGCGR mice and in rhesus monkeys at an
oral dose of 3 mg/kg. Furthermore, chronic oral administration of
36 to hGCGR mice with high-fat diet-induced hyperglycemia affor-
ded significant reductions in blood glucose levels, providing nearly
complete correction compared to lean controls at a dose of 30 mg/
kg/day. These results provide further preclinical validation for
small molecule glucagon receptor antagonists as a potentially
effective treatment of type 2 diabetes.
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Probing with tool molecules, and by modeling and X-ray crystallography the binding modes of two struc-
turally distinct series of DPP-4 inhibitors led to the discovery of a rare aromatic fluorine H-bond and the
spatial requirement for better biaryl binding in the DPP-4 enzyme active site. These newly found binding
elements were successfully incorporated into novel DPP-4 inhibitors.

© 2008 Elsevier Ltd. All rights reserved.

Incretin hormones, primarily glucagon-like peptide 1 (GLP-
1)!? and glucose dependent insulinotropic polypeptide (GIP)>
are known to stimulate glucose dependent insulin biosynthesis
and secretion.* Inhibition of dipeptidyl peptidase IV (DPP-4)
has been shown to prolong the beneficial effects of these incretin
hormones by stabilizing the intact (active) form of the hor-
mones.” Human clinical studies of several small molecule DPP-
4 inhibitors, such as sitagliptin,® have shown improvement in
glycemic control and improvement in B-cell function in patients
with type 2 diabetes.” At an early stage of the DPP-4 project,
which ultimately led to the discovery of sitagliptin (16), two
structurally distinctive lead series had been studied (Fig. 1).8°
The glycine-based DPP-4 inhibitors (a-series 1) were developed
from compounds described in earlier publications in the field,!°
whereas the B-alanine-based DPP-4 inhibitors (B-series 2) were
developed from a high throughput screening lead.® Structure-
activity relationship studies suggested that the pyrrolidine amide
moieties of series 1 and 2 did not occupy the same pocket in the
enzyme active site.

For a-series 1, only small substituents (e.g., fluorine, nitrile)
were tolerated on the pyrrolidine ring,®® whereas in B-series 2,
not only could the pyrrolidine amide be substituted with large
groups at either the 2 and 3 positions leading to increased

* Corresponding author. Tel.: +1 732 594 3543; fax: +1 732 594 3007.
E-mail address: gui-bai_liang@merck.com (G.-B. Liang).

0960-894X/$ - see front matter © 2008 Elsevier Ltd. All rights reserved.
doi:10.1016/j.bmcl.2008.05.061

potency,®® but also the pyrrolidine itself could be replaced by
piperazine and other cyclic amines.® In addition, in series 1 the
cyclohexyl ring could be substituted at the 4-position with a vari-
ety of aryl sulfonamides providing compounds with enhanced po-
tency;® however, only small substituents such as fluorine,
chlorine, and methyl group are tolerated on the benzyl group in
series 2.9% Before the X-ray structure of DPP-4 was published in
2003,'! these distinct SARs provided an opportunity for us to probe
the binding modes of these inhibitors in the DPP-4 enzyme active
site, leading to the design of novel inhibitors.

We speculated that the fluoropyrrolidine amide moiety in the
o-series and fluorobenzyl group of the p-series occupied the same
hydrophobic pocket in the DPP-4 active site. To test this hypothe-
sis, we turned our attention to aspartic acid-based analogs which
embedded both a glycine unit and a B-alanine unit (Fig. 2). Starting
from N-Boc protected aspartate 3, these compounds were readily
made through a reaction sequence of amide coupling, ester hydro-
lysis, second amide coupling, and finally deprotection (Scheme 1).
However, when these compounds (6a—c)!? were compared to their
B-series analogs (2a-c),%* significantly reduced activities were ob-
served (Table 1). All reported compounds were evaluated in vitro
for their inhibition of DPP-4 activity'® and selectivity against
DPP-8 and DPP-9. Although disputed recently,!* inhibition of
DPP-8 and DPP-9 is very likely associated with toxicity in preclin-
ical species.!”” DPP-8 and DPP-9 activities are similar, thus only
DPP-8 data are reported. All new compounds were inactive
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(IC50 > 50 uM) against fibroblast activation protein and quiescent
cell proline dipeptidase (QPP, also known as DPP-7).!°

Although the simple replacement of the fluorobenzyl group
with a fluoropyrrolidine amide moiety was not successful, contin-
ued SAR studies in the a-series had led to a group of oxadiazole
containing compounds (7a-c),!” and a completely different ap-
proach (amide bioisostere replacement) in the B-series had led to
a group of very similar oxadiazole containing compounds (12a-
c). The synthesis of the latter is outlined in Scheme 2, starting from
the known pB-lactam intermediate 8.'® Methylation yielded mostly
the trans isomer 9, which was converted to acid 10 following a
route previously reported.'® Acid 10 was then treated with corre-
sponding amidoximes in the presence of EDC to yield oxadiazole
11, which were then deprotected to give 12. The similarity be-
tween their structures, as well as their DPP-4 inhibitory activities
(summarized in Table 2), strongly suggest that the fluoropyrroli-
dine amide moiety of the o-series and the fluorobenzyl group of
the p-series occupy the same pocket in the enzyme active site."®

To seek supporting evidence for this working hypothesis, com-
puter modeling was carried out after the publication of the DPP-4
X-ray structure.!! In the original structure of the enzyme bound to
L-valine pyrrolidine amide 13, two key interactions were identi-
fied: a salt bridge between the amino group of the valine amide
and Glu205 and/or Glu206 and a hydrogen bond between the va-
line carbonyl oxygen and Arg125. When B-alanine-based DPP-4
inhibitors were docked in a similar orientation (A), many highly
potent inhibitors with large substituents on the amide ring, e.g.
compound 14,%° could not be accommodated (Fig. 3). This result
prompted a computer search for new orientations that would fit
a large substituent on the amide ring into the active site. The
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Scheme 1.

Table 1
Activities of aspartic acid-based DPP-4 inhibitors 6 and their B-series analogs 2

Compound X, R DPP-4 ICs¢* (nM) DPP-8 ICs¢* (nM)
6a X=S: R=H 9800 17,000
2a 270 2100
6b X=CH,; R=CH,OH 9200 18,000
2b 200 27,000
6¢ i’”‘{>\ 8800 47,000
2 Ay 55 >100,000

2 Values reported are the mean of a minimum of two experiments with a stan-
dard deviation <25% of the mean, and the same for data in other tables.
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Table 2
Activities of oxadiazole containing DPP-4 inhibitors 7 and their p-series analogs 12

Compound R XY DPP-4 ICso (nM) DPP-8 ICso (nM)
7a R=H; X=H, Y=0CF; 1800 >100,000
12a 4400 >100,000
7b R=F; X=Cl; Y=CI 615 >100,000
12b 600 >100,000
7c R=F; X=Cl, Y=SO,Me 40 >100,000
12¢ 46 >100,000
GIlu206 - _ _.~ Arg125
satBrdge N2 O HBong
et
w
H-Bond Salt Bridge Salt Bridge
Glu206 Arg125 No Fit! New H-Bond?  Glu206
. F § § /Ph / Fit! — pp
H2N o B O Q
N NH HN
F 14 A
Figure 3.

search resulted in a new orientation (B) consistent with our work-
ing hypothesis that the fluoropyrrolidine amide moiety of the a-
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series and fluorobenzyl group of the B-series occupy the same
hydrophobic pocket in DPP-4 active site, while the free amino
group keeps the same salt bridge with Glu205 and/or Glu206.
However, a hydrogen bond to the carbonyl oxygen was not well
defined, and no conclusions were drawn on detailed alignment
and interactions until X-ray structures of the B-series of inhibitors
bound DPP-4 became available.

The overlay of X-ray structures of compound 152! (a-series) and
sitagliptin® (16, -series) bound to the active site of DPP-4 is shown
in Figure 4. As it was proposed, the fluoropyrrolidine amide moiety
of the a-series and the fluorobenzyl group of the p-series do occu-
py the same pocket in the enzyme active site, even though sitaglip-
tin 16 lacks the sterically demanding benzyl substitution. In this
new orientation, the carbonyl oxygen of 16 forms a hydrogen bond
to Tyr547 through a bridging water molecule in the active site.® In
the complex with compound 15, the water molecule was displaced
by the dimethyl amide moiety which forms a hydrogen bond di-
rectly with Tyr547 (in green), which was re-oriented to have a bet-
ter alignment for hydrogen bonding.?!

An unexpected discovery was that the fluorine (Fig. 4, X) at the
2 position of the benzyl group in 16 occupied the same space as the
pyrrolidine amide oxygen (Fig. 4, X) in 15 and formed a hydrogen
bond to Asn710. The distance between the fluorine and the NH
nitrogen is measured at 3.2 A, in the range of a typical hydrogen
bond. Although rarely observed, aromatic carbon-bound fluorine
is known to participate in significant hydrogen bonds and can also
interact with charged molecules.?? This newly discovered binding
element became a focal point in our continued search for structur-
ally diverse new leads. We envisaged that a carbonyl oxygen could
be used to replace the fluorine, form the same hydrogen bond, and
therefore, retain the binding energy. Thus, valerolactam-based
DPP-4 inhibitors 20 were designed and synthesized (Scheme 3).

Using cesium carbonate as a base, alkylation of pyridone went
exclusively on nitrogen to yield 17. Michael addition was carried
out in neat o-methylbenzylamine. Diastereomers of 18 were not
easily separated, so the mixture was carried on, and the two dias-
teromers of the t-Boc protected final product were separated by
HPLC using a Chiral-Cell O] column. The absolute configuration of
20a was confirmed by X-ray crystal structure, and others were as-
signed analogously, based on their DPP-4 inhibitory activities.

v
Ser209/

N L
., Arg358/%

N%

CF;

Figure 4. Overlay of X-ray structures of 15 (yellow) and 16 (magenta) bound to the
active site of DPP-4.

_0%:C0;
\/\)L

17

NH, O
N\)\)LOH
(0]

Q\/\)L

/L Ph

1) LioH
PRNH, (TN RO L

— N A g, 2 He PeC
o 18 19
1) tBoc 1) Chiral Separation Q NHz O 2/_40
2) EDC 2) Deportection 3 N\/'\/ILNK//NH
20a
Scheme 3.

Table 3
Activities of valerolactam containing DPP-4 inhibitors 20 and their B-series analogs 21

NH, O
X

0 F
20a-c 21a-c
Compound X DPP-4 ICs (nM) DPP-8 ICso (nM)
- 0
20a . 20 41,000
21a “I~N NH 40 87,000
FC— O
20b 8 pay 120 15,000
21b —E—N\\//NH 85 27,000
1
I N
20c NN 120 43,000
21c N\’( 98 75,000
CFs

When these valerolactam DPP-4 inhibitors (20) were compared
to their 2-fluorophenyl analogs 21,'° very similar potencies were
observed (Table 3), indicating the arylfluorine to Asn710 H-bond
was successfully replaced with a carbonyl to Asn710 H-bond.
These new DPP-4 inhibitors are potent and selective against DPP-
8. Unfortunately, preliminary rat PK studies on 20a showed poor
oral bioavailability, much lower than that of fluorophenyl analogs
reported earlier.2°

Additional analysis of the X-ray structure overlay indicated an
interesting alignment of C1 of the biaryl moiety in compound 15
(Fig. 4, C) with the a-carbon of the B-alanine unit in compound
16 (Fig. 4, C), suggesting another possible hybrid structure:
replacement of the amidomethylene moiety in the B-series with
the biaryl unit in the a-series to provide compounds 24.

The synthesis of this new series is shown in Scheme 4. The lith-
ium enolate of methyl phenylacetate was alkylated with 2,5-dif-
luorobenzylbromide, followed by ester hydrolysis. The resulting
carboxylic acid 22 was subjected to Curtius rearrangement with
diphenylphosphoryl azide under basic condition, and the product
was captured in situ by tert-butanol to give the t-Boc protected
amino aryl bromide 23. Suzuki coupling with various aromatic
boronic acids, followed by chiral separation and acid deprotection
of the t-Boc group yielded biaryl compounds 24. Again, the abso-
lute configuration of 24d was confirmed by X-ray crystal structure
(Fig. 5) and the others by analogy based on DPP-4 inhibitory
activities.

Comparison of DPP-4 inhibition of the new biaryl compounds
24 and their o-series analogs 252 is summarized in Table 4. Biaryl
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Figure 5. Overlay of X-ray structures of 24d (yellow) and 16 (cyan) bound to the
active site of DPP-4.

Table 4
Activities of biaryl containing DPP-4 inhibitors 24 and their o-series analogs 25

F E
NH, C‘ NH, X
S
F x o =
24a-d 25a-d
Compound -X DPP-4 ICso (nM) DPP-8 ICso (nM)
24a -Br 1300 >100,000
25a 245 >100,000
24b S 253 64,000
25b ]@ 110 >100,000
N
24c PATEN 107 >100,000
25¢ | _N 71 >100,000
cl
24d S CONH, 32 >100,000
25d O/ 100 39,000

inhibitor 24d, in particular, showed good potency (DPP-4
ICs0=32nM) and selective against DPP8. More importantly, its
pharmacokinetic properties®* (Cl,, 13 mL/min/kg; t1/2, 3.8 h; Cinax,
2.1 uM; F%, 130) compare favorably to the o-series analogs.

The X-ray structure of 24d,2> shown in Fig. 5, revealed that it
overlapped with Sitaglitin 16 almost perfectly in the DPP-4 active
site. Not only the aromatic fluorine is in the same position for H-
bonding, but also the carboxamide group of 24d is overlapping
with the trifluoromethyl group of 16, and engaged in favorable
interactions with the side chains of residue F208, S209, and R358
(Fig. 5). This observation is consistent with our working hypothesis
mentioned earlier that this new orientation of the biaryl moiety
would result in better inhibitors of DPP-4.

In summary, our efforts to seek common features of two struc-
turally distinct series of DPP-4 inhibitors led to compounds which
provided insights into the binding modes of these inhibitors in the
DPP-4 active site. Computer modeling based on the DPP-4 X-ray
structure provided credible supporting evidence of the possible
alignment of the two inhibitor classes. Finally the availability of
the X-ray structures of enzyme-inhibitor complexes allowed de-
tailed analysis of specific interactions and structural unit align-
ment. With newly discovered binding elements, such as the
aromatic fluorine H-bond, we were able to design structurally dis-
tinct, potent and selective inhibitors of DPP-4. These studies fur-
ther demonstrated the value of structural biology and computer
modeling in medicinal chemistry programs.
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Discovery of a-glucosidase inhibitors has been actively pursued with the aim to develop therapeutics for
the treatment of diabetes and the other carbohydrate-mediated diseases. We have identified four novel
a-glucosidase inhibitors by means of a drug design protocol involving the structure-based virtual screen-
ing under consideration of the effects of ligand solvation in the scoring function and in vitro enzyme
assay. Because the newly identified inhibitors reveal in vivo antidiabetic activity as well as a significant
potency with more than 70% inhibition of the catalytic activity of a-glucosidase at 50 uM, all of them
seem to deserve further development to discover new drugs for diabetes. Structural features relevant
to the interactions of the newly identified inhibitors with the active site residues of a-glucosidase are dis-

© 2008 Elsevier Ltd. All rights reserved.

Glucosidases are responsible for the catalytic cleavage of a gly-
cosidic bond in the digestive process of carbohydrates with speci-
ficity depending on the number of monosaccharides, the position
of cleavage site, and the configuration of the hydroxyl groups in
the substrate.! o- and p-glucosidases are most extensively studied
and are known to catalyze the hydrolysis of the glycosidic bonds
involving a terminal glucose at the cleavage site.? Of the two pop-
ular glucosidases, o-glucosidase (EC 3.2.1.20) has drawn a special
interest of the pharmaceutical research community because it
was shown that the inhibition of its catalytic activity led to the
retardation of glucose absorption and the decrease in postprandial
blood glucose level.>~> This indicates that effective a-glucosidase
inhibitors may serve as chemotherapeutic agents for clinic use in
the treatment of diabetes and obesity. The catalytic role in digest-
ing carbohydrate substrates also makes o-glucosidase a therapeu-
tic target for the other carbohydrate-mediated diseases including
cancer,® viral infections,”® and hepatitis.®

Since the discovery of acarbose (Figure 1), that is the first mem-
ber of a-glucosidase inhibitors approved for the treatment of type
2 diabetes,'® a variety of a-glucosidase inhibitors have been dis-
covered as recently reviewed in an extensive fashion.!! These in-
clude transition state analogues,'> newly identified synthetic
compounds,'> 2! and natural products isolated from a variety of
species.?>~%> Most of the a-glucosidase inhibitors reported in the
literature stem from either the isolation of new scaffolds by high

* Corresponding authors. Tel.: +82 2 3408 3766; fax: +82 2 3408 4334 (H. Park);
tel./fax: +82 31 220 2344 (K. Kim).
E-mail addresses: hspark@sejong.ac.kr (H. Park), kkim@suwon.ac.kr (K. Kim).

0960-894X/$ - see front matter © 2008 Elsevier Ltd. All rights reserved.
doi:10.1016/j.bmcl.2008.05.056

throughput screening or the generation of the improved deriva-
tives of pre-existing inhibitor scaffolds. So far the structural inves-
tigations of a-glucosidases have lagged behind the mechanistic
and pharmacological studies. Indeed, structural information of o-
glucosidases has been limited to those of a few bacterial strains
only in ligand-free forms.?%?” The lack of structural information
about the nature of the interactions between a-glucosidases and
the inhibitors has thus made it a difficult task to discover good lead
compounds based on the structure-based inhibitor design.

Recently we have identified several o-glucosidase inhibitors
based on a drug-design protocol involving homology modeling, vir-
tual screening with docking simulations, and in vitro enzyme as-
say.?® In this study, we also apply a structure-based virtual
screening with the aim to discover the new a-glucosidase inhibi-
tors that can reduce the postglandal blood glucose level in vivo.
The present virtual screening approach differs from the previous
one in that a putative ligand is scored with the most populated
binding mode instead of the lowest binding free energy hit. This
may have an effect of increasing the hit rate in enzyme assay be-
cause the binding free energy function in itself is insufficient to en-
sure the successful virtual screening.?® Another characteristic
feature of the present virtual screening lies in the implementation
of an accurate solvation model in the scoring function. It will be
shown that the present virtual screening approach can be useful
for enriching a chemical library with the molecules that are likely
to have desired biological activities.

We used the AutoDock program?° in the structure-based virtual
screening of a-glucosidase inhibitors because the outperformance
of its scoring function over those of the others had been shown
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Figure 1. Chemical structure of acarbose.

in several target proteins.?! The atomic coordinates of a-glucosi-
dase obtained from the homology modeling were used as the
receptor model in the virtual screening with docking simulations.
A special attention was paid to assign the protonation states of
the ionizable Asp, Glu, His, and Lys residues. The side chains of
Asp and Glu residues were assumed to be neutral if one of their
carboxylate oxygens pointed toward a hydrogen-bond accepting
group including the backbone aminocarbonyl oxygen at a distance
within 3.5 A, a generally accepted distance limit for a hydrogen
bond of moderate strength.>? Similarly, the side chains of Lys res-
idues were protonated unless the NZ atom was in a close proximity
of a hydrogen-bond donating group. The same procedure was also
applied to determine the protonation states of ND and NE atoms in
the side chains of His residues.

The docking library for a-glucosidase comprising about 85,000
compounds was constructed from the latest version of the Inter-
bioscreen chemical database (http://www.ibscreen.com) contain-
ing approximately 30,000 natural and 320,000 synthetic
compounds. This selection was based on the drug-like filters that
adopt only the compounds with physicochemical properties of po-
tential drug candidates.>® All of the compounds in the docking li-
brary were then subjected to the Corina program to generate
three-dimensional coordinates, followed by the assignment of
Gasteiger-Marsilli atomic charges.>* Docking simulations were
then carried out in the active site of a-glucosidase to score and
rank the compounds according to the calculated binding free en-
ergy of the most populated binding configurations.

In the actual docking simulation of the compounds in the dock-
ing library, we used the empirical scoring function improved by the
implementation of a new solvation model for a compound. The
modified scoring function has the following form:

A: B
AGE?nd = WvdW Z Z (rl_uz - r_g> + thond Z

i=1 j>i ] i=1

i ij
E ~v_Zy w ij
X Z (t) (r}jz rj]jo) + elecz Z S(rij)rij

j>i i=1 j>i

2
+ WtorNtor + Wsol Z Si (Occ;nax - Z V}de#> ’ (1)

i=1 i

where Wyaw, Whbonds Welee» Wior, and Wy, are the weighting factors
of van der Waals, hydrogen bond, electrostatic interactions, tor-
sional term, and desolvation energy of an inhibitor, respectively.
r represents the interatomic distance, and Ay, B, G, and Dj; are re-
lated to the depths of the potential energy well and the equilibrium
separations between the two atoms. The hydrogen bond term has
an additional weighting factor, E(t), representing the angle-depen-
dent directionality. Cubic equation approach was applied to obtain
the dielectric constant required in computing the interatomic elec-
trostatic interactions between o-glucosidase and a ligand mole-
cule® In the entropic term, Ny, is the number of sp3 bonds in the
ligand. In the desolvation term, S; and V; are the solvation parameter
and the fragmental volume of atom i, respectively, while Occ™*

stands for the maximum atomic occupancy. In the calculation of

molecular solvation free energy term in Eq. 1, we used the atomic
parameters recently developed by Kang et al.>” because those of
the atoms other than carbon were unavailable in the current ver-
sion of AutoDock. This modification of the solvation free energy
term is expected to increase the accuracy in virtual screening, be-
cause the underestimation of ligand solvation often leads to the
overestimation of the binding affinity of a ligand with many polar
atoms.>®

Docking simulation of a compound in the library started with
the calculation of the three-dimensional grids of interaction energy
for all of the possible atom types present in library. These uniquely
defined potential grids for the receptor protein were then used in
common for docking simulations of all compounds in the library.
As the center of the common grids in the active site, we used the
center of mass coordinates of the docked structure of the probe
molecule, acarbose, whose binding mode had been known in the
active site of 4-ai-glucanotransferase that is closely similar in struc-
ture to the template (oligo-1,6-glucosidase) used in the homology
modeling.?® The calculated grid maps were of dimension
61 x 61 x 61 points with the spacing of 0.375 A, yielding a recep-
tor model that includes atoms within 22.9 A of the grid center.
For each compound in the library, 10 docking runs were performed
with the initial population of 50 individuals. Of the conformations
obtained from 10 docking runs, those clustered together have sim-
ilar binding modes differing by less than 1.5 A in positional root-
mean-square deviation. The most populated binding configuration
of the enzyme-inhibitor complex was then selected for further
analysis.

As widely used, the commercially available a-glucosidase from
baker’s yeast (Sigma, G5003) was selected as the target protein in
this study using p-nitrophenyl-a-p-glucopyranoside (Sigma,
N1377) as the substrate. The compounds selected from the prece-
dent virtual screening were purchased from InterBioScreen Ltd.
and dissolved in DMSO. The reason for this choice for solvent lies
in that most of the test compounds were soluble and maintained
stable in DMSO. The enzyme and the substrate were dissolved in
0.07 M potassium phosphate buffer with pH 6.8. Then, the enzy-
matic reaction mixture composed of 100 pl o-glucosidase (0.1 U/
ml), 99 ul of 5 mM substrate, and 1 pl (10 mM/ml DMSO) of test
compound was incubated at 37 °C for 30 min. The inhibitory activ-
ity of each test compound was determined by measuring the
remaining activity of o-glucosidase at the concentration of
50 uM. The enzymatic activity was measured by the amount of
the released product, p-nitrophenol, that was detected by spectro-
photometer at the wavelength of 415 nm. For all test compounds,
the inhibition assay was performed in duplicates.

Parturient female rats (Sprague-Dawley) were housed in a tem-
perature-controlled room (24 + 2 °C) under artificial illumination
(12 h light/dark cycle) and at 55 + 5% relative humidity. The rats
were maintained on a standard pellet diet and water ad libitum.
Newly born male rats were used to induce experimental diabetes.
Diabetes was induced by two times of intraperitonial injection of
40 mg streptozotocin (STZ; Sigma, S-0313) per kg body weight
freshly dissolved in 100 pl of ice-cold 0.1 M citrate buffer (pH
45) at 2 and 4 days after birth. Five-week old rats weighing
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180-190 g were divided into six groups (n = 4): STZ control, acar-
bose, compound 1, compound 2, compounds 3 and compound 4.
After the rats were fasted for 24 h, 1 ml of each chemical main-
tained at 10 mM in saline solution was administered by oral route
to each group of rats, which was immediately followed by the oral
administration of 1.5 g/kg of corn starch. Blood was then with-
drawn from the rat tail vein at 0, 30, 60, 90 and 120 min post-
administration. The blood glucose levels were measured by glu-
cose-dye-oxidoreductase test strips (Accu-Check Active, Roche,
Germany).

The a-glucosidase from baker’s yeast was selected as the target
protein because it had been used most extensively in biological as-
says to evaluate the newly discovered a-glucosidase inhibitors. Of
the 85,000 compounds subject to the virtual screening, 100 top-
scored compounds were selected as virtual hits. Ninety-four of
them were available from the compound supplier and were tested
for inhibitory activity by in vitro enzyme assay. Eight of the 94
screened compounds reveal more than 50% inhibition at the con-
centration of 50 uM. The inhibitory activities and the chemical
structures of the newly identified inhibitors exhibiting more than
70% inhibition of a-glucosidase activity are shown in Table 1 and
Figure 2, respectively. These inhibition assays were done in dupli-
cates at the concentration of 50 pM using acarbose as a reference.

Table 1
Inhibitory activities of 1-4 for a-glucosidase

Compounds % inhibition at 50 pM
Acarbose 88.1+5.7
1 88.7+3.3
2 86.0+4.8
3 78.9+5.1
4 752+ 4.6
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We note that compounds 1 and 2 are as potent as the reference
compound in inhibiting the activity of a-glucosidase and possess
a common 5-[1-(2-phenoxyethyl)-1 H-pyrrol-2-ylmethylene]-1-
phenylpyrimidine-2,4,6(1H, 3H,5H)-trione scaffold. 3 and 4 reveal
a similar inhibitory activity of 75-80% inhibition of a-glucosidase
activity, either of which may be viewed as an independent inhibi-
tor scaffold. The four inhibitors shown in Figure 2 can thus be di-
vided into three structural classes. To the best of our knowledge,
all of these compounds have not been reported as o-glucosidase
inhibitors so far. It is also noteworthy that none of the four com-
pounds was included in the hit compounds of the previous virtual
screening that uses the lowest binding free energy hit in the scor-
ing.?® This indicates the usefulness of scoring with the most popu-
lated binding mode in virtual screening o-glucosidase inhibitors.
Judging from the potency and the structural diversity, all of the
newly identified inhibitor scaffolds seem to deserve further devel-
opment by structure-activity relationship (SAR) methods to opti-
mize their inhibitory activities.

To obtain structural insight into the inhibitory mechanisms for
the identified inhibitors of a-glucosidase, their binding modes in
the active site were investigated using the AutoDock program in
comparison with that of the known inhibitor acarbose. Figure 3
shows the best-scored AutoDock conformations of acarbose, 1,
and 3 in the active site gorge of a-glucosidase. As revealed by
the superposition of the docked structures, all of the inhibitors
seem to be stabilized through the interactions with the two cata-
lytic residues, Glu276 and Asp349. In order to examine the possi-
bility of the allosteric inhibition of o-glucosidase by the
inhibitors, docking simulations were carried out with the grid
maps for the receptor model so as to include the entire part of a-
glucosidase. However, the binding configuration in which an inhib-
itor resides outside the active site was observed neither for the
new inhibitors nor for acarbose. These results support the possibil-
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Figure 2. Chemical structures of the newly identified a-glucosidase inhibitors.
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Figure 3. Comparative view of the binding modes of acarbose, 1, and 3 in the active
site of a-glucosidase. Carbon atoms of the catalytic residues, acarbose, 1, and 3 are
indicated in cyan, green, pink, and yellow, respectively.

ity that the inhibitors would impair the catalytic activity of a-glu-
cosidase through the specific binding in the active site.

The calculated binding mode of 1 in the active site of a-glucosi-
dase is shown in Figure 4. We note that the pyrimidine-2,4,6-trione
moiety of 1 resides in the vicinity of the catalytic residue Glu276
with one of its amidic nitrogens donating a hydrogen bond to the
side chain of Thr215. The proximity to the catalytic residue with
the hydrogen-bond stabilization indicates that the pyrimidine-
2,4,6-trione moiety can serve as an effective surrogate for the
terminal monosaccharide of a carbohydrate substrate. A stable
hydrogen bond is also established between the terminal methoxy
group of 1 and the side chain hydroxy group of Ser244. This hydro-
gen bond seems to be positioned by a face-to-edge hydrophobic

¥ vio0s

Figure 4. Binding mode of 1 in the active site of a-glucosidase. Carbon atoms of the
protein and the ligand are indicated in green and cyan, respectively. Each dotted
line indicates a hydrogen bond.

interaction of the adjacent phenyl ring with the side chain of
Phe157. 1 can be further stabilized in the active site by the hydro-
phobic interactions of its aromatic rings with the nonpolar residues
including Phe177, Leu218, Leu237, Phe300, and Phe311. Judging
from such structural features, 1 should be capable of inhibiting
the catalytic action of a-glucosidase by binding in the active site
through the establishment of the multiple hydrogen bonds and
hydrophobic interactions in a cooperative fashion.

Figure 5 shows the most populated binding mode of 3 in the ac-
tive site of a-glucosidase. The binding mode of 3 differs from that
of 1 in that the hydrogen bond between Thr215 and the inhibitor is
not observed. In the calculated o-glucosidase-3 complex, the role
of a surrogate for the terminal monosaccharide of a substrate
seems to be played by the'>*triazine-2,4-diamine group that do-
nates a hydrogen bond to the catalytic residue Glu276. The impor-
tance of the capability to form a hydrogen bond with the catalytic
residue in the inhibition of glucosidase activity was also demon-
strated in recent computational studies.*® As in the o-glucosi-
dase-1 complex, the side chain hydroxyl group of Ser244 serves
as a hydrogen bond donor with respect to an oxygen atom of 3. An-
other characteristic feature that discriminates the binding mode of
3 from that of 1 lies in that the former is stabilized in the active site
by less nonpolar side chains than the latter. Because the number of
hydrogen bonds is the same in the two complexes, the weakening
of the hydrophobic interactions should be responsible for the low-
er inhibitory activity of 3 than 1.

In order to investigate the in vivo antidiabetic activity of the
newly identified a-glucosidase inhibitors, acute single dose 120-
min time-course experiment was carried out using male streptozo-
tocin (STZ) diabetic rats. The blood glucose level increases from
68.2 + 6.1 in normal rats to 116.9 + 8.7 mg/dl in the measurement
made immediately after the treatment of STZ, and up to
332.7 + 24.1 mg/dl after 60 min. This significant increase in blood
glucose level may serve as evidence for the occurrence of diabetes
in STZ rats. Compounds 1-4 were then tested for antidiabetic activ-
ity along with acarbose that was used as a standard. The test and
standard compounds suspended in saline solution were orally
administred to the respective groups consisting of four STZ rats
(n=4), which was followed by the blood sampling from rat tail
at 30, 60, 90, and 120 min. The blood glucose levels were then mea-
sured at each time interval, and the results are summarized in
Figure 6.

Y71

D214

D349

E276

A278

F300

Figure 5. Binding mode of 3 in the active site of a-glucosidase. Carbon atoms of the
protein and the ligand are indicated in green and cyan, respectively. Each dotted
line indicates a hydrogen bond.
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Figure 6. Time evolutions of the serum glucose levels after single oral administra-
tion of various compounds to STZ diabetic rats. Each error bar indicates the stan-
dard deviation measured over the four rats belonging to the same group.

We note that all of the a-glucosidase inhibitors identified in this
work and the standard compound (acarbose) exhibit antidiabetic
activity with 20-35% decrease in serum glucose levels at 60 min
after administration of the compounds. Consistent with the in vitro
enzyme assay results for the inhibition of a-glucosidase, com-
pounds 1 and 2 reveal a little higher antidiabetic effect than 3
and 4. Despite the similar in vitro inhibitory activity against o-glu-
cosidase between 1 and 2, however, the substitution of an ethyl
group of the terminal phenyl ring in 2 for the methoxy and chlorine
in 1 leads to 5% and 23% decreases in serum glucose level at 60 and
120 min, respectively. As a result, 2 exhibits a comparable in vivo
antidiabetic activity to acarbose. The improvement of ADME prop-
erties in going from 1 to 2 can be invoked to explain the difference
in the in vivo antidiabetic activity because the inhibitory activities
against o-glucosidase are similar. Judging from the in vivo antidi-
abetic activities as well as the in vitro inhibitory activity for a-glu-
cosidase, compounds 1-4 seem to be able to serve as a new
starting point for the discovery of new oral hypoglycemic agents.

In conclusion, we have identified four new novel inhibitors of
a-glucosidase by applying a computer-aided drug-design protocol
involving the structure-based virtual screening with docking sim-
ulations under consideration of the effects of ligand solvation in
the scoring function. These inhibitors reveal in vivo antidiabetic
activity as well as a significant in vitro potency. Therefore, they
seem to deserve further development to discover new drugs for
diabetes. Detailed binding mode analyses with docking simulation
show that the inhibitors can be stabilized in the active site through
the formation of multiple hydrogen bonds with catalytic residues
and the establishment of hydrophobic contacts in a cooperative
fashion.
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Lead compound 1 was successfully redesigned to provide compounds with improved pharmacokinetic
profiles for this series of human urotensin-II antagonists. Replacement of the 2-pyrrolidinylmethyl-3-
phenyl-piperidine core of 1 with a substituted N-methyl-2-(1-pyrrolidinyl)ethanamine core as in com-
pound 7 resulted in compounds with improved oral bioavailability in rats. The relationship between ste-
reochemistry and selectivity for hUT over the k-opioid receptor was also explored.

© 2008 Elsevier Ltd. All rights reserved.

Human urotensin-II (hU-II), a cyclic undecapeptide, has been
identified as a powerful vasoconstrictor.! In 1999, hU-II was iden-
tified as a cognate ligand of human GPR-14 (hUT), an ‘orphan’ 7-TM
receptor predominantly expressed in vascular and cardiac tissue.?
hU-II and hUT are thought to be involved in the (dys)regulation
of cardiorenal function,® and have been implicated in the etiology
of numerous cardiorenal and metabolic diseases including hyper-
tension,? heart failure,>® atherosclerosis,” renal failure,® and diabe-
tes.” Several non-peptidic UT ligands have recently been
reported.’® hUT antagonists are of interest as potential drugs to ad-
dress these cardiorenal and metabolic conditions.

* Corresponding author. Tel.: +1 610 270 6822; fax: +1 610 270 4490.
E-mail addresses: jeff.j.mcatee@gsk.com, jmcatee4@juno.com (J.J. McAtee).

0960-894X/$ - see front matter © 2008 Elsevier Ltd. All rights reserved.
doi:10.1016/j.bmcl.2008.05.058

Recently, we reported the development of potent and selective
hUT antagonists based on the 2-pyrrolidinylmethyl-3-phenyl-
piperidine core of 1! (Table 1). Within this ‘piperidine-core’ series,
lead optimization led to several improvements to compound 1 in
terms of hUT-binding affinity (K;)'"!? and selectivity against the
K-opioid receptor,'! the Nay1.5 cardiac sodium channel,'! the rat
brain batrachotoxinin (BTX) sensitive sodium channel,!’ and
P450 inhibition for CYP2D6. However, the rat pharmacokinetic
profile of these compounds remained poor, especially with regard
to oral bioavailability. In addition, CYP3A4 inhibition was still gen-
erally problematic for this chemical series. In seeking a structural
modification that might allow for a new direction in lead optimiza-
tion, a strategy was designed which incorporated two elements.
The first element of the strategy explored potential structural
and synthetic simplifications to the amide-amine-aryl structural
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Table 1
Stereochemical comparison of chemical series

O“@
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1-3 4-6 7 (S) enantiomer
Compound Stereochemistry hUT K;? (nM) Kappa ECso® (nM)
1 Racemate 16 3200
2 (R.R) 6 6300
3 (S.S) 1600 2000
4 Racemate 15 0.2
5 (R) 13 4
6 (S) 2500 0.1
7 (S) 4000 0.4

¢ Means of at least two determinations with a standard deviation of <+0.3 log
units.

b Single determination or a mean of two determinations with a standard devia-
tion of <+0.3 log units.

motif highlighted in structure 1 (Table 1). Lead optimization of the
piperidine-core series'! established that a basic amine linked to an
amide group as in compound 1 was essential for hUT-binding affin-
ity in this chemical series. Analogs with the pendant phenyl ring
had significantly greater hUT-binding affinity than those lacking
a phenyl ring.!! Based on this information, compound 4 was pro-
posed as an alternative scaffold, which shares the amide-amine-
aryl structural motif with 1, but has one less stereocenter and is
more synthetically accessible. The second element of the strategy
involved several observations related to the stereochemistry of
the piperidine core template (1-3) as it relates to hUT-binding
affinity and k-opioid receptor agonism. In the piperidine-core ser-
ies, (R,R) enantiomer 2 was found to have more than 200-fold high-
er binding affinity for hUT than the (S,S) enantiomer 3.!
Interestingly, x-opioid receptor agonism exhibited the opposite
stereochemical trend with the (S,S) enantiomer being the more ac-
tive one. At the same time, exploration of the chemical literature
revealed that compounds such as 7 based on a substituted N-
methyl-2-(1-pyrrolidinyl)ethanamine core (referred to herein as
the ‘ethane-diamine core’ for convenience) have been previously
reported as k-opioid agonists.>* The importance of the (S) stereo-
chemistry for kappa receptor agonism in compound 7 and struc-
turally related analogs has been demonstrated.!>'* The fact that
compound 7 shares the amide-amine-aryl structural motif with
1 and also exhibits a stereochemical preference for the (S) enantio-
mer with regard to k-opioid agonism prompted the evaluation of
whether or not the same stereochemical trends in orthogonal k-
opioid agonism and hUT antagonism held for the ethane-diamine
core series. If true, then the (R) stereochemistry in compounds con-
taining the ethane-diamine core should provide hUT antagonists
with selectivity over the k-opioid receptor. Together, pharmaco-
phore-driven rational design and the stereochemical observations
from the chemical literature led to the discovery of compound 5
with an ethane-diamine core as a potent urotensin antagonist Ta-
ble 1.

Compounds 5 and 6 were obtained by chiral HPLC separation of
the racemate 4. While (R) enantiomer 5 was the more potent hUT
antagonist, k receptor agonism resided predominantly with the (S)
enantiomer 6. Although 5 remained a potent kappa agonist (4 nM),
the separation between hUT and x activity for these enantiomers
provided confidence that further optimization might identify a
compound with acceptable selectivity for progression (Fig. 2 and
Table 2).

CH, OH
al N\/go CID/N o CID/N\/&O
C|:© cl cl
A B C
OH OH

OH
C':@N(jtg HaCI:[N(:ltg R ﬁg
Cl o H,C [} RJCENI
F(R=Cl)

G (R=CH,)

Fig. 1. Acid precursors to side-chain amide groups.!!

Although these data suggested that the (R) stereochemistry
would be advantageous for both hUT-binding affinity and for
selectivity against the k-opioid receptor, initial SAR develop-
ment was performed with racemic compounds for ease of syn-
thesis. Follow-up of selected analogs as the (R) enantiomer to
maximize selectivity over the k-opioid receptor would then be
pursued if necessary. Adding a phenyl ring to 4 (Fig. 2) to gen-
erate the biphenyl analog 8 resulted in a compound with signif-
icantly reduced CYP2D6 inhibition and an 80-fold reduction in
Kk-opioid agonism (Table 2). However, 8 still retained sodium
channel activity.''® Interestingly, some of the SAR trends that
were observed in the piperidine core series!' were also ob-
served in the ethane-diamine series. It was found that replacing
the pyrrolidine moiety of 8 with a morpholine group (com-
pound 9) resulted in several improvements in the in vitro pro-
file: reduced sodium channel activity, a 100-fold reduction in
k-opioid agonist potency, and reduced CYP2D6 inhibition. How-
ever, hUT-binding affinity dropped by more than 30-fold with
this change. It was also observed that hUT-binding affinity could
be regained by employing one of the improved amide groups!!
(Fig. 1) as exemplified by compound 10. The opposing stereo-
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Fig. 2. Initial optimization of ethane-diamine core analogs.
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Table 2
Optimization of ethane-diamine core analogs

Compound In vitro data
hUT K;? (nM) Kappa ECsq® (nM) Na channel K*¢ (nM) CYP 2D6 ICso® (M) CYP 3A4 DEF ICso?. (uUM)
1 16 3200 2500 0.75 1.4
4 15 0.2 NA® 0.16 3.3
8 20 16 1200 5.9 49
9 630 1600 >30,000 16 2.1
10 13 320 11,130 33 4.6
11 16 800 7700 33 9.1
12 630 40 9400 33 4.2

¢ Means of at least two determinations with a standard deviation of <+0.3 log units.

b Single determination or a mean of two determinations with a standard deviation of <+0.3 log units.

€ Rat brain batrachotoxinin (BTX)-sensitive sodium channel assay.
4 Single determination, Cypex Bactosomes.

€ Na channel data ARE not available for 7, but for (R)-4, Na channel K; = 2000 nM.

Table 3
Further development of the ethane-diamine series

H.C.
’ N N:>
h1

Compound R!' R? Amine hUT K@ (nM)  Kappa ECso” (nM)  Na Channel K (nM)  CYP 2D6 ICso? (uM)  CYP 3A4 DEF ICso¢ (uM)
13 G 3-CONH(CHs) ~ Morpholine 6 4000 30,000 33 9

14 C 4-CONH, Pyrrolidine 3 100 17,000 6.2 26

15 B 3-CONH, Pyrrolidine 0.3 32 22,000 3.5 22

16 F 3-CONH(CHs)  Morpholine 4 2000 30,000 33 5

17 E 4-NHCOCH3 Morpholine 3 800 30,000 30 6.4

18 D 3-OCH3 Morpholine 5 160 22,000 17 1

2 Means of at least two determinations with a standard deviation of <+0.3 log units.

b Single determination or a mean of two determinations with a standard deviation of <+0.3 log units.

¢ Rat brain batrachotoxinin (BTX)-sensitive sodium channel assay.
4 Single determination, Cypex Bactosomes.

chemical SAR trends for hUT-binding affinity and x-opioid agon-
ism are also valid for this new biphenyl-ethanediamine series,
as shown by the divergent profiles of 11 and 12. Indeed, the
(R) enantiomer 11 is 50-fold selective for hUT over the k-opioid
receptor.

Further development of this compound series focused on varia-
tions in the substituents of the distal ring of the biphenyl group,
exploration of different side-chain amides, and utilization of either
the pyrrolidine or morpholine moieties as the basic amine group.
Table 3 summarizes the in vitro profiles of representative examples.
It was noted that polar functional groups on the distal ring suffi-
ciently improved selectivity for hUT over the sodium channel such
that even pyrrolidine analogs were still highly selective. Thus,
biphenyl amide 15 has acceptable selectivity over the sodium chan-
nel and has improved binding affinity (40-fold) compared to com-
pound 10. Even as racemates, several of these analogs such as 13,
15, and 17 demonstrate selectivity against the K-opioid receptor
that exceeds that of the (R) enantiomer 11. Furthermore, these
improvements were achieved without any degradation of the
P450 profile. Most significant was the finding that the pharmacoki-
netic profile for the ethane-diamine series is substantially improved
over the original piperidine-core series (Table 4). In addition, these
compounds are functionally potent in the rat aortic ring contraction
assay'” at levels comparable to the in vitro rat binding affinity. For
example, compound 18 has a rat aorta K, of 21 nM.

While the greatest overall improvement was achieved with re-
gard to oral bioavailability, it was possible to identify compounds
such as 13 and16 in which all of the pharmacokinetic parameters

Table 4
Rat PK data for representative analogs
Compound PK data®
Cmax (ng/mL) Ty (h) CL (mL/min/kg) Vdss (L/kg) Oral F (%)

1 100 3.8 97 23 0-3
10 160 24 150 23 44
11 200 2.2 120 11 43
12 230 2.6 130 19 17
13 890 1.0 60 1.7 39
15 340 34 100 20 36
16 1100 1.5 36 2 29
17 600 1.7 94 2.8 83
18 290 34 140 20 30

? Rat PK data based on 2 mg/kg iv dose and 4 mg/kg solution oral dose.

except half-life were improved relative to the piperidine core ser-
ies.!! One important result with this series was the general reduc-
tion in the volume of distribution compared to the piperidine core
series. In several cases, such as compounds 13, 16, and 17 the vol-
ume of distribution was an order of magnitude lower than the
average for the piperidine core analogs. Since the urotensin recep-
tor population that is relevant to blood pressure regulation is pri-
marily expressed in the vascular smooth muscle, compounds
with a high volume may be less desirable than low-to-moderate
volume compounds. Interestingly, stereochemistry did not seem
to affect the pharmacokinetic profile to the extent that it influ-
enced hUT-binding affinity or x-opioid agonism. There was little
difference in the rat pharmacokinetic profiles of the (R) enantiomer
11 or the (S) enantiomer 12 compared to the racemate 10.
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Sh
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Br

19 X = pyrrolidine
20 X = morpholine

Scheme 1. Reagents and conditions: (i) pyrrolidine or morpholine, ether, 96%; (ii)
CH3NH,, CH3COOH, NaBH3(CN), THF, 99%; (iii) carboxylic acid from Figure 1, BOP
reagent, EtsN, DMF, 70-90%; (iv) phenyl boronic acid, 1M Na,COs, Pd(dppf)Cl,,
dioxane, 160 °C, microwave, 360 s, 20-70%.

To prepare the diamine core for this series, 2,4'-dibromoaceto-
phenone was treated with either morpholine or pyrrolidine to give
a high yield of the o-amino ketones, which were subjected to
reductive amination with methylamine to give ethane-diamine
intermediates 19 and 20. Amide coupling of the side-chain acid
groups (syntheses reported in a previous publication'!) shown in
Figure 1 to either 19 or 20 yielded the aryl bromide intermediates
for the Suzuki coupling in the final step (Scheme 1). The (R) and (S)
enantiomers, 11 and 12, respectively, were obtained by chiral HPLC
separation of racemic 10.

In summary, replacing the piperidine core of lead compound 1
with the substituted ethane-diamine core resulted in compounds
with superior pharmacokinetic profiles, particularly with regard
to the improved oral bioavailability. It was discovered that the ste-
reochemical SAR trends for hUT-binding affinity and x-opioid
agonism were in direct opposition. As a result, several compounds
from the ethane-diamine series were identified with high hUT-
binding affinity, selectivity against both the sodium channel and
the k-opioid receptor, and a developable pharmacokinetic profile.
Many of these compounds have good selectivity over the k-opioid
receptor even as the racemates, but compounds such as 14 and 15
could be further improved by capitalizing on this stereochemical
differentiation in hUT and ¥ activity via the synthesis of the R
enantiomer of each of these compounds.
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Polycyclic amides 2 and 5-9 were successfully synthesised and their lipophilicity profiles were evaluated
using reverse-phase HPLC. All synthesised compounds possessed P2X;R antagonistic properties when
tested on rat spinal cord microglia cells. Extensive screening for binding to other neuroreceptor subtypes
demonstrated their P2X; selectivity.

© 2008 Elsevier Ltd. All rights reserved.

The P2X; receptor (P2X7R) is an unusual, non-desensitising cat-
ion-selective ion channel, directly gated by extracellular ATP. It is
ubiquitously found in a variety of cell types, most notably those
of haematopoietic origin, such as mast cells, macrophages and
lymphocytes, as well as brain glial cells, including microglia and
astrocytes.! It possesses a 240-amino acid residue, cytoplasmic,
carboxy-terminal tail that is necessary for its bifunctionality as a
selective ion channel assembled from P2X; subunits, or as a non-
selective pore. There are two hypotheses explaining P2X;-associ-
ated pore formation; in both scenarios brief activation of the
receptor with ATP leads to opening of the ion channel by confor-
mational changes within the P2X; structure. In order to form the
membrane pore, the receptor complex recruits further subunits
to the original receptor complex. Alternatively, prolonged activa-
tion of the P2X; receptor complex leads to activation of intracellu-
lar machineries that signal the opening of P2X-independent pore
forming proteins such as pannexin 1 allowing entry of large (up to
molecular weights of 900 Da) cationic species.?

Since the P2X;R-encoding cDNAs were isolated and character-
ised from three different mammalian sources (rats,2 mice® and hu-
man*) about a decade ago, there has been increasing interest in
delineating different aspects of the P2X;R function, particularly
its role in microglia activation and neurodegenerative diseases,>®
chronic pain modulation’ and the exact mechanism of the chan-
nel-to-pore transition.®° P2X;-knockout mice have been reported
to show reduced incidence and severity of arthritis in an anti-col-

* Corresponding author. Tel.: +612 9351 0849; fax; +612 9351 0852.
E-mail address: m.kassiou@usyd.edu.au (M. Kassiou).

0960-894X/$ - see front matter © 2008 Elsevier Ltd. All rights reserved.
doi:10.1016/j.bmcl.2008.05.062

lagen antibody arthritis model.!® More strikingly, chronic inflam-
matory and neuropathic hypersensitivity are totally abolished in
P2X7-knockout mice despite the remaining normal nociceptive
processing.!! Furthermore, antagonism of the P2X;R on oligoden-
drocytes leads to failure of multiple sclerotic conditions to develop
in mouse EAE models of multiple sclerosis.'? In addition, linkage
studies show that one of the best logarithm of odds (LOD) scores
for bipolar disorder, clinical depression and anxiety disorders is
the P2X; receptor.’>'* It could therefore be suggested that potent,
selective P2X; antagonists may serve as novel all-purpose
analgesics.

To date, structure-activity relationship (SAR) studies of several
small, drug-like P2X;-active molecules have been reported and re-
cently reviewed (Fig. 1).'> Cyclic imide 1 and adamantyl benzam-
ide 2 were discovered by AstraZeneca through a high-throughput
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Figure 1. Drug-like P2X;-active molecules.
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Table 1
Cubyl amides and adamantyl amides
(@)
JOR_Tr g W
~— 71/\./ \I
O
2: R = 2-CI-5-OMe 7: R = 2-CI-5-OMe
5:R=2-F 8:R=2-F
6: R=4-F 9:R=4-F
Compound Z0CCC? (°) C(0)-H(poly) distance® (A) ClogP©
7.392 5.40
7.376 5.11
7.377 5.52
6.797 2.67
6.772 2.39
6.757 2.80

@ The dihedral angle about the amide C=0 and aromatic ring obtained from
Macromodel™.

b The distance between the carbonyl carbon atom to the furthest hydrogen atom
in the polycyclic moiety obtained from Macromodel™.

¢ The ClogP values were obtained from ChemDraw 9™. Surface areas of ada-
mantane = 156 A2, cubane = 122 A% (Macromodel™).

screening process of their compound library.'®!” More recently,
tetrazole 3 and triazole 4 have also been found to inhibit rat and
human P2X;R activity.'®2! These compounds are highly amenable
to structural modifications, indicating their potential as lead mole-
cules for further improving the potency and selectivity at P2X;R.
Of these the adamantyl benzamide 2 represents an intriguing
class of compound for development of P2X; antagonists since the
adamantane could be replaced with other polycyclic moieties
and their influence on P2X; receptor activity assessed. These mol-
ecules could potentially be used not only as therapeutics but also
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as diagnostic probes when radiolabelled for use with in vivo
molecular imaging. We hypothesised that by replacing the ada-
mantane with a cubane moiety, these compounds could be ren-
dered suitable as in vivo radiotracers for positron emission
tomography (PET) whilst maintaining activity (Table 1). This would
allow for the first time to image P2X;R expression in disease and
disease progression. In addition they could also be used to assess
the efficacy of P2X;R therapy.

Although the original report by AstraZeneca mentioned that no
replacements were found for adamantane, we believed cubyl
amides 7-9 could offer unique possibilities for development of
P2X;R-active molecules due to their rigid molecular structure
and ability to orient substituents in three dimensions. As shown
in Table 1, the distance between the carbonyl carbon atom to the
furthest hydrogen atom in the adamantane series is ca 0.6 A longer
than the cubane series. The dihedral angle about the amide C=0
and aromatic ring is very similar in both series, suggesting that
each of the cubyl amides adopts a very similar lowest energy con-
formation to the adamantane analogues. Moreover, systematic
alteration of their lipophilicity would allow easier access across
membranes or the blood-brain barrier. To the best of our knowl-
edge, there have only been a few studies that reported radiolabel-
ling of P2X;-active compounds.??>?3 Thus far, no attempts have
been undertaken to radiolabel-specific P2X;R ligands for use in
PET imaging of the living brain. Herein, we report an efficient syn-
thesis of cubyl amides and their preliminary biological evaluation
at the P2X5R. Variations in the aromatic segment of the target com-
pounds are based primarily on maintaining strong binding to the
receptor whilst investigating potential sites for incorporation of a
fluorine-18 radiolabel (2 vs 5, 6 and 7 vs 8 and 9). Their preliminary
P2X; functionality was tested based on the inhibition of dye uptake
using rat spinal cord microglia as P2X; source. The binding affini-
ties towards other common neuroreceptors were also investigated.

Synthesis of novel N-cuban-1-ylmethyl-benzamides is illus-
trated in Scheme 1 (see Supplementary data for details). Commer-
cially available dimethyl 1,4-cubanedicarboxylate 10 was
converted to cubane-1-carboxylic acid 12 in 70% yield overall fol-
lowing a literature procedure utilising Barton decarboxylation as
the key step.?* Subsequent transformation of the acid to amine
13 followed by amide couplings afforded the desired amides 7-
9.25 To obtain more information on the optimal size of the ‘hydro-
phobic pocket’ at the P2X;R binding site, the adamantyl amides 2,
5, and 6 were also prepared in a similar fashion (Scheme 2). 2-
Chloro-5-methoxybenzoic acid 18 was readily prepared by diazoti-
sation of commercially available 5-amino-2-chlorobenzoic acid 16,
followed by treatment with excess Mel and K,CO3; and subsequent

ZQ\WOH (), (i), (ii) }@NHa& )@\ﬂ\(@R
0 o

14 15 2,56

Scheme 2. Reagents and conditions: (i) SOCl,, reflux, 3 h; (ii) aq NH3, THF, 0 °C-rt,

1 h; (iii) LiAlH4, THF, 0 °C to reflux, 16 h, 60% over three steps; (iv) aroyl chloride,
NEt;, MeCN, 0 °C-rt, 16 h.

7-9

Scheme 1. Reagents and conditions: (i) NaOH (1 equiv), MeOH, THF, rt, 16 h, 88%; (ii) (COCI),, CH,Cl,, 30 min; (iii) sodium salt of N-hydroxypyridine-2-thione, hv, DMAP, t-
BuSH, benzene, reflux, 90 min; (iv) NaOH (1 equiv), MeOH, reflux, 1 h, 80% over three steps; (v) (COCl),, CH,Cly, rt, 45 min; (vi) NH; (1), CH,Cl,, —78 °C, 30 min, 83% over two
steps; (vii) LiAlHy4, THF, 0 °C to reflux, 16 h, 86%; (viii) aroyl chloride, NEt;, MeCN, 0 °C-rt, 16 h.
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Scheme 3. Reagents and conditions: (i) NaNO,, H,SO4, 0-5 °C; (ii) hot H0, reflux,
30 min; 70% over two steps; (iii) K,CO3, Mel, DMF, 40 °C, 20 h, 94%; (iv) LiOH, THF/
H,O0, reflux, 6 h, 87%.
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2: R=1-adamantyl 19: R=1-adamantyl
7: R=1-cubyl 20: R=1-cubyl

Scheme 4. Reagents and conditions: (i) BBrs, CH,Cl,, 0 °C-rt, 2 days, 84-100%.

hydrolysis of the resultant ester (Scheme 3). The 2-chloro-5-meth-
oxybenzamides 2 and 7 were also successfully demethylated using
boron tribromide to afford 19 and 20, potential compounds for ''C
labelling (Scheme 4).

Since lipophilicity of the synthesised amides is central for their
use as brain imaging probes, we conducted logD (logP at pH;4)
measurements of these compounds. It is believed that the opti-
mum log P value for therapeutic CNS-active compounds is between
2 and 3.5.2 In this series, the logD values were evaluated using re-
verse-phase C-18 HPLC study by comparison of their average
retention times from three injections to that of reference com-
pounds with known logD values.?’ All measurements were per-
formed on the same day to minimise day-to-day variations and
acetone was used to determine the void volume of the column
(1.72 min). The average retention time from three injections was
recorded for each of the selected six reference compounds and
the results are summarised in Table 2.

An interesting observation in Table 2 is that whilst the ClogP
prediction for cubane derivatives 7-9 was quite accurate, it was
not the case for the adamantane derivatives 2 and 5-6. In contrast,
the logP prediction was excellent for adamantane derivatives but
not for the cubanes. Nevertheless, both ClogP prediction and the
measured logD from reverse-phase HPLC gave values greater than
4 for the adamantane derivatives, indicating that these compounds
are probably less suitable for crossing the blood-brain barrier. On
the other hand, the measured logD values of cubane derivatives 7-
9 were between 2 and 3. These values are considered to be within
the optimum range for potential PET radioligands (2 < logD < 3.5)
and therefore are suitable for brain imaging probes.2®

100 -
80 -
60 -+

Relative response (%)

Table 2
Lipophilicity measurements for amides 2 and 5-9

Compound Experimental logD ChemDraw® logP ChemDraw® ClogP
2 4.07 £0.01 4.12 5.40
5 4.03 £ 0.01 3.84 5.11
6 3.81+0.01 3.84 5.52
7 2.90+0.01 1.94 2.67
8 2.72 £0.01 1.66 239
9 2.61+0.01 1.66 2.80

The P2X; antagonistic properties of the polycyclic amides 2 and
5-9 were subsequently tested by measuring the decrease in the
fluorescent propidium iodide dye uptake in rat spinal cord microg-
lial cells stimulated by 2'(3')-O-(4-benzoylbenzoyl)adenosine 5'-
triphosphate (BzATP). To the best of our knowledge, this
demonstrates the first P2X; functional studies performed on a
native, activated rat microglia system with all other purinergic
receptors intact. The cell types used for examining P2X; function-
ality in the literature so far include: human THP-1 cells, HEK293
cells expressing either human or rat P2X;R, U373 cells expressing
human P2X;R and human 1321N1 astrocytoma cells devoid of
endogenous P2X function expressing either human or rat
P2X,R416-1928-30 Aq shown in Figure 2, all the six polycyclic
amides 2 and 5-9 exhibit a degree of antagonism on the rat
P2X;R at 1 uM concentration. Whilst IC5o values are yet to be
determined, it is noteworthy that the P2X;R antagonistic proper-
ties are retained upon alteration of both the aromatic and polycy-
clic moieties in a wild-type P2X;R source.

Extensive screening for binding to other common neurorecep-
tors was undertaken to ensure the specificity and selectivity of
amides 2 and 5-9 towards the P2X;R. Receptor-binding profiles
were generously provided by the National Institute of Mental
Health’s Psychoactive Drug Screening Program.?! The receptor pro-
filing studies indicated that none of the compounds 2 and 5-9
exhibited appreciable binding to the many neuroreceptor subtypes
assayed (see Supplementary information for details). In addition,
functional assays on P2Y;, P2Y, and P2Y, receptors expressed in
HEK293 cells using ATP as the agonist at a concentration of
4mM and drug concentrations of 10 uM, 3 uM, 1 uM, 300 nM,
100 nM, 10 nM and 1 nM indicated that none of the compounds
2 and 5-9 had activity at the assayed metabotropic purinergic
receptors. The target structures and related compounds have been
judiciously chosen, taking into consideration the desired lipophil-
icity range and ability to radiolabel, and can be readily accessed
by concise synthetic routes from commercially available starting
materials, employing well-precedented and reliable synthetic
methods. The chemical synthesis and functional assays of related
compounds will be conducted in parallel as part of a continuous
and convergent assessment process to obtain derivatives with
optimum P2X5 activity (work in progress).

control BzATP

BzATP + 2 BzATP + 5 BzATP + 6 BzATP +7 BzATP + 8 BzATP +9

Figure 2. P2Xj; functional assay of amides 2 and 5-9. All experiments were performed using 150 LM BzATP and 1 pM of the antagonists. Average reading from four replicates

and standard errors are shown.
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Bisubstrate analog inhibitors in which a nicotinamide mimic is attached to a series of structurally diver-
sified guanidines (arginine mimics) were synthesized and evaluated for inhibition of cholera toxin. The
mechanism-based bisubstrate inhibitors were up to 1400-fold more potent than the natural substrate
NAD" and 400-fold more potent than the artificial substrate diethylamino (benzylidine-amino)guanidine
(DEABAG) in an assay toward an intrinsically active mutant of wild-type cholera toxin.

© 2008 Elsevier Ltd. All rights reserved.

Cholera is a devastating diarrheal disease that is caused by
infection of the bacterium Vibrio cholerae. It is responsible for thou-
sands of deaths each year.! People are usually infected by drinking
contaminated water and they often suffer from profuse watery
diarrhea.>™* The massive intestinal fluid loss is primarily due to
the release of the heterohexameric cholera toxin (CT). CT is com-
posed of a catalytically active A subunit and five identical B sub-
units responsible for receptor binding.> CT binds to the exterior
of the human epithelial cell by its B subunits and gets internalized
into the cell.® It is first transported retrograde from the plasma
membrane to the trans-Golgi®’ and then to the endoplasmic retic-
ulum (ER).58° In the ER, the A subunit separates from the B sub-
units and the A1 chain is reduced,'®!! freed from the carrier
holotoxin, and gets translocated to the cytosol,'>!*> where the ac-
tive A1 domain gains access to its substrate, including the o sub-
unit of the stimulatory G protein (Gs,). A1 modifies G, through
an NAD-dependent ADP-ribosylation reaction.!® ADP-ribosylation
of Arg201 of G, locks the G protein in its GTP-bound state and per-
sistently stimulates adenylyl cyclase. The consequent dramatic
production of cAMP activates the Cl~ ion channels.”!> The imbal-
ance of ions causes an efflux of cellular water to the gut, which
eventually produces host dehydration and diarrhea.

Oral rehydration therapy is the most important treatment for
cholera;'® however, its applications are limited by its reliance on
large amounts of clean water in areas where outbreaks occur. On
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the other hand, substantial efforts have been made to develop vac-
cines, but they are only effective for a short period of time;!” there
has been no known marketed drug that directly targets cholera
toxin. Several promising strategies have been revealed for the de-
sign of therapeutic agents for CT. These include blocking the en-
zyme active site in the A subunit,'®!® disrupting the assembly of
the AB5 holotoxin,?® intercepting the receptor binding of the B pen-
tamer,?!~24 and inhibiting adenylate cyclase.?

Since very few studies have focused on the inhibition of the
enzymatically active cholera toxin A subunit (CTA), our goal was
to design inhibitors to block the CT active site that resides in Al.
There have been disagreements regarding the reaction mechanism
of ADP-ribosylation by CTA.25-28 However, the latest study on ki-
netic isotope effects suggested that the reaction followed a disso-
ciative concerted mechanism (i.e., Sn2).?® Lacking the crystal
structure of substrate-bound CT when we initiated our work, we
designed a series of bisubstrate analogs as potential inhibitors,
which incorporate key moieties from both the ADP-ribose donor
(NAD") and the ADP-ribose acceptor (Arg201 of Gs,). Our design
of bisubstrate analogs is shown below (Fig. 1). In this work, we se-
lected benzamide as the analog for the nicotinamide moiety of
NAD", which is subsequently linked to a substituted guanidine,
mimicking Arg201 of Gs,. The substitutions on the guanidine moi-
ety allow one to test diverse molecular moieties to improve inhib-
itor potency. Our design is based on the assumption that both
NAD" and guanidine have a well defined binding site and that link-
ing them together could be an effective strategy to enhance inhib-
itor affinity.

The guanidine library was synthesized on the solid phase using
Rink amide MBHA resin and the synthesis is summarized in
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Figure 1. Design of bisubstrate analog targeting CTA. This analog prototype inclu-
des three features: (1) benzamide would mimic the nicotinamide portion of the
substrate NAD"; (2) incorporation of substituted arginine (R1 and R2), mimicking
Arg201 moiety of G, as ADP-ribosyl receptor; (3) insertion of the methylene group
as a spacer (in parentheses).

Scheme 1, taking advantage of the solid phase synthetic method
developed in our laboratory that employed an arylsulfonylthiou-
rea-assisted guanidine synthesis.?? In a typical synthesis shown
in reaction sequence 1, 3-(N-Fmoc-aminomethyl) benzoic acid
was coupled to the solid support under standard PyBOP/DIPEA
conditions in DMA. After the removal of Fmoc, resin-supported 1
was suspended in methylene chloride and reacted with pentafluor-
ophenyl chlorothioformate. The resin-bound thiocarbamate 2
reacted with 2,2,4,6,7-pentamethyl-dihydrobenzofuran-5-sulfon-
amide (Pbf-NH;) in DMSO with the presence of potassium tert-
butoxide and formed thiourea 3. Subsequent reaction with an
amine nucleophile and EDC in DMF gave the target molecule.
Following reaction sequence 2, target compounds can also be pre-
pared by the reaction of resin-bound 1 under either EDC or

3725

Mukaiyama reagent conditions with the corresponding thiourea
precursors that are prepared in solution phase. Guanidine com-
pounds without an alkyl linker were synthesized using the same
method, with the only difference being the use of 3-(N-Fmoc-ami-
no) benzoic acid instead. The product was cleaved off the solid sup-
port by a cocktail mixture (TFA/TIS/H,0 v/v 94:3:3), and purified
using reversed-phase HPLC in the presence of 0.1% TFA. The struc-
tural interpretation of the desired compounds was carried out by
'H NMR and mass spectrometry.

The target compound library was examined in an enzymatic as-
say toward inhibiting CTY30S (Table 1), an intrinsically active CT
mutant, which has displayed similar activity as wild-type CT.>°
An artificial substrate diethylamino(benzylidine-amino)guanidine
(DEABAG) was used as an alternative ADP-ribose acceptor.?’ The
reaction progress was monitored by analytical HPLC because all
important components in the assay are chromogenic. Calibrated
by the UV absorbance of the internal standard theophylline (Fig.
2), the inhibitory activity of our compounds can be evaluated by
the progress of ADP-ribosylation as compared to the control. The
library compounds were screened at 1.0 mM concentration in
200 mM PBS buffer at 37 °C and pH 7, and the screening results
are described in Table 1. Kinetic studies were conducted for those
compounds that demonstrated a percentage inhibition of over 90%.
The K, values of NAD* and DEABAG were determined to be 14.0
and 4.0 mM, respectively, which are in good agreement with previ-
ous reports;>!'~34 while the IC5, values of compound 5a, 5j, 51, 5m,
and 5q varied in a range between 40 and 270 uM (Table 1), with
5q>° being the most potent. Its estimated K; is ~10 uM and this re-
sult is better than the best CT inhibitors reported previously.'®

On the basis of these results, bisubstrate analog 5q is 1400-fold
more potent than natural substrate NAD" and 400-fold more po-
tent than DEABAG toward CT. Data analyses indicate that hydro-
phobic functionalities are preferred as R group. However, when
we introduced some other hydrophobic groups, such as biphenyl

NHFmoc
Rink Amide o 1
MBHA Resin COH. b
O—NHFmoc—>a —OH,0 8y O—NH "
2
e

d
CF3C00"
0
NH2+ /R1 d
H,N :\< N -
NH R,
5a-5s

Reaction
Sequence 2

«— QnH

Sequence 1
i E F

o F F
s

O—NH o F

amines Q Pbf

s
>—|qu
NH

Scheme 1. Solid phase synthesis of CT inhibitors. For analogs without alkyl linker, 3-(N-Fmoc-amino) benzoic acid was used in step b instead. Both sequence 1 and sequence
2 are applicable. Reagents: (a) 20% piperidine/DMA; (b) PyBOP, DIPEA, DMA; (c) EDC or Mukaiyama reagent, DMF; (d) 94:3:3 TFA:H,0:TIS; (e) pentafluorophenyl chlorot-

hioformate, DIPEA, CH,Cl,; (f) PbfNH,, potassium tert-butoxide, DMSO.
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Table 1

Summary of screening results of all bisubstrate analogs® and ICs, and estimated K; for selected compounds

Structure Compound R1 R2 n® % Inhibition® ICso (LM) Est. K¢ (uM)
R 5a° Pr Pr 1 94 115£18 305
| 5b Et Et 1 24 - -
N-R; 5¢ By H 1 39 >2000 >500
HN—
= NH %
NH, 5d H 0 22 - -
Br
5e° Ph 1 57 - -
5f _§@/© 1 68 - -
5g \g‘\/\N H 1 76 - -
5h \O\l \"/o H 1 34 - -
o)
Se N
5i & D H 1 57 - -
o)
5§ ‘3\/\© H 1 93 272116 71+4
o )
5k H 1 97 - -
51° # H 1 96 4946 1342
N
5m Bn H 1 93 192+7 5042
5n ipr ipr 0 15 350 90
50 ‘Bu H 0 77 - -
5p Ph H 0 12 >2000 >500
5q° /\©\ H 1 98 3112 8+3
Br
5r Bn H 0 10 - -
H 0 58 - -

> jove

a
b n represents the number of methylene group as a spacer (also see Fig. 1).
C
d
e

' 1Cs of this compound was not studied due to insufficient amount of materials.

and 1-naphthyl into our analog, no affinity gain was obtained (data
not shown). We did observe that analogs with a one-carbon alkyl
linker inserted between benzamide and guanidine are consistently
more potent in their inhibitory activities than those who share the
same R yet without any spacer. It is worth mentioning that dy-
namic light scattering studies (DLS) have been carried out for some
of the inhibitors with high potency to check for potential com-
pound aggregation caused non-specific inhibition.>® The DLS re-
sults indicated that the polydispersity of CT control was around
10.5% and the intensity of the CT peak represented 83% of all solu-
tion species. The DLS results for the assay mixture of 5q, CT (at
70 nM), and all the other components showed a polydispersity of
12% and a percent intensity of 92% for CT. To verify the solubility

All the synthetic compounds were evaluated as opposed to a random non-inhibitor, galactose, which serves as negative control.

The screening was performed at 1 mM in PBS buffer; only selected compounds were studied for ICso measurement.
The K; values are estimated from the equation: K; = ICso/(1+[S]/Km).3® The ICsq are those at 40 mM NAD*. K., = 14 mM was used in the calculation.
These compounds have already been examined in dynamic light scattering (DLS) studies.

of 5q, its 2-bromo and 3-bromo isomers were also prepared. DLS
measurements of solutions of CT with these isomers showed low
polydispersity and high percentage intensity too (data not shown).
This suggested that these mixtures are free of inhibitor aggrega-
tion, ruling out the possibility of non-specific inhibition in kinetic
assays with compound 5q.3® As a comparison, DLS of assay mix-
tures with compound 5a showed an additional peak and the inten-
sity of the CT peak dropped dramatically to 12.5% of all species. The
new particle was calculated to be 2.2 um in diameter, indicative of
the existence of compound induced aggregation.

In summary, we have designed, synthesized, and evaluated a
series of bisubstrate analog inhibitors toward CT. Our results dem-
onstrated that the best compound 5q is 1400-fold more potent
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Figure 2. A typical chromatogram for an HPLC-based assay of CT. The one in blue is
a control run; the one in red is a run with 0.33 mM of 5q. Each peak has been
labeled. The two peaks overlapped in the product area have both been verified by
mass spectrometry and 'H NMR to be the reaction product.>” As a result, they were
both monitored.

than natural substrate NAD*. With the recently published crystal
structure of a quaternary CTA1-NAD": ARF6-GTP complex, it could
shed new light on designing optimized bisubstrate analog inhibi-
tors with improved potency.
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The minimal fungicidal concentration (MFC) of dihydrosphingosine (DHS), phytosphingosine (PHS), and
five short-chain DHS derivatives was determined for Candida albicans and Candida glabrata. In this
respect, a C15- and a C17-homologue of DHS showed a 2- to 10-fold decreased MFC as compared to
native DHS (i.e. C18-DHS). DHS derivatives that were active, that is, comprising 12, 15, 17, or 18 carbon
atoms, induced accumulation of reactive oxygen species (ROS) in C. albicans.

© 2008 Elsevier Ltd. All rights reserved.

Long-chain sphingoid bases, for example, phytosphingosine
(PHS), sphingosine, and sphinganine (dihydrosphingosine, DHS) in-
hibit the growth of several yeast and fungal species in vitro, includ-
ing Candida albicans,' Malassezia furfur,' Aspergillus nidulans,?
Saccharomyces cerevisiae,> Trichophyton mentagrophytes, and T.
tonsurans.* Sphingosines also possess antimicrobial activity
in vitro: they are effective against Staphylococcus aureus, Streptococ-
cus pyogenes, Micrococcus luteus, Propionibacterium acnes, and Brev-
ibacterium epidermidis.> Cheng et al. found that the antifungal
activity of DHS and PHS against A. nidulans acts through the rapid
induction of metacaspase-independent apoptosis, associated with
the rapid accumulation of reactive oxygen species (ROS).> Regard-
ing the in vivo antifungal activity of sphingoid bases, Bibel et al.
demonstrated that DHS and sphingosine, when topically applied
on human skin, are effective against C. albicans infections and also
prove curative in experimental guinea-pig models for C. albicans
and T. mentagrophytes infections.® No gross toxicity was observed
among animals or human volunteers,® which points to the thera-
peutic potential of sphingoid bases against fungal infections.

The aim of this study was to analyse the in vitro antifungal
activity of PHS, DHS, and truncated analogues of DHS. It has been
previously demonstrated that the minimum chain length required
for antifungal activity of sphingoid bases against C. glabrata lies in
the C7-C18 range, based on the fact that three DHS analogues with
C6 chain displayed no antifungal activity up to 100 pg/ml.” There-

* Corresponding author. Tel.: +32 16 32 96 82; fax: +32 16 32 19 66.
E-mail address: bruno.cammue@biw.kuleuven.be (B.P.A. Cammue).

0960-894X/$ - see front matter © 2008 Elsevier Ltd. All rights reserved.
doi:10.1016/j.bmcl.2008.05.067

fore, a series of truncated DHS analogues with C5 (C5-DHS), C9
(C9-DHS), C12 (C12-DHS), or C15 (C15-DHS) chain lengths were
synthesized and their minimal fungicidal concentration (MFC)
was determined, along with C17-DHS, C18-DHS, and C18-PHS,
against C. albicans strain CAI4® and C. glabrata strain BG2.° C. glab-
rata is a human pathogen with recognized clinical importance due
to its association with fungemia caused by fluconazole-resistant
yeasts.!® Furthermore, C18-PHS, C18-DHS, and the DHS derivatives
were assessed for ROS accumulation induction in C. albicans.

Compounds tested in this study (Chart 1) were obtained as fol-
lows: C17-DHS, C18-PHS and C18-DHS were purchased from Avan-
ti Polar Lipids (Alabaster, AL, US). C12-DHS was synthesized as
previously described.!' Compounds C5-DHS, C9-DHS, and C15-
DHS'? were synthesized from Garner’s aldehyde (Scheme 1). Treat-
ment of S-enantiomer of Garner’s aldehyde with an appropriate
lithium alkyl acetylide in the presence of HMPA to ensure ery-
thro-selectivity afforded compounds 1a-c'? in reasonable yield
and with excellent stereoselectivity (traces of threo-derivatives).
In case of C5-DHS, deprotection of the intermediate TMS-protected
acetylene was achieved using TBAF in THF.!? Selective deprotec-
tion of the isopropylidene moiety!® afforded synthons 2a-c.
Reduction of the alkyne functionality using Pd/C and subsequent
deprotection of the tert-Boc protecting group under acidic condi-
tions gave access to the envisioned compounds in good overall
yield.

The fungicidal activity of each compound against C. albicans and
C. glabrata was determined in PBS'® and the MFC for each com-
pound was calculated as the minimal concentration resulting in
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Chart 1. Overview of tested compounds.

0 HO
A

O. NBoc O. _NBoc
P P
la-c

(1a: R = TMS 2~ H)

OH

NH,
C5-DHS'6: R = H

OH
-3, -
HO/\‘/\
NHBoc R
2a-c

HO R LS

L4

OH
NHBoc
3a-c

C9-DHS'"": R = C4Hg
C15'DHS182 R= C10H21

1) lithium alky! acetylide, HMPA, THF, -78°C to rt, o.n. (a: 72%;"* b: 64%;"® c: 70%);
2) TBAF, THF, rt, 2h, 100%; 3) ACOH:H,0 (9:1), 5h, 60°C (a: 94%; b: 85%; c: 94%);

4) Pd/C (10%), Hp, EtOAc, o.n., rt (a: 92%; b: 96%; c: 95%); 5) 2M HCl:dioxane(1:1),

5h, 70°C (a: 100%,; b: 99%; ¢: 72%).

Scheme 1. Synthesis of compounds C5-DHS, C9-DHS, and C15-DHS. (See above-mentioned references for further information).

less than 1% survival of the yeast strain relative to the DMSO con-
trol (Table 1).

C15- and C17-DHS are the most active homologues against both
yeast species: their MFC is 2- to 10-fold lower as compared to na-
tive DHS, and 20-fold lower as compared to C12-DHS. DHS deriva-
tives with shorter chain length, that is, C5-DHS and C9-DHS, are
not active against the tested yeast species. Native PHS is fivefold
more active as compared to native DHS against C. albicans, indicat-
ing that an additional hydroxyl group at position 4 can increase the

Table 1
Minimal fungicidal concentration (MFC) for C18-PHS, C18-DHS, and its derivatives in
the absence and presence of 10 mM ascorbic acid against C. albicans and C. glabrata

Compound MFC (pg/ml)

C. glabrata C. albicans

0 mM AA? 0mM AA 10 mM AA
C5-DHS >100 >100 ND®
C9-DHS >100 >100 ND
C12-DHS 10 10 >25
C15-DHS 0.5 0.5 10
C17-DHS 0.5 0.5 2
DHS 1 5 5
PHS 1 1 1

2 Ascorbic acid.
> Not determined.

antifungal activity against C. albicans. Moreover, the fungicidal
activity of C2- and C6-dihydroceramides was tested, with C2 and
C6 being the number of C atoms in the acyl residue (Avanti Polar
Lipids, AL, US,) and these ceramides were completely inactive
(MFC > 100 pg/ml) against both yeast species, indicating that a free
amine at position C2 of the sphingoid base is necessary for fungi-
cidal activity of sphingolipids. These data corroborate with those
of Chung et al. who demonstrated that C2-phytoceramide is not ac-
tive against S. cerevisiae.?° In conclusion, the optimal chain length
for fungicidal activity of DHS derivatives against C. albicans and
C. glabrata lies between C15 and C17.

In the literature, only two other studies report on derivatives of
sphingoid bases with increased antifungal activity. One study de-
scribes a series of new PHS analogues with natural or altered ste-
reochemistry at C3 and/or C4, and OH, NH,, or N3 substituents at
C1, but without alteration of the sphingoid backbone length.?!
The 1-azido derivative, exhibiting the natural p-ribo stereochemis-
try, showed 10-fold improved antifungal activity against C. albicans
as compared to PHS, based on determination of their minimal
inhibitory concentration (MIC). However, antifungal activity of
the compounds against C. glabrata was not reported.?! Another
study reports on the antifungal activity of dimeric aminoalcohols.”
The most potent derivative was the dimeric aminoalcohol oceanin,
which is characterized by 10-fold improved antifungal activity
against C. glabrata as compared to DHS, based on their MIC. Ocea-
nin is a €28 lipid chain with two polar head groups: one with a
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Figure 1. Accumulation of endogenous ROS in C. albicans upon treatment with
antifungal compounds. Logarithmically growing C. albicans cells were suspended in
PBS, pre-incubated with the compounds for 3 h at 37 °C, washed with PBS, and
incubated with 2',7'-dichlorofluorescin diacetate for 3 h at 37 °C. Compounds used
are DHS (open triangles), PHS (open squares), C5-DHS (crosses), C9-DHS (stripes),
C12-DHS (black circles), C15-DHS (black squares), and C17-DHS (black triangles).
Fluorescence emitted by the cells was measured using fluorescence spectrometer
(Zex =485 nm and Zepy, = 525 nm). Experiments have been performed in triplicate.

(2S,3R)-p-erythro-2-amino-1,3-diol moiety as in natural sphingo-
sine, the other one with a (2R,3R)-2-aminopropan-3-ol group
(threo).” The MFC of oceanin against C. glabrata is 10 pg/ml. Ocea-
nin is not active against C. albicans.

It should be noted that determination of MFC values is preferred
over MIC values, since the former reflects fungicidal activity,
whereas the latter may account for both fungistatic as well as fun-
gicidal activity. Since fungicidal activity pinpoints to inhibition of
targets that are essential for fungal growth?? or induction of an ac-
tive cell death pathway (i.e. apoptosis), these values are more rel-
evant for the design of antifungal drugs. It has previously been
demonstrated that PHS and DHS induce apoptosis in A. nidulans,
concomitant with an accumulation of reactive oxygen species
(ROS).2

In search of the mode of action of PHS, DHS, and its derivatives
against C. albicans, we determined ROS accumulation upon incuba-
tion with various concentrations of the compounds using 2',7'-
dichlorofluorescin diacetate staining as previously described.?*2*
As can be seen in Figure 1, the inactive C5-DHS and C9-DHS fail
to induce ROS, even at 100 pg/ml, whereas C12-, C15-, and C17-
DHS, and native DHS and PHS induce ROS accumulation in C. albi-
cans. The most active DHS derivatives, that is, C15-DHS and C17-
DHS, induced ROS production to the highest extent. The presence
of 10 mM of the antioxidant ascorbic acid decreased the fungicidal
activity of C12-, C15-, and C17-DHS, whereas the presence of ascor-
bic acid had no effect on the fungicidal activity of native DHS and
PHS (Table 1). These data point to a link between the fungicidal
activity and ROS induction capacity of short-chain DHS derivatives
for C. albicans. In contrast, based on our data, there exists no causal
link between ROS induction and cell death in yeast in case of native
sphingoid bases. In this respect, Cheng et al. demonstrated that
PHS and DHS induce an ROS-independent apoptotic cell death in
A. nidulans.2 Hence, our findings point to a ROS-dependent fungi-
cidal activity of short-chain DHS derivatives on yeast, in contrast
to the ROS-independent fungicidal activity of native sphingoid
bases on yeast.

In conclusion, a series of synthetically easily accessible, trun-
cated DHS analogues have been made and assessed through MFC
measurements. C15- and C17-DHS, that is, DHS homologues

consisting of 15 and 17 carbon atoms, respectively, prove 10-fold
more active against C. albicans and twofold more active against C.
glabrata as compared to native DHS. Since PHS, bearing a hydroxyl
group at position 4, has fivefold increased fungicidal activity
against C. albicans as compared to DHS, the question remains
whether introduction of such hydroxyl group at position 4 of
C15- and C17-DHS can likewise decrease their MFC for C. albicans.
Since it has previously been demonstrated that DHS is non-toxic
upon topical administration and is effective against C. albicans
infections in vivo,® C15- and C17-DHS hold promising therapeutic
potential as novel antimycotics. Further studies addressing the
mode of action of C15- and/or C17-DHS and their toxicity are
underway.
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Different substituted methoxy- and hydroxy-4-thioisosteres of flavonoids were prepared and their in
vitro antimycotic activity towards yeast (Candida spp., Clavispora spp., Cryptococcus spp., Filobasidiella
spp., Issatchenkia spp., Pichia spp., Kluyveromyces spp., Saccharomyces spp. and Yarrowia spp.) and
yeast-like (Prototheca spp.) microorganisms was tested. Further insights in the biological activities of
these antioxidant, oestrogenic and antimicrobial biomimetic derivatives were obtained.

© 2008 Elsevier Ltd. All rights reserved.

Flavonoids are ubiquitous in photosynthesising eukaryotic cells
and therefore occur widely in the plant kingdom.! They are found
in fruit, vegetables, nuts, seeds, stems and flowers as well as tea,
wine,? propolis and honey,> and represent a common constituent
of the human diet* with a daily dietary intake of mixed flavonoids
ranging from hundreds to thousands of mg in occidental coun-
tries.> In plants they provide colours,'® protect from fungal patho-
gens and UV-B radiation®® and are involved in photosensitisation,
energy transfer, growth regulation, respiration and photosynthesis.
Flavonoids are becoming the subject of human medical research.
They have been reported to possess many useful properties,
including enzyme inhibition, anti-inflammatory, oestrogenic, anti-
microbial,” antiallergic, antioxidant,! vascular and cytotoxic antit-
umour activities.> Owing to the widespread ability of flavonoids
to inhibit spore germination of plant pathogens, they have been
proposed for use as antimycotic drugs against yeasts and filamen-
tous fungi known as human pathogens, like Candida albicans,?
Aspergillus flavus,® Aspergillus tamarii, Cladosporium sphaerosper-
mum, Penicillium digitatum and Penicillium italicum.'®

During the last years, 4-thiaflavans, the compounds with a sul-
fur atom replacing the C4 in the C ring of the Flavan skeleton (Fig.
1), have emerged as biologically interesting isosteres for their oes-
trogenic,!! antimicrobial'? and antioxidant'? activities.

* Corresponding authors. Tel.: +39 055 4573535; fax: +39 055 4573531 (S.
Menichetti).
E-mail address: stefano.menichetti@unifi.it (S. Menichetti).

0960-894X/$ - see front matter © 2008 Elsevier Ltd. All rights reserved.
doi:10.1016/j.bmcl.2008.05.048

In particular, exploiting our practical and flexible access to hy-
droxy-4-thiaflavans, based on the inverse electron-demand hetero
Diels-Alder reaction (HDAR) of o-thioquinones with styrenes
(Scheme 1), we were able to prepare properly substituted deriva-
tives which, for their ability as ‘catechin-like’ and/or ‘tocopherol-
like’ radical scavengers,'® metal (i.e., Fe?* ions) chelators'>? as well
as hydroperoxides quenchers,'3 can be considered valuable multi-
defence antioxidants.

With the aim to better understand the range of biological activ-
ity of these compounds, and considering a possible use as additives
against oxidation of tissues or different materials, including foods
and rubbers, we were interested in the measurement of their anti-
mycotic activity. In this light, we prepared 4-thiaflavans 1-12, re-
ported in Scheme 1, whose structure was chosen taking into
consideration the ability as antioxidants,'® and the structural sub-
stitution patterns of natural flavonoids.

The possibility to assemble, the thiaflavan skeleton fusing two
properly pre-equipped moieties through a HDAR, allowed the easy
modulation of the substitution pattern on both A and B aromatic

3'/OR 3 OR
2" h‘l’ 2" h‘l’
R?\s\ é 2 1@.—0R Rro\a\ éj,f\l? -+ OR
sﬂ//Er\g;/\:s[’*-(opz) o ﬂ/)ng 3
RO 5 . ROS 4

Figure 1. Flavan and 4-thiaflavan skeletons.
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Scheme 1. Retrosynthetic approach and structures of 4-thiaflavans 1-12 tested in
this study.

rings: a difficult task using natural flavonoids as starting materials.
Accordingly, yeast (Candida spp., Clavispora spp., Cryptococcus spp.,
Filobasidiella spp., Issatchenkia spp., Pichia spp., Kluyveromyces spp.,
Saccharomyces spp. and Yarrowia spp.) and yeast-like (Proto-
thecaspp.) microorganisms belonging to species considered as
opportunistic pathogens for humans and animals were selected
as target microorganisms.'*

Data obtained are reported in Tables 1 and 2. Preliminarily, the
activity of derivatives 1-12 was checked towards a wide range of
strains and is reported as diameter of growth inhibition halo
(mm) in Table 1.'> On the basis of the antimycotic spectrum of
derivatives 1-12 (Table 1) and the characteristics and availability
of target strains, seven thiaflavans (3, 4, 6-8, 10 and 11) and 10
yeasts were selected for the determination of the minimal inhibi-
tory concentrations (MICs, expressed as pug/mL), reported in Table
2.16

On the whole, we can observe a certain activity for seven out of
twelve of the thiaflavans tested. Due to the lack of a rationale elu-
cidating the observed antimycotic activity, only qualitative, yet
worthy of note, considerations can be done.

The lack of hydroxy groups on A and B rings, like in 1 and 5, pre-
vents antimycotic activity. This is in perfect agreement with data
that emerged in a preliminary evaluation, and convinced us not
to further investigate fully methoxylated derivatives and sulfur
oxidized thiaflavans, which have demonstrated to be inactive as
well.'? Apart from this evidence, our results showed, at least for
the 12 compounds tested in this study, that no direct relationship
exists between the number of OH groups and the whole anti-yeast
activity, as it could be expected in consideration of the similarity
with natural flavonoids (vide infra).

The ineffectiveness of derivative 12, bearing four hydroxy
groups, the better antiradical derivative amongst those tested,'*
is probably the more explicit demonstration that no relationship
exists between the antioxidant activity and the antimycotic activ-
ity of these hydroxy-4-thiaflavans. This is corroborated by the
comparison of derivative 6 with 7 or 9 with 10 where the increas-
ing antiradical ability corresponds to a decreasing antimycotic
activity.

Data reported in Tables 1 and 2 clearly indicate that the 4’,7-
substitution pattern, with at least a free OH group, as in com-
pounds 6-8, represents the better situation to achieve a high de-

Table 1

Diameters of growth inhibition halos (standard error < 0.5 mm) of thiaflavans 1-12 towards yeast and yeast-like microorganisms

Species® DBVPGP 1 2 3 4 5 6 7 8 9 10 1 12
Candida albicans 61337 17.5 16.2 124

Candida albicans 6157 16.5 141 18.3 121
Candida glabrata 7212 13.1

Pichia guilliermondii 61407 17.2

Candida tropicalis 39827 20.2 15.5

Candida zeylanoides 6163 19.4 16.4

Clavispora lusitaniae 61427 12.9 153 124 139
Issatchenkia orientalis 67827 17.6 14.0

Kluyveromyces marxianus 61417 133 243 20.2 14.2 14.9
Saccharomyces cerevisiae 61737 15.2 24.1 15.6 15.1 14.6
Saccharomyces cerevisiae 6500 18.3 20.6 19.2 14.7 14.9
Yarrowia lipolitica 60537 14.3 15.8 15.6 16.5

Cryptococcus laurentii 3883 13.8 18.2 22.6 13.1
Cryptococcus laurentii 4272 22.0 16.4 30.2 26.4 28.5 17.5 193
Cryptococcus laurentii 6265" 16.9 20.6 16.8 17.8 133 2.6
Filobasidiella neoformans 3428 20.0 14.6 17.4

Filobasidiella neoformans 6010" 13.6 15.5 35.1 18.1 15.5

Filobasidiella neoformans 6225 11.2 184 14.9 17.0

Filobasidiella neoformans 6981 25.1 14.2 15.6

Filobasidiella neoformans 6982 129

Prototheca wickerhamii 8879 20.7 17.8 14.5

AGrey stripes indicate the strains selected for minimal inhibitory concentration (MIC) determination (see Table 2).

PDBVPG accession number.
TType strain of the given species.
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Table 2
Minimal inhibitory concentrations (MICs) (ug/mL) of thiaflavans 3, 4, 6-8, 10 and 11 towards the selected yeasts
Species DBVPG? Other collections® 3 4 6 7 8 10 11
Candida albicans 61337 CBS 562 32 512 512
Pichia guilliermondii 61407 CBS 566 512
Candida tropicalis 39827 CBS 94 16 512
Clavispora lusitaniae 61427 CBS 4413 256 64 512 512
Kluyveromyces marxianus 61417 CBS 834 128 16 128 128 128
Saccharomyces cerevisiae 61737 CBS 1171 256 16 512 512 128
Yarrowia lipolitica 6053" CBS 6124 256 128 256 256
Cryptococcus laurentii 4272 32 128 8 32 256 256 128
Cryptococcus laurentii 6265" CBS 139 256 16 128 256 128 256
Filobasidiella neoformans 60107 CBS 132 256 512 8 32 256

¢ DBVPG accession number.
b Correspondence with strains collected in other worldwide collections.
T Type strain of the given species.

gree of antimycotic activity. Compound 6 (4'-hydroxy-7-methoxy-
4-thiaflavan) was in fact the most effective in terms of number of
inhibited strains and MICs values. Natural flavans bearing the
4/, 7-substitution pattern are known since very long time.!” Re-
cently some of them have been synthesised and tested against a
few microorganisms, including C. albicans, showing an activity
smaller than the corresponding 4-thioisosteres 6, 7 and 8.'® On
the other hand, no activity has been observed for many commer-
cially available flavonones and flavonols, bearing a substitution
pattern similar to that of compounds 9-12, when they have been
tested against the yeast and yeast-like strains used in this study.'®

Current literature reports that the ability of hydroxy groups
occurring in polyphenol structures to complex proteins (through
the formation of either hydrogen or covalent bonds) and carbohy-
drates can be considered responsible for their bioactivity.2° Despite
we cannot ruling out that the activity of 4-thiaflavans could be as-
cribed to a similar mechanism, the above considerations, based on
data reported in Tables 1 and 2, seem to imply for these com-
pounds the presence of additional mechanism(s) where the sulfur
atom in position 4 of C ring might be possibly involved.

In conclusion, we have reported a further achievement in the
evaluation of the biological activities of 4-thiaflavans with the
identification of the better substitution pattern for the expression
of antimycotic activity. Further studies on biological abilities and
potential utilisations of these valuable synthetic isosteres of flavo-
noids are ongoing.
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00-Di-trimethylsilyl esters of «-N-benzyloxycarbonylaminoalkylphosphinates (III) undergo triethyl-
amine catalyzed addition to isothiocyanates to give after hydrolysis, a series of new «-aminoalkyl-(N-
substituted)thiocarbamoyl-phosphinates. Thiocarbamoyl-phosphinate moiety can be included in the
structures of the metalloproteinase inhibitors as the zinc-binding group and the new compounds
reported here are good inhibitors of important aminopeptidase N(CD13) with ICsq in range of 10.56-

© 2008 Elsevier Ltd. All rights reserved.

The proteolytic degradation of the extracellular matrix is
important in many biological processes. Structurally related pro-
teinases that utilize a zinc (II) metal for catalysis of the proteolysis,
matrix metalloproteinases (MMPs), are at least partially responsi-
ble for these functions. MMPs mediated degradation of the extra-
cellular matrix and the basement-membrane are crucial steps in
the early development of several diseases, such as arthritis, osteo-
porosis, periodontal disease, cancer growth, and metastasis.! The
inhibition of such degradation offers a potential for new therapeu-
tics, and several of the MMPs inhibitors have entered clinical trials
for cancer treatment. However, clinical trials for hydroxamate-
based MMPs inhibitors have been disappointing, due to lack of
specificities, low oral availability, poor in vivo stability, and unac-
ceptable side effects associated with hydroxamates.? Therefore,
there is a serious effort to replace the hydroxamic acid with a
group having more pharmaceutically acceptable properties. In gen-
eral, metalloproteinase inhibitors molecules consist of two parts.
The first part is similar to the peptide sequence around the hydro-
lyzed peptide bond, including the overall shape and the distribu-
tion of electron density. The second part is the zinc-binding
group (ZBG) essential for binding to the active site of the zinc (II)
metal. While the first part is subjected to the classical structure—
activity based improvement, the second one is more difficult to de-
sign. The ZBGs described in literature may be grouped into two
classes: those which are transition state analogs (TSA) of tetrahe-
dral gem-diol of carbonyl carbon of amide bound intermediate,
undergoing hydrolysis at the enzyme active site (these include

* Corresponding author. Tel.: +48 71 320 40 27; fax: +48 71 328 40 64.
E-mail address: jozef.oleksyszyn@pwr.wroc.pl (]J. Oleksyszyn).

0960-894X/$ - see front matter © 2008 Elsevier Ltd. All rights reserved.
doi:10.1016/j.bmcl.2008.05.050

phosphonate and phosphinate types of inhibitors) and simple zinc
chelating group (these include thiols, carboxylates, mercaptoalco-
hols and hydroxamates). Hydroxamates act as a bidente ligand of
zincs active site and despite the small resemblance to the TS, at
least for MMPs, they are usually superior to other ZBGs, thus offer-
ing more potent inhibitors.

Recently, we have proposed several new ZBGs (Fig. 1, II-IV),
which are combinations of TSA and hydroxamic acid-related phos-
phinates with a;-substituent. These are able to form, together with
P-OH, a bidente coordination to the zinc atom.3

oo T on
NH /K X
HoN ‘ HoN Ii
(0] (0]
hydroxamic acid phosphinic acid
i OH S\ j\OHO\
\ _R? [ _R!
HoN P)\ N HoN P)\N
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III v

X. R. R'=H. allyl. aryl

Figure 1. Comparison of the general structures of hydroxamic acid and hydroxamic
acid-related phosphinates.
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Scheme 1. Preparation of compounds la-k with the proposed reaction mechanism. Reagents and conditions: (i) TMSCI, TEA, DCM, Ar atm, rt; (ii) isothiocyanate; (iii) H*/H,0;

(iv) 1—HBr/AcOH, 2—propylene oxide.

Here, we report the synthesis of a new member of such a family
of compounds, the a-aminoalkyl-(N-substituted)thiocarbamoyl-
phosphinic acids (I).* Our first target is aminopeptidase N, identical
to CD13 (APN/EC 3.4.11.2) a type Il membrane-bound metallopro-
teinase present on various cell types.> APN is a new emerging tar-
get for anti-cancer therapy, and recent studies suggest that
inhibition of APN/CD13 by APN inhibitors or siRNA leads to sup-
pressed progressive potential in ovarian carcinoma cells.® Bestatin
(ubenimex) and curcumin, known inhibitors of APN, are com-
pounds with well-established anti-cancer properties.” Curcumin
now considered by oncologists as a potential cancer chemopreven-
tive agent® is an irreversible inhibitor of APN.®

Nucleophilic addition of phosphites to isothiocyanates, to pro-
duce phosphonothiocarbamoyl derivatives (phosphonothioformic
acid amides) is a well-known reaction.!® A similar reaction to syn-
thesize aryl-(N-substituted)thiocarbamoyl-phosphinates was re-
ported recently.!' Due to the low electrophilicity of the
isothiocynates, we have applied an additional activation of phos-
phorus III nucleophile by silylation.

Table 1
Structures and ICso values for the inhibition of aminopeptidase N by thiocarbamoyl-
phosphinic acid derivatives I and bestatin

JEIN
11 / R1
HNTPTON

OH
Compound R R! ICs0,"! (LM)
Ia —CHs —CH,CH,CgHs 420
b —CHs —CH,(p-OCH5-CeHa) 1.12
Ic —CH,CH,CH; —CH,CH,CHs 2.28
Id —CH,CH,CH; _CH,(p-OCH3-CeHa) 0.68
le —CH(CHs), —CH,CH(CHs), 1.90
If _CH(CHs), —CH,(CH,)4CH3 1.18
Ig —CHa(CH,),CHs —CH,CH,CHs 0.73
Th —~CHa(CH,),CH —CH,(p-OCH;-CeHa) 025
I —CH,CH(CHs), —CH,(CH,)4CH5 0.50
] ~CH,CH(CH5), —CH, 1056
Ik —~CH,CH,CgHs —CH,(p-OCH3-CeHa) 038
7 2.10

COOH

The synthetic route shown in Scheme 1 starts with a-N-benzyl-
oxycarbonylamino-alkylphosphinates(H) 1, which are esterificated
with trimethylchlorosilane.'?

Crude esters 2 undergo addition reaction with isothiocyanates
to give an intermediate product which, after hydrolysis, gives the
desired final product I. The proposed mechanism of addition could
involve a S-sililated iminothioether intermediate 4. The final
a-aminoalkyl-(N-substituted)thiocarbamoyl-phosphinic acids I are
quite stable because they survive the acidic removal of N-benzyl-
oxycarbonyl moiety, as well as the selective basic hydrolysis of
the alkyl phosphinic ester bond (data not shown for the latter).
However, due to low yields for the overall synthesis process, some
of the decomposition cannot be excluded. Nevertheless, com-
pounds Ij, incubated in the water (pH 2.0; 4.0; 7.2 and 9.15, 20%
DMSO-ds) show no change in 3'P NMR spectrum after 72 h. The
ICso values for inhibition of APN'3 are shown in Table 1. The new
a-aminoalkyl-(N-substituted)thiocarbamoyl-phosphinic acids Ia-
Ik are moderate to good inhibitors of aminopeptidase N. Even
the short preliminary series of compounds show a clear struc-
ture-activity relationship, as demonstrated by the data in Table
1. The preferred R group, probably interacting with S1 subsite of
APN within this series of derivatives is a long aliphatic chain
corresponding to the norleucine side chain (e.g., Ig and Ih). The
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Figure 2. Lineweaver-Burk plot for compound Ih (K; = 0.143 uM).
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best moiety in the R' position, interacting probably with the S1/
subsite of the enzyme, is p-methoxybenzyl, for example, Ih and
Ik. The combination of the two gives the best inhibitor, Ih, with
ICs0 = 0.25 uM (K; = 143 nM, see Fig. 2) as the racemic mixture. It
is interesting to see the clear additive effect of both optimal substi-
tutions at the S1 and S1’ subsite of the enzyme. This could suggest
an easier development of future inhibitors. The thiocarbamoyl-
phosphinates Ia-Ik are comparable to the previously reported,®
corresponding oxo analogs, derivatives of carbamoyl phosphinates.
Competitive inhibition of APN by Ih proves the binding to the ac-
tive site of enzyme and the competition with substrate (Fig. 2).
As reported here (as well as earlier),® the compound Ih, with
Ki =143 nM (Fig. 2), is the best inhibitor with the new thiocarba-
moyl-phosphinate ZBG. Bestatin 7 has ICso = 2.1 uM under the con-
ditions of our assay. The compound Ih, even as racemic mixture, is
almost ten times better an inhibitor than bestatin, an accepted
anti-cancer drug, active in vivo. Therefore, it is a good candidate
for the cell culture or in vivo studies to establish the role of APN
activity in cancer development.
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General procedure for synthesis of compound I (a-k). 0.5 mM of compound 5
(a-k) was dissolved in 5 ml 2% HBr/AcOH. After 2 h mixture was evaporated,
dissolved in 1 ml MeOH and propylene oxide was added to pH 6. Compounds
were crystallized as a white solid.
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CHs), 3.00-3.05 (m, 1H, NH,CHP), 3.54 (s, 3H, OCHs), 4,45-4,50 (m, 2H,
CH,CSNH), 6.70-7.04 (m, 4H, Ar-H).

Compound Ic: yield 21.3%; Cy3H,1N,0,PS; MW: 300.351/mol; LC-MS 301.3
(M+1); 3'P NMR (D,0): 27.81; 'H NMR (D,0): 0.45-0.50 (t, 3H, CH3), 0.78-0.92
(m, 2H, CH,CH3), 1.06-1.18 (m, 2H, CH,CHP), 2.59-2.66 (m, 3H, NHCHP,
CH,Ph), 3.43-3.56 (m, 2H, CH,CSNH), 6.88-7.00 (m, 5H, Ar-H).

Compound Id: yield 49.0%; C;3H»;N,05PS; MW: 316.351/mol; LC-MS: 317.3
(M+1); 3'P NMR (D,0): 27.89; 'H NMR (D,0): 0.62 (d, 3H, J=7.2 Hz, CHs),
1.06-1.08 (m, 2H, CH»CHs), 1.26-1.36 (m, 2H, CH,CHP), 2.88-2.94 (m, 1H,
NH,CHP), 3.56 (s, 3H, PhOCH3), 4.50 (d, 2H, J = 2.70 Hz, CH,CSNH), 6.71-7.17
(m, 4H, Ar-H).

Compound le: yield 43.5%; CoH,1N,0,PS; MW: 252.311/mol; LC-MS 253.2
(M+1); 3'P NMR (D,0): 29.22; 'H NMR (D,0): 0.99-1.07 (m, 12 H, 4 x CH3),
2.10-2.18 (m, 2H, 2 x CH), 3.23 (dd, ] = 9.6; 4.2 Hz, 1H, NH,CHP), 3.51-3.63 (m,
2H, CH,NHCS).

Compound If: yield 46.2%; C;1H25N,0,PS; MW: 280.361/mol; LC-MS 281.3
(M+1); 'P NMR (D,0): 26.61; 'H NMR (D,0): 0.78-0.81 (t, 3H, CH,CH3), 0.92
(dd, J=29.7; 6.6 Hz, 6H, 2 x CH3), 1.21-1.25 (m, 2H, CH»(CH,),CH3), 1.28-1.31
(m, 4H, 2 x CH3), 1.60-1.65 (m, 2H, CH>CH,NH), 2.01-2.04 (m, 1H, CH(CH3)y),
3.10 (dd, J = 9.0; 4.2 Hz 1H, NHCHP), 3.56-3.65 (m, 2H, CH,NHCS).
Compound Ig: yield 63.3%; Cy4H23N,0,PS; MW: 314.411/mol; LC-MS: 315.3
(M+1); 3'P NMR (D,0): 27.31; 'H NMR (D,0): 0.51-0.55 (t, 3H, CH3), 0.85-1.28
(m, 6H, 3 x CHy), 2.32 (d, 1H, J = 1.5 Hz, NH,CHP), 2.59-2.67 (m, 2H, CH,Ph),
3.44-3.47 (m, 2H, CH,NHCS), 6.89-7.00 (m, 5H, Ar-H).

Compound Ih: yield 66.8%; C;4H23N,03PS; MW: 330.381/mol; LC-MS: 331.4
(M+1); 3'P NMR (D,0): 27.90; '"H NMR (D,0): 0.48—0.52 (t, 3H, CH3), 0.84-1.01
(m, 4H, 2 x CHy), 1.08-1.16, (m, 2H, CH,CHP), 1.26-1.35 (m, 2H, CH,CHP),
2.76-2.81 (m, 1H, NH,CHP), 3.48 (s, 3H, PhOCHs), 4.40 (d, 2H, J=2.70 Hz,
CH,CSNH), 6.62-7.00 (m, 4H, Ar-H).

Compound Ii: yield 43.7%; C;,H37N;0,PS; MW: 294.391/mol; LC-MS 395.3
(M+1); 3'P NMR (D,0): 27.23. 'H NMR (D,0): 0.77-0.78 (m, 9H, 3 x CHs), 0.84
(d, J=6.61Hz, 6H, 2 x CH3), 1.21-1.30 (m, 8H, 4 x CH,), 1.59-1.64 (m, 2H,
CH,CH(CHs),), 1.71-1.74 (m, 1H, CH(CHs)), 3.14-3.18 (q, 1H, NH,CHP), 3.57-
3.65 (m, 2H, CH,NHCS).

Compound Ij: yield 55%; C;H;7N,0,PS; MW: 224.261/mol; LC-MS 225.1
(M+1); 3'P NMR (D,0): 27.73; '"H NMR (D,0): 0.81 (dd, J = 35.8; 6.6 Hz, 6H,
2 x CH3), 1.25-1.32 (m, 2H, CH,), 1.69-1.74 (m, 1H, CH(CH3)), 3.09 (d, 3H,
J=1.8 Hz, CH3NHCS), 3.17-3.26 (m, 1H, NH,CHP).

Compound Ik: yield 64.9%; C;gH3N,05PS; MW: 378.431/mol; LC-MS 379.5
(M+1); 3'P NMR (D,0): 27.02; 'H NMR (D,0): 1.24-1.33 (m, 2H, CH,CHP),
1.59-1.68 (m, 2H, CH,CHP), 2.23-2.32 (m, 2H, CH,CH,Ph), 2.52-2.61 (m, 2H,
CH,CH,Ph), 2.82-2.89 (m, 1H, NH,CHP), 3.47-3.52 (t, 3H, PhOCH3), 4.43-4.51
(t, 2H, CH>CSNH), 6.58-7.06 (m, 9H, Ar-H).

Aminopeptidase N inhibition studies. The inhibitory effect of compounds la-k
and bestatin towards aminopeptidase N (from porcine kidney, Sigma-Aldrich)
was evaluated using Leu-AMC (Sigma-Aldrich) as a fluorogenic substrate. For
the assay, sodium phosphate buffer (pH 7.2) was used. The final concentrations
were 0.2 ug/ml for APN and 12.5 pM for substrate. All inhibitors was measured
for 10 min at 25 °C without preliminary incubation, final DMSO concentration
was 2%. All ICsq values presented in Table 1 are means of two experiments, and
standard deviation is +20%. All compounds are racemic mixture.
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Two pyrrolizidinylalkyl derivatives of 4-amino-7-chloroquinoline (MG2 and MG3) were prepared and
tested in vitro against CQ-sensitive and CQ-resistant strains of Plasmodium falciparum and in vivo in a
Plasmodium berghei mouse model of infection. Both compounds exhibited excellent activity in all tests
and low toxicity against mammalian cells. Preliminary studies of the acute toxicity and of the metabolism
of the most active compound MG3 indicate a promising profile as a new antimalarial drug candidate.

© 2008 Elsevier Ltd. All rights reserved.

Novel, effective, safe and inexpensive antimalarial agents are
urgently needed to treat malaria in tropical and subtropical re-
gions, where it still represents a serious health problem, affecting
400-500 million people annually.

Plasmodium falciparum (Pf), which is responsible for >1 Mio
fatalities, has developed resistance to common antimalarials such
as chloroquine (CQ) or antifolates. Nevertheless, several CQ analogs
were shown to retain significant activity against CQ-resistant
strains of Pf, suggesting that resistance could be compound-spe-
cific and not related to changes in the structure of the drug target.

Indeed, we have recently demonstrated that analogs of CQ and
quinacrine, whose 4-diethylamino-1-methylbutyl chain was re-
placed by a quinolizidinyl- or a quinolizidinyl-alkyl moiety (Fig.
1) exhibited high antimalarial activity against CQ-S and CQ-R
strains of Pf in vitro.? Some of these compounds also showed effi-
cacy against P. berghei and P. yoelii when given orally (po) or intra-
peritoneally (ip) in a murine standard 4-day test.

The presence of a bulky, strongly basic and lipophilic bicyclic
moiety (as the quinolizidine ring) appears as an interesting struc-
tural feature able to overcome the resistance mechanisms by pre-
venting the metabolic oxidative dealkylation, which affects the
usual dialkylaminoalkyl chains of many CQ analogs. This metabolic
dealkylation significantly reduces the lipid solubility of the drug
and significantly increases cross-resistance up to and beyond that
seen with CQ.!

* Corresponding author. Tel.: +39 02 50319365; fax: +39 02 50319359.
E-mail address: anna.sparatore@unimi.it (A. Sparatore).

0960-894X/$ - see front matter © 2008 Elsevier Ltd. All rights reserved.
doi:10.1016/j.bmcl.2008.05.042
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Figure 1. Structures of quinolizidinyl analogs of chloroquine and quinacrine.
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In the light of these promising results and pursuing the research
of drugs which are cheaper and easier to synthesize, we prepared
and studied two novel analogs of CQ (MG2 and MG3), where the
amino group of quinoline is linked to a pyrrolizidinylalkyl ((hexa-
hydro-1H-pyrrolizin-7a-yl)alkyl) moiety (Fig. 2).

In these new molecules a bulky, basic and lipophilic head is
again present, but such a synthetic bicyclic ring is linked in a posi-

ps

z-0
T

I
S
o
=]

Zi /i—
53
I
- N

==
[
WN

Cl

Figure 2. Structures of new pyrrolizidinylalkyl derivatives of 4-amino-7-
chloroquinoline.
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Scheme 1. Reagents and conditions: (a) cyanoacetic acid, NH4OH, n-hexane, 15 °C, 40 h; (b) 2-amino-2-methyl-propanenitrile, NH3, MeOH, 20 °C, 24 h; (c) LiAlH,, dry Et;0,

rt, 5 h; (d) 4,7-dichloroquinoline, phenol, 180 °C, 4 h.

Table 1

In vitro antimalarial activities, f-hematin inhibitory activities (BHIA assay) and cellular cytotoxicity of MG2 and MG3

Compound D-10 (CQ-S) W-2 (CQ-R) NF-54 (CQ-S) K1(CQ-R) BHIA Drug:haem WEHI 13 HMEC-1 K562 1Cso?
ICs0® (M) ICs0® (nM) ICs0° (NM) ICso° (NM) molar equivalent ICs0? (nM) ICs¢® (M) (nM)

MG2 5.5 54.7 6.33 19.6 1.66 61,453 >60,000 17,587
MG3 30.6 28.9 10.9 10.6 1.06 24,717 >60,000 18,069
cQ°¢ 16.5 293.5 47 48.5 1,69 >40,000 >40,000 31,828

¢ Mean of 3-4 experiments, each performed in triplicate.

b Mean of two experiments.

¢ Diphosphate salt.

Table 2

tion to prevent the chirality present in the previous quinolizidinyl
analogs.

It is worth noting that a 7a-substituted pyrrolizidine ring is
present in several biologically active substances such as the antiar-
rhythmic pilsicainide,* cerebral function activators,> muscarinic
M; and serotonine 5-HT, receptor agonists, useful in improving
cognitive functions,>” and as gastro-intestinal prokinetic agents,®
respectively.

The target compounds were prepared by reacting in the pres-
ence of phenol the 4,7-dichloroquinoline with the suitable (hexa-
hydro-1H-pyrrolizin-7a-yl)alkylamine.° The amino compounds
were obtained by LiAlH,; reduction of the corresponding ni-
triles,'®'" which in turn were formed by cyclization of 1,7-di-
chloro-4-heptanone with NH3 and cyanoacetic acid or 2-amino-
2-methylpropanenitrile®!>!3 (Scheme 1).

Compounds MG2 and MG3 were tested in vitro against CQ-S (D-
10 and NF-54) and CQ-R (W-2 and K1) strains of Pf. The antimalar-
ial activity (ICso) was quantified as inhibition of parasite growth,
measured with the production of parasite lactate dehydrogenase
(for D-10 and W-2 strains)'* or the incorporation of [*H]-hypoxan-
thine (for NF-54 and K1 strains).!> Moreover, to assess the mecha-
nism of action, the BHIA (B-hematin inhibitory activity) assay was
performed as previously described.'® Cytotoxicity on murine cells
WEH], clone 13, or human cells HMEC-1 and K562, was assayed
using the MTT test.!” Finally, the ability to protect NMRI mice from
a lethal CQ-susceptible P. berghei GFP-transfected ANKA strain
infection'® was studied, administering the compounds either orally
or subcutaneously (sc) as a single dose or repeated doses for 4 con-
secutive days.!92°

The results of these assays are presented in Tables 1-3.

The two compounds MG2 and MG3 were active against both
CQ-S strains D-10 and NF-54 in a comparable range as CQ (Table
1). Importantly, these compounds exhibited high activity against
both CQ-R strains W-2 and K1, being 2.5- to 10-fold more active
than the reference drug CQ.

Compound MG3, though less active than MG2 on CQ-S strains,
was definitely better than the homolog on CQ-R strains, and was

In vivo single dose of MG2 and MG3 on P. berghei murine model®

Compound Dose (mg/Kg) Route  Activity (%) Mouse survival (days) Avg.
MG2 100 po 98 123
MG3 100 po 99.5 13.7
cQ® 100 po 99.2 14.7
MG2 30 sc 99.1 8.7
MG3 30 sc 99.7 10.3
cQ® 30 sc 99.2 9.7
Controls 7.0

2 Groups of three P. berghei-infected NMRI mice were treated 1-day post-infec-
tion with compounds formulated in 70/30 Tween 80/ethanol and diluted 10x with
water before administration. Antimalarial efficacy was measured by percent
reduction in parasitemia on day 3 post-infection and animal survival time was
compared to untreated control groups (n=>5).

® Diphosphate salt.

Table 3
In vivo 4-day administrations of MG2 and MG3 on P. berghei murine model®

Compound Dose (mg/kg): Route Activity Mouse survival (days)
4x (%) Avg.
MG2 30 po >99.9 30.0 (3/3 mice cured®)
10 po >99.9 14.7
MG3 30 po >99.9 25 (2/3 mice cured)
10 po >99.9 25.7 (2/3 mice cured)
cQ* 30 po >99.9 30 (3/3 mice cured)
10 po 99.9 223
MG2 10 sc >99.9 153
3 sc 94 9.3
MG3 10 sc >99.9 29.3 (2/3 mice cured)
3 SC 96 7.3
cQ°© 10 sc >99.9 15.7
3 sc 99.8 9.3
Controls 7.0

2 Groups of three P. berghei-infected NMRI mice were treated 1 day post-infection
with compounds formulated in 70/30 Tween 80/ethanol and diluted 10x with
water before administration. Antimalarial efficacy was measured by percent
reduction in parasitemia on day 4 post-infection and animal survival time was
compared to untreated control groups (n=>5).

" Mice cured: no parasites present at day 30. Parasitemia was checked by microscopy.

¢ Diphosphate salt.
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Table 4
Toxicity and body weight variation after ip administration of MG3 in mice

Dose (mg/kg) No. of mice No. of surviving mice Mean body weight (g)
Initial After 5 days % Variation After 13 days % Variation
150 4 2° 29.5 33.30 +12.9 36.25 +22.9
100 4 4> 29.4 3245 +10.1 36.03 +22.2
50 4 4¢ 29.9 32.38 +8.3 36.12 +20.8
Control 4 4 32.7 34.36 +5.1 38.40 +17.5

¢ Two mice died within 5-10 min; the survivors exhibited shivering and torpor but they recovered in the following 2 h.

b Exhibited sluggishness, recovering before 2 h.
¢ Asymptomatic.

not susceptible to the resistance mechanism exhibiting a resis-
tance factor (ratio ICsg on CQ-R/ ICs9 on CQ-S strains) equal 1.

Both compounds displayed a cytotoxicity on murine and human
cells that was comparable to that of CQ.

The inhibition of B-hematin formation in the BHIA assay sug-
gests that both compounds interfere with the haem detoxification
process of parasites, thus acting with a mechanism similar to that
of CQ.

The in vivo studies, in the murine P. berghei malaria model,
showed that MG2 and MG3 behaved similarly to CQ in the single
dose treatment.

Repeated treatment (once a day for 4 consecutive days) with
MG2 and MG3 inhibited parasitemia by >99.9% when given at
10 mg/kg po and sc. Particularly, MG3 at 10 mg/kg po and sc pro-
duced a mean survival of 25.7 and 29.3 days, respectively and 2/
3 mice were cured (parasite-free on day 30).

For CQ diphosphate, at the same dose, the mean survival times
were 22.3 days (po) and 15.7 (sc), with no mice cured regardless of
the route of administration.

The in vivo acute toxicity and the effect on body weight of MG3
was evaluated in CD1 mice treated with a single dose ip and ob-
served for 13 days (Table 4): the toxic dose (less than 100% sur-
vival) was >100 mg/kg for MG3.

Finally, preliminary studies of the in vitro metabolism?! of MG3
and of its capability to inhibit cytochrome P4sq isoforms?? were
undertaken.

The in vitro clearance of MG3 was 1.50 + 0.58 ml/min/g (human
hepatic microsomes), while that of 7-ethoxycoumarine, a common
reference standard, was in the range 7-9.9 ml/min/g. Moreover,
after 30 min of incubation, only small amounts of two metabolites
(with a MH*at m/z 300 and 316; parent compound MH"at m/z 302)
were detected at the HPLC-MS, thus supporting the expected sta-
bility of the pyrrolizidine ring to phase 1 oxidative metabolism.
The interaction of MG3 (3 uM) with CYP isoforms (1A2, 2C9,
2C19, 2D6, and 3A4) was very low; particularly the inhibition of
the last two isoforms (that together are responsible for the metab-
olism of about 60% of the most clinically important drugs) was only
5.7% and 4.3%, whereas CQ-induced inhibition was 20.4% and 6.8%,
respectively. Therefore MG3 should not interfere extensively with
the metabolism of other drugs.

In conclusion, the pyrrolizidinylalkyl derivatives of 4-amino-7-
chloroquinoline MG2 and MG3 exhibited excellent activity in vitro
against CQ-S and CQ-R strains of Pf and in vivo against P. berghei.
Thus the bicyclic pyrrolizidine moiety resulted, as already seen
for the quinolizidine, as a structural feature able to overcome the
Pf resistance mechanism.

Moreover, the novel compounds exhibited low toxicity against
mammalian cells, whereas in preliminary in vivo studies the most
active MG3 was also well tolerated up to a dose of 100 mg/kg.

These data combined with the absence of chiral centers and the
low cost of the intermediates required for its synthesis, make MG3
an interesting compound deserving further study as a promising
antimalarial agent.
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check the chemical stability of test compound. 7-Ethoxycoumarin was used as
reference standard.

The inhibition of the P450 isoforms was measured using specific substrates
that become fluorescent upon CYP metabolism. Compounds, dissolved in
DMSO, are tested at least in triplicate (n = 3 or 4) at the single concentration of
3 uM in a 96-well plate containing incubation/NADPH regenerating buffer.
Specific isoenzymes and substrates are added and incubated at 37 °C. Reaction
was terminated at different times, depending on the assays, and plates are read
on a Fluoroskan Ascent at the appropriate emission/excitation wavelengths.
Concentration-response curves (seven concentrations) performed in duplicate
for known inhibitors for each isoenzyme are tested in every assay as positive
control. For each compound the percentage inhibition vs. control without
inhibitor is calculated. An inhibition <5% is considered no effect. For standards
the ICso (concentration at 50% inhibition) is then determined by using Grafit v.
6.0.





		Antimalarial activity of novel pyrrolizidinyl derivatives of 4-aminoquinoline

		AcknowledgementAcknowledgments

		References and notes






Bioorganic & Medicinal Chemistry Letters 18 (2008) 3741-3744

journal homepage: www.elsevier.com/locate/bmcl

Contents lists available at ScienceDirect

Bioorganic & Medicinal Chemistry Letters

ol Bicorganic & Madicinal
Chemistry Lett

Effect of some P-glycoprotein modulators on Rhodamine-123 absorption in

guinea-pig ileum

Nicola Antonio Colabufo *, Francesco Berardi, Marialessandra Contino, Carmela Inglese, Mauro Niso,

Roberto Perrone

Dipartimento Farmacochimico, Universita degli Studi di Bari, via Orabona, 4, 70125 Bari, Italy

ARTICLE INFO ABSTRACT

Article history:

Received 8 April 2008
Revised 9 May 2008
Accepted 10 May 2008
Available online 20 May 2008

Keywords:
Rhodamine-123
Guinea-pig ileum
P-Glycoprotein

Several reference compounds such as Cyclosporin A, Tamoxifen, Verapamil, and our compound 1, known
as P-gp modulators, have been tested for their P-gp modulating activity in isolated organ bath. Compound
1 showed the best result in organ bath experiment (ECso = 14.7 pM), Cyclosporin A and Tamoxifen dis-
played ECso = 25.2 and 39.4 uM, respectively.

© 2008 Elsevier Ltd. All rights reserved.

The systemic availability of food and drugs is modulated by a
physical and biochemical barrier, the intestinal mucosa.!~> The role
of this barrier significantly depends on specific membrane trans-
port systems and intracellular enzymes. Among these transporters,
P-glycoprotein (P-gp) is the most widely studied and probably the
most important efflux pump that regulates the absorption of
drugs.571° P-gp is a transmembrane protein (170 kDa) localized
in the apical membrane of the intestinal mucosa, canalicular mem-
branes of the liver, proximal tubule of the kidney, and endothelial
cells of the Blood Brain Barrier (BBB).!!!? P-gp is an ATP-ase pump
that transports various hydrophobic compounds out of the cell
using the energy from ATP hydrolysis.!*> This pump belongs to
the ATP Binding Cassette transporter family (ABC superfamily).
ABC transporters have two highly conserved ATP-binding catalytic
domains, NBD-1 and NBD-2 (Nucleotide Binding Domain) and two
relatively variable transmembrane domains that act together as a
unit.!> ABC pumps transported substrates include sugars, amino
acids, vitamins, lipids, sterols, peptides, toxins, and drugs.'™'? To
date, the following binding sites and the corresponding substrates
for ABC transporters have been reported: H, Hoechst 33342; P, Pro-
gesterone/Prazosine; R, Rhodamine-123/Anthracycline; M, central
modulation.'® Drugs interacting with P-gp have been classified as
substrates, inhibitors, or inducers.'>~'” Moreover, there are com-
pounds displaying simultaneously substrate and inhibitor activity
toward P-gp (e.g., Quinidine, Verapamil), inhibitor and inducer
activity (e.g., Atorvastatin, Mefloquine), mixed substrate, inhibitor

* Corresponding author.
E-mail address: colabufo@farmchim.uniba.it (N.A. Colabufo).

0960-894X/$ - see front matter © 2008 Elsevier Ltd. All rights reserved.
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and inducer activity (e.g., Saquinavir). The recent FDA guidelines
on drugs interactions recommend to evaluate if new drug candi-
dates are substrates, inhibitors, and inducers of P-gp in order to as-
sess their potential for clinical drug-drug interaction.'®

To date, several in vitro cultured cell-based and ex vivo ap-
proaches available to predict the cell permeation, absorption, and
gastrointestinal metabolism of molecules have been reported.®!°
Among in vitro cultured cell-based methods, Caco-2 cell mono-
layer assay is widely used to predict the intestinal bioavailability.
Ex vivo approaches, employing rat ileum in Using diffusion cham-
ber, were reported in few papers.?®?! However, Caco-2 cell mono-
layer method presents several biological limitations: (i) the
expression level of P-gp is not constant, but it depends on the
source of the cells; (ii) the monolayer preparation takes 21-28 days
for confluence, and 17-27 days for P-gp to become functional. On
the other hand, the intestinal P-gp expression level is dependent
on the intestinal region. In particular, P-gp expression increases
from the proximal to distal regions of the small intestine.

In order to study the role of P-gp in intestinal food and drugs
absorption, we selected the final tract of guinea-pig small intestine,
that is, the ileum, to investigate if this isolated organ bath could
serve as a model in the prediction of food and drug absorption.

In contrast to the Caco-2 cell monolayer method, the isolated
ileum assay does not present biological limitations such as the var-
iable P-gp expression level and it is less time-consuming and la-
bour-intensive.

Previously, we developed several methods on guinea-pig iso-
lated bath organ to study the activity of some compounds such
as sigma, serotonergic 5-HT;,, adrenoceptor B; ligands.>>-26 This
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knowledge prompted us to investigate the P-gp role and its modu-
lation by known pump inhibitors.

In order to verify if P-gp sensitivity to inhibitors in guinea-pig
ileum was comparable to Caco-2 cells, we employed Caco-2 cell
monolayer as in vitro standard experimental model.?” Moreover,
we investigated if both experimental models (guinea-pig ileum
and Caco-2 cells) could be considered complementary in the pre-
diction of the P-gp activity in human intestine.

Rhodamine-123 and [*H]vinblastine have been employed in
guinea-pig ileum and Caco-2 cells, respectively, as P-gp substrates.
In each procedure we confirmed the P-gp activity involvement by
testing known P-gp modulators such as Verapamil, Cyclosporin
A%® Tamoxifen,?® and our ligand 2-{2-[2-(3-methoxy-phenyl)-
ethyl]-phenoxymethyl}-pyridine (compound 1)*° (Fig. 1) as a
reference.

In Fig. 3 Rhodamine-123 fluxes between buffer and ileum epi-
thelium at the stationary state in the absence (A) and in the pres-
ence (B) of a P-gp inhibitor are reported.

The time-course for different Rhodamine-123 doses was per-
formed by equilibrating the fluorescent probe with guinea-pig
ileum in 20 mL isolated organ bath. These preliminary investiga-
tions led us to optimize Rhodamine-123 concentration and the
time to reach the equilibrium between two opposite fluxes: (1)
Rhodamine-123 passive flux from buffer into the ileum epithe-
lium (Jpassin); (2) Rhodamine-123 active efflux P-gp mediated
(Jact) and Rhodamine-123 passive flux (Jpassout) from epithelium
to buffer.’!

The equilibration time has been determined monitoring the fluo-
rescence emission, that initially decreased due to Rhodamine-123
passive flux into the ileum epithelium until a constant value. This
constant fluorescent value corresponded to two opposite events:
Rhodamine-123 flux (passive and P-gp mediated) from ileum into
the buffer, and Rhodamine-123 passive flux from buffer into the
ileum epithelium.

Rhodamine-123 fluorescence emission remained unchanged for
50 min after the equilibration time and we defined this time
(50 min after the equilibration time) as stationary state.

The fluorescence determination in buffer solution (see Fig. 3)
was performed by spectrofluorimetric measurement. Rhodamine-
123 emission spectrum was recorded at A = 510 4+ 30 nm (excita-
tion) and at A =528 nm (emission) as depicted in Figure 2A. The
calibration curve in the same medium was made starting from
1nM to 100 nM (Fig. 2B). In this buffer we calculated the quan-
tum yield (@ = 0.52).3223 All tested compounds at 100 uM did

Cyclosporin A

/O N. 0\
CN
\0 0/

Verapamil

Compound 1

Figure 1. P-gp modulators.
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Figure 2. Rhodamine-123 emission spectrum at % =528 nm exciting from A = 49-
0 nm until 2 = 530 nm by increasing 10 nm (A); Rhodamine-123 calibration curve in
Krebs solution (B).
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Figure 3. Rhodamine-123 fluxes in isolated guinea-pig ileum at the stationary state
in the absence (A) and in the presence (B) of a P-gp inhibitor.

not quench 20 nM Rhodamine-123 emission since Rhodamine-
123 emission spectrum did not overlap Cyclosporin A, Tamoxi-
fen, Verapamil and compound 1 excitation spectra.
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After the stationary state, the ileum reactivity was probed by
adding 50 nM Carbachol. In fact, this cholinergic agonist compound
induced a rapid contractile response demonstrating the ileum bio-
logical vitality. The results recorded within 50 min starting from
the equilibration time were considered significant if the contractile
response to Carbachol, after this time, was positive.

After the equilibration time, during the stationary state, all tested
compounds were added as single dose (from 1 to 100 uM) and the
fluorescence was evaluated every 10 min. For Cyclosporin A, the
maximal decrease of fluorescence units was at 50 pM at the end
of the stationary state. As depicted in Figure 4, the maximal de-
crease of fluorescence units by Cyclosporin A was 60% of the initial
value (P <0.05). In the same experimental conditions, Tamoxifen
(Fig. 4) was tested and for this compound the maximal decrease
in fluorescence units was observed at 100 uM (50%, P < 0.05).

Compound 1 displayed reduction of fluorescence emission
reaching the maximal effect at 100 uM (70%, P < 0.05) as depicted
in Figure 4. In the presence of 1 uM Verapamil, a dramatic ileum
relaxation was observed and this effect was due to its antagonist
activity versus Ca™ ‘L-type’ channels.

All compounds, excepting Verapamil, were tested at 200 pM
displaying the same fluorescence emission found at 100 puM.

For all drugs, ECsq values were determined by plotting fluores-
cence decrease (arbitrary units) vs Log[dose]. The best result was
obtained for compound 1 (ECsg = 14.7 + 2.5 uM). Cyclosporin A dis-
played ECs0=25.2+4.0 uM and Tamoxifen ECso=39.4 + 3.5 uM.
The corresponding dose-response curves are depicted in Figure 5.
P-gp interacting mechanism for compound 1 has been previously
determined in vitro using Caco-2 cells monolayer assays.>°

P-gp modulating activity in Caco-2 cells monolayer was com-
pared to the corresponding activity in guinea-pig ileum and the
following results, which were consistent in the two assays, were
found: compound 1 displayed ECso=14.7 £ 2.5 uM in organ bath
and ECsp =27.6 + 0.2 uM in Caco-2 cells;3° Cyclosporin A displayed
ECs0=25.2+4.0 uM in organ bath and ECs50=45.5+7.5uM in
Caco-2 cells; Tamoxifen displayed ECso=39.4+3.5 uM in organ
bath and ECsp = 56.5 + 4.5 uM in Caco-2 cells. Moreover, Verapamil
displayed ECs0 =20 + 1.0 uM in monolayer experiment.

Since the results obtained with the two methods are compara-
ble, we suggest the isolated ileum bath model as additional test to
define the critical role of P-gp pump in food and drugs absorption.
However, several differences should be considered between ileum
and Caco-2 monolayer methods such as pharmacokinetic pro-
cesses, membrane crossing, and the interference with other biolog-
ical systems (enzymes, other extrusion pumps, channels and
receptor proteins). Moreover, the P-gp involved in ileum is a nor-
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Figure 4. P-gp modulation activity in guinea-pig ileum in the presence of 20 nM
Rhodamine-123 and 50 uM Cyclosporin A (red), or 100 uM Tamoxifen (blue), or
compound 1 (green). The fluorescence (arbitrary units) has been detected from
5 min to 50 min. Each point represents the mean + SEM of two independent expe-
riments. P < 0.05, significantly different from control.
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Figure 5. Dose-response curves in guinea-pig ileum by Rhodamine-123 emission
measurement at 50 min after compounds incubation. Values are means + SEM from
three experiments. Groups of data were compared with analysis of variance follo-
wed by Tukey’s multiple comparison test (P < 0.001).

mal transporter and not aberrant as in system overexpressing it
such as Caco-2 cells.

In conclusion, P-gp-mediated transport across the intestine was
found to be inhibited by tested compounds. The inhibitory poten-
cies of these compounds were comparable in the two studies:
ex vivo in guinea-pig ileum, and in vitro in Caco-2 cells.

Thus, it is suggested that the P-gp function and sensitivity to
inhibitors should be similar in guinea-pig ileum and Caco-2 cells
and that these experimental models could be predictive to further
study of P-gp in human intestine. However, one of the functional
differences between ileum and Caco-2 cells is the lack, in the latter
model, of expression of the cytochrome P450 isozymes and in par-
ticular, CYP3A4, which is highly expressed in the intestine.>* Since
in Caco-2 cell monolayer method the drugs metabolism is not esti-
mated, a discrepancy between in vitro and in vivo results could be
observed. Thus, bath experiment include the potential drugs
metabolism so that results from this assay can be more predictive
for the in vivo results.
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5-Aminopyrazol-4-yl ketones are prepared rapidly and efficiently using microwave dielectric heating
from B-ketonitriles by treatment with N,N'-diphenylformamidine followed by heterocyclocondensation
by irradiation with a hydrazine. The inhibitory activity of R0O3201195 prepared by this methodology
was confirmed in hTERT-immortalized HCA2 and WS dermal fibroblasts at 200 nM concentration, both
by ELISA and immunoblot assay, and displays excellent kinase selectivity for p38a MAPK over the related
stress-activated kinase JNK.

© 2008 Elsevier Ltd. All rights reserved.

Werner syndrome (WS) is a rare genetic disorder that is used as
a model disease to investigate normal human ageing and results
from mutation in the WRN gene.! WS individuals show premature
onset of many clinical features of old age, early susceptibility to
several major age-related diseases and a shortened median life
expectancy (47 years) as a consequence of malignancy and myo-
cardial infarction. This accelerated in vivo ageing is associated with
premature senescence of WS cells in vitro that may underlie sev-
eral features of the rapid ageing seen in WS.?> Normal human cells
are capable of only a finite number of divisions in culture after
which is triggered a non-proliferative state known as senescence.
Whether cellular senescence plays a role in organismal ageing
has been hotly disputed,* however, senescent cells are known to
accumulate during ageing, for example, in the skin,® and evidence
is growing that supports the hypothesis that this finite prolifera-
tive capacity may be a causal agent of normal ageing processes.
Senescent cells display deleterious biochemical features, such as
a pro-inflammatory phenotype, suggesting a link between replica-
tive senescence and tissue degeneration.® Normal and WS fibro-
blasts use telomere erosion as a cell division ‘counter,” but
recently it has been shown that this telomere-driven senescence
synergizes with an additional telomere-independent mechanism
in WS.2 Unlike normal human fibroblasts, proliferating WS cells
contain high levels of phosphorylated p38a,® a stress-activated

* Corresponding authors.
E-mail address: Bagleymc@cardiff.ac.uk (M.C. Bagley).

0960-894X/$ - see front matter © 2008 Elsevier Ltd. All rights reserved.
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MAPK, suggesting that WS cells undergo stress-induced premature
senescence.® If accelerated ageing in WS is related to p38 activa-
tion and to accelerated cell ageing, WS may provide a powerful
model to link cellular signalling events to the ageing of mitotic tis-
sues in vivo. In addition, blocking the p38« response through the
use of a chemical inhibitor has the potential to interfere with the
pathology of WS, and so may provide opportunities for therapeutic
intervention.

In our previous studies, we tested this hypothesis to dramatic
effect in hTERT-immortalized WS dermal fibroblasts and in pri-
mary WS cells. When these cells were treated with the prototypical
p38 inhibitor SB203580, all of the features of accelerated replica-
tive decline were rescued, including growth rate and cell morphol-
ogy,? indicating that the abbreviated life span of WS cells could be
due to a stress-induced growth arrest mediated by p38o MAPK.®
Subsequently we showed that alternative p38 inhibitors with im-
proved kinase selectivity, including BIRB 796'° and VX-745,!'!
could be prepared using microwave-assisted methods and re-
ported their activity in WS cells. However BIRB 796 also inhibits
the related stress-activated JNK kinases,'? as does SB203580, and
as young WS cells show elevated levels of phosphorylated JNK1a1
and JNK2a«1 isoforms of JNK (our unpublished data), facile access to
another chemotype without JNK inhibitory activity that is orally
bioavailable is required to corroborate our findings and thence pro-
gress towards a clinical study. The 5-aminopyrazol-4-yl ketone
p38 inhibitor R03201195 (Fig. 1)'* fits this profile, combining good
cellular activity, pharmacokinetic properties, metabolic stability
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Figure 1. The p38 MAPK inhibitors BIRB 796 and RO3201195, the latter showing
our disconnective strategy.

and bioavailability with an excellent selectivity profile as deter-
mined in a panel of 105 kinases.

Our synthetic approach to RO3201195 (Fig. 1) utilized a linear
strategy: the 5-amino-4-benzoylpyrazole motif would be assem-
bled by regiospecific heterocyclocondensation of the corresponding
hydrazine and a B-anilino-a-benzoylacrylonitrile formed by Knoe-
venagel-type condensation. O-Alkylation installs the propyloxy
side chain to improve the pharmacokinetic properties as described
by Roche.!® We have shown that related heterocyclocondensation
reactions are accelerated dramatically by microwave dielectric
heating and used this in the synthesis of polysubstituted pyra-
zoles' and the 5-aminopyrazole core of BIRB 796.!° For the synthe-
sis of RO3201195, two benzoylacetonitriles, 2a and 2b, the latter
readily available from 1 by reaction with acetonitrile under basic
conditions,'® were reacted with N,N'-diphenylformamidine to give
cyclocondensation precursors 3a,b (Scheme 1). Although the Knoe-
venagel condensation proceeded in good yield for benzoylaceto-
nitriles 2a and 2b under traditional conductive heating,
microwave irradiation at 180 °C afforded 3b more efficiently after
only 20 min. A variety of conditions were investigated for heterocy-
clocondensation with a range of hydrazines, present as the free base
or hydrochloride salt, including a traditional reflux under conduc-

0 0
CO,Me
i CN ior CN
—_— —_— |
ref. 15 i NHPh
OMe Rl Rl
1 2a R'=H; 3a R'" = H (ii 95%; iii 70%);
2b R' = OMe 3b R' = OMe (ji 85%; fii 90%)
see Table 1
_—
R2ZNHNH,

Scheme 1. Synthesis of pyrazol-4-yl ketones 4a-n. Reagents and conditions: (i)
MeCN, NaOEt, 80 °C (Ref. 15); (ii) PhAN=CHNHPh, dry xylenes, reflux, 1.5-2 h; (iii)
PhN=CHNHPh, xylenes, microwaves, 180 °C (initial power: 3a, 100 W; 3b, 160 W),
20 min.

tive heating and microwave irradiation in a sealed vessel at 100-
140 °C in the presence or absence of Et;N (Table 1).1°

It was apparent from the microwave irradiation experiments
that pyrazolyl ketone formation was, for the most part, rapid and
high-yielding. For hydrazine hydrochlorides, the addition of EtsN
to the reaction mixture improved the efficiency significantly. From
pyrazolyl ketone 4b, further elaboration to RO3201195 involved
deprotection of the phenolic ether by boron tribromide-mediated
protodemethylation, followed by O-alkylation of 5 with (S)-O-iso-
propylideneglycerol tosylate to give (R)-ketal 6 which could be
readily deprotected under acid-catalyzed aqueous conditions to
give the (S)-diol RO3201195!7 (Scheme 2) in accordance with
Roche’s original strategy.!> Although the yield for these final steps
was not high, it did provide sufficient compound for study in WS
cells.

The ability of RO3201195 to inhibit p38« and JNK was tested in
human hTERT-immortalized HCA2 cells by ELISA as described pre-
viously.'""'® Kinase activity is detected using antibodies specific for
phosphorylated (S73)HSP27 and antibodies that detect total levels
of HSP27, the degree of activation being measured as the ratio of
phospho-protein/total protein. In this system p38 activation by
anisomycin activates MK2 that then phosphorylates HSP27. For
JNK the phosphorylation status of the JNK substrate c-jun is mon-
itored. In addition, the effect of RO3201195 on the p38 signalling
pathway in WS cells was assessed by immunoblots.'"!8

That RO3201195 can inhibit the p38a-signalling pathway is
shown in Figure 2a and c. In control cells, low p38a activity is indi-
cated by low p-HSP27 levels and a low p-HSP27/HSP27 ratio
(DMSO columns). Anisomycin treatment activates p38a that in-
creases p-HSP27 levels and the p-HSP27/HSP27 ratio (An columns).
R0O3201195 pre-treatment increasingly inhibits the anisomycin-in-
duced activity of p38q, as indicated by the decreasing p-HSP27 lev-
els and the p-HSP27/HSP27 ratio. Maximal inhibition is achieved
between 2.5 and 10.0 uM R03201195. The ICsq in this system is
approximately 180-200 nM, similar to the reported ICsq for
R0O3201195 inhibition of p38a induced TNFu or IL-1B production
in peripheral blood mononucleocytes of 500 nM and 400 nM,

Table 1
Microwave-assisted conditions for the synthesis of 4a-n
Entry 4 R! R? Yield%?

A B C D E
ill? a H Ph 41 75 95
20 b OMe 4-Fluorophenyl 37 43 78 36 86°¢
3 c OMe 4-Nitrophenyl 66 41
4b d OMe  4-Methoxyphenyl 37 71
5° e OMe tert-Bu 82
6° f OMe  p-Tolyl 36 58
7 g OMe Me 17 46
8 h OMe H 53 77
9 i OMe Pentafluorophenyl 71 78
10° j OMe 2,4-Difluorophenyl 67 74 >98
11° Kk OMe  2-Fluorophenyl 9 72 90
12° 1 OMe  4-Bromophenyl 18 63 92
13 m H Pentafluorophenyl 89
14 n H 2,5-Dichlorophenyl 95

2 Isolated yield of 4 from one of the methods A-E. Method A: EtOH, reflux, 3 h
(5 h for entry 2). Method B: microwaves, EtOH, 100 °C, 40 min (entry 1) or 120 °C,
20 min (entry 2) or 1 h. Method C: microwaves, EtOH, Et;N, 100 °C (entries 1 and 2)
or 120 °C (entries 10-12), 1 h. Method D: microwaves, EtOH, 140 °C, 20 min (entry
2) to 1 h (otherwise). Method E: microwaves, EtOH, Et5N, 140 °C, 1 h. ‘Microwaves’
indicates microwave irradiation in a 10 mL Pyrex™ tube using a CEM Discover™
single-mode instrument at the specified temperature by moderating the initial
magnetron power (100 W).

" The corresponding hydrazine hydrochloride was used.

¢ On scale up (124 mg of 3b), irradiation at 110 °C for 1 h followed by 140 °C for
40 min avoided untoward pressure build up and gave 4b (95 mg, 68%) suitable for
elaboration to RO3201195.
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Scheme 2. Synthesis of R0O3201195 from pyrazol-4-yl ketone 4b. Reagents and
conditions: (i) BBr3, CHyCl,, 0°C; RT, 2.5 h; Hy0 (59%); (ii) (S)-L-o,B-isopropylid-
eneglycerol-y-tosylate, K;CO3;, DMF, 80°C, 24 h (9%); (iii) p-TsOH, MeOH, H-O,
50 °C, 18 h (48%). RT, room temperature.
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Figure 2. ELISA results for the effect of R0O3201195 on p38a activity (a and c) and
on JNK activity (b and d). For the upper panels, total protein is indicated by the
white bars, and the phosphorylated protein by the dark grey bars. In the lower
panel the ratio of phosphorylated protein to total protein is indicated by the black
bars. DMSO are cells with only DMSO treatment, An are cells treated with aniso-
mycin, and 0.010-50.000 are cells pre-treated with increasing concentrations of
R0O3201195 followed by treatment with anisomycin. p-HSP27 and p-c-jun are the
phosphorylated forms of HSP27 and c-jun, respectively.

respectively, and the ICsy for RO3201195 inhibition of p38a-in-
duced TNFo production in THP-1 cells of 250 nM.'> Anisomycin
treatment also activates JNK1 and JNK2 resulting in elevated levels
of p-cjun and an increased p-c-jun/c-jun ratio (Fig. 2b and d).
R0O3201195 is reported to inhibit JNK2 in an in vitro assay with a
Kq of 5.0 uM;'3 however, R03201195 pre-treatment of HCA2 cells
does not prevent the anisomycin-induced phosphorylation of c-
jun up to 50 pM. As the ELISA measures both JNK1 and JNK2 activ-
ity, these data show that RO3201195 does not inhibit total cellular
JNK activity, and do not preclude the possibility that R0O3201195
can inhibit either JNK1 or JNK2 alone.!?

The ability of RO3201195 to inhibit the p38a-signalling path-
way in hTERT-immortalized AG03141 WS cells was tested by im-
muno-detection of activated versions of p38a«, MK2 and HSP27
on Western blots as described previously'' (Fig. 3). In control WS
cells, phosphorylated p38 is not detected; however, there is a

1 2 3 4 5 6
i T -

Wy e S B aeen e - K2
p-HSP27

Figure 3. Effects of RO3201195 treatment on the activity of p38« in hTERT-immor-
talized WS cells. Lane 1, WS cells; lane 2, WS cells + anisomycin (A); lanes 3-5 WS
cells+A+25, 10.0 and 25.0uM RO3201195; lane 6, WS cells+A+2.5uM
SB203580. p-p38 and p-HSP27 are the phosphorylated forms of p38 and HSP27.
With MK2 two bands are seen (arrows): the upper is activated (phosphorylated) MK2.

low level of activated p38 as assessed by the presence of activated
MK2 (upper band in lane 1 of Fig. 3) and low levels of p-HSP27.
Anisomycin treatment greatly increases the activation of p38a
causing an increase in activated MK2 and p-HSP27 levels (lane
2). R0O3201195 pre-treatment inhibits the anisomycin-induced
activity of p38a, as indicated by the much-reduced levels of acti-
vated MK2 and p-HSP27 (lanes 3-5). As the level of activated
MK2 is reduced in the RO3201195-treated cells compared to the
control (compare lanes 1 and 5), RO3201195 not only inhibits
the anisomycin-induced activity of p38q«, but also the p38a activity
that is believed to be caused by genomic stress in the WS cells.

In conclusion, the p38a« MAPK inhibitor R0O3201195 and other
phenyl pyrazol-4-yl ketones can be prepared rapidly and efficiently
from B-(anilino)-a-benzoylacrylonitriles by microwave irradiation
with the corresponding hydrazine in ethanolic solvent. Further
elaboration provided RO3201195, the inhibitory activity of which
was confirmed in HCA2 and WS cells by ELISA and immunoblot as-
say, showing excellent selectivity for p38a MAPK over JNK. Given
this selectivity profile, RO3201195 would appear to be ideal for
further study to rescue premature senescence and the accelerated
ageing of WS cells in culture. These studies are now underway in
our laboratories and will be reported in due course.
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H); '*C NMR (100 MHz, DMSO-ds): 6¢ 62.6 (CH,), 69.7 (CH,), 69.9 (CH), 103.4 (C),
113.2 (CH), 116.2 (d, ¥c_r 21.2 Hz, CH), 117.8 (CH), 120.1 (CH), 126.4 (d, *Jc_¢
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The 70 kDa heat shock proteins (Hsp70) are molecular chaperones that assist in folding of newly synthe-
sized polypeptides, refolding or denaturation of misfolded proteins, and translocation of proteins across
biological membranes. In addition, Hsp70 play regulatory roles in signal transduction, cell cycle, and
apoptosis. Here, we present a novel assay platform based on fluorescence polarization that is suitable
for investigating the yet elusive molecular mechanics of human Hsp70 allosteric regulation.

© 2008 Elsevier Ltd. All rights reserved.

Heat shock protein 70 (Hsp70) is a ubiquitous family of protein
chaperones that assists protein folding and is involved in protein
biogenesis, degradation and transport across membranes, and in
the dynamics of macromolecular protein assembly.! To perform
these diverse functions, Hsp70s interact with a wide repertoire of
protein co-chaperones. These regulate the activity of the Hsp70
chaperone or aid in the folding of specific substrate proteins.
Co-chaperones can harness the ATP-dependent mechanisms of
Hsp70 to do conformational work in diverse functional contexts,
including vesicle secretion and recycling, protein transport, and
the regulated assembly and/or disassembly of protein complexes.
The profound utilization of co-chaperones and resulting flexibility
of functional specification are unique to the cytosolic Hsp70 and
heat shock protein 90 (Hsp90) chaperone system.!

Hsp70 is composed of two functional domains: the N-terminal
ATPase domain and the C-terminal peptide-binding domain
(Fig. 1)."? The interplay between these domains creates a ligand-
activated, bidirectional molecular switch. ATP and inhibitors of
the chaperone’s ATPase activity drive Hsp70 into the ‘open’ confor-
mation, which results in high rates of peptide-binding and release.
However, peptide binding induces a conformational change that is
propagated back to the ATPase domain, and that stimulates the
rate of ATP hydrolysis. This, in turn, leads to the ‘closed’ conforma-
tion and facilitates peptide-capture.

The molecular mechanisms underlying the ATPase and sub-
strate binding/release cycles have been analyzed in detail for only
a few Hsp70 homologs, including Escherichia coli DnaK and HscA

* Corresponding author.
E-mail address: chiosisg@mskcc.org (G. Chiosis).

0960-894X/$ - see front matter © 2008 Elsevier Ltd. All rights reserved.
doi:10.1016/j.bmcl.2008.05.046
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Figure 1. The Hsp70 cycle and design of the Hsp70 assay. In the ADP-conformation,
Hsp70 binds to an unfolded peptide, here labeled with FITC, leading to an increase
in the fluorescence polarization signal. This state interconverts with an ATP-bound
state which leads to peptide release and a decrease of the FP signal. The full spe-
ctrum of co-chaperones and other proteins that regulate the Hsp70 cycle in ma-
mmalian cells is still being characterized.

(Hsc66), Thermus thermophilus DnaK, Saccharomyces cerevisiae
Ssal, and bovine and hamster Hsc70.3 Even though these proteins
are highly conserved, distinct attributes have been noted in their
mechanism of action. In particular, differences in their cycles, with
implications for their chaperone activities have been noted, sug-
gesting that the analysis of other members of this family will prove
essential. Surprisingly, the human Hsp70 (hHsp70) cycle has not
been carefully dissected. The molecular mechanics and kinetics
of the hHsp70 allosteric regulation, as well as the spectrum of
interacting co-chaperones, are largely unknown, and represent an
open area of research in the field. To this end, we have developed
an assay platform that is based on fluorescence polarization, and
that allows for kinetic measurement of the human Hsp70 cycle.
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Fluorescence polarization (FP) is an assay with wide applicabil-
ity in the discovery of novel protein modulators and in measuring
real-time interactions between proteins or proteins and their li-
gands.? The principle of FP is based on the observation that when
a relatively small, fast-tumbling fluorescent-labeled compound is
excited with plane-polarized light, the emitted light is random
with respect to the plane of polarization, resulting in a lower mP
value. When the compound is bound to a molecule with greater
mass (in this case Hsp70 or Hsp70 in complex with its co-chaper-
ones), the complex tumbles much slower and the emitted light is
polarized, resulting in a higher mP value. Thus, the change of mP
reflects the interaction between the fluorescent-labeled compound
and the protein. Moreover, the mP value is proportional to the frac-
tions of bound ligand, and thus FP assays can measure protein-
inhibitor interactions in solution and in real-time.*

To establish an Hsp70 FP assay, we probed whether the peptide
alap5 (ALLLSAPRR) binds to the C-terminal domain of hHsp70 and
induces the characteristic conformational switch. This peptide was
reported to bind with high affinity in the absence of ATP to Dnak,
the E. coli Hsp70 (Kq = 400 nM).> We therefore synthesized a fluo-
rescein isothiocyanate (FITC)-labeled alap5 (FITC-alap5) (Fig. 2)
for use in the FP assay, and the chemical integrity and purity of
FITC-alap5 were confirmed by mass spectrum and high-pressure li-
quid chromatography (HPLC).® The peptide was >90% pure as
determined by HPLC and demonstrated the correct molecular mass
of 1500 Da (M+H).

Next, the binding of this peptide to hHsp70 was confirmed by
an independent, established method. As shown in Figure 3, the
peptide enhanced the single-turnover ATPase activity of the chap-
erone (Kcar),” and the magnitude of stimulation was equivalent to
that when a ~7-fold higher concentration of a known Hsp70-inter-
acting unfolded polypeptide, carboxymethyl lactalbumin (CMLA),®
was used. These data indicate that FITC-alap5 binds productively to
Hsp70, and should therefore serve as a valid reporter in the FP
assay.

Next, using the FP assay, we determined that FITC-alap5 (at a fi-
nal concentration of 5 nM) binds recombinant hHsp70 in a dose-
dependent manner (Fig. 4).° To provide a valuable biological
read-out, the FP ligand has to bind specifically and with good affin-
ity to the protein of interest. To determine the affinity of FITC-
alap5 for hHsp70, we titrated hHsp70 in reactions containing fluo-
rescent alap5.

As the amount of hHsp70 increased, a greater fraction of fluo-
rescent alap5 was protein-bound and polarization progressively
increased to reach saturation (Fig. 4). The signal remained stable
for over 24 h. FITC-alap5 bound well to hHsp70 with an affinity
resembling its binding to DnaK (K4 = 426 nM). The assay window
reached approximately 110 mP.

To investigate whether the assay can be employed to detect
conformational changes in hHsp70, we included ATP in the reac-
tion and showed that FITC-alap5 binding was significantly reduced
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Figure 3. The peptide FITC-alap5 interacts functionally with hHsp70. At a final
concentration of 8 uM, the peptide activates the single-turnover ATPase activity of
hHsp70 as well as a permanently unfolded polypeptide, CMLA, at a final concen-
tration of 55 uM. The data are from a single-turnover ATPase assay such that the
peptide or DMSO is present at t = 0. Data were plotted in Prism 4.0.
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Figure 4. hHsp70 at the indicated concentrations was incubated with FITC-alap5
(5nM) at 4 °C and the response was measured at 24 h. Fluorescence polarization
was read with an Analyst GT instrument. The assay window data were obtained by
subtracting free ligand values from values recorded in the presence of specified
protein concentrations. Each data point is the average of two experiments. Data
were plotted and analyzed in Prism 4.0. Error bars, s.d.

(Fig. 5, column 4). To probe whether the assay can also be used to
identify interactors that might augment the affinity of hHsp70 for
peptide substrates, we screened several antibodies raised specifi-
cally against Hsp70. We found that alap5 binding to hHsp70 was
augmented by an anti-Hsp70 monoclonal antibody (clone
C92F3A-5),'° prepared against human Hsp70 protein, suggesting
that antibody binding may stabilize the closed, high affinity pep-
tide-binding conformation (Fig. 5, column 5). Importantly, the ef-
fect was reversible because ATP reverted the antibody-induced
conformational change to the low-affinity state (Fig. 5, column 6).

The assay was insensitive to low concentrations of DMSO, an or-
ganic solvent often used to dissolve small molecule modulators
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Figure 2. Chemical structure of FITC-alap5.
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Figure 5. Binding of hHsp70 (500 nM) to FITC-alap5 (5 nM) was analyzed by FP.
DMSO (2% v/v) had no effect on peptide-binding to hHsp70 (Hsp70+FITC—alap5+-
DMSO 2%). Binding of peptide to Hsp70 was competed by 1 mM ATP (Hsp70+FIT-
C—alap5+ATP). An anti-Hsp70 antibody (Stressgen#SPA-810) increases the binding
of Hsp70 to alap5 by 150 mP (Hsp70+FITC—alap5+anti-Hsp70 Ab), an effect that is
reverted by 1 mM ATP (Hsp70+FITC—alap5+anti-Hsp70 Ab+ATP). The antibody was
tested at a 1:100 dilution. The peptide FITC-alap5 (5 nM) does not interact with
Hsp90 (200 nM) (FITC—alap5+Hsp90), and conversely, Hsp70 (500 nM) fails to in-
teract with a FITC-labeled ligand that is specific for Hsp90 (FITC—GM, 5 nM).

that could be screened to identify effectors of Hsp70 cycling (Fig. 5,
column 3). Furthermore, binding of FITC-alap5 to Hsp70 was spe-
cific, because the ligand failed to bind another molecular chaper-
one, Hsp90'! (Fig. 5, column 7). Conversely, FITC-GM could not
bind Hsp70 (Fig. 5, column 8). FITC-GM'? is a FITC-labeled geldana-
mycin (GM), an inhibitor of Hsp90 that interacts with the chaper-
one through direct interaction with its ATP-binding regulatory
pocket.

Collectively, these data indicate that FITC-alap5 is a suitable
reporter for an hHsp70-specific FP assay. Moreover, the assay
can be used to detect ATP-dependent conformational changes
in the chaperone. Thus, we propose that FITC-alap5 can be co-
opted to report on co-chaperone and protein-mediated effects
on hHsp70 peptide-binding and release. Because the protein
and ligand are added simultaneously in solution, and a response
is read directly, the assay can also provide important informa-
tion on the kinetics of Hsp70 cycling and the effect of co-chap-
erones or other protein modulators on the mechanism of cycling.
This is a great advantage over other methods that require immo-
bilization of reagents or radioactive ligands. Our FP assay also
utilizes a low amount of protein and ligand in comparison to
other biochemical methods, and is thus, more cost effective. In
consequence, we have designed a flexible assay platform that
can be used to conduct real-time biochemical studies on hHsp70
cycling, and moreover, can be implemented towards the discov-
ery of small molecule hHsp70 modulators.
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We have developed a fluorescently labeled probe for high-throughput screening of kinase inhibitors
using fluorescence correlation spectroscopy. With this probe, we have successfully evaluated the inhib-
itory activities of known inhibitors of a model kinase, ASK1. Because the probe contains a general kinase
inhibitor, staurosporine, we believe that this homogeneous, high-throughput, and simple method can be
applied to the inhibitor screening of other kinases as well.

© 2008 Elsevier Ltd. All rights reserved.

Protein kinases play pivotal roles in virtually all aspects of cel-
lular physiology, including intercellular communication associated
with physiological responses, homeostasis, and the functioning of
the nervous and immune systems.! Since kinases are involved in
cancer and many other diseases, they are attractive targets for
therapeutic agents. Indeed, imatinib mesilate, which is a Bcr-Abl
tyrosine kinase inhibitor, has already been applied to treat chronic
myeloid leukemia (CML).2

Several methods to screen kinase inhibitors have been reported,
such as scintillation proximity assay (SPA) and time resolved-fluo-
rescence resonance energy transfer (TR-FRET).> These methods,
however, require radioisotope (RI)-labeled ATP and luminescent
lanthanide complex-labeled antibody, respectively. Hence, there
is still a need for a novel methodology that is non-RI, low-cost, con-
venient, and homogeneous. Preferably the method should be gen-
erally applicable to any kinase.

Here, we propose a novel methodology for high-throughput
screening (HTS) of kinase inhibitors based on fluorescence correla-
tion spectroscopy (FCS), which should fulfill all of the above
requirements. FCS is a single molecule detection technique using
a fluorescent probe. It sensitively measures fluctuations of the fluo-
rescence intensity emitted from only a few fluorescent molecules
(3-5 particles) that diffuse in and out of a small volume element

* Corresponding author. Tel.: +81 3 5841 4850; fax: +81 3 5841 4855.
E-mail address: tlong@mol.f.u-tokyo.ac.jp (T. Nagano).

0960-894X/$ - see front matter © 2008 Elsevier Ltd. All rights reserved.
doi:10.1016/j.bmcl.2008.05.040

at the subfemtoliter level in solution. The obtained parameter, dif-
fusion time, is dependent on molecular weight and molecular
structure.*

A schematic representation of this assay is shown in Figure 1.
The assay is based on competition between a standard fluoro-
phore-labeled inhibitor, or a probe, and an inhibitor candidate.®

Relatively Low M.W.
Low Diffusion Time

High M.W.
High Diffusion Time

Relatively Low M.W.
Low Diffusion Time

Fluorophore - Kinase Inhibitor ’ Kinase -Candidate Compound

Figure 1. Schematic illustration of the assay.
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In the absence of a candidate, or if a candidate has low affinity for
the kinase, the probe interacts with the target enzyme, resulting in
a high diffusion time. If the candidate compound has a high bind-
ing affinity to the enzyme, the probe is released from the enzyme,
resulting in a low diffusion time. This method is expected to have
several advantages over previously available methods because the
measurement can be done in a very small volume (~1 pL), without
the use of expensive antibody or RI. Moreover, it is based on bind-
ing, not kinase, assay. That is, it is also applicable to inactive ki-
nases, whose structures are often unique in terms of their
interactions with the ligand in comparison to the active kinases.®

For this method, we designed a novel chemical probe (STS-
PEG-TAMRA). This probe consists of three moieties: fluorophore,
linker, and inhibitor. For the inhibitor moiety, we selected stauro-
sporine (STS) because it is a well-known promiscuous kinase inhib-
itor.” TAMRA was chosen as a fluorophore, due to its water
solubility, resistance to photobleaching, and low conversion to
the excited triplet state.® For the linker, we used polyethylenegly-
col (PEG) to give sufficient structural flexibility and water solubil-
ity. The synthetic route to the probe is shown in Scheme 1.
Staurosporine was modified at a secondary amine, which may par-
ticipate in hydrogen bonding to kinases, but orients to the outside
upon binding (Fig. 2).° It was reported that this amine can even be
converted to amide without loss of the activity against various
kinases.!°

As a target kinase, we focused on apoptosis signal-regulating ki-
nase 1 (ASK1). ASK1/MAPKKKS5 is a ubiquitously expressed MAP-
KKK that activates the JNK and p38 pathways by directly
phosphorylating and thereby activating their respective MAPKKs.!!
ASK1 is activated by oxidative stress, endoplasmic reticulum (ER)
stress, and calcium overload. Activated ASK1 induces proliferation,
differentiation, and apoptosis. The function of ASK1 has not been
fully uncovered, but ASK1 has already been reported to be involved
in various diseases, such as cancer, Alzheimer’s disease, ischemic
cardiomyopathy, and septic shock.!? Therefore, the development
of ASK1 inhibitors is of great interest in connection with treatment
of these diseases.

3753

Figure 2. Crystal structure of ASK1 (ribbon) with staurosporine (stick, O: red, N:
blue). The arrow indicates the modified secondary amine. PDB: 2CLQ. The structure
was modified by PyMol.
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Scheme 1. Synthesis of STS-PEG-TAMRA. For details, see Supplementary data.
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Figure 3. Binding curve of STS-PEG-TAMRA. All measurements were performed in
FCS buffer (50 mM Tris-HCl (pH 8.0), 150 mM Nacl, and 0.05% Tween 20), contai-
ning 10 nM probe (STS-PEG-TAMRA), various concentrations of ASK1, and 0.5%
DMSO as a cosolvent. The value was calculated by two-component analysis of the
autocorrelation function. For details, see supporting information.

Using the synthesized probe, we first performed a binding assay
of the probe with ASK1 kinase domain, based on FCS (Fig. 3). The K4
value was calculated to be 8 uM. It has been reported that the Ky
value of native staurosporine is 110 nM against ASK1.” The differ-
ence may partly be explained by the nature of ASK1 we used,
which only consisted of the kinase domain (646-940 aa), and by
loss of hydrogen bonding of the modified secondary amine. Never-
theless, we believe that the K4 of 8 uM is sufficiently strong for ini-
tial screening of inhibitors.

Next, to demonstrate the utility of this probe, we used it in an
FCS-based competitive assay of known ASK1 inhibitors. Inhibitory
activities of these compounds were confirmed by luciferase assay,
and the ICsq values are shown in Table 1. The results of the FCS-
based assay, as well as the structures of the inhibitors, are shown
in Figure 4. Staurosporine and compound 2 inhibited the binding
of the probe and ASK1 in a dose-dependent manner, while com-
pound 1 showed no inhibition. These results suggest that the probe
competes with staurosporine for binding to kinases. In other
words, both compounds appear to bind to an identical ATP-binding
pocket in kinases, and with this probe as a screening tool, we can
detect compounds which bind to the pocket. The results of the
FCS-based assay are roughly consistent with those of luciferase as-
say (Table 1). Note that in this FCS assay, the ICso value is thought
to be independent of the probe used, because the concentration of
the probe is far lower than the Ky of the probe (see supporting
information). Hence, the difference of ICsy values between FCS
and luciferase assay may derive from the difference of the meth-
ods, that is, binding assay for FCS and kinase assay for luciferase as-
say, and ligand depletion.'® It might be true that this method has
lower sensitivity than luciferase assay due to the high ASK1/probe
ratio, but it is advantageous in terms of handling simplicity. It is
also well known that kinase assay depends on various factors, such
as the concentration of ATP or substrates used.

Table 1

Inhibitory activities of ASK1 inhibitors

Compound ICs0? (M) ICs0” (uM)
1 >100 82.7

2 7 0.15

STS 1 0.037

2 Values were determined by FCS-based competition assay.
b Values were determined by luciferase assay. See supporting information.
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Figure 4. (a) The structures of compound 1 and compound 2. (b) Competition plot
of compound 1, compound 2, and staurosporine (STS) with STS-PEG-TAMRA obt-
ained by FCS measurement. Assay was performed in FCS buffer, containing 1% D-
MSO as a cosolvent. [ASK1] = 5 uM.

To conclude, the results obtained here indicate that our probe
can successfully screen kinase inhibitors in a homogeneous and
high-throughput manner, without the use of expensive antibody
or RI. Since staurosporine is a general kinase inhibitor, this probe
should also be applicable to HTS of other kinases. We are currently
preparing for large-scale screening of ASK1 inhibitors using this
probe, and the results will be reported in the near future.

Supplementary data

Supplementary data concerning (1) the synthetic procedure and
characterization of the compounds, (2) expression and purification
of ASK1, and (3) method of FCS measurement, are available online.
Supplementary data associated with this article can be found, in
the online version, at doi:10.1016/j.bmcl.2008.05.040.
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Various derivatives of reveromycin A, an inhibitor of eukaryotic cell growth, and spirofungin A, focusing
on the 5S hydroxyl group and C18 hemisuccinyl group, were synthesized and their inhibitory effects on
both the isoleucyl-tRNA synthetase activity and the survival of osteoclasts, and activities on the morpho-
logical reversion of src-NRK cells were examined. It was found that 2,3-dihydroreveromycin A is the
promising derivative of reveromycin A based on the activity and stability.

© 2008 Elsevier Ltd. All rights reserved.

Reveromycin A (1, Fig. 1) is a polyketide-type antibiotic isolated
from the soil actinomycete Streptomyces as an inhibitor of mito-
genic activity induced by the epidermal growth factor (EGF) in a
mouse epidermal keratinocyte.! Reveromycin A (1) showed several
biological activities such as the morphological reversion of src'-
NRK cells without any noticeable cytotoxicity (ECsg = 1.58 pg/mL),
the anti-proliferative activity against human tumor cell lines
(IC50 = 1.3-2.0 pg/mL) as well as antifungal activity (MIC = 2.0 pg/
mL, pH 3).2 In vitro studies revealed that 1 is a selective inhibitor
of protein synthesis in eukaryotic cells (ICso = 40 nM).2 In addition,
the molecular target of 1 was identified as the isoleucyl-tRNA syn-
thetase (IleRS) based on yeast genetics and biochemical studies.*
The ICso of this enzyme was 2.95 ng/mL, while the other amino-
acyl-tRNA synthetases were not inhibited. Recently, it was found
that 1 inhibits bone resorption by specifically inducing apoptosis
in osteoclasts.®

Compound 1 includes the 6,6-spiroketal core bearing a hemi-
succinate, two unsaturated side chains with a terminal carboxyl

* Corresponding author. Tel.: +81 48 467 9375; fax: +81 48 462 4666.
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doi:10.1016/j.bmcl.2008.05.054

group and two alkyl groups in the structure.®’ Based on its strong
biological activity as a potential drug and its synthetically chal-
lenging molecular architecture, the first asymmetric total synthesis
of 1 was accomplished by our group.® We have also reported the
chemical modification of natural reveromycin A (1) and its biolog-
ical activities.® It was shown that the C5 hydroxyl group and C24
carboxyl group in 1 are particularly important for these activities
from the comparison of the activities of the monoesters 3-5 and
C5 protected derivatives 6-8 (Fig. 1 and Table 1). However, the
C18 methoxy compound 31 among the modified derivatives was
the most active and the inhibitory effect on the IleRS activity was
1/20 of that of 1. We now report the synthesis of the circumstantial
derivatives related to the C5 hydroxyl group and the C18 hemi-
succinyl group in order to create more active and stable com-
pounds, and their biological activities such as cell death
inducibility of the osteoclasts in an addition to inhibition of the
IleRS activity, and morphological reversion activity on src®-NRK
cells. We have found that 2,3-dihydroreveromycin A is the promis-
ing derivative of 1.

We synthesized derivatives of 1, especially focusing on the ste-
reochemistry of the C5 hydroxyl group and the polarity around the
C5 hydroxyl group. First, the C5-epimer of 1, 5-epireveromycin A
(9), was synthesized by the Dess-Martin oxidation of 1 followed by
the reduction with NaBH4-CeCl; in 34% overall yield (Fig. 2 and
Scheme 1). Some of the derivatives of 1 are unstable and afford a dark
tar under acidic or basic conditions. It was presumed that the decom-
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Figure 1. Structures of reveromycin A (1) and the derivatives.
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position is a result of the p-elimination of the C5 hydroxyl group
since 1 includes the y-hydroxyl «,f-unsaturated carboxyl group on
the right-side chain. 2,3-Dihydroreveromycin A (10) and 2,3-dihy-
dro-5-epireveromycin A (11) were synthesized to prevent the -
elimination. The sulfone 20,2 a key intermediate for the total synthe-
sis of 1, was subjected to the one-pot Julia olefination'® with an alde-
hyde 24 to give the allyl esters, which were then deallylated with
Pd(Ph;P),—PhsP-pyrrolidine!! followed by desilylation with TBAF
in DMF to afford the 2,3-dihydro derivative 10. The aldehyde 24,
the C1-C6 segment for 10, was prepared from the known ester
27'2 in four steps.!® The C5-epimer of 10, 2,3-dihydro-5-epirevero-
mycin A (11) was also synthesized with an aldehyde 25 from the
one-pot Julia olefination in a similar manner for the synthesis of
10. The aldehyde 25 was prepared from the allyl alcohol 282 using
the Sharpless asymmetric epoxidation with (—)-DET,'* the Z-selec-
tive Horner—-Emmons reaction,'® and palladium-catalyzed selective
hydrogenolysis of the alkenyloxirane with formic acid'® as the key
steps. The C4-hydroxyl derivative 12 might be synthesized from
the sulfone 20 in a manner similar to the syntheses of 10 and 11,
and we were also interested in the polarity and structure activity
relationships. Compound 12 was synthesized using a dihydroxyl
aldehyde 26 prepared from 2,3-isopropylidene-L-threitol in seven
steps. Reveromycin A (1) includes three carboxyl groups, and it
was suggested that the nondissociative form of the carboxylic acids
is necessary for the antifungal activity.2 Reveromycin A (1) also spe-
cifically induced apoptosis in osteoclast progenitors in an acidic
microenvironment, a prominent characteristic of osteoclasts.”> We
were interested in the contribution by each activity of the three car-
boxyl groups. Among the monoesters 3-5, the C1 ester 3 showed
strongest inhibitory effects on the IleRS activity and survival of the
osteoclasts. Base on these results, it was suggested that the effects
ofthe C1 carboxyl group among these three carboxyl groups are min-
imum. Therefore, simple compounds without the C1 carboxyl group
were synthesized to verify the suggestion. The 3,5-dihydroxyl deriv-

ICs on IleRS activity, cell death inducibility of osteoclasts, and morphological reversion of src®-NRK cells by reveromycin derivatives

Compound Molecular ICs0 on IleRS Morphological reversion of src™-NRK cells concentration Cell death inducibility
weight activity (pg/mL) of osteoclasts (ug/mL)
(gt 100 30 10 3 1 03
1 660.79 2.95 442 +++ ++ + + - 0.06
2 660.79 >1000 - >15
3 702.83 211.0 +++ +++ et T — 2.00
4 702.83 >1000 +++ +++ + — — 3.10
5 702.83 292.8 +++ +++ +++ +++ + 2.50
6 674.82 374.0 - >15
7 702.83 >1000 +++ +++ ++ — - 0.46
8 775.05 >1000 - 5.90
9 660.79 378.3 - — - — 21.5
10 662.81 11.6 +++ ++ iz + 0.22
11 662.81 58.3 Sat — — — 0.82
12 662.76 14.4 +++ F + — - - 1.01
13 620.77 229 +++ ¥ — - - 6.31
14 562.69 560.3 - - - - nt
15 536.65 >1000 — — — nt
16 496.59 >1000 - — - — nt
17 636.73 >1000 - — - — >15
18 576.68 >1000 - — - — nt
30 560.72 94.6 - 11.5
31 574.75 57.9 +++ +++ 1 nt
32 620.84 497.4 +++ + = 9.60
33 502.64 564.5 +++ + + — >30
34 502.64 >1000 - — - — >30
35 602.71 >1000 tox — - — 12.4

@ Rate of reversed cells was presented as follows: +++, >80%; ++, 50-80%; +, 20-50%;

b Not tested.

+, 10-20%; —, <10%.
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Figure 2. Reveromycin A derivatives having the modified right-side chain.

ative 13 was easily synthesized via the Julia olefination of the sulfone
20 with an aldehyde 232 followed by deprotection of the silyl groups
and hydrogenolysis of the allyl esters. The primary C5 hydroxyl
derivative 14 was in turn prepared from the triallyl esters of 1 via
the retrograde aldol reaction with NaH. The resulting unsaturated
aldehyde was reduced with NaBH,4-CeCl; and the allyl groups were
removed by the palladium (0)-catalyzed hydrogenolysis to afford
14. The triallyl esters of 1 were prepared using the allyl alcohol
and EDCI under high pressure.® Although the trimethyl esters of 1
were easily prepared by the esterification with TMSCHN, at room
temperature, the deprotection of the dimethyl esters to obtain 14
was difficult after the retrograde aldol reaction. Since the formation
of the hydrogen bond between the C7 hydroxyl group and C24 car-
boxyl group might be low, there is a slight contribution of the C7 hy-
droxyl group to the stability. The C7 hydroxyl derivative 15 without
the C5 hydroxyl group was prepared from the alcohol 198 in four
steps including the Wittig reaction of the corresponding aldehyde
with an ylide 21 followed by reduction with Zn(BH4), and deallyla-
tion. The hemisuccinate of the C7 hydroxyl group of 15, a tricarbox-
ylic acid 17, was directly synthesized from 15 using succinic
anhydride. The C5 carboxylic acid 18 was prepared from 19 via

two Wittig reactions with ylides 21 and 22. For the hemisuccinate
of the C18 tertiary hydroxyl group, we have already reported the
preparations and inhibitions on the IleRS activity of the hydroxyl
(30), methoxy (31), and methylthiomethyl (32) derivatives.® Inhibi-
tory effects of 30 and 31 on the IleRS activity still existed. However,
the effects were 1/20-30 of that of 1. The C18 hydrogen derivative
33, spirofungin A, which was isolated as a secondary metabolite from
Streptomyces violaceusniger Tii 4113, showed various antifungal
activities, particularly against yeast.!” Since spirofungin A was ini-
tially isolated as a equilibrium mixture with spirofungin B (34), a
C15 epimer of 33, compounds 33 and 34 were synthesized in the
pure form for the study of the structure-activity relationships.!? A
C5-hemisuccinate 35 of 33, the tricarboxylic acid as well as revero-
mycin A (1), was synthesized from 33 in three steps. The carboxyl
groups of 33 were esterified with 2-(trimethysilyl)ethanol and EDCI
and the C5 hydroxyl group was esterified with the mono-trimethysi-
lylethyl succinate and EDCI. Finally, the trimethysilylethyl groups
were cleaved with TBAF to afford the hemisuccinate 35 (see Fig. 3).

We have already reported that reveromycin A (1) induces the
morphological reversion activity of src®-NRK cells from spherical
transformed cells to flat cells at 32 °C and the molecular target of 1
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Scheme 1. Reagents and conditions: (a) Dess-Martin Periodinane, MS4A, CH,Cl,,
(99% for 24, 92% for 25, 99% for 26); (b) NaBH,4, CeCls-7H,0, rt (34% for 9, 22% for 14,
two steps); (c) allyl alcohol, EDCIl, DMAP, CHCl,, 1.5 GPa, rt (36%); (d) NaH, THF,
0 °C; (e) Pd(PhsP),4, PhsP, pyrrolidine, CH,Cl,, 0 °C-rt (68% for 13, 74% for 14, 76% for
15, 74% for 16, 78% for 18); (f) 21, toluene, 110 °C (96% for 15, 18, two steps); (g)
Zn(BH,),, Et;0, 0 °C (99%); (h) succinic anhydride, DMAP, pyridine, CH,Cl,, rt (95%);
(i) 22, toluene, 100 °C (61%); (j) 23, LHMDS, THF, —78 °C (90%); (k) TBAF, THF, 0 °C
(79%); (1) 24, KHMDS, THF, —78 °C (55%); (m) TBAF, DMF, rt (48% for 10, 75% for 11,
each two steps); (n) 25, LHMDS, THF, —78 °C (72%); (o) 26, LHMDS, THF, —78 °C,
(41%); (p) TBAF, DMPU, rt (35 % for 23, two steps); (q) Ha, Pd/C, EtOAc, rt, (96% for
24, 93% for 25); (r) allyl alcohol, CIBu,SnOSnBu,OH, toluene, 110 °C, (89% for 24,
92% for 25); (s) DDQ, CH,Cl,-H,O0, rt, (95% for 24, 95% for 25, 99% for 26); (t) TBHP,
(—)-DET, Ti(0-i-Pr)s, M-4A, CH,Cl,, —25 °C, (79%); (u) (COCl);, DMSO, CH,Cl, then
Et5N, —78 °C; (v) (CF3CH,0),POCH,CO,Me, KN(TMS),, 18-crown-6, —78 °C, (87%,
two steps); (w) Pdy(dba)s-CHCls, n-BusP, HCO,H, Et3N, dioxane, rt, (91%); (x) TBSCI,
imidazole, DMF, rt, (94% for 25, 94% for 26); (y) MPMCI, NaH, THF, 0 °C-rt, (88%); (z)
22, CH,Cl, rt; (aa) TsOH, MeOH, rt-60 °C, (40%, three steps).

is the isoleucyl-tRNA synthetase (IleRS).>* Recently, it was also
found that 1 inhibits bone resorption by specifically inducing apop-
tosis in osteoclasts.’ Therefore, we tested these biological activities
of the synthesized compounds for the discovery of compounds more
active and stable than 1, and the results are shown in Table 1.
Reveromycin A (1) strongly inhibits the IleRS activity and the ICsq
on this enzyme was 2.95 ng/mL. [t was revealed that two of the three
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Figure 3. The C18 hemisuccinate derivatives.

carboxyl groups in 1 are essential for the activities and the free hy-
droxyl group at C5 and the C24 carboxyl group are particularly
important for the strong activities based on the activities of the tri-
carboxylic acid mono- (3-5), di-, and tri-esters and C5 hydroxyl
derivatives such as the methoxy (6), acetoxy (7), and silyloxy (8)
derivatives.? It was anticipated that the hydrogen bond between
the C5 hydroxyl group and the C24 carboxyl group might contribute
to the stability and the activity of 1. The activity of 5-epireveromycin
A (9) was surprisingly reduced to 1/128 of that of 1 (ICs¢ = 378.3 ng/
mL). It was assumed that the formation of the hydrogen bond be-
tween the C5R hydroxyl group and C24 carboxyl group might be dif-
ficult and even the hydrogen bond could be formed, therefore the
a,p-unsaturated C1 carboxyl group was placed at a disadvantage
for the reciprocal action with the target molecule. On the other hand,
2,3-dihydroreveromycin A (10) showed an equivalent activity to 1
(ICsp = 11.6 ng/mL), suggesting that the fixed conformation of C1
carboxyl group by o,B-unsaturated bond is not required for IleRS
inhibition. Since 10 is free from the B-elimination, the 2,3-dihydro
derivatives are promising as potent drugs. Interestingly, 2,3-dihy-
dro-5-epireveromycin A (11), the 2,3-dihydrated 5-epireveromycin
(9), recovered the activity (ICso = 58.3 ng/mL). This might result from
the flexibility of the conformation of the o,B-saturated C1 carboxyl
group. The 4-hydroxyl derivative 12 strongly inhibited the IleRS
activity as expected (ICsp = 14.4 ng/mL). The 3,5-dihydroxyl deriva-
tive 13 showed a strong inhibitory effect on IleRS (ICsq = 22.9 ng/mL)
in spite of the absence of the C1 carboxyl group. Since a simple 5-hy-
droxyl derivative 14 showed a weak activity (ICso = 560.3 ng/mL),
the C3 hydroxyl group in 13 might play an important role in the
activity. The primary 7-hydroxyl (15) and 9-hydroxyl (16) deriva-
tives only slightly inhibited the IleRS activity (ICso > 1000 ng/mL).
The hemisuccinate 17 of the C7 hydroxyl derivative 15, which s a tri-
carboxylic acid like 1 and excludes the C5 hydroxyl group, did not
show any activity even at the concentration of 1000 ng/mL. The C5
carboxylic acid 18, a tricarboxylic acid without the C5 hydroxyl
group, also did not show any activity. Being related to the C18 hemi-
succinyl group in 1, the C18 hydroxyl derivative 30 and the C18
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methoxy derivative 31 still inhibited the IleRS activity and the effects
were 1/20-32 of the activity of 1 (ICso = 94.6, 57.9 ng/mL, respec-
tively). The C18 methoxy derivative 31 is expected to be a stable
drug. The C18 MTM ether derivative 22 weakly exhibited any activ-
ities. Although a mixture of spirofungin A (33) and B (34) was re-
ported to inhibit the growth of Candida albicans and Rhodotorula
rubra (minimal concentration: 15 pg/mL),'” the synthesized pure
compound 33 very weakly inhibited the IleR activity and the effect
was 1/191 of that of 1 (ICso=564.5 ng/mL). It is noteworthy that
the strong inhibition of 33 on the growth of several human cancer
cell lines including HL-60 and PC3 is consistent with the cell-based
behavior of reveromycin A (1).'® Spirofungin B 34 did not inhibit
the IleRS as presumed from the structure, in which the hydrogen
bond between the C5 hydroxyl group and C24 carboxyl group might
be negligible. Moreover, the C5-hemisuccinate 35 of 33, a tricarbox-
ylic acid, did not inhibit the activity. It became clear that the C5
hemisuccinyl group in 35 decreased the inhibition activity toward
IleRS, such as the C5 acetoxy (7) and C5 silyloxy (8) derivatives of
1. Based on the effects of the IleRS activity, 2,3-dihydroreveromycin
A (10), the 4-hydroxyl derivative 12, and the 3,5-dihydroxyl deriva-
tive 13 were expected to be promising derivatives of 1.

The derivatives which contain the C24 carboxyl group and the
C5S hydroxyl group, the 2,3-dihydroxyreveromycin A (10) and 4-hy-
droxy reveromycin A (12), exhibited morphological reversion activ-
ities on src*-NRK cells at the concentration of 10 pug/mL as the C1
monoester 3 and the C4’ monoester 5. On the contrary, the 5-epire-
veromycin A (9) did not show the morphological reversion at the
concentration of 100 pg/mL, as expected from the loss of [leRS inhi-
bition. Furthermore, the 2,3-dihydro-5-epireveromycin A (11)
weakly exhibited the reversion (++ at 100 pg/mL). It might be due
to the flexibility of the conformation on the right-side chain in 11
for the inhibition on the IleRS. The 3,5-dihydroxyl derivative 13, a
24,4'-dicarboxylic acid, moderately showed the reversion. Spirofun-
gin A (33), a 1,24-dicarboxylic acid without the C18-hemisuccinyl
group as the C18 methoxy- (31) and C18 MTM (32) derivatives,
strongly exhibited morphological reversion activities on src*-NRK
cells, while 34 did not. The C5-hemisuccinate 35 of 33 did not show
the reversion activity at the concentration of 100 pg/mL, while the
C5 acetate 7 of reveromycin A (1) induced strong morphological
reversion activities. It was suggested that the C5 acetate was easily
hydrolyzed by cellular esterase to afford 1 after being taken into
the cells, showed these activities and the C5-hemisuccinate 35 re-
sisted hydrolysis.

Mature bone-resorbing osteoclasts mediate excessive bone loss
seen in several bone disorders including osteoporosis and cortico-
steroid-induced bone loss. We recently reported that reveromycin
A (1) inhibits bone resorption by specifically inducing apoptosis in
the osteoclasts (ICso = 0.06 pg/mL).” The effects of 1 on osteoclast
apoptosis increased under acidic culture conditions but inhibited
by neutralization. It was hypothesized that the specificity of 1 for
osteoclasts might result from the acidic conditions that increased
amount of the nonpolar forms of 1, which are more cell permeable.
Therefore, we focused on the carboxylic acid moieties. The tricarbox-
ylic acid monoesters 3, 4, and 5 still showed strong anti-osteoclast
activity (ICsg =2.00-3.10 ug/mL). Furthermore, the tricarboxylic
acid C5 acetate 7 had a strong inhibition (ICsq = 0.46 pug/mL). These
compounds showed decreased or no inhibitory activity againstIleRS,
suggesting that the ester bond was hydrolyzed by cellular esterase
and the compounds were converted into the active compound 1.
On the other hand, the effect of the tricarboxylic acid C5 TBS ether
8 was mild (ICso = 5.90 pg/mL). However, it is interesting that 8, in
contrast to ester compounds 3, 4, 5, and 7, exhibited a slight effect
on the morphological reversion of src®-NRK cells and the monocyte

line RAW264 under neutral conditions (data not shown). Therefore,
8 isan attractive compound as a prodrug which was cleaved to give 1
under acidic conditions around the osteoclasts. The activity of 5-
epireveromycin A (9) was also reduced as the inhibition on the IleRS
was reduced. The 2,3-dihydroreveromycin A (10) inhibition was as
strong as 1 (ICso = 0.22 ug/mL) and even 2,3-dihydro-5-epirevero-
mycin A (11) strongly induced apoptosis in the osteoclasts
(IC50 = 0.82 pg/mL). The 4-hydroxyl derivative 12 also produced a
strong inhibition (ICsg=1.01 ug/mL). The inhibition effect of the
3,5-dihydroxyl derivative 13, a dicarboxylic acid, was moderate. Sur-
prisingly, the dicarboxylic acid, spirofungin A (33) and B (34) did not
inhibit the survival of the osteoclasts. It is important to note that the
hemisuccinate 35, a tricarboxylic acid, moderately inhibited the sur-
vival of the osteoclasts although 35 did not inhibit the [leRS. Based on
the effects on the survival of osteoclasts, it was shown that the tricar-
boxylic acid is essential to exhibit a strong activity and the C5 TBS
ether 8 is an attractive compound as a prodrug.

Various derivatives of reveromycin A and spirofungin A focus-
ing on the 5S hydroxyl group and C18 hemisuccinyl group were
synthesized and their inhibitory effects on both the isoleucyl-tRNA
synthetase activity and the survival of osteoclasts, and activities on
the morphological reversion of src**-NRK cells were examined. 2,3-
Dihydroreveromycin A (10) and the 4-hydroxyl derivative 12 are
expected to be the attractive derivatives of 1 based on their activ-
ities and stabilities. The C5 TBS ether 8 is a promising derivative as
a prodrug for osteoporosis.
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Biomimetic transformation

A new bischromone, chrobisiamone A (1) with an antiplasmodial activity has been isolated from the
leaves of Cassia siamea and the structure was elucidated by 2D NMR analysis. Cyclization of 5-aceto-
nyl-7-hydroxy-2-methylchromone (2) in the presence of ammonium acetate resulted in generation of
cassiarin A (3) with an unprecedented tricyclic skeleton, supporting a biogenetic pathway proposed for 3.

© 2008 Elsevier Ltd. All rights reserved.

Malaria caused by parasites of the genus Plasmodium is one of the
leading infectious diseases in many tropical and some temperate re-
gions.! The emergence of widespread chloroquine-resistant and mul-
tiple-drug-resistant strains of malaria parasites leads to the need for
the development of new therapeutic agents against malaria.?

Cassia siamea (Leguminosae), have been widely used in tradi-
tional medicine, particularly for the treatment of periodic fever
and malaria in Indonesia.? So far some chromone derivatives, such
as anhydrobarakol,* 5-acetonyl-7-hydroxy-2-methylchromone,’
2-methyl-5-propyl-7,12-dihydroxychromone-12-0-B-p-glucopy-
ranoside,® and cassiadinine,” have already been isolated from the
bark, leaves, and flowers of C. siamea. We have isolated cassiarins

* Corresponding author. Tel./fax: +81 354985778.
E-mail address: moritah@hoshi.ac.jp (H. Morita).

0960-894X/$ - see front matter © 2008 Elsevier Ltd. All rights reserved.
doi:10.1016/j.bmcl.2008.05.041

A (3) and B with an unprecedented tricyclic skeleton and a potent
antiplasmodial activity from the leaves of C. siamea and proposed
a biogenetic path for cassiarin A (3) generated from 5-acetonyl-7-
hydroxy-2-methylchromone (2).2 Recently, the first total synthe-
sis of cassiarin A (3) was completed via sequential alkynylation of
arenes with Sonogashira coupling and 6-endo-dig-cyclization of
phenolic oxygens to the resulting alkynes in 51% overall yield
in seven steps.’ On continuing search for chemical constituents
of C. siamea, we have isolated a new bischromone, chrobisiamone A
(1) with an antiplasmodial activity. This letter describes the isolation
and structural elucidation of 1, and a biomimetic transformation of
5-acetonyl-7-hydroxy-2-methylchromone (2) into cassiarin A (3).

The leaves of C. siamea (300 g), which were collected at the
Purwodadi Botanical Garden, Pasuruan, Indonesia (2005), were
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HO 0
|
-H,0
NHs 0 \2 HO 0
NH -H, |
CHCOONH, (12 eqv. ) N
EtOH, 80°C, 6hr
46% 3

Scheme 1. Biomimetic transformation and plausible biogenetic path for chrobisiamone A (1) and cassiarin A (3).

Table 1
H [6y (J, Hz )] and '>C NMR data (d¢) of chrobisiamone A (1) in CDs0D at 300 K
ou dc
2 165.5
3 6.00 (1H, s) 1138
4 180.6
5 139.4
6 6.61 (1H, d, 2.2) 1202
7 164.1
8 6.68 (1H, d, 2.2) 102.9
9 161.1
10 1151
11 417 (2H, s) 50.5
12 208.2
13 231 (3H, s) 309
14a 3.06 (1H, d, 14.0) 43.3
14b 2.93 (1H, d, 14.0)
2 80.7
3 2.74 (2H, s) 49.0?
4! 192.6
5’ 140.7
6’ 6.20 (1H, d, 2.4) 1159
7' 165.9
8 625 (1H, d, 2.4) 103.8
9 165.2
10/ 112.5
11a 3.88 (1H, d, 17.1) 50.7
11'b 3.96 (1H, d, 17.1)
12/ 208.7
13 2.26 (3H, s) 308
14 1.50 (3H, s) 25.7

2 Overlapped with CD5;0D.

-— HMBC

Figure 1. Selected 2D NMR correlations of chrobisiamone A (1) in CD;0D.

extracted with MeOH, and the extract was partitioned with CHCl3
and H,0. CHCI;-soluble materials were subjected to a silica gel col-
umn (CHCl3/MeOH/AcOEt, 1:0:0 — 0:1:0), in which a fraction
eluted by CHCI;/MeOH/AcOEt (1:1:0) was further purified on an
LH-20 column with CHCl3/MeOH (1:1) to afford chrobisiamone A
(1, 0.00013%) together with 5-acetonyl-7-hydroxy-2-methylchro-
mone (2),° cassiarins A (3) and B, anhydrobarakol (4),* and 4-
(trans)-acetyl-3,6,8-trihydroxy-3-methyldihydro-naphthalenone.'®

Chrobisiamone A (1), colorless solid, [«]3 —19 (c 0.33, MeOH),
showed the molecular formula, C;6H»405, which was determined
by HRESIMS [m/z 465.1549, (M+H)", 4 —0.2 mmu]. IR absorptions
implied the presence of OH and/or NH (3100 cm™!) and ketone
(1720 and 1670cm™') functionalities. UV absorptions at 238
(¢ 17,500), 250 (14,400), and 282 (13,500) indicated a conjugated
aromatic ring system. 'H and '*C NMR data are presented in Table
1. The '3C NMR spectrum revealed 26 carbon signals due to 13 sp?
quaternary carbons, one sp> quaternary carbon, five sp?> methines,
four methylenes, and three methyls. Among them, six quaternary
carbons (5c 80.7, 161.1, 164.1, 165.2, 165.5, and 165.9) and four
carbonyl carbons (¢ 180.6, 192.6, 208.2, and 208.7) were ascribed
to those bearing an oxygen atom.

The gross structure of 1 was deduced from extensive analyses of
the two-dimensional NMR data, including the 'H-'H COSY and
HMBC spectra in CD3;0D (Fig. 1). The HMBC spectrum revealed con-
nectivities of two chromone structures (C-1 ~ C-10 and C-1' ~ C-
10’) and two acetonyl groups (C-11~C-13 and C-11'~C-13’)
classed into two units A and B as shown in Figure 1.

The presence of two acetonyl groups at C-5 and C-5’ was sup-
ported by HMBC correlations for Hy-11 (dy 4.17) of C-5 (dc
134.1), C-6 (6¢ 120.2), and C-10 (5¢c 115.1), and H,-11' (6 3.88
and 3.96) of C-5' (5c 140.7), C-6' (6¢c 115.9), and C-10' (5c 112.5)
as shown in Figure 1. HMBC correlations for H,-14 (64 2.93 and
3.06) of C-2 (6¢c 165.5), C-2' (¢ 80.7), C-3 (6¢ 113.8), and C-3' (éc
49.0), H3-14' (6y4 1.50) of C-2" and C-3’ gave rise to the connectivity
of two partial structures A and B through C-14 and C-2' atoms.
Thus, chrobisiamone A (1) was concluded to be an unique dimeric
ring system consisting of 5-acetonyl-7-hydroxy-2-methylchro-
mone and 5-acetonyl-7-hydroxy-2-methyl-2,3-hydrochromone.!!

A plausible biogenetic pathway for chrobisiamone A (1) and
cassiarin A (3) was proposed as shown in Scheme 1. Chrobisiamone
A (1) might be derived from 5-acetonyl-7-hydroxy-2-methylchro-
mone (2) by Michael addition of the chromone carbanion of C-14
to C-2’ of a second chromone. Treatment of 5-acetonyl-7-hydro-
xy-2-methylchromone (2) with ammonium acetate as the nitrogen
source caused ring cyclization giving cassiarin A (3) in 46% yield.
This biomimetic transformation might support a biogenetic path-
way proposed for cassiarin A (3), which might be derived through
an imine intermediate of 2 followed by cyclization.

Chrobisiamone A (1), 5-acetonyl-7-hydroxy-2-methylchromone
(2), and anhydrobarakol (4) showed a moderate in vitro antiplas-
modial activity'? against parasite Plasmodium falciparum 3D7
(ICs0 1: 2.6 pg/ml; 2: 4.5 ug/ml; 4: 7.8 ug/ml).
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X-ray diffraction analysis

The title compound 4 has been prepared in four steps from ethylglycinate in 63% overall yield. This amino
analog of citric acid has been co-crystallized with the class A B-lactamase BS3 of Bacillus licheniformis and
the structure of the complex fully analyzed by X-ray diffraction. Tris-ethyl aminocitrate 3 and the free
tris-acid 4 have been tested against a member B-lactamase from all distinct subgroups. They are novel
inhibitors of class A B-lactamases, still modest but more potent than citrate and isocitrate.

© 2008 Elsevier Ltd. All rights reserved.

The production of B-lactamases represents the most widespread
and often the most efficient mechanism devised by bacteria to es-
cape the lethal action of p-lactam antibiotics.! Qur research focuses
on the synthesis and the biochemical evaluation of potential inhib-
itors of B-lactamases. Numerous B-lactamase inhibitors have been
reported in the literature.? However, most of these drugs are p-lac-
tam derivatives, and when exposed to such molecules, bacteria ac-
quire resistance. To disrupt this vicious circle, non B-lactam
inhibitors may be an alternative. The search of novel structures
considered as ‘hits’ in medicinal chemistry proceeds from different
strategies, such as the mechanism-based design and the screening
of various chemical libraries, but also from serendipity. Our pres-
ent work is precisely based on a fortuitous observation related to
protein crystallography, when using 100 mM sodium citrate buffer
in the crystallization protocols.

Citrate has been recently shown, by X-ray diffraction analysis,
to perfectly fit into the active site of the Bacillus licheniformis BS3
B-lactamase, and to behave as a modest inhibitor of this serine en-
zyme with a micromolar K; value.> We speculated that the replace-
ment of the hydroxyl function of citrate with an amine function
could enhance the affinity for the target enzyme. Moreover, the
amine function could be used to introduce different side chains
susceptible to modulate the interactions within the active site.

In this paper, we propose a simple method for preparing the
amino analog of citric acid, namely 2-aminopropane-1,2,3-tricar-

* Corresponding author. Tel.: +32 10 47 27 40; fax: +32 10 47 41 68.
E-mail address: jacqueline.marchand@uclouvain.be (J. Marchand-Brynaert).

0960-894X/$ - see front matter © 2008 Elsevier Ltd. All rights reserved.
doi:10.1016/j.bmcl.2008.05.045

boxylic acid, and we compare the structures of complexes formed
between citrate or aminocitrate and the BS3 B-lactamase. The
citrate regio-isomer, that is, isocitrate, has been also involved in
the structural and biochemical studies. Our aim was to pave the
route towards the discovery of novel anti-B-lactamase compounds
(Fig. 1).

The previous syntheses of 2-aminopropane-1,2,3-tricarboxylic
acid are based on two methods: (i) the hydrolysis of hydantoin
prepared from diethyl or diisobutylacetone-dicarboxylate*> and
(ii) the double alkylation of nitro-acetate anion with haloesters
followed by reduction and ester hydrolysis.®” Here we disclose
an alternative, more practical method.

Fully protected 2-amino-propane-1,2,3-tricarboxylic acid deriv-
ative 2 was prepared by bis-alkylation of the glycine imine precur-
sor 1 (Scheme 1), a methodology originally developed by
O’Donnell, and currently applied for the synthesis of particular
amino acids.®~° The majority of glycine mono-alkylation reactions

® O @ 0o

HO Co2 L HoN, CO-H
HO,C co H Ho, c COzH HO,C~ “SCO,H

D ®° ® @

Citric acid Isocitric acid ~ 2-aminopropane-

1,2,3-tricarboxylic
acid

Figure 1. Structures of compounds of interest and numbering of their functional
groups.
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Cl Table 1
Inhibition of p-lactamases by aminocitrate derivatives
Cl
o @ J i Compound? TEM-1 BS3 NMCA P99 Oxa-10 Bcll
CHO + Cl H3N_CO,Et —— =N_CO,Et 7 5
1 o~ 3 71 82 60 87 98 92
cl 2Br” "CO.Et 4 95¢ 88 94 81 100 83

o @
CI H3N._CO,H

Hoch}cozH

i——wOZEtL. HoN__CO,Et_ i _
2

Et0,C~,, ~CO,Et EtOZCJ}COZEt

Scheme 1. Synthesis of aminocitrate. Reagents and conditions: (i) CH,Cl,, Et3N,
MgSQ0y,, 20 °C, 24 h; (ii) Method A: K,CO3, BuyNBr, CH3CN, 50 °C, 1-2 days; Method
B: NaH, DMF, 0-20 °C, two successive additions; Method C: LDA, THF, —78-20 °C;
(iii) 1 N HCl, CH3CN, 20 °C, then basic work-up; (iv) 6 N HCL

makes use of benzophenone-derived imines, while the bis-alkyla-
tions are more readily performed on m-chlorobenzaldehyde-de-
rived imines.!"'? Thus, we prepared the Schiff base 1 from m-
chlorobenzaldehyde and glycine ethyl ester hydrochloride. Crude
imine 1 was then reacted with two equivalents of ethyl bromoace-
tate and an excess of potassium carbonate, under phase transfer
conditions (Method A).!> The completion of bis-alkylation required
a very long reaction time, about 1-2 days of heating in acetonitrile
at 50 °C. Crude compound 2 was quantitatively recovered.

We then considered alternative protocols versus the original
O’Donnell’s method. Using sodium hydride as base in dimethyl-
formamide solution, we performed the deprotonation at 0°C
and the alkylation at 20 °C; the best results were collected by
addition of the reagents in two successive fractions of one equiv-
alent (Method B).' Lastly, we used lithium diisopropylamide
(LDA, 2 equiv) for imine 1 deprotonation at low temperature
(=78 °C) in tetrahydrofurane solution.!” After 1h, two equiva-
lents of ethyl bromoacetate were added and the mixture was
warmed to room temperature (Method C). This protocol fur-
nished similar results to Method B. However, the Method C
was preferred because it allowed working on larger quantities,
always with good and reproducible yields, most probably due
to the fact that the reactive medium remains homogeneous.
Crude 2 was directly submitted to a smooth acidic hydrolysis
followed by a basic work-up to furnish the free amine 3 which
was purified by column chromatography on silica gel with 50%
yield. This yield corresponds to pure product isolated after three
steps of reaction from glycine ester.'® The amine 3 is character-
ized in '"H NMR by two doublets corresponding to the symmet-
rical methylenic protons (4H) around 2.66-2.88 ppm (J =16 Hz,
AB pattern).

Tris-ester 3 could be fully deprotected by treatment with 6 N
HCI at reflux; the amino analog of citric acid was isolated as the
hydrochloride salt 4 with 90% yield.!” The sequence of reaction
we propose now constitutes the best route towards this non natu-
ral amino acid (four steps from ethylglycinate with only one chro-
matographic purification; overall yield = 63%).

The biochemical activity of tris-ester 3 and tris-acid 4 has been
evaluated at pH 7.2 against representative p-lactamases of class A
(TEM-1,'8 BS3,> NMCA!®), class C (P99%°), class D (Oxa-10?!), and
class B (BclI?23); all are serine enzymes, except the last one which
is a zinc enzyme working with two Zn(Il) in the active site.??® The
enzymes (1-100 nM) were incubated with the tested compounds
during 30 min at 37 °C. Then a chromogenic substrate (nitrocefine)
was added and the hydrolysis rate of this substrate was followed
by spectrophotometry at 482 nm.?> Results of Table 1 (residual
activity) are expressed as percentages of B-lactamases initial activ-
ity. Aminocitrate derivatives 3 and 4 are modest inhibitors of class
A and class C B-lactamases; they are inactive against class D B-lac-
tamase and slightly active as inhibitors of zinc B-lactamase.

Results expressed as percentages of initial activities.
2 Compounds were tested at pH 7.2 in 50 mM phosphate buffer and at a con-
centration of 100 puM, otherwise mentioned.

> 0.2 mM.

€ 2mM.
Table 2
K; values® (uM)
Compound BS3 TEM-1
Citrate 490 730
Isocitrate 2200 1500
4 250 150

4 Compounds were tested at pH 5 in 25 mM acetate buffer.

The K; values have been measured in the cases of BS3 and TEM-
1 enzymes for aminocitrate 4, citrate and isocitrate. As shown in
Table 2, the amino analog is the more active compound.

This result stimulates our interest in comparative crystallo-
graphic studies of BS3-4 and BS3-isocitrate complexes with the
known BS3-citrate complex.>?* The novel complexes were ob-
tained by a similar method.?®

Among the residues with a demonstrated role in the catalytic
process of B-lactam hydrolysis by class A B-lactamases, Ser70 and
Ser130 are directly involved in the catalytic mechanism. Thr235
and Arg244 interact with the substrate carboxylate and are thus in-
volved in the positioning of the B-lactam antibiotic in the active
site. Class A B-lactamases are also characterized by the presence
of an oxyanion hole defined by the amide groups of Ser70 and
Ala237, which draws the p-lactam carbonyl oxyanion in the course
of hydrolysis of the p-lactam ring.?® Citrate was firstly observed in
the active site of BS3 enzyme as a co-crystallization product.

carbm) 4
T235

carboxy 3 ‘
S|30 *
R244
cnrate f
‘carboxy I P
yanion

hole

Figure 2. Inhibition of the class A B-lactamase of B. licheniformis BS3 by citrate.
Orange molecular surface shows the active site cleft with a molecule of citrate (in
yellow sticks). Residues of the active site interacting with the citrate molecule are
shown in green stick. Oxygen atoms are red and nitrogen atoms are blue. Citrate
carboxylates are numbered according to the Figure 1. Blue surface indicates the
oxyanion hole. Colors are identical for Figures 3 and 4.
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Figure 3. Inhibition of the class A p-lactamase of B. licheniformis BS3 by
aminocitrate.

carboxy 3 _qm
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S ‘ hole \
carboxy 4

Figure 4. Inhibition of the class A B-lactamase of B. licheniformis BS3 by isocitrate.

Table 3

As shown in Figure 2, an oxygen atom of the carboxylate 1 of
the citrate molecule interacts with the two catalytic serines
(2.5A to Ser70 Oy and 2.4 A to Ser130 Oy). One oxygen atom of
the carboxylate 3 is at 2.8 A from Thr235 Oy and at 3.2 A from
Ser130 Oy, whereas the other oxygen atom interacts with Arg244
and Thr235. The hydroxyl group points out of the catalytic cleft
and the carboxylate 4 salt bridges with Arg244. The carboxylate
3 occupies a position identical to the carboxylate group of a B-lac-
tam antibiotic (for example in the acyl-enzyme complex between
BS3 and cefoxitin).

Although aminocitrate (Fig. 3) only differs from citrate by the
substitution of the hydroxyl group with an amine group, its posi-
tion and orientation in the active site and the interactions with
the catalytic cleft residues are different from those of the citrate,
except carboxylate 3 that makes similar interactions. The amine
group of the aminocitrate directly interacts with Ser70 Oy and
Ser130 Oy (3.2 A and 2.3 A, respectively) and an oxygen atom of
the carboxylate 4 lies in the oxyanion hole.

In the case of isocitrate (Fig. 4), carboxylate 1 interacts with
Ser70 Oy and Ser130 Oy, whereas an oxygen atom of the carboxyl-
ate 4 is in the oxyanion hole.?”

Table 3 summarizes the direct interactions between amino acid
residues and the inhibitors functional groups.

Clearly, citrate, isocitrate and aminocitrate adopt different con-
formations in the active site of BS3. However, the main difference
concerns the functional group which interacts with the two cata-
lytic serine residues (Ser70 and Ser130): a carboxylate for citrate
and isocitrate and the amine group in the case of amino-citrate.
This could probably explain the enhanced biochemical activity of
4 compared to (iso)citrate. Modification of the amine group of 4,
as initially proposed, seems now less appropriate than substitu-
tions at the level of the carboxylic functions for further develop-
ments. As a matter of fact, the tris-ethyl ester 3 was found to be
slightly more active than 4 in the competitive inhibition tests ver-
sus B-lactamases (Table 1).

The interest of using X-ray data for the design of structure-
based small-molecule enzyme inhibitors remains an open ques-
tion, the technique featuring as much advantages as drawbacks.?®
Considering citrate to identify new ‘hits’, the situation is quite
ambiguous since the complexes formed with class A and class C
B-lactamases showed different structures.?®

In conclusion, we have set up a practical synthesis of 2-amino-
1,2,3-tricarboxylic acid (amino analog of citric acid) and shown
that this non natural aminoacid 4 behaves as a modest inhibitor
of several B-lactamases. Beside its potential, but debatable, use as

Summary of direct interactions between amino acid residues and functional groups 1-4 (see Fig. 1)

Group-atoms BS3-citrate®

BS3-aminocitrate® BS3-isocitrate®

Carboxylate 1-01 Ser130 Oy (2.4)

Ser70 Oy (2.5)
Carboxylate 1-02 —

Hydroxyl 2/amine 2 —

- Ser130 Oy (2.1)
Ser70 Oy (2.6)

- Thr235 Oy (2.8)

Ser130 Oy (2.3) =
Ser70 Oy (3.2)

Carboxylate 3-01

Carboxylate 3-02

Carboxylate 4-01

Carboxylate 4-02

Ser130 Oy (3.2)
Thr235 Oy (2.8)

Arg244 NH1 (3.1)
Thr235 Oy (3.1)

Arg244 NH1 (2.8)

Thr235 Oy (2.3)
Arg244 NH1 (3.2)

Ala237 NH (2.9)
Ser70 (2.9)

Thr235 Oy (3.1)

Thr235 Oy (2.8)

Ala237 NH (2.8)
Ser70 (3.0)

2 Distances between atoms in A are indicated into parentheses.
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novel ‘hit’ towards anti-B-lactamases, aminocitrate 4 has been al-
ready recognized as a valuable compound for cation complexation.
Applications in the field of heavy metal sequestering agents have
been disclosed®® that should benefit of our convenient
synthesis.
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(1.5 g) and 3-chlorobenzaldehyde (0.9 equiv, 730 uL, 6.44 mmol) were then
added and the mixture was further stirred overnight. After filtration, the
organic solution was washed three times with brine, dried (MgSO,4) and
concentrated under vacuum to give 1 as yellow oil (1.45g, quantitative
yield). HRMS (ESI): 226.0645 (calculated for C;1H;,CINO,+H: 226.0635); 'H
NMR (CDCl;, 300 MHz): 6 ppm, 1.32 (t, 3H, CHs, J=7.14 Hz), 4.26 (q, 2H,
CH,, J=7.14Hz), 441 (s, 2H, CH,), 7.33-7.45 (m, 2H, Ar), 7.63 (d, 1H, Ar,
J=7.5Hz), 7.82 (s, 1H, Ar), 8.25 (s, 1H, NCH). '*C NMR (CDCls, 125 MHz): &
ppm, 14.36 (CH3), 61.35 (CH;), 62.07 (CH,), 127.00 (CHAr), 128.23 (CHAr),
130.02 (CHAr), 131.31 (CHAr), 134.98 (CAr), 137.47 (CAr), 164.03 (NCH),
170.01 (CO,Et).
Step ii (Method C): to the crude imine 1 (580 mg, 2.6 mmol) dissolved in dry
THF (12 mL) and cooled at —78 °C, was added under argon atmosphere LDA
(commercial solution in THF, 2.1 equiv, 2.7 mL, 5.42 mmol). After 1h at
—78 °C, ethyl bromoacetate was added (2.1 equiv, 570 uL, 5.42 mmol) and
the mixture was allowed to slowly warm up to 20 °C, overnight, under
stirring. After addition of water, the solution was concentrated under
vacuum. The oily residue was dissolved in ether and the organic layer was
washed successively with aqueous NaHCOsand brine. Drying over MgSO4
and concentration under vacuum furnished 2 as a brown oil (1g,
quantitative yield). 'TH NMR (CDCls, 500 MHz): 6 ppm, 1.24 (t, 6H, CHs,
J=7.14Hz), 1.29 (t, 3H, CHs, J=7.16 Hz), 3.13 (d, 2H, CHa, J= 15.79 Hz), 3.29
(d, 2H, CHp, J=15.77 Hz), 4.14 (q, 4H, CH,, J=7.10Hz); 4.26 (q, 2H, CH,,

17.

18.

19.

20.
. (a) Paetzel, M.; Danel, F.; De Castro, L; Mosimann, S. C.; Page, M. G. P.;

22.

23.

24.

25.

26.
27.
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J=7.14Hz), 734 (dd, 1H, Ar, J=8Hz and J=7.6Hz), 7.40 (ddd, 1H, Ar,
J=8Hz, J=217Hz and J=1.14Hz), 7.57 (dt, 1H, Ar, J=7.6Hz and
J=1.3Hz), 7.76 (s, 1H, Ar), 8.28 (s, 1H, NCH). '*C NMR (CDCl;, 125 MHz):
& ppm, 14.37 (CHs), 40.83 (CH,), 60.79 (CH;), 61.94 (CH,), 67.86 (C), 127.24
(CHAr), 128.19 (CHAr), 130.02 (CHAr), 131.39 (CHAr), 135.00 (CAr), 137.85
(CAr), 159.63 (N=CH), 170.65 (CO,Bn), 171.00 (CO,Me).

Step iii: the crude imine 2 (857 mg, 2.15 mmol) was dissolved in acetonitrile
(3mL) and 1 N HCl was added (1.5 equiv, 3.2 mL, 3.22 mmol). After 30 min
at room temperature, the solution was concentrated under vacuum, and the
aqueous phase was extracted three times with ether. The aqueous phase
was then neutralized with NaHCO; and basified to pH 10 with 1 N NaOH.
This was extracted five times with CH,Cl,. The organic layers were collected
and washed with brine. After drying (MgSO4) and concentration under
vacuum, the residue was purified by column chromatography on silica gel to
furnish 3 as yellow oil (296 mg, 50% yield). Ry=0.5 (CH,Cl,/EtOAc, 1:1);
HRMS (ESI): 276.1450 (calculated for C;,Hy;NOg+1: 276.1447); 'H NMR
(CDCl3, 250 MHz): § ppm, 1.30 (t, 9H, J=7.13 Hz, CH3), 2.56 (s, 2H, NH,),
2.66-2.72 (d, 2H, J=16.0 Hz, CH;), 2.82-2.88 (d, 2H, J=16.0 Hz, CH,), 4.15
(q, 4H, J = 7.13 Hz, CH,); '*C NMR (CDCls, 62.5 MHz): 6 ppm, 14.3 (CHs) 43.6
(CHy), 55.8 (C), 61.0 (CHy), 61.9 (CH;), 170.5 (CO5Et), 175.0 (CO,EL).
Preparation of compound 4. Amine 3 (100 mg) was treated with 6 N HCI
(10mL) at reflux for 1 night. After extraction with CH,Cl,, the aqueous
phase was concentrated under vacuum and the residue was dried under
high vacuum to furnish 4 as a white solid (75 mg, 90% yield). HRMS (ESI):
192.0503 (calculated for CgHoNOg+1: 192.0508); 'H NMR (D0, 250 MHz): &
ppm, 2.98 (s, 4H); '3C NMR (D,0, 62.5 MHz): 6 ppm, 39.9 (CH,), 59.3 (C),
173.7 (CO,H).

Fonze, E.; Charlier, P.; To'th, Y.; Vermeire, M.; Raquet, X.; Dubus, A.; Frere, J. M.
Acta Crystallogr., Sect. D: Biol. Crystallogr. 1995, D51, 682.

Swaren, P.; Maveyraud, L.; Raquet, X.; Cabantous, S.; Duez, C.; Pedelacq, J.-D.;
Mariotte-Boyer, S.; Mourey, L.; Labia, R.; Nicolas-Chanoine, M.-H.; Nordmann,
P.; Frere, ].-M.; Samama, ].-P. J. Biol. Chem. 1998, 273, 26714.

Dubus, A.; Ledent, P.; Lamotte-Brasseur, ].; Frere, J. M. Proteins 1996, 25, 473.

Strynadka, N. C. J. Nat. Struct. Biol. 2000, 7, 918; (b) Golemi, D.; Maveyraud, L.;
Vakulenko, S.; Tranier, S.; Ishiwata, A.; Kotra, L. P.; Samama, J.-P.; Mobashery, S.
J. Am. Chem. Soc. 2000, 122, 6132.
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J.; Bennett, B.; Vila, A. ]. J. Biol. Chem. 2007, 282, 30586.

Determination of biochemical activity. The enzymes were produced and
purified as previously described.'®-?? The enzymes (1-100 nM) were incubated
with the tested compounds (100 uM, otherwise mentioned) and the
chromogenic substrate nitrocefine (100 uM) in a phosphate buffer (50 mM,
pH 7.2). The hydrolysis rate of this substrate was followed by
spectrophotometry at 482 nm. The residual activity was obtained by
comparison with the variation of the absorbance of a reference (sample
without inhibitor) and indicated in Table 1. Results are expressed as % of initial
activities; variations of results are within #5%. Plot V/V; versus inhibitor
concentration (ratios of hydrolysis in the absence and in the presence of
inhibitors) gave the inhibition constant indicated in Table 2. All experiments
were performed three times.

Ledent, P.; Duez, C.; Vanhove, M.; Lejeune, A.; Fonze, E.; Charlier, P.; Rhazi-
Filali, F.; Thamm, I.; Guillaume, G.; Samyn, B.; Devreese, B.; Van Beeumen, J.;
Lamotte-Brasseur, J.; Frere, J.-M. FEBS Lett. 1997, 413, 194.

BS3 p-lactamase purification, crystallization, and data collection. The
expression, purification and initial crystallization conditions of the BS3
enzyme (BS3-citrate) were described previously.>?* Typically, monoclinic
crystals were obtained using the hanging drop vapor diffusion method with
drops containing 5 uL of a protein solution (at a concentration of 40 mg/mL
in 50 mM NaCl, 10 mM Tris buffer, pH 7.2) and 5 uL of 10% PEG 6000 in
100 mM sodium citrate buffer (pH 3.4), equilibrated against 1 mL of the
latter solution at 20 °C. The BS3-isocitrate crystals were obtained in the
same conditions, by replacing the citrate buffer by a 100 mM sodium
isocitrate buffer at the same pH. The BS3-aminocitrate crystals were grown
in drops containing 5 pL of a protein solution (at a concentration of 38 mg/
mL in 50 mM NaCl, 10 mM Tris buffer, pH 7.2), 4 uL of 8% PEG 6000 in
100 mM sodium aminocitrate buffer (pH 3.4) plus 1uL of 0.1 M urea
additive, equilibrated against 1 mL of a 20% PEG 6000 solution, at 20 °C. X-
ray diffraction experiments were carried out under cryogenic conditions
(100 K) after transferring the crystals into a reservoir solution supplemented
with 50% glycerol. The diffraction data for the BS3-isocitrate crystal were
measured at ESRF (Grenoble, France) on the FIP-BM30a beamline (1=1.0A)
using a MarResearch 165 mm CCD detector. Data for the BS3-aminocitrate
crystal were collected with a Rigaku RU-200 rotating anode generator
operating at 40 kV and 100 mA and a MarResearch Mar345 Imaging Plate
(4=1.5418 A). Intensities were indexed and integrated using MOSFLM
version 6.01. The scaling of the intensity data was accomplished with
SCALA of the CCP4 program suite and all corresponding statistics are
available as Supplementary data. The atomic coordinates are available at the
Protein Data Bank under the codes 112S (citrate), TW7F (isocitrate) and 3B3X
(aminocitrate).

Matagne, A.; Lamotte-Brasseur, J.; Frere, ].-M. Biochem. J. 1998, 330, 581.

One diastereoisomer, which configuration is (2R,3S), was found in the enzymic
cavity: Heretsch, P.; Thomas, F.; Aurich, A.; Krautscheid, H.; Sicker, D.; Giannis,
A. Angew. Chem., Int. Ed. 2008, 47, 1958.
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In the class C B-lactamase CMY2 of Klebsiella pneumoniae (B-lactamase
structurally close to P99 enzyme), the citrate molecule seems to make a 180°
rotation in the active site, in comparison with its position in the BS3 catalytic
cleft (see Supplementary data). The atomic coordinates are available at the
Protein Data Bank under the code 1ZC2.
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Pyrrolo[2,1-c][1,4]benzodiazepine-B-glucuronide prodrugs 15a-b, with a potential for selective therapy
of solid tumors by PMT and ADEPT have been designed, synthesized and evaluated for selective cytotox-
icity in the presence of the enzyme B-glucuronidase. The prodrugs have been found to possess reduced
cytotoxicity compared to the parent moieties, and are excellent substrates for the enzyme, exhibiting
cytotoxicity selectively in the presence of the enzyme. Enhanced water solubility and improved stability
are the other important outcomes upon modifying these molecules as their prodrugs.

© 2008 Elsevier Ltd. All rights reserved.

Majority of the anticancer agents are cytotoxic in nature and
lack the ability to differentiate between a cancer and normal
healthy cell, to kill the cancer cells selectively without causing
any adverse effect to the non-target normal tissues.! In general,
anticancer agents act preferentially on cells that are dividing. Con-
sequently, normal tissues that contain the most rapidly dividing
cells are also affected, such as the bone marrow, the gut mucosa
and hair follicles.

Enzyme-based therapies like antibody-directed enzyme pro-
drug therapy (ADEPT) gene directed enzyme prodrug therapy
(GDEPT),> and prodrug monotherapy (PMT)* could improve the
selectivity of the anticancer agents by transforming them into
non-toxic prodrugs that get selectively activated at the tumor site,
leading to localized toxicity. This kind of treatments could allow
the use of highly cytotoxic agents with simultaneous sparing of
the normal tissues.

Prodrug monotherapy is an approach, wherein an enzyme
which is intrinsically present in high concentrations in the malig-
nant tissues, is exploited to selectively activate a comparatively
non-toxic prodrug, leading to the formation of a toxic drug. The en-
zyme B-glucuronidase is reported to be present in high local con-
centrations in solid tumors compared to the normal tissues.> The
liberation of lysosomal B-glucuronidase extracellularly leads to

* Corresponding author. Tel.: +91 40 27193157; fax: +91 40 27193189.
E-mail address: ahmedkamal@iict.res.in (A. Kamal).

0960-894X/$ - see front matter © 2008 Elsevier Ltd. All rights reserved.
doi:10.1016/j.bmcl.2008.05.038

the accumulation of the enzyme in the extracellular matrix of
the malignant tissues.® Targeting the cancer tissues by exploiting
the presence of B-glucuronidase in high concentrations is advanta-
geous as the enzyme is not present in blood circulation.” The en-
zyme is confined to lysosomes and therefore is not available for
activation of the prodrug in normal tissues. The enzyme is also re-
ported to be present in high concentrations in human breast can-
cers, which could be helpful for selective therapy of breast cancer.?

The pyrrolo[2,1-c][1,4]benzodiazepines (PBDs)° are a class of
small molecules which bind to NH; of the guanine in the minor
groove of DNA, leading to cytotoxicity. This class of molecules have
shown a potential to be developed as anticancer agents, and have
also been described to be more suitable for ADEPT strategy com-
pared to mustards, which are the most studied molecules for deliv-
ery by this strategy.'® The lack of selectivity towards cancer tissues
is one of the major drawbacks that is associated with anticancer
agents, including the PBDs that are in the process of development.
The advancement of these molecules as anticancer drugs has been
delayed due to various problems relating to high toxicity and reac-
tivity, at different stages of their development."' Another short-
coming that makes these compounds less effective in the
biological system is their low water solubility leading to decrease
in bioavailability.

In an effort to improve the selectivity of PBDs and overall devel-
opment of these molecules as novel anticancer agents, we have ini-
tiated investigations towards the development of PBD prodrugs. In
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this direction two new PBD-B-glucuronide prodrugs 15a-b (, Fig.
2) with a potential for selective therapy of solid tumors by PMT
and ADEPT strategies have been designed synthesized and evalu-
ated for selective toxicity in the presence of the enzyme B-glucu-
ronidase. Compound 15a is a prodrug of an imine-amide mixed
dimer 16a (Fig. 1) that has been developed in our laboratory and
has shown promising anticancer activity,'> whereas 15b is a pro-
drug of benzyl ether analogue of a naturally occurring PBD moiety,
DC-81 16b (Fig. 1). These prodrugs possess other additional fea-
tures like enhanced water solubility and stability, apart from their
ability to get activated by the enzyme B-glucuronidase.

The preparation of the PBD intermediate for the synthesis of
carbinolamine-amide glucuronide prodrug was carried out
employing the literature method,'? by coupling intermediate 2
with excess of 1,5-dibromopentane to obtain 3, which in turn
was coupled with 6, to yield the intermediate 4. Compound 4 upon
reduction with SnCl,, 2H,0 afforded the desired precursor 5a,
which is utilized for the synthesis of the prodrug 15a. The prepara-
tion of DC-81 benzyl ether glucuronide prodrug was carried out
according to the literature method.'?

O, H
N O\/\/\/O
H,,
N\‘QQEOMe MeO
(0]
16a

The synthesis of the B-glucuronide promoiety was carried out
starting from glucurolactone (7),'* which was treated with cata-
lytic amount of NaOMe, followed by Ac,O and HClIO,4 to obtain
the intermediate 8. This upon treatment with HBr in acetic acid
resulted in the formation of compound 9, which on coupling with
4-hydroxy-3-nitrobenzaldehyde in presence of silver oxide in ace-
tonitrile provided the intermediate 10. Reduction of 10 with
NaBHy,, in chloroform and isopropyl alcohol afforded the desired
B-glucuronide promoiety 11 (Scheme 1).

The key step of coupling the PBD intermediates 5a-b with the
glucuronide promoiety 11 using triphosgene and dibutyltin dilau-
rate to yield the carbamates 12a-b, which upon deprotection of
the diethylthioacetal group provided the carbinolamine intermedi-
ates 13a-b. The carbinolamines 13a-b were deacetylated using
NaOMe in methanol at 0-5 °C to provide the intermediates 14a-
b, followed by the hydrolysis of the carboxylic ester afforded the
desired PBD B-glucuronide prodrugs 15a-b!> (Scheme 2).

The prodrugs were found to possess visibly high water solubil-
ity than their corresponding drugs. The enzymatic activation stud-
ies showed the prodrugs 15a-b to be excellent substrates of the

HO N
N— i H
N MeO N
O
16b

Figure 1. Pyrro[2,1-c][1,4]benzodiazepines: 16a imine-amide mixed dimer; 16b DC-81.
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Figure 2. Pyrro[2,1-c][1,4]benzodiazepine B-glucuronide prodrugs: 15a prodrug of imine-amide mixed dimer; 15b is prodrug of benzyl ether analogue of DC-81.

0 i

7 OH

D-(+)-Glucuronic acid-y -lactone

COOMe
OA

MeOOC

OH AcO

MeOOC

AcO
ACS%
OAc

il

COOMe
OAc
< § m

Scheme 1. Reagents and conditions: (i) a—methanol, NaOMe, 60 min, rt, b—Ac,0, HClO,, rt, overnight, 50%; (ii) 30% HBr/acetic acid, 0-5 °C, overnight, 62%; (iii) Ag,0,
4-hydroxy-3-nitrobenzaldehyde, acetonitrile, 4 h, 73%; (iv) NaBH4, CHCl3, (CH3),CHOH, 0-5 °C, 3 h;78%.
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Scheme 2. Reagents and conditions: (i) a—Et3N, CO(COCl3),, 25 min; b—Comp. 11, cat. dibutyltin dilaurate, 12a: 74%, 12b: 71%; (ii) HgCl,, CaCO3, CH3CN/H,0, 4:1, 13a: 77%,
13b: 84%; (iii) MeOH, MeONa, —15 °C, 14a: 74%, 14b: 79%; (iv) LiOH, H,0/MeOH/THF, 15-20 min, 0-5 °C, 15a: 76%, 15b: 82%.
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enzyme B-glucuronidase. The two B-glucuronide prodrugs were
found to be highly stable when incubated at a pH of 7 and 37 °C
in a 0.02 M phosphate buffer. However, when these prodrugs were
incubated under similar conditions in the presence of E. coli B-glu-
curonidase (250 U), where hydrolyzed completely to form the par-
ent, PBD imine moieties (Scheme 3). The HPLC analysis'® of the
reaction mixture at fixed intervals showed the consumption of
the prodrugs and the simultaneous formation of the peaks corre-

—o— 15a —@— spacer —— 16a

Percentage peak area

0 T T T * *

0 20 40 60 80 100

Incubation time (min)

Figure 3. A graph showing the consumption (a decrease in the percentage peak
area) of the prodrug (15a) with simultaneous formation (an increase in the perc-
entage peak area) of the corresponding active parent PBD moiety (16a) and the
spacer during the HPLC analysis of activation reaction using B-glucuronidase.

—— 15b —8— Spacer —A— 16b

80 1
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40

Percentage peak area
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Figure 4. A graph showing the consumption (a decrease in the percentage peak
area) of the prodrug (15b) with simultaneous formation (an increase in the perc-
entage peak area) of the corresponding active parent PBD moiety (16b) and the
spacer during the HPLC analysis of activation reaction using B-glucuronidase.

Table 1
Selective cytotoxicity of the prodrugs in HT 29 cell line

Prodrug ICsq ICso (umol) in the Activation IC50 (umol) of
(umol) presence of B- factor (QICsp) the parent PBD
glucuronidase
15a 2690 12.88 208.85 8.12
15b 5280 41.68 126.67 30.19

sponding to the parent drug as well as 4-(hydroxymethyl)-2-nitro-
phenol self-immolative spacer. Prodrug 15a gets activated almost
completely in 60 min to form 16a (Fig. 3), while 15b gets activated
completely in 20 min to form 16b (Fig. 4).

The pyrrolobenzodiazepine-B-glucuronide prodrugs 15a and
15b were evaluated for their selective cytotoxicity using MTT as-

HT-29 Control cells

Cells treated with prodrug 15b

Cells treated with prodrug 15b
and p-glucuronidase enzyme

Figure 5. Morphology of HT-29 cells (adenocarcinoma) treated with prodrugs and
drugs under microscope after 2 h incubation.
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say,'” in the presence of the enzyme B-glucuronidase using HT 29
colon cancer (adenocarcinoma) cell lines. They were found to pos-
sess highly reduced cytotoxicity compared to the parent imines
(Table 1). The prodrug 15a was found to kill 50% of cells (ICsp) at
a concentration of 2690 pmol, while its parent drug (16a) showed
an ICsg of 8.12 umol. The prodrug when incubated with the HT 29
cells in the presence of the enzyme B-glucuronidase exhibited an
ICso of 12.88 umol, which is similar to that of the drug. The ICsq val-
ues of the prodrugs and their corresponding parent moieties
shown in Table 1 clearly indicate that the toxicity of the prodrug
in the presence of the enzyme is similar to that of the parent drug.
The prodrug 15b also exhibited a reduction in toxicity
(ICs50 =5280 umol) when compared to the parent imine (16b),
which showed an ICs5q of 30.19 umol. In the presence of the enzyme
15b exhibited an ICsq value (41.68 pmol) similar to that of the par-
ent moiety.

Both the prodrugs were found to possess highly reduced toxic-
ity and were also good substrates for the enzyme B-glucuronidase.
The activity of the prodrugs upon activation by the enzyme ap-
proached that of the imines; indicating the complete activation
ability of the prodrugs.

The cells after incubating for 2 h with the drug 16b showed
shrinkage (Fig. 5b), on the other hand its prodrug 15b at the same
concentration did not show any shrinkage (Fig. 5c) and the mor-
phology was similar to that of the control cells (Fig. 5a). The pro-
drug 15b in the presence of the enzyme B-glucuronidase
exhibited cell morphology (shrinkage) similar to that of the cells
treated with the drug 16b (Fig. 5d).

In conclusion, the enzymatic activation and selective cytotoxic-
ity studies of the prodrugs reveal that these molecules possess
good activation ability and are potential candidates for use in
selective therapy of solid tumors. Compounds 15a and 15b possess
a potential for use in PMT of solid tumors that over express the en-
zyme B-glucuronidase.'® The prodrugs can also be used for anti-
body-directed enzyme prodrug therapy (ADEPT)'® of cancer. The
other important consequence of these glucuronide prodrugs was
highly improved water solubility provided to the drug by the glu-
curonide functionality.2°
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Two new cassane-type diterpenes, sucutiniranes A (1) and B (2), have been isolated from the seeds of
Bowdichia nitida together with 6a-acetoxyvouacapane (3) and 6q,7B-diacetoxyvouacapane (4), and the
structures of 1 and 2 were elucidated by using 2D NMR data and chemical correlations. Sucutinirane A
(1) and 3 showed a moderate cytotoxicity against human colon carcinoma COLO201 cells, and 64,7 p-diac-
etoxyvouacapane (4) showed in vitro antiplasmodial activity against parasite Plasmodium falciparum 3D7.

© 2008 Elsevier Ltd. All rights reserved.

Bowdichia nitida Spruce ex Benth., common name ‘sucupira’, is
distributed in the Brazilian Amazon, and the seeds of this plant
are used for rheumatic, antipyretic, and gouty agents.! So far, alka-
loids, triterpenes, isoflavonoids, benzofuranes, and benzopyranes
have been isolated from the genus Bowdichia.>™

Our efforts on identifying new natural products from the seeds
of B. nitida resulted in the isolation of two new cassane-type diter-
penes, sucutiniranes A (1) and B (2). This Letter describes the struc-
ture elucidation of 1 and 2 on the basis of spectroscopic data and
chemical correlations as well as cytotoxicity against human colon
carcinoma COLO201 cells and antiplasmodial activity.

Structures of sucutiniranes A (1) and B (2). The seeds of Bowdichia
nitida were extracted with MeOH, and the extract was partitioned
between EtOAc and 3% tartaric acid. EtOAc-soluble materials were
subjected to a silica gel column (hexane/EtOAc and CHCl3/MeOH)
and an ODS column (MeOH/H,0) followed by HPLC (MeOH/H,0)
to afford sucutiniranes A (1, 0.0002% yield) and B (2, 0.00006%) to-
gether with 6a-acetoxyvouacapane (3, 0.02%)° and 60,7p-diac-
etoxyvouacapane (4, 0.0008%).5

Sucutinirane A {1, ]3> —24 (c, 1.0, CHCl5)} was revealed to have
the molecular formula C;;H3,05, by HRESITOFMS [m/z 399.2142
(M+Na)*, A —0.5 mmul]. IR absorptions implied the presence of
hydroxyl (3480 cm™') and carbonyl (1740 cm™!) groups. The 'H

* Corresponding author. Tel./fax: +81 354985778.
E-mail address: moritah@hoshi.ac.jp (H. Morita).

0960-894X/$ - see front matter © 2008 Elsevier Ltd. All rights reserved.
doi:10.1016/j.bmcl.2008.05.035

and '3C NMR data (Table 1) suggested the presence of two carbonyl
carbons, one sp? methine, one sp? quaternary carbon, five sp?
methylenes, five sp> methines, three sp> quaternary carbons, and
five methyl groups. The presence of the «, f-unsaturated y-lactone
moiety was substantiated by the signals of one sp? methine
(8¢ 114.2), one sp? quaternary carbon (éc 175.0), one sp> quater-
nary carbon with two oxygen atoms (5c 107.6), and one carbonyl
carbon (¢ 173.4).

Partial structures a (C-1 to C-3) and b (C-5 to C-9, C-11, C-14,
and C-17) were deduced from a detailed analysis of 2D NMR data
of 1 (Fig. 1). The HMBC cross-peaks of H3-19 to C-3, C-4, C-5, and
C-18 indicated the connection among C-3, C-5, C-18, and C-19
through C-4. HMBC correlations for H3-20 to C-1, C-5, C-9, and
C-10 indicated connection among C-1, C-5, C-9, and C-20 through
C-10. On the other hand, HMBC correlations for H-14 to C-12 and
C-15, H3-17 to C-13, and H-15 to C-12 and C-16 supported the
location of the methyl group at C-14, and the o, B-unsaturated y-
lactone moiety at C-12 and C-13. Furthermore, the presence of
an acetoxy group at C-6 was elucidated by the HMBC correlation
for H-6 and H3-22 to C-21. Thus, the gross structure of sucutinirane
A was assigned to be 1 with a cassane-type skeleton’ with the
methyl group at C-14 and the «, B-unsaturated y-lactone moiety
at C-12 and C-13. The existence of cassane butenolides is rare as
compared to that of cassane furanoditerpenes.

To assign the relative stereochemistry at the hemiketal C-12
position, 1 was acetylated with acetic anhydride in pyridine at
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Table 1
H [64 (J, Hz)] and '3C [c] NMR Data of sucutiniranes A (1) and B (2)
1° 2°
1H 13C 1H 13c
1a 110 (1H, m) 407 1.02 (1H, m) 39.7
b 1.74 (1H, m) 1.71 (1H, m)
2a 148 (1H, m) 195 147 (1H, m) 184
2b 159 (1H, m) 1.52 (1H, m)
3a 129 (1H, m) 446 124 (1H, m) 434
3b  1.38 (1H, m) 1.39 (1H, m)
4 34.1 33.1
5 131 (1Hd, 11.0) 584 122 (1H, m) 572
6 5.12 (1H, ddd, 11.0, 11.0, 73.5 5.07 (1H, ddd, 11.1, 11.1, 72.0
41) 43)
7a 149 (1H, m) 380 1.41 (1H, m) 36.7
7b  1.84 (1H, m) 1.88 (1H, m)
8  1.84(1H, m) 409 1.82 (1H, m) 38.7
9 154 (1H, m) 456 125 (1H, m) 444
10 39.5 38.7
11a 1.25(1H, m) 38.9 0.99 (1H, m) 33.7
11b 238 (1H, dd, 12.9, 3.3) 2.50 (1H, ddd, 11.8, 6.4, 3.0)
12 107.6 4.84 (1H, dd, 114, 6.4) 79.1
13 175.0 176.1
14 296 (1H, m) 373 2.95(1H, m) 35.7
15 574 (1H,s) 1142 5.68 (1H, s) 1109
16 1734 173.4
17 1.17 (3H, d, 7.3) 129 1.08 (3H, d, 7.3) 13.9
18 1.10(3H,s) 372 1.06 (3H, s) 36.5
19 091 (3H,s) 230 089 (3H, s) 225
20 0.91 (3H, s) 15.8 0.88 (3H, s) 153
21 172.2 170.3
22 2.04(3H,s) 219 2.06 (3H, s) 219
3 In CD50D.
5 In CDCls.

= H-"H cosY
—» HMBC

Figure 1. Selected 2D NMR correlations for sucutinirane A (1).

room temperature to afford the monoacetylated product 1a. The
relative stereostructure of 1a as shown in computer-generated
3D drawing (Fig. 2) was deduced from cross-peaks observed in
the NOESY spectrum and 3] coupling constants. The NOESY cor-
relation of Hs-17/Hs-24 indicated to be o-orientation for CH3-17
and CHs-24. Antiperiplanar conformation between H-5 and H-6
was preferred because of the coupling constant, 3]H5/H6 =
11.0 Hz. The B-configuration of H-6, CH3-19, and CHs3-20 was

supported by the NOESY cross-peaks among H-6, Hs3-19, and
H3-20, while the o-configuration of both H-5 and H-9 was
supported by the NOESY cross-peak between H-5 and H-9. Fur-
thermore, oxidation of the furan ring of 6a-acetoxyvouacapane
(3) with mCPBA gave sucutinirane A (1) as shown in Scheme
1. Thus, the structure of sucutinirane A including relative stereo-
chemistry was assigned as shown in Figure 2.

Sucutinirane B {2, [«J% —33 (c, 0.2, CHCl5)} was revealed to have
the molecular formula C;H3,04, by HRESITOFMS [m/z 361.2389
(M+H)*, A +2.1 mmu]. IR absorptions implied the presence of car-
bonyl (1735 cm™!) group. The 'H and '>C NMR data (Table 1),
and 2D NMR correlations (Fig. 3) suggested that 2 had the same
cassane-type skeleton as that of 1, except for the presence of an
oxymethine at C-12 (5y 4.84, 6c 79.1). The relative stereochemistry
of sucutinirane B (2) was deduced by NOESY spectrum (Fig. 4) and
3] coupling constants. The configuration of B-oriented H-6, H-8,
CHs5-19, and CHs-20 was supported by the NOESY correlations of
H-6/H-8, H-6/H3-19, and H-8/H3-20. The coupling constant, 3]H5,
ne = 11.1 Hz indicated antiperiplanar conformation between H-5
and H-6. The a-configuration of H-5, H-9, H-12, and CH3-17 was
supported by the NOESY cross-peaks of H-5/H-9 and H-12/H-9
and Hs-17. Thus, the structure of 2 was assigned as 12-deoxy-sucu-
tinirane A.

The absolute stereochemistry of sucutiniranes A (1) and B (2)
was deduced by applying CD curves for y-lactone chromophore.®
The sign of the CD curve in MeOH [1: Amnax 222 nm (Ae —0.8) and
244 nm (Ae —0.6), 2: /max 218 nm (A¢ —1.1)] was negative, indicat-
ing that the chirality at C-12 of 1 and 2 was as shown in Figures 3
and 4.

To confirm the proposed structure for 2, treatment of 6o-
acetoxyvouacapane (3) with mCPBA in the presence of 1 drop
12N HCl in CHCI; afforded sucutinirane B (2) together with
two byproducts, compounds 5 and 6, which was elucidated by
2D NMR correlations as shown in Figure 5. Stereochemistry of

-~ 4 NOESY

¥

Figure 2. Selected NOESY correlations and relative stereochemistry of compound
la.





3776 Y. Matsuno et al./Bioorg. Med. Chem. Lett. 18 (2008) 3774-3777

mCPBA

benzene
. 3 hr
32%

mCPBA

CHCl3
12N HCI 1drop
0 °C, 1 day

2 (6.8%)

5 (12.5%) 6 (13.3%)

Scheme 1. Oxidation of 6a-acetoxyvouacapane (3) by mCPBA.

= 'H-"H COSY
—» HMBC

Figure 3. Selected 2D NMR correlations for sucutinirane B (2).

-~ “4 NOESY

¥

Figure 4. Selected NOESY correlations and relative stereochemistry of sucutinirane
B (2).

a hydroxyl at C-11 and spiro carbon at C-13 for 5 was assigned
by NOESY data of H-8/H-11 and H-15/H3-17. Compound 5,
which was derived from oxidative intermediate at C-11 fol-
lowed by epoxidation at A'?> and Pinacol-type rearrangement,
possesses a spirojoined B, y-unsaturated y-lactone, and cyclo-
pentane bicycles with a hydroxyl group at C-11. On the other

— 'H-'H cosY
— HMBC

Figure 5. Selected 2D NMR correlations for 5 and 6.

hand, compound 6, which was produced from oxidative inter-
mediate at C-11 followed by epoxidation at A'> and cleavage
between C-11 and C-12 bond accompanied with cleavage of
the epoxide, contains an aldehyde moiety at C-11 and an o,
B-unsaturated vy-lactone moiety at C-14 (Scheme 1). These
structures of 5 and 6 were also supported by HMBC (Fig. 5)
and NOESY correlations.

Sucutinirane A (1) and 6a-acetoxyvouacapane (3) showed a
moderate cytotoxicity against human colon carcinoma COL0201
cells with ICsg 37.3 and 86.6 pg/mL, respectively, while sucutinira-
ne B (2), 6a,7B-diacetoxyvouacapane (4), and compounds 5 and 6
were inactive (ICsq > 100 pg/mL).

Each compound was also tested for its ability to inhibit Plasmo-
dium falciparum growth.® 6¢,7p-diacetoxyvouacapane (4) showed
promising in vitro antiplasmodial activity against parasite P. falci-
parum 3D7 (ICsg 0.39 pg/mL) and a good selectivity index with re-
gard to the cytotoxicity on COLO201 cells (ICso> 100 pg/mL),
whereas other compounds were inactive at a concentration of
1 ug/mL (Chlorogine: ICso 0.006 pg/mL).
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Based on reported structures, a focused library of biarylmethyl bound to the nitrogen atom of spiropiperi-
dine was designed. Systematic modifications allowed the discovery of a synthetically feasible and highly
potent ORL1 antagonist 37, 1'-{[1-(3-chloropyridin-2-yl)-1H-pyrazol-4-ylJmethyl}-3H-spiro[2-benzofu-
ran-1,4'-piperidine], which exhibits excellent selectivity to u, x, and human ether-a-go-go related gene

© 2008 Elsevier Ltd. All rights reserved.

A fourth opioid receptor (opioid receptor-like 1, ORL1) was dis-
covered in 1994 based on its high degree of amino acid sequence
homology to the classical opioid receptors.! Despite this homology,
it was shown that this fourth member of the opioid receptor family
did not bind to classical opioids with appreciable affinity. Soon
after, its endogenous agonist was isolated from the brain, identified
as a 17-amino acid peptide, and named as nociceptin or orphanin
FQ (NC/OFQ).2 Subsequently, a number of reports have demon-
strated the possible involvement of the NC/OFQ-ORL1 system in
pain regulation,® cognition,* anxiety,” and cardiovascular systems.®
To date, however, the development of non-peptidic ORL1-antago-
nists with fairly good selectivity toward opioid receptors has re-
sulted in merely a few classes:” benzimidazolyl piperidines,?
benzimidazoles,® 4-aminoquinolines,'® and spiropiperidines or 4-
aryl piperidines.!! Based on the latter class, we have recently
developed a novel class of orally active ORL1-antagonists (1) that
exhibits a wide safety window with regards to adverse cardiovas-
cular effects.!? Our initial concept of a back-up program to develop
structurally diverse leads involved the synthesis of a feasible scaf-
fold to facilitate structure-activity relationship (SAR) studies. In
this report, we describe the design, synthesis, and SAR investiga-
tions of a synthetically feasible class of ORL1-antagonists based
on 4-aryl piperidines (1-4)”''? resulting in the discovery of lead
molecule 37, which exhibits high affinity to the human ORL1-
receptor, while possessing desirable in vitro features.

* Corresponding author. Tel.: +81 29 877 2000; fax: +81 29 877 2029.
E-mail address: takashi_yoshizumi@merck.com (T. Yoshizumi).

0960-894X/$ - see front matter © 2008 Elsevier Ltd. All rights reserved.
doi:10.1016/j.bmcl.2008.05.036

As shown in Figure 1, the pharmacophore of known ORL1-
antagonists containing a 4-aryl piperidine ring typically possesses
an aromatic ring that is connected to a basic nitrogen through a 3-
or 4-atom linker. Among these, we focused our attention to com-
pound 4 due to its simple and relatively rigid structure. Due to
the limited availability of aldehydes that are bound to fused-biaro-
matic compounds (such as a naphthyl group), commercially avail-
able achiral biaryl aldehydes were chosen as alternative starting
compounds to be introduced onto the basic nitrogen atom. To min-
imize the lipophilicity of the target molecules, biaryl aldehydes
with one or more heteroatom(s) in the aromatic ring were favored
(Fig. 1). Consequently, 78 commercially available biaryl alde-
hydes'3 were selected and subjected to parallel synthesis via a sim-
ple reductive amination reaction (Scheme 1). Upon purification via
preparative LC-MS method, the resulting analogs were tested for
their inhibitory effects on ligand binding to the human ORL1 recep-
tor and on GTPyS binding to proteins using membrane fractions of
CHO cells expressing ORL1. Binding affinities for ORL1 were deter-
mined by displacement of ['?’I|Tyr'4-NC/OFQ, and agonist/antago-
nist activities were measured by the [>>S]GTPyS binding method.!*

The binding affinities to the ORL1-receptor of selected biaryl
groups (Ar'-Ar?) of the library (Fig. 2) are listed in Table 1. Among
the 3-pyridyl substituted phenyl analogs (5, 6, and 7), which show
weak binding activities, m-substituted analog 7 exhibited the high-
est binding affinity (45% inhibition at 1 uM) suggesting that the 4-
atom is preferable over the 3- or 5-atom linker. Although 2-pyridyl
analog 8 possessed moderate binding affinity (ICsg 310 nM), 4-pyr-
idyl analog 9 exhibited a drastic loss of the binding affinity. Among
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Selected biaryl moiety:
a) commercially available aldehydes
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Figure 1. Design for biarylmethyl library based on our previous lead (1) and reported structures (2-4).

L D@ NaBH,CN -1/2 ZnCl,
Ar'—Ar--CHO + HN N
o] MeOH Ar-AR2 0]

Scheme 1. Preparation of N-biarylmethyl spiropiperidines.

T

Fé F7 F8 F9

Figure 2. Biaryl groups (S1-S5 and F1-F9) listed in Table 1.

the 5-membered-Ar? analogs, the N-phenyl-1,2,3-triazole-4- (12)
and N-phenylpyrazole-4- (13) analogs exhibited significantly high-
er binding affinities to ORL1 with ICsy values of 190 and 40 nM,
respectively. Introduction of a methyl group at the 3-position of
the pyrazole ring resulted in a six- to eightfold increase in the bind-
ing affinities (13 vs 17, 15 vs 16). In contrast, a methyl group at the
5-position resulted in 2.5-times loss in potency (13 vs 16), suggest-
ing that a substituent at the 5-position is unfavorable in terms of

Table 1
Binding affinity to ORL1 of compounds 5-18

0 0 a @ N b @ N ¢, d
i NN — N R — 19-22
R™"OR' >R o~
o C" tHo
¢ 31, 32
N§ X =N,Ry=ClorMe
X Y e X_N/—CHO
@ e, u” c¢.fg 33,34, 37
ZR1 A R1 X =NorC(Cl), R"=NO,
Y =ForCl ¢ h,i 35
X = CH, R" = CO,Et
J 23
e
HN
° N — 1 k . 24025
HN§\CHO L1 . 2630
§\CHO ¢ 36
40

Scheme 2. Synthesis of N-biarylmethyl spiropiperidines. Reagents and conditions:
(a) phenyl hydrazine, EtOH, 80 °C, 16-87%; (b) POCl3, DMF, 110 °C, 59-80%; (c) 3H-
spiro(2-benzofuran-1,4'-piperidine) hydrochloride, NaBH5CN, ZnCl,, MeOH, 60 °C,
50-98%; (d) H (1 atm), Pd-C, MeOH-Et;N, rt, 62-84%; (e) 3-methyl-4-formylpyraz-
ole (38), NaH, DMF, rt, 64-67%; (f) H, (1 atm), Pd-C, MeOH for 33 and 34, quant. or Fe,
NH4Cl aq, MeOH, reflux for 37, 78%; (g) Ac,0, pyridine, 71% or MsCl, Et3N, CHCl;, 63—
77%; (h) 5 N NaOH aq, THF, rt; (i) CDI, MeNH,, CHCls, 50 °C, 6% in two steps; (j) 2-
chloropyridine, ‘BuOK, aliquot 336, DMSO, 37%; (k) ArB(OH),, Cu(OAc),, pyridine,
MS4A, DMF, rt, 7-24%; (1) halogenated heteroaromatics, ‘BuOK, DMSO or NaH, THF,
4-48%; (m) 2-chlorophenylboronic acid, Cu(OAc),, MS4A, air, dioxane, rt, 10%.

fATZND to;

Compound Ar'-Ar? Binding ICso* (nM) Compound Ar'-Ar? Binding ICso* (nM)
5 S1 >1000 (31%) 12 F3 190

6 s2 >1000 (15%) 13 F4 40

7 s3 >1000 (45%) 14 F5 >1000 (—2%)

8 S4 310 15 F6 13

9 S5 >1000 (18%) 16 F7 100

10 F1 >1000 (—7%) 17 F8 6.9

1 F2 >1000 (3%) 18 F9 >1000 (36%)

2 Binding affinity to ORL1 receptor. Numbers in parentheses indicate % inhibition at 1 M. Values are calculated from a displacement of ['?°I]Tyr'4-NC/OFQ (n = 1, Ref. 15).
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Table 2
Effect of substituent at 3-position on pyrazole ring

QNENC: 3;9

Compound R Binding GTPyS (nM)
1Cs0° (M) 1Cso” (M)

17 -Me 6.9 1.6

19 —Et 9.4 8.4

20 -'Pr 21 —

21 -'‘Bu 59 —

22 -Benzyl 30 —
2 Values are calculated from a displacement of ['2°I]Tyr'4-NC/OFQ (n = 1, Ref. 15).
> _ not tested.

Table 3

Effect of substituent at 1-position on pyrazole ring Ay N

<

ol
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the binding affinity. Replacement of the pyrazole ring with 4-phe-
nylthiazole (10), 2-phenylthiazole (11), and 2-phenyl-4-methyl-
triazole (18) rings resulted in analogs with complete loss of the
binding affinity.

Based on the favorable results of the N-phenyl-4-pyrazolyl
group, several spiropiperidine analogs possessing N-substituted-
4-pyrazolyl groups were prepared to extend our SAR studies. The
synthetic scheme of N-biarylmethyl spiropiperidine derivatives
19-37 is outlined in Scheme 2. Target molecules with various sub-
stituents at the 3-position of the pyrazole ring were prepared from
N-phenyl-4-formylpyrazoles, which was obtained via the Vilsme-
ier reaction of pyrazolones. Subsequent reductive amination via
NaBH5CN-ZnCl,, followed by de-chlorination via hydrogenolysis
in the presence of triethylamine provided the corresponding target
molecules. Synthesis of the aromatic ring at the 1-position of the

Compound Ar Binding ICso® (nM) Antagonism GTPySP (nM) logD; 4¢
17 @\‘ 6.9 16 >4
23 [N 12 16 3.1
N\
24 \ 130 = 3.2
=
25 N 820 - 3.7
SN
26 P 200 — 35
N
27 \Nj'\. 93 - 2.9
Cl
28 SN 43 = 3.9
‘ F
Cl~
29 [N 280 - 3.5
=
30 " \ /N 19 45 3.2
e
N
31 = 45 2.7 3.1
Cl
[N
32 = 2.6 2.6 2.7
Me
[ N
33 ~ 27 — 3.2
NHAc
N
34 -z 11 = 2.1
NHMs
(N
35 -z 22 = 1.4
CONHMe
36 ©\ 0.65 0.87 3.7
Cl
NHMs
37 @E' 1.9 0.53 2.1
Cl

2 Values are calculated from a displacement of ['2°I]Tyr'4-NC/OFQ (n = 1, Ref. 15).
b _ not tested.
€ Measured by shake-flask method.





T. Yoshizumi et al. /Bioorg. Med. Chem. Lett. 18 (2008) 3778-3782 3781

Table 4

Off-target activities (g, x, and hERG K channel) and in vitro metabolic stability of 17, 31, 32, and 37

Compound Binding affinity, ICso (nM) In vitro metabolic stability (%)°
ORL1 w2 2 hERG K*® HM RM

17 6.9 6200 9700 740 28 4

31 4.5 7400 >10,000 7800 60 6

32 2.6 4400 >10,000 13,000 64 1

37 19 >10,000 >10,000 17,000 54 69

2 Displacement of a [*H]diprenorphin (), and [3H]U-69593 () binding to CHO cells stably expressing cloned human u-, and x-opioid receptors, respectively.
b Displacement of a [*°S]-radiolabeled MK-499 in membranes derived from HEK 293 cells stably transfected with hERG gene and expressing the IKr channel protein.

¢ See Ref. 16 for detailed description.

pyrazole ring was based on one of two methods: (1) nucleophilic
addition-elimination reaction of 3-methylpyrazolyl intermediates
(38 or 39) with the corresponding halogenated aromatic com-
pounds, followed by reductive amination, or (2) coupling reaction
of intermediates 38 or 39 with the corresponding aryl boronic
acids mediated by Cu(OAc),. The substituents of the aryl ring were
further converted into the desired functional groups via conven-
tional methods.

SAR studies were carried out to assess the effects of substituents
at the 3-position of the pyrazole ring (Table 2). Substitution with a
methyl group (17) resulted in, not only high binding affinity, but
also good antagonist activity. In comparison, substitution with a
longer ethyl group (19) exhibited similar binding affinity, but the
antagonist activity decreased to 1/5 that of 17. Introduction of
bulkier substituents (‘Pr, ‘Bu, and benzyl) decreased the binding
affinity from 1/3 to 1/8 that of 17. These results show that, in terms
of the binding and antagonist activities, a methyl group is the opti-
mal alkyl substituent at the 3-position of the pyrazole ring.

Next, the effects of the aryl group (Ar) at the 1-position of the
pyrazole ring on the binding and antagonist activities were deter-
mined (Table 3). In terms of lipophilicity, analog 17 possesses a rel-
atively high logD; 4 value (>4). We have previously reported that,
for a lead structure possessing a 4-aryl piperidine group, adjust-
ment of the lipophilicity was essential in removing its affinity to
the hERG K* channel.'? Indeed, 17 exhibited a sub-uM order bind-
ing affinity to the hERG K* channel (Table 4). To help identify a po-
tential lead molecule, SAR studies were carried out using analogs
with hydrophilic aryl groups. Although the 3- and 4- pyridine ana-
logs (24 and 25, respectively) resulted in significantly decreased
binding affinities, the 2-pyridine analog (23) retained the binding
affinity while reducing the lipophilicity (logD4 value of 3.1) -
its antagonist activity was 1/10 than that of 17. The 2-pyrazine
or 2-pyrimidine analogs (26 and 27, respectively) exhibited drasti-
cally decreased binding affinities.

Consequently, substituent effects were investigated using ana-
logs that incorporated various groups on the 2-pyridine ring (28-
35). Substitution at the 3-position of the pyridine ring with a
methyl (31) or chloro (32) group resulted in a five- to sixfold in-
crease in the antagonist potencies, while exhibiting comparable
lipophilicity as that of 23. Whereas analogs with an acetamide or
an N-methylamide substituent (33 and 35, respectively) decreased
the affinity by one half, incorporation of a methanesulfonamide
group did not affect the binding affinity (23 vs 34). Based on these
encouraging results, we revisited the benzene analog for further
structural modification. Accordingly, introduction of a chlorine
atom dramatically enhanced the in vitro potency (36). The combi-
nation of 36 with a methanesulfonamide group led to identifica-
tion of analog 37, which exhibited sub-nM antagonist activity
while possessing a lower lipophilicity than that of 23.

Because analogs 31, 32, and 37'7 exhibited good in vitro
potency while possessing reasonable lipophilicity, their off-target
selectivities against u-, x-opioid receptors, and hERG K* channel
and in vitro metabolic stabilities were determined (Table 4). Ana-

log 37 was shown to be a highly selective ORL1-antagonist against
u-, and x-opioid receptors, and hERG K* channel with moderate in
vitro metabolic stability. Further studies revealed that analog 37 is
not subject to human P-gp efflux (transport ratio of 1.8),'® suggest-
ing that its brain penetrability might be suitable for humans.

In conclusion, based on the structures of previous leads, a highly
potent and selective class of compounds was investigated as novel
ORL1-antagonists. SAR studies of this class of compounds have led
to the identification of analog 37, which exhibits high affinity to
the human ORL1 receptor while possessing other desirable in vitro
profiles that merit further developments. Further pharmacological
studies of this compound and its analogs are currently under way.
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Backbone-modified DNA analogs were synthesized in good yields by the boranophosphotriester method
on a solid support. The oligodeoxyribonucleoside boranophosphates, protected with 2-(azidomethyl)
benzoyl groups for nucleobases, were converted into DNA and its backbone-modified analogs via the cor-
responding H-phosphonate intermediates. A new protecting group for the 0° position of 2’-deoxyguano-
sine, 4-azidobenzyl (ABn) group, was also developed. The ABn group can be quickly removed by
treatment with MePPh; and H,O in the presence of 2-mercaptoethanol.

© 2008 Elsevier Ltd. All rights reserved.

Base-sensitive DNA analogs, such as O-alkyl phosphate DNA,
alkylphosphonate DNA, and phosphoramidate DNA, have been re-
garded and synthesized as potentially useful therapeutic oligonu-
cleotides.!? Chemical synthesis of oligonucleotides and their
analogs is generally carried out on a solid support with base-labile
nucleobase-protecting groups.> However, base-sensitive oligonu-
cleotide analogs are decomposed under the conditions prescribed
for the removal of the protecting groups. Recently, we have re-
ported a new strategy for the synthesis of backbone-modified
DNA analogs by the boranophosphotriester method by the use of
azido-based protecting groups which can be removed under mild
and neutral conditions in solution (Scheme 1).4

In this strategy, boranophosphate DNA is employed as a precur-
sor of H-phosphonate DNA. The boranophosphate DNA can be con-
verted into the corresponding H-phosphonate DNA, and is finally
transformed to the desired backbone-modified DNA analogs.

In the previous method, the exocyclic amino groups of nucleo-
bases and the imido function of thymine base are protected with
a 2-(azidomethyl)benzoyl (AZMB) group,” and the lactam function
of guanine is protected with a 4-[(2-azidomethyl)benzoyl-
oxy|benzyl (AZBn) group, which can be removed under neutral
and reductive conditions. Therefore, the method is suitable for
the synthesis of base-sensitive DNA analogs. However, the AZBn
group is bulky and unstable under basic conditions, hence the yield
of protection for the 0° position of guanine base was insufficient.*
Herein, we report a novel protecting group for the 0° position of

* Corresponding author. Tel./fax: +81 4 7136 3612.
E-mail address: wada@k.u-tokyo.ac.jp (T. Wada).

0960-894X/$ - see front matter © 2008 Elsevier Ltd. All rights reserved.
doi:10.1016/j.bmcl.2008.05.053

R'O o B! R'O N B! HO o B3
trityl cation
_o:P:,BHs ya:_id» O;P:H ——2>’ o:/mx )
LS 00 o B OO o~ B
OR! OR! OH

R = (2-azidomethyl)benzoyl (AZMB)
B', B2 = azmb®A, azmb*C, azmb2azbn®G, azmb®T

X =0, S7, OMe, NH,
B%,B*=A,C,G, T

Scheme 1. Synthesis of backbone-modified DNA analogs by the boranophospho-
triester method.

guanine residue. The 4-azidobenzyl group, which was reported
by Kusumoto and co-workers as a protecting group for the hydroxy
function, can be removed by oxidation with 2,3-dichloro-5,6-dic-
yanobenzoquinone (DDQ) or anodic oxidation after reduction to
4-aminobenzyl group with catalytic hydrogenation or oxidation
with DDQ after conversion to iminophosphorane (Scheme 2).°
The ABn group is expected to be removed under essentially the
same conditions as those for an AZMB group with the generation of
iminoquinone. In this letter, we describe the application of the

9/—©—N3 _’(E@NHZ _>=<:+>=NH

R R-OH
4-azidobenzyl (ABn)

Scheme 2. ABn group.
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boranophosphotriester method to the solid-phase synthesis of
backbone-modified DNA analogs by using a new protecting group
for the O° position of guanine.

First, an ABn group was introduced to the 0° of N>-phenylace-
tyl-2’-deoxyguanosine derivative 1 as a model compound.
4-Azidobenzyl alcohol was allowed to react with the C® quaternary
N-methylpyrrolidinium intermediate by the method reported in
the literature’ with some modifications to give 4 in 90% yield from
2 (Scheme 3). The 05-ABn group of 2'-deoxyguanosine derivative 4
was deblocked under the same conditions as those for the removal
of AZMB group. Fortunately, the ABn group was smoothly removed
in 97% yield by the treatment with methyldiphenylphosphine in
1,4-dioxane-H,0 (Scheme 4), whereas the side reaction occurred
in the case of AZBn group under the same conditions.*

In the next step, the ABn group was applied to the solid-phase
synthesis.® The removal of the ABn group in a dinucleoside borano-
phosphate on a solid support was examined. 2’-Deoxyguanosine
boranophosphate 6g, whose nucleobase was protected with the
AZMB and ABn groups, was used as a monomer unit for the bor-
anophosphotriester method.>~!! 6g was condensed with a thymi-
dine derivative 5 anchored to the solid support in the presence of
PyNTP!? as a condensing reagent (Scheme 5). After capping and
decyanoethylation, the nucleobases were deprotected and the
dinucleoside boranophosphate was cleaved from the solid support.
The crude reaction mixture was analyzed by RP-HPLC. Under the
same deprotection conditions as those for in solution, some by-
products were observed by the HPLC analysis. The formation of
these by-products could be attributed to the addition reaction of
iminoquinone to the nucleobases or phosphate moiety (Fig. 1A).
In order to suppress the side-reaction to the phosphate moiety of
the boranophosphotriester 7gt, the cyanoethyl group was depro-
tected after the removal of the ABn group. As a result, the HPLC
analysis suggested that the by-products were slightly decreased
(Fig. 1B). Furthermore, in order to trap iminoquinone, 2-mercap-
toethanol was added, which was an effective scavenger for quinone

oTPS
4 fLNH i <’N N iii
TBSO o N N’)\H_pa—>TBSO oN N’J\”_Pa—>

OTBS OTBS
1 2
{ +§ OABnN
(,NfN i TBSO o N>N"“N-Pa
TBSO o N N/)\N—Pa 3 H
H OTBS
OTBS 4
TBS = t-butyldimethylsilyl
3 TPS = 2,4,6-triisopropylbenzenesulfonyl

Pa = 2-phenylacetyl

Scheme 3. Introduction of ABn group into the OF of 2'-deoxyguanosine derivatives.
Reagents and conditions: (i) 2,4,6-triisopropylbenzenesulfonyl chloride (2 equiv),
EtsN (4 equiv), DMAP (0.05 equiv)/CH,Cl,, rt, 1h, 85%, (ii) N-methylpyrrolidine
(10 equiv)/CH,Cl,, 0 °C, 10 min, (iii) ABnOH (5 equiv), DBU (1.5 equiv)/CH,Cl,, 0 °C,
1.5 h, two steps 90%.

OABn (o}
N SN , ,Nf(NH
TBSO 0<N N N.pa — TBSO 0<N N N-Pa
H H
oTBS oTBS
4 1

Scheme 4. Removal of ABn group. Reagents and conditions: (i) MePPh; (4 equiv)/
1,4-dioxane-H,0 (4:1, v/v), rt, 10 min, 97%.
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Scheme 5. Solid-phase synthesis using the AZMB and ABn groups.
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Figure 1. Reverse-phase HPLC profiles of crude mixtures of d(GpgT), deprotected
with MePPh; in dioxane-H,0 (4:1, v/v), 1 h, after decyanoethylation (A), MePPh; in
dioxane-H,0 (4:1, v/v), 1 h, followed by decyanoethylation (B), MePPh; in dioxane-
2-mercaptoethanol-H,0 (3:1:1, v/v/v), 1 h, followed by decyanoethylation (C).

methide.*'>'4 Consequently, the side reactions were almost sup-
pressed in the presence of 2-mercaptoethanol (Fig. 1C).
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Table 1
Transformation of dinucleoside boranophosphate including four nucleobases

1
AcO—l o B

3785

1
AcO—l o B

AcO B! 2 Y
|< o 7’ HO o B _O\P/ BHs trityl reagent ~ O~pH oxidation 6 o
+ —. oo B2 "o B2 ->p7
6\ ,BH3 I o] CH,Cly, 1, o) 0" ™o o T
_O/P\OCE Ob 10 min
H
6 5 9 10 11
3
B2 = NP-(2-azidomethyl)benzoylthymin-1-yl B"=A,CGT

Entry Compound B! Trityl reagent Yield of 11° (%)
1 9ct N*-(2-azidomethyl)benzoylcytosin-1-yl 0.01 M TrBF,4 93
2 9tt N?-(2-azidomethyl)benzoylthymin-1-yl 0.01 M TrBF4 93
3 9at NS-bis(2-azidomethyl)benzoyladenin-9-yl 0.01 M TrBF, 72
4 9at NS-bis(2-azidomethyl)benzoyladenin-9-yl 0.01 M DMTrBF,4 80
52 9at NB-bis(2-azidomethyl)benzoyladenin-9-yl 0.01 M DMTIBF, 87
62 9gt N?-(2-azidomethyl)benzoyl-0°%-4-azidobenzylguanosin-9-yl 0.01 M DMTtBF, 83

@ Transformation reaction was carried out after deprotection of nucleobases.
b Estimated by RP-HPLC.

Next, backbone-modified DNA analogs were synthesized on the
solid support by the boranophosphotriester method. The nucleo-
side boranophosphodiesters 6 whose nucleobases were protected
with the AZMB and AZBn groups were used as monomer units.

The monomer units 6 were condensed with the 5-hydroxy
function of the thymidine derivative 5 (Table 1). After subsequent
capping of the 5'-hydroxy group and removal of the cyanoethyl
group, the dinucleoside boranophosphate 9 was synthesized on
the solid support. The resulting dinucleoside boranophosphate 9
was allowed to react with trityl reagent.*!> Since the H-phospho-
nate linkage was unstable under the deprotection conditions, 10
was oxidized to the dinucleoside phosphate by treatment with I,
in pyridine-H,0.' After deprotection, the dinucleoside phosphate
was cleaved from the solid support, and the product was analyzed
by RP-HPLC.

The HPLC analysis showed nearly quantitative formation of the
desired dinucleoside phosphate 11ct, and this fact indicated that
the treatment of TrBF, gave H-phosphonate 10ct (entry 1) in an
excellent yield. Next, we attempted to transform the dinucleoside
boranophosphates including other nucleobases to the correspond-
ing phosphates. On the basis of the HPLC analysis, the dithymidine
phosphate 11tt was synthesized in good yield under the same con-
ditions as those for the transformation of 9ct (entry 2). In the case
of the dinucleoside boranophosphate including 2’-deoxyadenosine

Table 2
Chain elongation cycle, deprotection, and transformation for manual solid-phase
synthesis

Step  Manipulation Reagents and solvents Time
Chain elongation
1 Detritylation 3% DCA in CH,Cl,-Et5SiH (1:1, v/v) 15s
2 Wash (i) CH,Cl, (ii) CH3CN
3 Drying 10 min
4 Condensation 6 (0.1 M), PyNTP (0.2 M) in DMAN/CH3CN 20 min
5 Wash (i) CH3CN, (ii) CH,Cl,
Repeat steps 1-5
6 Detritylation 3% DCA in CH,Cl,-Et5SiH (1:1, v/v) 15s
Deprotection and transformation
7 Capping Ac,0-2,6-lutidine (1:9, v/v), 30s
DMAP (10 mg/mL)
8 Decyanoethylation ~ 10% DBU in CH3CN 10 min
9 Deprotection MePPh; in 1,4-dioxane-H,0 (4:1, v/v) 1h
10 Transformation DMTrBF, (0.01 M) in CH,Cl, 10 min
11 Oxidation 2% 1, in pyridine-H,0 (98:2, v/v) 10 min
12 Cleavage Concd NH3 1h

9at, the N°-bis(2-azidomethyl)benzoyl-2’-deoxyadenosine deriva-
tive 6a was used as a monomer unit to suppress the depurination
by the TrBF,. However, the dinucleoside phosphate 11at was ob-
tained in lower yield (entry 3). The result could be attributed to
the strong Lewis acidity of the unsubstituted Tr cation, which
may cause depurination. Based on this consideration, DMTrBF,,
which is a weaker Lewis acid than TrBF,4, was used for the transfor-
mation of 9at. Accordingly, HPLC analysis showed that the yield of

A

£

o

[ =

w0

™

®

“iJM_.AJ«I_J—J

Q

< o
| B LR SR I I B
0 10 20 30 40 50 60 min

B

£

c

(=

©

3]

I

(2}

Kol

<A_.AA_J.JL
LN O . L A L TR O L T |
0 10 20 30 40 50 60 min

C

£

c

(=

(1=}

o™

q

[} . ’l

o

< ———r T T
0 10 20 30 40 50 60 min

Figure 2. Reverse-phase HPLC profiles of crude mixtures of d(CpCpT) (A and B), and
d(CpCpCpT), (C), transformed by 0.01 M DMTrBF, in CH,Cl; at rt, 10 min, (A), 0.01 M
DMT1BF, in CH,Cl, at 0 °C, 10 min (B and C).
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AcO—l o Cc

BH; (i), (i), (iii)

0.
EtoNH ¢ :P(o T OspX
3 0. o] O—l o T
12ct 13ct OH
Q-=craG (A)X=OMe :70%

(B)X = NCO 1 88%"2
2Estimated by RP-HPLC.

Scheme 6. Synthesis of methylphosphate DNA and phosphoromorpholidate DNA.
Reagents and conditions: (i) DMTrBF,/CH,Cl,, 0 °C, 10 min, (ii) A—10% MeOH/N-
methylimidazloe-Et3N-CCly (5:5:90, v/v/v), rt, 1 h; B—10% morpholine/CCly, rt, 1 h;
(iii) A—25 mM K,CO3/MeOH, rt, 5 h, B—concd NHjs, rt, 1 h.

11at was improved (entry 4). Furthermore, the unprotected dinu-
cleoside boranophosphate, which was more stable than the N-acyl-
ated 2’-deoxyadenosine derivatives under acidic conditions,!” was
used for the transformation reaction. After deprotection of the
nucleobases, the dimer was treated with DMTrBF,, and the dinu-
cleoside phosphate 11at was obtained in 87% yield (entry 5). The
dinucleoside boranophosphate including 2’-deoxyguanosine 9gt
was transformed in 83% yield under the same conditions as those
for the transformation of 9at (entry 6).

In the next stage, d(CpCpT) and d(CpCpCpT) were synthesized on
the solid support. The trinucleoside boranophosphate, d(CpgCpgT),
was synthesized by the repeated detritylation and the condensa-
tion on the solid support (Table 2). The base-unprotected borano-
phosphate trimer was converted to the H-phosphonate
intermediate by treatment with the DMTrBF, at room temperature,
and then it was oxidized to give d(CpCpT). The crude products were
analyzed by RP-HPLC (Fig. 2A). The HPLC profiles represented the
decomposition of the product in some degree. To decrease the deg-
radation, the transformation reaction was carried out at 0 °C (Fig.
2B). In this case, the desired trinucleoside phosphate was obtained
in excellent yield. The tetramer, d(CpCpCpT), was also synthesized
in good yield (Fig. 2C).

Then the method was applied to the solid-phase synthesis of
backbone-modified DNA analogs. The oxidation step (Table 2,
step 11) was replaced by the oxidative amination and oxidative

coupling (Scheme 6).'®'7 The treatment with methanol or
morpholine in CCl4 gave the methyl phosphate DNA and phosp-
horomorpholidate DNA in 70% and 88% yields, respectively
(Scheme 6).

In conclusion, we developed a novel protecting group, ABn
group, for the 0% of guanine which can be removed under mild
and neutral conditions. The ABn group was useful for the synthesis
of boranophosphate DNA as well as other DNA analogs. We also
established the synthesis of DNA and backbone-modified DNA ana-
logs by the boranophosphotriester method on the solid support.
The present method will be useful for the synthesis of various
backbone-modified oligodeoxyribonucleotide analogs via the H-
phosphonate intermediate. Solid-phase synthesis of longer oligo-
nucleotide analogs is now in progress.
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A series of 4-aryl-6-chloro-quinolin-2-ones and 5-aryl-7-chloro-1,4-benzodiazepine were synthesized
and assayed for their in vitro anti-hepatitis B virus activities and cytotoxicities for the first time. Some
of the tested compounds were active against HBsAg and HBeAg secretion in Hep G2.2.15 cells. Compound
5¢ showed ICsy of 0.074 and 0.449 mM on HBsAg and HBeAg secretions, respectively, which were 10
times higher than that of its analog 4c¢ and led to better selective index (SI) values (SI=23.2 and 3.4,

© 2008 Elsevier Ltd. All rights reserved.

Hepatitis B virus (HBV) infection is still a major health problem
around the world, particularly in Asia. Approximately 350 million
people are chronic carriers of HBV worldwide, even though effec-
tive vaccines have been available for the last 20 years.! Worldwide
deaths from liver cancer caused by HBV infection probably exceed
1 million per year.? Nowadays, at least two different treatment op-
tions, including interferon and nucleoside analogs such as lamivu-
dine, are considered as antiviral therapy for chronic hepatitis B
infection.> However, the side effects of interferon and the viral
resistance of nucleoside analogs make the current treatment regi-
mens far from satisfactory.?-® To circumvent the existing therapeu-
tic difficulties, novel compounds with unique modes of actions are
still urgently needed.

4-Aryl-quinoline-2-ones are inhibitors of acyl coenzyme A and
cholesterol acyltransferase and are potent openers of the high con-
ductance, calcium-activated K*-channels.” As a part of our contin-
uous search for active anti-HBV leads from natural sources and
synthetic compounds,2'° a rational screening suggested that 4-
aryl-6-chloro-quinolin-2-one (4a, Fig. 1) possessed moderate activ-
ity to inhibit the production of HBV surface antigen (HBsAg) in
HBV-infected Hep G2.2.15 cells with selective index (SI) value of
2.6 (ICso=0.458 mM). Considering the diversity of the structures
of non-nucleoside HBV inhibitors,'’!> we decided to investigate
the biological properties of 4-aryl-6-chloro-quinolin-2-ones and
their analogs as potential anti-HBV agents.

* Corresponding author. Tel./fax: +86 871 5223265.
E-mail address: chenjj@mail.kib.ac.cn (J.-J. Chen).

0960-894X/$ - see front matter © 2008 Elsevier Ltd. All rights reserved.
doi:10.1016/j.bmcl.2008.05.065

In this paper, we report the synthesis of several 4-aryl-6-chloro-
quinolin-2-ones and 5-aryl-7-chloro-1,4-benzodiazepines, which
were mainly modified at C-3 of 4a to 3-substituted-quinolin-2-
ones, and at ring A to ring expanded 5-aryl-7-chloro-1,4-benzodi-
azepines (Fig. 1). The synthesized compounds were evaluated for
their in vitro anti-HBV activities for the first time.

The synthetic route of two kinds of target compounds was sum-
marized in Scheme 1. 4-Aryl-6-chloro-quinolin-2-ones and 5-aryl-
7-chloro-1,4-benzodiazepines shared the same synthetic precursor
2-aminobenzophenones (3, Scheme 1). The synthesis of com-
pounds 3 by a variety of methods has been reviewed.!® Based on
the complex-induced proximity effect,’>the majority of com-
pounds 3 were prepared by the reaction of aryl esters with
ortho-lithiated Boc protected 3-chloro-aniline (2) via the formation

(J J

4 2
NG S cl R
A
N~ "O N~ O
H H
3-substituted-4-aryl-6-chloro-  5-aryl-7-chloro-1,4-
4a quinolin-2-one benzodiazepine

Figure 1. Structures of 4a, 3-substituted-quinolin-2-one, and 5-aryl-1,4-
benzodiazepine.
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10 11b: R'=2-F 11 12b: R1:2_F 12 9b: R' _2F
11c: R'=2-Cl 12¢: R' = 2-Cl 9c: R'=2-Cl

Scheme 1. Synthesis of target compounds. Reagents and conditions: (a) (Boc),0, DIEA, DCM; (b) —78 °C, 2.2 equiv tert-BulLi, then add R'-PhCOOMe at —40 °C and warm up to
0 °C, then 3 N HCl, EtOH, reflux, in three steps; (c) 0 °C, LIHMDS, EtOAc; (d) 0 °C, LIHMDS, y-valerolactone; (e) CICH,COCI, DIEA, toluene; (f) HMTA, NH40Ac, EtOH, reflux; (g)
I, K35,0 g, KOAc, AcOH, 70 °C; (h) m-CPBA, DCM,; (i) pyridine, reflux; (j) NH,NH,-H,0, EtOH, reflux; (k) pyridine, Ac,0, 70 °C.

of dianion species with tert-BuLi (2.2 equiv) followed by deprotec-
tion of Boc group (Scheme 1).'® A tandem amidation/Knoevengel
condensation of readily prepared compounds 3 with ethyl acetate
or y-valerolactone gave compounds 4 and 3-hydroxyl ethyl substi-
tuted compounds (5) in good yields, respectively.'”

As shown in Scheme 1, chloroacetylation of compounds 3 with
chloroacetyl chloride in the presence of N,N-diisopropylethylamine
(DIEA) in dichloromethane (DCM) gave the corresponding N-(chlo-
roacetyl)-2-aminobenzophenone derivatives (6). Due to our inter-
est to examine whether the ring expanded 1,4-benzodiazepine
could have an effect on potential anti-HBV activities, compounds
7 were afforded by the reaction of intermediates 6 with hexameth-
ylenetetramine (HMTA) in EtOH in the presence of NH4OAc. In
addition, compounds 7 were further transferred to compounds 8
as racemates and compounds 9 by acetoxylation reaction of 3-po-
sition of 1,4-benzodiazepine ring'® and epoxidation of the C=N
double bond,® respectively.

Upon heating a solution of compounds 6 in anhydrous pyridine
at reflux for 30 min, the initially formed o-pyridinium salt under-
went cyclodehydration to afford intermediates 10, which were fur-
ther hydrolyzed with hydrazine hydrate in ethanol at reflux for 2 h
to provide the desired compounds 11. The acetamide derivatives
(12) of 11 were further prepared by a protocol using excess Ac,0
in pyridine at 70 °C.

Target compounds 4-5, 7-9, and 11-12 were evaluated for their
cytotoxicities and anti-HBV activities, namely the ability to inhibit
the secretion of HBsAg and HBV e antigen (HBeAg) in HBV-infected
Hep G2.2.15 cells using lamivudine (3TC) as a positive control.

Although some of the synthesized compounds were already
known or published to have other biological activities before,2°"
30 14 of them exhibited inhibitory effect on the secretion of HBsAg
(SI>1), and five compounds possessed inhibitory effect on the
secretion of HBeAg (Table 1). 4-Aryl-6-chloro-quinolin-2-ones
derivatives 4a-c showed lower cell cytotoxicities, and their ICsq

Table 1
Anti-HBV activity, cytotoxicity, and selectivity index of compounds 4-5, 7-9, and 11-
12°

Compound CCso” (mM) HBsAg® HBeAg!

ICs50° (mM) SIf ICso (mM) SI
4a'’ 1.25 0.485 2.6 >4.14 <1
4b >5.46 2.84 >1.9 222 >2.4
4c 6.00 0.752 8.0 >6.00 <1
5220 >4.91 0.300 >16 0.950 >5.2
5b >2.99 0.187 >16 0.545 >5.5
5¢ 1.72 0.074 23 0.449 3.4
7a 0.221 0.255 <1 0.835 <1
7b 0.183 0.294 <1 5.36 <1
7c 0.076 0.076 <1 4,08 <1
8a'® 0.678 0.292 23 >4.26 <1
8b 0.344 0.160 22 1.22 <1
8c 0.154 0.167 <1 1.94 <1
922122 0.946 0.728 13 >3.28 <1
9b?* 0.346 0.195 1.8 >3.26 <1
9c 0.302 0.355 <1 4.49 <1
Mifazeess 0.399 0.067 6.0 >3.99 <1
11b?7 0.767 0.056 14 >3.61 <1
11c* 0.341 0.341 1.0 >5.47 <1
12283 0.239 0.208 1.1 1.87 <1
12b 0.044 0.141 <1 0.079 <1
12¢ 0.208 0.129 1.6 0.080 26
3TCE 30.0 11.7 2.6 25.9 1.2

¢ All values are the mean of two independent experiments.

b CCso: 50% cytotoxic concentration.

¢ HBsAg: HBV surface antigen.

4 HBeAg: HBV e antigen.

€ IC: 50% effective concentration.

f SI (selective index) = CCsq/ICso.

¢ 3TC: lamivudine, an antiviral agent used as positive control.

values on inhibition of HBsAg secretion were 0.485, 2.863, and
0.752 mM, respectively (SI = 2.6, >1.9, 8.0). In addition, compound
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4b showed inhibitory activity on HBeAg secretion with an SI value
of >2.4 (IC50 = 2.22 mM). Compounds 5a-c, derived from hydroxyl
ethyl introduction to C-3 of compounds 4, exhibited increased sup-
pressant properties of the secretion of HBsAg and HBeAg. Espe-
cially, compound 5c showed ICso of 0.074 and 0.449 mM on
HBsAg and HBeAg secretion, respectively, which were 10 times
lower than its analog 4¢ and led to greatly increased SI values
(Slupsag = 23, Slupeag = 3.4). It was worth noting that compounds
5a-c all possessed relative low cell cytotoxicities and good SI
values on inhibitory effect of HBeAg secretion.

Compared with the quinolin-2-one derivatives, 1,4-benzodiaze-
pines 7-9 showed increased cell cytotoxicities with slightly chan-
ged activities of inhibition on HBsAg secretion and reduced
suppressant properties on the secretion of HBeAg. Thus, their
anti-HBV SI values were suboptimal and only compounds 8a-b
and 9a-b exhibited Slygsag values of 2.3, 2.2, 1.3, and 1.8. Com-
pounds 7-9 were all inactive to inhibit HBeAg secretion. Interest-
ingly, according to Helena and colleagues’ research, the 3-amino
substituted 1,4-benzodiazepines, analogs of compounds 8, were
identified as anti-hepatitis C infection agents.>!

The introduction of amino group to C-3 of compounds 4 in-
creased both cytotoxicities and activities on inhibition of HBsAg
secretion (compound 11a vs 4a, 11b vs 4b, 11c vs 4c). The Slypsag
values of compounds 11a and 11b were 6.0 and 13.6, respectively
(ICsp=0.067 and 0.056 mM). However, compounds 11 lost the
properties to inhibit HBeAg secretion compared with compounds
5. N-acetylation of compounds 11a-c gave derivatives 12a-c. Com-
pounds 12b (ICso = 0.079 mM) and 12c¢ (ICs¢ = 0.080 mM) were the
most active analogs to inhibit the secretion of HBeAg. However,
these two compounds were more toxic in Hep G2.2.15 cells, and
only compound 12b showed an Slygeag value of 2.6.

In summary, a series of 4-aryl-6-chloro-quinolin-2-ones and
5-aryl-7-chloro-1,4-benzodiazepines were synthesized and
examined for their in vitro anti-HBV activities and cytotoxicities
and several tested compounds were active against HBV in Hep
G2.2.15 cells. Based on the above structure and activity
relationship results, the following conclusion can be drawn: (i)
4-aryl-6-chloro-quinolin-2-ones exhibited better SI values
compared with benzodiazepines. (ii) For compounds 5a-c, a
hydroxyl ethyl group introduced to C-3 of 4-aryl-6-chloro-quin-
olin-2-ones increased the properties of inhibition of both HBsAg
and HBeAg secretion, and this kind of analogs showed low
cytotoxicities. (iii) As to compounds 11a-c, an amino group intro-
duced to C-3 of 4-aryl-6-chloro-quinolin-2-ones led to increased
cytotoxicities and activities on inhibition of HBsAg secretion. But
these compounds were inactive to inhibit the production of HBeAg.
(iv) The anti-HBV SI values of ring expanded benzodiazepines were
suboptimal because of the increased cytotoxicities. Moreover, as
the first report on 4-aryl-6-chloro-quinolin-2-ones and 5-aryl-7-
chloro-1,4-benzodiazepines serving as anti-HBV agents, these re-
sults provided a lead (compounds 5) in the research and develop-
ment of new non-nucleoside anti-HBV medicine.
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A series of isaindigotone derivatives 5a-d and 6a-d were designed, synthesized and evaluated as acetyl-
cholinesterase and butyrylcholinesterase inhibitors. Results showed that the novel class of isaindigotone
derivatives could inhibit both cholinesterases and the selectivity of AChE over BuChE inhibition was
related to the aromatic, the species and length of the alkyl amino side chain of compounds. The struc-
ture-activity relationships were discussed and their multiple binding modes were further clarified in
the molecular docking studies.

© 2008 Elsevier Ltd. All rights reserved.

Alzheimer’s disease (AD) is a progressive and degenerative neu-
rological disorder characterized by loss of cognition and memory.
Observation of a deficiency in cholinergic neurotransmission in
AD led to the statement of cholinergic hypothesis.! Based on the
cholinergic hypothesis, the mainstays of current pharmacotherapy
are drugs aimed at increasing the levels of acetylcholine (ACh)
through inhibition of the cholinesterases (ChEs).

Two types of ChE enzyme are found in the central nervous sys-
tem - acetylcholinesterase (AChE) and butyrylcholinesterase
(BuChE). Both enzymes are able to hydrolyse acetylcholine (ACh),
but AChE has a 10'3-fold higher hydrolytic ACh activity than BuChE
at the same temperature and pH.? In the normal brain, AChE pre-
dominates over BuChE activity.> Moreover, it is reported that AChE
could play a key role in accelerating senile B-amyloid peptide (AB)
plaque deposition which appears to be toxic to neurons.* There-
fore, five FDA-approved drugs are used for treatment of AD, four
of which are acetylcholinesterase inhibitors.

However, some evidences suggest that inhibition of brain
BuChE may represent an important therapeutic target for AD. It
is reported that the BuChE has a key role that can partly compen-
sate for the action of AChE.> Meanwhile, it is noteworthy that AChE
activity decreases progressively in certain brain regions from mild
to severe stages of AD to reach 10-15% of normal values, whereas
BuChE levels are unchanged or even rise with disease progression.®
The ratio of BuChE to AChE changes dramatically in cortical regions
affected by AD from 0.2 up to as much as 11.2 Furthermore, BuChE

* Corresponding author. Tel.: +86 20 39332679; fax: +86 20 39332678.
E-mail address: ceshzs@mail.sysu.edu.cn (Z.-S. Huang).
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may also have a role in the aggregation of Ap besides the AChE.”
Therefore, a good balance between AChE and BuChE inhibition pro-
files may result in higher effect, reflected by the fact that drug riv-
astigmine, which inhibits both enzymes, represents improvement
of cognition, activities of daily living and global function in mild
to moderate AD patients.?

The design of AChE and BuChE inhibitors is required to clarify
the structural characteristics and functions of the enzymes. X-ray
crystallography of the AChE/inhibitor complexes indicated that
the active site of AChE, containing a catalytic triad and a binding
site of the quaternary amino group at the bottom of a deep narrow
gorge. Furthermore, an aromatic midgorge recognition site and a
peripheral anionic site (PAS) at the lip of the gorge were also dis-
covered. AChE and BuChE share 65% amino acid sequence homol-
ogy at the molecular level. Structure of BuChE was similar to that
of AChE with the active site, a midgorge interaction site and
PAS.8-1° Most differences between BuChE and AChE were confined
to the acyl-binding pocket, where amino acid residues Phe288 and
Phe290 in AChE were replaced by Leu286 and Val288 of BuChE.°
These changes made it possible for the binding of the bulkier buty-
rate substrate moiety in BuChE. On the other hand, three aromatic
residues of the AChE PAS are missing in the PAS of BuChE.® Result-
ing in the PAS of BuChE had weaker affinity than AChE for typical
PAS ligands and mediates substrate activation. Based on these
observations, multiple binding with the active site, midgorge rec-
ognition site and the PAS had been considered as an important rule
in designing powerful and selective ChE inhibitors, such as the typ-
ical AChE inhibitor E2020 (donepezil, Fig. 1a).!!

In the search of nature products as ChE inhibitors, we found the
alkaloid isaindigotone (Fig. 1b) was a good leading compound for
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Figure 1. Chemical structure of E2020 (a), isaindigotone (b), deoxyvasicinone (c)
and tacrine (d).

chemical modification. Isaindigotone was isolated from the root of
Isatis indigotica Fort, which is a biennial herbaceous plant widely
present in China.'? Its chemical structure consisted of the deoxyva-
sicinone (Fig. 1c) moiety conjugated with a substituted benzyli-
dene. Chemical structure of deoxyvasicinone showed some
resemblance to the classical AD drug - tacrine (Fig. 1d) and exhib-
ited a selective inhibitory activity towards BuChE with ICsq of
25.1 uM against 82.5 uM for AChE.!® Further investigations of its
analogues also showed a wide range of ChE inhibition and selectiv-
ity to the BuChE and have potential of n—r stacking with PAS.'3>14
Moreover, we speculated that the benzylidene moiety in isaindigo-
tone was capable of n—r stacking with the aromatic residue of ChE
at midgorge site.

In view of the above structural characteristics of enzymes and
isaindigotone, a series of isaindigotone derivatives were designed
and synthesized as AChE and BuChE inhibitors by introduction of
terminal amine side chains. These side chains might be protonated
at physiological pH, thus they could occupy the anionic binding
site of quaternary amino group via cation-r interaction, and fur-
ther promote the multiple binding interactions of deoxyvasicinone
with PAS and benzylidene moieties with midgorge recognition site
for both enzymes. As a result, controlling the steric and aromatic
properties of the derivatives via changing the species and length
of the amine side chain or reducing the ethylene in the conjugated
system was important. The aim was to investigate whether these
modifications would influence the AChE and BuChE inhibitions or
the balance between them. Finally, several compounds were cho-
sen for the further molecular docking studies.

oo it SR
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1
]
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+
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4a n=2 X=Br; 4b n=3 X=Cl 6a-d

The synthetic steps of the target compounds were shown in Fig-
ure 2. Deoxyvasicinone 1 was prepared by the condensation of 2-
pyrrolidone and methyl anthranilate in the presence of phospho-
rous oxychloride. Treatment of 1 with 4-hydroxybenzaldehyde
gave compound 2 by the Claisen-Schmidt condensation.!® Com-
pound 2 was assigned as E configuration on the basis of the Nuclear
Overhauser Enhancement Spectroscopy (NOESY). On irradiation of
the proton H-7', only enhancement of the equivalent protons H-6'
and H-2’ was observed. Moreover, on irradiation of the equivalent
protons H-6' and H-2/, signal of protons H-7' and H-2 was en-
hanced, respectively. Reaction of 2 with 1,2-dibromoethane or 1-
bromo-3-chloropropane led to compounds 3a-b and further
reduction of 3a-b in Hy/Pd gave compounds 4a-b. The target com-
pounds 5a-d and 6a-d were then prepared by substitution of 3a-b
and 4a-b with appropriate secondary amines.

The ICsq values for AChE and BuChE inhibitions are summarized
in Table 1. Due to the poor solubility, isaindigotone, compounds 2
3a-b and 4a-b were not measured. Generally, most of the syn-
thetic compounds showed inhibition selectivity for AChE over
BuChE. Higher inhibitory effects on AChE and BuChE were found
in compounds 5a-d with native chromophore than 6a-d with
the hydrogenation of a double bond. Compound 5¢, the most po-
tent for AChE inhibition, presented an ICsq value of 0.16 uM, while
5d, the most potent for BuChE, presented an ICsq value of 1.66 pM.
Moreover, higher inhibitory potency was found to be associated
with piperidine at the end of side chain, while diethylamine deriv-
atives showed less potency. In addition, elongation of side chain
significantly decreased AChE inhibition but increased the inhibi-
tory potency of BuChE. On the other hand, control of the aromatic
and steric properties via, respectively, reducing the ethylene in the
conjugated system and changing the space and length of side chain
could modulate the balance between AChE and BuChE inhibition.

First, inhibitory activity of AChE was more susceptible to the
reduction of 3, 7 carbon-carbon double bond. Compound 6d led
to a 7.8 time drop of AChE inhibition and presented an ICsq value
of 5.58 uM compared with the ICso value of 0.72 uM of 5d. Never-
theless, its BuChE inhibition was less influenced with about a 3.4
time drop and presented an ICsqy value of 5.72 uM compared with
the ICso value of 1.66 uM of 5d. Similar correlation was also found
in compounds 5c¢ and 6¢. These observations were in accordance
with the multiple binding interactions of deoxyvasicinone and
benzylidene moieties with PAS and aromatic residue at the mid-
gorge. Reduction of the double bond in benzylidene moiety demol-
ished the consecutive aromaticity of the chromophore, hence
weakening the n—r interaction with the aromatic residues of the
enzyme. As a result, weaker inhibitory effects on AChE and BuChE
were found in compounds 6a-d. Moreover, it was reported that

(0]
N
N/ \ O‘H’R
5a-d

d

(0]
N

R = -N(CH20H3)2 or -N(CH2CH2)2CH2

Figure 2. Synthesis of derivatives. Reagents and conditions: (a) POCl3, CH,Cl,, 40 °C; (b) 4-hydroxybenzaldehyde, Ac,0, reflux; (c) 1,2-dibromoethane or 1-bromo-3-
chloropropane, K,COs, acetone, reflux; (d) H,, Pd/C, methanol, rt; (e) secondary amine, KI, KCO3, MeCN, reflux.
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Table 1
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In vitro inhibition ICso (uM) and selectivity of compounds 5a-d, 6a-d and tacrine on AChE and BuChE

Compound R n AChE? BuChE” Selectivity for AChE®
5a -N(CH,CHs), 2 0.48 £0.01 12.67 £0.14 26.4

5b 3 2.41+0.21 7.12 £0.08 3.0

5¢ ~N(CH,CH,),CH, 2 0.16 +0.02 2.99+0.11 18.7

5d 3 0.72 £ 0.06 1.66 £0.14 23

6a -N(CH>CHs), 2 1.62 £0.22 >20¢ >12¢

6b 3 8.95 +0.30 >209 >2d

6¢ -N(CH,CH;),CH, 2 0.75 £ 0.04 8.29+0.28 11.1

6d 3 5.58 £0.35 5.72£0.26 1.0

Tacrine 0.10 + 0.002 0.010 +0.001 0.1

2 50% inhibitory concentration (means + SEM of three experiments) of AChE from electric eel.
b 50% inhibitory concentration (means + SEM of three experiments) of BuChE from equine serum.

¢ Selectivity for AChE = ICso (BuChE)/ICso (AChE).

4 Precipitation of compounds 6a and 6b was observed at the concentration of 20 uM.

Gly283

A "
qu
v

Figure 3. Docking models of compound-enzyme complex: (a) 5¢-AChE complex;
(b) 5¢-BuChE complex.

several aromatic residues of the AChE PAS were missing in the PAS
of BuChE, thereby the BuChE inhibition was weakly influenced and
the selectivity of BuChE was improved. Second, BuChE possessed a
larger void at the active site gorge, either changing the size or
length of the side chain that a might result in an improved selectiv-
ity towards BuChE. As the result, derivative with longer side chain
(n=3) exhibited stronger BuChE inhibition and diminished the
affinity with AChE. Compound 6d, the bulkiest in our derivatives,
virtually showed the best BuChE selectivity.

Further investigations of molecular docking were also related
with the above discussion. Docking studies were carried out using
the AUTODOCK 4.0 package!®!” and visualized in Figure 3 using
PyMOL program.'® All of the compounds exhibited multiple bind-
ing modes with both enzymes. In the 5¢/TcAChE (PDB code:1EVE)
complex, 70% of the results showed that compound 5c¢ interacted
principally along the gorge of AChE through its major functional
groups (Fig. 3a). Near the bottom of the gorge, the charged nitrogen
of piperidine made a cation-r interaction with the Trp84 and the
distance was 4.3 A. At the midgorge recognition site, the benzyli-
dene moiety displayed classic n-r stacking with the phenyl ring
of Phe331, with the ring-to-ring distance being 3.5 A. At the PAS,
the deoxyvasicinone group stacked against the Trp279 through
n-n interaction with the distance of 3.7 A. Similar interactions
were found in 5c¢ in complex with HuBuChE (PDB code: 1POI), a
cation—-rn interaction with the Trp82 and a n-n stack interaction
with Tyr332 by the distances of 4.1 and 3.6 A, respectively (Fig.
3b). However, the deoxyvasicinone group could not make close
contact with the key residue Phe278 at the PAS but showed 3.2 A
contact to the Pro285 (60% of the results). As a result, the deoxyva-
sicinone group was free in the gorge and higher inhibitory effects
towards AChE than BuChE were found in our compounds. Mean-

while, kinetic analysis showed that our compounds caused a mixed
type of inhibition in agreement with the docking studies (data
shown in Supplementary data).

In conclusion, a novel class of isaindigotone derivatives were
designed and synthesized as AChE and BuChE inhibitors. The tar-
geting compounds might show multiple binding with the active
site, midgorge recognition site and the PAS of the enzymes. How-
ever, their inhibitory activities were weaker than tacrine. In fact,
to design a good ChE inhibitor with multiple binding modes, moi-
eties of molecule should be well ordered to adopt the suitable con-
formation in contact with three binding sites synchronously.
Structure-activity relationships of investigated compounds exhib-
ited that the length of side chain was an important factor for the
inhibitory activity. It might simultaneously influence the interac-
tion of benzylidene moiety and deoxyvasicinone group with their
binding sites. Combined with the results from the docking studies,
side chains of designed ligands might be still longing for their pref-
erable multiple binding interactions with AChE but too short with
BuChE, and accordingly led the weak multiple binding affinity. Po-
sition of side chain should also be considered. Further investigation
of isaindigotone derivatives with diverse amino side chains at-
tached on different position to increase the inhibition of both en-
zymes and designing selective BuChE inhibitors are in progress.
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A novel cys-annexin A5 with a single cysteine-residue at its concave side has been developed by site-
directed mutagenesis to allow conjugation through thiol-chemistry without affecting its apoptotic cell
binding properties and was derivatized with HYNIC in a 1:1 stoichiometry. Similar to that of the 1st gen-
eration *°™Tc-HYNIC-annexin A5, the novel ®*™Tc-HYNIC-cys-annexin A5 derivative shows in normal
mice mainly renal and, to a lesser extent, hepatobiliary excretion. In murine models of hepatic apoptosis
there was 257% increase in hepatic uptake of **™Tc-HYNIC-cys-annexin A5 as compared to normal mice.
Using the novel tracer agent, acute reperfused myocardial infarction in rabbits was unequivocally delin-
eated at 7 h post-injection by pSPECT. The results indicate that the novel **™Tc-HYNIC-cys-annexin A5
shows similar apoptosis avidity as the 1st generation **™Tc-HYNIC-annexin A5.

© 2008 Elsevier Ltd. All rights reserved.

Cell death occurs mainly by both necrosis and apoptosis or pro-
grammed cell death.!? Apoptosis is initiated by several physiolog-
ical stimuli involving the activation of caspases which orchestrate
a well-structured cell death program and removal of the death
cells.”® Apoptosis is a fundamental component of tissue develop-
ment and differentiation and it also plays a significant role in a
great variety of diseases. For example, during mammalian develop-
ment the Miillerian duct is not needed in males, so is deleted, but it
develops to the uterus in females. On the other hand, whereas
excessive apoptosis is observed in diseases such as stroke, acute
myocardial infarction (AMI) and progressive heart failure, insuffi-
cient apoptosis often occurs in tumor growth.*-® Imaging is there-
fore pivotal to the evaluation of these pathologies as well as
assessment of response to therapeutic interventions.

Externalization of negatively charged membrane phospholipid
phosphatidylserine (PS) is a major hallmark of cells undergoing
apoptosis and is the sine qua non of molecular imaging of apopto-
sis with radiolabeled or fluorescent annexin.”~® Annexin A5 is a hu-
man protein of 36 kDa that binds specifically and with nanomolar
affinity (K;=7 nM) to externalized PS in a calcium-dependent
manner.®'° Several annexin A5 conjugates tagged with fluoro-
phores and bifunctional chelators (BFC) have been shown to retain
the affinity of native annexin A5 for PS.!! One of the most widely

* Corresponding author. Tel.: +32 16 33 04 46; fax: +32 16 33 04 49.
E-mail address: alfons.verbruggen@pharm.kuleuven.be (A. Verbruggen).

0960-894X/$ - see front matter © 2008 Elsevier Ltd. All rights reserved.
doi:10.1016/j.bmcl.2008.05.044

used derivatives has been the hydrazinonicotinamide-annexin A5
conjugate (HYNIC-annexin A5, Fig. 1A) labeled with technetium-
99m for imaging apoptosis by single-photon emission-computed
tomography (SPECT). Conjugation of HYNIC to annexin for labeling
with technetium-99m is usually done by targeting an amino group
of one of the 21 lysine residues using N-succinimidyl HYNIC (NSu-
cHYNIC), but this method is rather non-specific as any of the -NH,
groups could be targeted. At the university of Maastricht, an an-
nexin conjugate has been developed recently that permits conjuga-
tion of the HYNIC binding group in a more specific manner to the
protein by incorporating a cysteine residue into annexin A5 by

A . N
Annexin A5S—NH —

NH—NH,
s \_/

B

Annexin A5—(cys —S8)

—N
N\ /

NH—NH,

o/

Figure 1. Structure of 1st generation HYNIC-annexin A5 (A) and novel site specific
HYNIC-cys-annexin A5 (B).
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site-specific mutagenesis. Using thiol chemistry, the resulting
cys-annexin A5 was then conjugated in a Diels-Alder reaction with
5-maleimido-2-hydraziniumpyridine hydrochloride (maleimide-
HYNIC) to yield HYNIC-cys-annexin A5.

We herein report the labeling and preliminary in vivo evalu-
ation of the novel site-specific %™Tc-labeled HYNIC-cys-annexin
A5 (Fig. 1B) in normal mice and in two animal models of apop-
tosis, namely mice with hepatic apoptosis induced by anti-Fas
monoclonal antibody (anti-Fas mAb) and in rabbits with reper-
fused AMI. In mice tracer uptake was studied by ex vivo biodis-
tribution experiments and the results were compared to those of
the 1st-generation %°™Tc-HYNIC-annexin A5. In a rabbit model
of reperfused AMI, tracer uptake was studied by uSPECT in cor-
relation with regions of perfusion defect as assessed by positron
emission tomography (uPET) using ['>N]NH; as perfusion imag-
ing agent. Apoptosis was confirmed in situ on liver slices using
the terminal deoxynucleotidyl transferase (TdT) dUTP nick end-
labeling (TUNEL) assay.'?

Annexin A5 was furnished with a single cysteine-residue at its
concave side by site-directed mutagenesis to obtain cys-annexin
A5 that allows conjugation through thiol-chemistry without affect-
ing its apoptotic cell binding properties (submitted for publica-
tion). Cys-annexin A5 was derivatized with maleimide-HYNIC
(Abgent, San Diego, CA, USA) to yield HYNIC-cys-annexin A5 with
a 1:1 stoichiometry (detailed procedure to be published else-
where). Specificity of conjugation to the thiol-functional group of
the cysteine-residue was confirmed in a separate experiment by
blocking the thiol-functional group of cys-annexin A5 with iodoa-
cetamide and then reacting the derivative with maleimide-HYNIC
under the same conditions as the derivatization of the cys-annexin
A5 with maleimide-HYNIC. A labeling yield (labeling procedure de-
scribed in detail below) of 3% and >90% was obtained for acetam-
ide-cys-annexin A5 and HYNIC-cys-annexin A5 derivatives,
respectively; implying maleimide-HYNIC was specifically conju-
gated via the thiol-function of the cysteine residue. Labeling with
technetium-99m was performed by a slight modification of a pre-
viously described procedure.!® Briefly, in a sealed 10-mL nitrogen
flushed labeling vial were consecutively added: 16 pL citrate buffer
(20 mM, pH 5.2) and 0.7-1.0 GBq of %°™TcO,~ in 0.5 mL saline,
15 pL tricine solution (30 mg/mL in water), 12 uL SnCl, solution
(10 mg SnCl,-2H,0 in 10 mL of 0.05 M HCI) and 50-60 ng of HY-
NIC-cys-annexin A5 (in phosphate-buffered saline, PBS, pH 7.4)
and the mixture was incubated at room temperature for 30 min.
The reaction mixture was then purified by size exclusion liquid
chromatography using a Phenomenex BioSEP SEC S3000
(300 mm x 780 mm) column (Pharmacia Biotech, Uppsala,
Sweden) eluted with 0.05 M PBS at a flow rate of 1 mL/min. The
purified tracer was used as such for animal studies. The 1st-gener-
ation HYNIC-annexin A5 was also labeled and purified following
the same procedure. Figure 2 shows an HPLC chromatogram of
the labeling mixture (retention time of ™Tc-HYNIC-cys-annexin

cps

|

0o 10 20

30 min
Figure 2. HPLC chromatogram of reaction mixture after labeling of HYNIC-cys-
annexin A5 with 9°™Tc.

A5, tg=11.4 min). A labeling yield >90% was obtained with the
above conditions. However, the presence of two radiochemical
impurities eluting after radiolabeled annexin, i.e., ®™Tc-tricine-cit-
rate (tg = 12.5 min) and [**™Tc|pertechnetate (tg = 21.5 min, Fig. 2)
could not be avoided under different labeling conditions. Similar
labeling yields were obtained for the 1st-generation ®°™Tc-HY-
NIC-annexin A5. The plausible structures of technetium-99m-la-
beled HYNIC-annexin A5 conjugates (with different co-ligands)
remain to be determined, even though this has been determined
for other technetium-99m-labeled HYNIC-derivatized peptides,'*
the exact co-ordination might be different for **™Tc-HYNIC-cys-
annexin A5.

All animals received care in compliance with the principles of
laboratory welfare formulated by the institutional ethical commit-
tee. Statistical significance was tested by unpaired t-test using
GraphPad software (GraphPad, San Diego, CA, USA). P < 0.05 was
considered statistically significant. The mice were anesthetized
with isoflurane (2%) in oxygen at a flow rate of 1 L/min prior to
injections. Ex vivo biodistribution studies were performed in nor-
mal NMRI mice after a tail vein injection of 300 kBq of purified
99mTc_HYNIC-cys-annexin A5 or %°™Tc-HYNIC-annexin A5, and
the animals were sacrificed at 10 min, 60 min or 4 h post injection
(pi, n = 4 mice per time point). The organs were weighed and radio-
activity was counted in an automated Nal(Tl) gamma counter
(Wallac Wizard, Turku, Finland) and expressed as percentage of in-
jected dose (%ID)/organ and %ID/g of organ.

Table 1 shows the biodistribution results in normal mice of no-
vel %°MTc-HYNIC-cys-annexin A5 and 1st-generation °°™Tc-HY-
NIC-annexin A5 at 10 and 60 min pi, expressed as %ID/g. The
novel tracer agent **™Tc-HYNIC-cys-annexin A5 shows a generally
similar biodistribution pattern as the 1st-generation >*™Tc-HYNIC-
annexin V conjugate, even though some differences can be ob-
served. Kidney uptake was significantly different for both tracer
agents at 10 min (P=0.009) but was the same at 60 min
(P=0.084) pi. A similar significant difference was also seen in the
liver uptake at 10 min (P < 0.0001) and 60 min (P < 0.001). Tait et
al. also showed some striking differences in the biodistribution of
different technetium-99m-labeled annexin derivatives and con-
cluded that the protein aggregation (probably resulting from dif-
ferent preparation procedures) and metabolism could account for
the significant difference.'® A real conclusion can only be made
after more extensive in vivo characterization. High renal cortical
uptake of °™Tc-HYNIC-cys-annexin A5 (images not shown) has
been suggested to be the result of the unique phospholipid compo-
sition of the cortex (high levels of PS) compared to papillary
regions.!'®

In vivo specificity for apoptotic tissue was investigated in mice
with hepatic apoptosis induced by treatment with anti-Fas
mAD.>!7 Fas receptors are abundant in hepatocytes and binding
of the Fas ligand to these receptors induces apoptosis mediated
by initiator and effector caspases. Ogasawara et al.” were the first

Table 1

Biodistribution of novel ‘site-specific’ ®™Tc-HYNIC-cys-annexin A5 and 1st genera-
tion ®*™Tc-HYNIC-annexin-V in normal NMRI mice (n = 4 per time point) expressed
as % of injected dose per gram of organ (%ID/g)

Organ 99mTc_HYNIC-cys- 99mTc_HYNIC-annexin
annexin A5 (%ID/g) V (%ID/g)
10 min 60 min 10 min 60 min
Kidneys 39.1+6.9 59.2 +7.8 56.9 £ 6.3 72.5+83
Liver 113105 10.8+1.0 7.1+£05 53+0.7
Spleen + Pancreas 75+1.0 83+1.0 6.6+4.3 3.6+£0.5
Lungs 16.0+£2.2 9.9+1.1 20.5+4.0 25.0+3.0
Heart 31+1.0 2.0+0.1 3.1+05 1.6 £ 0.1
Blood 69+1.1 29+0.2 87+13 3.1+£0.5
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Figure 3. (A) Biodistribution of ®™Tc-HYNIC-cys-annexin A5 and (B) 1st-genera-
tion °™Tc-HYNIC-annexin A5 (only major excretory organs are shown) in mice
pre-treated with anti-Fas mAb (n = 3) compared to control (n = 4) (expressed as %
injected dose, ID) at 1 h post injection. Hepatic uptake is significantly increased in
apoptotic liver compared to health controls (P << 0.05) with a corresponding dec-
rease in renal uptake of tracer, indicated specificity for apoptosis.

to demonstrate the lethal effect of interaction of anti-Fas mAb with
its receptor. In this system only apoptotic cell death is induced.
Mice (NMRI mice, body weight 25-40 g) were injected via a tail
vein with purified hamster anti-Fas mAb (7-10 pg of anti-Fas
mAb per mouse, Jo2, BD Pharmingen, Erembodegem, Belgium).

Untreated mouse I‘iver

" Mouse treated with antiFas mAb

Two hours later, pre-treated mice were injected via a tail vein with
either 300 kBq of purified ®™Tc-HYNIC-cys-annexin A5 (n >3 per
time point) or **™Tc-HYNIC-annexin A5 (n >3 per time point) and
the mice were sacrificed by decapitation under anesthesia at 1 h or
4 h pi. Figure 3 shows a comparison of uptake in major organs of
pre-treated and control (without anti-Fas mAb pre-treatment)
mice after injection of ®*™Tc-HYNIC-cys-annexin A5 (Fig. 3A) or
99mTc_HYNIC-annexin A5 (Fig. 3B) at 1h pi. Liver uptake of
99mTc_HYNIC-cys-annexin A5 was 43.1 (+ 4.7) and 19.0 (¥ 0.9)%
ID in the anti-Fas mAb pre-treated and control groups, respec-
tively, at 1 h pi (P=0.0003). At 4 h pi there was 38.6 (+ 17.8) and
10.8 (£1.4) %ID in the pretreated and controls groups, respectively
(P=0.02). Also kidney uptake was lower at 1 h (26.6 (+5.2) %ID in
anti-Fas mAb treated as compared to 33.5 (x1.2) %ID in control
mice) and at 4 h pi (18.8 (£13.8) %ID in anti-Fas mAb-treated com-
pared to 30.7 (£1.8) %ID in control mice). Using this model of hepa-
tic apoptosis we found a 119% and 257% increase in °*™Tc-HYNIC-
cys-annexin A5 uptake in pre-treated NMRI mice at 1 and 4 h pi,
respectively. A similar high liver uptake of **™Tc-HYNIC-annexin
A5 was observed in mice pre-treated with anti-Fas mAb compared
to control (Fig. 3B). Tracer uptake in apoptotic liver was confirmed
ex vivo by autoradiography (Cyclone Storage Phosphor System,
Perkin-Elmer, Downers Grove, IL, USA) (Fig. 4A, control and apop-
totic liver sections). Mean apoptotic liver to normal liver tracer up-
take was 3 for both tracer agents by autoradiography. Uptake of
99mTc_HYNIC-cys-annexin A5 in hepatic apoptosis was similar to
that of 9™Tc-HYNIC-annexin A5 and the results parallel those of
Blankenberg et al.° who also demonstrated the usefulness of
99mTc_HYNIC-annexin A5 for in vivo detection of Fas-mediated he-
patic apoptosis in mice.

Apoptosis was also demonstrated in situ on 5-um liver slices by
a TUNEL assay using the ApopTag® peroxidase kit (Chemicon Inter-
national, Temecula, CA, USA) according to the manufacturer’s
instructions. After the TUNEL assay, the sections were counter-
stained by immersing the slides in hematoxylin solution prior to
light microscopy. Anti-Fas mAb injection led to extensive morpho-

°8

Figure 4. (A) Autoradiograms of liver of control (1st column) and anti-Fas treated mice (2nd column) after injection of *™Tc-HYNIC-cys-annexin A5. (B) Photomicrographs of
corresponding 5-pum liver section after TUNEL staining of control (1st column) and anti-Fas-treated mice (2nd column) 3 h after antibody treatment. TUNEL-positive nuclei
(brown nuclei, indicated by arrows, diaminobenzidine (DAB) was used as chromogen with hematoxylin counter stained) are diffused in treated but not in control mice and

indicate apoptosis.
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[NINH, zPET

PoTe-HYNIC-cys-annexin A5 uSPECT

Figure 5. In vivo ['>N]NH; pPET (upper row) and ®*™Tc-HYNIC-cys-annexin A5 pSPECT (lower row) images at 7 h pi. Sets of short and long axes images are shown. Note the
perfect match between the perfusion defect area (arrows) on pPET and area of high uptake (arrows) on uSPECT.

logical changes in the liver characterized by massive hemorrhage
and about 30% death of animals at 3 h pi. Figure 4B shows TUNEL
stained photomicrographs of liver of a control mouse liver and of
a mouse pre-treated with anti-Fas mAb. TUNEL positive nuclei
indicative of DNA fragmentation (characteristic hallmark of apop-
tosis) are seen diffused in treated but not in control mouse liver.
To further demonstrate the specificity of the novel site-specific
99MTc_HYNIC-cys-annexin A5 for in vivo detection of apoptosis,
three rabbits (White New Zealand rabbits, 3-4 kg) with reperfused
AMI were used. In this animal model, both necrosis and apoptosis
are induced even though a lengthy reperfusion of the coronary ar-
tery could shift the balance towards apoptosis.'® The detailed pro-
cedure for the animal model has been published elsewhere.!®
Anesthesia was induced and maintained with 10-20 mg/kg iv
injection of sodium pentobarbital (Nembutal®). Briefly, after thora-
cotomy, the left circumflex coronary artery (LCx) was encircled by
a snare of 2-0 suture, and occluded by sliding a piece of polyethyl-
ene tubing over the encircling snare, and both were introduced
outside the chest through the incision. Reperfusion was performed
after 90 min by releasing and removing the snare. Reperfusion in-
duced arrhythmia was treated with xylocaine (0.8 mg/kg) when
necessary. Temgesic® (0.3 mg/mL buprenorphine hydrochloride)
was administered intramuscularly at 0.1 mg/kg for pain relief.
Two hours after infarct induction, an 8.5-min cobalt-57 trans-
mission scan was performed prior to pPET scans. Immediately
afterwards, animals were injected via an ear vein with 100 MBq
of ['®>N]NH; in 1.5 mL saline. Dynamic ['>N]NH; pPET imaging
was performed to trace perfusion defect zones using a Siemens
WPET Focus 220 LSO scanner (Knoxville, TN, USA). uPET images
were acquired over a period of 30 min. The list-mode data were
summed over two time frames (0-600 s and 600-1800 s). The im-
age obtained from the second time frame was used for analysis of
the zone at risk. The images were reconstructed using Fourier
rebinning and a 2D ordered subsets expectation maximum (OS-
EM) algorithm. Immediately afterwards, animals were injected
with 106 (#23.7) MBq of %°™Tc-HYNIC-cys-annexin A5 in 5mL
phosphate-buffered saline pH 7.4. In vivo uSPECT images were ac-
quired at 7-9.5 h pi. uSPECT imaging experiments were performed
using a dual-head gamma camera (E-cam, Siemens Medical Sys-
tems, Hoffman Estates, IL, USA), equipped with two single pinhole
collimators (aperture diameter of 3mm, Nuclear Fields Interna-
tional, Vortum-Mullem, The Netherlands). The pSPECT projection
data were acquired in a 256 x 196 matrix with square pixels of
1.95 mm. Sixty-four projection images were measured over 360°
in step-and-shoot mode with 30 s per projection angle. The detec-
tor had an intrinsic resolution of 4 mm. Reconstruction was done
with the aid of the maximum likelihood ordered subsets expecta-
tion-maximum (ML-EM OS-EM) method.?® Animals were kept un-

der deep anesthesia with intramuscular (I.M.) injection of 1-3 mL
of a mixture of 2% xylazine-HCl and 50 mg/mL ketamine.HCl (1:1,
v/v) during image acquisitions. The uSPECT acquisition was imme-
diately followed by a CT scan (Biograph16, Siemens, Knoxville, TN,
USA). The animal holder contained five fiducial markers filled with
99mTc, which enabled rigid co-registration between the uSPECT and
the CT images. The CT image was used for attenuation correction of
the uSPECT images. In addition, it enabled co-registration between
the pSPECT and the pPET images.

Myocardial tracer uptake was assembled into a polar map
which was used to assess regions of myocardial infarction. All
three rabbits had post-mortem evidence of infarction as assessed
by staining with triphenyltetrazolium chloride (TTC, data not
shown). Using %°™Tc-HYNIC-cys-annexin A5, myocardial infarction
was unequivocally delineated at 7 h pi (Fig. 5). However, images at
9 h pi show improved contrast. Regions of ['>N]NH3 pPET perfusion
defect match perfectly well with regions of high °*™Tc-HYNIC-cys-
annexin A5 uptake (Fig. 5). On the ['*N]NH; uPET polar map, per-
fusion defect was determined with a 60% threshold. The contours
from this defect zone on ['>N]NH; pPET polar maps were copied
to the ®°™Tc-HYNIC-cys-annexin A5 pSPECT images to determine
infarct size. There was 185% (+ 57.6) increase in uptake of ®°™Tc-
HYNIC-cys-annexin A5 in the perfusion defect area compared to
uptake in the viable myocardium at 9 h pi.

Introduction of a cysteine residue in native annexin A5 followed
by derivatization with maleimide-HYNIC and labeling with %°™Tc
does not seem to alter the apoptosis avidity of cys-annexin A5
and permitted a more specific derivatization strategy to HYNIC.
The study demonstrates the feasibility of in vivo detection of apop-
tosis in two clinically relevant settings using a novel site specific
99mTc_HYNIC-cys-annexin A5. In vivo binding to phosphatidylser-
ine in cells undergoing apoptosis is retained in the novel site spe-
cific 9°™Tc-HYNIC-cys-annexin A5.
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Novel thiourea- and guanidine-modified acridine-4-carboxamides (4, 7) and a corresponding platinum-
intercalator conjugate (4') have been synthesized and evaluated as cytotoxic agents in human promyelo-
cytic leukemia, HL-60, and a non-small cell lung cancer, NCI-H460. Modification of thiourea sulfur in
derivative 4 with a DNA platinating moiety, giving 4/, resulted in a pronounced cytotoxic enhancement,
and the conjugate proved to be the most active of the newly synthesized compounds in NCI-H460 cells.
Conjugate 4’ represents a new chemotype with potential applications in the treatment of chemoresistant

© 2008 Elsevier Ltd. All rights reserved.

Acridine-based pharmacophores have wide applications in anti-
microbial and anticancer therapy.! The principal target of these
agents is genomic DNA, to which they bind through intercalation.
The chemotherapeutic potency of acridines is modulated by their
DNA binding properties. Important parameters include global
affinity and drug dissociation rates, as well as the geometry of
the intercalated complex and its recognition by DNA processing
enzymes.? All of these factors are highly dependent on the nature
and positioning of the residues attached to the planar chromo-
phore. Acridine derivatives carrying side chains in the 4- and 9-po-
sition of the heterocyclic base have been studied extensively. These
include acridine-4-carboxamides,? such as DACA, a topoisomerase-
targeted anticancer agent currently being considered as a second-
line therapy in refractory non-small cell lung and ovarian cancers,*
and several classes of 9-anilino- and 9-aminoacridines.’

In an effort to combat the notorious resistance of certain tumors
to current DNA-targeted therapies, we have developed a new type
of hybrid organic-inorganic pharmacophore, whose structure
comprises an acridin-9-ylthiourea and a monofunctional
platinating moiety.>® The conjugate derived from 1-[2-(acridin-9-
ylamino)ethyl]-1,3-dimethylthiourea (‘ACRAMTU’, compound 1),
PT-ACRAMTU (1’) (Fig. 1), and several of its second-generation
analogues have demonstrated excellent activity in chemoresistant
non-small cell lung cancers’ and are currently being tested in nude
mouse xenograft models. Compound 1 and its analogues modify
DNA by a dual mechanism involving intercalation and monofunc-

* Corresponding author. Tel.: +1 336 758 3507; fax: +1 336 758 4656.
E-mail address: bierbau@wfu.edu (U. Bierbach).
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Figure 1. Structures of 9-aminoacridine derivatives (1, 2) and the hybrid agent, PT-
ACRAMTU (1').

tional platination of guanine (80%) and adenine (20%) nitrogen.3-1°

N-Donor analogues of ACRAMTU, including acridin-9-yl-guanidine
2 (Fig. 1), have also been synthesized as potential DNA-affinic carrier
ligands for platinum.!! The unique DNA damage profile produced by
conjugate 1 is a consequence of its sequence preference and direc-
tionality of intercalation, which leads to unprecedented platination
of adenine bases at N3 (~10% of adducts) in the DNA minor groove.!?

The preclinical success of compound 1’ and the hypothesis that
a relationship exists between its antitumor activity in cisplatin-
resistant cell lines and its distinct DNA damage profile have
prompted several structure-activity relationship studies. Previ-
ously, we have made modifications to the linker that connects
the acridine and platinum moieties,'>'* varied the spectator
ligands on the metal center,'® and have introduced 4-substituted
ACRAMTU derivatives as threading intercalators.'® We have now
generated a new set of compounds, in which the thiourea and
guanidine groups are incorporated into a 4-carboxamide side
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chain. A new platinum-containing hybrid agent was also synthe-
sized and tested along with the platinum-free carriers against
HL-60 and NCI-H460 cells.

The new derivatives were synthesized!” from the common pre-
cursor, N-(2-(methylamino)ethyl)acridine-4-carboxamide (3)!%1°
(Scheme 1). Transformation of the secondary amino group into
thiourea was accomplished by reacting 3 with methylisothiocya-
nate to yield derivative 4 in ~70-80% yield. The corresponding
platinum complex, 4, was synthesized using previously developed
conjugation chemistry involving ligand substitution in the precur-
sor complex, [Pt(en)Cl,] (en = ethane-1,2-diamine), to form a stable
Pt-Sthiourea linkage.® Complex 4’ was isolated in its fully protonated
form as the dinitrate salt. The guanidine analogue, 7, was gener-
ated using guanidylation chemistry developed for the synthesis
of compound 2. The reaction involves condensation of precursor
acridine-amine 3 with Boc-activated guanidylating reagent 5 in
the presence of HgCl,, followed by removal of the Boc group under
mildly acidic conditions.!! The product was purified on basic alu-
mina to afford 7 as the mono-HCI salt (Scheme 1).

Major differences exist in the protonation states and overall
charges of the 4- and 9-substituted acridines. In the 9-amino deriv-
atives, 1 and 2, acridine is fully protonated at physiological pH
(pK, ~ 9-10),%!" leading to + and 2+ overall charges (pK, > 12 for
the guanidinium moiety in 2).!! In contrast, a dramatic decrease
in acridine basicity is observed for the newly synthesized 4-car-
boxamides, for which we determined pK, values in the range
3-4,'7 consistent with data reported previously for this class of
compounds.> As a consequence, the 4-substituted compounds
carry a reduced positive charge and prove to be less soluble in
aqueous media than their 9-substituted counterparts. Electroneu-
tral compound 4, for instance, had to be solubilized in DMSO prior
to serial dilution with PBS buffer in cell proliferation assays.

Table 1
In vitro cytotoxicity (ICso, tM?) of acridines and platinum-acridines in HL-60 and NCI-
H460 cell lines

Compound Charge” HL-60 NCI-H460
1¢ i 11.5 9.5

1° 2+ 2.8 0.26

24 2+ 79.7 103

4 0 >100 30.9

4 + 16.0 24

7 + 8.4 >100

@ Average of at least two experiments based on a colorimetric cell proliferation
assay.

b Reflects protonation state at physiological pH (see text).

¢ Ref. 16.

4 Ref. 11.

Compounds 4, 4, and 7 were tested for their cytotoxic effects in
a human leukemia (HL-60) and a non-small cell lung cancer (NCI-
H460) cell line (Table 1) using a cell proliferation assay.?° Of the
two new acridine-4-carboxamides, only the guanidine derivative
7 showed appreciable cytotoxicity in HL-60 cells, where it proved
to be more active, by an order of magnitude, than its 9-substituted
congener, 2. All other 4-substituted derivatives were significantly
less active than the 9-substituted derivatives, and both 4- and 9-
substituted compounds performed better in the solid tumor cell
line. A striking cytotoxic enhancement by >10-fold is observed
for the hybrid agent 4 compared to 4 in the NCI-H460 cell line.
A similar trend has been observed for the prototypical 9-substi-
tuted pair 1/1’ (Table 1).

In the present study, we have generated acridine-4-carboxam-
ide analogues of DNA-targeted thiourea- and guanidine-modified
9-aminoacridines and have introduced one derivative (4) as a car-
rier ligand in a corresponding platinum-intercalator conjugate (4').
The results of the cell proliferation assay suggest that the 4-substi-
tuted derivatives are less potent than the 9-aminoacridines. Only
monobasic compound 7 had an advantage over dibasic compound
2 in HL-60 cells. This observation and the fact that the relative
enhancement of activity observed for the conjugates compared to
the platinum-free carriers is less pronounced in the leukemia cell
line than in the solid tumor suggest that reduced uptake of the
more highly charged drugs may limit their activity in HL-60 cells.
Derivative 4 was the least active compound in this series, probably
due to its poor solubility. Characteristically, the dual intercalating/
platinating agents 1’ and 4’ showed the lowest ICsq values in H460
cells, which corroborates the view that irreversible DNA adducts
formed by the conjugates’ metal moieties contribute substantially
to the cell kill mechanism.

In addition to drug uptake and bioavailability, differences be-
tween the 4- and 9-substituted compounds most likely exist in
terms of their DNA affinities (charge) and binding modes. A growing
body of evidence from high-resolution structural studies exists,
which indicates critical differences in the DNA binding modes of
these agents. While in the DNA complexes of both types of acridines
the long dimensions of the drug chromophore and the adjacent
DNA base pairs are co-aligned, differences exist in the directionality
of intercalation. Side chains in the 4-position reside in the major
groove, whereas 9-substituents preferentially protrude into the
minor groove.2'~2> ACRAMTU’s (1) distinct groove specificity of
intercalation has been implicated as the driving force in the platina-
tion of minor groove sites by PT-ACRAMTU (1’). Likewise, the pre-
ferred geometry of intercalation of derivative 4 can be expected
to influence the base and groove preference of platinum-DNA
adduct formation by conjugate 4'. Thus, major differences can be
predicted between the DNA damage profiles of this hybrid agent
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and that of PT-ACRAMTU (1'). It is noteworthy to mention that prec-
edent exists for this groove-specific reactivity in the DNA interac-
tions of analogous dual intercalating/alkylating agents: nitrogen
mustard groups attached to the 4-carboxamide residue preferably
alkylate guanine-N7 in the major groove, whereas the major target
of the analogous 9-anilino-linked mustards is adenine-N3 in the
minor groove.>* We hypothesized that the minor groove adducts
formed by PT-ACRAMTU are intercalator-driven and contribute sig-
nificantly to its cytotoxic effect.” Finally, differences may exist in
the recognition and repair of the DNA adducts formed by 1’ and
4'. Future studies on the 4-substituted analogues, therefore, will
be concerned with detecting the sites and the rates of formation
of the potentially cytotoxic DNA adducts produced by conjugate
4’ and its second-generation derivatives in order to delineate struc-
ture-activity relationships in this novel type of pharmacophore.
The utility of guanidine derivatives 2 and 7 as carrier ligands in
these hybrid agents will also be explored.
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The synthesis of a 24-membered macrocyclic hexaoxazole via ring-closing metathesis is described. The
target compound selectively stabilizes G-quadruplex DNA with no detectable stabilization of duplex
DNA. An MTT cytotoxicity assay indicated that this unsaturated macrocyclic hexaoxazole exhibits signif-
icant cytotoxicity toward P388, RPMI 8402, and KB3-1 cell lines with ICso values of 45, 25, and 38 nM,

© 2008 Elsevier Ltd. All rights reserved.

The isolation and structure elucidation of telomestatin has
sparked interest in the identification of compounds that can selec-
tively stabilize G-quadruplex DNA.! These compounds have poten-
tial as a novel class of anticancer agents.? Recently the synthesis of
the macrocyclic hexaoxazole HXDV was disclosed.> HXDV is a 24-
membered macrocycle that stabilizes G-quadruplexes presumably
by n-stacking and hydrogen bonding interactions. HXDV is more
readily synthesized than telomestatin. Despite the simpler struc-
ture, HXDV is extraordinarily selective at stabilizing G-quadruplex
versus duplex DNA, and is at least as potent as telomestatin as a
cytotoxic agent.* These results prompted us to investigate whether
modifications could be made to the macrocyclic framework while
retaining selectivity for G-quadruplex stabilization and antitumor
activity. In this account a method is presented for the synthesis
of macrocyclic hexaoxazoles via a ring-closing metathesis reaction.

Previous studies in our laboratory confirmed that 24-membered
macrocycles comprised of two teroxazole moieties joined by at
least one valine residue displayed extraordinary levels of G-quad-
ruplex stabilization with no detectable levels of duplex DNA stabil-
ization.” It was reasoned that two teroxazole units joined at their

* Corresponding author at Present address: Ernest Mario School of Pharmacy,
Rutgers University, 160 Frelinghuysen Road, Piscataway, NJ 08854-8020, USA. Tel.:
+1 732 445 5382; fax: +1 732 445 6312.

E-mail address: jrice@rci.rutgers.edu (J.E. Rice).

0960-894X/$ - see front matter © 2008 Elsevier Ltd. All rights reserved.
doi:10.1016/j.bmcl.2008.05.032

2”- and 4-positions by a valine residue might be capable of under-
going a ring-closing reaction if the remaining 2”- and 4-positions
were functionalized as allyl and vinyl, respectively. Ring-closing
metathesis has become a reliable method for the formation of a
wide variety of cyclic compounds from five-membered rings to ex-
tremely large rings of 36-72 atoms.® Certainly 24-membered rings
have been synthesized previously by this method, although there is
usually considerably more conformational flexibility in the acyclic
precursors than in the present example.” Recently, the application
of the cross-metathesis reaction to isolated vinyl oxazoles was re-
ported.® We report herein the first example of a ring-closing
metathesis being applied to the synthesis of a macrocyclic
hexaoxazole.

The synthesis of 2”-allylteroxazole-4-carboxylic acid is shown
in Scheme 1. Teroxazole 1 is prepared in a similar manner as pre-
viously reported for 3, but starting with oxazole-4-carboxylic

o\/:?/g\?\('\\j(i/z b, /\;/:?/8\?\%(12
7

Scheme 1. Reagents and conditions: (a) LIHMDS, THF, —42 °C, Cul, allyl bromide,
—42 °C to rt, 37%; (b) TFA, anisole/CH,Cl, (1:5), 0 °C, 89%.

CO,tBu CO,H
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acid.>® Deprotonation at the 2”-position was effected with LIHMDS
although the resulting lithio derivative could not be directly alkyl-
ated with allyl bromide. Fortunately, the cuprate derived from 2”-
lithio 1 did react with allyl bromide to give the 2”-allyl derivative
in 37% yield. The tert-butyl group was removed to give 2 in 89%
yield upon treatment with TFA at 0 °C.'°

The preparation of 4-vinylteroxazole 5 (Scheme 2) was per-
formed by routine transformation of the known 3. Reduction of
the ester with NaBH,4/LiCl followed by Swern oxidation afforded
aldehyde 4. A Wittig reaction of 4 with methylenetriphenylphos-
phorane followed by TFA catalyzed removal of the Boc group gave
intermediate 5 in 54% yield for the two steps.!®

2"-Allylteroxazole 2 and 4-vinylteroxazole 5 were coupled in
69% yield using EDC and HOBt in the absence of added base
(Scheme 3). The allyl group was found to be extremely sensitive
to isomerization to a 1-propenyl derivative in the presence of tri-
ethylamine or Hunig’s base. Amide 6 was now set up to test the
viability of the ring-closing metathesis reaction. The second gener-
ation Grubb’s catalysts 7a and the Hoveyda catalyst 7b were eval-
uated for their ability to promote the macrocyclization (Fig. 1).!112
Both catalysts gave the desired macrocycle 8 although 7b gave
slightly higher yields (32% vs 24% using 7a). The reactions were
remarkably clean with no evidence of any cross-metathesis by-

Scheme 2. Reagents and conditions: (a) NaBH,, LiCl, THF/MeOH (1:1) 73 %; (b)
oxalyl chloride, DMSO, CH,Cl,, Et3N, —78 °C, 88%; (c) Ph3PCH3Br, n-BulLi, THF, 0 °C to
rt, 74%; (d) TFA, CH,Cl,, 0 °C, 73%.
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Scheme 3. Reagents and conditions: (a) EDC, HOBt, DMF, 0 °C to rt, 69%; (b) 7b,
CH,Cly, A, 96 h, 32%. Structure of HXDV shown for comparison.
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Figure 1. Metal carbene catalysts employed in this study.

products. The geometry of the newly-formed olefinic linkage is E
as determined from the vicinal coupling constant J = 15.6 Hz.

The unsaturated macrocycle 8 and HXDV were evaluated for
their relative abilities to bind and thermally stabilize G-quadruplex
and duplex DNA in the presence of K ions. We used salmon testes
DNA (ST-DNA) as a representative model for duplex DNA. As a rep-
resentative model for G-quadruplex DNA, we used the human telo-
meric DNA sequence d[T,G3(T>AG3)sA], which is known to form an
intramolecular G-quadruplex in potassium solution.'*> Figure 2
shows the UV melting profiles (depicted in their first-derivative
forms) of d[T>G3(T>AG3)3A] and ST-DNA in the absence and pres-
ence of the two compounds. Note that the presence of neither com-
pound alters the thermal stability of ST-DNA, with any differences
between the transition temperatures (Tia,) corresponding to the
maxima of the first-derivative melting profiles being within the
experimental uncertainty. This observation is indicative of an ab-
sence of duplex DNA binding on the part of both compounds. In
the case of HXDV, we used isothermal titration calorimetry to ver-
ify the lack of duplex DNA binding implied by the UV melting
studies.!

In striking contrast to their negligible impacts on ST-DNA ther-
mal stability, both compounds increase the thermal stability of
d[T>G3(T>AG3)3A]. Thus, like HXDV, compound 8 binds to G-quad-
ruplex DNA with a high degree of specificity. Significantly, the
unsaturated macrocycle 8 thermally stabilizes d[T>G3(T2AG3)3A]
to a greater extent than HXDV (AT, = 24.5 and 16.0 °C for com-
pound 8 and HXDV, respectively). The greater ATy, afforded by
compound 8 relative to HXDV may reflect a correspondingly en-
hanced affinity for the host quadruplex, as the relative degree to
which a ligand thermally stabilizes a nucleic acid target often cor-
relates with its relative binding affinity.

Evaluation of the cytotoxic activity of unsaturated macrocycle 8
was performed using an MTT assay (Table 1). Among the cell lines
employed for this assay was murine leukemia P388, a human lym-
phoblastoma RPMI 8402, human nasopharyngeal carcinoma KB3-
1, and KB3-1 cell lines that over-express for the efflux transporters
MDR1 (KBV-1) and BCRP (KBH5.0). The data indicate that com-
pound 8 displays potent cytotoxic activity against P388, RPMI
8402, and KB3-1 with IC5q values of 45, 25, and 38 nM, respec-
tively. In each case the ICsq values determined for compound 8 rep-
resents an order of magnitude improvement over those observed
for the macrocyclic hexaoxazole HXDV. The data also suggest that
both 8 and HXDV are substrates for MDR1, but not BCRP.

In summary, ring-closing metathesis offers a rapid method for
the synthesis of 24-membered macrocyclic hexaoxazoles from
suitably substituted teroxazole precursors. The resulting unsatu-
rated macrocycle 8 selectively stabilizes G-quadruplex DNA with-
out any detectable stabilization of duplex DNA. The degree of
G-quadruplex stabilization was greater than previously observed
using HXDV. The replacement of one of the valine linkages of
HXDV by a propenyl group led to an order of magnitude enhance-
ment in cytotoxic potency when assayed against several tumor cell
lines. These results when taken together suggest that the ring-clos-
ing metathesis approach has the potential for development of
novel G-quadruplex stabilizers with enhanced anticancer activity.
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Figure 2. First-derivatives of the UV melting profiles of d[T,G3(T.AGs)3A] (A) and ST-DNA (B) in the absence and presence of HXDV or compound 8. Profiles were acquired on
an AVIV model 14NT-UV-vis spectrophotometer using quartz cuvettes with a 1 cm pathlength. The temperature was raised in 0.5 °C increments and the samples were
allowed to equilibrate for 1.5 min at each temperature setting, whereupon absorbances were recorded over a period of 5 s and averaged. When present, ST-DNA was used at a
base pair concentration of 15 uM, while d[T,G3(T>AG3)3A] was used at a strand concentration of 4 uM. Macrocyclic ligands were used at a concentration of 15 uM in the ST-
DNA experiments and 20 uM in the d[T,G3(T»AGs3)3A] experiments. The solution conditions were 10 mM EPPS (pH 7.5) and sufficient KCl to bring the total K* concentration to
50 mM. In the ST-DNA experiments, the acquisition wavelength was 260 nm, while being 295 nm in the d[T,G3(T>AG3);A] experiments.

Table 1

Cytotoxic activity of unsaturated macrocycle 8%

Compound P388 RPMI 8402 KB3-1 KBV-1 KBH5.0
8 0.045 0.025 0.038 33 0.043
HXDV 0.5 0.41 0.3 8.0 0.5

2 ICsq values are reported in pM concentrations and represent the average values
from replicate assays. The exposure time of the cells to the test compounds was 4
days.
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Rhabdoid tumors (RTs) are aggressive pediatric malignancies with poor prognosis that arise due to loss of
the hSNF5/INI1 tumor suppressor. Molecular studies indicate that cyclin D1, a downstream effector of INI1
is up regulated in RT, and is essential for this tumor formation. Previously we demonstrated that 4-HPR, a
synthetic retinoid that targets Cyclin D1, is a potential chemotherapeutic agent for RT. To facilitate fur-
ther chemical development of this retinoid, and to determine its active moiety, we synthesized small

’l:;y"g’gr"j;: chemical libraries of 4-HPR and tested their cytotoxic effect on RT cells. We synthesized 4-HPR (1) and
4-:1131201 tumor the derivatives (5a-5n) starting from retinoic acid. First, retinoic acid was converted to acid chloride
Cyclin D1 derivatives, then in the presence of DMF, base, and aniline derivatives, we synthesized the corresponding

4-hydroxy phenyl amine derivatives (5a-5n). This procedure gave 70-90% yield. Then, the 4-HPR deriv-
atives were tested for their ability to inhibit RT cells using an in vitro cell survival assay. We found that
the 4-hydroxy group at para-position is essential for cytotoxic activity against RT cells. Furthermore, we
identified a few derivatives of 4-HPR with higher cytotoxic potencies than 4-HPR. In addition, we dem-
onstrate that either chloro, fluoro or iodo derivatives at meta-position of phenyl ring retain the cytotoxic
activity. Interestingly, substitution of iodo-moiety at meta-position (5j) substantially increased the effi-
cacy (ICso ~ 3 uM, Fig. 1D). These results indicate that chemical modification of 4-HPR may result in
derivatives with increased therapeutic potential for RTs and that halogen substituted 4-HPR that retain
the activity can be synthesized for further therapeutic and diagnostic use.

Published by Elsevier Ltd.

4-HPR [N-(4-hydroxyphenyl) retinamide, or fenretinide struc-
ture 1] is a synthetic retinoid that has Structure 1 low toxicity

Rhabdoid tumors (RTs) are rare, but highly aggressive and
mostly incurable pediatric malignancies that arise in brain, kidneys

and soft tissues.!? RTs most commonly occur in children younger
than five years of age with a peak incidence between birth and
three years of age. Irrespective of their location, all RTs are charac-
terized by the presence of sheets or nests of rhabdoid cells and ex-
hibit biallelic deletions and/or mutations in the INI1/hSNF5 gene,
located at chromosome 22q11.2.37% Current therapeutic regimens
for RTs involve empirically selected combinations of chemothera-
peutic agents that are highly toxic and rarely curative, and hence
the survival rate for children with RTs remains poor."*”° Thus,
there is a dire need to develop novel therapeutic strategies for
RTs, preferably based on the understanding of molecular factors
responsible for the genesis, growth, and survival of these tumors.
Previously, we demonstrated that Cyclin D1 is essential for the
genesis and survival of RTs and that chemotherapeutic agents such
as 4-HPR, which target Cyclin D1, are effective in inhibiting the
growth of RTs in preclinical models.!%!!

* Corresponding authors. Tel.: +1 7184302422; fax: +1 7184308853 (B.C.D.).
E-mail address: bdas@aecom.yu.edu (B.C. Das).

0960-894X/$ - see front matter Published by Elsevier Ltd.
doi:10.1016/j.bmcl.2008.05.021

and potent chemopreventive effects in preclinical cancer models,
and suppresses in vitro tumor cell growth at low p molar concen-
trations (ICsq’s ranging from 1 to 15 uM).'2 4-HPR is under phase III
clinical trials for many cancers. In pilot clinical studies with pedi-
atric neuroblastoma patients, 4-HPR has demonstrated prolonged
stabilization of disease.’> ¢ It has also been largely studied as a
chemo-preventive agent in patients at risk for breast cancer and
in animal models of carcinogen-induced epithelial tumors.'”~2° Re-
cent results of a fifteen-year follow-up study of phase Il trials
using 4-HPR to prevent second breast cancer indicated that it sig-
nificantly reduced the risk in premenopausal women.?! Taken to-
gether, these preclinical and clinical studies indicate that 4-HPR
is a promising anticancer drug.

N-(4-hydroxyphenyl)retinamide @-HPR)
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Cell culture studies of 4-HPR demonstrated that this compound
induces apoptosis in vitro by various mechanisms including (i)
activation of retinoid receptors, RAR B and y; (ii) induction of
ceramide-dependent cytotoxicity; (iii) generation of free radical
oxygen species; (iv) increase of NOS expression resulting in NO-
dependent cytotoxicity; and (v) increase of mitochondrial perme-
ability transition.'>!4161719 Eyrthermore, over expression of
Cyclin D1 sensitizes breast-cancer cells to 4-HPR.?? Based on this
observation, and based on the fact that RTs are dependent on Cy-
clin D1, we tested the effect of 4-HPR and found that it inhibits
the survival of RT cells by inducing G1 arrest and caspase 3/7-med-
iated apoptosis, and inhibits xenografted RT growth in vivo.!°
These results were correlated to down-modulation of Cyclin D1.1°

Activity of 4-HPR derivatives. There are several reports indicating
that synthetic analogues of 4-HPR are more active or equally active
compared to 4-HPR in tumor cell toxicity studies. It was reported
that a non-hydrolysable carbon linked analogue of 4-HPR (N-ben-
zyl hydroxyl retinamide, 4-HBR), potentially reduces suppression
of plasma vitamin A levels.?? The sulfur-containing heteroretinoids
induce apoptosis and reactive oxygen species specifically in malig-
nant, but not in benign cells allowing for anticancer activity with
reduced toxicity.2* Conjugations of 4-HPR have also been reported
to have antitumor activity. The antitumor potency of 4-HPR in-
creases when conjugated to glucoronides; glycosyl conjugated
mannosyl-4-HPR showed increased activity on the HL60 promye-
locytic leukemia cell line.?> In addition, it was recently reported
that 4-oxo-fenretinide induced marked G2-M cell cycle arrest
and apoptosis in both fenretinide-sensitive and resistant cell
lines.® Since substituted or conjugated compounds of 4-HPR are
biologically active, compared to parent 4-HPR, we hypothesize
that, by structural modification/manipulation of 4-HPR com-
pounds, we may be able to derive more active compounds or com-
pounds that are amenable for further conjugation such as linking
to nanoparticles. These modifications may not only increase its po-
tency but also may allow the compound to cross the blood brain
barrier freely. Furthermore, we may be able to derive radioconju-
gates that may facilitate combining of radiotherapy and chemo-
therapy in a single chemotherapeutic agent. The dose required
for achieving the desired cytocidal effect with 4-HPR alone in mice
might not be obtainable in humans and further chemical modifica-

o
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tion may improve the bio-availability of this compound. These rea-
sons prompted us to generate small libraries of synthetic
derivatives of 4-HPR and screen for their ability to induce cytotox-
icity in RT cell lines in vitro. The initial studies have allowed us to
identify the active moiety on 4-HPR required for inhibiting RT cell
growth and provided information for further development and
improvement of 4-HPR.

Synthesis of 4-HPR derivatives. The amide derivatives of retinoic
acids were synthesized by amidation reactions.?’” The 4-HPR (1)
and the derivatives (5a-5n) were synthesized (Scheme 1) starting
from retinoic acid. First, retinoic acid was converted to acid chlo-
ride derivatives, then in the presence of DMF, base, and aniline
derivatives, the corresponding 4-hydroxy phenyl amine derivatives
(5a-5n) were synthesized. This procedure gave 70-90% yield. After
purification through Silica gel chromatography, eluting with ethyl-
acetate and hexane, compounds 5a-5n (Scheme 1) were obtained.
To characterize these new compounds, analytical data of these
compounds (NMR 1H, 13C) were compared with known
compounds.

The typical reaction procedure for synthesis of 5J-(2E,4E,6E,8E)-
N-(4-hydroxy-3-lodophenyl)-3,7-dimethyl-9-(2,6,6-trimethyl-1-
cyclohexenyl)-nona-2,4,6,8-tetraenamide is as follows. A mixture
of all-trans retinoic acid (ATRA) (57 mg, 0.19 mmol) in dry DMF
(1 mL) and dry CH,Cl, (2 mL) was stirred under nitrogen atmo-
sphere for 1 h. Oxalyl chloride (0.72 mmol, 62 uL) was added drop
by drop at 0 °C. The deep red reaction mixture was stirred for an-
other 1.5 h at room temperature under nitrogen atmosphere. The
solvent was removed very carefully and dry DMF (2 mL) was added
for immediate use. At 0°C under nitrogen atmosphere, retinoyl
chloride solution was added dropwise to a solution of 4-amino-
2-iodophenol (0.38 mmol, 90 mg) and triethylamine (0.57 mmol,
80 uL) in dry DMF (2 mL). The dark-colored reaction mixture was
stirred at room temperature until TLC analysis indicated none
remaining (about 2-3 h). The reaction was quenched with satu-
rated NH4CI and extracted with ethyl acetate. The extracts were
washed with H,0 and brine, then dried overage Na,SO,4, and evap-
orated. The residue was purified by flash column chromatography
using hexane/ethyl acetate (8/1) as the eluent to give 5j as a yellow
solid (87.2.8 mg, 89%). 1TH NMR (300 MHz, CDCl3): 6 9.61 (s, 1H),
7.69 (s, 1H), 7.15 (d, J = 8.92, 1H), 6.96 (d, J=9.2, 1H), 6.31 ~ 6.14

R4
b: R'=Cl,R?=H,R*=H

d: R'=I,R?=H,R3=H

e: RlI=NO,, RZ=H,R?*=H,; f: R!'=OCH; R?=H,R3=H

Ll

: R'=OH,R*=H,R?*=H;

h: R'=0OH,R?=F,R*=H

: R'=OH,R’=CLR’*zH.; j R'=OH,R’=H,R’=LR*=H

k: R'= OH,R>=NO,,R3=H.; I:R'=CH,0H,R>=H, R*=H

m: R!'= CH,CH,OH, R2=H,R*=H;n :R'= OH,R?=H, R*=H,R*=OH

5a-5m R*= H

Scheme 1.
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(m, 4H), 5.77 (s, 1H), 5.12 (br s, 1H), 2.43 (s, 3H), 2.04 (br s, 5H),
1.74 (s, 3H), 1.62 (m, 2H), 1.49 (m, 2H), 1.05 (s, 6H). ESI MS:[M+H]"
518.05, calcd M 517.15 for Cy6H3,INO,.

Cell culture and drugs. The rhabdoid tumor cell line, MON (6)
was maintained in RPMI 1640 supplemented with 10% fetal bovine
serum, 2 mM t-glutamine, 50 U/ml penicillin, and 50 pg/ml strep-
tomycin at 37 °C with 5% CO, and 95% humidified air. Stock solu-
tions of 4-HPR and its chemical derivatives were prepared by
reconstituting in 100% ethanol as 10 mM solutions. The aliquots
were stored frozen at —80 °C, protected from light. Working solu-
tions (3 uM) and serial dilutions were prepared by diluting the
stock solution with culture medium, such that the concentration
of ethanol was <2% in all dilutions.

MTS assays to test the activity of 4-HPR and its derivatives.
Aliquots of 8 x 10> MON cells were plated in 96-well microtitre
plates. Twenty-four hours after seeding, the cells were treated with
serial dilutions of each drug and incubated for 3 days. Cell survival
was determined using an MTS assay kit (CellTiter 96° Aqueous
Non-Radioactive Cell Proliferation Assay Kit, Promega, Madison,
WI). Cell plating, drug treatment and survival assay were
performed using the epMotion 5070 automated liquid handling
robotic system (Eppendorff, Westbury, NY).

Results of survival assay. Survival assay was carried out testing
the effect of first set of compounds (a-d) and comparing their
effect on MON cells to that of the parent compounds 4-HPR
and retinoic acid (ATRA). The results of survival assay indicated
that while 4-HPR exhibited an ICsq of ~15 uM, retinoic acid
(ICsp 100 uM) was largely ineffective in inhibiting the growth
of rhabdoid cells (Fig. 1A). Substitution at the para position with
any of the halogens, that is, fluoro- (5a), chloro- (5b), bromo-
(5¢), or iodo- (5d) moieties, greatly reduced the activity of
4-HPR in RT cells (ICs¢’s increased to 150 uM or greater, Fig.

A), though (5d) precipitated in cell culture medium, and there-
fore ICso was not determined (Fig. 1A).

To determine if the reduction in the activity in 4-HPR com-
pounds was due to the presence of halogen groups or other rea-
sons, we substituted para-hydroxy group with alternatives
including the methoxy (5f) and nitro (5e) moieties. The para-meth-
oxy (5f) derivative was insoluble in cell culture medium and the
para-nitro derivative (5e) was largely ineffective, with an ICsg
greater than 200 uM (Fig. 1B).

We further synthesized 2,4 dihydroxy, or 4-methyl and 4-
ethyl hydroxy phenyl derivatives, to determine if a fixed position
is required for the hydroxyl group on the phenyl ring or extend-
ing the carbon chain is tolerated. We found that substitution of
methyl (51) or ethyl hydroxy (5m) derivatives at para-position
resulted in lack of activity consistent with the idea that a fixed
position for the para-hydroxy group is important for activity
(Fig. 1C). Interestingly, we found that 2,4-hydroxy derivative
(5n), has more activity compared to 4-HPR (ICso 8 uM as op-
posed to 19 uM for 4-HPR in this particular experiment, Fig.
1C). These results suggested that substitutions at meta-position
of phenyl group could enhance the activity.

The above results indicated that hydroxy group at para-posi-
tion is important for 4-HPR activity in RT cells. Furthermore, 2,4-
dihydroxy derivatives were more active indicating that addition
at meta-position is tolerated. To further confirm these observa-
tions and to derive halogen substituted compounds of 4-HPR,
we synthesized the next set of derivatives with substitutions at
the meta positions, keeping the 4-OH group intact. We found
that addition of fluoro- (5h) and chloro- (5i) halogen moieties
to the meta-position resulted in compounds with similar or
slightly more activity compared to 4-HPR in RT cells (Fig. 1D).
Substitution of a nitro group at meta-position (5k), resulted in
a compound that was insoluble in cell culture medium. Interest-
ingly, substitution of iodo-moiety at meta-position (5j) substan-

A .
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R
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Figure 1. Effect of 4HPR derivatives on survival of rhabdoid tumors cells. MON
(INI1—/-) cells were treated with serial dilutions of the 4HPR, ATRA, and 4HPR
derivatives for three days. Survival assay was carried out as described using MTS
assay kit. A-D Percentage of cell survival plotted against concentration of drugs
(Mean + SEM). (The original figure is included in the Supplemental data).

tially increased the efficacy (ICso ~ 3 uM, Fig. 1D). These results
indicate that the presence of the para-hydroxy group is impor-
tant for maintaining the efficacy of 4-HPR and its derivatives
against rhabdoid tumor cells, and that the substitution at
meta-position is tolerated. The ICso values for all the compounds
tested are listed in the table (Table 1).

4-HPR is a synthetic retinamide that has promising anticancer
activity and minimal toxicity in humans. Our attempt to obtain
derivatives of 4-HPR that lend themselves to further modifica-
tions such as conjugation with nano-particles or radiochemicals
led to the identification of active moiety required for its cyto-
toxic activity on rhabdoid cells. We have demonstrated that sub-
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Table 1

Table indicating the ICso values, derived from the survival curves, for each drug

Figure Compound ICs50 in pM

1A 4HPR 9
ATRA 100
5(g) 19
5(c) 150
5(b) >200
5(a) 150
5(d) n/a

1B 4HPR 12
5(f) n/a
5(e) >200

1C 5(1) 25
5(m) >50
5(n) 8

1D 4HPR 19
5(h) 8
5(k) n/a
5(j) 3
5(i) 12.5

stitution of para-hydroxy group with halogens, nitro, methoxy,
hydroxymethyl, or hydroxyethyl groups abolished its cytotoxic
activity. However, ortho- and meta-positions can be substituted
with halogens or hydroxy groups. We found that substitution
of halogens at the meta-position retained the cytotoxic activity,
with iodo-substitutions exhibiting better ICsq values than parent
4-HPR.

In summary, our analysis indicated that 4-hydroxy position of
4-HPR is important for its activity. This conclusion was not made
in a previous study which indicated that side chain length of the
functional group may correlate with activity. Our studies sug-
gested that 4-hydroxy group may directly contact the target pro-
tein in the RT cells to mediate its activity. However, the exact
target protein that binds to 4-HPR to mediate its activity is not
completely understood. It has been demonstrated that 4-HPR binds
to RAR-B and RAR-y more tightly when compared to that of all
trans retinoic acid (ATRA) but activates these receptors to a lesser
extent. Furthermore, studies of 4-HPR derivatives indicate that the
cytotoxic activity is not correlated to RAR activation. Consistent
with this idea we found that ATRA did not have appreciable cyto-
toxic activity in our cell culture models. We propose that using the
synthetic derivatives that retain activity in cell culture models, we
will be able to not only derive clinically important halogen conju-
gates for radiotherapy, but may also be able to identify target pro-
teins responsible for mediating 4-HPR activity in RT cells.

B. C. Das et al./Bioorg. Med. Chem. Lett. 18 (2008) 3805-3808
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Dibenzo- and benzindolo-azecines represent a novel class of high-affinity dopamine receptor antagonists.
To further characterize these drugs as potential neuroleptics, we selected a set of azecine derivatives and
ring expanded homologues and we measured their antagonist activity at the 5-HT,4 receptor in the por-
cine coronary artery. SARs found for the 5-HT,4 receptor resemble those for the D; but not the D, recep-
tor. The protein-ligand interactions were discussed with respect to the different binding pockets.

© 2008 Elsevier Ltd. All rights reserved.

Modern atypical antipsychotics display lower affinity for the
dopamine D, receptor than for serotonin 5-HT,, receptor; there-
fore, these drugs are thought to produce fewer extrapyramidal side
effects. In order to improve the profile of antipsychotic drugs, com-
pounds with affinities for different receptor subtypes are being
increasingly favored over highly selective compounds.? Recent ef-
forts focus on the development of multi-acting receptor-targeted
antipsychotics (MARTA).># The development of such promiscuous
drugs affords the identification of ‘cross-target SARs’ to recognize
how molecular modifications influence the affinity for the different
targets.’

Azecine derivatives represent a novel class of anti-dopaminer-
gic drug candidates with preferential binding to the D; receptor
family (D;,Ds).!"® Some preliminary studies have shown that aze-
cines may be able to exhibit antagonist effects at 5-HT,, receptors
as well,”~® which may enhance antipsychotic efficacy.

Accordingly, we selected 13 azecine-styled compounds and 11-
membered benzindolo- and dibenzo-homologues in order to con-
duct a cross-target SAR investigation with regard to antagonistic
activities at the dopamine and serotonin binding sites. The influ-
ences of hydroxylation and methoxylation of the aromatic rings,
as well as different ways of enlarging the central azecine ring

* See Ref. 1.
* Corresponding author. Tel.: +49 3641 949803; fax: +40 3641 949802.
E-mail address: jlehmann@uni-jena.de (J. Lehmann).

0960-894X/$ - see front matter © 2008 Elsevier Ltd. All rights reserved.
doi:10.1016/j.bmcl.2008.04.081

and the influence of different residues at the basic nitrogen were
identified.

The affinity data for the human-cloned dopamine D; and D,
receptor subtypes have been previously measured in radioligand
displacement experiments using [*H]-SCH 23390 as a radioligand
for the D; receptor and [*H]-spiperone for the D, receptor, respec-
tively.!"519-12 They are given in Table 1 as pK; values. Additionally,
the compounds have been characterized as antagonists or inverse
agonists by applying an intracellular Ca?* assay. A detailed protocol
is described in Ref. 1.

The screening for the affinity at serotonin 5-HT,, receptors was
performed by measuring the isometric contractile force in isolated
rings of porcine coronary artery as previously described.!® 5-HT-in-
duced contractions were competitively antagonized by the selec-
tive 5-HT,, receptor antagonist ketanserin (pA, 8.88 £0.03). The
affinity of ketanserin argues for an involvement of 5-HT,, recep-
tors in the contractile response to 5-HT in this tissue.

Table 1 gives an overview of the affinity data for the Dy, D5; and
5-HT;4 receptors. All of the compounds were found to be antago-
nists at the 5-HT,, receptor as well and they exhibited nanomolar
or even subnanomolar affinities for 5-HT,,, with the exception of
the nor-compound 2i, which only showed a micromolar affinity
(pAy: 7.2). Surprisingly, all of the investigated structural variations
(i.e., hydroxy- and methoxy-groups at the aromatic moieties, dif-
ferent ways of enlarging the central azecine ring and different res-
idues at the basic nitrogen) influenced the affinity for D, in more or
less the same manner as for the 5-HT,4 receptor.
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Table 1
Affinities (pK;) for dopamine D; and D, receptor subtypes were determined by radioligand binding experiments
Compound Affinity for Dy, nM (pK; + SEM)? Affinity for Dy, nM (pK; £ SEM)? Affinity for 5HT,,, (pA; £ SEM)

1a(LE 300) 8.73 £ 0.06 7.38+0.16 9.79 + 0.06°
1b 8.69+0.14 7.87+0.13 9.77 £ 0.08P
1c 6.80+£0.1 6.94 + 0.45 8.42 +0.08
1d 9.25 +0.05 7.36 £0.08 9.97 + 0.06”
2a(LE404) 9.45+0.17 7.76 £ 0.04 9.19 £ 0.08
2b 9.09 +0.06 8.45+0.22 9.05 £ 0.09
2c 8.46 £ 0.33 7.23+0.1 8.70+£0.04
2d 7.64+0.1 7.89+0 8.69 £ 0.07

HO

O N

2e 8.574 £0.225 7.38+£0.42 8.67 £ 0.06

H4CO

O N

2f 7.66 £0.20 7.062 £ 0.05 8.47 £0.05
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Table 1 (continued)

Compound Affinity for D;, nM (pK; + SEM)?

Affinity for Do, nM (pK; £ SEM)? Affinity for 5HT,,, (PA; £ SEM)

HO
O W ~CHs

2g 8.43 £ 0.09
2h 7.55 0.1
2i 7.20+0.13

@ pK; values are given for dopamine radioligand displacement experiments.
b pD) values are given for the experiments on porcine coronary artery.

This suggests that the binding cavities for this type of ligands
at the D; and the 5-HT,4 receptors are similar. Such a correlation
was not observed for the D, receptor. Therefore the following
SAR discussion may refer to both the 5-HT,, and the D,
receptors.

Investigation of 1a-c demonstrates the influence of ring
enlargement in the benzindolo-series. Enlargement of 1a yields
in two 11-membered regioisomers. Formally, 1b results from a
replacement of the phenethylamine part with phenylpropylamine,
whereas in 1c the tryptamine moiety is replaced with homotrypta-
mine. In the dibenzazecine-series, we compared the 10-membered
2d to the respective 11-membered congeners 2f and h (Fig. 1).

In general, expanding the ring to 11-membered heterocycles is
tolerated but does not improve affinities. Remarkably, the affinities
of the two regioisomeric 11-membered derivatives 2f and h differ
dramatically. The compounds with a tryptamine (1b) or a substi-
tuted phenethylamine moiety (2f) are superior to their three-car-
bon homologues 2h and 1c (Fig. 1).

To identify the influence of hydroxylation and methoxylation on
the affinity, we compared the 10-membered phenolic 2a and the
respective methoxylated 2d. In the ring enlarged compounds 2e
and f, the ring system is maintained and the only differences are
determined by the substitution pattern (Fig. 2). The hydroxylated
compounds 2a and e generally display higher affinities than do
their methoxylated counterparts 2d and f.

The benefit of hydroxylation was also found in the benzindolo-
series. Here the serotonin derivative 1d is superior to the unsubsti-

1a, 2d 1b, 2f 1c, 2h

R
@C = ij or \©i R= OCH,,
OH
Ny

Figure 1. Influence of ring enlargement on D; and 5-HT,4 binding.

7.11x0.13 8.40 £ 0.02
7.61x0 8.24 +0.02
6.41 £0.02 7.21 £0.06
HO N H3CO
> >>
2a, 2e 2c 2d, 2f
HO
)\ > \
N 7 N
1d H 1a H

Figure 2. Influence of hydroxyl- and methoxy substituents on D; and 5-HT;a
binding.

tuted 1a. (Fig. 2) Chlorination of 2a gave 2b and improved neither
D nor 5-HT>, binding.

Furthermore, we investigated the effect of the different residues
-H, -CH3 and -C,Hs at the basic nitrogen by comparing the 10-
membered phenolic derivatives 2i to 2a and 2g. Thereby, the N-
C,Hs decreases the affinities significantly, but moreover an almost
complete loss of affinity was achieved with the nor-compound (2i).
Therefore, the N-CH3 compounds were the most favorable, show-
ing the highest affinities (Fig. 3). Any explanations regarding the
low affinities of the secondary amine 2i are speculative and should
not be given now.

It is known that similar receptors bind similar drugs,'4 but from
a phylogenetic point of view, the 5-HT,4 receptor and the D, recep-
tor are not very similar.!> Nevertheless only the structural proper-
ties of the binding cavities are responsible for protein-ligand
interactions.

According to the findings of Surgand et al., we compared the 30
amino acids of the investigated receptors, which are supposed to
shape the binding cavities of the respective receptors.'® These ami-

Nk ST P

J T LT
2i 2a 29

Figure 3. Influence of residues at the nitrogen on D; and 5-HT,4 binding.
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@ no acids are given in Table 2 for the D;, Do, and 5-HT,a receptors,
| 2= and similarities are highlighted. Comparing the amino acids should
o allow the identification of critical residues that might explain our
N findings.
@ The following discussion not only refers to the relevant amino
~|—>> X acids in Table 2, but also includes the cavities of 42 aminergic
" GPCRs, investigated by Surgand et al.
L PO Within the proposed binding cavities, the D; receptor shares 16
- identical amino acids with the 5-HT,a receptor, whereas the D,
Slrzz = receptor shares only 15 identical amino acids. The carboxylate res-
o idue of Asp D3.32, which is the counter ion to the protonated basic
1 | amine,!” and the aromatic residues in TM6 (Phe F6.44/Trp W6.48/
Phe F6.51/Phe F6.52) are crucial for a m-m-stacking with the aro-
5 e matic moiety of biogenic amines and are highly conserved in all
42 aminergic GPCRs. Less common is the Asn N6.55 following the
¥ 23232 FWFF motif in TM6, which is only found in the 5-HTy4, 5-HT>a, B,
© the adrenergic BAR1-3, and the D;/Ds receptors. The Val V7.39 oc-
3 curs only at the 5-HT,apc, the D; and Ds receptors and the trace
© [ amine receptor TARO3. Ser S3.36 followed by two Ileu 13.40 and
) 14.56 is within all 42 amine receptors found only in the D4, Ds,
Gl 1 and 5-HT,a receptors. The Thr T1.46 followed by Val V2.51 and
b Met M2.58 is distributed only sparsely, namely in the D; family
B vnn (D; and Ds), the 5-HTjy/5/6/7 receptors, the trace amine receptor
Q TARO1, and the histamine H; receptor. Hence, the amino acids in
Bluon 1.46, 2.57, 2.58, 3.28, 3.36, 3.40, 3.56, 6.55, and 7.39 might be
o responsible for our findings.
A=<
]
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In view of the similar SARs, we found for the 5-HT,4 and D4, but
not the D, receptor, we put all of the pKj-values in diagrams
(Fig. 4). These diagrams illustrate a correlation of the affinities
for 5-HT,, and D, (left diagram) with a R? of 0.54 rather than for
5-HT,4 and D, with R? = 0.31 (right diagram). Since the secondary
amine 2i exhibits only micromolar affinities for all dopamine
receptors, it makes the correlation between 5-HT,4 and D, look
better than it is.

Omitting 2i from both diagrams would leave the R*>-value of the
correlation between 5-HT,, and D; in the same range (0.47),
whereas the R? of the correlation between 5-HT,4 and D, would
drop significantly from 0.31 to 0.09.

Such consistency in the SARs for serotonin 5-HT,4 and dopa-
mine Dy has not been observed to our knowledge for other dopa-
mine-serotonin ligands. Within the benzazepine-styled ligands
with affinity for D; and 5-HT;a receptors, such a comparison of
SARs is difficult either due to the lack of data on the respective
receptor subtypes'®!'® or because whether these compounds act
and bind as agonists or antagonists is unknown.?° Furthermore,
for all of the D; receptor antagonists described previously, the
affinities for D, are higher than those for 5-HT,,, whereas for our
azecine-styled compounds the 5-HT,, affinities are generally high-
er than for D;.

In conclusion, for azecine-styled compounds, ring size, aromatic
substitution, and alkylation on the basic nitrogen affect the affinity
for the 5-HT,4 receptor in the same manner than for D; but not for
D, receptors.

These results are of great importance for the further under-
standing of binding mechanisms, but also for the development of
azecine-like compounds as novel atypical antipsychotics. Espe-
cially since high and increasing affinities in the order
D; =D, <5-HTz5 seem to be a promising feature for atypical
neuroleptics.>*
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The 5”-branched cyclic ADP-carbocyclic-ribose derivatives were designed and synthesized. These target
compounds were identified as the first antagonists of CADPR without a substituent at the adenine 8-posi-
tion, and were shown to be stable due to the N1-carbocyclic-ribosyl structure.
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Cyclic ADP-ribose (cADPR, 1, Figure 1), a naturally occurring
metabolite of NAD*,! is now recognized as a general mediator in-
volved in Ca?* signaling.? Since cADPR plays important physiolog-
ical roles, cADPR analogues are important in proving the
mechanism of cADPR-mediated Ca?* signaling pathways and are
also expected to be lead structures for the development of new
drugs.??® Therefore, the synthesis of cADPR analogues has been
extensively investigated.>®

Under neutral conditions, cADPR is in a zwitterionic form with a
positive charge around the N(1)-C(6)-N°® moiety’ (pK, = 8.3), mak-
ing the molecule unstable, since the charged adenine moiety at-
tached to the anomeric carbon of the N1-ribose can be an
efficient leaving group. Accordingly, cADPR is readily hydrolyzed
at the unstable N1-ribosyl linkage of its adenine moiety to produce
ADP-ribose (ADPR), even in neutral aqueous solution.® Under phys-
iological conditions, cADPR is also hydrolyzed at the N1-ribosyl
linkage by cADPR hydrolase to give the inactive ADPR.2 This kind
of chemical and biological instability is undesirable for using cAD-
PR or its analogues as biological tools and/or drug leads. Thus, we
designed and synthesized cyclic ADP-carbocyclic-ribose (cADPCcR,
3) as a stable equivalent of cADPR, in which the oxygen atom in
the N1-ribose ring of cADPR is replaced by a methylene group.53-¢
Biological evaluation has shown that, in fact, it acts as a biologically
and chemically stable equivalent of cADPR.® We also disclosed that
cADPCR is the first cell-type selective analogue of cADPR.5¢

* Corresponding author. Tel./fax: +81 11 706 3769.
E-mail address: shu@pharm.hokudai.ac.jp (S. Shuto).

0960-894X/$ - see front matter © 2008 Elsevier Ltd. All rights reserved.
doi:10.1016/j.bmcl.2008.04.083

Because of the highly potent and stable feature of cADPcR, it can
be useful as a prototype for developing biological tools and/or drug
leads. Therefore, we synthesized cADPcR analogues and investi-
gated the structure-activity relationship® to result in finding sev-
eral useful compounds, such as 3”-deoxy-cADPcR (4) with the
most potent Ca%*-mobilizing effect in this series of compounds.®

It is known that modification of cADPR at the 8-position of the
adenine ring with NHj;, N3, or halogen substituent converts it from
agonist to antagonist, and therefore, 8-NH,-cADPR (2) has been
effectively used as a potent cADPR antagonist in biological
studies.*® In addition, 7-deaza-cADPR, in which the N7 atom of
the adenine ring is replaced by a methine, has been shown to be-
have as a partial agonist.*' Thus, it is clear that the adenine ring
plays an important role in the agonist/antagonist switching of
the activity.

We recently found that the 8-substituted cADPcR analogues,
that is, 8-Cl, 8-N3, and 8-NH,-cADPcR (5, 6, 7, respectively), be-
haved as full agonists, in spite of their substituting at the ade-
nine-8-position.®® In addition, we showed that the modification
at the 3”-position affects the agonistic activity. Deletion of the
3”-hydroxyl of the full agonistic 8-Cl, 8-N3, and 8-NH,-cADPcR
converted them into partial agonists; the average maximal levels
of 3”-deoxy-8-Cl-cADPcR (8), 3”-deoxy-8-Ns3-cADPcR (9), and
3”-deoxy-8-NH,-cADPcR (10) were 14%, 16%, and 21% of that of
cADPCR, respectively.®® These findings suggest that deletion of
the 3”-hydroxyl of the N1-ribose may reduce the maximal Ca®*
releasing activity of the compounds and shifted the compound to-
ward becoming more antagonistic. Thus, the N1-ribose moiety
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Figure 1. cADPR and its analogues.

may also be critically important in agonist/antagonist switching of
the activity, and therefore, we thought that a new type of antago-
nists might be developed by the modification of the N1-ribose moi-
ety of cADPcR, which can be useful because of the stability due to
the carbocyclic-ribosyl structure.

On the other hand, although accumulating evidence indicates
that cADPR mobilizes Ca?* via ryanodine receptor (RyR) activa-
tion,2° it is unclear whether cADPR directly interacts with RyRs
or does so via any of the accessory proteins that interact with
the cytoplasmic domains of ryanodine receptor.!® In order to iden-
tify the target proteins of cADPR, the biologically and also chemi-
cally stable analogues of cADPR, which are able to bind
specifically to the target proteins, can be effectively used. These
analogues need to be conjugated with a functional residue, such
as a fluorescent or a photo-reactive residue, and therefore, identi-
fication of a site for the modification of cADPR or its analogues
without reducing the binding affinity is required. However, this
kind of conjugation often reduced its affinity for the target pro-
teins, in fact, it has been disclosed that modification of the pyro-
phosphate*” or N9-ribose moiety of cADPR reduced the activity.>
Although introduction of a small group such as NH; at the 8-posi-
tion does not reduce the affinity for the target proteins, the affinity
reduced when a somewhat bulkier group is introduced at the 8-po-
sition.3”" We recently synthesized 2” or 3”-substituted analogues
of cADPCR to result in reducing the activity.%¢ Thus, the site of
cADPCcR suitable for introducing the functional groups to develop

biological tools has not been identified, and accordingly, the
5”-substituted analogues of cADPcR would be of interest from this
viewpoint.

Taking these results and considerations into account, we de-
signed the target 5”-branched analogues of cADPcR to develop
the antagonists and/or the prototype compounds for biological
tools. As the substituent at the 5”-position, azidoethyl and amino-
ethyl groups, which can be easily conjugated with a photo-reactive
or a fluorescent group, were selected. Both of the (5”R)-diastereo-
mers 11a and 12a and the (5”S)-diastereomers 11b and 12b were
planned to synthesize for examining the effect of the stereochem-
istry on the biological activity.

We have developed an efficient total synthetic method for cAD-
PR analogues,” which have been effectively used in the synthesis of
a variety of cADPR analogues. Thus, we set out to synthesize the
target compounds based on the total synthetic method. The syn-
thetic plan is shown in Scheme 1 as a retrosynthetic analysis.
The 5-branched chiral carbocyclic-ribosyl amines 16, composing
the N1-substituted moiety in the target compounds, were planned
to prepare from commercially available (1R)-(—)-2-azabicy-
clo[2.2.1]hept-5-en-3-one (18). From the carbocyclic amines 16
and the known imidazole nucleoside derivative 15 derived from
5-amino-4-carbamoylimidazole-riboside (AICAR, 17),5% the 5'-phe-
nylthiophosphate-type substrate 14 for the key intramolecular
condensation could be prepared. Treatment of 14 with AgNOs/MS
3A as a promoter’®®® was expected to form the cyclized product
13, from which the desired 5”-branched cADPcR analogues 11a,
11b, 12a, and 12b would be obtained.

Synthesis of (5R)-branched carbocyclic-ribose 16a is shown in
Scheme 2. Grignard reaction of a known bicyclic amide 19'! with
CH,=CHCH,MgBr afforded the ring-opened ketone 20, treatment
of which with 1-Selectride gave the (5R)-alcohol 21a as the major
product with the minor (5S)-alcohol 21b (R/S=6:1).12 Although
the diastereomers 21a and 21b were inseparable at this stage,
the minor diastereomer was effectively removed at a later stage.
After protection of the hydroxyl of 21a with a silyl group, oxidative
cleavage of the unsaturated bond followed by reduction with
NaBH, gave the primary alcohol 23a. The resulting hydroxyl of
23a was replaced with an azido group via O-mesylation, and then
the TBS group was removed to give 24a. Heating 24a in refluxing
H,O gave the (5R)-branched carbocyclic-ribosyl amine 16a (R/
S=6:1).

Mitsunobu reaction of 21a including the minor diastereomer
21b (R/S = 6:1) with a PhsP/DIAD/p-NO, PhCO,H system, followed
by removal of the p-nitorobenzoyl group and silylation of the
resulting hydroxyl gave the silyl ether 22b including 22a as the
minor diastereomer (R/S = 1:6) (Scheme 3), which was converted
into 16b (R/S = 1:6) by the same procedure as for preparing 16a.

The target (5”R)-branched cADPcR analogues 11a and 12a were
successfully synthesized from the carbocyclic amine 16a and the
imidazole nucleoside 15, as shown in Scheme 4. The N1-substi-
tuted adenosine derivative 25a was obtained in high yield by treat-
ing a mixture of 16a and 15 with K,CO3; in MeOH at room
temperature. The 5'-O-TBS group of 25a was removed with TBAF
to give 26a. Treatment of 26a with a S,S’-diphenylphosphorodithio-
ate (PSS)/2,4,6-triisopropylbenzenesulfonyl chloride (TPSCI)/pyri-
dine system'? gave the 5'-bis(phenylthio)phosphate 27a. At this
stage, (5”S)-minor diastereomer was removed by silica gel flash
column chromatography and 27a was obtained in a diastereomer-
ically pure form. A phosphoryl group was introduced at the 5”-sec-
ondary hydroxyl of 27a by Yoshikawa’s method with POCIs/
(Et0);P0,'* and the product was treated with H3PO, and Et;N'®
in pyridine to afford the corresponding 5’-phenylthiophosphate
14a. The key intramolecular condensation reaction of 14a was
investigated with the AgNO;/EtsN/MS 3A/pyridine method.>>%?
The reaction was first carried out under 0.5 mM concentration of





3816

N. Sakaguchi et al./Bioorg. Med. Chem. Lett. 18 (2008) 3814-3818

AgNO3

>(
O s ",
S HO OH

TBSO‘b,

11a, 11b ; o :> +
12a, 12b B _
a é__o /"0 Phs-p-0 o N P
//P\ _ b/t/ (0] 07
o © \ o)
S NH
13
14
>< E
>< 16 18
Scheme 1.

0

i
NBoc = NHBoc
/\/MgBr
ref. 11 K

. THF,-78°C e
18 ————= 0

————, 0
N 19 80%

OH OTBS
NHBoc
A\p % NHBoc
L-selectride TBSCI
THF. —78 °C Eat imidazole, DMF —
_— = o_ 0 o_ 0
78% 97%
x >< 22a
21a (RIS =6:1)
1) MsCl, Et;N
1) Os0,,NalO, OTBS DMAP, CH,Cl,
2,6-lutidine NHBoc 2) NaNj, 15-crown-5
ag. acetone >
2) NaBH, - DMP
VoOH S b 3) TBAF, THF
65% x 23a quant.
OH OH
NHB
NsA/KO/ oc NSA)\O/NHz
N b H,0, reflux H b
Ox quant. Ox
24a 16a (RIS =6: 1)
Scheme 2.
1) PPhs, DIAD

p-NO,-PhCO,H OTBS

THF, 0—50°C  =\_.« NHBoc
” 2) 1N NaOH s
a
RS =6:1)  —29THF Sy
3) TBSCI Ox
imidazole
DMF, 50 °C 291
55%

OH
N3/\\~~'k 2 N2
6o

16b (RIS = 1: 6)

56%

Scheme 3.

15
+
16
(RIS =6:1)
b(25a: R=0TBS
chsa R=0H
27a: R = PO(SPh),
><) N,
NHZW
PhS- P o IL) o:p:a_OH .
O_ —
C5><b 14a
gorh 11a: X =N,

= 12a: X=NH3*

f 13a: X=Nj3
Czaa X = NHz*

Scheme 4. Reagents and conditions: (a) K,CO3, MeOH, 83%; (b) TBAF, THF, quant;
(c) PSS, TPSCI, py, 55%; (d) 1—POCL3, (EtO)sPO, 0 °C, 2—H3P0,, Et3N, pyridine, 34%;
(e) AgNOs3, MS 3A, Et3N, py, 50%; (f) Hy, Lindar cat., H,0, 74%; (g) 60% HCO,H, quant
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the substrate 14a. Although the intramolecular pyrophosphate
linkage was formed, the yield of the desired cyclization product
13a was insufficient (27%), in which the unexpected cyclic dimer
29 (Fig. 2)'® was concomitantly obtained in 20% yield. However,
when the reaction was performed under lower than 0.1 mM sub-
strate concentration, the yield of 13a increased to 50%, where the
dimer 29 was not obtained. Hydrogenation of 13a with Lindlar’s
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Figure 2. Structure of the cyclic dimer 29.

catalyst gave the corresponding (5”R)-5"-aminoethyl derivative
28a. Finally, the isopropylidene groups of 13a and 28a were re-
moved by acidic treatment with aqueous HCO,H to furnish the tar-
get (5”R)-5"-azidoethyl-cADPcR (11a) and (5”R)-5"-aminoethyl-
cADPCR (12a), respectively.!”

According to the same procedure, (5”S)-5"-azidoethyl-cADPcR
(11b) and (5”S)-aminoethyl-cADPcR (12a) were also synthesized
from 16b.!”

The Ca?*-mobilizing activity of 5”-branched cADPcR analogues
11a, 11b, 12a, and 12b in sea urchin egg homogenate was deter-
mined fluorometrically by monitoring Ca%* with fura-2.'® cADPR
(1) and cADPcR (3) showed dose-dependent Ca®* release with
ECso of 210 nM and 79 nM, respectively (Fig. 3A), which were con-
sistent with the previous results.®® However, no Ca*-mobilizing
activity was detected with all of the 5”-branched cADPcR ana-
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Figure 3. Ca®*-mobilizing activity of compounds in sea urchin egg homogenate.
(A) Dose-dependent Ca?*-mobilizing activity of cADPR, cADPcR, and 5”-branched
cADPcR analogues. The activity of each compound was expressed as a percent
change in fura-2 fluorescence ratio (F340/F380) relative to 10 uM cADPR. (B) Dose-
dependent antagonistic activity by 5”-branched cADPcR analogues. Antagonistic
activity of each compound was expressed as a percent inhibition of Ca®" release
induced by 1 pM cADPcR after treatment of homogenate with the compound.

logues 11a, 11b, 12a, and 12b up to 30 pM of the compounds, indi-
cating that they have no agonistic activity.

On the other hand, Ca?* release by 1 pM cADPcR was decreased
by the treatment of the 5”-branched analogues in a dose-depen-
dent manner (Fig. 3B). Taken together, these findings suggest that
the 5”-branched cADPcR analogues act as antagonists of cADPR.
The ICso for cADPcR-induced Ca®* release of 11a, 11b, 12a, and
12b was estimated to be 14 uM, 19 uM, 73 uM, and 120 puM,
respectively. Thus, azidoethyl derivatives 11a and 11b are more
potent antagonists than the corresponding aminoethyl derivatives
12a and 12b, and effect of the stereochemical difference at the 5”-
position on the activity is subtle.

It is important that antagonists of cADPR can be developed
without modifying the adenine moiety, since all of the antagonists
of cADPR known to date have a substituent at the 8-position. The
activities of these 5”-branched cADPcR analogues are not so strong,
compared with those of the well-known 8-substituted antagonists,
such as 8-NH,-cADPR (2).** One possible advantage of these 5’-
branched cADPcR analogues to the previous 8-substituted antago-
nists could be their stability due to the N1-carbocyclic-ribosyl
structure. Thus, we investigated the stability in human serum with
the (5”S)-azidoethyl derivatives11b; after 3 days of incubation of
11b at 37 °C, 89% of 11b remained.

As described, the 5”-branched cADPcR analogues have been suc-
cessfully synthesized, which clearly demonstrates that the strategy
of using a phenylthiophosphate-type substrate in the key intramo-
lecular condensation reaction forming the pyrophosphate linkage
is effective for total syntheses of cADPR related compounds. The
5”-branched cADPcR analogues were identified as the first antago-
nists of CADPR modified at the N1-ribose moiety and are shown to
be stable due to the N1-carbocyclic-ribosyl structure. In addition,
these results show that the azidoethyl derivatives 11a and 11b
preserve the affinity for the target protein of cADPR, which sug-
gests that the 5”-position may be a site suitable for introducing
the functional groups to develop biological tools.
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cyclic ADP-carbocyclic-ribose (12a). "H NMR (500 MHz, D,0) & 8.71 (s, 1H), 8.30
(s, 1H), 6.06 (d, 1H, J = 4.6 Hz), 4.95 (dd, 1H, J = 4.6, 4.6 Hz), 4.81 (m, 1H), 4.52
(dd, 1H, J = 4.6, 4.6 Hz), 4.44-4.40 (m, 3H), 4.32 (m, 1H), 4.15 (m, 1H), 4.05 (m,
1H), 3.13 (m, 2H), 3.01 (m, 1H), 2.39 (m, 1H), 2.25(m, 1H), 2.13 (m, 1H), 2.05
(m, 1H); 13C NMR (125 MHz, D,0) & 151.48, 147.32, 143.55, 120.43, 91.14,
84.55 (d, J=10.7 Hz), 76.73, 75.44 (d, ] = 3.6 Hz), 74.50, 71.81, 70.50, 64.74,
63.59, 46.23, 37.13, 32.29, 29.92; *'P NMR (202 MHz, D,0) & —9.37 (d,
J=17.3Hz), —-10.63 (d, J=17.3 Hz); UV (H;0) Zmax 260 nm; HRMS (ESI,
negative) calcd for CigHy7NgO1> P, 581.1162 found 581.1159 [(M—H)].
(5”S)-5"-(2-Azidoethyl)-cyclic ADP-carbocyclic-ribose (11b, triethylammonium
salt). 'TH NMR (500 MHz, D,0) 6 9.00 (s, 1H), 8.28 (s, 1H), 5.99 (d, 1H, ] = 6.4 Hz),
5.26 (m, 1H), 4.87 (m, 1H), 4.77 (m, 1H), 4.62-4.58 (m, 2H), 4.33 (m, 1H), 4.22
(dd, 1H,J = 3.2, 8.4 Hz), 4.03 (m, 2H), 3.52 (t, 2H, J = 6.8 Hz), 3.15 (dd, H, ] = 7.3,
14.3 Hz), 2.86 (m, 1H),2.44-2.41 (m, 2H), 2.10 (m, 1H), 1.93 (m, 1H), 1.22 (t, 9
H, J=7.3Hz); '3C NMR (125 MHz, D,0) § 151.21, 146.82, 146.18, 144.51,
120.64, 90.93, 85.15 (d, J=10Hz), 76.29, 74.57 (d, ] = 4.6 Hz), 74.54, 73.39,
72.18, 71.07, 64.97 (d, J=4.6 Hz), 62.81, 48.10, 45.62 (d, J=4.6 Hz), 34.91,
24.99; *'P NMR (202 MHz, D,0) 6 —10.27 (br s), —10.50 (br s); UV (H20) Amax
259 nm; HRMS (ESI, negative) calcd for C;gHa5NgOq; P, 607.1073 found
607.1066 [(M—H)"]. (5"S)-5"-(2-Aminoethyl)-cyclic ADP-carbocyclic-ribose
(12b). 'H NMR (500 MHz, D,0) & 9.03 (s, 1H), 8.33 (s, 1H), 5.99 (d, 1H,
J=6.4Hz),5.22 (dd, 1H,J = 4.9, 6.4 Hz), 4.83 (m, 1H), 4.67 (m, 1H), 4.59 (dd, 1H,
J=2.1,49Hz), 453 (m, 1H), 4.32 (m, 1H), 4.23 (dd, 1H, J = 3.8, 9.8 Hz), 4.05-
4.01 (m, 2H), 3.19 (m, 2H), 2.88 (m, 1H), 2.47 (m, 1H), 2.37 (m, 1H), 2.14 (m,
1H), 2.00 (m, 1H); '3C NMR (100 MHz, D,0) ¢ 151.36, 146.70, 146.05, 144.31,
120.79, 90.82, 85.18 (d, J=11Hz), 76.09, 73.44 (d, J=6.5Hz), 73.34, 72.02,
71.05, 65.21 (d, J = 4.6 Hz), 62.67, 46.16 (d, ] = 4.6 Hz), 36.89, 34.42, 24.80; 3'P
NMR (202 MHz, D,0) 6 -9.30, —9.81 (each d, J=13.9Hz); UV (H)0)
Jmax = 259 nm; HRMS (FAB, negative) calcd for C;gH,7NgOq12 P»581.1162
found 581.1175 [(M—H)"].

Shiwa, M.; Murayama, T.; Ogawa, Y. Am. J. Physiol.; Regul. Integr. Comp. Physiol.
2002, 282, R727.
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