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ARTICLES


Synthesis and structure–activity relationships of 2-phenyl-1-[(pyridinyl- and piperidinylmethyl)amino]-3-(1H-
1,2,4-triazol-1-yl)propan-2-ols as antifungal agents


pp 301–304


Francis Giraud, Rémi Guillon, Cédric Logé *, Fabrice Pagniez, Carine Picot, Marc Le Borgne, Patrice Le Pape


Synthesis and SAR studies of modified 1-benzylamino-2-phenyl-3-(1H-1,2,4-triazol-1yl)propan-2-ols as
antifungal agents, allowed identification of new derivatives with MIC80 values ranging from 1410.0 to
23.0 ng mL�1 on the Candida albicans strain.
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Discovery of novel thieno[2,3-d]pyrimidin-4-yl hydrazone-based inhibitors of Cyclin D1-CDK4: Synthesis, biological
evaluation, and structure–activity relationships


pp 305–308


Takao Horiuchi *, Jun Chiba, Kouichi Uoto, Tsunehiko Soga
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New analogues of thieno[2,3-d]pyrimidin-4-yl hydrazone compounds as Cyclin D1/CDK4 inhibitors have been synthesized and evaluated their enzyme inhibitory activity
and antiproliferative activity. The potency, selectivity profile, and structure–activity relationship trends of this class of compounds are discussed.


CB2 selective sulfamoyl benzamides: Optimization of the amide functionality pp 309–313


Allan J. Goodman *, Christopher W. Ajello, Karin Worm, Bertrand Le Bourdonnec, Markku A. Savolainen, Heather O’Hare,
Joel A. Cassel, Gabriel J. Stabley, Robert N. DeHaven, Christopher J. LaBuda, Michael Koblish, Patrick J. Little,
Bernice L. Brogdon, Steven A. Smith, Roland E. Dolle


Isosteric replacement of the amide linkage was investigated. Reversal of the amide functionality led to a series of highly selective CB2 receptor agonists.
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CoMFA and CoMSIA 3D-QSAR studies on S 6-(4-nitrobenzyl)mercaptopurine riboside (NBMPR) analogs
as inhibitors of human equilibrative nucleoside transporter 1 (hENT1)


pp 314–318


Amol Gupte, John K. Buolamwini *


The 3D-QSAR studies involving CoMFA (comparative molecular field analysis) and CoMSIA (comparative molecular similarity indices analysis) on NBMPR analogs
developed as human equilibrative nucleoside transporter (hENT1) inhibitors is reported.


Synthesis and evaluation of pyrido-thieno-pyrimidines as potent and selective Cdc7 kinase inhibitors pp 319–323


Chunlin Zhao *, Christian Tovar, Xuefeng Yin, Qui Xu, Ivan T. Todorov, Lyubomir T. Vassilev *, Li Chen
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Aryloxy cyclohexyl imidazoles: A novel class of antileishmanial agents pp 324–327


Nagarapu Srinivas, Shraddha Palne, Nishi, Suman Gupta, Kalpana Bhandari *
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A series of aryloxy cyclohexane-based mono and bis imidazoles were synthesized and evaluated both in vitro and in vivo against Leishmania donovani.
All the 13 compounds displayed very promising in vitro activity while one compound showed significant in vivo activity.


Identification and structure–activity relationships of ortho-biphenyl carboxamides as potent Smoothened
antagonists inhibiting the Hedgehog signaling pathway


pp 328–331


Stefan Peukert *, Rishi K. Jain, Adrian Geisser, Yingchuan Sun, Rui Zhang, Aaron Bourret, Adam Carlson,
Jennifer DaSilva, Arun Ramamurthy, Joseph F. Kelleher
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               Screening hit (2a)


               Hh IC50 = 1200 nM 
Smo hu bdg. IC50 = 3420 nM


                 23b


               Hh IC50 = 17 nM
Smo hu bdg. IC50 =  7 nM


Hit optimization
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1,3,4-Oxadiazoline derivatives as novel potential inhibitors targeting chitin biosynthesis: Design, synthesis and
biological evaluation


pp 332–335


Shaoyong Ke, Fengyi Liu, Ni Wang, Qing Yang *, Xuhong Qian *
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Sulfamides as novel histone deacetylase inhibitors pp 336–340


Amal Wahhab *, David Smil, Alain Ajamian, Martin Allan, Yves Chantigny, Eric Therrien, Natalie Nguyen, Sukhdev Manku,
Silvana Leit, Jubrail Rahil, Andrea J. Petschner, Ai-Hua Lu, Alina Nicolescu, Sylvain Lefebvre, Samuel Montcalm,
Marielle Fournel, Theresa P. Yan, Zuomei Li, Jeffrey M. Besterman, Robert Déziel
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The sulfamide moiety has been utilized to design novel HDAC inhibitors. The potency and selectivity of these inhibitors were influenced both by the nature of the scaffold, and
the capping group. Linear long-chain-based analogs were primarily HDAC6-selective, while analogs based on the lysine scaffold resulted in potent HDAC1 and HDAC6
inhibitors.


Synthesis and evaluation of a novel series of pseudo-cinnamic derivatives as antituberculosis agents pp 341–343


Georges Koumba Yoya, Florence Bedos-Belval, Patricia Constant, Hubert Duran, Mamadou Daffé, Michel Baltas *
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  TB MIC : 0.1 µg/mL, CLogP : 4.81 4b


Dicarboxylic acid esters as transdermal permeation enhancers: Effects of chain number and geometric isomers pp 344–347


Michal Novotný, Alexandr Hrabálek, Barbora Janůšová, Jakub Novotný, Kateřina Vávrová *


Transdermal permeation enhancers based on dicarboxylic acid esters were studied.
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Salicylanilide esters of N-protected amino acids as novel antimicrobial agents pp 348–351


Aleš Imramovský *, Jarmila Vinšová *, Juana Monreal Férriz, Vladimír Buchta, Josef Jampílek


Synthesis of new highly antimicrobial active salicylanilide esters of N-protected amino acids is described.


Synthesis and initial evaluation of novel, non-peptidic antagonists of the av-integrins avb3 and avb5 pp 352–355


Jeffrey J. Letourneau *, Jinqi Liu, Michael H. J. Ohlmeyer, Chris Riviello, Yajing Rong, Hong Li, Kenneth C. Appell,
Shalini Bansal, Biji Jacob, Angela Wong, Maria L. Webb
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Facile synthesis and biological evaluation of a cell-permeable probe to detect redox-regulated proteins pp 356–359


Young Ho Seo, Kate S. Carroll *


Optimization of 4,6-bis-anilino-1H-pyrrolo[2,3-d]pyrimidine IGF-1R tyrosine kinase inhibitors towards JNK
selectivity


pp 360–364


Stanley D. Chamberlain, Anikó M. Redman, Joseph W. Wilson, Felix Deanda,
J. Brad Shotwell, Roseanne Gerding, Huangshu Lei, Bin Yang, Kirk L. Stevens,
Anne M. Hassell, Lisa M. Shewchuk, M. Anthony Leesnitzer, Jeffery L. Smith,
Peter Sabbatini, Charity Atkins, Arthur Groy, Jason L. Rowand, Rakesh Kumar,
Robert A. Mook Jr., Ganesh Moorthy, Samarjit Patnaik *
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The SAR of C50 functional groups with terminal basic amines at the C6 aniline of 4,6-bis-
anilino-1H-pyrrolo[2,3-d]pyrimidines is reported. Examples demonstrate potent inhibition of
IGF-1R in enzymatic and cellular assays with 1000-fold selectivity over JNK1 and 3.
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Redefining the structure–activity relationships of 2,6-methano-3-benzazocines. Part 7: Syntheses and opioid
receptor properties of cyclic variants of cyclazocine


pp 365–368


Mark P. Wentland *, Qun Lu, Rakesh Ganorkar, Shao-Zhong Zhang, Sunjin Jo, Dana J. Cohen, Jean M. Bidlack
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Members of a novel series of 7,8- and 8,9-fused triazole and imidazole analogues of cyclazocine display very high affinity for opioid receptors.


Synthesis and evaluation of alkoxy-phenylamides and alkoxy-phenylimidazoles as potent sphingosine-1-
phosphate receptor subtype-1 agonists


pp 369–372


Ghotas Evindar *, Sylvie G. Bernier, Malcolm J. Kavarana, Elisabeth Doyle, Jeanine Lorusso, Michael S. Kelley, Keith Halley,
Amy Hutchings, Albion D. Wright, Ashis K. Saha, Gerhard Hannig, Barry A. Morgan, William F. Westlin
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Discovery of two potent and selective sphingosine-1-phosphate receptor agonist chemotypes, alkoxy-phenylamide and alkoxy-phenylimidazole, with potent in vivo oral
activity in mouse.


Optimization of a series of 4,6-bis-anilino-1H-pyrrolo[2,3-d]pyrimidine inhibitors of IGF-1R: Elimination
of an acid-mediated decomposition pathway


pp 373–377


Stanley D. Chamberlain, Anikó M. Redman, Samarjit Patnaik, Keith Brickhouse,
Yen-Chiat Chew, Felix Deanda, Roseanne Gerding, Huangshu Lei, Ganesh Moorthy,
Mark Patrick, Kirk L. Stevens, Joseph W. Wilson, J. Brad Shotwell *


Synthesis of 2-amino-5-benzoyl-4-(2-furyl)thiazoles as adenosine A2A receptor antagonists pp 378–381


Andrew G. Cole *, Tara M. Stauffer, Laura L. Rokosz, Axel Metzger, Lawrence W. Dillard, Wenguang Zeng, Ian Henderson
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The discovery and synthesis of a series of 2-amino-5-benzoyl-4-(2-furyl)thiazoles as adenosine A2A receptor antagonists are reported.
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Synthesis of 10-substituted triazolyl artemisinins possessing anticancer activity via Huisgen 1,3-dipolar
cylcoaddition


pp 382–385


Sungsik Cho, Sangtae Oh, Yumi Um, Ji-Hee Jung, Jungyeob Ham, Woon-Seob Shin *, Seokjoon Lee *
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Syntheses and evaluation of glucosyl aryl thiosemicarbazide and glucosyl thiosemicarbazone derivatives
as antioxidant and anti-dyslipidemic agents


pp 386–389


Samir Ghosh, Anup Kumar Misra *, Gitika Bhatia, M. M. Khan, A. K. Khanna
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A novel sesquiterpene quinone from Hainan sponge Dysidea villosa pp 390–392


Yan Li, Yu Zhang, Xu Shen *, Yue-Wei Guo *


One new sesquiterpene Quinone 5, together with two known analogues 6 and 7, had been isolated from the Hainan sponge Dysidea villosa with a rare further rearranged
drimane skeleton. Compound 7 exhibited the strongest hPTP1B inhibitory activity with an IC50 value of 6.70 lM, 6 had significant cytotoxic activity against Hela cell line
with an IC50 value of 5.45 lM, and new compound 5 showed moderate PTP1B inhibitory activity and cytotoxicity with IC50 values of 39.50 and 19.45 lM, respectively.


Combining 3D-QSAR, docking, molecular dynamics and MM/PBSA methods to predict binding modes for
nonsteroidal selective modulator to glucocorticoid receptor


pp 393–396


Yong Xu, Tao Zhang *, Minbo Chen


The AL-438 binding mode in GR ligand binding domain is predicted.
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Discovery of a novel series of quinoxalines as inhibitors of c-Met kinase pp 397–400


John Porter *, Simon Lumb, Fabien Lecomte, James Reuberson, Anne Foley, Mark Calmiano, Kelly le Riche,
Helen Edwards, Jean Delgado, Richard J. Franklin, Jose M. Gascon-Simorte, Alison Maloney,
Christoph Meier, Mark Batchelor
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The SAR of a series of quinoxaline inhibitors of c-Met kinase is reported.


Synthesis and evaluation of 2-pyridyl pyrimidines with in vitro antiplasmodial and antileishmanial activity pp 401–405


Chitalu C. Musonda, Gavin A. Whitlock *, Michael J. Witty, Reto Brun, Marcel Kaiser
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A series of 2-pyridyl pyrimidines has been shown to possess potent in vitro activity against leishmania parasites.


Design and synthesis of N-methylmaleimide indolocarbazole bearing modified 2-acetamino acid moieties as
Topoisomerase I inhibitors


pp 406–409


Zhiyu Li, Fuming Zhai, Li Zhao, Qinglong Guo, Qidong You *
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The preparation and evaluation of a novel class of TOPO I inhibitors based on indolocarbazole scaffold are reported.


3-Hydroxyisoquinolines as inhibitors of HCV NS5b RNA-dependent RNA polymerase pp 410–414


Robert T. Hendricks *, Stacey R. Spencer, James F. Blake, Jay B. Fell, John P. Fischer, Peter J. Stengel, Vincent J. P. Leveque,
Sophie LePogam, Sonal Rajyaguru, Isabel Najera, John A. Josey, Steven Swallow


New isoquinoline-based non-nucleoside inhibitors (2, 3) of HCV NS5b RNA-dependent RNA-polymerase are described. Their syntheses and structure–activity relationships
are detailed, along with enzyme and cellular activities.
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Microwave-assisted one step synthesis of 8-arylmethyl-9H-purin-6-amines pp 415–417


Hui Tao, Yanlong Kang, Tony Taldone, Gabriela Chiosis *


Novel non-active site inhibitor of Cryptosporidium hominis TS-DHFR identified by a virtual screen pp 418–423


W. Edward Martucci, Marina Udier-Blagovic, Chloe Atreya, Oladapo Babatunde, Melissa A. Vargo, William L. Jorgensen,
Karen S. Anderson *


Pyridyl-pyrimidine benzimidazole derivatives as potent, selective, and orally bioavailable inhibitors of Tie-2 kinase pp 424–427


Victor J. Cee *, Alan C. Cheng, Karina Romero, Steve Bellon, Christopher Mohr, Douglas A. Whittington, Annette Bak,
James Bready, Sean Caenepeel, Angela Coxon, Holly L. Deak, Jenne Fretland, Yan Gu, Brian L. Hodous, Xin Huang,
Joseph L. Kim, Jasmine Lin, Alexander M. Long, Hanh Nguyen, Philip R. Olivieri, Vinod F. Patel,
Ling Wang, Yihong Zhou, Paul Hughes, Stephanie Geuns-Meyer
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The optimization of a nonselective scaffold into 15, a potent inhibitor of Tie-2 kinase with selectivity against VEGFR2 kinase, is reported.


Studies on a series of potent, orally bioavailable, 5-HT1 receptor ligands—Part II pp 428–432


Simon E. Ward *, Peter Eddershaw, Sean T. Flynn, Laurie Gordon, Peter J. Lovell, Susan H. Moore, Claire M. Scott,
Paul W. Smith, Kevin M. Thewlis, Paul A. Wyman
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SAR studies on a series of substituted phenyl piperazines and piperidines are described. Several examples are disclosed as potent 5-HT1 receptor ligands and their PK
profiles presented.
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Conformationally constrained opioid ligands: The Dmt-Aba and Dmt-Aia versus Dmt-Tic scaffold pp 433–437


Steven Ballet, Debby Feytens, Rien De Wachter, Magali De Vlaeminck, Ewa D. Marczak, Severo Salvadori, Chris de Graaf,
Didier Rognan, Lucia Negri, Roberta Lattanzi, Lawrence H. Lazarus, Dirk Tourwé *, Gianfranco Balboni
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Synthesis of novel twin drug consisting of 8-oxaendoethanotetrahydromorphides with a 1,4-dioxane spacer
and its pharmacological activities: l, j, and putative e opioid receptor antagonists


pp 438–441


Hideaki Fujii, Akio Watanabe, Toru Nemoto, Minoru Narita, Kan Miyoshi, Atsushi Nakamura,
Tsutomu Suzuki, Hiroshi Nagase *
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Novel dimeric morphinan derivative with a 1,4-dioxane spacer was synthesized, and showed l, j, and putative e opioid receptor antagonist activities.


Synthesis and biological evaluation of N-mercaptoacylcysteine derivatives as leukotriene A4 hydrolase inhibitors pp 442–446


Hiroshi Enomoto *, Yuko Morikawa, Yurika Miyake, Fumio Tsuji, Maki Mizuchi, Hiroshi Suhara, Ken-ichi Fujimura,
Masato Horiuchi, Masakazu Ban
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The design, synthesis, and biological evaluation of a new class of N-mercaptoacyl-LL-cysteine derivatives as leukotriene A4 (LTA4) hydrolase inhibitors are
reported. Modification at the para-substituent of the phenyl ring of S-benzyl-L-cysteine moiety improved LTA4 hydrolase inhibitory activity as well as
selectivity over ACE. In particular, compounds 11l and 16i having cyclohexyl group exhibited superior features about the two enzymes.


Synthesis of novel di- and tricationic carbapenems with potent anti-MRSA activity pp 447–450


Takahisa Maruyama *, Yasuo Yamamoto, Yuko Kano, Mizuyo Kurazono, Eiki Shitara,
Katsuyoshi Iwamatsu, Kunio Atsumi *


A new series of 1b-methyl carbapenems possessing a 6,7,-disubstituted imidazo[5,1-b]thiazol-2-yl group was prepared. Among them, introduction of cationic benzyl
moiety to the 6 position of imidazo[5,1-b]thiazole resulted in excellent anti-MRSA activity.
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5,6-Dihydro-1H-pyridin-2-ones as potent inhibitors of HCV NS5B polymerase pp 451–458


Frank Ruebsam *, Chinh V. Tran, Lian-Sheng Li, Sun Hee Kim, Alan X. Xiang, Yuefen Zhou, Julie K. Blazel,
Zhongxiang Sun, Peter S. Dragovich, Jingjing Zhao, Helen M. McGuire, Douglas E. Murphy, Martin T. Tran,
Nebojsa Stankovic, David A. Ellis, Alberto Gobbi, Richard E. Showalter, Stephen E. Webber, Amit M. Shah,
Mei Tsan, Rupal A. Patel, Laurie A. LeBrun, Huiying J. Hou, Ruhi Kamran, Maria V. Sergeeva,
Darian M. Bartkowski, Thomas G. Nolan, Daniel A. Norris, Leo Kirkovsky
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Synthesis and evaluation of dithiolethiones as novel cyclooxygenase inhibitors pp 459–461


Shannon D. Zanatta, David T. Manallack, Bevyn Jarrott, Spencer J. Williams *


Highly efficacious factor Xa inhibitors containing a-substituted phenylcycloalkyl P4 moieties pp 462–468


Jennifer X. Qiao *, Sarah R. King, Kan He, Pancras C. Wong, Alan R. Rendina, Joseph M. Luettgen,
Baomin Xin, Robert M. Knabb, Ruth R. Wexler, Patrick Y. S. Lam
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We previously disclosed a series of highly potent FXa inhibitors bearing a-substituted (CH2NR1R2) phenylcyclopropyl P4 moieties in the pyrazolodihydropyridone core
system. Herein, we describe our continuous SAR efforts in this series. Effects of the C-3 substitution of the pyrazolodihydropyridone core and the a-substitution (R group) of
the cyclopropyl ring on FXa binding affinity (FXa Ki), human plasma anticoagulant activity (PT EC2�) and permeability are discussed. A set of compounds obtained from
optimization of the R group and the C-3 substituent were orally bioavailable in dogs. Furthermore, representative compounds were highly efficacious in the rabbit arterio-
venous shunt thrombosis model (EC50s = 29–81 nM).


Discovery of 4,6-bis-anilino-1H-pyrrolo[2,3-d]pyrimidines: Potent inhibitors of the IGF-1R receptor tyrosine
kinase


pp 469–473


Stanley D. Chamberlain, Joseph W. Wilson, Felix Deanda, Samarjit Patnaik, Anikó M. Redman, Bin Yang, Lisa Shewchuk,
Peter Sabbatini, M. Anthony Leesnitzer, Arthur Groy, Charity Atkins, Roseanne Gerding, Anne M. Hassell, Huangshu Lei,
Robert A. Mook Jr., Ganesh Moorthy, Jason L. Rowand, Kirk L. Stevens, Rakesh Kumar, J. Brad Shotwell *
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Phospho IGF-1R Cellular IC50 109 nM 


13


A series of 4,6-bis-anilino-1H-pyrrolo[2,3-d]pyrimidines are evaluated as IGF-1R inhibitors.
Reported examples demonstrate nanomolar potencies in in vitro enzyme and cellular assays
as well as promising in vivo pharmacokinetics in rat.
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Synthesis of H-bonding probes of a7 nAChR agonist selectivity pp 474–476


Jingyi Wang, Roger L. Papke, Nicole A. Horenstein *


Aryl sulfamates are broad spectrum inactivators of sulfatases: Effects on sulfatases from various sources pp 477–480


Pavla Bojarová, Spencer J. Williams *
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Aryl sulfamates were identified as versatile active-site directed inactivators for a range of sulfatases. They are promising tools for analysis of sulfatase-
related processes and for the treatment of associated dysfunctions in vivo.


Chloroquine–astemizole hybrids with potent in vitro and in vivo antiplasmodial activity pp 481–484


Chitalu C. Musonda, Gavin A. Whitlock *, Michael J. Witty, Reto Brun, Marcel Kaiser
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A series of novel hybrids of CQ and astemizole have been shown to possess potent in vitro and in vivo antiplasmodial activity.


Tethered indoles as functionalizable ligands for the estrogen receptor pp 485–488


Bridget G. Trogden, Sung Hoon Kim, Shuyi Lee, John A. Katzenellenbogen * NH2H2N
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We report the synthesis of N-substituted-2-phenylindoles as estrogen receptor ligands. Optimal tether lengths were explored for creating a PAMAM-conjugated indole
ligand.
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Novel non-carboxylic acid retinoids: 1,2,4-Oxadiazol-5-one derivatives pp 489–492


Julie Charton *, Rebecca Deprez-Poulain, Nathalie Hennuyer, Anne Tailleux, Bart Staels, Benoit Deprez
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We have successfully obtained 1,2,4-oxadiazol-5-one bioisoteres of Am580 or Tazarotene-like retinoids. In particular compound 4 displays an EC50 of
26 nM on RAR-b.


Antimitotic activity of two macrocyclic bis(bibenzyls), isoplagiochins A and B from the Liverwort Plagiochila
fruticosa


pp 493–496


Hiroshi Morita *, Yuichiro Tomizawa, Tomoe Tsuchiya, Yusuke Hirasawa, Toshihiro Hashimoto, Yoshinori Asakawa *
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Two bis(bibenzyls), isoplagiochins A (1) and B (2) have been isolated by the guidance of inhibitory effect of tubulin polymerization from the liverwort Plagiochila fruticosa
(Plagiochilaceae). Isoplagiochins A and B inhibited the polymerization of tubulin at IC50 50 and 25 lM, respectively. Furthermore structure–activity relationship based on
their conformations was discussed.


Discovery of GSK345931A: An EP1 receptor antagonist with efficacy in preclinical models of inflammatory pain pp 497–501


Adrian Hall *, Susan H. Brown, Christopher Budd, Nicholas M. Clayton, Gerard M. P. Giblin, Paul Goldsmith,
Thomas G. Hayhow, David N. Hurst, Alan Naylor, D. Anthony Rawlings, Tiziana Scoccitti *,
Alexander W. Wilson, Wendy J. Winchester
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This paper details the discovery and characterization of GSK345931 (7i) from the lead compound 4.


Design and synthesis of 4-aryl-4-oxobutanoic acid amides as calpain inhibitors pp 502–507


Yong Zhang, Seo Yoon Jung, Changbae Jin, Nam Doo Kim, Ping Gong, Yong Sup Lee *


Aryl-4-oxobutanoic acid amide derivatives 4 were designed as acyclic variants of l-calpain inhibitory chromone and quinolinone derivatives. Of the compounds
synthesized, 4c-2, which possesses a 2-methoxymethoxy group at the phenyl ring and a primary amide at the warhead region of the inhibitor most potently inhibited l-
calpain (IC50 = 0.34 lM). Our findings suggest that the 4-aryl-4-oxobutanoic acid amide derivatives should be considered a new family of l-calpain inhibitors.
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Synthesis and in vitro biological activity of retinyl polyhydroxybenzoates, novel hybrid retinoid derivatives pp 508–512
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Synthesis and antitumor activity of novel 20s-camptothecin analogues pp 513–515
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Synthesis and biological evaluation of amide derivatives of diflunisal as potential anti-inflammatory agents pp 516–519


Guang-Xiang Zhong *, Jin-Qing Hu, Kun Zhao, Lu-Lu Chen, Wei-Xiao Hu, Ming-You Qiu
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Twenty-one amide derivatives of diflunisal were synthesized starting in three steps. Compound 5m possesses an excellent anti-inflammatory activity and a good analgesic
activity, maybe a potential anti-inflammatory agent.


Host-rotaxanes with oligomeric axles are intracellular transport agents pp 520–523
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Discovery and optimisation of a potent and selective tertiary sulfonamide oxytocin antagonist pp 528–532
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Identification of small molecules that inhibit GSK-3b through virtual screening pp 533–537


Nam Sook Kang, Gil Nam Lee, Chi Hyun Kim, Myung Ae Bae, Ikyon Kim, Young Sik Cho *


Potential utility of histamine H3 receptor antagonist pharmacophore in antipsychotics pp 538–542


Y. von Coburg, T. Kottke, L. Weizel, X. Ligneau, H. Stark *


New multiple target drugs based on marketed neuroleptics have been designed, prepared and profiled maintaining dopamine hD2/hD3 receptor
affinities, reducing histamine hH1 receptor affinities and introducing high affinity at histamine hH3 receptors (H3R). hD1/hD5 binding was
heterogeneously shifted. The addition of an H3R pharmacophore to different typical and atypical neuroleptics by amide, amine or ester linkages resulted
in a new profile of potential antipsychotics with low nanomolar to subnanomolar H3R affinities.
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Synthesis of 5- and 6-substituted 2-(4-dimethylaminophenyl)-1,3-benzoxazoles and their in vitro and in vivo
evaluation as imaging agents for amyloid plaque


pp 543–545


Sven H. Hausner, David Alagille, Andrei O. Koren, Louis Amici, Julie K. Staley, Kelly P. Cosgrove,
Ronald M. Baldwin, Gilles D. Tamagnan *
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A series of novel 5- and 6-substituted 2-(4-dimethylaminophenyl)-1,3-benzoxazoles were synthesized and their potential as imaging probes for Alzheimer’s Disease (AD)
related amyloid plaque was evaluated in vitro and in vivo.


Ultrasound promoted synthesis of 2-imidazolines in water: A greener approach toward monoamine oxidase
inhibitors


pp 546–549


Gabriela da S. Sant’ Anna, Pablo Machado, Patricia D. Sauzem, Fernanda A. Rosa, Maribel A. Rubin,
Juliano Ferreira, Helio G. Bonacorso, Nilo Zanatta, Marcos A. P. Martins *


A series of sixteen 2-imidazolines (3) has been synthesized from the reaction of 1 and 2 by ultrasound irradiation with NBS in an aqueous medium in high yields (80–99%).
The compound 3 ability to inhibit the activity of the A and B isoforms of monoamine oxidase (MAO) was investigated.


Synthesis and structure–activity studies of novel homomorpholine oxazolidinone antibacterial agents pp 550–553


Ji-Young Kim *, Frederick E. Boyer, Allison L. Choy, Michael D. Huband, Paul J. Pagano, J. V. N. Vara Prasad


The synthesis and SAR of a novel series of oxazolidinones in which the morpholine C-ring of linezolid was replaced with homomorpholine are reported.
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Continuous efforts on the synthesis and structure–activity relationships (SARs) studies of modified 1-
benzylamino-2-phenyl-3-(1H-1,2,4-triazol-1-yl)propan-2-ols as antifungal agents, allowed identification
of new 1-[(pyridinyl- and piperidinylmethyl)amino] derivatives with MIC80 values ranging from 1410.0
to 23.0 ng mL�1 on Candida albicans. These results confirmed both the importance of p–p stacking and
hydrogen bonding interactions in the active site of CYP51-C. albicans.


� 2008 Elsevier Ltd. All rights reserved.
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During the past two decades, the frequency of invasive and sys-
temic fungal infections has increased dramatically due mainly to
Candida species among which Candida albicans, at the origin of
the greatest number of pathologies. Because of their safety profile
and high therapeutic index, azoles are the most widely used and
studied class of antifungal agents. They target the biosynthesis of
ergosterol, a major component of fungal membranes (thereby pre-
venting fungal growth), by inhibiting the cytochrome P450-depen-
dent lanosterol 14a-demethylase (CYP51), encoded by the ERG11
gene. Unfortunately, azoles are fungistatic against yeasts and the
broad usage of these compounds led to development of resistance
showing the urgent need for new and effective antifungal agents.


Recent studies showed that typical azole inhibitors were able to
fit the putative active site of CYP51 by a combination of heme coor-
dination, hydrogen bonding, p–p stacking and hydrophobic inter-
actions.1–3 In particular, the receptor-based pharmacophore
model published by Sheng et al.3 highlighted the importance of
Tyr118 and Ser378 residues in the stabilization of the inhibitors
within the channel 2 which is oriented to the FG loop.
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é).

In an attempt to find potent azole antifungal agents focused on 1-
benzylamino-2-phenyl-3-(1H-1,2,4-triazol-1-yl)propan-2-ols, we
previously studied compounds bearing H-bond acceptors entities

X


Scheme 1. General structures of synthesized compounds.
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in para position of the benzyl group (I, Scheme 1). These compounds
showed MIC80 values ranging from 0.37 to 30.0 ng mL�1.4


In this letter, we describe our continued efforts in the structure–
activity relationships (SARs) studies toward the identification of
new 1-[(pyridinyl- and piperidinylmethyl)amino] derivatives (II
and III, Scheme 1).


1-[(pyridinylmethyl)amino] derivatives 2a, 2b, 3a, 3b, 4a, and
4b were synthesized from previously described key intermediates
1a or 1b4 by reductive amination with the corresponding pyridin-
ecarboxaldehydes in moderate yields (Scheme 2).5


Scheme 3 outlines the general synthesis of 1-[(piperidinylmeth-
yl)amino] derivatives 8a, 8b, 9a, 9b, 10a, and 10b. Treatment of
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Scheme 2. Preparation of targeted compounds 2a, 2b, 3a, 3b, 4a, and 4b. Reagents
and conditions: 2-pyridinecarboxaldehyde, 3-pyridinecarboxaldehyde (0.50 equiv)
or 4-pyridinecarboxaldehyde (1.00 equiv), NaBH3CN, AcOH/MeOH 2% v/v, CH2Cl2,
rt, 16 h.
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Scheme 3. Preparation of targeted compounds 8a, 8b, 9a, 9b, 10a, and 10b. Reagents and
�70 �C to rt, 3 h; (iii) 7, NaBH3CN, AcOH/MeOH 2% v/v, rt, 16 h; (iv) TFA, CH2Cl2, rt, 16 h

the commercially available 4-piperidinemethanol 5 with di-tert-
butyl dicarbonate afforded 6 in quantitative yield.6 The primary
alcohol was then converted into aldehyde 7 via a Swern oxidation
using dimethyl sulfoxide, oxalyl chloride and triethylamine.7 Next,
compounds 8a and 8b were prepared from the appropriate amino-
alcohol 1a or 1b according to the procedure described in Scheme
2.8 Removal of the Boc protective group with trifluoroacetic acid
led to amines 9a and 9b.9 Finally, N-methylation was achieved
by reductive amination of 8a and 8b with formaldehyde to afford
two additional products 10a and 10b.10


All these compounds were screened for their antifungal activity
against Candida albicans CA98001 and Aspergillus fumigatus
AF98003 strains. Inhibition growth was measured as previously
described.11 Fluconazole and itraconazole were used as positive
controls. The minimum inhibitory concentration (MIC80) values
(in ng mL�1) are presented in Table 1.


On C. albicans, the biological results are relatively heteroge-
neous (23.0 < MIC80 (ng mL�1) < 1410.0). Chlorinated compounds
bearing a pyridine moiety (2a, 3a, and 4a) exhibited significant le-
vel of activity with MIC values 5- to 8-fold lower than that of fluco-
nazole. Fluorinated analogues (2b, 3b, and 4b) are less active
(MIC80 values of 220.0, 130.0, and 83.0 ng mL�1, respectively).
Interestingly, replacement of the pyridine ring (4a, MIC80 = 36.0 ng
mL�1 and 4b, MIC80 = 83.0 ng mL�1) by a piperidine ring (9a, MIC80


= 120.0 ng mL�1 and 9b, MIC80 = 1410.0 ng mL�1) led to weaker
inhibitors whatever the dihalogenophenyl group. In contrast, the
corresponding N-Boc compounds 8a and 8b considerably improve
the efficacy of this series to reach high inhibitory activities (MIC80


values of 26.0 and 27.0 ng mL�1, respectively). Taken together,
these results seem to imply the role of both aromatic and hydrogen
bond interactions within the active site.
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Table 1
In vitro antifungal activity of pyridinyl- and piperidinylmethylamino derivatives
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3-pyridine (3)
4-pyridine (4)


8-10


Compound R X R1 MIC80 valuesa (ng mL�1)


Candida albicans CA98001 Aspergillus fumigatus AF98003


2a H Cl — 23.0 (±4.00) na
2b H F — 220.0 (±24.0) na
3a H Cl — 37.0 (±0.40) na
3b H F — 130.0 (±35.0) na
4a H Cl — 36.0 (±0.40) na
4b H F — 83.0 (±17.0) na
8a H Cl Boc 26.0 (±1.00) na
8b H F Boc 27.0 (±5.00) na
9a H Cl H 120.0 (±40.0) na
9b H F H 1410.0 (±350.0) na
10a CH3 Cl Boc 39.0 (±2.00) na
10b CH3 F Boc 153.0 (±83.0) na
Fluconazole 190.0 (±6.0) —
Itraconazole — 420.0 (±40.0)


a Values are means of triplicate, standard deviation is given in parentheses (na, not active; MIC80 >30,000.0 ng mL�1).
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To investigate the structure-activity relationships, we per-
formed the docking of one of the most active compounds, 2-(2,4-
dichlorophenyl)-1-[(pyridin-4-ylmethyl)amino]-3-(1H-1,2,4-tria-
zol-1-yl)propan-2-ol 4a, in our model of CYP51-C. albicans
(Fig. 1).12 We realized the docking with (S)-configuration since in
a precedent series, these isomers were much more active than
(R)-enantiomers.13 The pyridine ring should exploit an aromatic
stacking interaction with residue Tyr118 but the distances be-
tween the nitrogen atom and key amino acids His377 and Ser378
are too large (higher than 6.00 Å) to allow the formation of an
appropriate hydrogen bond. The reported moderate activities com-
pared to those previously observed for our benzylamine series (I,
Scheme 1),4 are consistent with that observation.


Replacement of the pyridine moiety by non-substituted piperi-
dine derivatives 9a and 9b seems to be detrimental for high po-

Figure 1. Docking solution of compound (S)-4a in the active site of CYP51-Candida
albicans. Hip377 is the protonated form of histidine residue.

tency (Table 1) and this could be explained by the additional loss
of the p–p interaction with the phenol group of Tyr118.


Of particular interest are piperidines bearing N-Boc groups
(compounds 8a and 8b; Table 1) compared to compounds lacking
such a substituent. Modeling of 8a suggests a hydrogen bonding
interaction between the carbonyl group and the imidazole side
chain of His377 that could be important for the antifungal activity
(Fig. 2). Even if interaction with Ser378 does not seem to occur, this
result is consistent with the recent predicted pharmacophore
model.3


Finally, all these compounds were inactive on the A. fumigatus
strain whereas an emergence of activity was observed in our pre-
vious benzylamine series (I, Scheme 1), especially for those bearing
a N-methyl group in the linker with MIC80 values ranging from
1960.0 to 2410.0 ng mL�1 for the best compounds (Y = NO2 and

Figure 2. Docking solution of compound (S)-8a in the active site of CYP51-Candida
albicans.
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CN).4 Since in this study, only piperidine derivatives 10a and 10b
contain such a substituent, we can speculate that the loss of the
aromatic ring and/or the N-methyl group are sufficient to induce
negative effects within the active site of CYP51-A. fumigatus.


In conclusion, most of these compounds are more active than
fluconazole on the C. albicans strain but are less active than our pre-
viously synthesized 1-benzylamino derivatives bearing H-bond
acceptors entities in para position of the benzyl group,4 thus con-
firming both the importance of p–p stacking and hydrogen bond-
ing interactions in the active site of CYP51-C. albicans. However,
even if azoles are known to inhibit mainly CYP51 enzymes, we
can not exclude other mechanisms and only results on CYP51 iso-
lated could confirm our hypotheses. Optimization of those series is
ongoing and will be reported subsequently.
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5. Synthesis of 2-(2,4-dichlorophenyl)-1-[(pyridin-4-ylmethyl)amino]-3-(1H-1,2,4-
triazol-1-yl)propan-2-ol (4a): To a solution of 1a (486 mg, 1.69 mmol) in
10 mL of methanol and 0.2 mL of acetic acid was added 4-
pyridinecarboxaldehyde (0.16 mL, 1.69 mmol) under argon at room
temperature. Then sodium cyanoborohydride (128 mg, 2.03 mmol) was
added and the solution was stirred for 16 h. Mixture was diluted with water
and product was extracted with dichloromethane. Organic layers were
combined, dried over anhydrous Na2SO4 and concentrated in vacuo. The
residue was purified on silica gel column chromatography (dichloromethane/
ethanol, 10:1) and compound 4a was obtained in a 47% yield as a yellow oil. 1H
NMR (DMSO-d6): d 3.00 (d, 1H, 2J = 12.2 Hz), 3.28 (d, 1H, 2J = 12.2 Hz), 3.70 (s,
2H), 4.69 (d, 1H, 2J = 14.7 Hz), 4.92 (d, 1H, 2J = 14.7 Hz), 5.94 (s, 1H, OH), 7.28 (d,
2H, 3J = 5.8 Hz), 7.34 (dd, 1H, 3J = 8.6 Hz, 4J = 2.1 Hz), 7.54 (d, 1H, 4J = 2.1 Hz),
7.57 (d, 1H, 3J = 8.6 Hz), 7.75 (s, 1H), 8.32 (s, 1H), 8.49 (d, 2H, 3J = 5.8 Hz). IR
(NaCl cm�1): 806 (t CACl), 1271 (t CAN), 1460, 1506, 1603 (t C@C and t C@N),
2930, 2955 (t CHaliph.), 3340 (t OAH). MS m/z 378.0 (M+).


6. Synthesis of N-tert-butoxycarbonyl-4-hydroxymethyl piperidine (6). To a solution
of 4-piperidinemethanol 5 (1 g, 8.68 mmol) in 10 mL of dichloromethane was
added di-tert-butyl dicarbonate (2.08 g, 9.55 mmol). The solution was stirred
for 1.5 h at room temperature. Mixture was diluted with water and product
was extracted with dichloromethane. Organic layers were combined, dried
over anhydrous Na2SO4 and evaporated to get the right product 6 (quantitative
yield, white powder) which was used without further purification. Mp 74–
75 �C; 1H NMR (DMSO-d6): d 0.91–1.07 (m, 2H), 1.42 (s, 9H), 1.62–1.65 (m, 2H),
2.59–2.84 (m, 2H), 3.27 (t, 2H, 3J = 5.2 Hz), 3.94–3.99 (m, 2H), 4.50 (t, 1H,
3J = 5.2 Hz, OH). IR (KBr cm�1): 1256 (t CAN), 1671 (t C@O), 2940, 2961 (t
CHaliph.), 3472 (t OAH).


7. Synthesis of N-tert-butoxycarbonyl-4-formyl piperidine (7). To a solution of
dimethyl sulfoxyde (1.42 mL, Synthesis of N-tert-butoxycarbonyl-4-formyl
piperidine (7). To a solution of dimethyl sulfoxyde (1.42 mL20.05 mmol) in
10 mL of dichloromethane at �70 �C was added dropwise successively a
solution of oxalyl chloride (0.96 mL, 11.03 mmol) in 30 mL of dichloromethane,
and a solution of 6 (2.16 g, 10.02 mmol) in 10 mL of dichloromethane. The
mixture was stirred for 15 min at �70 �C, and then triethylamine (7.27 mL,
52.12 mmol) was added. After being stirred for 1 h at �70�C, the resulting
solution was allowed to reach to room temperature. Mixture was diluted with
water and product was extracted with dichloromethane. Organic layers were
combined, washed with saturated sodium bicarbonate, dried over anhydrous
Na2SO4 and evaporated to get the right product 7 (quantitative yield, colorless

oil) which was used without further purification. 1H NMR (DMSO-d6): d 0.99–
1.07 (m, 2H), 1.42 (s, 9H), 1.81–1.88 (m, 2H), 2.87–2.97 (m, 2H), 3.79–3.86 (m,
2H), 9.62 (s, 1H). IR (NaCl cm�1): 1281 (t CAN), 1689 (t C@O), 2931 (t CHaliph.).


8. Synthesis of 2-(2,4-dichlorophenyl)-1-{[(1-tert-butoxycarbonylpiperidin-4-
yl)methyl]amino}-3-(1H-1,2,4-triazol-1-yl)propan-2-ol (8a). Compound 8a was
prepared from 1a according to the same protocol as described for compound
4a. The right product was obtained in a 26% yield as a brown oil. 1H NMR
(DMSO-d6): d 0.84–0.94 (m, 2H), 1.41 (s, 9H), 1.46–1.48 (m, 1H), 1.51–1.62 (m,
2H), 2.28–2.40 (m, 2H), 2.59–2.71 (m, 2H), 3.06 (d, 1H, 2J = 12.4 Hz), 3.28 (d, 1H,
2J = 12.4 Hz), 3.86–3.94 (m, 2H), 4.66 (d, 1H, 2J = 14.4 Hz), 4.92 (d, 1H,
2J = 14.4 Hz), 5.96 (s, 1H, OH), 7.33 (dd, 1H, 3J = 8.4 Hz, 4J = 2.0 Hz), 7.55 (d,
1H, 3J = 8.4 Hz), 7.56 (d, 1H, 4J = 2.0 Hz), 7.76 (s, 1H), 8.33 (s, 1H). IR (NaCl
cm�1): 738 (t CACl), 1274 (t CAN), 1470, 1511, 1600 (t C@C and t C@N), 1681
(t C@O), 2929, 2960 (t CHaliph.), 3422 (t OAH and t NAH). MS m/z 484.0 (M+H),
384.2 (M�Boc).


9. Synthesis of 2-(2,4-dichlorophenyl)-1-[(piperidin-4-ylmethyl)amino]-3-(1H-1,2,4-
triazol-1-yl)propan-2-ol (9a). To a solution of 8a (240 mg, 0.50 mmol) in 0.3 mL
of dichloromethane was added 0.5 mL of trifluoroacetic acid. The solution was
stirred for 16 h at room temperature. The mixture was basified with NaOH 1 M
and extracted with dichloromethane. The organic layers were combined,
washed with HCl 1 M, dried over anhydrous Na2SO4 and evaporated to get the
right product 9a (69% yield, brown oil). 1H NMR (DMSO-d6): d 0.85–1.03 (m,
2H), 1.33–1.48 (m, 1H), 1.51–1.65 (m, 2H), 2.23–2.45 (m, 4H), 2.84–2.96 (m,
2H), 3.05 (d, 1H, 2J = 12.5 Hz), 3.27 (d, 1H, 2J = 12.5 Hz), 4.65 (d, 1H,
2J = 13.4 Hz), 4.90 (d, 1H, 2J = 13.4 Hz), 5.95 (s, 1H, OH), 7.33 (dd, 1H,
3J = 8.4 Hz, 4J = 2.0 Hz), 7.55 (d, 1H, 3J = 8.4 Hz), 7.56 (d, 1H, 4J = 2.0 Hz), 7.76
(s, 1H), 8.33 (s, 1H). IR (NaCl cm�1): 735 (t CACl), 1273 (t CAN), 1463, 1507,
1589 (t C@C and t C@N), 2929, 2957 (t CHaliph.), 3422 (t OAH and t NAH). MS
m/z 384.4 (M+H).


10. Synthesis of 2-(2,4-dichlorophenyl)-1-{methyl[(1-tert-butoxycarbonylpiperidin-4-
yl)methyl]amino}-3-(1H-1,2,4-triazol-1-yl)propan-2-ol (10a). To a solution of 8a
(835 mg, 1.72 mmol) in 12 mL of methanol and 0.24 mL of acetic acid was
added formaldehyde (30% weight solution, 0.159 mL, 1.72 mmol) under argon
at room temperature. Then sodium cyanoborohydride (130 mg, 2.06 mmol)
was added and the solution was stirred for 24 h. Mixture was diluted with
water and the product was extracted with dichloromethane. Organic layers
were combined, dried over anhydrous Na2SO4 and concentrated in vacuo. The
residue was purified on silica gel column chromatography (dichloromethane/
ethanol, 10:1) and compound 10a was obtained in a 88% yield as a yellow
powder. Mp 53–54 �C; 1H NMR (DMSO-d6): d 0.68–0.78 (m, 2H), 1.40–1.50 (m,
12H), 2.09 (s, 3H), 2.18–2.26 (m, 2H), 2.55–2.65 (m, 2H), 2.72 (d, 1H,
2J = 13.7 Hz), 3.33 (d, 1H, 2J = 13.7 Hz), 3.80–3.90 (m, 2H), 4.64 (d, 1H,
2J = 14.3 Hz), 4.86 (d, 1H, 2J = 14.3 Hz), 5.80 (s, 1H, OH), 7.35 (dd, 1H,
3J = 8.5 Hz, 4J = 2.1 Hz), 7.57 (d, 1H, 4J = 2.1 Hz), 7.62 (d, 1H, 3J = 8.5 Hz), 7.79
(s, 1H), 8.33 (s, 1H). IR (KBr cm�1): 803 (t CACl), 1277 (t CAN), 1455 (t C@C),
1688 (t C@O), 2931 (t CHaliph.), 3429 (t OAH). MS m/z 498.0 (M+).


11. Pagniez, F.; Le Pape, P. J. Mycol. Med. 2001, 11, 73.
12. Giraud, F. Ph.D. Thesis, Université de Nantes, Nantes Atlantique Universités,


October 2007. Briefly, the structure of CYP51 from Mycobacterium tuberculosis
complexed with fluconazole (PDB code, 1EA1) was used as the template for the
homology model of CYP51-C. albicans. Multiple alignment of the CYP51-
Mycobacterium tuberculosis sequence with those of CYP51-C. albicans (PIR code,
P10613) and CYP51-A. fumigatus (PIR code, Q9P8R0) was performed using
ClustalW. This alignment was further checked by comparing a secondary
structure elements prediction for CYP51-C. albicans, obtained through the
PSIPRED protein structure prediction server (UCL, Department of Computer
Science, Bioinformatics Group, London), with the experimental secondary
structure assignments for CYP51-M. tuberculosis deduced from the PDB file. The
3D model of CYP51-C. albicans was then constructed by the Nest program from
the protein structure modeling package JACKAL (Honig Lab, Columbia
University, New York). The resulting model was further subjected to an
energy minimization using Powell’s method available in Maximin2 procedure
with the MMFF94 force field and a dielectric constant of 4.0 until the gradient
value reached 0.1 kcal/mol Å. During the optimization procedure, the structure
was checked periodically by Verify-3D and Ramachandran plots. If present,
improper geometries were manually corrected and the structure minimized
again with the above procedure.


13. Lebouvier, N. Ph.D. Thesis, Université de Nantes, Nantes Atlantique Universités,
October 2004.
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The synthesis and evaluation of new analogues of thieno[2,3-d]pyrimidin-4-yl hydrazones are described.
2-Pyrdinecarboxaldehyde [6-(tert-butyl)thieno[2,3-d]pyrimidine-4-yl]hydrazone derivatives have been
identified as cyclin-dependent kinase 4 (CDK4) inhibitors. The potency, selectivity profile, and struc-
ture–activity relationship of this series of compounds are discussed.
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The cell cycle of eukaryotic cells is regulated by cyclin-dependent
kinases (CDKs). CDKs are a family of serine/threonine kinases which
play a key role in the growth, development, proliferation, and death
of eukaryotic cells.1–3 CDKs, along with their regulatory subunit, the
cyclins, are responsible for coordinating the events by which cells
progress through the cell cycle and they become active at specific
phases: G1, S, G2 and M.4–6 In the G1 phase, as cells respond to the
presence of mitogens, the cyclin D1 increases to trigger the activa-
tion of CDK4/6 in early G1 and then cyclin E/CDK2 activates.7 These
kinases phosphorylate the retinoblastoma tumor suppressor protein
(Rb). The hyperphosphorylated Rb causes the release of members of
the transcription factors, E2F proteins. E2F leads to transcriptional
activation of gene expression that results in entry into the S phase
of the cell cycle. It is noteworthy that CDK4 restricts the passage only
through G1 phase, whereas CDK2 controls the passage through not
only G1 but also S phase with cyclin A.7–9


In normal cells, CDK4/6 activities are negatively regulated by
the tumor suppressor p16, a cyclin-dependent kinase inhibitor of
the INK4 family, and the activity of CDK2 is negatively regulated
by CKIs of the Cip/Kip family.10 But many tumors have been re-
ported to contain mutations, deletions or silencing of the p16 or
the Rb gene.11,12 Moreover, mutations in CDKs and abnormal
expressions of their regulators have been found in a large percent-
age of melanoma patients.13 From these findings, the deregulation
of the Rb pathway, and CDK4, is important in cancer progression.
Recently, Wyeth Research group14 demonstrated that inhibition
of endogenous cyclin D1 or CDK4 expression results in

ll rights reserved.


: +81 3 5696 8772.
.jp (T. Horiuchi).

hypophosphorylation of Rb and accumulation of cells in the G1
phase. In addition, Malumbres15 has reported that knockdown of
CDK4 in mammary tumor cells prevents tumor formation. These
results suggest that selective inhibition of CDK4 may restore nor-
mal cell activity and could be a more valuable approach to cancer
therapy than that of CDK2, especially for those who have lost the
INK4 family, such as p16.


A number of groups have identified CDK inhibitors.16–18 Flavo-
piridol, seliciclib and several small-molecule CDK inhibitors have
been developed and advanced to clinical trial. But it is still the case
that more CDK2 inhibitors have been reported than CDK4 inhibi-
tors and PD033299119 is known to be a selective CDK4 inhibitor
under active development.


We report herein the synthesis of novel analogues of thie-
no[2,3-d]pyrimidin-4-yl hydrazones and their inhibitory activities
for CDK4 with selectivity against CDK2. We also describe their
cytotoxic potential against human cancer cell lines to verify our
hypothesis that selective CDK4 inhibitor will provide an effective
treatment for the inhibition of tumor growth.

1a


Figure 1. A compound identified by in-house high-throughput screening.
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High-throughput screening efforts with the Daiichi Sankyo
compound collection revealed that thieno[2,3-d] pyrimidin-4-yl
hydrazone 1a (Fig. 1) was CDK4 (IC50 = 0.75 lg/mL) inhibitor pos-
sessing modest selectivity against CDK2 (IC50 = 1.10 lg/mL) activ-
ity (Table 1). This finding prompted us to initiate our study to
explore the activity of this class of compounds.


Our goal in this study was to improve the potency and clarify
the SAR of HTS hit compounds. To get a starting exploration of
structural requirements, substituted analogues of thieno[2,3-
d]pyrimidin-4-yl hydrazones were prepared and tested in terms
of CDK4 and CDK2 activity.


Preparation of thieno[2,3-d]pyrimidin-4-yl hydrazones 1a–h
was accomplished using a general synthetic route, as shown in
Scheme 1. Thiophene intermediates 3a–g were synthesized from
commercially available aldehydes 2a–e or ketones 2f,g with
methyl cyanoacetate in the presence of sulfur using the general
method of Tinney et al.20 Cyclization of 3a–g with formamide ob-
tained thieno[2,3-d]pyrimidin-4-ones 4a–g. Hydrazines 5a–g were
prepared from chlorination of the carbonyl group at the C-4 posi-
tion of 4a–g with phosphorus oxychloride, followed by treatment
with hydrazine monohydrate in ethanol under reflux.21 Hydrazine
5h is commercially available. Finally, hydrazones 1a–h were pro-
duced by a classical condensation reaction with 5a–h and 2-thio-
phenecarboxaldehyde in benzene.


The C-2 substituent compounds 1i,j were prepared as shown in
Scheme 2. Following the procedure reported by Gewald et al.,22


intermediate 6 was prepared from n-butyraldehyde, 2-cyanoacet-
amide and sulfur in DMF. The resulting thiophene 6 was treated with
acetic anhydride to obtain 7a. Cyclization of 7a with sodium ethox-
ide afforded thieno[2,3-d]pyrimidin-4-one 4i. On the other hand, 6
was treated with benzoyl chloride to obtain 7b, and 4j was prepared
by cyclization of 7b with aqueous sodium hydroxide under reflux.
The C-4 substituent compounds, ethylidene hydrazone derivative
1k and ring-closed compound 1l, were also synthesized from 5c.
Hydrazine 5c was treated with 2-acetylthiophene to give 1k. Then,
following a procedure found in the literature,23 1k was lithiated with
n-butyl lithium, acylated and cyclized with ethyl formate, and final-
ly treated with aqueous HCl to afford pyrazole 1l.


Table 1 summarizes the CDK4/CDK2 inhibitory activity of thie-
no[2,3-d]pyrimidin-4-yl hydrazones containing HTS hit compound
1a. Compounds 1c,d with isopropyl or tert-butyl group at the C-6
(R1) position had more potent CDK4 inhibitory activities

Table 1
Enzyme inhibition of substituted thieno[2,3-d]pyrimidines (IC50 lg/mL) 1a–l against CDK4 and CDK2


S N


N


N


R1


N
S


R2


R3


R4


R5


Compound R1 R2 R3 R4 R5 CDK4 IC50
a (lg/mL) CDK2 IC50


a (lg/mL)


1a Et H H H H 0.75 1.10
1b Me H H H H 1.90 1.70
1c i-Pr H H H H 0.05 0.35
1d t-Bu H H H H 0.12 0.56
1e Bn H H H H >20.0 6.50
1f Me Et H H H 16.00 12.00
1g –(CH2)4– H H H >20.0 >20.0
1h H Me H H H >20.0 >20.0
1i Et H Me H H >20.0 >20.0
1j Et H Ph H H >20.0 >20.0
1k i-Pr H H H Me 2.80 8.90
1l i-Pr H H –CH@CH– >20.0 >20.0


a Concentration (lg/mL) needed to inhibit Rb phosphorylation by 50%, as determined from the dose-response curve. Values are the means of at least two determinations.
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(IC50 = 0.05 and 0.12 lg/mL, respectively) than 1a with selectivity
against CDK2 (5- to 7-fold). However, the benzyl compound 1e
showed no inhibitory activity up to 20 lg/mL. Compounds that al-
kyl groups were introduced to the C-5 (R2) position, as exemplified
in 1f and 1h, or fused to cyclohexane ring as in 1g, showed only
weak or no inhibitory activity. Substitution at the C-2 (R3) position
was found to be inactivated to CDK4 activity, as in 1i,j. Introduction
of methyl group into the R5 position as in 1k lead to significant de-
crease in potency. To elucidate the effect of the hydrazone part,
pyrazole 1l was synthesized as a fused ring compound. But no
inhibitory activity up to 20 lg/mL was observed. In addition, com-
pounds 1a–l have extremely poor aqueous solubility, which is
attributed to their highly lipophilic profiles. For example, the solu-
bility of 1c in water was below 0.1 lg/mL.


To further improve the CDK4 inhibitory activity and physical
profile, our effort was focused on determining the effect of the thi-
ophene ring at the C-4 (R6) position. Alkyl or aryl groups were
introduced instead of thiophene ring in combination with ethyl,
isopropyl or tert-butyl group at the C-6 (R1) position, as shown in
Table 2.


As shown in Scheme 3, C-4 substituent analogues 8–23, focused
on the aryl moiety at the hydrazone, were synthesized using se-
lected hydrazines and appropriate aldehydes instead of 2-thio-
phenecarboxaldehyde. In addition, methylhydrazone 24 was
prepared, from the intermediate chloride 4d and methyl hydrazine.


Alkyl compounds 8 and 9 were less active than the parent com-
pound 1a. Heteroaryl compounds 10–16 had moderate CDK4
inhibitory activity, but most of them lost their selectivity against
CDK2 and only 2-pyridinyl derivatives 10 and 15 showed some
selectivity (3.5- and 3.1-fold, respectively). When substituent
groups were introduced on the pyridine ring, better selectivity
was observed with 5- and 6-methyl-2-pyridine derivatives 17
and 18 (13.6- and 13.3-fold, respectively). Our interest was focused
on introducing substituents on the pyridine ring to increase the
aqueous solubility. As a result, we found that the series of
6-aminomethyl derivatives 19–22 relatively maintained their
inhibitory activity, and 20–22 had good selectivity (28.4-, 25.0-,

Table 2
Enzymatic and cellular activity for substituted thieno[2,3-d]pyrimidines


S N


HN


R1


Compound R1 R6 CDK4 IC50
a (lg


1a Et Thiophenyl 0.75
8 Et t-Bu 4.40
9 Et Cyclopropyl 3.20
10 i-Pr 2-Pyridinyl 0.88
11 i-Pr 3-Pyridinyl 0.55
12 i-Pr 4-Pyridinyl 0.24
13 i-Pr Phenyl 0.47
14 i-Pr 2-Franyl 0.39
15 t-Bu 2-Pyridinyl 0.90
16 t-Bu 3-Pyridinyl 0.50
17 t-Bu 5-Methyl-2-pyridinyl 0.88
18 t-Bu 6-Methyl-2-pyridinyl 0.52
19 t-Bu 6-Aminomethyl-2-pyridinyl 0.59
20 t-Bu 6-[(Methylamino)methyl]-2-pyridinyl 0.25
21 t-Bu 6-[(Dimethylamino)methyl]-2-pyridinyl 0.056
22 t-Bu 6-(Morpholin-4-ylmethyl)-2-pyridinyl 0.17
23 t-Bu 6-Hydroxymethyl-2-pyridinyl 0.35


a Concentration (lg/mL) needed to inhibit Rb phosphorylation by 50%, as determined
b Dose–response curves were determined at ten concentrations. The IC50 values are t


curves.
c NT = not tested.

and 32.4-fold, respectively). In particular, the 6-[(dimethyl-
amino)methyl]pyridine compound 21 was significantly improved
in its CDK4 inhibitory activity (IC50 = 0.056 lg/mL) and also
improved in its solubility in water to 44 lg/mL. In contrast, the
6-hydroxymethyl compound 23 was less potent than 21. More-
over, when the NH proton of the hydrazones was converted to a
methyl group as compound 24 (Scheme 3), the resulting analogue
did not show any inhibitory activity. This result suggests that the
NH proton of the hydrazone part is essential for CDK4 inhibitory
activity.


The derivatives were also tested for their antiproliferative activ-
ities in tumor cell lines. Compounds 10, 15, 17, 19 and 23 had po-
tent antiproliferative activities in human colon carcinoma
(HCT116) and human lung carcinoma (PC6) cell lines with IC50s
ranging from 0.003 to 0.059 lg/mL, whereas compound 21 with
the strongest CDK4 inhibitory activity showed less potent antipro-
liferative activity.


Further investigations of the antiproliferative effects were car-
ried with 1a, 15, 20 and 21 against various tumor cell lines. Com-
pound 15 had very potent antiproliferative activity in all the cell
lines, as shown in Table 3.

N


N


R6


/mL) CDK2 IC50
a (lg/mL) HCT116 IC50


b (lg/mL) PC6 IC50
b (lg/mL)


1.10 1.610 0.566
3.80 1.660 1.550
4.10 NTc NTc


3.10 0.010 0.003
0.70 NTc 0.889
0.33 NTc >10.0
0.88 NTc 0.651
0.55 NTc 3.780
2.80 0.014 0.009
0.56 NTc 1.450


12.00 0.020 0.009
6.90 0.268 0.258
3.60 0.059 0.036
7.10 0.185 0.189
1.40 0.429 0.381
5.50 0.363 0.261
2.10 0.039 0.034


from the dose–response curve. Values are the means of at least two determinations.
he concentrations needed to inhibit cell growth by 50%, as determined from these







Table 3
Antiproliferative effects of 1a, 15, 20 and 21 (IC50: ng/mL)a against various tumor cell lines


Compound WiDrb DLD-1b HCT116b/ Tere-1c HCT116b/ SN2-3d MKN28e MDA-MB-231f MDA-MB-468f BL-6g P388h


1a 1360 1120 1210 1340 2860 1870 48 2440 1010
15 19 37 7 5 49 19 8 45 6
20 263 221 290 269 686 279 159 379 131
21 889 506 973 755 1390 919 315 1090 370


a The IC50 values are the concentrations needed to inhibit cell growth by 50% by MTT assay.
b Human colon cancer.
c Docetaxal-resistant cell established in-house.
d SN-38-resistant cell established in-house.
e Human gastric cancer.
f Human breast cancer.
g Murine melanoma.
h Murine leukemia.


Table 4
Antitumor effects of 15 against HCT116 solid tumors


Route dose
(mg/kg)


Administration
schedule


IRTVmaxa


(%)
BWLmaxb


(%)
D/Nc


i.v. 200.0 qdx4 67.9 22.6 0/5
p.o. 200.0 qdx4 54.1 4.6 0/5


a Maximum Inhibition Rate of Tumor volume.
b Maximum Body Weight Loss.
c Number of mice dead from toxicity/Number of mice used.
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In the G1-S transition of the cell cycle, inhibition of cellular
CDK4 activity will result in cell cycle arrest at the G1 phase. To
investigate whether these compounds will induce a G1 cell cycle
arrest, we evaluated the effects of selected compounds 15 and 21
by cell cycle analysis in tumor cells. A cell cycle distribution study
was performed by treating HCT116 cells with various concentra-
tions of compound 15. Cells were collected after 16 hr treatment
of the compounds and the DNA content of the cells was assessed
by flow cytometry analysis.24 After treating the tumor cell with
15, a significant accumulation of the G1 population (64%) was ob-
served and there were decreases in the S and G2/M populations at
a concentration of 500 ng/mL. Compound 21 caused an increase in
the G1 population in a dose-dependent manner, too. This observa-
tion of G1 cell cycle arrest is consistent with its cyclin D1/CDK4
inhibitory activity.


Finally, compound 15 caused tumor growth delay in the xeno-
graft model of human colon carcinoma HCT116 cell. Taking into ac-
count the poor solubility of 15, hydrochloride salt dissolved with
40% Captisol25 was used. A reduction in colon tumor growth of
67.9% was observed using i.v. administration of 15 when given at
a dose of 200 mg/kg once a day for 4 days continuously. The anti-
tumor effect was also found with a 54.1% reduction after oral
administration at a similar dose without any serious toxicity, as
shown in Table 4.


In conclusion, a series of thieno[2,3-d]pyrimidin-4-yl
hydrazones was synthesized and evaluated, and several 2-pyrdin-
ecarboxaldehyde [6-(tert-butyl)thieno [2,3-d]pyrimidine-4-yl]-
hydrazones were shown to be potent, selective inhibitors of
CDK4 with improved physical profiles. In addition, these com-
pounds have antiproliferative activities and act as cytotoxic agents
with the ability to prevent cell progression. Moreover, compound

15 is efficacious in xenograft models of human colon carcinoma.
These results provide valuable information for the design of
CDK4 inhibitor. Further work will be reported on the improvement
of CDK4 selectivity and the physical profile in the near future.
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Previous research within our laboratories identified sulfamoyl benzamides as novel cannabinoid receptor
ligands. Optimization of the amide linkage led to the reverse amide 40. The compound exhibited robust
antiallodynic activity in a rodent pain model when administered intraperitoneally. Efficacy after oral
administration was observed only when ABT, a cytochrome P450 suicide inhibitor, was coadministered.


� 2008 Elsevier Ltd. All rights reserved.

Activation of the endogenous cannabinoid receptors by com-
pounds such as D9-tetrahydrocannbinol (THC) (1) (Fig. 1), the ac-
tive component of Cannabis sativa, has long been used in a
variety of medical applications. These include appetite stimulation
as well as treatments for emesis, cramps, fever, rheumatism and
pain.1 Two cannabinoid receptors, designated CB1 and CB2, have
been characterized from the superfamily of G protein-coupled
receptors (GPCRs). Sharing approximately 44% amino acid se-
quence homology, the two receptors differ in anatomical distribu-
tion with CB1 receptors found mainly in the CNS, while CB2


receptor expression occurs primarily in peripheral tissues associ-
ated with immune functions, including B and T cells and macro-
phages.2 CB2 receptors have also been isolated from peripheral
nerve endings and mast cells.3


The clinically undesired effects associated with cannabis use,
such as euphoria, are believed to be predominantly centrally med-
iated through activation of the CB1 receptors. The use of CB2 selec-
tive agonists is, therefore, one approach that could be adopted for
the use of cannabinoid receptor activation in the treatment of pain.


The antihyperalgesia produced by the selective CB2 agonist
AM1241 (2) in the rat carrageenan induced inflammatory thermal
hyperalgesia assay was reversed by pretreatment with a CB2 selec-

ll rights reserved.


: +1 484 595 1551.
an).

tive antagonist, but not by a CB1 selective antagonist, thus demon-
strating a CB2 receptor mediated effect.4 Additionally, GW405833
(3) exhibited antihyperalgesic activity in rodent models of inci-
sional, neuropathic and chronic inflammatory pain, but was devoid
of significant activity in similar models in CB2 knock-out mice.5


It is perhaps not surprising then that development of CB2 selec-
tive agonists for the treatment of chronic and inflammatory pain
has recently received a large amount of interest. From this research
several structurally diverse classes of compounds have been iden-
tified. These include indoles (2, 3),4,5 benzimidazoles (4),6 iminopy-
razoles (5),7 oxadiazoles (6)8 and aryl sulfonamides (7) (Fig. 2).9


Independently, through high-throughput screening, research
within our organization identified the sulfamoyl benzamide 8 dis-
playing weak affinity for the CB2 receptor (Fig. 3).10


Optimization of the scaffold led to compound 9 which exhibited
vastly improved affinity and selectivity for the CB2 receptor. To fur-
ther explore the SAR around the phenylsulfonamide core we first

Figure 1. Structure of THC.
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Figure 2. Structures of CB2 selective agonists.


Figure 3. Optimization of high-throughput screening hit.


Table 1
Bioisosteric replacement of amide functionality—in vitro resultsa,b,c,d


Compound R CB1Ki
a,b


(nM)
CB2Ki


a,b


(nM)
Ratio
CB1/CB2


CB2EC50
a,c


(nM)


10 200 5.2 38 23


11 390 23 17 120


12 260 5.7 47 21


13 130 17 7.6 49


14 560 82 6.9 78


15 >5000 >5000 n.d.d n.d.d


16 140 85 1.6 64


17 310 27 11 57


18 530 100 5.3 130


a Values are the geometric means computed from at least three separate determinati
b For assay description see Ref. 13a.
c EC50 values determined through [35S]GTPcS stimulation. For assay description see R
d Not determined.
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looked at the isosteric replacement of the amide functionality of 9
with various heterocycles.11 These included thiazoles, oxadiazoles,
pyrazoles, imidazoles, triazoles and tetrazoles. Examples are
shown in Table 1.12 Synthesis of compounds 10–27 is described
in Scheme 1. Coupling of the previously described sulfonamide
benzoic acid 2810 with ammonium chloride gave the primary
amide 29. Thiazoles 10–12 were then prepared from 29 in a two
step process, that is, thioamide formation using Lawesson’s reagent
followed by cyclization with the respective bromoacetate. Dehy-
dration of intermediate 29 with phosphorus oxychloride gave the
nitrile 30 which was then used as a common intermediate for
the synthesis of the tetrazoles 13–15, the triazoles 16–18, the

Compound R CB1Ki
a,b


(nM)
CB1Ki


a,b


(nM)
Ratio
CB1/CB2


CB2EC50
a,c


19 1100 36 31 47


20 1100 23 48 58


21 770 81 9.4 130


22 270 59 4.5 70


23 740 130 5.9 110


24 510 75 6.8 77


25 750 75 10 120


26 1400 87 16 190


27 6990 160 6.1 130


ons.


ef. 13b.







Scheme 1. Reagents and conditions12: (a) NH4Cl, TBTU, DIEA, CH3CN, 89%; (b)
Lawesson’s Reagent, toluene, 66%; (c) RCOCH2Br, DBU, EtOH, 11–70%; (d) POCl3,
DMF, 75%; (e) NaN3, ZnBr, H2O, 52%; (f) RX, Et3N, DMF, 51–81%; (g) RCONHNH2,
K2CO3, CH3(CH2)3OH, 10–74%; (h) NH2OH�HCl, K2CO3, EtOH, 32–65%; (i) Raney
Nickel, CH3COOH, MeOH, H2, 28–91%; (j) RCOCH2Br, DBU, EtOH, 11–14%; (k)
NH2OH�HCl, K2CO3, EtOH, 32%; (l) RCOCl, pyridine, 2–22%; (m) SOCl2, DMF, 94%; (n)
CH3NHOCH3, Et3N, CH2Cl2, 76%; (o) CH3MgBr, Et2O, THF, 92%; (p)
C6H5CH2N(CH3)3


+Br3
�, CH2Cl2, MeOH, 47%; (q) (CH3)3CC@(NH)NH2�HCl, K2CO3,


DMF, 83%; (r) CDI, RCOOH, LAH, THF, 56–89%; (s) NH2NH2 H2O, EtOH, 8–21%.


Figure 4. Reversal of amide linkage.


Table 2
In vitro binding of ‘reverse amides’ for select compoundsa,b,c


Compound R X Y CB1Ki
a,b


(nM)
CB2Ki


a,b


(nM)
Ratio
CB1/
CB2


CB2EC50
a,c


(nM)


9 C@O NH 130 3.9 31 4.6
32 NH C@O 640 1.7 380 9.6


33 C–0 NH 540 48 11 25
34 NH C@0 1200 9.4 130 49


35 C@0 NH 310 34 9.0 21
36 NH C@O 1200 11 110 31


a Values are the geometric means computed from at least three separate
determinations.


b For assay description see Ref. 13a.
c EC50 values determined through [35S]GTPcS stimulation. For assay description


see Ref. 13b.
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imidazoles 19–20 and the oxadiazoles 22–24. Compounds 21 and
25–27 were generated from the ketone intermediate 31. Com-
pound 31 was prepared in a three step procedure from the acid
28, i.e. acid chloride formation using thionyl chloride, Weinreb
amide synthesis followed by reaction with methylmagnesium
bromide.

From this research the thiazole substituted compounds (10, 12)
showed the best overall profile for the CB2 receptor. However, as
can be seen from Table 1, replacement of the amide moiety with
various heterocycles did not significantly improve affinity or selec-
tivity for the CB2 receptor in comparison to the lead compound 9.
Continuing our focus on optimization of the amide moiety we then
turned our attention to reversal of the amide linkage (Fig. 4).14


Three compounds from our original study were initially selected
for comparison and their reverse amide analogs prepared (Table 2).


Reversal of the amide linkage of compound 9, to give 32, led to a
compound with superior selectivity over the CB1 receptor (CB1/CB2


9 = 30-fold; CB1/CB2 32 = 380-fold) while retaining good affinity for
CB2. Similarly, compounds 34 and 36, when compared to their
respective analogs 33, 35, exhibited superior affinities and selectiv-
ities for the CB2 receptor in in vitro testing. Following the identifi-
cation of these novel and selective CB2 agonists, we decided to
extend the SAR around the amide functionality. Compounds 37–
48 were prepared as shown in Scheme 2.


The synthesis of the morpholinosulfonamide intermediate 50
was achieved by addition of morpholine to the commercially avail-
able nitrophenylsulfonyl chloride 49. After reduction of the nitro
group to give 51, the target compounds (32, 34, 36–48) were gen-
erated using a variety of coupling methods.


In vitro binding data for compounds 37–48 at the CB1 and CB2


receptors is shown in Table 3.







Table 3
In vitro binding results for reverse amides at the CB1 and CB2 receptorsa,b,c,d


Compound R CB1Ki
a,b


(nM)
CB2Ki


a,b


(nM)
RatioCB1/
CB2


CB2EC50
a,c


(nM)
Compound R CB1Ki or % inh. @ 10 lMa,b


(nM)
CB2Ki


a,b


(nM)
RatioCB1/
CB2


CB2EC50
a,c


(nM)


37 790 11 72 8400 43 4.7% 540 n.d.d n.d.d


38 1800 14 130 42 44 270 120 2.3 220


39 470 23 20 29 45 1100 170 6.5 390


40 3400 23 150 11 46 25% 2900 n.d.d n.d.d


41 1200 35 34 33 47 2900 660 4.4 n.d.d


42 1900 120 16 n.d.d 48 44% 2000 n.d.d n.d.d


a Values are the geometric means computed from at least three separate determinations.
b For assay description see Ref. 13a.
c EC50 values determined through [35S]GTPcS stimulation. For assay description see Ref. 13b.
d Not determined.


Scheme 2. Reagents and conditions:12 (a) Morpholine, EtOAc, 100%; (b) Fe, NH4Cl, EtOH, H2O, 100%; (c) RCOOH, Bop-Cl, Et3N, THF, 20–81%; (d) RCOOH, TBTU, DIEA, CH3CN, 3–
18%; (e) RCOOH, BEP, DIEA, CH2Cl2, 20%; (f) RCOCl, Et3N, THF, 20–28%.
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Attempts to replace the lipophilic amide group of 32 generally
led to a decrease in affinity for the CB2 receptor. For example, in
the aryl chloride series of compounds, 44–46, the affinity for the
receptor was decreased by �100- to 2000-fold compared to com-
pound 32. Likewise, incorporation of heteroatoms into the amide
substituent (47, 48) was not tolerated, leading to substantial loss
in receptor affinity. However, other lipophilic substituents (37–
41) were well tolerated and retained good activity for the CB2


receptor. From this subset of ligands, the tetramethylcyclopropyl
compound (40) (EC50 = 11 nM, Emax = 84%) was determined to pos-
sess the best overall profile and was selected for in vivo evaluation
in the rodent hindpaw incisional model (Fig. 5).15


As can be seen from Figure 5, compound 40 exhibited robust
antiallodynic activity when administered at a dose of 30 mg/kg
ip. However, the compound did not produce a significant antiallo-
dynic effect following oral administration.

To determine whether this lack of efficacy after oral dosing was
due to poor absorption or rapid metabolism, a second study was
performed. In this study, rats were pretreated with the cytochrome
P450 suicide inhibitor aminobenzotriazole (ABT) before adminis-
tration of compound 40 (300 mg/kg po) (Fig. 6).


The robust activity of the ABT pretreated animals with com-
pound 40 supported our assertion that the compound was rapidly
metabolized. In vitro metabolism studies of compound 40 in the
presence of human and rat liver microsomes confirmed these find-
ings (RLM = 2%; HLM = 1% remaining at 30 min).16


In summary, the SAR of the phenylsulfonamide series of CB2 li-
gands was expanded. Replacement of the amide substituent with
various heterocycles offered no improvement in potency or selec-
tivity for the CB2 receptor over the CB1 receptor. However, reversal
of the amide linkage led to a series of sulfamoyl benzamides with
improved affinity and selectivity for the CB2 receptor. Optimization







Figure 5. In vivo activity of compound 40 in the hindpaw incision model.
Mechanical paw-withdrawal thresholds for the left hindpaw of the hindpaw
incision group and compound 40 treated group. Data are plotted as the mean
(±SEM) paw-withdrawal threshold of the left paw for each group. *p < 0.05
compared to vehicle-treated group. N = 8/group. Vehicle response 9.4 g. Drugs
were administered 30 min before testing.


Figure 6. In vivo activity of orally administered compound 40 in the presence and
absence of ABT in the hindpaw incision model. Mechanical paw-withdrawal
thresholds for the left hindpaw of the hindpaw incision group, ABT, compound 40
and ABT/compound 40 treated groups. Data are plotted as the mean (±SEM) paw-
withdrawal threshold of the left paw for each group. All statistical analyses were
performed with one-way ANOVA followed by post-hoc comparisons (protected t-
test) among groups. *p < 0.01 compared to ABT-vehicle treated hindpaw incised
animals. N = 8/group. Vehicle response 8.9 g. Drugs were administered 120 min
before testing.
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of this scaffold afforded compound 40. In vivo efficacy of 40 was
demonstrated in the rodent hindpaw incisional model after intra-
peritoneal administration. Lack of activity after oral dosing of 40
was attributable to the rapid metabolism of the compound. At-
tempts to improve the metabolic stability of these CB2 selective
compounds will be reported in due course.


References and notes


1. (a) Lambert, D. M.; Fowler, C. J. J. Med. Chem. 2005, 48, 5059; (b) Voth, E. A.;
Schwartz, R. H. Ann. Intern. Med. 1997, 126, 791.


2. Pertwee, R. G. Prog. Neurobiol. 2001, 63, 569.
3. Howlett, A. C.; Barth, F.; Bonner, T. I.; Cabral, G.; Casellas, P.; Devane, W. A.;


Felder, C. C.; Herkenham, M.; Mackie, K.; Martin, B. R.; Mechoulam, R.; Pertwee,
R. G. Pharmacol. Rev. 2002, 54, 161.


4. (a) Quartilho, A.; Mata, H. P.; Ibrahim, M. M.; Vanderah, T. W.; Porreca, F.;
Makriyannis, A.; Malan, T. P. Anesthesiology 2003, 99, 955; (b) Ibrahim, M. M.;
Deng, H.; Zvonok, A.; Cockayne, D. A.; Kwan, J.; Mata, H. P.; Vanderah, T. W.; Lai,

J.; Porreca, F.; Makriyannis, A.; Malan, T. P. Proc. Natl. Acad. Sci. U.S.A. 2003, 100,
10529.


5. Valenzano, K. J.; Tafesse, L.; Lee, G.; Harrison, J. E.; Boulet, J. M.; Gottschall, S. L.;
Mark, L.; Pearson, M. S.; Miller, W.; Shan, S.; Rabadi, L.; Rotshteyn, Y.; Chaffer, S.
M.; Turchin, P. I.; Elsemore, D. A.; Toth, M.; Koetzner, L.; Whiteside, G. T.
Neuropharmacology 2005, 48, 658.


6. (a) Omura, H.; Kawai, M.; Shima, A.; Iwata, Y.; Ito, F.; Masuda, T.; Ohta, A.;
Makita, N.; Omoto, K.; Sugimoto, H.; Kikuchi, A.; Iwata, H.; Ando, K. Bioorg. Med.
Chem. Lett. 2008, 18, 3310; (b) Verbist, B. M. P.; De Cleyn, M. A. J.; Surkyn, M.;
Fraiponts, E.; Aerssens, J.; Nijsen, M. J. M.; Gijsen, H. J. M. Bioorg. Med. Chem.
Lett. 2008, 18, 2574; (c) Pagé, D.; Balaux, E.; Boisvert, L.; Liu, Z.; Milburn, C.;
Tremblay, M.; Wei, Z.; Woo, S.; Luo, X.; Cheng, Y.-X.; Yang, H.; Srivastava, S.;
Zhou, F.; Brown, W.; Tamaszewski, M.; Walpole, C.; Hdzic, L.; St-Onge, S.;
Godbout, C.; Salois, D.; Payza, K. Bioorg. Med. Chem. Lett. 2008, 18, 3695.


7. Ohta, H.; Ishizaka, T.; Tasuzuki, M.; Yoshinaga, M.; Iida, I.; Yamaguchi, T.;
Tomishima, Y.; Futaki, N.; Toda, Y.; Saito, S. Bioorg. Med. Chem. 2008, 16, 1111.


8. DiMauro, E. F.; Buchanan, J. L.; Cheng, A.; Emkey, R.; Hitchcock, S. A.; Huang, L.;
Huang, M. Y.; Janosky, B.; Lee, J. H.; Li, X.; Martin, M. W.; Tomlinson, S. A.;
White, R. D.; Zheng, X. M.; Patel, V. F.; Fremeau, R. T., Jr. Bioorg. Med. Chem. Lett.
2008, 18, 4267.


9. Ermann, M.; Riether, D.; Walker, E. R.; Mushi, I. F.; Jenkins, J. E.; Noya-Marino,
B.; Brewer, M. L.; Taylor, M. G.; Amouzegh, P.; East, S. P.; Dymock, B. W.;
Gemkow, M. J.; Kahrs, A. F.; Ebneth, A.; Löbbe, S.; O’Shea, K.; Shih, D.-T.;
Thomson, D. Bioorg. Med. Chem. Lett. 2008, 18, 1725.


10. Worm, K.; Zhou, Q. J.; Saeui, C. T.; Green, R. C.; Cassell, J. A.; Stabley, G. J.;
DeHaven, R. N.; Conway-James, N.; LaBuda, C. J.; Koblish, M.; Little, P. J.; Dolle,
R. E. Bioorg. Med. Chem. Lett. 2008, 18, 2830.


11. (a) Chen, J. J.; Zhang, Y.; Hammond, S.; Dewdney, N.; Ho, T.; Lin, X.; Browner, M.
F.; Castelhano, A. L. Bioorg. Med. Chem. Lett. 1996, 6, 1601; (b) McBriar, M. D.;
Clader, J. W.; Chu, I.; Del Vecchio, R. A.; Favreau, L.; Greenlee, W. J.; Hyde, L. A.;
Nomeir, A. A.; Parker, E. M.; Pissarnitski, D. A.; Song, L.; Zhoa, Z. Bioorg. Med.
Chem. Lett. 2008, 18, 215.


12. (a) Abbreviations: TBTU, O-(Benzotriazol-1-yl)-N, N, N0 , N0-tetramethyluronium
tetrafluoroborate; BEP, 2-Bromo-1-ethylpyridinium tetrafluoroborate; Bop-Cl,
Bis(2-oxo-3-oxazolidinyl)phosphonic chloride; DIEA, diisopropylethylamine;
DBU, 1, 8-diazabicyclo-[5.4.0]undec-7-ene; (b) compounds were fully
characterized by 1H NMR and LC/MS.


13. (a) Binding assays were performed by modification of the method of Pinto, J. C.;
Potie, F.; Rice, K. C.; Boring, D.; Johnson, M. R.; Evans, D. M.; Wilken, G. H.;
Cantrell, C. H.; Howlett A. Mol. Pharmacol. 1994, 46, 516–522: Receptor binding
assays were performed by incubating 0.2–0.6 nM [3H]CP55940 with
membranes prepared from cells expressing cloned human CB1 or CB2


receptors in buffer consisting of 50 mM Tris–HCl, pH 7.0, 5.0 mM MgCl2,
1.0 mM ethylene glycol-bis(2-aminoethylether)-N,N,N0 ,N0-tetraacetic acid
(EGTA), and 1.0 mg/ml fatty acid free bovine serum albumin. After
incubation for 60 min at room temperature for CB2 binding or 120 min at
30 �C for CB1 binding, the assay mixtures were filtered through GF/C filters that
had been pre-soaked overnight in 0.5% (w/v) poly(ethyleneimine) and 0.1% BSA
in water. The filters were rinsed 6 times with one mL each of cold assay buffer,
30 lL of MicroScint 20 (Perkin-Elmer) was added to each filter and the
radioactivity on the filters was determined by scintillation spectroscopy in a
TopCount (Perkin-Elmer). Nonspecific binding was determined in the presence
of 10 lM WIN55212-2.(b) The [35S]GTPcS binding method is a major
modification of the method by Selley, D. E.; Stark, S.; Sim, L. J.; Childers, S. R.
Life Sci. 1996, 59, 659–668: CB2-mediated stimulation of [35S]GTPcS binding
was measured in a mixture containing 100–150 pM [35S]GTPcS, 150 mM NaCl,
45 mM MgCl2, 3 lM GDP, 0.4 mM dithiothreitol, 1.0 mM EGTA, 1.0 mg/mL fatty
acid free bovine serum albumin, 25 lg of membrane protein, and agonist in a
total volume of 250 lL of 50 mM Tris–HCl buffer, pH = 7.0 in 96-well Basic
FlashPlates (PerkinElmer). After incubation at room temperature for 6 h, the
plates were centrifuged at 800g at 4 �C for 5 min and the radioactivity bound to
the membranes was determined by scintillation spectrometry using a
TopCount (PerkinElmer). The extent of stimulation over basal [35S]GTPcS
binding was calculated as a percentage of the stimulation by 10 lM
WIN55212-2. Basal [35S]GTPcS binding was determined in the absence of
agonist. Generally, the stimulation by 10 lM WIN55212-2 was between 50%
and 100% over basal binding. Full agonists stimulate binding to the same
maximal extent as WIN55212-2.


14. (a) Halfpenny, P. R.; Hill, R. G.; Horwell, D. C.; Hughes, J.; Hunter, J. C.; Johnson,
S.; Rees, D. C. J. Med. Chem. 1989, 32, 1620; (b) Snow, R. J.; Abeywardane, A.;
Cambell, S.; Lord, J.; Kashem, M. A.; Khine, H. H.; King, J.; Kowalski, J. A.; Pullen,
S. S.; Roma, T.; Roth, G. P.; Sarko, C. R.; Wilson, N. S.; Winters, M. P.; Wolak, J. P.;
Cywin, C. L. Bioorg. Med. Chem. Lett. 2007, 17, 3660.


15. Brennan, T. J.; Vandermeulen, E. P.; Gebhart, G. F. Pain 1996, 64, 493.
16. Obach, R. S.; Baxter, J. G.; Liston, T. E.; Silber, M.; Jones, B. C.; Macintyre, F.;


Rance, D. J.; Wastall, P. J. Pharmacol. Exp. Ther. 1997, 283, 46.





		CB2 selective sulfamoyl benzamides: Optimization of the amide functionality

		References and notes








Bioorganic & Medicinal Chemistry Letters 19 (2009) 314–318

Contents lists available at ScienceDirect


Bioorganic & Medicinal Chemistry Letters


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

CoMFA and CoMSIA 3D-QSAR studies on S6-(4-nitrobenzyl)mercaptopurine
riboside (NBMPR) analogs as inhibitors of human equilibrative nucleoside
transporter 1 (hENT1)


Amol Gupte, John K. Buolamwini *


Department of Pharmaceutical Sciences, College of Pharmacy, University of Tennessee Health Sciences Center, 847 Monroe Avenue Suite 327, Memphis, TN 38163, USA


a r t i c l e i n f o a b s t r a c t

Article history:
Received 22 September 2008
Revised 20 November 2008
Accepted 24 November 2008
Available online 27 November 2008


Keywords:
Equilibrative nucleoside transporter
hENT1
Inhibitor
3D-QSAR
CoMFA
CoMSIA
Cross validation
NBMPR analogs

0960-894X/$ - see front matter � 2008 Elsevier Ltd.
doi:10.1016/j.bmcl.2008.11.092


* Corresponding author. Tel.: +1 901 448 7533; fax
E-mail address: jbuolamwini@utmem.edu (J.K. Buo

3D-QSAR (CoMFA and CoMSIA) studies were performed on human equlibrative nucleoside transporter
(hENT1) inhibitors displaying Ki values ranging from 10,000 to 0.7 nM. Both CoMFA and CoMSIA analysis
gave reliable models with q2 values >0.50 and r2 values >0.92. The models have been validated for their
stability and robustness using group validation and bootstrapping techniques and for their predictive
abilities using an external test set of nine compounds. The high predictive r2 values of the test set
(0.72 for CoMFA model and 0.74 for CoMSIA model) reveals that the models can prove to be a useful tool
for activity prediction of newly designed nucleoside transporter inhibitors. The CoMFA and CoMSIA con-
tour maps identify features important for exhibiting good binding affinities at the transporter, and can
thus serve as a useful guide for the design of potential equilibrative nucleoside transporter inhibitors.


� 2008 Elsevier Ltd. All rights reserved.
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Figure 1. Structure of NBMPR.

In humans, the cellular uptake and efflux of nucleosides is reg-
ulated by specialized transport proteins known as nucleoside
transporters.1 The potential of nucleoside transport inhibitors for
therapeutic application in heart disease,2 inflammatory disease,3


viral infections,4 and cancer chemotherapy5,6 has been widely re-
ported. Nucleoside transporters can be classified into two major
classes, namely, the bidirectional sodium-independent equilibra-
tive nucleoside transporters (ENTs)7 and the unidirectional sodium
dependent concentrative nucleoside transporters (CNTs).8 In hu-
mans, four equilibrative nucleoside transporters9–12 and six con-
centrative nucleoside transporters13–16 have been identified. The
ubiquitously distributed equlibrative nucleoside transporter
hENT1, is the major nucleoside transporter in a number of mam-
malian tissues and appears to be the most relevant target for ther-
apeutic exploitation. Although several chemical classes have been
shown to inhibit the hENT1 protein none of them can be exploited
for therapeutic application due to their poor pharmacological pro-
files with regard to toxicity, selectivity and poor in vivo efficacy.16


Hence there is a pressing need for novel hENT1 inhibitors.
Amongst the known chemical classes of hENT1 inhibitors, S6-(4-


nitrobenzyl)mercaptopurine riboside (NBMPR, Fig. 1) and its cong-
eners are the most potent and selective.17 A recent publication

All rights reserved.


: +901 448 6828.
lamwini).

from this laboratory reports a detailed study undertaken to derive
a 3D pharmacophore model of the bioactive conformation of
NBMPR at the hENT1 nucleoside transporter.18 Earlier, in our at-
tempts to develop novel nucleoside transport inhibitors based on
the structure of NBMPR we had synthesized and evaluated a num-
ber of diverse S6 position substituted19,20 and C2-purine substituted
analogs21 of NBMPR as hENT1 inhibitors. In this study, we have
made use of the recently reported 3D pharmacophore derived bio-
active conformation18 to conduct 3D-QSAR studies involving CoM-
FA (comparative molecular field analysis) and CoMSIA
(comparative molecular similarity indices analysis) using our pre-
viously reported S6 substituted19,20 and C2-purine substituted
NBMPR analogs21 enlisted in Table 1. In addition to revalidating
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Table 1
Structures and inhibitory activities of compounds used for 3D-QSAR studies


N


NN


N


R1


O
HO


HO OH


R2


Compound R1 R2 pKi
a Compound R1 R2 pKi


a


1 –S-(4-Nitrobenzyl) –H 9.15b 27 –S-(4-tert-butylbenzyl) –H 5.00d


2 –S-(4-Nitrobenzyl) –NH2 8.96c 28 –S-(4-Methoxycarbonylbenzyl) –H 7.33d


3 –S-(2-Fluorobenzyl) –H 7.62b 29 –S-(2,4-Dichlorobenzyl) –H 8.36d


4 –S-(3-Fluorobenzyl) –H 7.89b 30 –S-(3,4-Dichlorobenzyl) –H 7.90d


5 –S-(4-Fluorobenzyl) –H 8.04b 31 –S-(2-Chloro-6-Fluorobenzyl) –H 7.06d


6 –S-(2-Chlorobenzyl) –H 6.93b 32 –S-(2,4,6-Trimethylbenzyl) –H 5.72d


7 –S-(3-Chlorobenzyl) –H 7.74b 33 –S-(4-Nitrobenzyl) –F 8.67c


8 –S-(4-Chlorobenzyl) –H 7.83b 34 –S-(4-Nitrobenzyl) –Cl 7.96c


9 –S-(2-Bromobenzyl) –H 6.82b 35 –S-(4-Nitrobenzyl) –Br 7.94c


10 –S-(3-Bromobenzyl) –H 7.68b 36 –S-(4-Nitrobenzyl) –I 7.92c


11 –S-(4-Bromobenzyl) –H 7.94b 37 –S-(4-Nitrobenzyl) –NHCH3 7.62c


12 –S-(2-Iodobenzyl) –H 7.71b 38 –S-(4-Nitrobenzyl) –N(CH3)2 6.37c


13 –S-(3-Iodobenzyl) –H 7.86b 39 –S-(4-Nitrobenzyl) –NHCH2CH3 7.60c


14 –S-(4-Iodobenzyl) –H 8.42b 40 –S-(4-Nitrobenzyl) –NHCH2CH2CH3 6.71c


15 –S-(2-Cyanobenzyl) –H 7.41e 41 –S-(4-Nitrobenzyl) –NH-cyclopropyl 7.60c


16 –S-(3-Cyanobenzyl) –H 7.44e 42 –S-(4-Nitrobenzyl) –NHCH2CH2CH2CH3 6.49c


17 –S-(4-Cyanobenzyl) –H 8.34d 43 –S-(4-Nitrobenzyl) –NH-cyclobutyl 7.48c


18 –S-(2-Nitrobenzyl) –H 6.94e 44 –S-(4-Nitrobenzyl) –NHCH2CH2CH2CH2CH3 6.45c


19 –S-Benzyl –H 7.70d 45 –S-(4-Nitrobenzyl) –NH-cyclopentyl 6.90c


20 –S-(3-Nitrobenzyl) –H 8.75d 46 –S-(4-Nitrobenzyl) –NH-cyclohexyl 6.40c


21 –S-(2-Methylbenzyl) –H 7.17d 47 –S-(4-Nitrobenzyl) –NHCH2C6H5 6.61c


22 –S-(3-Methylbenzyl) –H 7.79d 48 –S-(4-Nitrobenzyl) –NHCH2CH2C6H5 6.40c


23 –S-(4-Methylbenzyl) –H 7.82d 49 –S-(4-Nitrobenzyl) –NHCH2CH2OH 7.06c


24 –S-(3-Trifluoromethylbenzyl) –H 7.72d 50 –S-(4-Nitrobenzyl) –N(CH2CH2OH) 6.61c


25 –S-(4-Methoxybenzyl) –H 7.46d 51 –S-(4-Nitrobenzyl) –NHC(O)CH3 7.47c


26 –S-(4-Trifluoromethoxybenzyl) –H 8.15d 52 –S-(4-Nitrobenzyl) –NHC(O)C6H5 6.50c


a pKi = –log10Ki.
b Results taken from literature.19


c Results taken from literature.21


d Results taken from literature.20
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the 3D pharmacophore derived bioactive conformation published
earlier, the 3D-QSAR efforts would also decide the substituent
properties of these compounds and provide a rationale for the de-
sign of novel inhibitors that can have therapeutic application.


All ligand structures were built using the previously published
3D pharmacophore model18 of the bioactive conformation of
NBMPR at the hENT1 nucleoside transporter. The pharmacophore
model consists of six features—three hydrogen bond acceptors,
one hydrophobic group, and two aromatic rings. In NBMPR the
three hydrogen bond acceptor functions are mapped onto the 30-
OH, the ribose ring oxygen, and the nitro group, the hydrophobic
function is mapped onto the S6-benzyl ring, and the two aromatic
groups are mapped onto the purine system. According to the stud-
ies conducted for pharmacophore development NBMPR adopts an
anti conformation, suggesting the anti-conformation to be the bio-
active conformation of NBMPR and its analogs for binding to the
hENT1 nucleoside transporter.18


A total of fifty-two compounds exhibiting nucleoside trans-
porter inhibitory activities with Ki values in the range of 0.7–
10,000 nM were used to carry out the 3D-QSAR analysis (Table
1). Three-dimensional structure building and all modeling opera-
tions were performed using SYBYL 7.2 (Tripos Associates Inc.) on
a Silicon Graphics Octane workstation. Partial atomic charges were
calculated using the MOPAC-PM3 algorithm. Energy minimization
was performed using Tripos force field with a distance-dependent
dielectric and the BFGS algorithm, with a convergence criterion of

0.01 kcal/(mol Å). The compounds in training set were aligned
using MATCH module in SYBYL. The reference atoms selected for
alignment and the alignment of all molecules is shown in Figure 2.


The fifty-two compounds were divided into a training set com-
prising 43 compounds and an external test set comprising nine
compounds. The test set consists of compounds 9, 17, 18, 22, 33,
34, 41, 44, and 46. The test set was chosen such that it represents
the structural diversity and wide range of activity present in the
entire data set. The Ki values were transformed into pKi (�log Ki)
values and used as the dependent variable in CoMFA and CoMSIA
analysis.


For deriving the CoMFA and CoMSIA descriptor fields, the mol-
ecules from the training set were placed in a three dimensional cu-
bic lattice with a spacing of 2 Å and extending 4 Å units beyond the
aligned molecules in all directions. CoMFA descriptors were calcu-
lated using an sp3 carbon probe atom with a van der Waals radius
of 1.52 Å and a charge of +1.0 with a distance-dependent dielectric
to generate steric (Lennard-Jones 6–12 potential) field energies
and electrostatic (Coulombic potential) fields with a distance-
dependent dielectric at each lattice point. An energy cutoff of
30 kcal/mol was applied. The CoMFA steric and electrostatic fields
were scaled by the CoMFA-STD method in SYBYL.


CoMSIA similarity index descriptors were calculated using a
similar lattice box as in CoMFA. CoMSIA similarity indices descrip-
tors were derived according to Klebe et. al. The CoMSIA descriptors,
namely, steric, electrostatic, hydrophobic, hydrogen bond donor,
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Figure 2. (a) Atoms used in MATCH alignments shown in bold face on a general structure. (b) Alignment of all molecules: Blue indicates nitrogen, red indicates oxygen,
yellow refers to sulfur, gray indicates carbon, and cyan indicates hydrogen.


Table 2
PLS statistics of CoMFA and CoMSIA 3D-QSAR models


PLS statisticsa CoMFA model CoMSIA model


q2 0.643 0.513
PRESS 0.434 0.486
r2 0.943 0.929
s 0.177 0.191
F 90.171 69.818
PLS components 5 4


Field contribution
Steric 0.635 0.125
Electrostatic 0.365 0.210
Hydrophobic 0.381
Donor 0.126
Acceptor 0.163


a q2, cross-validated correlation coefficient; PRESS, predictive sum of squares; s,
standard error; r2, correlation coefficient; F, F-test value.
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and hydrogen bond acceptor, were generated using a sp3 carbon
probe atom with +1.0 charge and a van der Waals radius of 1.4 Å.
CoMSIA similarity indices (AF,k) between a molecule j and atoms i
at a grid point were calculated by using Eq. 1 as follows:


Aq
F;kðjÞ ¼ �


X
xprobe;kxike�ariq2 ð1Þ


Five physicochemical properties or descriptors (k), steric, electro-
static, hydrophobic, hydrogen bond donor and hydrogen bond
acceptor were evaluated. The descriptor k of atom i is xik, while
the descriptor of the probe atom is xprobe. A Gaussian-type distance
dependence was used between the grid point q and each atom i in
the molecule. The value of the attenuation factor (a) was set to 0.3.
The CoMSIA steric indices are related to the third power of the
atomic radii, the electrostatic descriptors are derived from atomic
partial charges, the hydrophobic fields are derived from atom-based
parameters developed by Viswanadhan et. al.,22 and hydrogen bond
donor and acceptor indices are obtained from a rule based method
derived from experimental data.23


Using CoMFA and CoMSIA descriptors as independent variables
and pKi values as dependent variables, partial least squares (PLS)
regression analyses were carried out, using QSAR module of the
SYBYL package with default parameters. Leave-one-out (LOO)
cross-validation was used to evaluate the predictive ability of the
models. The cross-validated coefficient, q2, was calculated using
Eq. 2 as follows:


q2 ¼ 1�
P
ðYpredicted � YactualÞ2P
ðYobserved � YmeanÞ2


ð2Þ


where Ypredicted, Yactual, and Ymean are predicted, actual and mean
values of the target property (pKi), respectively. R(Ypre-


dicted � Yactual)2 is the predictive sum of squares (PRESS). The opti-
mum number of components used to derive the final regression
models was the one that corresponds to the lowest PRESS value.24


In addition to the q2, the corresponding PRESS, the conventional
correlation coefficient (r2) and its standard error (s) were also com-
puted. To test the stability and robustness of the models, more rig-
orous statistical testing was performed by group cross-validation
(10 groups, 30 runs) and bootstrapping (30 runs). To eliminate
the possibility of chance correlation, PLS analysis was carried out
using scrambled activity data (20 runs). CoMFA and CoMSIA coeffi-
cient maps were generated by interpolation of the pairwise prod-
ucts between the PLS coefficients and the standard deviations of
the corresponding CoMFA and CoMSIA descriptor values.


In this study, CoMFA and CoMSIA 3D-QSAR analysis were
undertaken to determine the effects of steric, electrostatic, hydro-
phobic, and hydrogen bonding properties of the compounds on
hENT1 nucleoside transporter inhibitory activity, and to obtain
reliable models for predicting the activity of compounds belonging

to a similar structural class. The results obtained from PLS regres-
sion analysis, using the CoMFA and CoMSIA descriptors as indepen-
dent variables are shown in Table 2. Initial CoMFA and CoMSIA PLS
analyses with all 43 compounds in the training set afforded models
with very low q2 values. A CoMFA model with a q2 value of 0.643
and a CoMSIA model with a q2 value of 0.513 were obtained after
removing three possible outliers for the CoMFA model and four
for the CoMSIA model. Three of these outliers, compound 27, com-
pound 28, and compound 32 were common to both the CoMFA and
CoMSIA models. Compound 27, with a para-tert-butyl substituent,
has a reported Ki value of >10,000 nM. It does not have an accurate
Ki value and Compound 32 is unique to the set considering that it is
the only compound with a tri-substituted S6-benzyl group. Com-
pound 38 was an additional outlier removed to obtain a reasonable
CoMSIA model. Compound 38, the dimethyl substituted C2-posi-
tion analog, is the only dialkyl substituted compound in the series
and this might explain its outlier status.


The stability of the CoMFA and CoMSIA models was evaluated
by performing group cross-validation (30 runs) and bootstrapping
(30 runs). The results of these validations are shown in Table 3. The
robustness of these models was demonstrated by q2 and r2 values,
respectively, obtained from group cross-validation and bootstrap-
ping which are not very distinct from the original values. The pos-
sibility of a chance correlation between the CoMFA and CoMSIA
descriptors, and biological activity was also eliminated after per-
forming PLS analysis using randomizations (20 runs).


Activity (pKi) values for the compounds in the training set were
predicted using the final CoMFA and CoMSIA models. The predic-
tive abilities of the models were evaluated against an external test
set (9 compounds). Both the CoMFA and CoMSIA models predicted
pKi values of the test set lie within a one log unit limit (Fig. 3 and
Table 4).







Table 3
Results of group cross-validation, randomizations and bootstrapping


Exercise PLS statistics CoMFAa CoMSIAa


Group validationb q2 0.631 (0.030) 0.506 (0.040)
Randomizationc q2 �0.155 �0.101
Bootstrappingb r2 0.962 (0.007) 0.938 (0.008)


s 0.170 (0.0134) 0.026 (0.006)


a Values in parentheses are standard deviations.
b Average of 30 runs.
c Average of 20 runs.
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Figure 3. Prediction curves for CoMFA (a) or CoMSIA (b) model-predicted pKi


values for the test set of ENT1 inhibitors.
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Contour maps were generated by plotting the coefficients from
CoMFA and CoMSIA QSAR models, which indicate regions in 3D
space around the molecules where changes in the particular phys-
icochemical properties are predicted to increase or decrease po-
tency. The steric and electrostatic contours for CoMFA and
CoMSIA models projected unto NBMPR are shown in Figure 4,
and hydrophobic and hydrogen bond contours for the CoMSIA
model for ENT1 transporter inhibition, also projected unto NBMPR
are shown in Figure 5.

Table 4
Residuals of predictions of the test set by the CoMFA and CoMSIA models


Compound Actual pKi
a Predicted CoMFA pKi


a Co


9 6.82 7.41 �
17 8.34 8.67 �
18 6.94 7.60 �
22 7.79 7.37
33 8.67 8.61
34 7.96 8.19 �
41 7.60 6.83
44 6.45 6.30
46 6.40 6.45 �


a pKi = –log10Ki.

A yellow contour near the C2-purine position indicates that a
bulky substituent at this site decreases binding affinity at the
hENT1 transporter (Fig. 4a). This is consistent with the fact that
within the straight chain alkylamine substituents we observe an
increase in the Ki values as the carbon chain length increases. A
smaller green contour near the para- position of the S6-benzyl sub-
stituent indicates that steric bulk is favored at this site. The pres-
ence of a red contour near the para -position of the S6-benzyl
substituent indicates that negative electrostatic potential around
this region increases the binding affinity. The presence of a blue
contour near the C2-purine position yellow contour indicates that
smaller electron deficient groups at this site might enhance the
binding affinity at the hENT1 transporter.


In general, the CoMSIA steric and electrostatic plots agree well
with the CoMFA plots (Fig. 4b). The orange contour in the CoM-
SIA hydrophobic plot indicates that hydrophobic groups at the
C2-position and around the S6-benzyl group are disfavored
(Fig. 5a). A green contour around the para-position of the S6-ben-
zyl substituent indicates that hydrophobic groups are tolerated at
this position. The presence of both the hydrophobic favored and
disfavored contours around the same region indicates that a bal-
ance of these properties among the groups present at this region
is required for optimum binding at the hENT1 transporter. The
cyan contour near the C2-purine position shows that a hydrogen
bond donor is favored at this location (Fig. 5b). The NH on the C2-
alkylamine substituents might be involved in hydrogen bonding
at the binding site. On the other hand, a prominent magenta col-
ored contour near the para-position of the S6-benzyl substituent
indicates that a hydrogen bond acceptor is favored at this posi-
tion (Fig. 5b). The purple and red contours indicate the presence
of a hydrogen bond donor and acceptor disfavored regions,
respectively. However, these groups do not appear to have a ma-
jor influence in the binding of these molecules to the hENT1
transporter.


In this study, a pharmacophore hypothesis published earlier18


has been used to develop 3D-QSAR CoMFA and CoMSIA models.
The models developed have been validated for their stability and
robustness using group validation and bootstrapping techniques
and for their predictive abilities using an external test set. The
models rationalize the binding data at the hENT1 nucleoside trans-
porter and help understand the features important for exhibiting
good binding affinities at the transporter.


The PLS coefficient contour maps have highlighted the impor-
tance of a hydrogen bond donor and the presence of steric and
hydrophobic restrictions at the C2-purine position. The presence of
a hydrogen bond acceptor around the para-position of S6-benzyl
substituent has been demonstrated to be important for good binding
at the hENT1 transporter. A balance between the hydrophobic fa-
vored and disfavored properties at this region is necessary for dis-
playing good binding affinities at the transporter. A negative
electrostatic potential in the same region also improves the binding
affinities of compounds at the transporter. The mapping of these

MFA residuals Predicted CoMSIA pKi
a CoMSIA residuals


0.59 7.49 �0.67
0.33 8.31 0.03
0.66 7.71 �0.77
0.42 7.52 0.27
0.06 8.48 0.19
0.23 8.29 �0.33
0.77 7.18 0.42
0.15 6.25 0.20
0.05 6.46 0.06







Figure 4. PLS contours from 3D-QSAR models for ENT1 transporter inhibitors. (a) Steric and electrostatic CoMFA contours; (b) Steric and electrostatic CoMSIA contours. The
green contours indicate sterically favored regions whereas the yellow contours denote sterically unfavorable regions. The blue contours identify regions that favor
electropositive substituents and the red regions favor electronegative substituents.


Figure 5. PLS contours from 3D-QSAR models for ENT1 transporter inhibitors. (a)
Hydrophobic CoMSIA contours; (b) Hydrogen bond donor/acceptor CoMSIA con-
tours. The green contours indicate regions where hydrophobic groups are favored
whereas the orange contours denote regions that disfavor hydrophobic groups. The
cyan and purple contours indicate favorable and unfavorable regions for hydrogen
bond donors, respectively. The magenta and red contours identify favorable and
unfavorable positions for hydrogen bond acceptors, respectively.
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properties would prove useful in better inhibitor design. The ob-
tained models can be used to predict the activity of newer analogs.
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Cdc7 kinase plays a critical role in the regulation of DNA replication in eukaryotic cells and has been pro-
posed as a target for cancer therapy. We have identified a class of Cdc7/Dbf4 inhibitors with a pyrido-thi-
eno-pyrimidine core structure. Synthesis of a focused pyrido-thieno-pyrimidine library yielded potent
and selective Cdc7 inhibitors with antiproliferative activity against cancer cells in vitro. Their synthesis
and SAR data are presented herein.
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Cdc7 is a conserved serine/threonine kinase that plays an
important role in initiation of DNA replication in eukaryotic
cells.1–5 It is expressed continuously during the cell cycle but acti-
vated during late-G1 and S phase by binding with its subunit Dbf4.
Cell cycle-dependent expression of Dbf4 allows for a precise con-
trol of Cdc7 activity. Among the most important known substrates
of Cdc7/Dbf4 are minichromosome maintenance proteins (MCM2-
7) representing essential components of the origin initiation com-
plex (ORC). Phosphorylation of one or more MCM proteins is
thought to be a critical step in the initiation of DNA replication
in eukaryotes.6–8 The role of Cdc7 in this process has been sup-
ported by the observation that knockdown of its expression causes
an abortive S phase, followed by cell death.9 These results and the
fact that Cdc7 has been found overexpressed in human cancer cell
lines and tumor tissue samples10 have suggested that Cdc7 could
be a target for cancer therapy. Here, we report the synthesis and
evaluation of pyrido-thieno-pyrimidines (Fig. 1) as potent and
selective Cdc7 inhibitors.11


A high-throughput screen of Roche chemical library for inhibi-
tors of Cdc7/Dbf4 identified 6h (Fig. 1, R1 = CH3, R2 = H; R3 = CH3,


R4 = H, and R5 = H) as a lead compound with IC50 of 400 nM against
Cdc7/Dbf4 and over 10-fold selectivity over the cyclin-dependent
kinases (CDK1, CDK2, and CDK4), the closest human kinases in
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structure. A focused library was synthesized using microwave-as-
sisted chemistry outlined in Scheme 1.


Treatment of 2-chloro-nicotinonitrile 1 with sodium sulfide
generated 2-mercapto-nicotinonitrile 2, which was reacted with
2-chloro-acetamide to give 3-amino-thieno-[2,3-b]-pyridine-2-
carboxylic acid amide 3. Compound 4 was made by reacting 3 with
trimethyl orthoformate with the catalysis of acid. Chlorination of 4
with phosphorus oxychloride followed by substitution of chlorine
with amine NHR4R5 gave the desired product 6 in Table 2.12


Micro-wave radiation has been used in all steps of the synthesis
except the chlorination. All reactions were clean and no chroma-
tography was needed for purifying intermediates.


Table 1 lists the effect of bases on the formation of intermediate
3. The IR spectrum of compound B revealed a typical CN absorption
at 2220 cm�1, which is consistent with the open-chain structure.


To compare the results of microwave-assisted reactions with
the conventional synthetic protocol, two conventional reactions
were run using the same stoichiometries as reactions I and II (Table
1) and refluxing with regular oil-bath heating. The microwave-as-
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N
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Figure 1. General structure of pyrido-thieno-pyrimidines.
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Scheme 1. Reagents and conditions: (a) Na2S, t-Butanol, microwave, 150 �C, 20 min; (b) chloroacetamide, K2CO3/EtOH, microwave, 120 �C, 10 min; (c) HC(OCH3)3, CH3COOH,
microwave, 150 �C, 10 min; (d) POCl3, refluxing; (e) HNR4R5 microwave, 120 �C, 20 min (when R4 and R5 are H, the reaction was run in a sealed tube at 80 �C overnight).


Table 1
Effect of base to the formation of thieno ring


N SH


N


Cl NH2


O N S
NH2


O


NH2


N S
NH2


O


N


+ or


A B


Reaction No. Base used Product type: A or B Reaction conditions (microwave) Conversion ratea (%)


I K2CO3/EtOH A 120 �C/10 min 100
II NaOMe/MeOH A 120 �C/10 min 100
III NaOAc/EtOH B 120 �C/10 min 100
IV NaOH/MeOH A 120 �C/10 min 100


a Determined by the LC–MS results of reaction mixtures.
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sisted protocol offered one clear advantage, much shorter reaction
time. While reactions I and II were completed within 10 min with
micro-wave heating, their counterparts took more than 3 h to com-
plete under regular heating conditions.13


To carry the reaction from 3 to 4, both p-toluenesulfonic acid
and acetic acid were used as acid catalysts, respectively (Scheme
2). While acetic acid produced the desired product, the p-toluene-
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Scheme 2. Building pyrimidin
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Scheme 3. Synthesize 2-methyl pyri

sulfonic acid-catalyzed reaction yielded a dark-colored solution
with unclear LC–MS profile.


Synthesis of 2-methylated analog can be achieved using the
same method. Cooking 3h with neat acetic anhydride yielded clean
result (Scheme 3).


Although the crude product of chloride 5 (Scheme 1) was used
for the next reaction without chromatography, the quick wash-up
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Scheme 4. Methanol as solvent caused the formation of by-product.


Table 2
Inhibition of Cdc7/Dbf4 activity in vitro
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5 4


Compound R1 R2 R3 R4 R5 Cdc7 (IC50) (nM) Ki (nM)


6a Me –(CH2)4– H H 5 0.5
6b Me Et Me H H 10 1
6c –(CH2)4– Me H H 20 2
6d Me Allyl Me H H 20 2
6e Me –(CH2)3– H H 30 3
6f Me Me Me H H 40 4
6g –(CH2)3– Me H H 50 5
6h Me H Me H H 400 40
6i Me Benzyl Me H H 2000 200
6j Cyclopropyl H CF3 H H 4000 400
6k H Ph H H H 9000 900
6l Me Et-O-C@O H H H 10,000 1000
6m H H H H H 12,000 1200
6n Me H Me H Me >30,000 >3000
6o Me H Me Me Me >30,000 >3000
6p Me H Me H Ph >30,000 >3000
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of residual phosphorus oxychloride and its by-product with cold
aqueous sodium bicarbonate and water was critical for the success
of reaction e.


For the transformation of compound 5 to 6, the lower alcohols
such as ethanol or isopropanol were used as solvents. It was found
that methanol competed with ammonia for the replacement of
chlorine, with the ratio of product to by-product about 1:1 for
the following reaction (Scheme 4).


The test compounds were evaluated for inhibition of Cdc7/Dbf4
enzyme activity using a previously published Homogeneous Time-
Resolved Fluorescence (HTRF) assay.14 Table 2 shows the activity

Table 3
Compound 6d was tested for activity against a panel of kinases using the IMAP assay
platform


Kinase Ki (nM)


Cdc7/Dbf4 2
CDK1/Cyclin B >5000
CDK2/Cyclin E >5000
CDK4/Cyclin D >5000
AKT >5000
PKA 1100
PKC-a >5000
PKC-d >5000
ERK2 >5000
SGK >5000
Fyn >5000
EphB3 >5000

and emerging structure–activity (SAR) relationship for compound
6.


The following trends have emerged from the data in Table 2:
using 6h as a reference compound, adding small aliphatic groups
at R2 position dramatically increased the potency (compounds
6a–g). Bigger groups such as benzyl at R2 position decreased activ-
ity approximately 5-fold (6i). Unsubstituted pyrido showed a sub-
stantially lower activity (6m), suggesting that there might be a
small hydrophobic cavity within Cdc7/Dbf4 complex interacting
with this part of the molecule. Any substitution on the R4 and R5


positions led to loss of activity, which indicates a possible role of
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Figure 2. Pyrido-thieno-pyrimidines are ATP-competitive inhibitors. The IC50 of
compound 6h was determined as a function of the ATP concentration.
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Figure 4. Inhibition of MCM2 phosphorylation in HCT 116 cancer cells. (1) G1 cells
(control); (2) G1 cells + 20 lM compound 6d; (3). G1 cells + DMSO (18 h, control).
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Figure 3. IC50 of compound 6d was determined in the presence of 0.2 and 2 mg/mL
of bovine serum albumin.
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the nitrogen proton as a H-bond donor. Interestingly, the interme-
diates (3a–p) showed similar inhibitory activity as the final prod-
ucts in the 1- to 20-lM range.


Compounds 6h and 6d were evaluated further. The ATP-depen-
dence of 6h activity indicated that these series of Cdc7 inhibitors
are ATP-competitive (Fig. 2).


Compound 6d demonstrated >500-fold selectivity15 in vitro
against a panel of 11 diverse human kinases including some of
the cyclin-dependent kinases, CDK1, CDK2, and CDK4 (Table 3).
This compound showed practically identical activity in the pres-
ence of 0.2 and 2.0 mg/mL bovine serum albumin suggesting that
non-specific protein binding may not be a problem for this class
of molecules (Fig. 3).


MCM2 is one of the important cellular targets of Cdc7/Dbf4.
Therefore, compound 6d was tested for inhibition of MCM2 phos-
phorylation in proliferating HT116 colon cancer cells (Fig. 4). Since
Cdc7/Dbf4 complex phosphorylates MCM2 during S phase, cells
were pre-synchronized in G1 phase before entry into S phase by
mitotic shake-off.16 They were then incubated in the presence of
20 lM compound 6d for 18 h needed for entry into and transition
through S phase. Western blot analysis of cell lysates revealed a
dramatic decrease in the faster migrating form of the protein, pre-
viously shown to be hyperphosphotylated MCM2.16,17 This was the
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Figure 5. Antiproliferative activity of compound 6d in HCT 116, RKO, and SW480
cancer cell lines.

predominant form of MCM2 in the control cell that transitioned
through S phase in the absence of Cdc7 inhibitor (Fig. 4). This indi-
cated that compound 6d penetrated the cells and inhibited intra-
cellular Cdc7 activity. The MTT18 assay for cell viability detected
a dose-dependent antiproliferative activity in three human colon
cancer cell lines (HCT116, RKO, and SW480) in vitro with IC50 in
the 6- to 10-lM range (Fig. 5). The relatively low Km for ATP of
the Cdc7/Dbf4 complex (�500 nM)14 is most likely the reason for
the modest cellular potency of 6d that has to compete with milli-
molar intracellular ATP concentrations.


During the preparation of this letter, two different classes of
ATP-competitive Cdc7 inhibitors, indazoles19 and pyrrolopyridi-
nones,20 have been reported. The most potent compounds in these
series have shown single nanomolar Ki values close to the Ki of the
most potent members of the pyrido-thieno-pyrimidines described
here.


Pyrido-thieno-pyrimidine scaffold has relatively low molecular
weight (<300) and good permeability (Caco-2 > 200 � 10�7 cm/s).
However, it showed limited solubility (<30 lg/mL at pH 6.5) and
relatively high clearance in human liver microsomes (HLM) prepa-
rations in vitro. The poor solubility may also contribute to the
moderate cellular activity. Interestingly, the intermediate 3h was
much more stable than its final product 6h in HLM and the solubil-
ity of 3h was about 2-fold higher than 6h, suggesting that the
pyrimidine part of pyrido-thieno-pyrimidine is prone to metabo-
lism and the stacking effect of the highly conjugated system in pyr-
ido-thieno-pyrimidines is detrimental to the solubility.


In conclusion, we have developed an efficient method for the
synthesis of pyrido-thieno-pyrimidines. These analogs are potent
and selective inhibitors of Cdc7/Dbf4 kinase in vitro. The represen-
tative compounds from these series can penetrate cultured cancer
cells, inhibit MCM2 phosphorylation and show a moderate antipro-
liferative effect in cancer cells. Further improvement of potency
and optimization for solubility and metabolic stability is needed
to address the potential of Cdc7 as a cancer target in vivo.
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Thirteen novel aryloxy cyclohexane-based mono and bis imidazoles were synthesized and evaluated
in vitro as antileishmanials against Leishmania donovani and cytotoxicity assessed. These compounds
were better than the existing drugs, sodium stibogluconate and pentamidine in respect to IC50 and SI val-
ues. Promising compounds were tested further in vivo. Among all, the bis methylimidazole with 2-fluoro,
4-nitro aryloxy group (9) exhibited significant in vivo inhibition of 77.9%, thus providing new structural
lead for antileishmanials.


� 2008 Elsevier Ltd. All rights reserved.

Leishmaniasis is a group of parasitic diseases of global distribu-
tion transmitted by the bite of the infected female phlebotomine
sandfly1 and manifest with visceral, cutaneous, and mucocutane-
ous forms. This disease is currently prevalent in four continents,
being endemic in 88 countries, threatening 350 millions world-
wide.2 Chemotherapy for these parasitic diseases is generally
ineffective mainly due to the emergence of drug-resistant strains,
significant toxicity, variable efficacy, lack of oral bioavailability
and high cost of the therapeutic agents.3,4 The pentavalent antimo-
nials are widely used as primary therapy whereas alternative drugs
include amphotericin B, pentamidine, paromomycin, miltefosine
and azoles,5,6 all suffer from one or more of the above deficiencies.
Drug resistance, high toxicity and high treatment costs necessitate
the need for novel therapeutics.7


Among potential orally active drugs for the treatment of these
complex diseases, sterol biosynthesis inhibitors offer an attractive
possibility, as Leishmania parasites synthesize specific sterols
which seem to be essential for cell proliferation and viability.8,9


Azole antifungal agents, have been used as antileishmanial agents
since 1980s,10–12 inhibit the growth of Leishmania amastigotes in
culture systems by inhibiting the cytochrome P-450-mediated
14a-demethylation of lanosterol, blocking ergosterol synthesis,
and causing accumulation of 14a-methyl sterols.8,10 Metronidazole
and N-substituted azoles (ketoconazole, miconazole, fluconazole
and itraconazole) are well-tolerated drugs13,14 that are potentially
active against Leishmania, but their use in the treatment of cutane-
ous and visceral leishmaniasis has produced conflicting results.15,16

All rights reserved.
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K. Bhandari).

Based on above report, we recently prepared a series of novel
aryloxy benzocycloalkyl azoles and found that they were highly
active in vitro against Leishmania donovani and also exhibited
significant in vivo activity in L. donovani/Hamster model. In view
of above and our continuation of studies on chemotherapy of
Leishmania, we decided to synthesize an expanded series of aryloxy
cycloalkyl azoles, and investigated their biological effects against
the Leishmania parasites and the results are reported in this
communication.


The compounds used in the present study were prepared from
cyclohexanone. The synthetic route for the preparation of
2,6-bisimidazolyl-methyl-1-aryloxycyclohexane (5–9) is outlined
in Scheme 1. Mannich reaction on cyclohexanone with 2 moles
of pyrrolidine gave 2,6-bis-pyrrolidin-1-ylmethyl-cyclohexanone
(2) which on reaction with imidazole in presence of ethanol/water
resulted in the replacement of pyrrolidine moiety with imidazole
(3). The keto intermediate 3 was then transformed to correspond-
ing hydroxy derivative 4 in a single diasteriomeric form, which on
reaction with proper aryl halides furnished the desired 2,6-bis-
imidazolylmethyl-cyclohexyl aryl ethers (5–9) (Scheme 1).


For the synthesis of 1-(2-aryloxy-cyclohexylmethyl)-1H-imida-
zoles 13–17, cyclohexanone was reacted with pyrrolidine under
Mannich conditions in the presence of L-proline17 to give 2-pyrroli-
din-1-ylmethyl-cyclohexanone (10). Subsequent replacement of
the pyrrolidine with imidazole followed by reduction led to the
cis/trans mixture of 2-imidazol-1-ylmethyl-cyclohexanol 12a/
12b.18 The trans isomer 12b (major product) was condensed with
substituted aryl halides to obtain the corresponding ethers 13–17
(Scheme 1). For SAR studies we also synthesized the directly con-
nected imidazole derivatives viz: 1-aryloxy-2, 6-bisimidazolyl
cyclohexane 21–23 (Scheme 2). Bromination of cyclohexanone19
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gave the 2,6-dibromo derivative 18 which on reaction with imidaz-
ole followed by reduction with NaBH4 gave the 2,6-di-imidazol-1-
yl cyclohexanol 20. Condensation of this hydroxy compound with
substituted aryl halides gave the required aryloxy bisimidazolyl
cyclohexanes 21–23.


All the compounds shown in Schemes 1 and 2 were obtained as
racemic mixtures. Their structures, including the relative configu-
rations depicted in Scheme 1. The conformations were established
through the complete analysis of their 1D and 2D NMR, NOESY and
NOE enhancement studies, MS and IR spectra. In representative
cases the unambiguous assignment of all significant 1H and 13C
NMR signals was performed. Careful examination of the 1H, 13C
NMR of bisimidazol-1-yl-methyl-cyclohexanol 4 suggested it as
symmetrical conformation. The 2D NMR (Dept-90, 135, COSY,
HMBC and HSQC) also supported the same. Inharmoniously the
C-1 proton appeared as singlet at d 3.36 (instead of a multiplet
or triplet). After etherification (5-9) the same singlet shifted down
field, d 4.41–4.54 (no change in symmetry). The 1H–1H COSY
spectrum of 4 also revealed that there are no characteristic corre-
lations with adjacent protons (H-2, H-6). However, the conforma-
tion of cyclohexyl ethers 5–9 and 21–23 was determined from
the analysis of the splitting patterns and shifting of the 1H NMR
signals together with a 2D NOESY and NOE enhancement studies.
Previously Claudon and his co workers have established the
thermodynamically stable conformation of 2,6 di-benzyl substi-
tuted cyclohexanols.20 They affirmed that both 2eq, 6eq, 1ax and
2eq, 6eq, 1eq conformers were 100% stable and the reactivity varies
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Scheme 2. Reagents and conditions: (a) Br2, CCl4; (b) Imidazole, DMF; (c) NaBH4;
(d) NaH, DMF, substituted aryl halides.

(�40% more for equatorial OH). The significant correlations be-
tween H-1 and its a-protons in the NOESY spectra of 5 supported
the fact that the aryloxy function is at axial position. Hence the
plane of symmetry (r) is possible in chair as well as in boat confor-
mations. Further, NOE correlations from H-1 to H-2ax, H-7a, H-7b
and also with H-8, H-10 and H-11 (considering symmetrical)
(Fig. 1) were observed but no interaction was found between H-1
and H-4 (these 1, 4 flag pole interactions possible in boat confor-
mation). An examination of Drieding models also revealed that
these correlations were possible only if the cyclohexyl ring occurs
in a chair conformation with two imidazole groups in equatorial
and aryloxy at axial position (Fig. 1).


The 1H NMR of 2, 6-Di-imidazol-1-yl-cyclohexanol 20 was quite
different from bisimidazol-1-yl-methyl-cyclohexanol 4. The H-1
proton appearing as double doublet (J = 8.82, 3.66 Hz) at d 4.48–
4.52 and H-2, H-6 protons were found as two individual multiplets
at d 2.5, d 2.9, respectively. After etherification (21–23), the same
pattern of 1H signals multiplicity was maintained (with little down
field shifting of H-1, H-2 and H-6). In 13C all the carbons showed
individual signals (no r is found). The H-7 and H-8 (imidazole pro-
tons) appeared at d 8.01–8.09 and 7.65–7.66 rather than its regular
position, that is, d 7.48–7.51 and 7.05–7.09, respectively).21 These
can interact (di-pole interaction) with phenoxy oxygen only if
the cyclohexyl ring is in skew boat conformation (by Drieding
models). This conformation is highly energetic and the key NOE
enhancement was found between H-1 and H-2 (Fig. 2) (21).


The compounds selected for study were evaluated in vitro
against transgenic L. donovani promastigotes22 and intracellular
amastigotes22 at various concentrations taking sodium stibogluco-
nate and pentamidine as a control and cytotoxicity responses23


were assessed using mouse macrophage cell line (J-774-A-1). All
the compounds killed promastigotes and amastigotes in concen-
tration dependent manner and showed 100% inhibition of parasites
at a maximum concentration of 10 lg/ml. IC50 of antileishmanial
activity was calculated by Probit analysis.24 Based on IC50 and SI
values six compounds were further evaluated for in vivo activity
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Table 1
In vitro and in vivo antileishmanial activity of synthesized imidazoles


Sl.No. Compound In vitro assessment@


Anti promastigote activity
IC50 (lg/ml)


Anti amastigote activity. #


IC50 (lg/ml) (C.I)


a Cytotoxicity
CC50 (lg/ml)


Selective
index (SI)


In vivo activity (dose-50 mg/
kg � 10 i.p.) percent inhibition


1 4 9.4 10.77 >100 9.28
2 5 3.284 1.13 94.47 *83.60 51.00
3 6 5.524 1.97 73.88 *37.51 52.00
4 7 9.57 2.437 69.39 28.47
5 8 6.725 0.588 14.44 24.557
6 9 3.57 1.17 39.37 *33.64 77.90
7 13 0.81 3.83 35.59 9.292
8 14 0.82 4.57 44.59 9.757
9 15 4.23 6.72 63.11 9.39
10 16 2.37 2.13 13.84 6.49
11 17 1.08 0.71 >100 *140.84 55.35
12 21 2.06 3.0 96.43 *32.143 36.8
13 22 4.67 8.76 >100 11.4
14 23 6.13 3.02 90.6 *30 56.69
15 Sodium
Stibogluconate 946.52 46.54 297.38 6.38 84.10


(20 mg/Kg)
16 Pentamidine 0.643 12.11 31.31 2.58 92 (40 mg/Kg)


@ All the compounds showed concentration dependent response against extra cellular promastigotes and intracellular amastigotes.
# IC50 = >15 lg/ml = Inactive; IC50 = 5–15 lg/ml = moderately active; IC50 = <5 lg/ml = highly active compounds.
* Compounds having IC50 = <5 lg/ml (in vitro antiamastigote activity) and SI = >30 were picked up for in vivo evaluation.
a CC50 (cytotoxic concentration for 50% inhibition in cell viability) was evaluated against J-774A-1 cell line.
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intraperitoneally at 50 mg/kg � 10 i.p dose against L.donovani/
Hamster model.25


The in vitro biological activities of bis and mono imidazoles
have shown encouraging results. Table 1 displays IC50 and SI values
of synthesized bis and mono imidazoles against promastigotes and
intracellular amastigotes. The IC50 and SI values for amastigotes of
the test derivatives indicate that all compounds exhibited high
activity against L. donavani (IC50 0.58–8.76 lg/ml), better than
the reference drugs sodium stibogluconate (IC50 = 46.54 lg/ml)
and Pentamidine (IC50 = 12.11 lg/ml). Among the bisimidazolyl
methyl series (5–9) all the compounds appeared highly active
exerting a strong inhibitory effect on the amastigote form of para-
site with IC50 in the range of 0.588 to 2.437 lg/ml, while three
compounds (5, 6 and 9) produced an interesting selective antia-
mastigote activity (SI > 30). Concerning monoimidazolyl methyl
analogues 13–17, though the tested derivatives displayed a strong
inhibitory activity on the intracellular amastigote IC50 ranging
from 0.71 to 4.57 lg/ml, but the selective index of all the
compounds was below 10 except 17 which showed a high SI value
of 140.84. Among the corresponding bisimidazolyl derivatives
(21–23), two compounds 21 and 23 expressed interesting antia-
mastigote activity (IC50 of 3.00 and 3.02 lg/ml), with SI > 30.


The hydroxyl intermediate (4), showed an IC50 10.77 and SI
9.28. It is apparent from activity results (Table 1) that on intro-
duction of aryl moiety the activity increased several folds
(0.588–2.437 lg/ml). Further the compounds of bisimidazolyl
series 5–9 with one carbon spacer were found more potent than
the corresponding bisimidazolyl derivatives 21–23 as well as
monoimidazolyl analogues 13–16 (except 17), revealing the
presence of a carbon spacer between the cyclohexane and imid-
azole rings for better activity profile. The overall activity profile
of compounds (5–9, 21–23, 13–17) demonstrated that there is a
small difference in their IC50 values. Thus, the biological activity
was slightly influenced by the type of substituent attachment at
the 2 and 4-position of the aryloxy nucleus. However, it is inter-
esting to note that while the NO2 group at position 2 (7, 15) ren-
ders the molecule moderately active, the same group at position
4 enhances the activity (6, 14). Moreover, the presence of a fluo-
rine atom at 2 position together with 4-NO2 further confers in-
creased selectivity 9, 17 and 23.

Six compounds (5, 6, 9, 17, 21 and 23) of SI above 30 were
tested further for in vivo leishmanicidal activity and the results
are presented in Table 1. Compound 9 with bis methylimidazolyl
moiety and with a 2-fluoro, 4-nitro aryloxy group exhibited signif-
icant in vivo activity with 77.9% inhibition of parasite growth.
Compound 17 and 23 displayed medium activity with 55.35%
and 56.69% inhibition, respectively, while other three showed
moderate activity. It is interesting to note that in all the three ser-
ies (5–9, 13–17 and 21–23) the highest activity (in vitro as well as
in vivo) was shown by the compounds with a 2-fluoro and 4-NO2


aryloxy moiety. This finding indicates that aryloxy moiety with a
2-fluoro and 4-NO2 substituent should be investigated for the
development of highly selective antileishmanial compounds.


In conclusion, this study has identified aryloxy cyclohexyl
imidazoles as an entirely new structural class of azoles with antile-
ishmanial activity both in vitro and in vivo. The potent activity and
simple synthesis of these imidazoles suggest that they are poten-
tial candidates for the development of new antileishmanial drugs.
Further studies on these compounds and optimization of its struc-
ture leading to novel analogues with superior biological properties
are on going in our laboratories.
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Ortho-biphenyl carboxamides, originally prepared as inhibitors of microsomal triglyceride transfer pro-
tein (MTP) have been identified as novel inhibitors of the Hedgehog signaling pathway. Structure–activity
relationship studies for this class of compounds reduced MTP inhibitory activity and led to low nanomo-
lar Hedgehog inhibitors. Binding assays revealed that the compounds act as antagonists of Smoothened
and show cross-reactivity for both the human and mouse receptor.


� 2008 Elsevier Ltd. All rights reserved.

CF3


O
N
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The Hedgehog (Hh) signal transduction pathway plays critical
roles in the development and homeostasis of many organs and tis-
sues.1 In the resting state, the 12-pass transmembrane protein
Patched (Ptch) inhibits activity of the membrane receptor Smooth-
ened (Smo) which resembles G-protein coupled receptors (GPCR)
in general topology. The Hh family protein ligands Sonic Hedgehog,
Desert Hh, and Indian Hh can all bind to Ptch, which releases the
repression of Smo activity. Active Smo signals via a cytosolic com-
plex of proteins leading to activation of the Gli family of transcrip-
tion factors. Active Gli1 signaling can cause cell proliferation and
differentiation. Genetic activation of the Hh pathway at or up-
stream of Smo is linked to tumorigenesis in several cancers such
as basal cell carcinoma and medulloblastoma.2


Treatment with small molecule Hh inhibitors such as HhAntag
and the natural product cyclopamine, both binding to Smo, in-
duced tumor remission in a genetic mouse model of medulloblas-
toma.3,4 We therefore became interested in identifying small
molecule inhibitors of the Hh pathway with cross-reactivity to
both the human and mouse Smo receptor to be of potential use
in a therapeutic application.5


In this study we describe potent inhibitors of the Hh pathway
which act as antagonists of the Smo receptor. Screening of part
of our compound collection provided us with ortho-biphenyl car-

All rights reserved.
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boxamides such as LAB687 (Fig. 1) as micromolar inhibitors of
the Hh signaling pathway. In addition, binding assays showed
weak binding of this compound to the mouse and human Smo
receptors (Table 1). LAB687 was originally prepared as an antago-
nist of the microsomal triglyceride transfer protein (MTP) inhibit-
ing the secretion of apoB from Hep G2 cells with subnanomolar
activity (Table 1).6,7 Our initial aims were to identify compounds
with improved Hh and Smo potency over LAB687 and significantly
reduced ability to inhibit the secretion of apoB. Herein, we describe
the structure–activity relationships obtained from studying the ef-
fect of substituents on the biaryl unit (Fig. 1, red box), the stereo-
chemistry of the aminoindane moiety (yellow dot), the nature of
the linker (green box), and the western substituent (blue box).8


Synthesis: The preparation of the ortho-biphenyl carboxamides
4–26 follows the route described in Ksander et al. (Scheme 1).6


Ortho-biphenyl carboxylic acids 1 were converted into their acid
chlorides and coupled with either racemic or the enantiomerically

N
H


O
O


LAB687 (2a)


Figure 1. Structure of LAB687, a Hedgehog inhibitor screening hit.
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Table 1
In vitro activity in the Hedgehog cell assay, the Smoothened mouse (mu), and human (hu) receptor binding assay and the apoB secretion assay (IC50s, nM)9


N
H


O N
H


X


R3


R1


R2 *


Compound Chirality R1 R2 R3 X Hh assay Smo mu binding Smo hu binding apoB assay


2a (LAB687) R CF3 CH3 H COOMe 1200 2480 3420 0.9
2b S CF3 CH3 H COOMe 2150 5090 7520 4.3
2 rac CF3 CH3 H COOMe 1330 2960 2700
4 rac CF3 CH3 H COPh 600
5 rac CF3 CH3 H SO2Ph 1250
6 rac CF3 CH3 H CH2Ph 93
7 rac CF3 CH3 H CH2-2-pyridyl 100 110
7a R CF3 CH3 H CH2-2-pyridyl 4890 8770 3.5
7b S CF3 CH3 H CH2-2-pyridyl 100 57 120 2350
8a R CF3 CH3 H CH2-2-thiazolyl 4270 1190 770 0.6
8b S CF3 CH3 H CH2-2-thiazolyl 25 10 30 140
9 rac CF3 H CH3 CH2-2-pyridyl 6800 8680
10 rac CF3 H OCH3 CH2-2-pyridyl >5000 >5000
11 rac CF3 H H CH2-2-pyridyl 200 490 790
12 rac Cl H H CH2-2-pyridyl 4950 2710
13 rac H H H CH2-2-pyridyl 1000 1420 1150
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O N
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O
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Scheme 1. Reagents and conditions: (a) oxalyl chloride, rt, 16 h; (b) rac, R or S (5-amino-indan-2-yl)-carbamic acid methyl ester, pyridine, CH2Cl2, 0 �C, 1 h; (c) TMSI, CH3CN,
rt, 16 h; (d) for 4: PhCOCl, DIPEA, CH2Cl2, 0 �C, 2 h; for 5: PhSO2Cl, DIPEA, CH2Cl2, 0 �C, 2 h; for 6–16 and 21–26: RCHO, sodium triacetoxy borohydride, CH2Cl2, rt, 16 h; for 17,
18: PhCOR0 , Ti(iPrO)4, THF, 100–150 �C, 30 min, then NaBH4, EtOH, rt, 2 h; for 20: bromo-benzene, Pd2dba3, Xantphos, Cs2CO3, toluene, 130–140 �C, microwave synthesizer,
4 h.
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pure S and R diaminoindane methylcarbamates7 to yield com-
pounds 2. Removal of the methylcarbamate with iodotetrameth-
ylsilane (TMSI) produced the ortho-biphenyl aminoindanes 3.
Reaction of 3 with either benzoyl chloride or phenylsulfonyl chlo-
ride provided the desired N-substituted 2-aminoindanes 4 and 5.
N-Alkyl derivatives 6–16, 19, and 21–26 were prepared by reduc-
tive amination of the free amines 3 with the appropriate aldehydes
in the presence of sodium triacetoxy borohydride as reducing
agent. On the other hand, N-alkyl derivatives 17 and 18 required
pre-formation of the imines followed by reduction with NaBH4.
Synthesis of N-phenyl compound 20 was best achieved using Buch-
wald–Hartwig amination of bromo-benzene with amine 3 and
microwave heating at 130–140 �C.


Results and discussion: Table 1 shows the structure–activity rela-
tionship (SAR) for representatives of the biphenyl-2-carboxylic
acid (2-amino-indan-5-yl)-amide series. A comparison of com-
pounds 4, 5, and 6 which differ only in the functional group con-
necting the aminoindane to the phenyl substituent suggests that
benzylamines are superior to carboxamides or sulfonamides in
terms of Hh inhibitory activity. Key for increasing Hh potency
and simultaneously decreasing MTP activity proved to be the ste-
reochemistry of the aminoindane moiety: A comparison of the

enantiomeric compound pairs 7a,b and 8a,b demonstrates that
the Hh activity of the N-benzyl amines resides predominantly
(P50:1) in the S-enantiomer whereas the R-enantiomers (7a, 8a)
are significantly more potent in inhibiting apoB secretion. Enantio-
meric purity was determined by chiral chromatography to be
>99.9% ee for both 8a and b practically excluding that the weak
Hh activity observed with the R-enantiomer 8a is caused by con-
tamination with small amounts of the S-enantiomer. This diverging
SAR for Hh and apoB activity is characteristic for the N-benzylam-
ines and not observed to the same degree for the other series, for
example, the carbamates (2a,b). We next explored the influence
of the biphenyl substituents R1, R2, and R3 on Hh potency. Moving
the methyl group from the ortho to the para position on the lower
phenyl ring (compounds 7 and 9) resulted in a drastic decrease of
activity. Other substituents such as the methoxy group in com-
pound 10 in the R3-position were not tolerated either. Replacing
the ortho methyl substituent with a hydrogen yielded compound
11 with a slight drop in activity compared to the corresponding
analogue 7. Finally, substituents R1 play a crucial role for activity,
too: The trifluoromethyl substituent is the best substituent identi-
fied so far; both chloro and hydrogen in this position (compounds
12 and 13) resulted in lower activity.
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For all compounds tested in Table 1, Hh inhibition and binding
to the mouse Smo receptor correlates well and suggests that the
observed Hh activity observed in the reporter-gene cell assay is
driven by Smo antagonism. Furthermore, the compounds show
good cross-reactivity between the human and mouse Smo receptor
with IC50 values for both receptors typically within a factor of two.


As the S-enantiomers of the N-benzyl amines provided the best
potency and selectivity, the SAR of this compound series was fur-
ther explored in more detail (Table 2). Replacing the phenyl substi-
tuent (6b) with either a 2-pyridyl or 4-pyridyl substituent (7b,
14b) resulted in a �5- to 7-fold drop in potency in the Hh assay
and a stronger drop in binding affinity to the mouse Smo receptor.
Substitutions on the phenyl ring were not well tolerated and the
activity of compounds 15b and 16b with para-substituents on
the phenyl group dropped significantly. The same was true by
replacing the pyridyl group with a bicyclic aromatic group such
as the 3-quinolinyl moiety in compound 19b. Substitution on the
methylene unit, including the methyl and trifluoromethyl substit-
uents in compounds 17b and 18b were well tolerated and resulted
in only slightly less potent Hh inhibitors compared to compound
6b. The methylene unit can be omitted attaching the phenyl ring
directly to the nitrogen (20b) producing a slight 2-fold reduction
in inhibitory activity. It was found that 5-membered heterocycles
at the benzylic position (8b, 21b, 22b) are among the best substit-
uents with IC50s in the low double-digit nanomolar range for Hh
pathway inhibition. An additional methyl substituent in the distal
position as in 23b and 25b maintained or even slightly increased
potency whereas a methyl group in the ortho-position resulted in
a compound (24b) with significantly less activity. Aryl substituents
on the methylene unit are vital for excellent potency: Replacement
of the aryl group with an alkyl group, as exemplified by the tetra-
hydrofuranyl substituent in 26b resulted in a compound with only
moderate micromolar inhibitory activity. As observed with com-

Table 2
In vitro activity in the Hh cell assay, the Smo mouse (mu), and human (hu) receptor
binding assay and the apoB secretion assay (IC50s, nM)9


N
H


O N
H


X


CF3


Compound X Hh
assay


Smo mu
binding


Smo hu
binding


apoB
assay


Cyclopamine 46 1200 280
6b CH2-phenyl 21 8 14
7b CH2-2-pyridyl 100 57 120 2350
14b CH2-4-pyridyl 150 190 240
15b CH2-(4-methoxy)-phenyl 360 93 120


16b N
H


O
450 360 340


17b CH(Me)-phenyl 88 29 32 180
18b CH(CF3)-phenyl 33 57 55
19b CH2-3-quinolinyl 1290 350 210 1400
20b Phenyl 41 82 130
8b CH2-2-thiazolyl 25 10 30 140
21b CH2-2-thienyl 10 9 7 140
22b CH2-2-furanyl 23 14 150


23b
N
S


17 4 7


24b N
S


160 120 170


25b O 8 6 10


26b O 3700 16,700

pounds in Table 1 Hh pathway inhibitory activity and affinity to
the human and mouse Smo receptor track very well over the full
range of potency. The most potent inhibitors in Table 2 show a
�5-fold higher activity in the Hh cell assay and significantly higher
affinity to the Smo receptors than the natural product
cyclopamine.


In conclusion, we described the optimization based on SAR
studies of the micromolar hit LAB687 to afford low nanomolar
inhibitors (e.g., 21b, 23b) of the Hh signaling pathway which act
as antagonists for both the human and mouse Smo receptor. Dur-
ing this process the activity against the original target MTP of this
compound class was significantly reduced and the most potent Hh
inhibitors (e.g., 8b, 21b, 22b) have a ratio on-target/off-target of
�10:1. Therefore, these compounds have potential as novel lead
structures in the search for therapeutic agents for the treatment
of Hh dependent cancers.
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9. Hh cell assay: This assay measures the end stage of the Hh signaling pathway,
that is, the transcriptional modulation of Gli, using Luciferase as readout (Gli-
Luc assay). Test compounds were prepared for assay by serial dilution in DMSO
and then added to empty assay plates. TM3Hh12 cells (TM3 cells containing Hh-
responsive reporter gene construct pTA-8xGli-Luc, kind gift of Xu Wu, Genomics
Institute of the Novartis Foundation, La Jolla, CA) were cultured in F12 Ham’s/
DMEM (1:1) containing 5% horse serum, 2.5% fetal bovine serum (FBS), and
15 mM Hepes, pH 7.3. Cells were harvested by trypsin treatment, resuspended
in F12 Ham’s/DMEM (1:1) containing 5% FBS and 15 mM Hepes pH 7.3, added to
assay plates and incubated with test compounds for approximately 30 min at
37 �C in 5% CO2. 1 nM Hh-Ag 1.5 (Frank-Kamenetsky, M.; Zhang. X. M.; Bottega,
S.; Guicherit, O.; Wichterle, H.; Dudek, H. et al. J. Biol. 2002, 1, 10) was then
added to assay plates and incubated at 37 �C in the presence of 5% CO2. After
48 h, either Bright-Glo (Promega E2650) or MTS reagent (Promega G258B) was
added to the assay plates and luminescence or absorbance at 492 nm was
determined. IC50 values, defined as the inflection point of the logistic curve,
were determined by non-linear regression of the Gli-driven luciferase
luminescence or absorbance signal from MTS assay vs log10 (concentration)
of test antagonist using the R statistical software package.Smo binding assay:
Smo membranes were prepared from CHO-K1 cells which were stably
transfected with HA-tagged cDNA encoding human or mouse Smo. Test
compounds were prepared for assay by serial dilution in DMSO and then
added to empty assay plates. Smo membranes (10 lg total protein) were added
to these assay plates and incubated with 1.5 nM [3H]-Hh-Ag 1.5 in binding
buffer (50 mM Tris–HCl, 10 mM EDTA, and 5 mM magnesium chloride, pH 7.2)
for 48 h at 37 �C. 96 well Unifilter GF/B filter plates (Perkin Elmer) were
prepared by 60 min incubation in binding buffer containing 0.5% w/v
polyethyleneimine (Acros) and 0.1% (w/v) bovine serum albumin (Jackson
Immuno Research) followed by three rinses with 2% beta-hydroxy propyl
cyclodextrin (HPCD, Acros) in distilled water. Assay plates were harvested into
filter plates using a Unifilter-96 cell harvester (Perkin Elmer). Loaded filter
plates were washed three times with 2% HPCD buffer to remove unbound [3H]-
Hh-Ag 1.5, dried in a 60 �C oven for 30 min and then cooled. The bottom of the
plate was sealed, 50 lL of Microscint-O (Perkin Elmer) was added to each well,
the top of the plate was sealed and the plate was incubated 100 min to
overnight. The amount of bound [3H]-Hh-Ag 1.5 was determined by scintillation
counting on a TopCount (Perkin Elmer). The data were analyzed for saturation
binding using global fitting with Graphpad Prizm software.apoB secretion assay:
This assay monitors inhibition of the microsomal triglyceride transfer protein
(MTP) by measuring Apolipoprotein B (ApoB) production from HepG2 cells by
ELISA. HepG2 cells (ATCC HB-8065) were cultured in MEM media with Earle’s
salts and L-glutamine containing 10 mM non-essential amino acids, 100 mM
sodium pyruvate, and 10% fetal bovine serum (complete media). Cells at 80%
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confluence were harvested with trypsin–EDTA 0.05%, resuspended in complete
media, and 20,000 cells per well were added to assay plates (Corning 3716) and
incubated with test compounds for 16 h at 37 �C in 5% CO2. Concentration of
ApoB secreted by the cells was determined using total human apolipoprotein B
(Apo B) ELISA Assay kit (Alerchek A70102) according to manufacturer’s
instructions, with the following modifications. The HepG2 cell supernatant
was diluted 1:2 with the sample diluent provided in the kit. 100 lL of the

diluted sample was added to the ELISA microplate and incubated for 120 min at
room temperature. Washes, development, and termination of assay were
performed according to the manufacturer’s protocol and absorbance was
measured at 450 nm. IC50 values, defined as the inflection point of the logistic
curve, were determined by non-linear regression of the absorbance signal from
ApoB ELISA vs log10 (concentration) of test compound using the R statistical
software package.
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Two series of 1,3,4-oxadiazoline heterocycle derivatives were designed, synthesized and identified. Bio-
activity assays showed that all synthesized compounds inhibited chitin synthesis in yeast, suggesting
they might be a novel class of potential inhibitors against chitin biosynthesis. The structure–activity rela-
tionships (SAR) of these compounds are discussed.


� 2008 Elsevier Ltd. All rights reserved.

Chitin (C8H13O5N)n is a linear polysaccharide (Fig. 1) chain con-
sisting of more than thousands of N-acetylglucosamine (GlcNAc,
2-acetamido-2-deoxy-D-glucose) residues joined by b-1,4 glyco-
sidic bonds.1–3 It is widely distributed in invertebrates, anthropods
and is an integral component in cell walls of fungi. Since it is absent
from plants and vertebrates, the biosynthesis of chitin is believed
to be a target pathway for the development of novel fungicides.4,5


Biosynthesis of chitin is dependant on chitin synthase, which use
uridine diphosphoryl-N-acetylglucosamine (UDP-GlcNAc) as sub-
strate donor to synthesize b-1,4-linked N-acetyl-D-glucosamine
(GlcNAc) (Fig. 1).6–9 Chitin synthase is undoubtedly an ideal target
for the development of drugs, pesticides and fungicides. However,
the structure of the active site of membrane-bound chitin synthase
is unknown due to its difficulties of the isolation and purification.
Therefore most ‘rational designed’ drugs claimed to be chitin
synthase inhibitors are more likely acting toward chitin
biosynthesis.4,10


The investigation on chitin biosynthesis inhibitors could be da-
ted to the discovery of fungicides such as the peptidyl nucleosides
polyoxins and nikkomycins,11,12 which are analogs of substrate do-
nor, UDP-GlcNAc (Fig. 2). Structural modifications of these com-
pounds have been reported, but with few success.13–21 Very
recently, other small organic molecules (Fig. 3) without any struc-
tural resemblance to UDP-GlcNAc, have been reported to have
inhibitory activity toward chitin biosynthesis.22–26 Most of these

All rights reserved.


g), xhqian@ecust.edu.cn (X.

compounds are presumed to function through non-competitive
inhibition, meaning that they bind reversibly to the sites away
from the catalytic site of chitin synthase.27 All the novel com-
pounds are potential chitin synthase inhibitors whereas they are
not chemically related. A common structural feature of these
inhibitors is benzene rings or aromatic nitrogenated moieties, but
fine details of the inhibitory mechanism of these candidates re-
main elusive and general rules cannot be drawn. On the other
hand, their modest antifungal activities imply that further investi-
gation would be needed.


An oxadiazole ring that improves pharmacokinetic and in vivo
efficacy is often observed, which is known to be due to its higher
hydrolytic and metabolic stability. Oxadiazole heterocycles are
therefore important structural motifs in the design of novel
drugs.28–32 One example is DOW416 (Fig. 4),33 which interferes
with the formation of insect tissue and epicuticle and thus is con-
sidered to be a chitin synthase inhibitor. Other examples such as
oxadiazolyl 3(2H)-pyridazinones derivatives (Fig. 4) with antifee-
dant activity, are presumed to affect chitin biosynthesis. It is be-
lieved that the oxadiazole moiety may block the incorporation of
N-acetylglucosamine into newborn chitin chain.34–36


In this paper, two series of 1,3,4-oxadiazolines derivatives
C1–10 and C11–20 (Scheme 1) were designed and synthesized.
Since the oxadiazoline moiety may affect chitin biosynthesis, their
inhibitory activities against yeast chitin synthase were expected.
Their bioactivities indicated that they might be novel chitin bio-
synthesis inhibitors.


The target compounds 3-acetyl-5-aryl-2,3(2H)-1,3,4-oxadiaz-
oles C1–10 and 5-aryl-1,3,4-oxadiazole-3(2H)-carboxamide
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Figure 1. The biosynthesis of chitin. UDP-GlcNAc is as GlcNAc donor and chitin synthase is responsible for glycosidic bond.
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derivatives C11–20 were prepared as depicted in Scheme 1. The
condensation reaction between acylhydrazides 3 and nonan-5-
one led to the formation of the important building blocks, the
substituted aroylhydrazones 4. The intermediates aroylhydrazones
4 undergo convenient heterocyclization reaction in the presence of

acetic anhydride to provide 3-acetyl-5-aryl-2,3(2H)-1,3,4-oxadiaz-
oles C1–10 using method A. For synthesis of C11–20 by method B,
the reaction of substituted aroylhydrazone 4 with various substi-
tuted benzoylisocyanate was at about 75–80 �C in toluene for about
0.5–1.5 h to obtain the target compounds C11–20 characterized as
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N-(substituted-benzoyl)-1,3,4-oxadiazole-3(2H)-carboxamide. All
the structures were determined by 1H NMR, 13C NMR, IR, EIMS
and high-resolution mass spectra (HR-MS) data.37


The inhibition activity against chitin biosynthesis was assayed
using yeast cell extracts by the modified procedure described by
Lecuro and Bulik.38 All these compounds were evaluated. Nikko-
mycin Z (NZ), the well-known fungicide isolated from Treptomyces
tendae, was applied as positive control. And diflubenzuron (DFB),
the well-known insecticide, was used as negative control. Figures
5 and 6 indicated all the compounds, C1–10 and C11–20, were
bioactive.


To explore the influence of structural changes on activity, we
introduced various electron-withdrawing groups (such as halogen
atoms) and electron-donating substituents (Me, MeO, Et, etc.) into
the aromatic ring. As shown in Figure 5, all the synthesized com-
pounds 3-acetyl-5-aryl-2,3(2H)-1,3,4-oxadiazoles C1–10 displayed
moderate to high inhibitory activities on chitin biosynthesis at
250 lM, and compounds C1, C4, and C6 exhibited significant inhib-
itory effect on enzyme activity up to 91%, 69%, and 68% at 250 lM,
respectively. Among all the compounds containing electron-with-
drawing groups, the compound containing o-chloro-substituent
C1 is the comparably highest potent, which led to 91% inhibition.
This may be due to the incorporation of halogen atoms into the aro-
matic ring that increases lipophilicity. Nevertheless, position
changes of the chloro-substituent within the same ring (compounds
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Figure 6. The structures and relative activity relationships of 1,3,4-oxadiazole-3(2H)-
compounds; (B) the structures of compounds.

C1 and C4) dramatically changed the inhibition activity, suggesting
that the presence of a group in the ortho-position of benzene ring at-
tached to oxadiazoline heterocycle could introduce important steric
effects. The compound containing ortho-position substituent aro-
matic ring may increase the potent activity. On the other hand,
methyl group bound to benzene rings in compound C6 is better
for inhibitory activity than alkyl- or alkoxy-substituted analogs.
However, analogs with naphtalene and furane as aromatic ring
(compounds C9, C10) showed moderate inhibitory activities.


In order to improve the physicochemical properties, we intro-
duced a urea moiety known as an important structural element
for bioactivities,39–44 into 1,3,4-oxadiazolines heterocyclic struc-
ture. Figure 6 shows the effect on chitin biosynthesis by 1,3,4-oxa-
diazole-3(2H)-carboxamide derivatives C11–20. Compounds C13,
C15, C19 and C20 exhibited moderate inhibition activities at the
concentration of 250 lM, while compound C15 exhibited the high-
est inhibitory activity (about 86%). Other compounds displayed
relatively weak inhibition. Comparing with compounds C11 and
C4, the introduction of acylurea moiety in C11 significantly de-
creased the inhibitory activity. C11–20 possess structural moiety
similar to that of diflubenuron, which might explain their relatively
lower activity. As for the substituents on two aromatic rings when
the substituent R is 2,6-difluoro-substituent, the compound bear-
ing 3,5-dimethylphenyl (C20) is more favorable for inhibition
activities, which is in agreement with compound C6. Furthermore,
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Figure 7. Semi-logarithmic plot of the inhibitory activity of compounds C1 and C15
against chitin biosynthesis.
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compounds containing electron-withdrawing group such as
2,4-dichlorophenyl (C15 and C19) is more efficient than those with
alkoxy-substituents on the benzene ring. However, compound C11
containing p-chlorophenyl showed lower activity, suggesting that
the ortho-position steric effects of aromatic ring attached to
oxadiazoline ring were important for inhibitory activity.


Since compounds C1 and C15 displayed the highest inhibitory
activity, five serial dilutions were further tested for enzyme activ-
ity. As indicated in Figure 7, their inhibitory effects on chitin bio-
synthesis were concentration-dependent. Compounds C1 and C15
exhibited significant inhibition against chitin biosynthesis with
the IC50 values of 7.93 and 5.60 lM, respectively.


In conclusion, the novel 1,3,4-oxadiazolines derivatives C1–10
and C11–20 were designed as potential antifungal reagents, which
interfered with chitin biosynthesis. Compounds C1 and C15
showed the highest inhibitory activity at lower concentration.
The understanding of structure–activity relationship and assay of
these compounds may provide some insights into the rational de-
sign of new inhibitors of chitin biosynthesis.
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The sulfamide moiety has been utilized to design novel HDAC inhibitors. The potency and selectivity of
these inhibitors were influenced both by the nature of the scaffold, and the capping group. Linear long-
chain-based analogs were primarily HDAC6-selective, while analogs based on the lysine scaffold resulted
in potent HDAC1 and HDAC6 inhibitors.


� 2008 Elsevier Ltd. All rights reserved.

Histone deacetylases (HDACs) are a family of 18 enzymes that
play an important role in the regulation of gene expression, cell
growth, and proliferation by regulating the deacetylation of e-N-
acetyl groups on the L-lysine residues at the N-terminal tails of core
histones, tubulin, and other proteins.1a These enzymes are divided
into two categories: zinc-dependent (HDAC1-11) and NAD+-
dependent enzymes (known as sirtuins, Sirt1-7, or HDAC class
III). The zinc-dependent enzymes are divided into class I (HDAC1,
2, 3, and 8), class IIa (HDAC4, 5, 7, and 9), class IIb (HDAC6 and
10), and class IV (HDAC11), which exhibits properties of both class
I and class II HDACs.1b,c


The majority of the known HDAC inhibitors (HDACis) are
hydroxamic acids.2a,2b SAHA (Zolinza�, Vorinostat) was approved
in 2006 to treat cutaneous T-cell lymphoma (CTCL),3a and a num-
ber of other HDACis are in different stages of clinical develop-
ment.3b–d The quest for HDACis resulted in a number of diverse
structures,4a,b such as aliphatic acids,4c hydroxamic acids,2a,b,4d,e


o-aminoanilides,4f cyclic peptides,4g electrophilic ketones,4h and
thiols4i–k (Fig. 1). These structures all share a common pharmaco-
phore composed of a zinc-binding group (ZBG), a linker (scaffold),
and a surface recognition domain (cap).5 The crystal structures of
both the histone deacetylase-like protein (HDLP) complexed with
SAHA and TSA6a, and that of HDAC86b,c suggest that the carbonyl

All rights reserved.


: +1 514 337 0550.
hhab).

and hydroxyl groups of the hydroxamic acid chelate the zinc ion
in the active site in a bidentate fashion.


SAHA3a is reported to be a pan-HDACi while MGCD0103, an o-
aminobenzanilide currently in Phase I/II cancer clinical trials, is
an isotype-selective inhibitor.4f


The nature of the ZBG seems to confer both the activity and
selectivity of these inhibitors. Search for ZBGs that could serve as
a suitable pharmacophore in the design of novel HDACis is the sub-
ject of our current research. In this letter, we detail the identifica-
tion of a new class of HDACis bearing the sulfamide moiety as the
ZBG. Sulfamides are well-documented inhibitors of carbonic anhy-
drase, among other zinc-dependent enzymes.7a–c


To test our hypothesis that the sulfamide moiety could act as an
efficient ZBG for HDACis, we fixed the ‘cap region’ using biphenyla-
mide and varied both the sulfamide parent structure and the
length of the linker.


Sulfamides 4a–c were prepared according to Scheme 1 starting
from the Boc-protected amino acids utilizing standard coupling
conditions. The one-step procedure for the synthesis of sulfamide
4a from amine 3a utilizing sulfuric diamide8 resulted in low yields
and required high temperatures. We therefore opted for the two-
step procedure, making the benzyl carbamates9a,b 4b and 4c, fol-
lowed by hydrogenation to furnish sulfamides 5a and 5b. The reac-
tion of 3b with ClSO2NCO and t-BuOH gave the t-butyl carbamate
intermediate which was methylated with MeI to produce 6. Depro-
tection with TFA furnished the mono-methylated sulfamide 7a.
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The dimethylated sulfamide 7b was obtained from the reaction of
3b with a preformed solution of ClSO2NMe2 (Scheme 1). Sulfamoyl
8 was obtained by the reaction of 4b with acetic anhydride and
DBU in DMF.

Compound 10 (Scheme 2), was obtained starting from 6-meth-
oxy-6-oxohexanoic acid by an amide coupling reaction with 3-
phenylaniline followed by reduction of the intermediate ester
(not shown in Scheme 2) with LiAlH4 to furnish alcohol 9. Oxida-
tion of 9 with Dess–Martin periodinane to form the corresponding
aldehyde (not shown in Scheme 2) followed by reductive amina-
tion with methylamine yielded the N-methylamino-intermediate
which was then converted into sulfamide 10 using sulfuric dia-
mide. To obtain sulfamate 11, alcohol 9 was reacted with ClSO2N-
CO and formic acid in acetonitrile.10


Sulfamoyl 12 was obtained by the reaction of 7-ethoxy-7-oxo-
heptanoic acid with 3-phenylaniline followed by hydrolysis and
standard CDI coupling with sulfuric diamide (Scheme 3).


Analogs 13a–f with diverse capping groups were prepared
according to Scheme 4.


The synthesized inhibitors 4a, 5a, 5b, 7a, 7b, 8, 10, 11, and
1211a were screened against a panel of recombinant human HDACs
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Scheme 3. Reagents and conditions: (a) 3-phenylaniline, BOP, Et3N, DMF; (b) LiOH,
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Table 1
Effect of zinc-binding group and chain length on HDAC1 and 6 inhibitory activitya
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Table 2
Effect of cap on the HDAC activitya
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Compound R0 HDAC1 IC50 (lM) HDAC6 IC50 (lM)
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1-8.11b The IC50s of the inhibition of HDAC1 (representative of class
I HDACs) and HDAC6 (representative of class IIb) are summarized

in Table 1, while the results for the other HDACs were omitted
for clarity.


Unlike hydroxamic acid 1,11c which is a low-nanomolar inhibi-
tor of both HDAC1 and HDAC6, or o-aminobenzamide 2, a sub-
micromolar inhibitor of HDAC1,11dnone of the compounds 4a, 5a,
5b, 7a, 7b, 8, 10, 11, or 12 showed activity against HDAC1.11e


The same compounds were also inactive against HDAC6, with the
exception of sulfamide 5a, which showed a low micromolar activ-
ity. Similar to other HDACis, the inhibitory activity of the sulfamide
‘ZBG’ was directly affected by the length of the linker tying it to the
capping region. Optimal activity was observed with the 5-methy-
lene linker, 5a, while 4a and 5b were devoid of activity. In addition,
methyl or acetyl substitution at the proximal or distal nitrogen of
sulfamide 5a was deleterious to the activity ( 7a, 7b, 8, 10, and
12), as was the replacement of the proximal sulfamide nitrogen
by an oxygen (compound 11). To study the SAR of the capping re-
gion, compounds 13a–f were synthesized using standard coupling
methodology replacing the 3-aminobiphenyl with other aryl and
heteroaryl amines (Scheme 4). Compounds 13b–f turned out to
be more potent against HDAC6 than both 13a and 5a (Table 2).
However, these linear sulfamides 13b–f (Table 2), were 40- to
50-fold less active than the corresponding hydroxamic acids and
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HDAC enzyme and cellular activitiesa
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they were still not active against the other HDACs (data not
shown). Attempts to improve the HDAC inhibitory activity by using
a more rigid scaffold or by introducing a phenyl ring in the chain
resulted in loss of all activity (data not shown).


Jones et al., reported potent HDACis bearing a methylketone
ZBG utilizing L-Aoda (L-2-amino-8-oxodecanoic acid) as a simpli-
fied apicidin scaffold.12 We investigated whether we could achieve
similar success utilizing L-lysine bearing the sulfamide moiety at
the e-nitrogen.


Scheme 5 depicts the synthesis of these sulfamides from the
commercially available Z-Lys-OMe. Interestingly, we observed a
new activity profile when the linear scaffold (as in 5a) was changed
to a lysine scaffold (14a and 14b). Branching at the a-amino-posi-
tion resulted in beneficial interactions and conferred activity to
these sulfamides against HDAC1 in addition to HDAC613 (Table 3).


Compounds 13e, 13f, 14a, and 14b were further profiled in cel-
lular assays measuring their ability to inhibit total HDAC class I
activity in the whole cell (293TV).14a–c Compounds 13f and 13e,
which are specific inhibitors of HDAC6, showed no measurable de-
crease in HDAC cellular activity (Table 3), whereas sulfamides 14a

and 14b, which inhibited HDAC1, demonstrated a clear ability to
abrogate HDAC activity in the cell with IC50 = 2.3 and 1.8 lM,
respectively, in line with the observed enzymatic profile.14d By
comparison, SAHA, brought down cellular HDAC activity with
IC50 = 0.6 lM. These results suggest that the contribution of HDAC6
to total cellular HDAC activity is minimal.


The observed enzymatic profile and cellular activities were fur-
ther corroborated in functional cellular end points, namely, histone
(H3Ac) and a-tubulin acetylation (TubAc) in T24 bladder cancer
cells.15


As expected, compounds 13e and 13f had no effect on H3Ac,
nevertheless caused a measurable induction of TubAc with EC50


of 1.0 and 3.5 lM, respectively, in line with their observed enzy-
matic and cellular potencies. This is in agreement with literature
reports implicating HDAC6 in tubulin deacetylation.16 On the other
hand, 14a and 14b, which were potent inhibitors of both HDAC1
and HDAC6 displayed increased levels of both H3Ac and TubAc
acetylation. Compound 14b showed H3Ac and TubAc EC50s of
0.35 and 0.2 lM, respectively, comparable to the observed poten-
cies of SAHA (Table 3).
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In conclusion, we have identified the sulfamide moiety for the
design of novel HDACis with bona fide HDAC cellular activities in
accordance with their observed enzymatic potencies. In addition,
we were able to manipulate the selectivity of these inhibitors.
The lysine-based inhibitors were HDAC1 and HDAC6 active, while
the long-chain compounds were selective toward HDAC6 and did
not show activity against the other HDACs tested. These com-
pounds are novel HDACis worthy of further investigation and
optimization.
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In an effort to develop potent new antituberculous drugs effective against Mycobacterium tuberculosis, we
have prepared series of cinnamic derivatives (thioesters and amides) with 4-hydroxy and 4-alkoxy
groups and investigated the in vitro activities of these compounds. Among them some displayed a good
in vitro antibacterial activity, such as (E)-N-(2-acetamidoethyl)-3-{4-[(E)-3,7-dimethylocta-2,6-dienyl-
oxy]phenyl}acrylamide 4b that showed a minimum inhibitory concentration of 0.1 lg/mL (0.26 lM)
against M. tuberculosis H37Rv.


� 2008 Elsevier Ltd. All rights reserved.
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Mycobacterium tuberculosis, the causative agent of tuberculosis,
is the greatest single infectious cause of mortality worldwide, kill-
ing roughly two million people annually.1 In addition, human
immunodeficiency virus infection has been a major contributing
factor in the actual resurgence of tuberculosis.2 The emergence of
multidrug-resistant (MDR) strains of M. tuberculosis that are resis-
tant to the two most effective drugs, isonicotinic acid hydrazide
(INH)3 and rifampicin4 have reaffirmed tuberculosis as a primary
public health threat. Moreover, strains that are even more resistant
than MDR, the so-called extensively drug resistant (XDR), have re-
cently been described.5 So there is a pressing need for new chemo-
therapeutic agents to combat the emergence of resistance and
shorten the duration of treatment to improve patient compliance.6


Mycobacteria produce a wide array of complex fatty acids such
as mycolic acids, very long chain (C-60-90) a-branched and b-
hydroxylated fatty acids, not found in mammalian cells, whose bio-
synthesis involved the fatty acid synthase type II (FAS-II) system.7


FAS-II is an acyl carrier protein (ACP)-dependent fatty acid syn-
thase system found in plants, bacteria, parasites, and mitochondria
where it usually performs de novo biosynthesis.7 The FAS-II system
is however unique in mycobacteria in that it elongates long chain
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fatty acids produced by the FAS-I system to yield the very long
meromycolic acyl chain of mycolates. Genetic knockout and knock
down experiments have shown that the individual enzymes of the
FAS-II pathway are essential for mycobacterial cell survival.8–11


One of the four steps of the elongation cycles of the growing long
chain fatty acids (Scheme 1) catalyzed by the enoyl reductase InhA,
an NADH-dependent enzyme, has proven to be the target of both
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Scheme 1. General scheme of FAS-II system involved in mycolic acids biosynthesis.
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Table 1
Structure, MIC, and solubility data of cinnamic acid derivatives


RO


O


R1


R2


Compound R R1 R2 TB MIC (lg/mL) CLogPa


2a Isopentenyl H H 32 3.46
2b Geranyl H H 0.6 5.75
2c Farnesyl H H 0.6 8.54
2d CH3 H H 63 1.65
2e H H H 63 1.09
2f H OCH3 H 125 0.91
2g H OCH3 OCH3 125 0.74
3e H H H 8 4.10
3f H OCH3 H 8 3.92
4a Isopentenyl H H 63 2.78
4b Geranyl H H 0.1 4.81
4d CH3 H H >500 1.08
5a Isopentenyl H H 63 5.43
5b Geranyl H H 32 7.54
5d CH3 H H 500 3.63
5f H OCH3 H 8 2.89
6a Isopentenyl H H 16 4.34
6b Geranyl H H 1 6.65
6d CH3 H H 63 2.54
6h CH3 OCH3 H 125 2.10


a CLogP was calculated using the ChemDraw Ultra, version 10.0, software by
Cambridge Soft.
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the front-line antituberculous drug INH and ethionamide.12 There-
fore, the FAS-II biosynthesis pathway represents a validated and
yet promising target for drug discovery.13 Among families of com-
pounds that have been explored as inhibitors of the FAS-II system,
we can mention diphenyl ether systems interacting with the en-
zyme-cofactor binary complex, the compounds that covalently
bind to the cofactor enzyme site, but also indols, benzofuran and
more recently cinnamic acid based derivatives.14,15 Herein we
present our preliminary results on the synthesis and evaluation
of the antimycobacterial activities of some cinnamic acid deriva-
tives. It is envisaged from structural similarities, that these com-
pounds may act on the biosynthesis of mycolic acids and more
specifically on FAS-II, which uses a,b-enoyl systems as substrates
(Scheme 1).16


The compounds synthesized, present the following general char-
acteristics. They possess all cinnamoyl main frames namely the aro-
matic moiety adjacent to the enoyl function. The aromatic group
possesses the different substitutions of the cinnamic acids namely
ferulic acid (4-OH, 3-OMe), sinapic acid (4-OH, 3,5-OMe), or couma-
ric acid (4-OH). Compounds lipophilicity was modulated by different
4-alkoxy substitutions, such as methoxy, isopentenyloxy, geranyl-
oxy, or farnesyloxy groups introduced only on para-coumaric deriv-
atives. The carbonyl function of the enoyl system was functionalized
with N-acetylcysteamine, the smallest frame of ACP or its amide ana-
logue (first family of compounds). Aromatic systems like thiophenyl
or aminopyridine have also been introduced into the a-position
from the carbonyl (second family). Finally, tryptamine, a frame with
linear side chain and aromatic ring has been used as coupling re-
agent. These different patterns have been introduced in order to esti-
mate the impact on activity of functionalised carbonyl group
addressed to the substrate’s or cofactor’s active site.


All synthesis started from acid derivatives. 4-Methoxycinnamic,
coumaric, ferulic, and sinapic acids are commercially available;
acids 1a–c were obtained in three steps starting from the coumaric
acid. Firstly the corresponding methyl ester was obtained by
refluxing the acid for 24 h in methanol in presence of H2SO4 and
3 Å molecular sieves (86% yield after silica gel purification).17 Then
we proceeded to alkylation of the 4-OH phenolic group. All reac-
tions were carried out by refluxing the convenient alkyl bromide
(isopentenyl, geranyl, or farnesyl) in dry acetone in presence of
K2CO3 and KI.18 The reactions were monitored by TLC until comple-
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Scheme 2. Reagents and conditions: (i) DMAP, EDC, N-acetylcysteamine, 4-acetylethylen
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tion. The corresponding phenoxy ethers obtained in good yield
(86–95%) after silica gel purification, were then converted quanti-
tatively into the corresponding acids 1a–c under reflux and basic
conditions (K2CO3 in methanol).


Acids 1a–c thus prepared and the commercially available ones
were used as starting materials for the preparation of all thioesters
and amides mentioned in Scheme 2. Coupling of acid 1a–g with
thiols (N-acetylcysteamine) or various amines (2-aminopyridine,
acetylethylenediamine, or tryptamine) using EDC in the presence
of DMAP, in CH2Cl2 for 24 h afforded the respective thioesters
2a–g and amides derivatives 4a, 4b, 4d–f, 5a–b, 5d, 5f, 6a–b, 6d
in good to excellent yield (62–96%).19 Only thiophenyl esters 3e–
f were synthesized differently through coupling reaction between
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the thiophenate lithium salt and the corresponding carboxymeth-
ylene iminium chlorides prepared by the reaction of carboxylic
acids with N,N-dimethylchloromethylene iminium chloride.20


Compounds were purified by flash silica gel chromatography
(60–70%) before being tested on M. tuberculosis.


Susceptibility of M. tuberculosis (strain H37Rv) to the synthetic
compounds was tested by determining the minimal inhibitory con-
centration (MIC) (Table 1). We used a colorimetric microassay
based on the reduction of MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide, Sigma) to formazan by metaboli-
cally active cells.21,22 Briefly, serial twofold dilutions of each com-
pound were prepared in 7H9 broth (Middlebrook 7H9 broth base,
Difco) using 96-well microtiter plates and 100 lL of M. tuberculosis
suspension in 7H9 broth were added to each well. After 6 days
incubation, MTT was added (50 lL, 1 mg/mL). After one day incu-
bation, solubilization buffer was added to each well. The optical
densities were measured at 570 nm. The MIC was determined as
the lowest concentration of compound that inhibited bacterial
growth (absorbance from untreated bacilli was taken as a control
for growth). In these conditions, ethambutol, an effective and clin-
ically used drug, was also tested exhibited a MIC of 2–4 lg/mL, in
agreement with published data, validating thus the method used in
the present study.


Concerning the first family of compounds 2a–g bearing the lin-
ear N-acetylcysteamine frame, MIC results indicate that introduc-
tion of alkene chains increase the activity. The best result, also in
connection with an acceptable lipophilic factor, was found when
geranyl chain (2b, 0.6 lg/mL, 1.5 lM) was introduced. Activity
was increased 100-fold in comparison with the compound 2d
(0.6 vs 63 lg/mL, respectively).


The same trends were also observed when N-acetylethylenedi-
amine was used as coupling partner of the enoyl system of amides
possessing only 4-alkoxy substitution (compounds 4a, 4b, 4d).
While amides 4a, 4d, are less active than the corresponding thioes-
ter counterparts, the derivative 4b showed a very potent activity
(0.1 lg/mL). It is noteworthy, that 4b has CLogP less than 5, which
means that it is likely to have greater oral bioavailability by Lipin-
ski’s rules23 than 2b (as well as MIC, Table 1).


Regarding the second family of compounds tested, two aro-
matic systems are reported here: thiophenyl and aminopyridine
derivatives. While 3e, 3f aromatic thioesters, present weak activi-
ties against M. tuberculosis, their MIC values are found to be eight-
fold lower than those of the corresponding linear thioesters 2e and
2f, indicating a better activity for aromatic thioesters. Their high
lipophilicity, and the fragility of the C(O)–SAr bond towards hydro-
lysis will probably prevent these compounds from being investi-
gated by further modification.


The pyridyl amides 6a, 6d synthesized showed the same trends
as the corresponding linear amides in terms of activity vs substitu-
tion pattern on the 4-hydroxy position. The best result was ob-
tained for the geranylated derivative 6b (1 lg/mL, 2.6 lM).
However, 6b in comparison to 4b showed higher lipophilicity as
well as MIC.


Finally, amides possessing the mixed linear and aromatic frame
found in tryptamine were tested. Tryptamine derivatives seem to

behave as weaker inhibitors in comparison to the corresponding
aromatic and linear ones.


In conclusion, this preliminary study shows that cinnamic
derivatives may be regarded as interesting leads in the design
and synthesis of M. tuberculosis inhibitors. While the 2-aminopyr-
idine derivative 6b presented a good MIC value against M. tubercu-
losis, the linear thioester 2b and especially the amide 4b showed
the best inhibitory activity of this explored series. Taking into ac-
count our preliminary results on the families of compounds evalu-
ated, our efforts are now focused on the understanding of their
activities on the FAS-II system. Efforts are also undertaken towards
elaboration of new families possessing the functionalized cinnam-
oyl frames.
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A series of transdermal permeation enhancers based on dicarboxylic acid esters was studied. Single-chain
amphiphiles were markedly more effective than the double-chain ones. Monododecyl maleate, that is a
cis derivative, was a more potent enhancer than its trans isomer, while the activity of succinates strongly
depended on the donor vehicle. No difference between diastereoisomeric tartaric and meso-tartaric acid
derivatives was found.
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Figure 1. Transdermal permeation enhancer 12GM12.

Transdermal drug delivery offers numerous advantages over the
conventional routes of administration; however, poor permeation
of most drugs across the skin barrier constitutes a major limitation
of this methodology. One of the approaches to promote drug per-
meation through the skin is the use of permeation enhancers.1


The most promising enhancers, possessing high activity together
with low toxicity, are amphiphilic compounds containing a polar
head and a lipophilic chain. These molecules are capable of insert-
ing themselves into the stratum corneum ceramide-rich lipid
lamellae and disrupting their tight packing.2


The structure–activity relationships of the enhancer chain(s)
are relatively well described.3 For example, the optimum chain
length is approximately 10-12C,4 cis-unsaturation in the chain in-
creases activity5 and the effect of branching or cyclization is usu-
ally negative, dependent on its position and extent.6–8 The
properties of the polar head have been less studied. We have pre-
viously reported the structure–activity relationships of a series of
permeation enhancers based on amino acid-based ceramide ana-
logues suggesting that the hydrogen bonding ability is inversely re-
lated to the enhancing potency.9,10 The most potent enhancer was
a maleic acid derivative 12GM12 (Fig. 1).


The aim of this work was to prepare a series of structurally sim-
plified single- and double-chain amphiphiles based on maleic, fu-
maric, succinic, tartaric, and meso-tartaric acids in order to study
the role of geometric isomers, chain number and hydrogen-bond-
ing groups in their transdermal permeation-enhancing activity. It
should be noted that these compounds are not intended for poten-

All rights reserved.
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tial clinical use, they serve as tools to study the structure-enhanc-
ing activity relationships.


The double- (M and S) and single-chain (MOH and SOH)
enhancers derived from maleic and succinic acids were prepared
from the corresponding anhydrides and dodecanol under acid
catalysis in toluene11 or without solvent12 (Scheme 1). F was pre-
pared by esterification of fumaric acid (Scheme 2).13 The monod-
odecyl ester FOH was obtained by iodine-catalyzed
isomerization14 of MOH since attempts to prepare it from fumaric
acid resulted in a formation of a symmetrical diester F. The most
convenient procedure for the synthesis of the unsymmetrical es-
ters M1 and S1 employed partial re-esterification of the corre-
sponding dimethyl esters (Schemes 1 and 2). This procedure was

Scheme 1. Reagents and conditions: (i) C12H25OH, H+, toluene, reflux, 4 h; (ii) 1—
MeOH, H+, reflux, 3 h, 2—C12H25OH, H+, reflux, 3 h; (iii) C12H25OH, H+, 130–140 �C,
10 min.
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Scheme 2. Reagents and conditions: (i) C12H25OH, H+, toluene, reflux, 4 h; (ii)
C12H25OH, DCC, DMAP, 0 �C to rt, 24 h; (iii) I2, 150 �C, 1 h.
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not successful in case of F1, where a preferential formation of F was
observed. Thus, the asymmetric diester F1 was prepared via carbo-
diimide coupling of methyl fumarate with dodecanol (Scheme 2).


The tartaric and meso-tartaric acid esters, T and mT, respec-
tively, were prepared by esterification of the pertinent dicarboxylic
acid. For the preparation of the acetonides AT and AmT, either T or
mT reacted with 2,2-dimethoxypropane under acid catalysis. The
analogous carbonates CT and CmT were synthesized from T and
mT, respectively, with dimethylcarbonate and sodium metal. The
monoester TOH was prepared by partial hydrolysis of T. This pro-
cedure was not successful in case of mTOH; thus it was prepared
by syn dihydroxy addition to MOH (Scheme 3).


The transdermal permeation-enhancing activity of the prepared
compounds was evaluated in vitro using Franz diffusion cell and
porcine skin. Theophylline was selected as a model permeant of
medium lipophilicity and to allow for the comparison with our
previous results. All the prepared enhancers were evaluated in
three donor vehicles of different polarity: water, 60% propylene
glycol (PG), and isopropyl myristate (IPM). Theophylline was pres-
ent at its maximum thermodynamic activity in all the donor sam-
ples either with or without the enhancer. The potencies of the
individual enhancers are reported as the enhancement ratio values
(ER), that is a ratio of the flux of theophylline through the skin with
and without the studied enhancer.


Double-chain compounds. The activity of the first series, that is
maleic, fumaric, and succinic acid derivatives is outlined in Fig-
ure 2. The didodecyl esters M, F, and S, that is the double-chain
enhancers, did not increase theophylline permeation from either
vehicle. This finding was rather surprising as the previously de-
scribed maleic acid derivative 12GM12 was a relatively potent en-
hancer.10 The difference between M and 12GM12 is an absence of
glycyl linker. This suggests that the permeation-enhancing activity
is not simply inversely related to the polar head size and hydrogen

Scheme 3. Reagents and conditions: (i) C12H25OH, H+, 100 �C, 2 h; (ii)
(CH3O)2C(CH3)2, H+, CH2Cl2, rt, 2 h; (iii) (CH3O)2CO, Na, toluene, 90 �C, 3 h; (iv) 1—
OH�/H2O, 2—H+; (v) 1—KMnO4/acetone/H2O, 2—Na2SO3, H+.

bonding ability as observed previously10 but requires a certain
optimum.


Fumaric acid derivative F even decreased the skin permeability
with ER = 0.6, 0.1, and 0.7 from an aqueous, PG, and IPM suspen-
sion, respectively (Fig. 2). Although the differences were not signif-
icant, similar trans double bond-containing amphiphiles may serve
as a lead for designing potential permeation retardants. These
compounds are currently widely discussed for their potential to
prevent absorption of hazardous substances through the skin.15


Single-chain compounds. The removal of one dodecyl chain re-
sulted in a markedly increased activity (Fig. 2). The most active
compound was MOH, which increased the flux of theophylline 26
times from the PG vehicle. The higher activity of the monoesters
compared to the double-chain compounds cannot only be caused
by the free carboxyl group; for example, lauric acid enhanced the-
ophylline permeation only twice under the same conditions.7


Moreover, the dodecyl methyl ester M1 showed significant activi-
ties as well. To our knowledge, this is the first report of such an ef-
fect. The possible explanation is that these double-chain
amphiphiles may incorporate into the stratum corneum lipid bilay-
ers without causing any significant disturbance. On the other hand,
their single-chain counterparts possess a polar head of the same
size but only one chain, which may prevent tight association of
the chains via hydrophobic interactions. Interestingly, the activity
of the enhancers in lipophilic IPM was negligible except for MOH
and FOH showing ER = 7.5 and 4.5, respectively.


Geometric isomers. The higher permeation-enhancing activity of
the single-chain compounds allowed for a comparison of the cis (Z)
and trans (E) derivatives. The activities of the dodecyl methyl esters
M1 and F1 were comparable. However, monoester MOH, that is a
cis derivative, was significantly more active than the corresponding
trans isomer FOH in all of the evaluated donor vehicles (Fig. 2).
These monoesters differ in acidity but not to such an extent as
the parent maleic and fumaric acid—the dissociation constants of
MOH and FOH are 4.87 and 4.40, respectively.16 Moreover, the dif-
ferent acidity cannot fully explain the difference in activity of the
monoesters, since the less acidic SOH is inactive in aqueous and
IPM vehicle but its activity is similar to MOH in PG.


Thus, the most likely explanation for the observed difference in
permeation-enhancing activity of MOH and FOH is a different pack-
ing of the geometric isomers. Such behavior was described in unsat-
urated fatty acids with a double bond situated approximately in the
center of the hydrophobic chain. For example, oleic acid was much
more effective enhancer than elaidic acid, its trans isomer.5,17 This
was attributed to the presence of a ‘kink’ in the chain caused by
cis double bond18 leading to disruption of the stratum corneum li-
pid packing or phase separation. Although the double bond in
MOH and FOH was situated in their polar head and not in the hydro-
phobic chains where the influence on the lipid packing is obvious,
the difference in spatial arrangement may explain the higher activ-
ity of the maleate as well. Generally, the straighter-shaped trans
isomers pack better than the U-shaped cis isomers as reflected,
for example by their higher melting points (for example, mp of
FOH and MOH were 82 and 58 �C, respectively, see Supporting
Information). The shape of the polar head of the cis isomer does
not allow for close packing of its hydrophobic chain with those of
the stratum corneum lipids. That means that the intermolecular
forces between the hydrophobic chains are not as effective so the
drug can cross the lipid matrix more easily. The lesser ability of
trans isomers to promote skin permeability seen in this study is fur-
ther supported by the fact that the natural skin barrier constituents,
that is sphingosine and 6-hydroxysphingosine-type ceramides,
contain trans double bond in close proximity to their polar head
too. Moreover, this C4-trans double bond was found to promote clo-
ser packing of ceramide in monomolecular films at the argon–buf-
fer interface relative to comparable saturated species.19







Figure 2. Transdermal permeation-enhancing activity of the maleates, fumarates, and succinates in (A) aqueous, (B) PG, and (C) IPM donor vehicle. Data are presented as the
mean ± SEM (n = 4–12, 2–6 donors), * indicates statistically significant difference against control (p < 0.5).


Figure 3. Enhancing activity of the tartaric and meso-tartaric acid derivatives in (A) aqueous, (B) PG, and (C) IPM donor vehicle. Data are presented as the mean ± SEM (n = 4–
11, 2–4 donors), * indicates statistically significant difference against control (p < 0.5).


346 M. Novotný et al. / Bioorg. Med. Chem. Lett. 19 (2009) 344–347

Double vs. single bond. The activity of the succinate SOH, that is
the single bond counterpart of the above compounds with unre-
stricted rotation about the C2–C3 bond, was highly dependent on
the donor vehicle. While its behavior was close to that of MOH in
PG (ER of SOH = 24), it was inactive in the aqueous and IPM vehicle
(Fig. 2). Such synergic action of solvent-type permeation enhancers
such as PG with the amphiphilic ones has been observed previ-
ously20,21 and may be explained by a combination of different
mechanisms of action, for example increased partitioning plus lipid
fluidization.


Tartrates. The activity of the tartaric and meso-tartaric acid
derivatives is outlined in Figure 3. Some of these compounds
showed significant enhancement but the activity of this series
was generally low. Furthermore, no modification of the structure
including masking the hydroxyls by acetonide or a cyclic carbonate
or removal of one chain resulted in a significant improvement.


Furthermore, no significant difference was found between dia-
stereomeric tartarates T, CT, AT, and TOH and the corresponding
meso-tartaric acid derivatives mT, CmT, AmT, and mTOH. This is
consistent with our previous studies showing no stereoselectivity
in the action of amino acid-based enhancers.22,23


In conclusion, this study showed novel structure–activity rela-
tionships, which will be useful in designing future transdermal
permeation enhancers.
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A series of novel, highly antimicrobial salicylanilide esters of N-protected amino acids were synthesized
and characterized. Their in vitro antimicrobial activity against eight fungal strains and Mycobacterium
tuberculosis was determined. The compounds had the highest level of activity against Aspergillus fumiga-
tus, Absidia corymbifera and Trichophyton mentagrophytes, and these levels were higher than that of the
standard drug fluconazole. In addition, three compounds showed interesting antituberculosis activity,
with inhibition ranging from 89% to 99%. (S)-4-Chloro-2-(4-trifluoromethylphenylcarbamoyl)-phenyl
2-benzyloxy-carbonylamino-propionate had the highest level of both antifungal and antimycobacterial
activity. The structure–activity relationships of the new compounds are discussed.


� 2008 Elsevier Ltd. All rights reserved.

Salicylanilides (2-hydroxy-N-phenylbenzamides) have been re- a new potent and fast-acting antituberculosis drug with a low tox-


ported as a class of compounds with a wide variety of interesting
biological activities, including antimycobacterial and antifungal ef-
fects.1–5 Although the antibacterial activity involves multiple
mechanisms, these compounds have been shown to be inhibitors
of the two-component regulatory systems (TCS) of bacteria.6,7


The most recent studies identified them as selective inhibitors of
interleukin-12p40 production8 and inhibitors of the protein kinase
epidermal growth factor receptor (EGFR PTK).9,10


A dramatic rise in the incidence of life-threatening systemic
fungal infections has been observed over the past two decades.11


This can be ascribed to an increase in the number of immuno-com-
promised patients due to the growth of the number of HIV-infected
individuals, cases of cancer chemotherapy and the indiscriminate
use of antibiotics. The majority of antifungal agents in clinical
use suffer from various drawbacks in terms of toxicity, efficacy
and cost, and their frequent use has led to the emergence of resis-
tant strains. Hence, there is a great demand for new antifungal
agents belonging to a wide range of structural classes, acting selec-
tively on novel targets and with fewer unwanted side-effects.12


No new drug class has been introduced in the past 50 years for
the treatment of tuberculosis (TB).13 Currently, patients require 6–
9 months of treatment. This long period leads to the lack of
compliance, which in turn can be responsible for the relapse and
incidence of MDR-TB strains.14 There is an urgent need to develop

All rights reserved.
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icity profile. The new drug must be suitable for use in conjunction
with the drugs currently used for the treatment of HIV infection,
which are active against both growing and latent infections of TB.


There is a need for antibacterial agents with a novel mechanism
of action and the salicylanilides are promising candidates. An elec-
tron-withdrawing group on the salicyloyl ring and hydrophobic
groups on the anilide moiety, as well as the 2-hydroxy group, are
essential for their optimal antimicrobial effect. The salicylanilides
substituted with halogens in both parts meet the requirements
and form the most active derivatives possessing antifungal and anti-
tuberculosis activity against some atypical strains of mycobacteria.1


Their unsuitable physical properties led us to modify the struc-
ture by esterification of amino acids with suitable salicylanilides. In
addition, amino acids facilitate the possibility of targeting drugs as
a drug delivery system. Prepared esters can be considered as pro-
drug forms of salicylanilides with better bioavailability and, due
to the higher degree of liphophilicity, more efficient transport
through the mycobacterial cell membrane.


Here, we report the synthesis, experimental determination of
liphophilicity by reversed phase high performance liquid chroma-
tography (RP-HPLC), antifungal and antimycobacterial activity, as
well as SAR of a series of salicylanilide derivatives.


The starting salicylanilide compounds were obtained by the
reaction of 5-chlorosalicylic acid and appropriate anilines in a
microwave reactor in the presence of PCl3 and chlorobenzene as
a solvent. A method using dicyclohexycarbodiimide (DCC) in anhy-
drous DMF was chosen for esterification of the N-benzyloxycar-
bonyl amino acids (Scheme 1).15
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Scheme 1. Synthesis of N-protected amino acid esters. Reagents: (a) PCl3, chlorobenzene, microwave reactor; (b) DCC, DMF.
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All the substituted salicylanilide esters of amino acids were
analyzed for lipophilicity using RP-HPLC. The procedure was per-
formed under isocratic conditions with methanol as an organic
modifier in the mobile phase using an end-capped non-polar C18


stationary RP column.
The hydrophobicity (logP/ClogP data) of each of the compounds


4a–4j were calculated using two commercially available programs
(CS ChemOffice 9.0 and ACD/LogP 1.0) and measured by RP-HPLC
determination of the capacity factor k with the subsequent calcu-
lation of log k. The results are shown in Table 1(A).


Logk data specify the lipophilicity within this series of com-
pounds. Neither of the computer programs resolved lipophilicity
parameters within the series of enantiomers; nevertheless, the chi-
ral compounds 4b, 4c, 4e–4g and 4i were measured several times
with the same results. The differences in logk parameters for indi-

Table 1
Lipophilicity and antimicrobial evaluation of the new compounds


Compound R1 R2 lo


(A) Comparison of the logk values with the calculated lipophilicity of the new compounds
4a 3-Cl H 0.
4b 3-Cl (S)-CH3 0.
4c 3-Cl (R)-CH3 0.
4d 4-Cl H 0.
4e 4-Cl (S)-CH(CH3)2 0.
4f 4-Cl (R)-CH(CH3)2 0.
4g 4-Cl (S)-CH2C6H5 1.
4h 4-CF3 H 0.
4i 4-CF3 (S)-CH3 0.
4j 3,4-Cl H 0.


MIC/IC80 (lmol/L)


CA CT CK CG TB
24h 24h 24h 24h 24h
48h 48h 48h 48h 48h


(B) The in vitro antifungal and antituberculotic activity of N-benzyloxycarbonyl amino acids
4a >62.5 >62.5 62.5 62.5 >62.5


>62.5 >62.5 62.5 >62.5 >62.5
4b 31.25 >62.5 31.25 31.25 >62.5


>62.5 >62.5 31.25 >62.5 >62.5
4c 62.5 62.5 31.25 62.5 >62.5


>62.5 >62.5 31.25 62.5 >62.5
4d 62.5 31.25 31.25 62.5 62.5


62.5 31.25 31.25 62.5 >62.5
4e >62.5 >62.5 31.25 >62.5 >62.5


>62.5 >62.5 15.63 >62.5 31.25
4f >62.5 >62.5 31.25 >62.5 >62.5


>62.5 >62.5 31.25 >62.5 >62.5
4g 62.5 31.25 15.63 31.25 31.25


62.5 31.25 15.63 31.25 62.5
4h 62.5 125 31.25 31.25 31.25


62.5 >125 31.25 >125 31.25
4i 62.5 500 7.81 125 62.5


250 500 31.25 250 250
4j >62.5 >62.5 >62.5 >62.5 >62.5


>62.5 >62.5 >62.5 >62.5 >62.5
FLU 0.06 0.12 3.91 0.98 0.24


0.12 >125 15.62 3.91 0.48
INH — — — — —


CA, Candida albicans ATCC 44859; CT, Candida tropicalis 156; CK, Candida krusei E28; CG, C
Absidia corymbifera 272 and TM, Trichophyton mentagrophytes 445.

vidual R/S-enantiomers cannot be explained on the basis of the re-
sults presented here.


As expected, the lipophilicity of compounds 4a–j substituted
in the R2 position increased in the order: R2 = H (compounds 4a,
4d, 4h and 4j) < R2 = CH3 (compounds 4b/4c and 4i) < R2 =
CH(CH3)2 (compounds 4e/4f) < R2 = CH2C6H5 (compound 4g). The
dependence between logk and the alkyl/phenylalkyl substituents
in the individual series of the compounds (R2 = H, –CH3, –
CH(CH3)2, –CH2C6H5) is approximately linear, as shown in
Figure 1.


All the N-benzyloxycarbonyl amino acid esters of salicylanilides
were tested for their in vitro antifungal and antituberculosis
activity.


The in vitro antifungal screening was used for the eight strains
at concentrations in the range 62.5–1.95 lmol/L.

gk logP/ClogP (ChemOffice) logP (ACD/logP)


6119 4.71/5.14625 5.04 ± 0.48
6995 5.20/5.45525 5.39 ± 0.48
6990 5.20/5.45525 5.39 ± 0.48
6367 4.71/5.14625 5.00 ± 0.47
9421 6.09/6.38325 6.23 ± 0.48
9417 6.09/6.38325 6.23 ± 0.48
0971 6.88/6.87325 7.28 ± 0.40
7292 5.07/5.50945 5.03 ± 0.51
8149 5.57/5.81845 7.28 ± 0.40
8639 5.27/5.7738 5.91 ± 0.50


M. tbc H37Rv


AF AC TM MIC (lg/mL) Inh. (%)
24h 24h 72h
48h 48h 120h


esters of salicylanilides
>62.5 62.5 31.25 >6.25 7
>62.5 62.5 31.25


62.5 15.63 7.81 3.13 97
>62.5 15.63 7.81
>62.5 31.25 7.81 >6.25 36
>62.5 31.25 7.81
>62.5 31.25 15.63 >6.25 16
>62.5 62.5 15.63
>62.5 >62.5 15.63 >6.25 38
>62.5 >62.5 15.63
>62.5 >62.5 15.63 >6.25 77
>62.5 >62.5 15.63
>62.5 15.63 7.81 >6.25 16
>62.5 15.63 7.81
125 31.25 15.63 >6.25 89


>125 31.25 15.63
7.81 31.25 1.95 3.13 99


15.62 62.5 1.95
>62.5 62.5 31.25 >6.25 0
>62.5 >62.5 31.25


>125 >125 1.95 — —
>125 >125 3.91


— — — 0.025–0.216 —


andida glabrata 20/I; TB, Trichosporon beigelii 1188; AF, Aspergillus fumigatus 231; AC,







0.0


1.0


2.0


3.0


4.0


5.0


6.0


7.0


8.0


4a 4d 4b 4c 4h 4i 4j 4e 4f 4g


Compounds


Li
po


ph
ili


ci
ty


log k log P [ChemOffice] Clog P [ChemOffice] log P [ACD/LogP]


Figure 1. Comparison of logP/ClogP data calculated using the two computer
programs with the experimentally determined logk values. The compounds are
ordered according to the increase in logk values in the series of compounds 4a–4j.
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All the esters had the highest level of activity against Trichophy-
ton mentagrophytes 445. Most had a higher level of activity than
fluconazole, especially against Aspergillus fumigatus 231 and Absi-
dia corymbifera 272. For the results of the antifungal assays, see Ta-
ble 1(B).


Compounds 4i, 4g and 4b had the highest level of activity. On
the basis of this fact (dependence of antifungal activity/lipophilic-
ity) it can be supposed that hydrophobicity is only a secondary
parameter, see Table 1. Compounds 4a and 4j had considerably dif-
ferent degrees of lipophilicity but similar levels of activity. The
same was observed for compounds 4d, 4h, 4e/4f and 4c/4b, 4g,
where the effect of various substituents, including CF3, Cl and/or
H, CH3, CH(CH3)2, CH2C6H5, with different degrees of hydrophobic-
ity on antifungal activity was minor.


When the position and the identity of individual substitutions
were compared, substitution at the C(4)


0 position seemed to be
more important to increase the antifungal activity than substitu-
tion at the C(3)


0 position of the anilide ring. R2-substitution by a
methyl or a benzyl moiety seemed to be better than that by an iso-
propyl moiety. The benzyl derivative 4g may be considered as a
phenyl cyclic analogue of compound 4i with a similar level of
activity or a benzyl analogue of compound 4d but with a higher le-
vel of activity. Branching of the methyl moiety is unlikely and
would cause a decreased level of activity. Similar structure–activity
relationships among alkyl analogues (a decreased level of biologi-
cal activity due to branching of the methyl moiety) were reported
by Vinsova et al.17 Unfortunately, compound R1 = 4-Cl, R2 = CH3,
which was expected to be highly active, was not prepared due to
unexpected cyclization during the synthesis.15


All the compounds prepared in this study were screened at the
Tuberculosis Antimicrobial Acquisition and Coordinating Facility
(TAACF) run by The National Institute of Health of the US govern-
ment.18 The primary screening was conducted at 6.25 lg/mL (or
molar equivalent of the highest molecular weight compound in a
series of congeners) against Mycobacterium tuberculosis H37Rv
(ATCC 27294) in BACTEC 12B medium using the Microplate Alamar
Blue Assay (MABA). The compounds exhibiting fluorescence were
tested in the BACTEC 460-radiometric system. The compounds
showing <90% inhibition in the primary screen (MIC > 6.25 lg/
mL) were not generally evaluated further.


Compounds 4i, 4b and 4h showed interesting antituberculosis
activity with inhibition levels in the range 89–99%, and the results
are given in Table 1(B). The highest levels of activity against
M. tuberculosis H37Rv were found for (S)-4-chloro-2-(4-trifluorom-
ethylphenylcarbamoyl)-phenyl 2-benzyloxy-carbonylamino-pro-
pionate (4i, 99% inhibition, MIC = 3.13 lg/mL) and (S)-4-chloro-2-
(3-chlorophenyl-carbamoyl)-phenyl 2-benzyloxycarbonylamino-
propionate (4b, 97% inhibition, MIC = 3.13 lg/mL).

The levels of antituberculosis activity of compounds 4a–4j gi-
ven in Table 1(B) suggest that lipophilicity is again a secondary
parameter for antituberculosis activity, and there is no correlation
between logk and the antituberculosis activity of these com-
pounds. Only the range of preferable hydrophobicity from 0.7 to
0.8 can be observed.


The type and the position of substitution are of great impor-
tance. The most appropriate is substitution on the C(4)


0 position
by the CF3 moiety.


The values of individual substituent electron-deficiency ex-
pressed as Hammett’s parameter r are connected with the
above-mentioned facts. Hammett’s constants rm for meta and rp


for the para positions of the individual substituents were taken
from the literature.19


The electron-withdrawing effect caused by 4-CF3 substitution
(rp = 0.54 for 4i, 4h) and/or 3-Cl substitution (rm = 0.37 for 4b)
seems to be the most important for antituberculosis activity. The
optimum of electron deficiency, which corresponds to a higher le-
vel of antifungal activity, is approximately 0.5 and the range is 0.4–
0.6. Any value outside that range causes a decrease in the level of
activity; for example, 4-Cl rp = 0.23 for 4f and 3,4-Cl rp+m = 0.60 for
4j.


Low-bulky substituent, that is, methyl, or absence of R2-substi-
tution is another parameter for high antituberculosis activity. Sub-
stitution by a bulkier moiety than methyl, that is, isopropyl or
benzyl, was associated with a significantly decreased level of
activity.


A very important parameter influencing the activity is stereo-
isomerism, because individual enantiomers demonstrate consider-
able difference in their antituberculosis activity, for example,
(S)-enantiomer 4e showed much lower activity than (R)-enantio-
mer 4f and on the contrary (S)-enantiomer 4b showed much higher
activity than (R)-enantiomer 4c. The determined differences in
antituberculosis activity for individual R/S-enantiomers cannot be
explained on the basis of the results presented here. These facts
are under intensive investigation.


On the basis of the facts discussed above, it can be assumed that
the stereospecific bond can be probably formed between the com-
pound and enzyme in M. tuberculosis with subsequent enzyme
inhibition.


In summary, a new type of salicylanilide pro-drug was designed
and several representatives were synthesized. The series was
screened for antituberculosis and antifungal activity. Most of the
tested compounds possessed a high level of in vitro antituberculo-
sis activity. An antifungal assay showed levels of activity against
Aspergillus fumigatus, Absidia corymbifera and Trichophyton mentag-
rophytes similar to that of fluconazole. Relationships between
structure and biological activity, including the experimentally
determined degree of liphophilicity, are discussed.
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The discovery, synthesis and preliminary SAR of a novel class of non-peptidic antagonists of the av-inte-
grins avb3 and avb5 is described. High-throughput screening of an extensive series of ECLiPSTM compound
libraries led to the identification of compound 1 as a dual inhibitor of the av-integrins avb3 and avb5. Opti-
mization of compound 1 involving, in part, introduction of two novel constraints led to the discovery of
compounds 15a and 15b with reduced PSA and much improved potency for both the avb3 and avb5 inte-
grins. Compounds 15a and 15b were shown to have promising activity in functional cellular assays and
compound 15a also exhibited a promising Caco-2 permeability profile.
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Integrins belong to a superfamily of heterodimeric cell surface
receptors with critical roles in regulating both physiological and
pathological processes. They are involved in a variety of cell signal-
ing pathways by mediating cell adhesion, migration and prolifera-
tion.1 Many of the receptors in the integrin family recognize the
tripeptidic RGD-sequence present in the respective ligands. Two
integrins that have received considerable attention are av-inte-
grins avb3 and avb5. Upregulation of these integrins has been asso-
ciated with various pathological angiogenesis including ocular
diseases, tumorigenesis and metastasis.2 Recently a dual inhibitor
of avb3 and avb5 integrins (SCH221153) has been reported to inhi-
bit angiogenesis and tumor growth in vivo.3 In addition, in clinical
trials for recurrent glioblastoma multiforme, a highly invasive and
vascular cancer, single-agent Cilengitide (i.e., EMD 121974, a pep-
tidic dual inhibitor of avb3 and avb5 integrins)4 has demonstrated
antitumor benefits and minimal toxicity.5 As such there is signifi-
cant interest in the identification and development of dual inhibi-
tors of avb3 and avb5 integrins.


Many groups have reported small molecule integrin inhibitors
designed as RGD (Arg-Gly-Asp) mimetics.6 These RGD mimetics
typically consist of: (i) a basic group as an arginine mimic, (ii) a
subunit containing a carboxylic acid as an aspartic acid mimic,
(iii) and a molecular core which can organize these two pharmaco-
phores in the proper spatial orientation with respect to one an-
other. The difficulty in obtaining avb3 inhibitors with good oral
absorption has been recognized for many years as one of the major

All rights reserved.
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).

obstacles to overcome. One of the reasons for this is the zwiterionic
character of the RGD mimetics. In the past few years a number of
groups have reported avb3 inhibitors with good oral bioavailabil-
ity.6 The majority of these compounds incorporate basic groups
with relatively low pKa values (7–8) such as aminopyridyl variants.


High-throughput screening of an extensive series of ECLiPSTM li-
braries7 employing a time resolved fluorescence (TRF) assay8,9 re-
sulted in the identification of compound 1 as an antagonist of
avb3 (Fig. 1). Subsequent evaluation of the binding activity of 1
measured on the human avb5 receptor using a TRF assay with
vitronectin as the ligand revealed this compound to be a dual
inhibitor of avb3 and avb5, with better potency against avb3.


Consideration of the physicochemical properties of compound 1
revealed it to be drug-like with respect to Lipinski’s ‘rule of 5’.10 As
mentioned earlier, most avb3 inhibitors with good oral bioavailabil-
ity have basic groups with relatively low pKa values (i.e., between 7
and 8). We have estimated the basic aminobenzimidazole moiety in
our molecule to be in this range, having a calculated pKa value of
6.9. However, the polar surface area (PSA) of compound 1 is poten-
tially high as indicated by calculation of ‘fast polar surface area’

NH2αvβ3: IC50 = 0.23 μM
αvβ5: IC50 = 2.05 μM


Figure 1. Dual avb3/avb5 antagonist 1.
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Table 1
In vitro biological activity of compounds 2a, 2b, 2c, 10, 15a and 15b
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Compound n R R1 R2 avb3 IC50
a


(lM)
avb5 IC50


a


(lM)
aIIbb3 IC50


a


(lM)


2a 0 H H Me 0.18 4.8 >10
2b 1 H H Me 0.039 0.60 >10
2c 2 H H Me 0.37 4.3 >10
10 1 H –(CH2)3– 0.007 0.31 6.3
15a 1 3,4-Benzdioxolyl –(CH2)3– 0.002 0.014 0.167
15b 1 3-Pyridyl –(CH2)3– 0.001 0.005 0.323


a Values are means of at least two experiments with standard deviation less than
20%.
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(FPSA).11 The calculated FPSA of 1 is 120.3 Å2, and we reasoned that
this may potentially limit the prospect for good absorption.12


Since the high FPSA value for compound 1 is due in large part to
the presence of four H-bond donors (COOH, amide NH, and NH2 of
aminobenzimidazole), we examined the incorporation of con-
straints into the molecule as shown in Figure 2. Each of these con-
straints reduces polar surface area (PSA) by eliminating an H-bond
donor (i.e., amide NH and NH of amino group) and has the poten-
tial to improve absorption while maintaining potency against av-
integrins avb3 and avb5.


The compounds shown in Table 1 were synthesized via the gen-
eral synthetic routes outlined in Schemes 1–3 and the synthesis of
compounds 2a, 2b, 10 and 15a has been previously described.13


Compound 2a was prepared as shown in Scheme 1. First, treatment
of benzylbromide 4 with tert-butyl-3-aminopropionate in the pres-
ence of base with heating followed by BBr3-mediated demethyla-
tion gave the phenol 5. SNAr2 reaction of phenol 5 with 2,6-
difluoronitrobenzene followed by a second fluoro displacement
with methylamine and subsequent nitro-reduction gave aminoan-
iline 6. Finally, treatment of intermediate 6 with cyanogen bromide
to form the aminobenzimidazole followed by ester hydrolysis gave
desired compound 2a.


The synthesis of compounds 2b, 2c and 10 is shown in Scheme
2. Compounds 2b and 2c were prepared from the commercially
available lactams 7a and 7b, respectively. First the phenol was pro-
tected as the benzyl ether by benzylation with benzyl bromide.
Next the lactams were N-alkylated with ethyl 3-bromopropanoate
to give intermediates 8a and 8b. After removal of the benzyl pro-
tecting group by hydrogenolysis, the conversion of 8a and 8b to
2b and 2c was carried out in a similar manner to that for the con-
version of 5 to 2a. The synthesis of compound 10 was similar but
involved extra steps to prepare the tricyclic benzimidazole moiety
via intermediate 9c. Briefly, after removal of the benzyl protecting
group of intermediate 8a, SNAr2 reaction of the resultant phenol
with 2,6-difluoronitrobenzene followed by a second fluoro
displacement with 3-amino-1-propanol gave intermediate 9c.
After nitro-reduction of intermediate 9c, followed by reaction of
the resultant aminoaniline intermediate with cyanogen bromide
to form the aminobenzimidazole, the hydroxyl group was
converted to a chloride by treatment with thionyl chloride. The
chloro intermediate then underwent cyclization upon heating to
form the 6-membered ring constraint. Ester hydrolysis then gave
compound 10.
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Figure 2. Two possible constraints of compound 1.

The preparation of compounds 15a and 15b is summarized in
Scheme 3. First phenol 7a was reacted with benzylbromide to pro-
tect the phenol as the benzyl ether. This benzyl ether intermediate
was then converted into intermediates 12a and 12b using chemis-
try developed by Katritzky14 involving lanthanide triflate catalyzed
reaction of benzotriazole intermediates 11a and 11b with the com-
mercially available silylketene acetal 1-(tert-butyldimethylsilyl-
oxy)-1-methoxyethene. Conversion of intermediates 12a and 12b
to compounds 15a and 15b was similar to that described for the
conversion of intermediate 8a to compound 10.


The compounds synthesized in this study were initially evalu-
ated using a TRF assay for their ability to antagonize integrin–li-
gand interactions for avb3 and avb5. The fibrinogen receptor
(aIIbb3) was also tested using the same assay for selectivity charac-
terization.9 As illustrated in Table 1, replacement of the benzamide
spacer with bicyclic lactam scaffolds in which the ring size of the
lactam ring was varied from 5 to 7 atoms (i.e., constraint A in
Fig. 2) was investigated first. The 6-membered lactam analog 2b
was preferred and represented a 6-fold increase in potency at
avb3 and a 3-fold increase in potency at avb5 compared to the lead
compound 1. The 5-membered lactam analog 2a was about 2-fold
more active at avb3 but 2-fold less active at avb5 compared to the
library hit 1. The 7-membered lactam analog 2c showed decreased
potency versus compound 1 at both avb3 and avb5. Compounds 2a,
2b and 2c were all virtually inactive (IC50 > 10 lM) at the related
integrin aIIbb3.


To further increase the binding affinity for avb3 and avb5 and re-
duce PSA (by deletion of an H-bond donor), our efforts focused on
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Scheme 1. Reagents and conditions: (a) tert-butyl-3-aminopropionate�HCl, Et3N,
MeOH, reflux; (b) BBr3, CH2Cl2, �78 �C to 23 �C; MeOH; (c) 2,6-difluoronitroben-
zene, CsCO3, DMF, 80 �C; (d) MeNH2 (2.0 M in MeOH), DMF, 23 �C; (e) H2 (g) (1 atm),
10% Pd/C, EtOH; (f) BrCN, MeOH; (g) LiOH, MeOH/THF/H2O (3:2:1).
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the aminobenzimidazole moiety next. Specifically, the exocyclic
primary amine substituent contributes substantially to the overall
high PSA of our molecules since it contains two H-bond donors.
One way to eliminate one of the H-bond donors on the exocyclic
primary amine substituent (and therefore decrease PSA) would
be to simply introduce an alkyl group (e.g., methyl) onto the amino
substituent. However, in earlier SAR studies around the amino-
benzimidazole moiety, we demonstrated that introduction of a
methyl substituent onto the exocyclic amino group (i.e., –NHMe
vs –NH2) resulted in a large decrease in binding affinity at both
avb3 and avb5 (not shown). We reasoned that this loss in potency
could be attributable to an unfavorable steric interaction between
the methyl group on the exocyclic amine substituent and the
methyl substituent of the imidazole nitrogen which would
disrupt the correct orientation of the remaining H-bond donor
(i.e., –NHMe) for binding to the integrin receptors.


To test this hypothesis, we prepared constrained analogs in
which the alkyl group on the exocyclic nitrogen and the alkyl
group on the imidazole nitrogen were joined together forming a
6-membered ring (see Fig. 2, constraint B). This constraint led to
a substantial (5-fold) increase in binding affinity at avb3. The effect
at avb5 was more moderate, resulting in a 2-fold increase in po-
tency (compare analogs 10 and 2b). Interestingly, the activity of
compound 10 at the integrin aIIbb3 was enhanced compared to
analog 2b, but compound 10 is still highly selective for both avb3


and avb5 versus aIIbb3. Binding affinities at both avb3 and avb5


could be further enhanced by incorporating certain aryl and
heteroaryl substituents at the 3-position of the propionic acid
side-chain which have been utilized in potent avb3 antagonists
described by Merck.6g For example, introduction of a 3,4-benzdiox-
olyl substituent to give compound 15a resulted in a 3- to 4-fold
increase in potency at avb3 and a 22-fold increase in potency at
avb5 compared to the unsubstituted analog 10. Analog 15b
containing a 3-pyridyl substituent was even more active at both
avb3 and avb5 with single digit nanamolar potency at both recep-
tors. Introduction of the 3,4-benzdioxolyl or 3-pyridyl substituents

also enhanced activity at aIIbb3. Still, analog 15a exhibits over 80-
fold selectivity for avb3 versus aIIbb3 and greater than 10-fold
selectivity for avb5 versus aIIbb3. Analog 15b demonstrates an even
better selectivity profile, with greater than 300-fold selectivity for
avb3 versus aIIbb3 and over 60-fold selectivity for avb5 versus aIIbb3.


Because of their excellent potency at both avb3 and avb5, and
their good selectivity profile versus integrin aIIbb3, analogs 15a
and 15b were further evaluated in functional cellular assays (see
Table 2). To predict their potential for GI absorption, Caco-2 per-
meability was also determined. Both analogs demonstrated good
potency in inhibiting FGF and VEGF-induced human umbilical vein
endothelial cells (HUVEC) proliferation15,16 and HUVEC migra-
tion.17,18 In fact, both analogs were essentially equipotent in inhib-
iting proliferation and were approximately 10-fold more active in
reducing cell migration compared to the known avb3 and avb5


antagonist cycloRGDfV.19 In early in vitro ADME profiling, com-
pound 15a displayed a promising Caco-2 permeability profile
(Papp = 89.6 nm/s), but compound 15b exhibited low permeability.


In summary, a novel, non-peptidic, dual inhibitor of the av-inte-
grins avb3 and avb5 was identified in a broad screen of Pharmaco-
peia’s ECLiPSTM library collection. Introduction of two novel
constraints, aimed in part at minimizing PSA, and incorporation
of a 3,4-benzdioxolyl or 3-pyridyl substituent at the 3-position of
the propionic acid side-chain resulted in the identification of com-
pounds 15a and 15b which display nanomolar affinity for both
avb3 and avb5 in binding assays. These analogs also display good
selectivity over the related integrin aIIbb3. In addition, both analogs
show promising efficacy in functional cellular assays and com-
pound 15a displayed promising Caco-2 permeability. Therefore,
compound 15a was chosen as a lead structure for further SAR stud-
ies in pursuit of potent dual inhibitors for avb3 and avb5 with
potentially good oral bioavailability.







Table 2
Functional cell-based activity of compounds 15a, 15b and cycloRGDfV and Caco-2
permeability of compounds 15a and 15b


Compound HUVEC
proliferation/
FGF IC50


a (lM)


HUVEC
proliferation/
VEGF IC50


a (lM)


HUVEC
migration
IC50,a (lM)


Caco-2
permeability
Papp (nm/s)


15a 2.9 (±1) 1.1(±0.5) 0.040 (±0.020) 89.6
15b 1.1 (±1) 4.3(±2) 0.037 (±0.028) 0.0
CycloRGDfV 3.1 (±3) 4.5(±1.5) 0.53 (±0.22) ND


a Values are means of two experiments, standard deviation is given in paren-
theses (ND, not determined).
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We have developed an improved synthesis for the cell-permeable, sulfenic acid probe DAz-1. Using
DAz-1, we detect sulfenic acid modifications in the cell-cycle regulatory phosphatase Cdc25A. In addition,
we show that DAz-1 has superior potency in cells compared to a biotinylated derivative. Collectively,
these findings set the stage for the development of activity-based inhibitors of Cdc25 cell-cycle phospha-
tases, which are sensitive to the redox state of the active-site cysteine and demonstrate the advantage of
bioorthogonal conjugation methods to detect protein sulfenic acids in cells.


� 2008 Elsevier Ltd. All rights reserved.

The reversible oxidation of cysteine is a widespread mechanism
in the regulation of protein function.1 In mammalian cells, activa-
tion of cell surface receptors can trigger enzymatic production of
reactive oxygen species (ROS). These oxidants function as second
messengers and modify signaling proteins through cysteine oxida-
tion.2,3 For example, oxidation of a critical active-site cysteine
inhibits protein tyrosine phosphatases (PTPs) and results in in-
creased phosphorylation levels.4 Redox-based signal transduction
plays an important role in many normal biological events, includ-
ing cell proliferation, differentiation, migration and programed cell
death.3 In addition, abnormal ROS production correlates with can-
cer and aging-associated degenerative diseases.2,3 Because of the
central role that cysteine oxidation plays in cell signaling and hu-
man pathology, there has been considerable interest in developing
small-molecule probes to detect these post-translational modifica-
tions directly in cells.


Sulfenic acid (RSOH) is the simplest cysteine oxoform and is
formed by reaction of a thiolate anion (RS�) with cellular oxidants
such as hydrogen peroxide (H2O2). Sulfenic acids can oxidize fur-
ther to sulfinic (RSO2H) and sulfonic (RSO3H) acid, condense with
a neighboring thiolate to form a disulfide, or be stabilized by the
protein microenvironment. The electrophilic sulfur atom in sulfe-
nic acid reacts with carbon nucleophiles such as alkenes and eno-

All rights reserved.

lates, including 5,5-dimethyl-1,3-cyclohexadione (1; dimedone,
Figure 1). Under aqueous conditions, dimedone reacts selectively
with cysteine sulfenic acids and not with other protein functional
groups.5–7 This chemoselective reaction has been exploited to
detect sulfenic acid modifications via mass analysis; fluorescent-
dimedone conjugates have also been reported.3 However, these
reagents are not suitable for proteomic studies since they lack an
affinity handle for isolating tagged proteins. To extend the utility
of the dimedone scaffold as a probe for protein sulfenic acid mod-
ifications we recently developed DAz-1 (2; Figure 1).7 DAz-1 cova-
lently modifies sulfenic acid-modified proteins directly in cells and

Figure 1. Structures of small-molecule probes for sulfenic acids.
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has an azide chemical handle, which can be functionalized with a
wide variety of phosphine or alkyne-based reporter tags for
detection and isolation.8 In this report, we describe an improved
synthesis of DAz-1 and investigate sulfenic acid formation in the
cell-cycle regulatory phosphatase Cdc25A. In addition, we compare
the activity of DAz-1 to a biotinylated derivative in vitro and in
HeLa cells.


In a previous report, we pursued the synthesis of DAz-1 via
route A (Scheme 1, a ? b ? c ? f).7 Ni-catalyzed hydrogenation
of 3,5-dihydroxybenzoic acid (7) gave diketone 6 in 85% yield.9 Ini-
tial attempts to couple the carboxylic acid functional group on 6
with 3-azidopropylamine (8)10 using standard peptide coupling re-
agents such as PyBop/TEA, DIC/4-DMAP or TBTU/DIEA were not
successful and produced nucleophilic substitution products at the
carbonyl carbon of compound 6. To prevent these undesired reac-
tions we protected the ketone 6 as the methyl ether. PTSA cata-
lyzed protection was achieved in MeOH at room temperature to
give compound 5 in 97% yield. The amide coupling reaction of car-
boxylic acid 5 with amine 8 was carried out with TBTU and DIEA in
DMF to provide amide 3 in 99% yield. The synthesis of DAz-1 was
completed through deprotection of methyl vinyl ether with 2 N
HCl in THF. The overall yield of DAz-1 through route A was 64%.


In small-scale reactions amide coupling with TBTU, an HOBt-
based aminium salt, afforded DAz-1 in excellent yield. However,
when the reaction was scaled up compound DAz-1 and HOBt were
not completely resolved by silica gel chromatography. Although re-
verse phase HPLC could be used to purify DAz-1 the procedure is
time consuming and reduced the overall yield to 20%. For this rea-
son, we explored an alternate synthetic route B (Scheme 1,
a ? b ? d ? e ? f). Pentafluorophenyl trifluoroacetate (TFAPfp)
can activate carboxylic acids as Pfp esters in good yields and vola-
tile side-products TFA and pentafluorophenol are easily removed
during workup.11 Therefore, we used TFAPfp as the activating re-
agent for the carboxylic acid functional group on 5. Esterification
of carboxylic acid 5 was achieved with TFAPfp and DIEA in DMF
in quantitative yield. Pfp ester 4 was then coupled with 3-azido-
propylamine (8) to furnish compound 3 in high purity. For the final
step of the synthesis, we used cerium (IV) ammonium nitrate
(CAN) to deprotect 3. Non-acidic deprotection using catalytic
amount of CAN provided DAz-1 in 96%. Route B did not require
HPLC purification and furnished DAz-1 over five steps in 52% yield.


Having established an efficient synthesis for DAz-1, we next
investigated sulfenic acid formation in the cell-cycle regulatory
phosphatase Cdc25A (Scheme 2). In humans, three different
Cdc25 family members exist with Cdc25A required for the G1/S

Scheme 1. Synthesis of DAz-1 (1). Reagents and conditions: (a) T1 Raney nickel, NaOH, 75
DIEA, DMF, rt, 15 min, 99%; (d) TFAPfp, TEA, DMF, rt, 2 h, 100%; (e) 3-azidopropylamine (8
1 h, 96%.

transition and Cdc25B/Cdc25C involved in the G2/M.12 Like all tyro-
sine phosphatases, members of the Cdc family contain an active-
site cysteine involved in formation of a phosphocysteine interme-
diate. The pKa of this active-site residue is significantly perturbed
from the typical 8.5 to �6.13 Cdc25 phosphatases also possess a
second conserved cysteine located �5 Å from the active-site resi-
due. This additional cysteine is not required for activity, but can
form an intramolecular disulfide with the catalytic cysteine under
mild oxidizing conditions.14 The proposed function of this disulfide
is to prevent overoxidation of the catalytic cysteine to irreversible
sulfinic and sulfonic acid forms.


Biochemical studies indicate that the active-site cysteine in
Cdc25B and Cdc25C is sensitive to oxidants and that sulfenic acid
formation inhibits phosphatase activity.15 However, it is not
known whether Cdc25A—the only essential Cdc25 isoform—is sus-
ceptible to oxidation. Therefore, we treated the recombinant solu-
ble catalytic domain of Cdc25A C384S16 with DAz-1 and
conjugated it to biotin reporter tags 9 or 10 using the Staudinger
ligation or click chemistry, respectively (Scheme 2). Western blot
analysis shows DAz-1-dependent labeling of Cdc25A C384S
(Fig. 2). Pre-treatment of the phosphatase with the reducing agent
dithiothreitol (DTT) significantly reduced labeling, as expected
(Fig. S1a). Trapping the sulfenic acid modification also blocked for-
mation of disulfide-linked Cdc25A homodimers (Fig. S1b). Taken
together, these data indicate that the active-site cysteine in Cdc25A
can oxidize to a sulfenic acid, which can be trapped by DAz-1. Since
Cdc25A expression is elevated in a wide variety of cancers,12 small-
molecules inhibitors, which target the phosphatase active-site and
are sensitive to the redox state of the catalytic cysteine, may inhibit
proliferation of transformed cells that are associated with high lev-
els of ROS.


In recent work, Charles and colleagues reported a biotinylated
dimedone derivative to monitor protein sulfenic acid formation
in peroxide-treated rat ventricular myocytes.17 In their studies,
Charles et al. observed protein labeling only when primary cells
were treated with hydrogen peroxide.17 One interpretation of
these data is that the basal level of cellular sulfenic acids in pri-
mary myocytes is below the threshold of detection. Alternatively,
since oxidants stimulate programed cell death and necrosis in cul-
tured cells,18,19 it is possible that treatment compromised mem-
brane integrity and allowed the dimedone-biotin derivative to
enter the dying cell. Consistent with the latter proposal, several re-
cent reports demonstrate that direct conjugation of a reporter tag
such as biotin or a fluorophore to an inhibitor reduces potency
and prevents passive diffusion across cell membranes.20,21 For

0 psi, 70 �C, 85%; (b) PTSA, MeOH, rt, 10 min, 97%; (c) 3-azidopropylamine (8), TBTU,
), DIEA, DMF, rt, 3 min, 89%; (f) 2 N HCl, THF, rt, 1 h, 78% or CAN, H2O-MeCN, reflux,







Figure 3. Immunofluorescence microscopy and Western blot showing sulfenic
acid-modified proteins labeled by DAz-1 in HeLa cells. (a) HeLa cells were incubated
in media containing 0.1 mM DAz-1 (top) or DAz-1-biotin (bottom). After fixation,
DAz-1-modified proteins were conjugated to p-biotin. Biotinylated proteins from
DAz-1 or DAz-1-biotin treated cells were detected by streptavidin-Alexa Fluor 555
(red). Nuclei were counterstained with DAPI (blue). (b) Protein was isolated from
cells incubated in media containing 10 mM DAz-1 or DAz-1-biotin. Protein lysate
from DAz-1 treated cells was conjugated to p-biotin. Biotinylated proteins from
DAz-1 or DAz-1-biotin treated cells were resolved by SDS–PAGE and detected by
Western blot analysis using HRP-conjugated streptavidin (top). Equal protein
loading was verified by reprobing the blot with an antibody against GAPDH
(bottom).


Scheme 2. Strategy to detect sulfenic acid-modified Cdc25A with biotinylated reporter tags and the Staudinger ligation (top) or click chemistry (bottom) methods.


Figure 2. DAz-1 detects sulfenic acid modifications in the cell-cycle regulatory
phosphatase Cdc25A. Cdc25A C384S was reacted with 10 mM DAz-1, separated
from excess probe and conjugated to 9 or 10 using standard procedures.8 Samples
were analyzed by Western blot using HRP-conjugated streptavidin (top). Equivalent
protein loading for the Staudinger and click reactions was verified by SDS–PAGE
(bottom).
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these reasons, we hypothesized that direct conjugation of the bio-
tin reporter tag could decrease cellular activity.


To test this hypothesis, we synthesized DAz-1-biotin 11 (Fig. 1
and Scheme S1) and conducted a side-by-side comparison of sulfe-
nic acid labeling in vitro and in cells. To generate DAz-1-biotin, Pfp
ester 5 was coupled to biotin-PEO3-amine (13). Subsequently,
methyl vinyl ether 12 was deprotected with 1 N HCl in THF. The
DAz-1-biotin 11 probe differs from the reagent reported by Charles
et al. only in the absence of a methyl substitutent at the C-5 posi-
tion of the 1,3-cyclohexadione scaffold. In biochemical experi-
ments, DAz-1 and DAz-1-biotin covalently tagged oxidized
glyceraldehyde-3-phosphate-dehydrogenase (GAPDH), as demon-
strated by Western blot detection (Fig. S2a). In competition exper-
iments, 250 lM DAz-1 was sufficient to block 90% of protein
labeling by 1 mM DAz-1-biotin (Fig. S2). Differences in the extent
and pattern of protein labeling by DAz-1-biotin and DAz-1 were
also observed in HeLa cell lysate (Fig. S2c). In particular, more indi-
vidual sulfenic acid-modified proteins were visualized in DAz-1-
treated samples. Since the specificity of DAz-1 and dimedone
derivatives has been rigorously established in prior work5–7 the
simplest explanation for the observed differences is that the large,
hydrophobic reporter tag on DAz-1-biotin interfered with protein
binding. When tested in intact HeLa cells, DAz-1 was significantly
more potent than DAz-1-biotin as shown by immunofluorescence
microscopy (Fig. 3a) and Western blot (Fig. 3b). Using specific anti-

bodies we confirmed the identities of several DAz-1 labeled pro-
teins as GAPDH, actin and peroxiredoxin (Fig. 3b), which are well
known to contain sulfenic acid modifications.1,3 Furthermore, no
significant differences in cell viability were observed among DMSO,
DAz-1-biotin and DAz-1-treated cells (Fig. S3). These data demon-
strate the advantage of DAz-1 and bioorthogonal conjugation
methods for detecting protein sulfenic acids directly in living cells.


In summary, we have reported an improved synthesis for the
sulfenic acid probe DAz-1. This probe was successfully applied to
detect sulfenic acid modifications in the cell-cycle regulatory phos-
phatase Cdc25A. These findings set the stage for development of
activity-based tyrosine phosphatase inhibitors that are sensitive
to the redox state of the active-site cysteine. Furthermore, we show
that DAz-1 and bioorthogonal conjugation with reporter tags is the
method of choice for detecting protein sulfenic acids under physi-
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ological conditions in cells. Bi-functional probes such as DAz-1
should facilitate determination of the specific roles played by sul-
fenic acid modifications in redox-based cell signaling and in regu-
latory mechanisms that involve oxidation of cysteine residues.
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The SAR of C5 functional groups with terminal basic amines at the C6 aniline of 4,6-bis-anilino-1H-pyr-
rolo[2,3-d]pyrimidines is reported. Examples demonstrate potent inhibition of IGF-1R with 1000-fold
selectivity over JNK1 and 3 in enzymatic assays.


� 2008 Elsevier Ltd. All rights reserved.

Aberrant signaling through the insulin-like growth factor-1
receptor (IGF-1R) has been implicated as a key process in tumor
progression and resistance to cancer therapy.1 Several small
molecular inhibitors which inhibit this pathway via binding to
the intracellular kinase domain have been reported.2 In the preced-
ing communication, we reported a series of novel 4,6-bis-anilino-
1H-pyrrolo[2,3-d] pyrimidines with a variety of 40 cyclic tertiary
amines at the C6 aniline as potent inhibitors of the IGF-1R tyrosine
kinase.3 A C40 isopropyl piperazine 1 was particularly noteworthy
with an optimal potency and pharmacokinetic profile.4 In a preli-
minary panel of 57 kinases 1 showed IC50 values P100 nM
(P50-fold selectivity) against 52 kinases, with IC50 measurements
for ALK, IGF-1R, IR, JNK1, and JNK3 at 0.5 nM, 2.0 nM, 1.6 nM,
13 nM, and 100 nM, respectively. When the isopropyl piperazine
substituent was moved to the C50 position (2) the IGF-1R potency
was retained (Table 1). Interestingly, the presence of an additional
C40 methyl substituent (3) dropped the IGF-1R enzyme potency by
10-fold. More importantly, the C50 isopropyl piperazine 2 also
seemed to impart superior selectivity against JNK1 and 3 over its
C40 counterpart 1.5


The Jun N-terminal kinases (JNKs) are mitogen activated protein
kinases that play a well established role in immune response. They

All rights reserved.


+1 919 4836053.
tnaik).

are activated by environmental stress and proinflammatory cyto-
kines like tumor necrosis factor-a and interleukin-1.6 The JNKs
modulate the activity of multiple transcription factors which regu-
late diverse cellular functions such as apoptosis, survival, and pro-
tein degradation,7 and have also been implicated in oncogenic
transformation.8 They are also intimately involved in cross-talk
with other signaling networks including the NF-jB pathway.9 In
light of the complicating activities associated with JNK inhibition
we felt that the selectivity demonstrated by pyrrolopyrimidines 2
and 3 was preferable in order to understand the phenotypic effects
of inhibiting the IGF-1R signaling.


We constructed a docking model of 2 in complex with the IGF-
1R kinase domain to probe its binding mode (Fig. 1). As expected,
most of the inhibitor was predicted to have similar interactions
with the enzyme as 1 except the C50 4-isopropyl piperazine.10


The latter lay at the entrance of the ATP-binding site directed to-
wards the aD helix where it was predicted to participate in an ionic
interaction with the carboxylate of Asp1056. This ionic interaction
forced the backbone NH of Asp1056 to make unfavorable van der
Waals contact with the ethylene portions of the piperazinyl moi-
ety. Additionally, the N-isopropyl made contact with the hydroxyl
of Ser 1059. Thus, any gain in potency resulting from the ionic
interaction might be offset or negated by unfavorable polar-nonpo-
lar interactions. This may explain why 1 and 2 are essentially equi-
potent on IGF-1R enzyme. A similar docking model of 3 was also
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Table 1
IGF-1R, JNK1, and JNK3 potencies for 1–3 (values represent an average of P2
individual measurements)
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Table 2
IGF-1R enzyme and Delfia, JNK1 results for 4–13 (values represent an average of P2
individual measurements)
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constructed (not shown), yielding a binding mode that was nearly
identical to that of 2 with one significant difference. The orienta-
tion of the C50 piperazinyl was rotated further out-of-plane with
respect to the C6 aniline compared to that of 2, perhaps to mini-
mize steric clash with the C40 methyl. This change disrupted the io-
nic interaction between the inhibitor and Asp1056, which was
perhaps reflected in its reduced IGF-1R enzyme IC50 value of
20 nM.


We decided to further evaluate the potential of the unique
interaction with Asp1056 by substituting a variety of functional
groups at C50 with terminal amines. We were particularly inter-
ested in addressing a hypothesis that such substituents might lead
to significant reductions in the inhibitory activity against JNK1 and
3 as evidenced by 2 and 3. We decided, at the outset, to retain the
optimal C20-methoxy aniline at C6 and the C30 0-fluoroanthranila-
mide at C4 to maintain selectivity and pharmacokinetic proper-

Figure 1. Structural model of IGF-1R (carbon atoms in gray) in complex with 2
(carbon atoms in green). The 4-isopropyl piperazine’s methyl groups in 2 are
overlapped in this pose. Intermolecular H-bond and ionic interactions are
highlighted with yellow lines.

ties.3 Listed in Table 2 are analogs that were synthesized and
screened in our study. Notably, all compounds maintained greater
than 75-fold selectivity for IGF-1R over JNK1 and 311 (not shown in
Table 2) except 7, which still had a better selectivity than 1. Most
analogs with a C40 chloro or methyl substituent (5, 7, 9) seemed to
reduce the IGF-1R cellular activity by 4- to 10-fold compared to
their unsubstituted counterparts (4, 6, 8). However, the C50 N,N-
dimethylglycinamide containing molecules (10–13) displayed an
unanticipated IGF-1R activity profile with a toleration of methyla-
tion at C40 (11). On the other hand, methylation of the amide nitro-
gen proved deleterious toward cell potency (12 and 13),
emphasizing that rotational restrictions around the amide bond
may interfere with a favorable disposition of the basic amine in
the enzyme pocket. Compounds 10 and 11, which contained the
N,N-dimethylglycinamide substituent, had the most promising po-
tency and selectivity profiles with >5-fold improvement over the
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Table 3
IGF-1R enzyme/Delfia, JNK1 results for 20–39 (values represent an average of P2
individual measurements)
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IGF-1R cellular potency of 2. The toleration of the C40 methyl by 11
prompted a further exploration of analogs where the C50 amide
nitrogen was constrained back onto C40. To that end we synthe-
sized indoline and tetrahydroquinoline precursors, as illustrated
in Scheme 1, and concentrated on amides with pendant amines
to expand on the SAR demonstrated by 10 and 11.


Regioselective nitration of commercially available 14 with ace-
tic anhydride/nitric acid followed by deacetylation provided multi-
gram quantities of 15. This pivotal intermediate provided an easy
access to multiple analogs with the indoline substructure. To that
end 15 was acylated with bromoacetyl bromide, and subjected to
bromide displacement with various cyclic and acyclic secondary
amines. Acylation of 15 with acryloyl chloride followed by amine
addition provided the corresponding one carbon homologated ana-
logs. Final reduction of the nitro functionality provided anilines 16
which could be installed into the pyrrolopyrimidine core via SNAr
chemistry described in detail in a previous communication.12 Syn-
thesis of the corresponding ring-expanded tetrahydroquinolines
started with nitration of lactam 17.13 Subsequent borane reduction
provided the intermediate tetrahydroquinoline 18 which was
derivatized to 19.


Table 3 lists the biological results from our systematic evalua-
tion of nitrogen substituents in the constrained ring systems. The
acetyl group of indoline 20 yielded a modest inhibitor in the IGF-
1R cellular mechanistic assay. Although the attachment of a pri-
mary amine (21) worsened cell activity, the selectivity over JNK1
improved.11 However, single digit nanomolar IGF-1R potencies
and three orders of magnitude selectivity over JNK1 were obtained
with the methyl amine in 22, small acyclic secondary amines (23,
24, 26), and small cyclic amines (27, 28). Reduction in amine basi-
city lowered either cell potency (25) or selectivity (30). Com-
pounds with an ethylene between the amide carbonyl and amine
(32–34), in general, exhibited reduced cellular potency than their
non-homologated congeners. Removal of the amide carbonyl from
23 in 35 lowered IGF-1R potency and selectivity against JNK1. The
SAR observed in the indoline series was reflected in the tetrahydro-
quinolines (36–39). A simple acetyl on the ring nitrogen (36) had
modest cell potency which was rescued by the dimethylated amine
or piperidinyl analogs 37 and 38, respectively. These compounds
had the most favorable activity and selectivity parameters. The
presence of an extra carbon atom between the amide and amine
in 39 reduced IGF-1R cell potency. Thus a variety of indolines
(22–24, 26–28) and tetrahydroquinolines (37, 38) had a similar po-
tency and selectivity profile as the unconstrained analogs 10 and
11.


A better understanding of the SAR depicted in Table 3 was
achieved when a co-crystal structure of 40 (Fig. 2A, structure in
white) in complex with an Insulin Receptor (IR) mutant (C981S,
D1132N) was solved, revealing the inhibitor’s binding mode.14,15
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Table 3 (continued)
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Figure 2. (A) Co-crystal structure of IR Double Mutant (C981S, D1132N, carbon
atoms in gray) in complex with 40 (carbon atoms in green). Intermolecular H-bond
interactions are highlighted with yellow lines. (B) Structural model of JNK1 (carbon
atoms in gray) in complex with 40. Intermolecular H-bond and ionic interactions
are highlighted with yellow lines.


Table 4
In vivo rat DMPK Properties for selected analogs (values represent the average of three
animals)


Compound Dose
(mg/kg)


CL
(mL/min/kg)


po DNAUC (0–8 h)
(ng h/mL/mg/kg)


po Cmax


(ng/mL)
% F


iv po


2 — 9.0 — 133 233 —
4 2.5 13.0 112 85 192 60


23 2.6 13.0 48 190 455 61
40 2.5 10.0 73 210 365 98
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Compounds 40 and 23 are closely related analogs differing by only
a single methyl on the C20 0 carboxamide at the C4 aniline.16 More-
over, like 23, 40 is a potent IGF-1R inhibitor (enzyme IC50 = 2 nM,
phospho IGF-1R cellular IC50 = 85 nM) which is also selective for
this kinase over JNK1/3 (enzyme IC50 = 5010/2000 nM).17 Given
the high sequence identity (�80%) between IGF-1R and IR in the ki-
nase domain, we reasoned that the binding mode of 40 in IGF-1R
would be nearly identical to that observed in IR. The crystal struc-
ture showed that 40 formed two favorable interactions with
Asp1083 (Fig. 2). One is an H-bond interaction of the amide car-
bonyl with the residue’s backbone NH; the second is an ionic inter-
action with the side chain carboxylate. Asp1083 in the IR mutant

corresponded to Asp1056 in IGF-1R which formed an ionic interac-
tion with the ionizable isopropyl amine in 2 (see structural model
in Fig. 1). This interaction of the N,N-dimethyl glycinamide side
chain with the aspartate residue may explain why the carbonyl
group, its distance from the ionizable amine, and the nature of
the amine are important in maintaining a certain degree of activity
against IGF-1R. Modeling efforts were initiated to understand the
selectivity against JNK1 and 3. To that end a sequence alignment
of IGF-1R, IR, JNK1, and JNK3 was generated, which was then used
to superimpose X-ray structures of all four protein kinases, and a
plausible explanation was identified. If we assume a similar bind-
ing mode for 40 in JNK1 and 3,18 we first observed that an aspara-
gine (Asn114 in JNK1, Asn152 in JNK3) corresponded to the
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Asp1056 of IGF-1R (or Asp1083 for IR). We recognized that the
asparagine’s side chain carbonyl could form an H-bond with the
inhibitor’s protonated amine. However, as revealed by numerous
JNK X-ray structures, we found in our structural model (Fig. 2B)
that the carbonyl instead formed an internal H-bond interaction
with the enzyme’s backbone. In all cases, the amino group of the
asparagine was directed up towards the b1 strand, which would
place it in proximity to the inhibitor’s protonated amine, poten-
tially producing a non-favorable interaction. Thus the placement
of ionizable amines in the vicinity of the Asn leads to the observed
selectivity.


The in vivo rat pharmacokinetic properties of selected analogs
are listed in Table 4. While the lead piperazine 2 and the uncon-
strained analog 4 had reasonable oral exposure, the in vivo clear-
ance for 4 was quite high. Gratifyingly the indoline analogs 23
and 40 demonstrated better exposure (DNAUC) and higher maxi-
mum concentrations (Cmax) after oral administration. The excellent
oral bioavailability of 40, coupled with its potency and selectivity
profile, makes it a preferred candidate for advanced in vivo phar-
macodynamic studies.15,16


In summary, detailed investigation of C50 substituents of 4,6-
bis-anilino-1H-pyrrolo[2,3-d]pyrimidines revealed a set of com-
pounds with nanomolar inhibition of the IGF-1R tyrosine kinase
in enzymatic and cellular assays. An unprecedented interaction
of ionizable terminal amines at C50, sensitive to conformational
flexibility, with aspartate residue 1056 in IGF-1R was discov-
ered. The amide carbonyl of the N,N-dimethyl glycinamide ana-
logs participated in an additional H-bond with the backbone NH
of the aspartate residue. These basic amine containing func-
tional groups also imparted a 1000-fold selectivity over JNK
which was not attained by previously reported C40 substituted
analogs. Molecular modeling shed light on a possible explana-
tion for this selectivity. The examination of rodent pharmacoki-
netics of selected analogs provided promising compounds,
especially 23 and 40, which could be used orally for biological
characterization.
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A series of 7,8- and 8,9-fused triazole and imidazole analogues of cyclazocine have been made and char-
acterized in opioid receptor binding and [35S]GTPcS assays. Target compounds were designed to explore
the SAR surrounding our lead molecule for this study, namely the 8,9-fused pyrrolo analogue 2 of cyclaz-
ocine. Compared to 2, many of the new compounds in this study displayed very high affinity for opioid
receptors.


� 2008 Elsevier Ltd. All rights reserved.

In hopes of identifying long acting orally available analogues of
cyclazocine (1)1 as potential anti-cocaine medications, we reported
in 2003 the syntheses and pharmacological evaluation of a group of
analogues of cyclazocine where the phenolic 8-OH was replaced by
traditional bioisosteres.2 Cyclazocine has high affinity for l and j
opioid receptors (Table 1) and was evaluated in humans in the
1960s and early1970s as an analgesic and as a possible treatment
for preventing relapse in post-addicts of heroin.1 Among this group
was the known indole derivative 23 which had 56- and 39-fold
lower binding affinity to l and j opioid receptors, respectively,
than cyclazocine.2 While the activity of 2 did not meet our needs
with regard to the overall goals of the project, its interesting struc-
ture and reasonably good binding affinity prompted us to use it as
a lead for further analogue design and SAR study. From our studies2


as well as published SAR data,4 a H-bond donating group (i.e., OH,
NH) at position-8 is a vital part of the pharmacophore and plays a
major role in the design of new analogues of 2.
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We now wish to report the syntheses and pharmacological evalua-
tion of novel aza-substituted analogues of 2 where one or both CH’s
of the fused-pyrrolo ring are replaced by nitrogen. Specifically we
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Table 1
Opioid receptor binding data for cyclic variants of cyclazocine
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Ki (nM)a


Compound [3H]DAMGO (l) [3H]Naltrindole (d) [3H]U69,593 (j) j:lb j:dc


1d 0.16 ± 0.01 2.0 ± 0.22 0.07 ± 0.01 2 30
2e,f 18 ± 1.9 250 ± 14 7.0 ± 0.22 3 36
13f 0.31 ± 0.050 5.1 ± 0.65 0.063 ± 0.0016 5 81
14f 0.77 ± 0.051 18 ± 0.90 0.050 ± 0.002 15 360
15f 60 ± 7.9 730 ± 8.3 12 ± 1.3 5 61
16f 10 ± 1.0 51 ± 7.8 0.81 ± 0.19 12 63
17f 9.5 ± 0.58 680 ± 89 0.92 ± 0.040 10 740
18f 2.5 ± 0.23 160 ± 15 0.51 ± 0.023 5 310
19f 1.4 ± 0.043 46 ± 2.6 0.23 ± 0.009 6 200


a Binding assays used to screen compounds are similar to those previously reported (see Ref. 10). Membrane protein from CHO cells that stably expressed one type of the
human opioid receptor were incubated with 12 different concentrations of the compound in the presence of either 1 nM [3H]U69,593 (l), 0.25 nM [3H]DAMGO (d) or 0.2 nM
[3H]naltrindole (j) in a final volume of 1 mL of 50 mM Tris–HCl, pH 7.5 at 25 �C. Incubation times of 60 min were used for [3H]U69,593 and [3H]DAMGO. Because of a slower
association of [3H]naltrindole with the receptor, a 3-h incubation was used with this radioligand. Samples incubated with [3H]naltrindole also contained 10 mM MgCl2 and
0.5 mM phenylmethylsulfonyl fluoride. Nonspecific binding was measured by inclusion of 10 lM naloxone. The binding was terminated by filtering the samples through
Schleicher & Schuell No. 32 glass fiber filters using a Brandel 48-well cell harvester. The filters were subsequently washed three times with 3 mL of cold 50 mM Tris–HCl, pH
7.5, and were counted in 2 mL Ecoscint A scintillation fluid. For [3H]naltrindole and [3H]U69,593 binding, the filters were soaked in 0.1% polyethylenimine for at least 60 min
before use. IC50 values will be calculated by least squares fit to a logarithm-probit analysis. Ki values of unlabeled compounds were calculated from the equation Ki = (IC50)/
1 + S where S = (concentration of radioligand)/(Kd of radioligand)—see Ref. 13 The Kd values for [3H]DAMGO, [3H]U69,593, and [3H]naltrindole were 0.56, 0.34, and 0.10 nM,
respectively. Data are the mean ± SEM from at least three experiments performed in triplicate.


b j:l = Ki(l)/Ki(j).
c j:d = Ki(d)/Ki(j).
d See Ref. 1.
e See Refs. 2 and 3.
f Proton NMR, IR, and MS were consistent with the assigned structures of all new compounds. C, H, and N elemental analyses were obtained for all new target compounds


and most intermediates and were within ±0.4% of theoretical values.
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made the 8,9- and 7,8-fused imidazole (3/4: X = CH) and triazole (3/
4: X = N) derivatives, respectively, as well as the 20-methyl imidaz-
ole analogues (3/4: X = CCH3). To the best of our knowledge, there
are no reports in the literature of such imidazole and triazole ring
fusions to opioid core structures. Reports of 8,9-fused (cyclazocine
numbering) thiazole5 and oxazole6 derivatives have appeared.


Target compounds 13–19 were prepared as shown in Scheme
1. Amination7,8 of the known pair9 of regioisomeric nitro triflate
derivatives 5 and 6 with benzophenone imine provided 7 and 8
in yields of 88% and 56%, respectively. Hydrolysis of 7 and 8
proceeded smoothly in 3 N HCl to provide amine derivatives 9
and 10, respectively, in yields of 88% and 98%, respectively.
Reduction of 9 and 10 using standard conditions provided the
somewhat unstable diamine derivatives 11 and 12, respectively,
in quantitative yield. An alternative process for making diamine
11 involved reaction of triflate ester 5 with benzylamine in ace-
tonitrile at reflux for 18 h to give the corresponding 8-benzyl-
amino-9-nitro derivative in 77% yield which was subsequently
reduced (10% Pd/C, HCO2NH4, CH3OH, 65 �C, 20 h) to give dia-
mine 11 in 67% yield.


Compound 11 was treated with formic acid, acetic acid, or phos-
gene to give 8,9-fused imidazole compounds 13, 14, and 15,
respectively, in yields of 69%, 62%, and 78%, respectively. In similar
fashion, reaction of diamine intermediate 12 with formic acid or
acetic acid provided 7,8-fused imidazole derivatives 17 and 18,

respectively, in yields of 80% and 97%, respectively. In CDCl3 solu-
tion, proton NMR data show that imidazoles 14, 17, and 18 exist as
a mixture of NH tautomers (i.e., 3/3a and 4/4a); compound 13 was
isolated and characterized as a dihydrochloride salt and thus can-
not exhibit this type of tautomerism. Diamines 11 and 12 were also
treated with NaNO2 in acetic acid to provide triazole compounds
16 and 19, respectively, in yields of 68% and 62%, respectively. In
CDCl3 solution, both triazole analogues show the NH as a broad
singlet suggesting that their respective tautomers rapidly equili-
brate on the NMR timescale.


Target compounds were screened for their affinity and selectiv-
ity for l, d, and j opioid receptors stably expressed in Chinese
hamster ovary (CHO) cell membranes (Table 1).10 In addition, sev-
eral high affinity compounds were evaluated for functional activity
in [35S]GTPcS assays (Table 2).11 Details of these assays are found
in footnotes to the appropriate tables. Data for cyclazocine (1)
and lead compound 2 are also included. All compounds in the Ta-
bles are racemic. Against the d receptor, binding affinity for all new
compounds 13-19 in Table 1 is low (Ki = 5.1–730 nM) relative to
their corresponding affinities for l (Ki = 0.31–60 nM) and j
(Ki = 0.050–12 nM) opioid receptors. Therefore, we focused our
analysis of data against the l and j receptors. Imidazole target
compounds 13 and 14 have very high binding affinity for the l
opioid receptor (Ki = 0.31 and 0.77 nM, respectively) and
exceptionally high affinity for j (Ki = 0.063 and 0.050 nM, respec-
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Scheme 1. Reagents and conditions: (a) Pd(OAc)2, BINAP, Cs2CO3, HN@C(Ph)2, tol, 150 �C, 15 min, microwaves; (b) 3 N HCl, THF, 25 �C, 30 min; (c) 10% Pd/C, MeOH, 42 psi H2,
25 �C, 8 h; (d) HCO2H, 101 �C, 20 h; (e) CH3CO2H, 130 �C, 30 min, microwaves; (f) COCl2 in tol, THF, 25 �, 16 h; (g) NaNO2, CH3CO2H, 25 �C, 1 h.


Table 2
EC50 and Emax values for the stimulation of [35S]GTPcS binding and IC50 and Imax values for the inhibition of agonist-stimulated [35S]GTPcS binding to the human l and j opioid
receptorsa


Compound Functional description EC50 (nM) Emax (% maximal stimulation) IC50 (nM) Imax (% maximal inhibition)


Mu opioid receptor
DAMGO Agonist 55 ± 7 116 ± 4 NIb NI
1 Agonist/antagonist 4.0 ± 1.3 24 ± 2.7 13 ± 2.2 67 ± 3.1
13 Weak agonist/antagonist 9.8 ± 3.3 22 ± 2.5 170 ± 54 89 ± 1.9
14 Agonist/weak antagonist 18 ± 1.6 55 ± 2.8 11000 ± 1000 100 ± 0.20
16 Antagonist NAc <20% NA 73 ± 3.6d


19 Antagonist NA 0.58 ± 1.6 99 ± 5.1 98 ± 1.8


Kappa opioid receptor
U50,488 Agonist 36 ± 5.0 77 ± 11 NI NI
1 Agonist 1.3 ± 0.20 57 ± 3.8 NI NI
13 Agonist 4.7 ± 0.93 69 ± 4.3 NI NI
14 Agonist 5.8 ± 0.42 73 ± 2.5 NI NI
16 Agonist 77 ± 2.3 110 ± 8.8 NI NI
19 Agonist 8.6 ± 1.6 65 ± 2.7 NI NI


a See Ref. 11 for experimental details. Data are the mean values ± SEM from at least three separate experiments, performed in triplicate. For calculation of the Emax values,
the basal [35S]GTPcS binding was set at 0%. For inhibition studies, 200 nM DAMGO was used as the agonist for the l receptor and U50,488 at final concentration of 100 nM
was used for the j receptor.


b NI, no inhibition.
c NA, not applicable.
d This compound produced this inhibition at 10 lM, but did not reach a plateau in inhibiting DAMGO-stimulated [35S]GTPcS binding. An IC50 value could not be determined


because the inhibition of DAMGO-stimulated [35S]GTPcS binding did not reach a plateau at concentrations up to 10 lM.
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tively). When the 20-substuent on the imidazole ring is OH (15),
binding affinity is very low [Ki = 60 nM (l) and 12 nM (j)].
8,9-Fused triazole 16 displays Ki values of 10 nM (l) and 0.81 nM
(j). We also prepared target compounds to probe the effect of fus-
ing imidazole or triazole rings to the 7,8-positions of cyclazocine.
The 20-H and 20-methyl imidazole analogues 17 and 18,
respectively, display moderate affinity for l (Ki = 9.5 and 2.5 nM,
respectively) and high affinity for the j receptor (Ki = 0.92 and
0.51 nM, respectively). The 7,8-fused triazole analogue 19 displays
very good affinity for both l and j receptors with Ki values of 1.4
and 0.23 nM, respectively.


From a SAR perspective, it is apparent that replacing the pyr-
rolo CH closest to the benzenoid ring of lead 2 with the classi-

cal12 bioisosteric replacement N (to give 13) results in a
significant increase in binding affinity for l and j of ca. 60-
and 110-fold, respectively. Replacing the 20-H of 13 with methyl
(14) has little effect on l and j affinity, however, compound 15
with a 20-OH group has ca. 200-fold lower affinity for the recep-
tors than 13/14. Compared to lead compound 2, triazole 16,
where both pyrrolo CH’s are replaced by N, binding affinity is
approximately the same for l, however, affinity for the j recep-
tor is increased nearly 7-fold. When the lone pyrrolo CH of 20-H
imidazole 13 is replaced by N, however, binding affinity of the
same resulting triazole 16 is significantly decreased for l
(32-fold) and j (13-fold). Transposing the 20-H imidazole ring
from the 8,9- to 7,8-positions (compare 13 to 17) results in
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significantly decreased binding affinity for both l (30-fold) and
j (15-fold). However, when the imidazole ring bears a 20-methyl
group (compare 14 to 18), binding affinity decreases only 3-fold
for l and 10-fold for j. Upon rearrangement of the triazole ring
in similar fashion (compare 16 to 19), a divergent SAR is ob-
served, namely, the 7,8-isomer 16 has significantly higher affin-
ity for l (7-fold) and j (4-fold) than the 8,9-fused isomer 19.


Unlike lead compound 2, the imidazole and triazole compounds
13–19 of this study can exist in two different tautomeric states
(e.g., 3/3a and 4/4a). Since historical SAR data indicates that an
H-bond donor group (e.g., OH or NHR) at the 8-position is an
important part of the pharmacophore,2,4 we assume that the bioac-
tive form (i.e., 3 and 4) of each potent target compound in this
study is that where the putative NH donor resides at the same site
(position-8) as the OH of cyclazocine. In the unbound state, how-
ever, proton NMR data indicate that several target compounds
exist as tautomeric mixtures in CDCl3 solution. Similarly, interpre-
tation of the binding data (i.e., poor affinity) for 15 is made difficult
since the 20-OH imidazole motif (as drawn) may well exist as the
cyclic urea tautomer at the active site of the protein.
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High affinity opioid ligands 13 and 14 (both 8,9-fused imidazoles)
as well as both isomeric triazole derivatives 16 and 19 were evalu-
ated for functional activity in [35S]GTPcS assays (Table 2). Rather
than using the relatively low affinity lead compound 2 as a compar-
ator, cyclazocine (1) was used. At the l receptor, imidazole com-
pounds 13 and 14 display mixed agonist/antagonist properties
although they have somewhat different potencies. Triazoles 16
and 19 are both very low affinity antagonists at the l receptor.
Cyclazocine in these assays is a high potency mixed agonist/antag-
onist. Against the j receptor, all four target compounds as well as
cyclazocine are agonists and potency correlates reasonably well
with binding affinity.

In summary, using the known 8,9-fused pyrrolo cyclazocine
analogue 2 as a lead structure, design of initial structures for this
study was based on a classical bioisosterism strategy whereby
we replaced the pyrrolo CH group(s) of 2 with N, a group of similar
size. Such a CH M N strategy might be expected to produce broadly
similar biological properties, however, unexpected results were
observed for novel compounds 13 and 16. Compared to 2, imidaz-
ole 13 displayed very high affinity for l and exceptionally high
affinity for the j receptor, while triazole 16 had impressive affinity
for j. From these data it is reasonable to conclude that the role of
the added aza substitution(s) in the heterocyclic ring of 2 is not
well-understood and goes beyond the classical bioisosterism
concept. In addition, a divergent SAR was noted upon transposing
the fused imidazole and triazole rings from the 8,9- to the 7,8-posi-
tions. Studies to determine if/how tautomerization, electronics,
H-bond donor/acceptor or other physicochemical properties affect
binding affinity are ongoing in our laboratories and will be the
subject of future communications.
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In the design of potent and selective sphingosine-1-phosphate receptor agonists, we were able to identify
two series of molecules based on phenylamide and phenylimidazole analogs of FTY-720. Several designed
molecules in these scaffolds have demonstrated selectivity for S1P receptor subtype 1 versus 3 and excel-
lent in vivo activity in mouse. Two molecules PPI-4621 (4b) and PPI-4691 (10a), demonstrated dose
responsive lymphopenia, when administered orally.


� 2008 Elsevier Ltd. All rights reserved.

The discovery of the sphingosine-1-phosphate (S1P) receptor
class of G-protein coupled receptors (GPCRs) has opened up excit-
ing and highly competitive areas of research and development. Sig-
naling through members of this cluster of five receptors (S1P1–5)
with the endogenous natural ligand S1P can induce multiple
effects on cardiovascular and immune system function and other
yet poorly defined effects on additional physiological systems.1


FTY-720 is a new molecular entity undergoing clinical evalua-
tion. This prodrug is currently in phase III clinical studies for multi-
ple sclerosis and has completed clinical trials in solid organ
transplant rejection prevention.2 The prodrug FTY-720, upon
in vivo phosphorylation, converts to a potent non-selective S1P
receptor agonist (S1P1,3–5) that has profound immunomodulatory
activity through direct modulation of in lymphocyte trafficking.3


This immunomodulatory activity is due to triggering of S1P recep-
tor subtype 1 (S1P1) signaling cascades.4 In contrast, it is postu-
lated that agonists of S1P receptor subtype 3 (S1P3) have been
associated with deleterious side effects including bradycardia.5


We therefore sought to discover potent S1P1 receptor agonists with
low potency on S1P3 (S1P3-sparing) in order to retain the positive

ll rights reserved.


dar).

therapeutic properties and reduce the side effect profile of non-
selective S1P receptor agonists like FTY-720.


Our effort to explore new chemical entities in the S1P agonist
area started with investigations of S1P and FTY-720 based analogs.
A preliminary exploration of S1P related structures has demon-
strated that an amide insertion in the S1P structure is well toler-
ated (Fig. 1a).6 Most recently, Clemens and co-workers have
demonstrated this by replacing the ethylene component of FTY-
720 with an amide bond to allow for active molecules across S1P
receptor subtypes 1, 3, 4, and 5 (Fig. 1b).7 We chose the amide in-
serted analog of FTY-720 as an entry point for medicinal chemistry
and determination of a structure–activity relationship (SAR). With
a simple synthetic strategy in hand (Scheme 1), one could envision
the use of an aniline moiety to take advantage of the amino acid
chiral pool as a potential agonist head-piece (Fig. 2) to establish
a rapid SAR of the region. This allowed for utility of a mono alcohol
species to avoid issues with mono phosphate synthesis from pro-
chiral diols. We envisioned introduction of a phenolic oxygen at
the lipophilic tail section to facilitate convergent synthesis and
expedited tail modifications and thus it was important to gain a
thorough understanding of the effects this modification would
exert on the in vivo biological activity of these analogs. The ether
insertion would allow for the utility of a commercial library of
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Figure 1. (a) S1P and its corresponding amide analog; (b) phospho-FTY-720 and its
corresponding amino acid based analog.


Table 1
Percent lymphopenia obtained upon 10 mg/kg oral (PO) administration of the alcohol
at 6 h post-dosing in mice11
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Scheme 2. Reagents and conditions: (i) alkylbromide, KOtBu, NaI, acetone; (ii)
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substituted 4-aminophenols or precursors to develop an extensive
SAR around both the linker and lipophilic tail sections. Further-
more, we envisioned replacement of the amide bond with a more
rigid imidazole ring (Fig. 2) as a potential alternative scaffold with
the goals of establishing SAR around the linker section and ulti-
mately achieving an active S1P1 agonist with in vivo potency and
a moderate degree of selectivity for S1P receptor subtype 1 over 3.


In pursuit of obtaining a preliminary SAR in phenylamide deriv-
atives of FTY-720 we have generated a number of compounds

based on synthetic (Scheme 1). Alkylation of the hydroxyl group
of a substituted aminophenol 1 was achieved using alkyl bromide
and a catalytic amount of NaI in the presence of either Cs2CO3 in
DMF (60 �C) or KOtBu in acetone (50 �C). The amino group of the
desired intermediate was then acylated with the desired Boc-pro-
tected amino acid using either N-ethylcarbodiimide (EDC),
1-hydroxybenzotriazole (HOBt), and N,N-diisopropylethylamine
(DIPEA) or O-(7-azabenzotriazol-1-yl)-1,1,3,3-tetramethyluronium
hexafluorophosphate (HATU) and DIPEA. The final compound was
obtained in good yields from Boc deprotection of the intermediate
with 30% trifluoroacetic acid (TFA).


Based on the short synthetic strategy (Scheme 1), commercial
availability of the starting material, and in vivo lymphopenia, a
preliminary SAR was obtained as illustrated in Figure 1. This SAR
demonstrated that the S-chirality of the amine was essential for
compound activity with a-methyl-serine providing better in vivo
activity than serine, homo-serine or threonine.8 Incorporation of
an oxygen in the alkyl tail section of the molecule provided better
in vivo activity in comparison to the des-oxy analog (Table 1). Fur-
ther investigation of alkyl ether tail modifications (C5 through C10)
provided moderate to good in vivo activity with C8 (4b, PPI-4621)
demonstrating optimal in vivo activity. Fluorine substitution on
the aromatic linker was the only tolerated substitution.


Our next approach was modification of the amide linker region
to apply a rigid imidazole ring to explore the SAR relative to the
azole series of molecules. The designed compounds were synthe-
sized as described in Scheme 2. Substituted phenols were alkylated
with the appropriate alkyl bromide using KOtBu in acetone and a
catalytic amount of NaI at 50 �C, or in a microwave at 80 �C using
KOtBu in THF. Friedel-Crafts acylation of the corresponding phenyl
ether provided the bromoacetophenone precursor. Reaction of the
bromoacetophenone with N-protected-amino acid provided the
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amino acid ester intermediate which, upon intramolecular cycliza-
tion in the presence of excess ammonium acetate, produced the
desired phenylimidazole. The phenylimidazole was either depro-
tected to remove the Boc group using 30% TFA in CH2Cl2, or was
phosphorylated as illustrated in Scheme 3.


The imidazole analogs of FTY-720 showed excellent in vivo
activity analogous to the corresponding amide analogs (Table 2).
The C8 analog (10a, PPI-4691) showed slightly better in vivo activ-
ity than the C7 analogs. Similar to the amide counter-part, only flu-
oro substitution was tolerated on the phenyl group.


In order to determine the binding activity and compound selec-
tivity against human S1P1 and S1P3 receptors, the desired phos-
phates were synthesized based on the synthetic strategy
illustrated in Scheme 3. Reaction of Boc-protected amino-alcohol
with excess diethyl chlorophosphate in the presence of triethyl-
amine gave phospho-triester 11 which upon treatment with excess
bromotrimethylsilane afforded the desired final phosphate 12.


Binding activity of S1P and synthesized phosphate agonists
were measured using a modified version of the [33P]S1P binding
assay described by Davis and co-workers.9 S1P and compound
12a showed similar binding activity at S1P1 as reported in Table
3. Compounds 12b–12e showed similar binding activity at S1P1


with two- to threefold improvement over 12a. This demonstrated

Table 2
Percent lymphopenia obtained upon 10 mg/kg oral (PO) administration of the alcohol
at 6 h post-dosing in mice9


R2 O


NH


N
OH


Me
NH2


R1


Alcohol R1 R2 Percent lymphopenia


10a H C8H17 83
10b H C7H15 74
10c 2-F C8H17 70
10d 3-F C8H17 81


Table 3
[33P]S1P binding activity on human S1P1,3–5 receptor subtypes


O


Q
R1


C8H17
1 2


3


Agonist Q R1 hS1P1


IC50 (nM)


S1P — — 0.47
12a Amide H 0.73
12b Amide 2-F 0.14
12c Amide 3-F 0.35
12d Imidazole H 0.26
12e Imidazole 2-F 0.35

the change from amide to imidazole allowed for SAR information
transfer to obtain potent S1P agonists. Compounds 12a–12e dem-
onstrated weaker but similar binding activity at S1P3, allowing for
moderate to good selectivity of eight- to 42-fold. Overall, relatively
weaker binding activity was observed for the amide series at
receptor subtypes 4 and 5. The [35S]GTPcS functional assay was
used to further investigate the receptor subtype selectivity of both
series of molecules. The functional assay binding activity was mea-
sured as described by Davis and co-workers.10 Agonist 12e was
observed to be three times more potent than S1P itself with a
relatively moderate selectivity of eightfold for S1P1 over S1P3


(Table 4). Fluoro-substitution on the phenyl ring appeared to have
little or no effect on the agonist activity or selectivity. A further
three- to fivefold improvement in S1P1 receptor activity was
observed when the amide group was replaced with an imidazole
moiety (compounds 12d and 12e). Even though the S1P3 activity
for the amide and imidazole analogs remained the same, the im-
proved activity at S1P1 for the corresponding imidazole analogs
led to three- to fivefold improvement in agonist selectivity for
S1P1 over S1P3. Therefore, based on the functional assay against
human S1P1 and S1P3 receptors, both amide and imidazole series
of the S1P agonist demonstrated excellent S1P1 receptor agonist
activity with moderate to good overall selectivity for S1P receptor
subtypes 1 over 3.


The lead compounds 4b (PPI-4621) and 10a (PPI-4691) were
further investigated for in vivo dose response when orally
administered at doses between 0.3 and 10 mg/kg. Both compounds
showed excellent lymphopenia at 10 and 3 mg/kg (Fig. 3). At
0.3 mg/kg both compounds showed little or no response while at
1 mg/kg both compounds showed good to moderate response with

O
Me


NH2


P
O


HOOH


hS1P3 hS1P4 hS1P5 S1P3/S1P1


IC50 (nM) IC50 (nM) IC50 (nM)


0.66 2.4 1.1 —
5.9 4.0 8.8 8.1
5.9 3.5 6.9 42
3.6 1.8 3.2 10.2
5.3 1.1 1.4 20.3
5.8 1.9 1.1 16.5


[35S]GTPcS binding activity on human S1P1,3–5 receptor subtypes


O


Q
O


Me
NH2


R1


P
O


HOOH


C8H17
1 2


3


Agonist Q R1 hS1P1 hS1P3 S1P3/S1P1


EC50 (nM) EC50 (nM)


S1P — — 7.9 3 0.4
12a Amide H 2.4 16.3 6.9
12b Amide 2-F 1.1 10.1 9.2
12c Amide 3-F 2.1 9.8 4.7
12d Imidazole H 0.55 14.8 26.9
12e Imidazole 2-F 0.45 10.8 24
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Figure 3. Dose responsive lymphopenia for lead compounds 10a (PPI-4691) and 4b
(PPI-4621) relative to the vehicle.
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compound 10a showing better in vivo activity. Overall, both com-
pounds 4b and 10a demonstrated excellent dose responsiveness
when administered orally at doses between 0.3 and 10 mg/kg.


In summary, we have generated a robust SAR around two differ-
ent scaffolds of S1P1 receptor agonists. We have demonstrated
excellent S1P1 receptor binding potency with moderate to good
selectivity in both series of molecules, with the phenyl-imidazole
series of molecules giving further improvement in receptor selec-
tivity and in vivo potency. Our lead molecules from these series,
4b (PPI-4621) and 10a (PPI-4691), demonstrated that both alk-
oxy-phenylamide and alkoxy-phenylimidazole analogs have excel-
lent in vivo oral activity. These new chemical entities provide a
solid foundation for further structural modifications and explora-
tion to enhance agonist selectivity.
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Initial evaluation of a series 4,6-bis-anilino-1H-pyrrolo[2,3-d]pyrimidines revealed a C(1 ) carboxamide
was preferred for sub-micromolar in vitro potency against IGF-1R. Subsequent solution stability studies
with 1 revealed a susceptibility toward acid-induced intramolecular cyclization with the C(10) carboxam-
ide. Herein, we describe several successful approaches toward generating both potent and acid-stable
inhibitors of IGF-1R within the 4,6-bis-anilino-1H-pyrrolo[2,3-d]pyrimidine template.


� 2008 Elsevier Ltd. All rights reserved.

Table 1
In vivo rat DMPK properties for 1–3 (data represents an average of three animals)


Compound Dose
(mg/kg)


Cl (mL/min/kg) DNAUC
(ng h/mL/mg/kg)


%F (parent)


IV PO Parent 2 3

The activation of IGF-1R in many human cancers coupled with
the observation that inhibition of IGF-1R signaling results in a de-
creased proliferation of tumor cells in vitro and in vivo has made it
an attractive oncology target.1 As such, the optimization of inhibi-
tors of IGF-1R has been reported by multiple groups in diverse
chemical space.2 We have previously disclosed the synthesis and
optimization of a series of 4,6-bis-anilino-1H-pyrrolo[2,3-d]pyrim-
idines wherein a C(10) carboxamide, which interacts with Asp1150
through a water-mediated hydrogen bond, was believed a prere-
quisite for potent inhibition of IGF-1R.3,4


Subsequent to our initial biological characterization of 1, solu-
tion stability studies revealed a tendency toward decomposition
in acidic media. Further investigation identified tetracycle 2 and
acid 3 as the principle degradants (Scheme 1). Tetracycle 2 ap-
peared to account for the unusual sensitivity of the carboxamide
to mildly acidic media. In enzymatic estimates of IGF-1R potency,
2 and 3 showed reductions in potency relative to 1 of 20- and 4-
fold, respectively. With the solution instability of 1 well-character-
ized, the design of potent analogs not suffering from this liability
became a key medicinal chemistry aim.


The propensity toward hydrolysis did not prevent reasonable
oral exposure of 1, and as such allowed its use as an orally admin-

ll rights reserved.


l).

istered tool for ongoing drug-discovery efforts relating to IGF-1R.
Isolation of authentic standards of 2 and 3 allowed their in vivo
pharmacokinetics to be investigated. Tetracycle 2 exhibited
slightly better exposure than parent 1 when dosed as a suspension
in rat (Table 1), and accounted for about 10% of the total AUC when
1 was dosed as an oral suspension (Table 1). Carboxylic acid 3
showed no oral exposure, was rapidly cleared when dosed as an
iv solution, and could not be detected in plasma following oral dos-
ing of 1 or 2. As a consequence of these data, medicinal chemistry
efforts were focused on accessing potent analogs which would be
more resistant toward in vivo hydrolysis in the stomach and espe-
cially in pharmaceutical formulations with pH <4.


Suspecting the electrophilicity of the carboxamide might corre-
late with decomposition rate (i.e., 1 ? 2 ? 3), we measured the
half-life for decomposition of parent (0.1 N HCl, 25 �C, LC–MS) as

1 2.1 9.2 51 156 18 0 65
2 2.2 9.8 47 203 — 0 81
3 1.4 9.8 >200 0 0 0 0



mailto:JBS26900@GSK.com

http://www.sciencedirect.com/science/journal/0960894X

http://www.elsevier.com/locate/bmcl





N


N N


N


O


NH2 F


N


N


O


N


H


H


N


N N


O


NF


N


N


O


N


H


N


N N


N


O


OH F


N


N


O


N


H


H


1 32


a. H2O


1


3 4


6


1'


1


3


6


1'


4


1


3


6


1'


Scheme 1. Acid-induced intramolecular cyclization of 1. Conditions: (a) 0.1 N HCl (aq), ambient temperature, t1/2 = 17 h.


Table 2
Rates of decomposition (0.1 N HCl (aq) at 23 �C) and potency for substituted
carboxamides


N


N NN


N
N N


O


N R2


O


H


R3


R4


H


HH


H


1


4


6


Compound R2 R3 R4 t½ (h) IGF-1R enzyme IC50 (nM)


1 F H H 17 2.0
4 H F H 2 0.9
5 H H F 4 0.7
6 F F H 17 1.3
7 F H F 39 0.8


Assay conditions used have been previously described and represent an average of
P2 independent measurements (see Ref. 4).
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a function of substitution about the C(4) aniline (Table 2). Adding
an electronegative fluorine at R2 afforded half-lives 5- to 10-fold
longer than identical substitution at R3 or R4. We hypothesized a
hydrogen-bonding network including electronegative R2 might ac-
count for the increased activation barrier toward hydrolysis for 1,
6, and 7. Disubstitution (7) appeared to afford an additive impact
on elongating t1/2, but the overall impact of various substituents
on R2, R3, and R4 was subtle. All compounds (1 and 4–7)
shared an unacceptable propensity (t1/2 < 100 h) toward
decomposition.


The most straightforward improvement in cyclization half-life
would be anticipated to arise from removal of the offending car-
boxamide all-together. This proved a unique synthetic challenge,
as the syntheses of 1 and 4–7 necessitated the design of an internal
carboxamide-mediated activation strategy routed through the
intermediacy of cyclized intermediates related to 22 (vide infra).
This synthetic approach and its limitations has been described in
detail elsewhere.3 Ultimately we acknowledged that our chemis-
tries for the preparation of 1 and 4–7 had evolved to rely on the
very carboxamide functionality causing stability problems in acidic
media. However, using a Buchwald–Hartwig approach,5 we found
we could prepare milligram quantities of a variety of analogs
(Table 3) lacking a carboxamide in very modest yields. Of these

analogs, dihydro-3H-indazole-3-one 11, indoline 12, and quinoline
13 retained reasonable potency at the enzyme level, but proved
much less promising in the context of cellular estimates of IGF-
1R inhibition (Table 3). Similarly, 9, 10, and 14–16 suffered from
10- to 100-fold losses in potency relative to 1 in both the IGF-1R
enzyme and cellular assays. A suitably potent IGF-1R inhibitor
lacking a carboxamide was not identified in the context of the iso-
propylpiperazine tail.


As we considered possible alternative strategies toward
improving the stability within our series, a past synthetic problem
piqued our interest. Specifically, we had found that although thio-
phene 17 added smoothly to key dichloro intermediate 8, the sub-
sequent formation of key, activated intermediate 21 and C(6)
chloride displacement by aniline 19 does not occur to any appre-
ciable extent upon exposure to protic or Lewis acids (i.e.,
18 ? 22, Scheme 2), in direct contrast to the corresponding benz-
amides.3 Although this unanticipated stability to acid was difficult
to rationalize, we reasoned the same stability to acid that makes 18
an undesirable synthetic intermediate might ultimately impart
acid stability on analogs related to it. We developed a modified
synthetic protocol to allow access to heterocyclic 23–28, which
was routed through activated intermediate 21, accessible via a
non-acidic cyclization event (Scheme 2).


Acid-catalyzed addition of thiophene 20 to 8 was followed by
base-mediated saponification of the methyl ester and exposure
to oxalyl chloride to give key, activated intermediate 21. Displace-
ment of the C(6) chloride of isolated 21 with aniline 19 proceeded
smoothly to afford 22. Finally, ring-opening with ammonium
hydroxide in THF/H2O in a sealed tube followed by base-mediated
hydrolysis of the tosylate protecting group afforded 23 in reason-
able overall yield. This route allowed us to both bypass acid-stable
but synthetically useless 18 and access primary carboxamides de-
rived from amino-thiophenes as final analogs.


The reduced reactivity of 18 was found to correlate with desir-
able stability properties for 23–28. Gratifyingly, 23–28 showed a
tremendously reduced propensity toward acid-induced decompo-
sition in 0.1 N HCl despite possessing a primary carboxamide.
Additionally, no reduction in potency was observed via direct sub-
stitution of an amino-thiophene for the C(4) aniline. In fact 26–28
proved to be the most potent inhibitors of IGF-1R at both the cel-
lular and enzyme level prepared during the course of our efforts
(Table 4).


With the recognition that a C(4) heteroaryl amine could impart
acid-stability in the context of exceptional potency, we undertook
a more systematic investigation of related modifications at C(4).
Furans (31 and 32), regioisomeric thiophenes (30), and pyridines







Table 3
IGF-1R enzyme and phospho cellular IGF-1R IC50 results for 1, 3, and 9–16


N


N NN


N
N


O


R
X


H H


Compound R X IGF-1R
enzyme IC50


(nM)


PhosphoI GF-1R
Cellular IC50 (nM)


1


NH


F


O


NH2


2.0 117


2


NH


F


O


OH


7.9 30,000


9
NH


NC


79 2745


10
NH


O


32 982


11


N
NH


O


6.0 546


12
N


10 1770


13


N


N
13 773


14


N


N


250 2534


15 N
H


N


400 1695


16


NH


N
N


25 654


Assay conditions used have been previously described and represent the average of
P2 independent measurements (see Ref. 4).
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Scheme 2. General synthesis for heterocyclic C(4) anilines containing a carbox-
amide activating group.
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(35 and 36) all proved more potent at both the enzyme and cellular
level than benzamide 29 and could be synthesized in analogy to
23–28. Additionally, these analogs showed a >100-fold improve-
ment in acid stability over benzamide 29 with the exception of
pyridyl analogs 35 and 36 (Table 5). Additionally, constrained lac-
tam 37 retained both remarkable potency and stability. Finally,
indolines 33 and 34 proved much more potent than initial indoline
12, wherein the improvement in potency is likely attributable to a
specific bidentate interaction between the N,N-dimethyl glycine
moiety and Asp1056.4


In summary, a key developability issue was observed for po-
tent IGF-1R inhibitor 1 wherein an acid-mediated cyclization of
the pyrimidine moiety onto the pendant carboxamide led to
facile hydrolysis in vitro and in vivo. Remarkable improvements
in both inhibitor stability and potency were realized via substi-
tution at C(4) with carboxamide-containing 5-membered het-
eroaryl amines (23–28 and 30–32), a constrained lactam (37),
or indolines (33 and 34).6 Further biological characterization
and in vivo pharmacokinetics of this subclass of exceptionally
potent and acid-stable inhibitors of IGF-1R will be reported in
due course.







Table 5
IGF-1R enzyme and phospho cellular IGF-1R IC50 results for 29–37 (data represents
P2 independent measurements)


N


N NN


R


O


X
N


N


O


H


H


4


Compound R X t½ (h) IGF-1R
enzyme
IC50 (nM)


PhosphoI
GF-1R Cellular
IC50 (nM)


29


N


O


N


F


CH2 2 1 54


30
S


N


O


NH


CH2 390 2 25


31
O


N


O


NH2


CH2 >1000 0.8 28
32 CH2CH2 >1000 0.3 9


33
N


CH2 >1000 0.8 160
34 CH2CH2 >1000 0.5 15


35
N


N


O


N


CH2 15 0.7 38
36 CH2CH2 27 0.5 18


37


N


O


N


CH2 >1000 0.8 16


t1/2 measured at 23 �C in 0.1 N HCl.


Table 4
IGF-1R enzyme and phospho cellular IGF-1R IC50 results for 23–28 (data represents
P2 independent measurements)
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NH2


4


Com-
pound


R t½


(h)
IGF-1R
enzyme
IC50 (nM)


PhosphoI
GF-1R
Cellular
IC50 (nM)


23 N


N


O


N


>1000 1.6 106


24
N


N


N


O


N


SO2Me


430 5.0 92


25


N


O


N


920 1.3 52


26


N
N


O
O


N


250 0.3 10


27


N
N


O
O


N


830 <0.2 6


28


N
N


O
O


N


720 0.2 <2


t1/2 measured at 23 �C in 0.1 N HCl.
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6. The overall kinase selectivity for 1, 4–7, 9–16, and 23–37 is relatively unchanged
from the key molecules highlighted in Refs. 4,5. For example: (a) thiophene
carboxamide 26 has a measured IC50 P1 lM for 41 of 44 kinases tested, with
IGF-1R, IR, and ALK giving IC50s of 0.3, 0.4, and 0.4 nM respectively; (b) furan
carboxamide 31 has a measured IC50 P 1 lM for 34 of 36 kinases tested, with
IGF-1R and IR giving IC50s of 0.8 and 0.8 nM, respectively (ALK not tested); (c)
constrained lactam 37 has a measured IC50 of P1 lM for 35 of 38 kinases tested
with IGF-1R, IR, and ALK giving IC50s of 0.8, 0.8, and 2.5 nM, respectively. For 26,
31, and 37 measured IC50s for PI3K, GSK3, and AKT were all >10 lM.
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The discovery and synthesis of a series of 2-amino-5-benzoyl-4-(2-furyl)thiazoles as adenosine A2A


receptor antagonists from a small-molecule combinatorial library using a high-throughput radioligand-
binding assay is described. Antagonists were further characterized in the A2A binding assay and an A1


selectivity assay. Selected examples exhibited excellent affinity for A2A and good selectivity versus the
A1 receptor.


� 2008 Elsevier Ltd. All rights reserved.

Adenosine is a modulator of multiple physiological processes,
including cardiovascular, neurological and respiratory functions.
Adenosine mediates its effects through the specific G-protein-cou-
pled receptors (GPCR’s) A1, A2A, A2B and A3. A2A antagonists have
been shown to produce an increase in locomotor activity, a de-
crease of neuroleptic-induced catalepsy, and a decrease of MPTP-
induced hypomotility. These observations support therapeutic
use of A2A antagonists for neurodegenerative disorders such as
Parkinson’s disease and Alzheimer’s disease.


Parkinson’s disease is a neurodegenerative disorder character-
ized by loss of motor coordination manifested as tremor and rigid-
ity of the limbs and trunk.1 These symptoms are due to the
deterioration and loss of dopaminergic neurons in the pars com-
pacta region of the substantia nigra, which result in a decrease of
dopamine in the striatum.2 Restoration of motor activity is
achieved by treatment with L-3,4-dihydroxyphenylalanine (L-
Dopa).3,4


L-Dopa treats the symptoms of Parkinson’s disease but
does not arrest or reverse the neurodegeneration of dopaminergic
neurons. The finding that the adenosine A2A receptor is primarily
located in the striatum5 and is co-expressed with the dopamine
D2 receptor6,7 support a role for A2A in motor activity. Stimulation
of the A2A receptor has been found to induce sedation and cata-
lepsy, and inhibits the motor-stimulating effects of dopamine
receptor agonists.8 A2A antagonists synergize with D2 agonists to

All rights reserved.


: +1 609 655 4187.
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stimulate locomotor activity.9 The effects of A2A antagonists have
also been reported to afford neuroprotection in animal models of
Parkinson’s disease.10,11 Studies with A2A and/or D2 knockout mice
support these observations.12


The in vivo efficacy of a variety of small-molecule A2A antago-
nists in animal models of Parkinson’s disease has established the
potential pharmaceutical utility for this class of compounds.13–22


The A2A antagonists Istradefylline (KW-6002)17 and Privadenant
(SCH-420814)20 (Fig. 1) are currently the subject of clinical trials.


High-throughput screening of an extensive set of ECLiPSTM (En-
coded Combinatorial Libraries on Polymeric Support)23 libraries
(90 Libraries, >4 million compounds) employing an A2A radioli-
gand-binding assay resulted in the identification of a number of ac-
tive compound series. One particular library of �18,000
compounds, based on a 2-aminothiazole core structure, elicited a
set of 2-amino-5-benzoyl-4-(2-furyl)thiazoles 7 as potent A2A


antagonists.
The solid phase synthesis of the 2-aminothiazole library was


conducted using 250 lm polystyrene beads (1) in conjunction with
an acid-cleavable linker. The resin 1 was acylated with the acid-
cleavable linker, 4-(40-formyl-30-methoxy)phenoxybutyric acid, to
provide aldehyde 2 (Scheme 1).24 Generation of a resin-bound sec-
ondary amine 3 was achieved by reductive alkylation of a series of
primary amines (R1NH2) with 2. Reaction of 3 with a diverse set of
acylisothiocyanates gave N-acyl thiourea 4. This was followed by S-
alkylation with a series of a-bromoketones and subsequent cycli-
zation to give resin-bound 2-aminothiazoles 5. Cleavage of 5 from
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Scheme 1. Reagents and conditions: (a) 4-(40-formyl-30-methoxy)phenoxybutyric acid, DIC, HOBt monohydrate, CH2Cl2, DMF, 25 �C; (b) R1NH2, Na(OAc)3BH, 1,2-
dichloroethane, 25 �C; (c) R2C(O)NCS, CH2Cl2, 25 �C; (d) R3C(O)CH2Br, AcOH, DMF, 25 �C; (e) TFA, CH3CN, 25 �C.


1 5 9


13 17 21 25 29 33 37 41 45


R1


R2
R3


0


10


20


30


40


50


60


fr
eq


ue
nc


y
Synthon Number


R


Figure 2. Synthon frequency analysis for the combinatorial variables identified in
the active compound set from A2A screening of the 2-aminothiazole library.
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the solid support with trifluoroacetic acid provided 2-aminothiaz-
oles 6.


A2A active compounds identified from screening the 2-amino-
thaizole library exhibited conserved structural features at the R2


and R3 positions, but were tolerant of multiple substituents and
functionalities at the R1 position. The frequency of the synthons
in the active compounds at the three different diversity positions
(R1–R3) is shown in Figure 2. Of the possible 47 components incor-
porated at the R1 position, 22 of the R1 substituents were present in
the active compound set. In contrast, only one of the possible 12
components at the R2 position (R2 component #9 = 2-furanyl)
and one of the possible 32 components at the R3 position (R3 com-
ponent #8 = phenyl) were identified from the screen. These results
provided a low molecular weight template (7) for further develop-
ment (Fig. 3).


The 2-aminothiazole 7a identified in the library screen was
resynthesized on solid phase according to Scheme 1 and confirmed
A2A activity with a Ki of 67 nM (Fig. 3). Functional antagonism was
demonstrated through evaluation in a human calcium-mobiliza-
tion assay using HEK-293 cells co-expressing human A2A receptor
and Gqi protein.


To facilitate further exploration of the role of the R1 substituent,
a solution-phase synthesis was devised to generate analogs. A sim-
ilar synthetic strategy to that used on solid phase was employed,
utilizing 2-furoyl isothiocyanate and a-bromoacetophenone to
build the heterocycle. To ensure cyclization of the S-alkylated N-
acylthiourea occurred to give the desired 2-aminothiazole product,
the primary amines 8 under investigation were initially protected
via reductive alkylation with 2,4-dimethoxybenzaldehyde to pro-
vide 9 (Scheme 2). N-Acylthiourea 10 was formed by reaction of
9 with 2-furoyl isothiocyanate. 2-Aminothiazole formation along
with subsequent dimethoxybenzyl removal was conducted via
reaction of 10 with a-bromoacetophenone in AcOH/DMF.


Direct N-acylthiourea formation via reaction of 2-furoyl isothi-
ocyanate with a primary amine 8 effectively provides 11 (Scheme
3). However, cyclization through reaction with a-bromoacetophe-
none results in the formation of the heterocycle 12 as opposed to
the desired isomeric 2-aminothiazole 7.25 Compounds of type 12
displayed no binding activity at the A2A receptor.


Examples of 2-amino-5-benzoyl-4-(2-furyl)thiazoles 7 synthe-
sized utilizing the solution-phase synthesis (Scheme 2) and
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Figure 1. A2A antagonists KW-6002 and SCH-4020814.
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Scheme 3. Reagents and conditions: (a) 2-furoyl isothiocyanate, CH2Cl2, 25 �C; (b)
a-bromoacetophenone, 5%AcOH/DMF, 90 �C.

incorporating a selection of substituents at the 2-position are de-
tailed in Table 1. Activity at the human A2A receptor was examined







Table 1
Secondary 2-amino-5-benzoyl-4-(2-furyl)thiazole A2A antagonists


 


H
N


R1 N


S
O


O
7


Compound R1 hA2A binding Ki ± SDa (nM) hA1 binding Ki ± SDb (nM) hA1/hA2A ratio


7a Methyl 67 ± 3 3580 ± 260 54
7b i-Butyl 89 ± 37 1280 ± 160 14
7c 2-Methoxyethyl 195 ± 91 6780 ± 1800 35
7d 2-Methoxypropyl 154 ± 29 3970 ± 440 26
7e 2-Acylaminoethyl 281 ± 9 2420 ± 110 9
7f 1-(Acetyl)-piperidine-4-yl 455 ± 268 1240 ± 515 3
7g 1-(2-Fluorobenzoyl)-piperidine-4-yl 105 ± 22 3710 ± 640 35
7h 3,4-Difluorobenzyl 64 ± 13 >7500 >120
7i 2-Furfuryl 43 ± 3 1460 ± 310 35
7j 2-Thiophenemethyl 54 ± 6 2990 ± 130 56
7k (3,4-Methylenedioxy)phenethyl 61 ± 23 3500 ± 870 58
7l 2-Thiophenethyl 12 ± 2 >6700 >580
7m Phenylpropyl 105 ± 30 6300 ± 655 60


a Ki ± SD determined by competition binding of [3H]SCH-58261.28


b Ki ± SD determined by competition binding of [3H]DPCPX.29
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Scheme 4. Reagents and conditions: (a) alkyl halide (R–X), polystyrene-bound
BEMP, CH3CN, 25 �C.
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in the same radioligand-binding assay as used for the initial screen.
Activity at the human A1 receptor was also measured using an
appropriate radioligand-binding assay.29 Selectivity versus the A1


receptor is desirable based on potential adverse cardiovascular
side-effects associated with A1 antagonism.26 Analogs display good
overall A2A antagonist activity, showing a high degree of flexibility
for the substituents at the 2-amino position. Hydrophobic substit-
uents are well tolerated providing compounds exhibiting Ki


values < 100 nM. Aliphatic examples include the methyl (7a) and
isobutyl (7b) analogs, displaying Ki values between 70 and
90 nM. Analogs incorporating arylalkyl and heteroarylalkyl substit-
uents (7h–m) are also shown to be favorable, with the 2-thiophen-
ethyl analog (7l) exhibiting a Ki value of 12 nM. The inclusion of
more polar functionality such as ether-based components (7c, d)
or N-acetylethylene (7e) and N-acetyl-piperidine-4-yl-based (7f)
amino substituents result in less potent compounds. Activity at
the A1 receptor was consistently in the micromolar range, provid-
ing a range of selectivity ratios when compared with A2A binding.
Interestingly, the arylalkyl and heteroarylalkyl-based analogs
provide the highest selectivity ratios, with the 2-thiophenethyl
example (7l) exceeding 500-fold selectivity versus the A1 receptor.


Three analogs (7a, 7i, and 7l) incorporating methyl, furfuryl and
2-thiophenethyl at the 2-amino position, respectively, were

Table 2
Tertiary 2-amino-5-benzoyl-4-(2-furyl)thiazole A2A antagonists


N
R1 N


S
O


O
13


R


Compound R1 R hA2A bindin


7a Methyl H 67 ± 3
13a Methyl Methyl 6818 ± 2370
13b Methyl Benzyl 2798 ± 1340
7i 2-Furfuryl H 43 ± 3
13c 2-Furfuryl Methyl 160 ± 72
13d 2-Furfuryl Benzyl 88 ± 38
7l 2-Thiophenethyl H 12 ± 2
13e 2-Thiophenethyl Methyl 8170 ± 5100
13f 2-Thiophenethyl Benzyl 7140 ± 5710


a Ki ± SD determined by competition binding of [3H]SCH-58261.28


b Ki ± SD determined by competition binding of [3H]DPCPX.29

selected to examine the effect of alkylation of the secondary amino
group of the 2-amino thiazole. Alkylation was conducted with
either methyl iodide or benzyl bromide using polystyrene-bound
N-phenyl-tris(dimethylamino)imino phosphorane (BEMP)27 as a
base to provide 13 (Scheme 4).


Alkylation of 7a and 7l resulted in dramatic losses in A2A activ-
ity, suggesting either a key role for the hydrogen-bond donor of the
secondary amino group, or an adverse steric consequence resulting
from the alkylation (Table 2). In contrast, alkylation of the furfuryl
example 7i resulted in a moderate decrease in activity for the
methylated analog 13c and maintenance of activity for the benzy-
lated analog 13d. In addition, 13d exhibited no binding activity at
the A1 receptor at concentrations up to 10 lM. The unexpected A2A


activity of 13d likely stems from the presence of the furfuryl group

g Ki ± SDa (nM) hA1 binding Ki ± SDb (nM) hA1/hA2A ratio


3580 ± 260 54
>10,000 >1.5
9460 ± 330 3.4
1460 ± 310 35
3420 ± 210 21
>10,000 >115
>6700 >580
>10,000 >1.2
>10,000 >1.4
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at R1 and the resulting pseudo symmetry of the molecule. The pres-
ence of the furan heterocycle within the 2-amino substituent may
allow the antagonist to adopt an alternative binding conformation
whereby the furfuryl heterocycle binds in the site adopted by the
4-furan group of the other analogs (Fig. 4).


In summary, potent small-molecule antagonists of the A2A


receptor displaying a good selectivity versus the A1 receptor have
been identified. Specifically, 7l is an A2A antagonist with a Ki of
12 nM and displays >500-fold binding selectivity versus A1. In
addition, 13d shows maintenance of good A2A binding activity
(Ki < 100 nM) with no associated A1 activity up to concentrations
of 10 lM. The results presented provide a low molecular weight
template for further development of an A2A antagonist.
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one-site competition binding model for IC50 determination using the program
GraphPad Prism (GraphPad Software, Inc., San Diego, CA) and Ki values were
calculated using the Cheng–Prusoff equation.30


29. A1 binding assay: Membranes from CHO-K1 cells expressing recombinant
human A1 receptor (0.04 mg/mL), wheat germ-agglutinin-coated SPA beads
(2 mg/mL), 0.01 mg/mL adenosine deaminase and 2 nM [3H]DPCPX were
incubated with test compounds (1% DMSO final) in 1� PBS + 10 mM MgCl2.
for 2 h following centrifugation at 1000 rpm for 1 min. Signal was detected
using the Microbeta Trilux. Assays were performed in duplicate and
compounds were tested at least two times. The data were fit to a one-site
competition binding model for IC50 determination using the program
GraphPad Prism (GraphPad Software, Inc., San Diego, CA) and Ki values were
calculated using the Cheng–Prusoff equation.30


30. Cheng, Y.; Prusoff, W. H. Biochem. Pharmacol. 1973, 22, 3099.
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Most of the 10-substituted triazolylartemisinin synthesized via the Huisgen 1,3-dipolar cylcoaddition
of diastereomeric 10-azidoartemisinin (5, 6, and 7) with various alkynes (a–h) exhibit strong growth
inhibition activity, even at sub-micromolar concentrations, against various cancer cell lines such as
DLD-1, U-87, Hela, SiHa, A172, and B16. In particular, 10b and 10f showed a highly strong cytotoxicity.


� 2008 Published by Elsevier Ltd.

Naturally occurring endoperoxide sesquiterpene lactone arte-
misinin (1) isolated from Artemisia annua L. has been used as an
important lead compound for antimalarial drug development.1


Semisynthetic antimalarial agents, including artmether, arteether,
artesuic acid, and artelinic acid, which are synthesized from dihyd-
roartemisinin (2), are now being used in clinical treatments
because of their therapeutic efficacy and nontoxicity,2–5 although
2 has been proven to exhibit neurotoxicity in an animal model.6


Recently, clinical trials have been carried out to unearth the anti-
cancer, antiviral, immunosuppressive, and antifungal properties
of various artemisinin derivatives and other antimalarial drugs.7


We have previously reported that sulfide and sulfonyl deriva-
tives of artemisinins (3) inhibit the proliferation of human umbil-
ical vein endothelial cells (HUVEC) in response to various growth
factors and selectively control tumor-related angiogenesis.8,9 Intro-
duction of a sulfur atom to an artemisinin moiety afforded a new
derivative with unique biological properties that had not been
observed previously. Ziffer synthesized 11-azaartemisinin and its
alkyl derivatives with enhanced antimalarial activity,10,11 while
Haynes recently synthesized artemisone (10-alkylaminoartemisi-
nin), N-sulfonyl-11-azaartemisinin, and N-carbonyl-11-azaarte-
misinin.12,13 Information on the abovementioned molecules and
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their synthesis methods is of immense value to medicinal chemists
and helps them obtain a novel chemical library from natural lead
compounds (Fig. 1).


With this background, we attempted to introduce nitrogen
atoms with functional groups to a specific position in 1 via the
Cu(I)-catalyzed Huisgen 1,3-cylcoaddition between azides and
alkynes.14 This reaction is a simple and efficient method for syn-
thesizing various derivatives for biomedical applications.15,16 Since
the C-10 position of 2 has a cyclic hemiacetal functionality, it can
be regarded as an sugar-anomeric center that can form a carbon–
nitrogen glycoside bond. Hence, we attempted to use the reported
click reaction between a 1-azido-sugar and an alkyne17,18 for
synthesizing novel artemisinin derivatives.


On the basis of the assumption that the introduction of addi-
tional heteroatoms to the C-10 position of 1 will afford derivatives
with novel biological properties, we designed and synthesized
various 10-substituted triazolylartemisinins and tested their pro-
liferation inhibition effect on various cancer cell lines such as
DLD-1, U-87, Hela, SiHa, A172, and B16.


As shown in Scheme 1, a separable diastereomeric mixture of
9a,10b-azidoartemisinin (5), 10b-azidoartemisinin (6), and 10a-
azidoartemisinin (7) was obtained by reacting 2 with trimethylsilyl
bromide (2.2 equiv) and sodium azide (3 equiv) at room tempera-
ture for 12 h according to a modified Haynes’ method.13 Rapid
equilibrium of the oxonium ions under acidic conditions led to
epimerization at the C-9 position of 2 to afford the three diastereo-
mers (5, 6, and 7).19,20 The stereochemistry of 5, 6, and 7 was
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Scheme 1. Reagents and conditions: (a) trimethylsilyl bromide (2.2 equiv), sodium azide (3 equiv), methylene chloride, rt, 12 h. Isolated yields 5: 21%, 6: 17%, 7: 49%; (b)
Copper sulfate (1.1 equiv), sodium ascorbate (2.8 equiv), methylene chloride:water (1:1), rt, 48 h. Isolated yields 8a: 43%, 9a: 20%, 10a: 75%, 10b: 60%, 10c: 57%, 10d: 63%,
10e: 71%, 10f: 65%, 10g: 69%, 10h: 66%.
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confirmed from the H-9/H-10 coupling constants in their 1H NMR
spectra and the chemical shifts of the 9-methyl group in their 13C
NMR spectra. The H-9/H-10 coupling constant (J = 7.6 Hz) and
chemical shift (19.3 ppm) of the 9-methyl group of 5 showed that
it possesses 9a-methyl and 10b-azido groups. Similarly, 6 was con-
firmed to possess 9b-methyl (13.2 ppm) and 10b-azido (J = 4.0 Hz)
groups, while 7 was found to contain 9b-methyl (12.9 ppm) and
10a-azido (J = 10.2 Hz) groups. 21,22 The ratio of the diastereomers
was confirmed by comparing the H-12 chemical shifts in the 1H
NMR spectrum of the crude product (5:6:7 = 1:1:3). Then, we at-
tempted to synthesize novel 10-substituted triazolyl artemisinin
analogs via the Huisgen cylcoaddition reaction between each of
the synthesized 10-azidoartemisinins (5, 6, and 7) and various ter-
minal alkynes (a–h) in the presence of copper sulfate (1.1 equiv)
and sodium ascorbate (2.8 equiv) at room temperature. First, we
attempted to carry out the 1,3-dipolar cycloaddition of the major
precursor 7 with various alkynes in a co-solvent system of ethanol
and water (1:1);17,23 however, we could not obtain the desired
products, probably because of the low solubility of two starting
materials in the co-solvent system and the steric hindrance at
the C-10 position of 1. Hence, in order to identify and set the opti-
mum reaction conditions for obtaining the designed triazolylarte-

misinin library, we carried out the cycloaddition reaction in
several reported co-solvent systems.24 Among the tested solvent
systems, methylene chloride/water system was found to be the
most effective, which was used in our subsequent synthesis. Huis-
gen 1,3-dipolar cylcoaddition carried out in this system afforded
10a-substituted triazolylartemisinins (10a–h), albeit in moderate
yields. 25 Although this co-solvent system could be successfully
used for the 1,3-dipolar cycloaddition reaction of 7, it was not as
effective as expected in the case of 5 and 6. The 1,3-dipolar
cycloaddition reaction of 5 and 6 in methylene chloride/water pro-
ceeded only with phenylacetylene (a) to afford 9a,10b-phenyl-
triazolylartemisinin (8a) and 10b-phenyl-triazolylartemisinin (9a)
in a low yield, respectively, as shown in Scheme 1.26 Trial reactions
of 5, and 6 in several other co-solvent systems were unsuccessful.24


The three-dimensional structures models of 5, 6, and 7 showed
that the azido groups in 5 and 6 are in the axial position in the
slightly distorted cyclohexane ring of artemisinin, whereas those
in 7 are in the equatorial position. Hence, we concluded that 7
readily underwent cycloaddition because its equatorial azido
groups were sterically less hindered than those in 5 and 6, and
thus, they could be easily attacked the acetylene compound and
Cu(I) catalyst.







Table 1
Proliferation inhibition assay against various cancer cell lines


Growth inhibition concentration against cancer cells (GI50a, lM)


DLD-1 U87 Hela SiHa A172 B16


5 >50 11.23 >50 9.07 16.81 >50
6 9.44 1.97 0.49 1.13 2.31 >50
7 >50 1.06 1.93 1.47 0.89 1.56


8a 29.67 2.86 0.72 3.22 2.50 8.78
9a 0.52 0.23 0.13 0.26 0.22 0.30


10a 12.10 0.43 0.21 0.54 0.45 1.25
10b 0.08 0.11 0.05 0.15 0.33 0.24
10c 0.14 0.34 0.60 0.35 0.42 0.43
10d 14.22 0.16 0.08 0.15 0.37 0.06
10e 23.01 0.83 0.31 1.13 1.31 1.32
10f 0.03 0.08 0.03 0.09 0.10 0.08
10g 6.68 1.22 0.56 0.35 1.21 0.90
10h 22.92 0.14 0.14 0.20 0.29 0.16


Taxol 0.01 0.02 0.02 0.03 0.01 0.01


a GI50 values were calculated from nonlinear regression using GraphPad Prism
software. (R2 > 0.95).
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In order to evaluate the cytotoxicity of the synthetic 10-substi-
tuted triazolylartemisinin library, we tested the cell proliferation
inhibitory activity of these derivatives against cancer cell lines
such as DLD-1, U-87, Hela, SiHa, A172, and B1627 using the MTT
colorimetric method.28 These results are summarized in Table 1.
To begin with, we found that the inhibitory effects of 5, 6, and 7
(at micromolar concentrations) differed with the type of cancer cell
line, but their antiproliferation effects against cancer cells in-
creased far when considering that the anticancer activity of arte-
misinin and dihydroartemisinin is quite weak.29,30 Although the
mechanism underlying the antiproliferative effect was not clear,
we could improve their biological properties by introducing a
nitrogen atom at the C-10 position. As expected, via the Huisgen
1,3-dipolar cylcoaddition reaction, we could successfully synthe-
size 10-substituted triazolylartemisinins with an additional bind-
ing group at C-10 and remarkably improved cytotoxicity. The
majority of the 10a-substituted triazolylartemisinins (10a–h) syn-
thesized in this study exhibited a strong growth inhibition effect
on cancer cell growth even at submicromolar concentrations. In
particular, the cytotoxicity of 10f, which has a pentylbenzene
group, was found to be comparable to that of taxol, positive control
drug. We could not confirm the structure–activity relationship
from the results of this study because we were unable establish a
complete library containing every possible diastereomer set of
the derivatives obtained from 5, 6, and 7; nevertheless, we can
state that triazolyl artemisinins will be promising candidates for
anticancer agents.


In conclusion, in vitro screening of 10-substituted triazolylar-
temisinins (synthesized by the Huisgen 1,3-dipolar cylcoaddition
of diastereomeric 10-azidoartemisinin with various acetylenes)
for their proliferation inhibitory effect revealed the strong antican-
cer activity of some of these derivatives. Further research is cur-
rently underway for establishing a complete library that includes
all possible diastereomers synthesized from 5 and 6.
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36.1, 34.0, 33.8, 29.7, 25.8, 24.6, 21.6, 20.7, 20.2, 12.3 ppm; 10f: 1H
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2.86(1H, m), 2.63(2H, t, J = 7.5 Hz, benzyl), 2.44(1H, td, J = 13.2, 3.7 Hz),
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33.9, 31.5, 31.1, 25.8, 24.6, 22.5, 21.5, 20.2, 14.0, 12.3 ppm; 10g: 1H
NMR(300 MHz, CDCl3) d 8.01(1H, s, triazol), 7.80(2H, d, J = 8.8 Hz, phenyl),
6.97(2H, d, J = 8.8 Hz, phenyl), 5.93(1H, d, J = 10.7 Hz, H-10), 5.58(1H, s, H-12),
3.85(3H, s, –OCH3), 2.87(1H, m), 2.44(1H, td, J = 14.3, 3.7 Hz), 2.10(1H, m),
1.45(3H, s, 3-CH3), 1.01(3H, d, J = 5.9 Hz, 9-CH3), 0.70(3H, d, J = 7.0 Hz, 6-
CH3)ppm; 13C NMR(75 MHz, CDCl3) d 159.6, 148.3, 127.1, 123.3, 116.3, 114.2,
104.8, 92.1, 85.9, 80.0, 55.3, 51.5, 45.5, 37.3, 36.1, 33.9, 33.8, 25.8, 24.6, 21.5,
20.2, 12.3 ppm; 10h: 1H NMR(300 MHz, CDCl3) d 7.97(1H, s, triazol), 7.38(2H,
m, phenyl), 6.82(1H, m, phenyl), 5.86(1H, d, J = 10.6 Hz, H-10), 5.59(1H, s, H-
12), 2.86(1H, m), 2.44(1H, td, J = 14.5, 3.4 Hz), 2.10(1H, m), 1.46(3H, s, 3-CH3),
1.01(3H, d, J = 5.9 Hz, 9-CH3), 0.71(3H, d, J = 6.8 Hz, 6-CH3)ppm; 13C
NMR(75 MHz, CDCl3) d 161.8161.7, 146.2, 133.3, 132.4, 118.1, 108.8, 105.0,
103.9, 92.1, 86.1, 79.9, 51.4, 45.4, 37.6, 36.1, 34.0, 33.9, 25.8, 24.6, 21.5, 20.2,
12.3 ppm.


26. Spectral data for 8a: 1H NMR(300 MHz, CDCl3) d 7.96(1H, s, triazol), 7.85(2H, d,
J = 7.2 Hz, phenyl), 7.44(2H, t, J = 7.0 Hz, phenyl), 7.33(H, t, J = 7.1 Hz, phenyl),
6.47(1H, d, J = 10.0 Hz, H-10), 5.63(1H, s, H-12), 2.37(1H, m), 1.46(3H, s, 3-CH3),
1.07(3H, d, J = 6.8 Hz, 9-CH3), 1.01(3H, d, J = 5.4 Hz, 6-CH3)ppm; 13C
NMR(75 MHz, CDCl3) d 148.4, 130.6, 128.8, 128.1, 125.8, 118.5, 102.9, 91.0,
86.5, 82.3, 51.1, 47.1, 41.8, 37.3, 36.2, 33.9, 31.8, 25.7, 24.7, 19.8, 18.4 ppm; 9a:
1H NMR(300 MHz, CDCl3) d 7.84(1H, s, triazol), 7.78(2H, d, J = 7.0 Hz, phenyl),
7.44(2H, t, J = 7.1 Hz, phenyl), 7.36(H, t, J = 7.3 Hz, phenyl), 6.48(1H, s, H-12),

6.29(1H, d, J = 5.7 Hz, H-10), 3.20(1H, m), 2.43(1H, td, J = 14.5, 4.0 Hz), 2.10(1H,
m), 1.48(3H, s, 3-CH3), 0.99(3H, d, J = 6.2 Hz, 9-CH3), 0.92(3H, d, J = 7.5 Hz, 6-
CH3)ppm; 13C NMR(75 MHz, CDCl3) d 147.1, 130.3, 128.6, 128.4, 125.9, 104.3,
91.3, 90.5, 80.8, 52.6, 43.7, 37.2, 36.2, 34.4, 30.8, 25.9, 24.6, 22.4, 20.3,
13.2 ppm.


27. DLD-1: human colorectal adenocarcinoma; U87 and A172: human glioma;
HeLa, and SiHa: human cervical carcinoma; B16: mouse melanoma.


28. Mosmann, T. J. Immunol. Methods 1983, 65, 55.; Growth inhibition activity test
of artemisinin derivatives was evaluated by MTT assay. Cancer cells were
plated in 96-well culture plates at a density of 5 � 103 cells/well in a final
volume of 100 ll of DMEM medium containing 10%FBS, preincubated for 4 h,
and treated with serial concentrations of artemisinin derivatives for 72 h. After
treatment, the cells were incubated for 4 h at 37 �C with a solution of MTT at a
concentration of 1 mg/mL. The culture supernatant was aspirated, DMSO
(100 ll) was added to dissolve the formed formazan crystals. The plate was
read in a microplate spectrophotometer (SpectraMax 250, Molecular Devices,
CA, U.S.A.) at 570 nm. Each assay was performed in triplicate. Calculation of
GI50 was performed by non liner regression analysis from sigmoidal dose–
response curve using GraphPad Prism software ver 3.0 (GraphPad Software, CA,
U.S.A.) when R2 > 0.95.


29. Chen, H.-H.; Zhou, H.-J.; Fang, X. Pharm. Res. 2003, 48, 231.
30. Jung, M. Bioorg. Med. Chem. Lett. 1997, 8, 1091.
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A series of N-per-O-acetyl-glucosyl arylthiosemicarbazide and thiosemicarbazone derivatives have been
synthesized and evaluated for their in vivo anti-dyslipidemic and in vitro antioxidant activities. Among
16 compounds tested, 3 compounds showed potent anti-dyslipidemic activity and 6 compounds showed
potent antioxidant and scavenger of oxygen free radicals activity.


� 2008 Elsevier Ltd. All rights reserved.

Atherosclerosis and its associated complications is now the ma- fore, it is essential to develop therapeutics for the treatment of


jor cause of myocardial morbidity and mortality worldwide. Ele-
vated level of plasma concentration of cholesterol, especially low
density lipoprotein (LDL) and triglyceride along with free radical
oxidative stress are recognized as leading cause in the develop-
ment of atherosclerosis and coronary heart disease.2 In general,
oxidative damage takes place in the Low density lipoprotein
(LDL) of plasma by the hydroxyl radicals (�OH) generated by the
metal ions present in the serum due to the alterations in their oxi-
dation states. It has been demonstrated that oxidative damaged
LDL are relatively more atherogenic than the native LDL.3 Cur-
rently, several drugs are being used in the treatment of dyslipide-
mia.4 The drugs can intervene by lowering cholesterol (LDL and
total cholesterol) or by lowering triglyceride levels in plasma.
Treatment of hyperlipidemia using statins has been used to lower
serum levels of cholesterol and triglyceride besides their known
side effects such as, myositis, arthralgias, gastrointestinal upset
and elevated liver function tests. Statins such as atorvastatin, lov-
astatin, fluvastatin, simvastatin and pravastin act as inhibitors of
HMG CoA reductase, an enzyme involved in the de novo synthesis
of cholesterol and upgradation of LDA receptors in livers. There-
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hyperlipidemia reducing their severe side effects.
The involvement of hydroxyl free radicals (�OH) has been found


to be a major causative factor for the peroxidative damage to lipo-
proteins present in the blood, which are responsible for the initia-
tion and progression of atherosclerosis in the hyperlipidemic
subject.5 Hyperlipidemia may also induce other abnormalities like
oxidation of free fatty acids, leading to the formation of ketone
bodies as well as masking liver and muscles resistance to insulin
which initiates the progress of diabetes in patients.6 Furthermore,
in hyperglycemic patients, several non-enzymatic glycosylation oc-
curs accompanied by glucose oxidation catalyzed by Cu2+ and Fe2+


resulting in the formation of O2
� and �OH radicals which further


accelerates the risk of cardiac diseases in dyslipidemic patients.7


Therefore, it is envisaged that, beside a cholesterol lowering
property, a hypolipidemic agent that incorporates antioxidant
activity will be able to protect endothelial and myocardial function
and could serve as a better anti-atherosclerotic agent. Recently, we
noted few papers in which thiosemicarbazides and related com-
pounds have been evaluated for the free radical scavenger activ-
ity.8 Prompted by the reports, we envisaged that glucosyl
thiosemicarbazides or thiosemicarbazone could be useful in con-
trolling metabolic disorder such as dyslipidemia and scavenging
of free radicals. In order improve the solubility of thiosemicarba-
zide derivates we prepared a series of per-O-acetylglucosyl thio-
semicarbazide and semicarbazone derivatives and evaluated
them for anti-dyslipidemic activity in vivo and antioxidant activity
in vitro.
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Scheme 1. Synthesis of glucosyl thiosemicarbazone (4a–k) and glucosyl aryl thiosemicarbazide derivatives (5a–e) from glucosyl isothiocyanate (2).


Table 2
synthesis of per-O-acetylated glucosyl arylthiosemicarbazide derivatives (5a–e)


Entry Compounds (5a–e)


OAcO
AcO


OAc


AcO
NHNHArN


H


S


Yield (%) mp (�C)


1 5a: Ar = 2,4-difluorophenyl 84 Oil
2 5b: Ar = 4-fluorophenyl 85 135–37
3 5c: Ar = 4-methoxyphenyl 82 Oil
4 5d: Ar = phenyl 90 Oil
5 5e: Ar = 2,4-dinitrophenyl 88 Oil
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A number of glucosyl thiosemicarbazide derivatives showed
significant in vivo anti-dyslipidemic and in vitro antioxidant activ-
ity, which could be used as leads for the development of effective
anti-atherosclerotic agents. We report herein, the synthesis and
anti-dyslipidemic and antioxidant activities of a series of glucosyl
thiosemicarbazide derivatives.


Preparation of a series of per-O-acetylated glucosyl thiosemi-
carbazone (4a–k) and per-O-acetylated glucosyl aryl thiosemicar-
bazide derivatives (5a–e) is presented in Scheme 1. Per-O-
acetylated b-D-glucosyl isothiocyanate derivative (2)9 was pre-
pared from commercially available acetobromo-D-glucose (1) using
KSCN and Bu4NBr under reflux for 4 h. A portion of compound 2
was treated with hydrazine monohydrate in CH2Cl2 at room tem-
perature to furnish compound 3 in 92% yield.10 Compound 3 was
allowed to react with a series of aldehydes and ketones using 5–
10 drops of acetic acid as catalyst in 2-propanol at 80 �C to give
compounds 4a–k in excellent yield.11 In another experiment, com-
pound 2 was allowed to react with a series of aryl hydrazines in
CH2Cl2 to furnish compounds 5a–e in excellent yield.12 The purity
of these compounds was checked by TLC and spectral analysis (Ta-
ble 1 and 2).


The anti-dyslipidemic activities of compounds 4a–k and 5a–e
were evaluated in a in vivo Triton model.13–15 Administration of
triton WR-1339 in rats induced marked hyperlipidemia as evi-
denced by increase in the plasma levels of total cholesterol (TC)
(3.53 F), phospholipids (PL) (3.06 F), triglyceride (Tg) (3.13 F). Tri-
ton induced rats caused inhibition of post heparin lipolytic activity

Table 1
Synthesis of per-O-acetylated glucosyl arylthiosemicarbazone derivatives (4a–k)


Entry Compounds (4a–k)


OAcO
AcO


OAc


AcO
NHNN


H


S
R1


R2


1 4a: R1 = methyl, R2 = 4-bromophenyl
2 4b: R1 = methyl, R2 = 3,4-dimethoxyphenyl
3 4c: R1 = methyl, R2 = 3-aminophenyl
4 4d: R1 = methyl, R2 = 3-nitrophenyl
5 4e: R1 = methyl, R2 = 2,5-dimethylphenyl
6 4f: R1 = H, R2 = 4-chlorophenyl
7 4g: R1 = H, R2 = 4-methoxyphenyl
8 4h: R1 = H, R2 = 5-nitrothiophen-2-yl
9 4i: R1 = H, R2 = 4-nitrophenyl
10 4j: R1 = H, R2 = 4-pyridyl
11 4k: R1 = H, R2 = 3-pyridyl

(PHLA)16 (�33%) as compared to control (Table 3). Treatment of
hyperlipidemic rats with compounds 4a–k and 5a–e at dose of
100 mg/Kg po reversed the plasma level of lipids with varying ex-
tents.17 The effect of compounds 4a, 4d and 5a showed potent lipid
lowering activity in plasma level of TC, PL and Tg by 22%, 24%, 20%;
26%, 25%, 19% and 26%, 20%, 19%, respectively, while other com-
pounds showed mild lipid lowering activity as compared to triton.
These data were compared with Gemfibrozil at a dose of 100 mg/
Kg, which showed a decrease in plasma levels of TC, PL and Tg
by 38%, 39% and 37%, respectively. In PHLA, the treatment with
compound partially reactivated these lipolytic activities in plasma
of hyperlipidemic rats. However, gemfibrozil causes the significant
reversal of these enzymes level.

Time (h) Yield (%) mp (�C)


4 92 186–88
5 90 200–201
4 94 178–80
4 92 184–86
5 88 Oil
1.5 97 198–200
4 94 182–83
3 85 178–80
2 96 200–03
2 90 102–103
2 95 134–36







Table 3
Lipid lowering and post heparin lipolytic activity of compounds 4a–k and 5a–e in triton treated hyperlipidemic rats


Entry Test compounds TCa PLa Tga Proteinb PHLAc


1 Control 90.65 ± 1.28 79.05 ± 4.96 86.31 ± 11.21 6.23 ± 0.43 16.66 ± 1.14
2 Triton only 320.41*** ± 11.27 (+3.53 F) 245.13*** ± 4.86 (+3.06 F) 270.83*** ± 14.43 (+3.13 F) 12.99*** ± 0.33 (+2.08 F) 11.16*** ± 1.37 (�33)
3 Triton + 4a 250.62*** ± 4.96 (�22) 180.55*** ± 8.33 (�26) 202.62*** ± 3.24 (�25) 9.60*** ± 0.42 (�26) 13.36** ± 2.22 (+ 16)
4 Triton + 4b 260.41** ± 22.17 (�19) 192.58*** ± 4.24 (�23) 211.79*** ± 5.22 (�22) 9.75*** ± 0.66 (�24) 14.88** ± 1.88 (+ 25)
5 Triton + 4c 270.00** ± 6.50 (�16) 208.46* ± 4.37 (�15) 243.50* ± 3.68 (�13) 10.33** ± 0.33 (�20) 12.26* ± 1.14 (+9)
6 Triton + 4d 245.83*** ± 10.97 (�23) 197.68** ± 3.49 (�19) 221.85** ± 8.81 (�18) 10.49** ± 0.33 (�19) 12.41* ± 1.16 (+10)
7 Triton + 4e 264.58** ± 13.01 (�18) 201.38** ± 6.94 (�18) 222.50** ± 9.01 (�17) 11.44* ± 0.53 (�12) 12.41* ± 0.90 (+ 10)
8 Triton + 4f 274.68* ± 17.06 (�14) 229.16NS ± 6.94 (�6) 243.87* ± 16.86 (�10) 10.02*** ± 0.35 (�22) 12.77* ± 0.88 (+12)
9 Triton + 4g 265.00** ± 17.21 (�17) 207.82* ± 7.93 (�15) 235.83* ± 5.20 (�10) 10.93* ± 0.68 (�15) 12.17NS ± 0.96 (+8)


10 Triton + 4h 276.35* ± 9.96 (�13) 205.60** ± 5.62 (�16) 230.58* ± 4.41 (�14) 10.40** ± 0.85 (�19) 13.0* ± 1.02 (+14)
11 Triton + 4i 260.24* ± 8.89 (�19) 209.88** ± 6.32 (�14) 240.88* ± 9.35 (�11) 10.14* ± 0.55 (�22) 12.67* ± 0.86 (+13)
12 Triton + 4j 286.44** ± 9.97 (�11) 217.76* ± 7.88 (�11) 248.32* ± 7.84 (�8) 11.52** ± 0.76 (�11) 12.10NS ± 3.46 (+8)
13 Triton + 4k 270.77** ± 11.24 (�15) 210.88* ± 9.96 (�14) 242.66* ± 7.44 (�10) 11.12* ± 0.45 (�14) 12.22NS ± 0.86 (+9)
14 Triton + 5a 242.70*** ± 13.01 (�24) 186.10*** ± 5.00 (�25) 202.08*** ± 9.54 (�25) 10.33** ± 1.04 (�20) 14.64*** ± 2.08 (+ 23)
15 Triton + 5b 280.20* ± 13.00 (�13) 209.71* ± 11.02 (�14) 245.00* ± 6.61 (�9) 10.61** ± 0.78 (�18) 12.99* ± 0.96 (+ 14)
16 Triton + 5c 265.10** ± 14.18 (�18) 215.83* ± 7.01 (�12) 243.75* ± 2.50 (�10) 10.62** ± 0.10 (�18) 12.08NS ± 2.90 (+7)
17 Triton + 5d 283.33* ± 18.30 (�11) 222.40* ± 2.77 (�10) 245.50* ± 18.87 (�9) 10.88** ± 0.50 (�16) 12.17* ± 1.72 (+ 8)
18 Triton + 5e 278.78** ± 16.22 (�13) 220.46* ± 6.78 (�10) 247.88* ± 17.27 (�8) 11.23* ± 0.92 (�13) 13.12* ± 2.10 (+17)
19 Triton + gemfibrozil 200.22*** ± 17.11 (�38) 152.11*** ± 11.11 (�39) 170.33*** ± 12.23 (�37) 8.60*** ± 0.27 (�33) 16.93*** ± 1.00 (+34)


TC, total cholesterol; PL, phospholipid; Tg, triglyceride; PHLA, post-heparin lipolytic activity.
Values are mean ± SD of six animals; *P < 0.01; **P < 0.05; ***P < 0.001; NS, not significant.
Triton treated group compared with control and Triton plus compound treated group.


a mg/dL.
b g/dL.
c nmol free fatty acid formed/h/mL plasma.


Table 4
Effect of compounds 4a–k and 5a–e on the generation of superoxide and hydroxyl radical and lipid peroxidation in microsomes


Test
compound


Conc. of compd. (lg/
mL)


Generation of superoxide ions (O2�)a Generation of hydroxyl radicals (�OH)b Microsomal lipid peroxidationb


Control 90.38 ± 7.12 75.52 ± 5.87 88.37 ± 9.14
4a 100 200 70.97 ± 4.92**(�21) 60.45 ± 3.84***(�33) 65.11 ± 4.92*(�14) 57.30 ± 5.0***(�24) 74.05 ± 5.33**(�16) 62.46 ± 2.84***(�29)


4b 100 200 82.51 ± 4.77NS(�9) 67.95 ± 5.3***(�24) 64.37 ± 3.88*(�15) 55.15 ± 4.87***(�27) 68.56 ± 7.39**(�22) 56.67 ± 5.0***(�35)


4c 100 200 69.51 ± 4.71**(�23) 55.97 ± 3.11***(�38) 60.27 ± 7.12**(�20) 46.70 ± 4.11***(�38) 71.78 ± 5.71**(�19) 57.15 ± 2.84***(�35)


4d 100 200 75.08 ± 5.31(�17) 60.21 ± 5.60(�33) 57.47 ± 4.32***(�24) 48.86 ± 5.00***(�35) 70.48 ± 5.30**(�20) 61.53 ± 5.0***(�30)


4e 100 200 72.11 ± 5.62**(�20) 63.22 ± 4.12***(�30) 62.77±4.66*(�16) 53.33 ± 3.87***(�29) 73.88±4.88**(�16) 65.32 ± 5.32***(�26)


4f 100 200 75.69 ± 5.39*(�16) 67.25 ± 4.42***(�25) 65.35 ± 5.22*(�13) 61.02 ± 4.33**(�19) 67.26 ± 3.72**(�23) 58.35 ± 2.88***(�33)


4g 100 200 67.00 ± 4.37***(�25) 60.20 ± 4.88***(�33) 60.75 ± 5.18**(�20) 49.73 ± 4.44***(�34) 64.96 ± 3.81***(�26) 57.32 ± 2.88***(�35)


4h 100 200 72.19 ± 5.33**(�20) 59.03 ± 4.44***(�34) 60.65 ± 5.21**(�20) 47.50 ± 3.11***(�37) 78.31 ± 5.37*(�11) 67.20 ± 3.00***(�23)


4i 100 200 78.30 ± 5.66***(�13) 69.78 ± 3.94*(�23) 62.90 ± 5.22**(�17) 58.23 ± 3.33**(�23) 72.45 ± 3.65**(�18) 60.67 ± 2.98**(�31)


4j 100 200 77.68 ± 5.26**(�14) 67.86 ± 4.22*(�25) 67.45 ± 5.66*(�11) 56.78 ± 3.90***(�23) 68.87 ± 5.50*(�22) 58.98 ± 3.84***(�33)


4k 100 200 75.78 ± 4.44*(�16) 64.88 ± 3.83**(�28) 65.88 ± 3.45***(�13) 55.43 ± 3.21*(�26) 72.86 ± 5.0**(�18) 65.77 ± 3.12***(�26)


5a 100 200 75.20 ± 5.88*(�16) 66.06 ± 4.44***(�27) 59.90 ± 5.01**(�20) 48.44 ± 3.77***(�35) 69.76 ± 3.00***(�24) 59.50 ± 2.77***(�31)


5b 100 200 76.18 ± 5.33*(�15) 63.90 ± 3.92***(�29) 58.59 ± 2.87**(�22) 48.41 ± 3.99***(�36) 68.69 ± 6.44**(�22) 57.60 ± 3.64***(�34)


5c 100 200 71.04 ± 6.0**(�21) 56.65 ± 3.70***(�37) 64.12 ± 5.70*(�15) 57.81 ± 4.23***(�23) 63.45 ± 5.11***(�28) 59.99 ± 3.77***(�32)


5d 100 200 72.43 ± 5.77**(�19) 61.29 ± 5.22***(�32) 56.24 ± 3.91***(�25) 43.87 ± 2.86***(�42) 67.51 ± 3.98***(�23) 53.88 ± 2.11***(�39)


5f 100 200 70.56 ± 5.68**(�22) 64.89 ± 4.0***(�28) 61.78 ± 4.12**(�18) 55.45 ± 2.67**(�26) 68.23 ± 3.56***(�23) 56.88 ± 3.56***(�36)
Standard


drug
200 20.50 ± 0.04***(�77) Alloprinol 41.30 ± 1.73***(�45) Mannitol 41.83 ± 0.03***(�53) a-Tocopherol


Each value is mean ± SD of six rats. ***P < 0.001; **<0.05; *<0.01; NS, not significant. Experimental data compared with control experiment.
a nmol formazone formed/min.
b nmol MDA formed/h/mg protein.
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In another experiment, antioxidant activities of compounds 4a–
k and 5a–e were evaluated by generating free radicals18 in vitro in
the absence and presence of these compounds. The scavenging po-
tential of compounds 4a–k and 5a–e at 100 and 200 lg/mL against
formation of O2


� are presented in Table 2. Compounds 4d, 4h and
5a caused significant decrease in plasma levels of lipid in triton
model of Hyperlipidemia. Triton WR-1339 acts as surfactant, sup-
presses the action of lipase and blocks the uptake of lipoproteins
from the circulation of extra hepatic tissues resulted an increase
in the levels of circulatory lipids.19 Compounds 4a, 4c, 4d, 4g, 4h
and 5c showed significant antioxidant and scavenger of oxygen
free radicals possibly through metal ion chelation and xanthine

oxidase inhibition in an in vitro model of non-enzymatic and enzy-
matic lipid peroxidation20 (see Table 4).


In conclusion a series of novel glucosyl aryl thiosemicarbazide
and glucosyl thiosemicarbazone derivatives have been synthesized
and shown to be effective anti-dyslipidemic and antioxidant
agents. Further optimization of the lead molecules are currently
in progress in our laboratory.


Acknowledgments


Instrumentation facilities from SAIF, CDRI are gratefully
acknowledged. S.G. thanks CSIR, New Delhi, for providing a Junior







S. Ghosh et al. / Bioorg. Med. Chem. Lett. 19 (2009) 386–389 389

Research Fellowship. A.K.M. thanks DST, New Delhi for Ramanna
fellowship.

Supplementary data


Supplementary data associated with this article can be found, in
the online version, at doi:10.1016/j.bmcl.2008.11.070.


References and notes


1. C.D.R.I. communication no. 7592.
2. (a) Director General. World Health Report. WHO: Geneva, 1998.; (b) Brown, M.


S.; Goldstein, J. L. Ann. Rev. Biochem. 1983, 52, 223; (c) Ross, R. Nature 1993, 362,
801; (d) Inoue, T. Artherosclerosis 2002, 160, 369; (e) Badiman, J. J.; Fuster, V.;
Chesebro, J. H.; Badiman, L. Circulation 1983, 87, 3; (f) Witzum, J. L.; Steinberg,
D. J. Clin. Invest. 1991, 88, 1785; (g) Aviram, M. Atherosclerosis 1993, 98, 1.


3. (a) Bedwell, S.; Dean, R. I.; Jessup, W. Biochem. J. 1989, 262, 707; (b) Steinberg,
D.; Parthasarthy, S.; Carew, T. E.; Khoo, J. C.; Witzum, J. L. N. Engl. J. Med. 1989,
320, 915.


4. (a) Wierzbicki, A. S.; Mikhailidis, D. P. Curr. Med. Res. Opin. 2000, 16, 139; (b)
Schaefer, J. R.; Schweer, H.; Ikewaki, K.; Stracke, H.; Seyberth, H. J.; Kaffarnik,
H.; Maisch, B.; Steinmetz, A. Atherosclerosis 1999, 144, 177; (c) Ericsson, C. G.;
Nilsson, J.; Grip, L.; Svane, B.; Hamsten, A. Am. J. Cardiol. 1997, 80, 1125; (d)
Reddy, J. K.; Azarnoff, D. L.; Hignete, C. E. Nature 1980, 283, 397; (e) Morton, R.
E.; Greene, D. J. Arterioscler. Thromb. Vasc. Biol. 1997, 17, 3041; (f) Bruce, C.;
Sharp, D. S.; Tall, A. R. J. Lipid Res. 1998, 39, 1071; (g) Heinemann, T.; Axtmann,
G.; Von Bergmann, K. Eur. J. Clin. Invest. 1993, 23, 827.


5. Parthasarathy, S.; Steinbert, D.; Swiztum, J. L. Ann. Rev. Med. 1992, 43, 219.
6. Stehouwer, C. D. A.; Lambert, J.; Donker, A. J. M.; van Hindsbergh, V. W. M.


Cardiovasc. Res. 1997, 43, 55.
7. Asahina, Y.; Kashiwagi, A.; Nishio, Y. Diabetes 1995, 44, 520.
8. (a) Poyraz, M.; Sari, M.; Demirci, F.; Kosar, M.; Demirayak, S.; Büyükgüngör, O.


Polyhedron 2008, 27, 2091; (b) Karatas, F.; Koca, M.; Kara, H.; Servi, S. Eur. J.
Med. Chem. 2006, 41, 664; (c) Shih, M.-H.; Ke, F.-Y. Bioorg. Med. Chem. 2004, 12,
4633.


9. Jose Camarasa, M.; Fernandez-Resa, P.; Garcia Lopez, M. T.; De Las Heras, F. G.;
Mendez-Castrillon, P. P.; Felix, A. S. Synthesis 1984, 509–510.


10. Preparation of N-(2,3,4,6-tetra-O-acetyl-b-D-glucopyranosyl) thiosemicarbazide
(3): To a solution of compound 2 (5 g, 12.85 mmol) in CH2Cl2 (100 mL) was
added hydrazine monohydrate (1.2 g, 24 mmol) and the reaction mixture was
allowed to stir at room temperature for 2 h. The solvents were removed under
reduced pressure and the crude product was purified over SiO2 using hexane-
EtOAc (2:1) as eluant to furnish pure compound 3 (5.1 g, 94%).


11. Typical experimental condition for the preparation of compounds (4a–k): To a
solution of compound 3 (500 mg, 1.2 mmol) in 2-propanol (5 mL) was added
appropriate aldehyde or ketone (1.4 mmol) followed by 5 drops of AcOH and
the reaction mixture was allowed to stir at 80 �C for appropriate time (Table 1).
The solvents were removed under reduced pressure and the crude product was
purified over SiO2 using hexane-EtOAc (2:1) as eluant to furnish pure
compound 4a–k.


12. Typical experimental condition for the preparation of compounds (5a–e): To a
solution of compound 2 (500 mg, 1.28 mmol) in anhydrous CH2Cl2 (5 mL) was
added appropriate aryl hydrazine (1.1 mmol) and the reaction mixture was
allowed to stir at room temperature for 2 h. The solvents were removed under

reduced pressure and the crude product was purified over SiO2 using hexane-
EtOAc (2:1) as eluant to furnish pure compound 5a–e.


13. (a) Schurr, P. E.; Schultz, J. R.; Parkinson, T. M. Lipids 1972, 7, 68; (b) Deeg, R.;
Ziegehorn, J. Clin. Chem 1983, 29, 1798; (c) Batra, S.; Bhaduri, A. P.; Joshi, B. S.;
Roy, R.; Khanna, A. K.; Chander, R. Bioorg. Med. Chem. 2001, 9, 3093.


14. Buccolo, G.; David, H. Clin. Chem. 1973, 19, 476.
15. Zilversmit, D. B.; Davis, A. K.; Memphis, B. S.; Tenn, J. L. Clin. Med. 1985, 35, 831.
16. (a) Wing, D. R.; Robinson, D. F. Biochem. J. 1968, 109, 841; (b) Mosinger, F. J.


Lipid. Res. 1965, 6, 157.
17. Lipid lowering activity: Adult male Charles Foster rats (200 ± 225 g) bred in the


animal house of the institute were used for the lipid lowering activity. Rats
were divided in control, triton induced, triton plus compounds and Gemfibrozil
(100 mg/Kg) treated groups containing six rats in each. Hyperlipidemia was
developed by administration of Triton WR-1339 (Sigma chemical co., St. Louis,
USA) at a dose of 400 mg/Kg body wt. intraperitoneally to animals of all groups
except the control. Compounds 4a–k and 5a–e were macerated with gum
acacia (0.2% w/v), suspended in water and fed simultaneously with triton at a
dose of 100 mg/Kg po to the animals of treated groups. Animals of the control
and triton group without treatment with test compounds were given same
amount of gum acacia suspension (vehicle). After 18 h of treatment (50 mg/kg
b. wt.) 1.0 mL blood was withdrawn from retro-orbital sinus using glass
capillary in EDTA coated eppendorf tube (3.0 mg/mL blood). The blood was
centrifuged (at 2500 g) at 4 �C for 10 minand the plasma was separated. Plasma
was diluted with normal saline (ratio 1:3) and used for analysis of total
cholesterol (TC), phospholipids (PL), triglycerides (Tg) by standard procedures.


18. Antioxidant activity (generation of free radicals): Super oxide anions (O2�) were
generated enzymatically by xanthine (160 mM), xanthine oxidase (0.04 U), and
nitroblue tetrazolium (320 lM) in absence or presence of compounds 4a–k
and 5a–e (100 lg/mL) in 100 mM phosphate buffer (pH 8.2). Fractions were
sonicated well in phosphate buffer before use. The reaction mixtures were
incubated at 37 �C and after 30 min the reaction was stopped by adding 0.5 mL
glacial acetic acid. The amount of formazone formed was calculated
spectrophotometrically. In another set of experiment effect of compounds on
the generation of hydroxyl radical (OH�) was also studied by non-enzymatic
reactants. Briefly, OH� were generated in a non-enzymatic system comprising
deoxy ribose (2.8 mM), FeSO4�7H2O (2 mM), sodium ascorbate (2.0 mM) and
H2O2 (2.8 mM) in 50 mM KH2PO4 buffer (pH 7.4) to a final volume of 2.5 mL.
The above reaction mixtures in the absence or presence of test compounds
(100 lg/mL and 200 lg/mL) were incubated at 37 �C for 90 min. The test
compounds were also studied for their inhibitory action against microsomal
lipid peroxidation in vitro by non-enzymatic inducer. Reference tubes and
reagents blanks were also run simultaneously. Malondialdehyde (MDA)
contents in both experimental and reference tubes were estimated
spectrophotometrically by thiobarbituric acid as mentioned above.
Alloprinol, Mannitol and a-tocopherol were used as standard drugs for
superoxide, hydroxylations and microsomal lipid peroxidation. All
experimental data were analyzed using Student’s t-test. Oxidized LDL was
compared with the test compounds treated oxidized LDL. The generation of
oxygen free radicals were compared in the presence and absence of test
compounds. The hyperlipidemic group was compared with control and
hyperlipidemic plus drug treated groups P < 0.05 was considered to be
significant.


19. (a) Halliwell, B.; Gutteridge, J. M. C.; Arouma, O. Anal. Biochem. 1987, 165, 215;
(b) Schotz, M. C.; Scanu, A.; Page, T. H. Am. J. Physiol. 1957, 188, 399.


20. (a) Bindoli, A.; Valente, M.; Cavallin, L. Pharmacol. Res. Commun. 1985, 17, 831;
(b) Okhawa, H. Q. Anal. Biochem. 1978, 95, 351; (c) Batra, S.; Srivastava, S.;
Singh, K.; Chander, R.; Khanna, A. K.; Bhaduri, A. P. Bioorg. Med. Chem. 2000, 8,
2195.



http://dx.doi.org/10.1016/j.bmcl.2008.11.070



		Syntheses and evaluation of glucosyl aryl thiosemicarbazide and glucosyl thiosemicarbazone derivatives as antioxidant and anti-dyslipidemic agents

		Acknowledgments

		Supplementary data

		References and notes








Bioorganic & Medicinal Chemistry Letters 19 (2009) 390–392

Contents lists available at ScienceDirect


Bioorganic & Medicinal Chemistry Letters


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

A novel sesquiterpene quinone from Hainan sponge Dysidea villosa


Yan Li, Yu Zhang, Xu Shen *, Yue-Wei Guo *


State Key Laboratory of Drug Research, Shanghai Institute of Materia Medica, Chinese Academy of Sciences, 555 Zu Chong Zhi Road, Zhangjiang Hi-Tech Park,
Shanghai 201203, PR China


a r t i c l e i n f o a b s t r a c t

Article history:
Received 28 July 2008
Revised 22 October 2008
Accepted 19 November 2008
Available online 24 November 2008


Keywords:
Dysidea villosa
Sesquiterpene quinone
PTP1B inhibitory activity

0960-894X/$ - see front matter � 2008 Elsevier Ltd.
doi:10.1016/j.bmcl.2008.11.068


* Corresponding authors. Tel.: +86 21 50805813; fa
E-mail addresses: xshen@mail.shcnc.ac.cn (X. Sh


(Y.-W. Guo).

A new sesquiterpene quinone, 21-dehydroxybolinaquinone (5), together with two known related ana-
logues, bolinaquinone (6) and dysidine (7), had been isolated from the Hainan sponge Dysidea villosa.
The structure of the new compound 5 was elucidated on the basis of detailed analysis of spectroscopic
data and by comparison with related model compounds. Compounds 5–7 were evaluated for the inhib-
itory activity against hPTP1B, a potential drug target for treatment of type-II diabetes and obesity, and
cytotoxic activity against Hela cell line. The results showed that dysidine (7) had the strongest hPTP1B
inhibitory activity with an IC50 value of 6.70 lM and 6 had significant cytotoxic activity against Hela cell
line with an IC50 value of 5.45 lM. New compound 5 showed moderate PTP1B inhibitory activity and
cytotoxicity with IC50 values of 39.50 and 19.45 lM, respectively.


� 2008 Elsevier Ltd. All rights reserved.

Sesquiterpene quinones and related compounds represent a
prominent class of biologically active metabolites.1 These intrigu-
ing compounds are frequently encountered in the sponges of the
genus Dysidea (Family Dysideidae).2–4 Most sesquiterpene qui-
nones have a bicyclic normal drimane skeleton, as exemplified by
spongiaquinone (1),5 or a rearranged drimane skeleton, as in 18-
methoxyavarone (2),3 even if several examples of monocyclic
derivatives are also known.6 A wide range of remarkable biological
activity has been reported for many of these metabolites, ranging
from antibacterial, cytotoxic, inhibitory activity against protein
tyrosine kinase, to anti-HIV-I activity.3,7–9 Among the more well-
known members of this family are avarone (3) and avarol (4) that
were first isolated from the Mediterranean sponge Dysidea avara in
1974.10 Both compounds 3 and 4 exhibited significant antiviral
activity against HIV-I11 and their great pharmaceutical potential
stimulated the continued interests of chemists and pharmacolo-
gists. A number of avarol derivatives12 and related compounds13


exhibiting interesting activity in enzyme assays measuring inhibi-
tion of various functions of HIV-I reverse transcriptase were
discovered.


As part of our ongoing program devoted to the discovery of new
bioactive metabolites from marine organisms collected in the Hai-
nan Island, China,14–18 we had the opportunity to study the
chemical constituents of the sponge D. villosa. The Et2O-soluble
and n-BuOH-soluble fractions from the Me2CO extract of the ani-
mals were separately subjected to a detailed chromatographic sep-
aration, which resulted in the isolation of one new sesquiterpene

All rights reserved.
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quinone, named 21-dehydroxybolinaquinone (5), and one related
analog, bolinaquinone (6),2 from the Et2O extract, and one known
metabolite, dysidine (7),19 from the n-BuOH extract. This paper
describes the isolation and structural elucidation of the new
compound 5 and in vitro pharmacological evaluation of compounds
5-7.


The lyophilized sponge D. villosa (dry weight 51.2 g) was ex-
tracted with acetone exhaustively. The acetone extract was parti-
tioned consecutively between H2O and Et2O, H2O and n-BuOH.
The Et2O-soluble fraction was subjected to silica gel and Sephadex
LH-20 column chromatographies to afford compounds 5 (3.6 mg,
0.007% dry weight) and 6 (30.6 mg, 0.060% dry weight) respec-
tively. The n-BuOH-soluble portion was purified by Sephadex LH-
20 column chromatography to yield compound 7 (21.1 mg,
0.041% dry weight).


The known compounds were readily identified as bolinaquinone
(6)2 and dysidine (7),19 respectively, by analysis of their NMR spec-
tra and by comparison with the data reported in the literature.


21-Dehydroxybolinaquinone (5),20 was obtained as a yellow oil.
Its molecular formula C22H30O3, was established by HREIMS at m/z
342.2192 (calcd. 342.2195, D = �0.3 mmu), 16 mass units less than
that of 6. The same rearranged drimane skeleton as in bolinaqui-
none (6) was immediately inferred from 2D NMR data, mainly
1H–1H COSY, HMQC, and HMBC measurements (Fig. 1). Particularly
diagnostic for this assignment was the 13C NMR chemical shifts of
methyl groups 13 and 14 (dC 23.6 and 12.3, respectively) which
were close to those reported for bolinaquinone (6) (dC 23.8 and
12.2) but very different from values reported for compounds con-
taining the 4,9-friedodrimane skeleton [ca. dC 16.7 and 17.8 in
18-methoxyavarone (2)]3 (Table 1). The localization of a substi-
tuted group at C-8 instead of commonly found substitution at
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Figure 1. Selected NMR correlations of compound 5.


Table 1
1H and 13C NMR data of 5, and 13C NMR data of 2 and 6


No. 5a 2b 6a


dH (mult., J, Hz) dC dC dC


1a 1.20 (m) 24.5 (t) 19.4 (t) 24.5 (t)
1b 1.72 (m)
2 2.04 (m) 26.6 (t) 26.5 (t) 26.6 (t)
3 5.25 (br. s) 120.6 (d) 120.7 (d) 120.4 (d)
4 143.5 (s) 143.9 (s) 143.7 (s)
5 37.7 (s) 42.4 (s) 37.9 (s)
6a 1.29 (m) 31.9 (t) 36.1 (t) 31.9 (t)
6b 1.48 (m)
7a 1.03 (m) 28.7 (t) 27.5 (t) 28.7 (t)
7b 1.59 (m)
8 38.0 (s) 36.9 (d) 39.6 (s)
9 1.48 (m) 44.1 (d) 38.5 (s) 44.8 (d)
10 1.86 (m) 40.6 (d) 47.0 (d) 40.6 (d)
11 1.55 (d, 1.5 Hz) 17.6 (q) 18.0 (q) 17.6 (q)
12 0.96 (s) 19.7 (q) 20.0 (q) 19.7 (q)
13 0.89 (s) 23.6 (q) 16.7 (q) 23.8 (q)
14 0.96 (s) 12.3 (q) 17.8 (q) 12.2 (q)
15a 2.39 (d, 12.9 Hz) 38.0 (t) 35.2 (t) 33.8 (t)
15b 2.49 (d, 12.9 Hz)
16 145.6 (s) 145.0 (s) 117.7 (s)
17 182.3 (s) 182.0 (s) 182.2(s)
18 158.5 (s) 159.0 (s) 161.3 (s)
19 5.88 (s) 107.0 (d) 106.9 (d) 102.0 (d)
20 187.5 (s) 187.1 (s) 182.5 (s)
21 6.50 (s) 135.4 (d) 136.7 (d) 152.8 (s)
22 3.81 (s) 56.0 (q) 56.3 (q) 56.0 (q)


a Bruker DRX 400 spectrometer (400 MHz for 1H and 100 MHz for 13C NMR) in
CDC13, chemical shifts (ppm) referred to CHC13 (dH7.26) and to CDC13 (dC77.0).
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b Data reported in Ref. 3.

C-9 was also supported by a 1H–13C long range correlation
observed in the HMBC spectrum between H2-15 (d 2.39, d,
J = 12.9 Hz; 2.49, d, J = 12.9 Hz) and C-7 (d 28.7), C-8 (d 38.0), and
C-9 (d 44.1), respectively. Careful comparison of NMR data of 5
with those of co-occurring bolinaquinone (6) (Table 1) revealed
great similarities between them. In fact, the main differences of
the 13C NMR data of 5 and 6 happened at the ‘‘benzenoid” part
(C-16–C-21) while the sesquiterpene moiety was almost identical
except for C-15. These differences could be easily justified by the
loss of the hydroxyl group at C-21 of 5. Due to the deoxy effect,
the 13C NMR chemical shifts at C-18 and C-21 were significantly
upfield shifted and the d values of C-15, C-16, C-19 and C-20 were
downfield shifted. Finally, the quinone moiety was unambiguously

secured by comparison of the 1H and 13C NMR data (Table 1) with
the corresponding part of model compound 2. Thus, the planar
structure of 5 was determined.


From a biogenetic point of view, the relative configurations
around the rings A and B in 5 should be obviously the same as
those of co-occurring compounds 6 and 7. However, in order to
confirm this deduction, ROESY experiment was performed on 5.
A series of ROESY correlations between H-9 and H-10, Me-13, be-
tween H-10 and Me-13, and between H2-15 and Me-14 (Fig. 1)
clearly indicated that the rings A and B were trans-fused, and H-
9, H-10, and Me-13 had the same a-orientation, while Me-12,
Me-14, and CH2-15 were all b-oriented.


21-Dehydroxybolinaquinone (5) represents a new member of
the family of sesquiterpene quinone derivatives with a further
rearranged drimane skeleton characterized by the abnormal posi-
tion of the quinone moiety. Compounds with this skeleton are
quite rare compared to those showing 4,9-friedodrimane skeleton
with a usual substitution at C-9. To the best of our knowledge, only
a few of this kind of sesquiterpene quinones have been reported
since the discovery of the first sesquiterpene quinone [bolinaqui-
none (6)] in 1998.2,4,19 By analogy to the biogenesis of 4,9-friedo-
drimane-type sesquiterpene quinone (10),21,22 a plausible
biogenetic pathway as outlined in Scheme 1 could be proposed
to explain the biogenetic origin of the sesquiterpene quinone
derivatives with a further rearranged drimane skeleton. Thus, the
cyclization of farnesyl pyrophosphate (FPP) takes place by an initial
electrophillic attack at the head position of FPP giving rise to a con-
certed process leading to a bicyclic carbocationic intermediate (8),
from which the final product, further rearranged drimane type (9),
is formed through concerted process including 1,2 alkyl shift to C-8
(route a) whereas the 1,2 hydride shift (route b) will give 4,9-
friedodrimane-type sesquiterpene quinone (10).


Human protein tyrosine phosphatase 1B (hPTP1B) is regarded
as a key target for the treatment of Type-II diabetes and obesity be-
cause it could hydrolyze phosphotyrosines on the insulin receptor,
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deactivating it. For this reason, PTP1B has been the subject of
intense study for the past few years23 and a number of PTP1B
inhibitors have been developed over the past decade in an effort
to design potent and selective compounds as drug candidates. In
our screening program to search for PTP1B inhibitors from the
South China Sea marine invertebrates, we evaluated compounds
5–7 for the inhibitory activity against hPTP1B and the results
showed that new compound 5 exhibited moderate PTP1B inhibi-
tory activity with an IC50 value of 39.50 lM while 7 had the stron-
gest activity with an IC50 value of 6.70 lM. More-in-depth
pharmacology studies (unpublished data) reviewed that dysidine
(7) is a novel slow-binding PTP1B inhibitor with moderate inhibi-
tion selectivity over other PTPs. Further cell based evaluation of
dysidine (7) indicated that it could strongly activate insulin signal-
ing pathway and promote membrane translocation of the glucose
transporter 4 (GLUT4) in CHO-K1 and 3T3-L1 cells. Moreover, dysi-
dine could also significantly increase glucose uptake in 3T3-L1 cells
by 2.3 fold. Due to the potent PTP1B inhibitory activity and moder-
ate specificity, dysidine is expected to be developed as a potential
lead compound for anti-diabetes agent. The cytotoxicity against
Hela cell line was also evaluated for compounds 5–7. Among them,
6 exhibited the significant cytotoxic activity against Hela cell line
with an IC50 value of 5.45 lM and new compound 5 showed a

moderate cytotoxicity with an IC50 value of 19.45 lM. Finally, in
light of the promising anti-HIV-I activities of avarol, avarone, and
their derivatives, the anti-HIV-I activities of 5–7 were also evalu-
ated but unfortunately all of them were found inactive.
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docking and molecular dynamics simulation. This provides a guideline for rational design of novel and
dissociated nonsteroidal GR ligand.


� 2008 Elsevier Ltd. All rights reserved.

Glucocorticoid receptor (GR, NR31C11,2) is a promising
pharmaceutical target to treat inflammatory and other related dis-
eases. Several steroidal GR agonists such as dexamethasone (DEX),
prednisolone (PRED) and fluticasone propionate (FP) have been
widely and successfully used in the treatment of acute and chronic
inflammatory diseases for decades of years. However, the long-
term usage of these drugs are also accompanied by serious and
unpleasant side-effects including diabetes mellitus, peptic ulcer,
skin atrophy, etc. As a consequence of these side-effects, there
has recently been considerable interest in a hypothesis of selective
glucocorticoid agonism where the beneficial anti-inflammatory
effects are postulated to derive from transrepression (TR) path-
ways and may be separated from the side-effects derived from
transactivation (TA) pathways. Compounds which display selectiv-
ity for TR over TA are often referred to as dissociated agonists.
Recently, researchers in both academics and industries are engaged
in the search for novel GR ligands that preferentially induce the TR
activities of the GR, while having reduced TA activities. For recent
progress of dissociated GR agonist see review papers.3–5


Based on dihydroquinoline scaffold that is initially used in
development of PR agonists,6 Abbott Laboratories and Ligand
Pharmaceuticals cooperatively develop a series of four-ring ligands
(AL-series)7–10 with dissociated properties more or less (Fig. 1).
One of them, AL-438 that has been tested in many experiments
presents a hopeful dissociated profile and a potential of practical
usage.11 A reasonable GR/ligand model would be very helpful for
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designing and optimizing lead compounds. However, the limited
GR/ligand complex12–16 structural information strongly hamper
our understanding of how known GR ligands interact with GR. At
GSK, researchers have recently described nonsteroidal GR modula-
tors designed by using an agreement docking method.17–20 In this

Figure 1. The chemical structures of dexamethasone, prednisolone, fluticasone
propionate and dihydroquinoline.
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Figure 2. The chemical structures of AL-series molecules (top-left). The represen-
tative compounds of AL-series (top-right). AL-438 was used as template for rigid
superimposition in CoMFA studies (bottom-left). Four atoms pointed by solid
arrows are necessary, while two atoms pointed by hollow arrows are optional. The
graphic view of the CoMFA results (bottom-right). The contours of the steric map
are shown in yellow and green, and those of the electrostatic map are shown in red
and blue. Greater values are correlated with more bulk near green; less bulk near
yellow; more positive charge near blue, and more negative charge near red. The
relative contribution fraction data are indicated.


Figure 3. Comparison of the conformations change of each docking pose before
(black) and after (white) molecular dynamics simulations.
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study, we have used a protocol combining three-dimensional
structure–activity relationship (3D-QSAR), molecular docking,
molecular dynamics (MD) and MM/PBSA methods to investigate
the detailed interactions of GR with AL-438 analogues.


To more fully explore the specific contributions of electrostatic,
steric and hydrophobic effects for these dihydroquinoline
analogues binding to GR, 3D-QSAR analyses was performed on
these agonists using comparative molecular field analysis
(CoMFA)21,22 based on the rigid alignment as shown in Figure 2.
The study contains 79 molecules which C-5, C-9 and C-10 substitu-
tion on the dihydroquinoline scaffold. The CoMFA provide statisti-
cally valid model with good correlation and predictive power. The
cross-validated q2 value reaches 0.633 for CoMFA (for details see
Supporting information). It should be pointed out that this 3D-
QSAR study is not to make a ‘model’ to predict activities of new
AL analogs, but to get a whole impression about the structure–
activity relationship underling the structural information and bio-
logical data of the tens of molecules in the references. The most
valuable information disclosed by CoMFA study is related to the
part of GR ligand-binding-site that interacts with R1 group
attached 5-site (Fig. 2). The big green region indicates that this part
have some space available or there are some flexible residues to
accommodate bulky groups, while the blue region indicates that
there might be some negative charge residues nearby.


Secondly, molecular docking studies for all AL-series molecules
studied presently were performed by using GOLD program.23 The
crystal structure of GR/DEX complex (PDB code is 1M2Z12) is taken
as the receptor. Here, the combination of position, orientation of a
ligand relative to the receptor, along with its conformation is
referred to as a ligand pose in a receptor. In this docking study,
the flexibility of the receptor is not considered. The objects are to
explore several initial poses of ligands relative to the receptor, to
give a whole impression about GR/AL-series binding modes, and
to prepare starting points for the following molecular dynamics
simulations. For all AL-series molecules, the docking studies show

that poses of AL-series could be clustered into several groups (for
details see the Supporting information.). Just for the specific
AL-438, careful investigations also show that it can adopt five dif-
ferent poses (dock-1, dock-2, dock-3, dock-4 and dock-5) in the
ligand-binding-site (Fig. 3). In comparison, the binding mode of
GR/DEX is exactly reproduced by GOLD docking program.


Thirdly, six molecular dynamics simulations including five GR/
AL-438 systems and one GR/DEX system are performed by using
the Amber program24 to get more reasonable GR/AL-438 binding
mode, where the flexibility of receptor is considered. In each sys-
tem, the whole structure of the receptor including key H12 is kept
stable, while the ligand takes conformational changes more or less
(Fig. 4). The DEX always keeps in its original position, while AL-438
in five GR/AL-438 systems take minor or major conformational
changes to optimize the protein–ligand interactions. In opt-dock-
5 systems, the variation of AL-438 indicates that it reaches a stable
position after a sharp leap at about 1.9 ns when the 5-vinly group
slips into a new pocket. For other four systems (opt-dock-1, opt-
dock-2, opt-dock-3 and opt-dock-4), although the simulations start
from different poses, the very similar final poses of AL-438 are ob-
tained. Figure 4 show that these conformational changes happened
at early stage of the simulations. After visual inspection, we can
summarize these five poses into two binding modes. MD_mode_I
denotes MD simulation binding mode from opt-dock-1, opt-
dock-2, opt-dock-3 and opt-dock-4, while MD_mode_II denotes
that from opt-dock-5.


In comparison, DEX and AL-438 have very different binding
modes with GR because AL-438 does not have a classic steroidal 4
ring. As shown in Figures 5 and 6, in both binding modes predicted
by docking and MD simulation, the D ring of AL-438 takes the place
of A ring of DEX. Figure 5, DEX and GR can form perfect hydrogen
bond interactions, where all polar atoms (N and O) and polar hydro-
gen atoms on DEX could form hydrogen bonds with polar residues
with ARG611, GLN570, ASN564, THR739 and GLN642 of GR. For
AL-438, in MD_mode_I, only one moderately stable hydrogen bond
forms between N atom of AL-438 and GLN642 of GR. This is less
conserved hydrogen bond in GR–glucocorticoids interaction. In
MD_mode_II, two more conserved hydrogen bonds are formed.
The O atom on D ring forms hydrogen bond with GLN570, while N
atom of A ring forms hydrogen bond with residue ASN564 of GR.
There are two important electrostatics regions distributed in our







Figure 4. Variations of the rmsd of the backbone of the receptor (grey), and the ligand (black) in MD simulations. The backbone atoms (C, N, Ca) of the initial structure (X-ray)
are taken as the reference in least-square-fitting.


Figure 5. Representative binding mode of DEX and AL-438 in the GR ligand-
binding-site. The upper part shows the relative orientation, the lower part show
some key residues. H-bonds are shown with red line.


Figure 6. Comparison of the residues close to R1 group in MD-mode-I (left) and in
MD-mode-II (right).


Table 1
The binding free energy computed by MM/PBSA methods (unit: kcal/mol)


System code DGMM/PBSA TDS DGtotal


Dock-DEX �37.21 �26.35 �10.86
GR/AL-438 (opt-dock-1) �34.58 �22.69 �11.89
GR/AL-438 (opt-dock-2) �30.43 �18.53 �11.90
GR/AL-438 (opt-dock-3) �35.50 �15.76 �19.74
GR/AL-438 (opt-dock-4) �29.47 �23.86 �5.61
MD-mode-Ia �32.50 �20.21 �12.29
MD-mode-IIb �35.71 �20.82 �14.89


a Averaged from opt-dock-1 to opt-dock-4.
b Opt-dock-5.
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CoMFA contour map (Fig. 2). The blue one close to the substituted
group on 5-site (C ring) is surrounded by MET646, MET639,
MET560, LEU563, PHE623, LEU608 and GLN642 (Fig. 6). The thiol
group on MET and GLN642 might construct a negatively electrostatic
environment. A smaller red region near ring D corresponds to
residue ARG611 that may form a positively electrostatic environ-
ment. Considering the conserved property of the hydrogen bonds
in GR–glucocorticoids interactions, we conclude that MD_mode_II
is more close to the real binding mode of AL-438 with GR.


In order to confirm this, the binding free energies of these two
binding modes are computed by using MM/PBSA method and
Normal-mode analysis based on the molecular dynamics trajecto-

ries. Table 1 summarizes the results of our MM/PBSA calculation,
including the energy terms given by the MM/PBSA method for
DEX and AL-438. Two things are suggested by the binding free
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energies (DGtotal) presented in Table 1. (1) As GR ligands, DEX looks
weaker than AL-438 for DGtotal of GR/DEX (�10.86 kcal/mol) is
smaller than those in GR/AL-438 systems. (2) The binding free
energy of MD_mode_I is around 2.6 kcal/mol lower than that of
MD_mode_II for AL-438. Between AL-438 and DEX, the difference
of DGtotal is originated from the changes of entropy, which are cal-
culated by Normal-mode. As described above, DEX forms much
more hydrogen bonds with GR than AL-438. In the view point of
computational chemistry, the hydrogen bonds would restrict the
configuration space of the complex, which should be characterized
by configurational entropy calculation. Unfortunately, the contri-
bution from configurational entropy is completely ignored by
Normal-mode. Therefore, we cannot expect that the entropy calcu-
lation at this level is able to give correct numbers for the two quite
different molecules. Differently, the data for AL-438 looks more
reasonable. The difference of DGtotal is mainly originated from
DGMM/PBSA calculation. As expected, their changes of entropy in
binding process (calculated) are similar (�20.21 and �20.82 kcal/
mol) and looks reasonable as the ligands are same. The lower bind-
ing free energy in MD_mode_II confirms that it is the favorable
binding mode.


As mentioned above, CoMFA study indicates that the region of
the receptor, with which the R1 group contact directly, should have
some space available or some flexible residues to accommodate
bulky groups. Obviously, MD_mode_II matched with this structural
information very well than MD_mode_I (Figs. 2, 5 and 6). In
MD_mode_I, the 5-vinyl (R1) could directly contact with the side
chain of LEU753 on H12, and insert a pocket mainly constituted
by the backbone atoms from TRP600, MET601, MET604 on H4,
GLY567 on H2, and side chain atoms from LEU753 on H12. It is dif-
ficult for this pocket to contain bulky groups since both H2 and H4
are belonged to the most conserved structural unit of nuclear
receptor. Oppositely, in MD_mode_II, 5-vinyl group insert into a
small pocket formed by the terminal atoms from MET646,
MET639, MET560, LEU563, PHE623, LEU608 and GLU642. It is rea-
sonable to believe this pocket has potential to accommodate bulky
group as most of these resides are flexible and extended currently.


Experimentally, a little structural modification on the 5-alpha
site would strikingly affect the activity of AL-438 analogs. The Ki


value of AL-438 whose R1 group is 2-propenyl is about 2.5 nM
(Fig. 2).9 The activities are kept when just a methyl is added on
the R1 (3.1 nM for 2-methylallyl and 2.2 nM for but-3-en-2-yl),
while if two methyl groups added on the 5-alpha site, the activity
decreased (230 nM for 2-methylbut-3-en-2-yl). The sharp changes
strongly indicated that there are some special structural factors on
the receptor to strictly control the region around R1. Given
MD_mode_II could represent the real binding mode, the big, rigid
and deeply-hidden PHE623 may very likely play this role. The crys-
tallographic study of GR/FP and GR/FF has proved the existence of
the small pocket that accommodates the R1 group in MD_mo-
de_II.15,16 Furthermore, in a recent modeling work, using docking
and simulated annealing refinement, an AL-438 derivative devel-
oped by Ligand Pharmaceuticals was predicted to have similar pro-
tein–ligand binding mode as that of MD_mode_II.25


In summary, molecular docking method was used to produce
several possible binding poses for AL-438 and GR. The molecular
dynamics, MM/PBSA method and 3D-QSAR were combinational
used to confirm the reasonable binding mode of AL-438/GR
complex. This model provides a structural framework for under-
standing the SARs of these compounds. The elucidation of pro-
tein–ligand interaction in this study will be helpful for rational
design of novel glucocorticoid receptor modulator.

Supplementary data


A document that gives more details about CoMFA model and 2D
structures of all the compounds used in this study. Supplementary
data associated with this article can be found, in the online version,
at doi:10.1016/j.bmcl.2008.11.069.
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A series of quinoxaline inhibitors of c-Met kinase is described. The postulated binding mode was con-
firmed by an X-ray crystal structure and optimisation of the series was performed on the basis of this
structure. Future directions for development of the series are discussed together with the identification
of a novel quinoline scaffold.


� 2008 Elsevier Ltd. All rights reserved.

Members of the receptor tyrosine kinase (RTK) family are
attractive targets for cancer therapy as inhibition can disrupt sig-
naling pathways that mediate tumour formation and growth. c-
Met kinase is a member of this family that, together with its ligand,
hepatocyte growth factor (HGF), is important for normal mamma-
lian development. However, c-Met has been shown to be deregu-
lated and associated with high tumour grade and poor prognosis
in a number of human cancers.1 c-Met can become activated by a
variety of mechanisms, including gene amplification and mutation
inducing motility, invasiveness and tumourgenicity into the trans-
formed cells.2 Activation leads to receptor dimerisation and
recruitment of several SH2 domain containing signal transducers
that activate a number of pathways including the Raf-Mek-Erk
and PI3k-Akt cascades. Targeting the ATP binding site of c-Met is
a popular strategy for inhibition of the kinase, with a number of
drug candidates reaching the clinical testing phase.3 We now wish
to report our efforts in this area.
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A HTS campaign identified the quinoxaline 1a as a promising
starting point. This low molecular weight, relatively soluble, ATP-
competitive compound had an IC50 of 1.3 lM in the c-Met
biochemical assay.4 Cross-screening against a panel of over 200 ki-
nases showed that 1a was highly selective for c-Met.5 Docking 1a
into the published crystal structure of c-Met (pdb:1R0P)6 sug-
gested that the N-4 atom of the quinoxaline ring formed a H-bond
to Met1160 in the hinge region of the kinase, whilst the trifluoro-
methyl and phenyl groups occupied hydrophobic pockets, and the
piperazine group was directed towards solvent. With this binding
mode in mind we embarked on an exploration of the SAR.


The quinoxalines were prepared as shown in Scheme 1.
Commercially available diamine 2 was cyclised to give a 1:1
mixture of regioisomeric quinoxalinones 3 and 4 from which the
desired isomer 3 was isolated by trituration in 45% yield. Chlorina-
tion at the 2-position allowed the substitution of a range of amines
and was followed by Suzuki coupling to give the desired products.
Variation of substitution at the 6-position was achieved by appro-
priate choice of starting material. A related series of quinolines
were prepared as shown in Scheme 2. Bromination, reduction and
a Sandmeyer reaction7 transformed the commercially available
quinoline 7 to the quinolinol 10. Ether formation under mildly basic
conditions was followed by a Buchwald–Hartwig reaction8 to give
the quinoline 12.


Replacement of the N-methyl piperazine with other groups
showed that it is important to have a basic, preferably tertiary,
nitrogen substituent at the quinoxaline 2-position, although the
O-linked piperidine, 18, retained some potency, Table 1. We postu-
late that the presence of an exocyclic heteroatom counteracts the
electron withdrawing properties of the nitrogen atom at the 1-po-
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Table 2
SAR of substituents at the quinoxaline 8-position


N


N
R


N
N


CF3


Compound R c-Met IC50 (lM)


24 3,4-Dimethoxyphenyl 1.5
25 2,3-Dichlorophenyl 1.8
26 4-Benzyloxyphenyl 0% @ 100 lM
27 3-Carbamoylphenyl 5.0
28 3-Hydroxyphenyl 0.9
29 4-Hydroxyphenyl 0.8
30 3-Nitrophenyl 12.9
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Scheme 1. Preparation of the quinoxalines. Reagents and conditions: (i) HCOCO2Et, EtOH, reflux; (ii) POCl3; (iii) N-methylpiperazine, THF, reflux; (iv) PhB(OH)2, Pd(PPh3)4,
dioxane, Na2CO3, reflux.


Table 1
SAR of substituents in the 2- and 6-positions of 8-phenylquinoxaline


N


N R1


R2


Compound R1 R2 c-Met IC50 (lM)


1a N-Methyl piperazinyl CF3 1.3
13 H CF3 0% @ 100 lM
14 Amino CF3 20.1
15 Dimethylamino CF3 5.3
16 Acetamido CF3 0% @ 100 lM
17 N-Acetyl piperazinyl CF3 1.3
18 N-Methyl piperidin-4-oxy CF3 19.6
19 N-Methyl piperazinyl H 28.3
20 N-Methyl piperazinyl F 3.9
21 N-Methyl piperazinyl Cl 2.8
22 N-Methyl piperazinyl Me 5.0
23 N-Methyl piperazinyl CN 60.2
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sition, strengthening the putative H-bond between N-4 and the
hinge residue Met1160. This hypothesis was strengthened by the
observation that the quinoline 1b (IC50 0.65 lM) was nearly twice
as potent as 1a. The trifluoromethyl group at the 6-position ap-
pears to be preferred, presumably optimally occupying a hydro-
phobic pocket that can also accommodate fluoro, 20, chloro, 21,
or methyl, 22, groups, though not for example, a nitrile group, 23.

Realising that there was scope for optimisation of both potency
and solubility by appropriate substitution at the 2-position, we
now turned our attention to the 8-position where a study of the
published X-ray crystal structures led us to believe that there
was the greatest scope for enhancement of potency. A wide range
of substituted phenyl analogues were prepared, a representative
selection are shown in Table 2. Although bulky functionality was
not accommodated, for example, 26, most smaller substituents
did not have any significant effects on potency. However, indoli-
nones 33 and 34 and the benzimidazoline 32 did show promising
activity


In an attempt to rationalise these observations, we solved the
X-ray crystal structure of the c-Met-28 complex9, Figure 1a.
Although the binding mode was revealed to be as we had predicted,
the complex co-crystallised with a molecule of c-butyrolactone







Figure 1. (a) X-ray crystal structure of the c-Met-28-c-butyrolactone complex showing key interactions. The protein residues are in green with the positions of Met1229-
Tyr1230 from PDB:1ROP shown in pink for comparison. (b) Overlay of a model of 38 (yellow) with the structure of 28 (grey) showing postulated interaction of the nitro group
with Asp1222 and the phenyl ring with Tyr 1230.


Table 3
SAR of homologated substituents at the quinoxaline 8-position


N


N
R


N
N


CF3


Compound Substituent c-Met IC50 (lM)


35
N
H


1.9


36
N
H 1.1


37
N
H


7.1


38 N
H


NO2


0.035


39 N
H


NO2


0.54


40
N
H


NO2
0.055


41 O
NO2


0.32


42
NO2S


N
H


O O


0.017


43 N
H


CONH2


0.73


44 N
H


N O
N


0.031


45
N
H


N
O


N
0.38
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from the buffer solution, which appeared to cause a conformational
change to Met1229 and Tyr1230 (compared to pdb:1ROP6). This
conformational change is similar to that observed in the crystal
structure of SU11274 (pdb:2RFS) and has been suggested to be
responsible for the difference in profiles of c-Met inhibitors.10 The
c-butyrolactone also appeared to be forming a H-bond to the back-
bone NH of Asp1222. Consequently, we attempted to both incorpo-
rate this feature and overlap the p-cloud of the displaced Tyr1230 in
our molecules by moving the aromatic 8-substituent further from
the quinoxaline scaffold.


Incorporation of N- or O-linked substituents onto the bromide
6, Scheme 1 using Buchwald–Hartwig chemistry11 allowed us to
prepare the desired compounds, some of which are outlined in Ta-
ble 3. A two atom linking chain appears to be optimum, but the
most significant observation is the effect of the 3-nitro substituent,
38, which produces a 30-fold increase in potency. We believe that
the electron withdrawing effect of the nitro group enhances p-
stacking with the phenyl ring of Tyr1230 and forms a H-bond with
Asp1222, Figure 1b. Compound 38 retained the selectivity profile
of the parent 1a in the kinase screening panel.5 Interestingly, the
analogous 30, Table 2, was only weakly active. Replacing the ami-
nomethyl linker with sulfonamide, for example 42, improved po-
tency still further. As the nitro group can confer mutagenic and
carcinogenic properties12 we attempted to identify isosteric groups
to overcome these potential issues. The benzoxadiazole group has
been reported as an isosteric replacement for the nitro group in a
PDE4D inhibitor13 and the calcium antagonist isradipine.14 Incor-
poration of this moiety into our scaffold gave 44 whose equipoten-
cy with 38 suggests a similar mode of binding. However, the
regioisomeric 45 was 10-fold less active than the corresponding
4-nitro analogue 40.


Attempts to identify robust routes to the appropriately substi-
tuted 3,5,7-quinolines have proved unsuccessful; a survey of the
literature suggests this is a relatively unexplored substitution pat-
tern. However, we have prepared the analogous 3,5-disubstituted
quinoline 12, scheme 2, and were pleased to observe an improved
potency in the biochemical assay (IC50 0.057 lM) suggesting that
3,5,7-trisubstituted quinolines could form a series of c-Met inhib-
itors with a similar binding mode to the quinoxalines.


In conclusion we have identified novel quinoxaline and quino-
line inhibitors of c-Met kinase and have rationalised the SAR by
reference to an X-ray crystal structure.
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A series of 2-pyridyl pyrimidines, reported inhibitors of Plasmodium falciparum methionine aminopepti-
dase 1b were synthesized and evaluated for their antiplasmodial activities. An analysis of physicochem-
ical properties demonstrated a link between lipophilicity and antiparasitic activity. Cross screening of the
library against cultured Leishmania donovani parasites revealed this class of compounds as potent inhib-
itors of parasite development in vitro.
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P. falciparum MetAP1b IC50 0.11μM


P. falciparum Dd2 IC50 3.1μM
Active in in vivo plasmodia models
Synergisitc in vivo activity with CQ

Annual global clinical cases of malaria infection exceed 300
million, resulting in over 1 million deaths.1 Among the four species
of the parasite that cause malaria in man, Plasmodium falciparum is
the most virulent and is responsible for 90% of reported malaria
cases. Many first line defenses against malaria, such as chloroquine
(CQ) have been rendered ineffective due to development of drug
resistance in the parasite. Although the discovery of new treat-
ments such as artemisinin has been a significant achievement in
the fight against malaria,2 there is still an urgent need for the
discovery, development and delivery of new chemotherapies to
combat the disease.


Other tropical diseases also cause significant morbidity and
mortality in the developing world. For example, leishmaniasis
causes debilitating effects, severely attacking visceral, cutaneous
and mucocutaneous organs.3 Caused by more than 20 different
species of Leishmania, leishmaniasis has a prevalence of an esti-
mated 12 million cases annually, the majority of which are
reported in the tropics and subtropics.4 The disease is further com-
pounded by low efficacies of current therapies as well as resistance
and toxicity. As with malaria, new chemotherapeutic agents are
urgently needed for the treatment of leishmaniasis.


It has recently been disclosed that 2-pyridyl pyrimidines act as
selective inhibitors of P. falciparum methionine aminopeptidase

ll rights reserved.


: +44 1304 651987.
hitlock).

(PfMetAP) 1b and arrest parasite development in vitro.5 For exam-
ple, XC11 (Fig. 1) was found to be a potent inhibitor of PfMetAP 1b
enzyme activity and XC11 also inhibited P. falciparum proliferation
of both the chloroquine-sensitive 3D7 and chloroquine-resistant
Dd2 strains. XC11 was also shown to possess in vivo activity in
two mouse models of malaria, and was shown to have a synergistic
effect when dosed in vivo with CQ.


As part of a collaboration between Pfizer and WHO-TDR to dis-
cover new hits and leads to treat neglected tropical diseases,6 we
sought to expand the SAR governing the activity of the 2-pyridyl
pyrimidine scaffold reported by Chen et al.5 In addition to explor-
ing antiplasmodial SAR, we also determined the activity for this
series against other parasites where MetAP enzymes have been
shown to be important in parasite survival. For example it has

XC11


Figure 1. Structure and biological activity of XC11.
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Table 1
Chemical structures and in vitro P. falciparum K1, L. donovani activity and rat myoblast L6


N


N N


R


R1


Compound R R1 NR2R3 cLogP


Chloroquine — — —
Artemisinin — — —
Miltefosine — — —
4 Me Cl NH2 1.8
5 Me Cl NMe2 2.7
6 Me Cl NEt2 3.8


7 Me Cl
N


2.9


8 Me Cl
HN


4.1


9 Me Cl


HN
4.8


10 Me Cl HN 5.1


11 Me Cl
N


4.8


12 Me Cl
HN


5.3


13 Me Cl
HN


5.8l


14 Me Cl
HN O


2.5


15 Me Cl
HN


SO2Me 2.5


16 Me Cl


HN


SO2Me
3.1


17 Me Cl


HN


Cl
5.5
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recently been demonstrated that MetAP2 inhibitors such as fum-
agillin and TNP-470 arrest parasite growth in Leishmania donovani
parasites.7 Herein, we present the results of a synthesis and screen-
ing programme of 2-pyridyl pyrimidines against malaria and leish-
mania parasites.


The medicinal chemistry design strategy focused on under-
standing which parts of the XC11 structure were important for
antiparasitic activity (the 2-pyridine had previously been shown
to be crucial for Pf MetAP 1b and antiparasitic activity).5 A series
of compounds was then designed to test where polarity could be
tolerated, the effect of conformational constraint and to inform
on the relationship between activity and lipophilicity (as estimated
by calculated LogP values).

cytotoxicity for compounds 4–33


NR2R3


P. falciparum IC50 (lM) L. donovani IC50 (lM) Cytotoxicity IC50 (lM)


0.25 nda 70.1
0.005 nda >170


nda 0.7 nda


20.8 3.3 85.3
15.1 1.1 115


9.0 1.22 148


8.1 0.53 80


3.2 0.47 70.1


9.8 0.5 25.5


1.9 0.48 73.5


3.5 0.32 62.5


2.4 0.31 42.4


2.3 0.26 49.5


15.3 10.5 125


10.1 10.7 93.6


8.2 7.4 103.5


6.3 1.2 91.6







Table 1 (continued)


Compound R R1 NR2R3 cLogP P. falciparum IC50 (lM) L. donovani IC50 (lM) Cytotoxicity IC50 (lM)


18 Me Cl


HN


Cl


5.5 2.5 0.44 32.6


19 Me Cl


HN


Cl
5.5 2.0 0.45 40.4


20 Me Cl


HN


OMe
4.7 2.5 0.43 8.7


21 Me Cl


HN


N
3.3 9.5 14.1 110


22 Me Cl HN 4.7 3.7 0.42 33.2


23 Me Cl N 4.8 8.9 1.1 183


24 Me Cl
N


4.4 4.7 0.39 133


25 Me Cl
N


4.4 4.1 0.70 76.5


26 Me Cl


N
4.8 4.3 0.63 92.3


27 Me Cl
N


4.9 3.1 0.38 88


28 Me Cl N N S


O


O


3.7 11.6 54.4 210


29 Me Cl HN
S


O


O
3.3 10.4 11.4 72.8


30 Me Cl HN
N
H


N


CF3 4.7 2.74 0.28 5.2


31 Me Cl N N
OH


1.9 7.5 156 270


32 Me H


HN
4.0 3.7 3.0 18.3


33 CF3 H


HN
4.5 8.2 2.0 74.2


a nd, not determined.
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The target compounds were synthesized according to the gen-
eral route in Scheme 1. The commercially available chloro-pyrim-
idines 1–3 were aminated with the desired amines in EtOH in
presence of Et3N to afford compounds 4–33 (Table 1).8


The antiplasmodial activity of compounds 4–33 was deter-
mined in a CQ-resistant K1 P. falciparum strain using chloroquine
as standard (Table 1).9 Simple N-alkylated analogues 4–7 had weak
to moderate P. falciparum activity. Extension of the side chain and
incorporation of an aryl group (8–11) gave a trend towards increas-
ing activity, although with a rise in lipophilicity also. In our hands,

XC11 (9) had similar activity in a CQ-resistant P. falciparum strain
when compared to data reported in the literature.5 Saturation of
the aryl ring in 12–13 was well tolerated. However, incorporation
of a more polar aliphatic heterocycle (14) reduced activity signifi-
cantly. Polar substitution on the aryl ring (15–16) also reduced
activity, whereas chloro and methoxy analogues 17–20 were more
active. Swapping the aryl for a 4-pyridyl ring (21) led to a drop in
P. falciparum potency. Conformational constraints on the side chain
were then investigated. Analogues 22–27 all had similar activity,
despite locking the aryl ring in a number of different orientations.
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More polar linker systems were then tested (28–31), and all
showed reduced P. falciparum activity. Having spanned many
changes on the 4-N side chain, the SAR of other substituents was
briefly explored. Deletion of the 5-Cl (32), and swapping R to a
trifluoromethyl group (33) retained activity when compared to
XC11 (9).


Overall the in vitro plasmodia screening results demonstrated a
very flat SAR, with all analogues spanning only one order of
magnitude in activity. Additionally all the activity appeared to be
driven by increases in lipophilicity (Fig. 2), and none of the
analogues containing polar groups possessed good in vitro activity.
This was a cause for concern, due to the potential for more lipo-
philic compounds to have higher attrition risks associated to poly-
pharmacology, pharmacokinetics and toxicology.10 The calculated
LogP/potency relationship for P. falciparum K1 indicated that a very
high cLogP (>9) would be required to achieve CQ levels of in vitro
P. falciparum K1 activity in this series.


The antileishmanial activity of compounds 4–33 was then deter-
mined in L. donovani using miltefosine as standard (Table 1).9


Activity was still linked to lipophilicity (Fig. 3), however activity
spanned three orders of magnitude and a significant number of
highly active compounds were identified. In particular, analogues
7–13, 18–20, 22, 24–27 and 30 were as active or more active than
the standard agent miltefosine, and most had excellent selectivity
over cytotoxic effects in rat myoblast L6 cells.9

Figure 2. Plot showing relationship between cLogP and P. falciparum activity.


Figure 3. Plot showing relationship between cLogP and L. donovani activity.

Of particular interest were analogues 4–7, which did not pos-
sess a large 4-N substituent (highlighted in red in Fig. 3). This result
indicated that a large lipophilic group in this position was not
required for good L. donovani activity. Analogues 5 and 7 had the
best combination of low cLogP and L. donovani activity, and could
form the basis for a hit-to-lead program to identify additional com-
pounds with increased L. donovani potency.


The relationship between antiparasitic activity and cytotoxicity
was then explored, to determine if such a relationship existed
(Figs. 4 and 5). There was a general trend towards the most potent
antiparasitic compounds also exhibiting more cell-based cytotox-
icity. However, within a given potency range (for example L. dono-
vani IC50 < 0.5 lM) the cytotoxicity value varied >10-fold,
indicating that antiparasitic activity was not intimately linked to
cell-based cytotoxicity.


In conclusion, we have extended the SAR of the 2-pyridine
pyrimidines with regard to their antiplasmodial activity, giving
an insight into the structural features that drive potency. To this
end, we have shown that lipophilicity is correlated with antiplas-
modial activity.


We have further demonstrated the efficacy of the 2-pyridyl
pyrimidines against L. donovani parasite development in vitro.

Figure 4. Plot showing relationship between cytotoxicity and P. falciparum activity.
Coloured by cLogP (red = polar to blue = lipophilic).


Figure 5. Plot showing relationship between cytotoxicity and L. donovani activity.
Coloured by cLogP (red = polar to blue = lipophilic).
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The low molecular weight, ease of synthesis and low cLogP of com-
pounds 5 and 7 lend themselves to being interesting starting
points for a hit-to-lead generation project against L. donovani.
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A novel series of N-methylmaleimide indolocarbazole derivatives bearing modified 2-acetamino acid
moieties are first reported. The cytotoxic effects of these compounds were tested in five human tumor
cell lines. The potent compounds 9a, 9b, 9d, and 9e have been further evaluated for their effect on Topo-
isomerase I (TOPO I) and cancer cell cycle. It is concluded that the indolocarbazoles with alkyl piperazine
or morpholine substituent groups instead of esters or glycosyl residues would have better activities
against tumors.
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The indolocarbazole alkaloids are appealing molecules with
broad spectrum of biological activities including anti-microbial,1


anti-hypotension,2 cytotoxic,3 as well as the inhibition of platelet
aggregation.4 The most significant biological profile of these com-
pounds is their potential anti-tumor effects. The indolocarbazole
derivatives have shown complicated and distinct anti-tumor
mechanisms including Topoisomerase I (TOPO I) poisoning, Protein
Kinase C (PKC), Protein Kinase A (PKA), CDK1/cyclin B, and CDK5/
p25 inhibition.5 Their different mechanisms of action are owing
to their structural diversity at some important substituted posi-
tions. For example, Rebeccamycin and NB-506 can form ternary
complex with the DNA/TOPO I duplex via intercalation between
the base pairs at the site of DNA cleavage, 6,7 while their analog Sat-
urosporine exhibits high levels of PKC inhibition with no effect to-
ward TOPO I (Fig. 1).3,8


Concerning for their multi-targeted anti-tumor properties,
numerous attempts including adding other functional groups to
the indolocarbazole framework as well as the modification of the
carbohydrate moiety have been launched in the hope of obtaining
analogs with improved pharmacological profiles.9 Besides, it is well
acknowledged that the introduction of amino acid and peptide-like
groups are general strategies to improve the solubility and increase
the capacity of molecules to the cellular targets,10 which has al-
ready been applied in the modification of indolocarbazole deriva-
tives.11 In this letter, to improve the solubility of indolocarbazole
scaffolds and to increase the binding affinity of the compounds

All rights reserved.


.
63.com (Q. You).

with TOPO I, a series of N-methylmaleimide indolocarbazole deriv-
atives bearing modified amino acids through 2-acetyl linker were
synthesized and evaluated.


Indolocarbazole nucleus was synthesized from N-methyl pyr-
role. Bromination and oxidation of N-methyl pyrrole gave N-
methyl-dibromomaleimide 1. Indolylmagnesium bromide was
coupled with N-methyl-dibromomaleimide 1 to afford the bis-
indolylmaleimides 2. Oxidative cyclization of the bis-indolylmalei-
mides 2 in the presence of DDQ led to the indolocarbazole 3. N-
bromoacetyl amino acid methyl esters (6a–e) were prepared from
the corresponding amino acids by esterification, neutralization and
acylation of the amino group with bromoacetyl bromide. Alkyl-
ation of the indolocarbazole 3 with the esters 6a–e in the presence
of NaH gave the indolocarbazole amino acid ester derivatives 7a–e.
Hydrolysis of the methyl esters with NaH in DMF with small
amount of water followed by the amidation of the indolocarbazole
8a–e with the piperazine or morpholine derivatives to give the
amide derivatives 9a–e (Scheme 1). The positive control JDC-108
(Fig. 1) was synthesized according to the literature procedures.6b


The cytotoxic evaluation of compounds were carried out on five
human cancer cell lines by MTT assay: HT-29 (human colon carci-
noma), HCT-8 (human ileocecal adenocarcinoma), Bel-7402 (hu-
man hepatoma cells), A549 (non-small cell lung carcinoma), and
MCF-7 (human breast carcinoma). As shown in Table 1, most of
the tested compounds were able to induce cell death in five human
cancer cell lines. Among them, compound 7a, 9a, 9b, 9d, and 9e
(one ester and four imide derivatives) showed comparable anti-tu-
mor activity with JDC-108 which also bearing N-methyl indolocar-
bazole scaffold. Taking whole views of indolocarbazole analogs we
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Figure 1. Structure of the mentioned indolocarbazole derivatives.
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synthesized, it is suggested that the amide analogs (9a–e) are more
potential than those acid (8a–e) and ester (7a–e) analogs. Consid-
ering their better anti-proliferation activities, compounds 9a, 9b,
9d, and 9e were selected for further evaluation of their effect on
DNA–TOPO I complex (Fig. 2) and their influence on TOPO I expres-
sion in HT-29 cells (Fig. 3).


The TOPO I inhibition assay was carried out on the TOPO I Drug
Screening Kit (Cat. No. 1018, TopoGEN Corporation), following the
protocol established by Trask et al.12 According to the mechanism

of TOPO I poison, compound like Camptothecin (CPT) is able to
bind and stabilize the DNA/TOPO I binary complex which would
result in an increase in the nicked DNA product (open-circular
DNA). As shown in Figure 2, the conversions of supercoiled DNA
(Form I) to open circular (OC DNA) is observed after treatment with
CPT, 9a, 9b, 9d, and 9e, separately. At equivalent concentration,
these indolocarbazole compounds showed comparable activities
with CPT as TOPO I inhibitors. The changes of TOPO I expression
in HT-29 cells induced by 9a, 9b, 9d, and 9e were also evaluated







Table 1
The in vitro MTT assay of 15 indolocarbazole analogs


N


N
H


N


OO


CH3


HN


O


R1


R2


O


Compound R1 R2 IC50 (lM)


HT-29 HCT-8 Bel-7402 A549 MCF-7


7a H OCH3 2.88 >10 >10 2.13 2.23
7b CH2Ph OCH3 >10 >10 >10 >10 >10
7c CH2CH(CH3)2 OCH3 >10 >10 >10 >10 >10
7d CH(CH3)2 OCH3 >10 >10 >10 >10 >10
7e CH3 OCH3 >10 >10 >10 >10 >10
8a H OH >10 >10 >10 >10 >10
8b CH2Ph OH >10 >10 >10 >10 >10
8c CH2CH(CH3)2 OH >10 >10 >10 >10 >10
8d CH(CH3)2 OH >10 >10 >10 >10 >10
8e CH3 OH >10 >10 >10 >10 >10


9a CH(CH3)2 ON 2.66 >10 >10 5.11 >10


9b CH2Ph NN C2H5 2.88 1.09 1.91 1.86 1.91


9c CH3 ON >10 >10 >10 >10 >10


9d CH2CH(CH3)2 NN C2H5 3.48 >10 >10 7.94 2.44


9e CH2CH(CH3)2 NN CH3 1.26 >10 2.23 1.84 1.94


JDC-108 — — 7.44 >10 6.68 >10 >10


Figure 2. The effect of 9a, 9b, 9d, and 9e on DNA–TOPO I complex.


Figure 3. The influence of TOPO I expression in HT-29 cells.
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following the common protocols with the commercial available
TOPO I antibody.13 As shown in Figure 3, after incubated with
20 lM of 9a, 9b, 9d, and 9e for 24 h, the expression levels of TOPO

I on HT-29 cells were decreased compared to the control group,
which were correlated with their cytotoxic IC50 values. Further-
more, the apoptosis-inducing activity of 9a, 9b, 9d, and 9e were
evaluated using flow cytometry. As shown in Figure 4, incubation
with 20 lM of 9a, 9b, 9d, and 9e for 24 h resulted in the increased
percentage of apoptotic cells in Sub-G1 phase (2.49%, 10.3%, 8.86%,
14.33% compared to 0.65% in control group).


In conclusion, we have synthesized 15 novel N-methylmalei-
mide indolocarbazole analogs bearing modified 2-acetamino acid
moieties and have tested their cell growth inhibitory activities.
Compounds with the alkyl amide chains showed potent anti-prolif-
eration activities against different tumor cell lines. Further studies







Figure 4. Compound 9a, 9b, 9d, and 9e could induce apoptosis in HT-29 cells.
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on cellular level revealed that compound 9a, 9b, 9d, and 9e had
comparable TOPO I inhibition activities with CPT. Moreover, the
anti-tumor activities of 9a, 9b, 9d, and 9e were partly attributed
to their abilities to modulate the expression levels of TOPO I pro-
teins and to induce apoptosis in cancer cells. All the above results
demonstrated that these compounds could be promising lead com-
pounds of novel antitumor drugs. Further studies about the cellular
mechanism of the potent compounds are in progress.
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Hepatitis C Virus (HCV) has become a major epidemic, infecting
nearly 200 million people worldwide. Infection with HCV can lead
to more serious liver diseases such as cirrhosis and hepatocellular
carcinoma.1 No vaccine is currently available for HCV and therapies
are limited. The current best treatment option consists of a combi-
nation of pegylated interferon-a-2a and ribavirin, however, this
therapy is only effective in about 50% of patients infected with
the most prevalent genotype of the virus, genotype 1.1

All rights reserved.


endricks).
field, Cheshire SK10 4TG, UK.

The HCV genome encodes for a polypeptide which is processed
to produce both structural (C, E1, E2, and p7) and non-structural
(NS2, NS3, NS4a, NS4b, NS5a, and NS5b) proteins. The non-struc-
tural proteins are considered excellent targets for new, much-
needed HCV therapies. NS3 protease inhibitors have shown
efficacy in human HCV patients,2 and it is known that the NS5b
RNA-dependent RNA-polymerase (RdRp) plays a central role in
HCV virus replication.1 For that reason, an investigation into devel-
oping small molecule NS5b inhibitors was undertaken in our labs.


Hydroxyquinolone-thiadiazines 1 (Fig. 1) have been reported as
inhibitors of the NS5b polymerase and a crystal structure of 1a
bound to NS5b has been published.3 Docking comparisons made
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Figure 1. Hydroxyquinolone compounds 1 and the isoquinoline compounds 2 and 3.
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by placing the alternative 3-hydroxyisoquinoline scaffold 2 into
the NS5b binding site of 1 suggest that the isoquinoline ring sys-
tem should make similar favorable interactions in the binding site.


The synthesis of isoquinoline-thiadiazine 2a began with commer-
cially available 3-carbomethoxy-1,2,3,4-tetrahydroisoquinoline-1,4-
dione (Scheme 1). The dione was selectively mono-chlorinated
using phosphorous oxychloride4 and methylated to give 5 in good
yield. A Negishi coupling5 with isoamyl zinc bromide, followed by
hydrolysis, afforded acid 7. Coupling with 2-aminobenzenesulfona-
mide, removal of the methyl protecting group, and cyclization under
basic conditions (sealed tube) provided the desired compound 2a.
The corresponding benzyl analog 2b was prepared similarly.


The NS5b (GT-1b) inhibitory potency6 of the isoquinoline-thi-
adiazine analogs (2a: 51 lM, 2b: 47 lM) indicated this particular

Scheme 1. Synthesis of isoq

scaffold was not ideal when compared with 1a (1.1 lM). However,
we were encouraged that our first attempts at least showed mea-
surable activity. We hypothesized that the reduced NS5b potency
was likely due to a mismatch between the required binding confor-
mation and the ground-state conformation of the isoquinoline-thi-
adiazine combination. This was verified by computing the ‘bound’
and ‘unbound’ (i.e., lowest energy) structures of methyl-prototypes
1b and 2c via ab initio molecular orbital calculations at the
6-311++G(d,p)//6-311++G(d,p) level of theory with the GAMESS
program.7 The enolic anion form of each prototype was examined.
Compound 1b requires ca 1.56 kcal/mol to adopt the proper bound
conformation, while compound 2c requires ca 9.49 kcal/mol. The
favored thiadiazine ring tautomer is as shown in Figure 1. Delocal-
ization of the anion in 2c is less favored, leading to significant lone

uinoline thiadiazine 2a.







Scheme 2. Synthesis of isoquinoline-dioxo-benzoisothiazole 3b.
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pair repulsion in the bound conformation. The observed low en-
ergy conformation for 2c in the ‘unbound’ state results from a
180 degr rotation about the isoquinoline-thiadiazine linking bond.
Based on these observations the 5-membered dioxo-benzoiso-
thiazole ring was investigated in the isoquinoline series
(3; Fig. 1). The ab initio calculations for the prototype 3a found that
the predicted bound conformation was only ca. 0.57 kcal/mol
higher in energy relative to the lowest energy conformation.


Synthesis of dioxo-benzoisothiazole isoquinoline 3b is shown in
Scheme 2. Using the same acid intermediate 7 from Scheme 1,
Weinreb amide 10 was prepared and treated with the dianion8 of
N-tert-butylbenzenesulfonamide. This gave ketone 11 which
underwent a one-step deprotection/cyclization upon treatment
with boron trichloride to generate the dioxo-benzoisothiazole ring
system. Compounds 3c and 3d (Table 1) were prepared in an anal-
ogous fashion.

Scheme 3. Synthesis of 7-substituted

The initial dioxo-benzoisothiazole analogue 3b showed an NS5b
IC50 of 4.5 lM, only 4-fold less potent than 1a (1.1 lM). The cyclo-
propyl-ethyl side chain provided a modest improvement in the
enzyme potency (3c: 1.0 lM) and was active in a cellular HCV
GT-1b replicon assay (2.7 lM).6 The 4-fluorobenzyl substituent
showed similar enzyme potency (3d: 2.2 lM), but more impor-
tantly showed improved cellular activity (0.44 lM).


A model based on the X-ray structure9 of the NS5b polymerase
palm site region was used to further refine this series of inhibitors.
Examination of 3d in this model (Fig. 2) revealed a large pocket
containing several water molecules directly off the 7-position of
the dioxo-benzoisothiazole ring. Based on this observation a num-
ber of analogues substituted at C-7 were designed to probe this
area with the goal of either interacting with or displacing one or
more of the bound water molecules.


The synthesis of the C-7 substituted compounds is outlined in
Scheme 3. This route utilized the ortho-substituted analogs 12a

dioxo-benzoisothiazoles 15a–j.







Table 1
Enzyme and replicon (GT-1b) inhibitory potency, and aqueous solubility for compounds 3b–d and 15a–j


Compound R R0 NS5B IC50, lM Replicon IC50, lM Solubility lg/mL


3b 4.5 nd nd


3c 1.0 2.7 10


3d 2.2 0.44 16


15a 0.58 0.43 2


15b 0.61 0.76 40


15c 3.9 0.8 41


15d 0.53 0.94 17


15e 0.35 1.1 3


15f 0.72 0.78 nd


15g 1.8 0.38 9


15h 0.55 0.15 3


15i 0.73 0.40 6


15j 0.41 0.075 7
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and 12b prepared by coupling N-tert-butyl-2-chlorobenzene-sul-
fonamide and N-tert-butyl-2-methoxybenzene-sulfonamide with

Figure 2. Model of isoquinoline 3d in the NS5b active site binding region. Connolly
surface is depicted.

10 in a similar manner as described previously for 11. Treatment
of 12a and 12b directly with BCl3 gave 15a and 15b. Cyclization
of 12a using a modified procedure employing sulfuric acid in EtOH
in place of BCl3 gave the O-protected 7-chloro-dioxo-benzoiso-
thiazole compound 13. Aryl chloride 13 underwent Suzuki cou-
plings10 with a variety of boronic acids/esters. Deprotection of
methyl ethers 14 gave analogs 15c–15j (Table 1).


Small substituents (15a, 15b) at the 7 position of the dioxo-ben-
zoisothiazole ring were well-tolerated, but did not show any
improvement in cellular potency over the 7-H compound 3d. Phe-
nyl (15c), substituted phenyl (15d, 15e) and heterocycles (15f–j)
were all tolerated, but only the 6-membered heterocycles 15h
and 15j showed any noticeable improvement in cellular activity.
The smaller 7-H and 7-OMe substituents, along with the unsubsti-
tuted 7-phenyl analog showed the best aqueous solubilities within
the series examined.


In summary, a series of new isoquinoline-based HCV NS5b poly-
merase inhibitors have been efficiently synthesized in 7–9 steps
from 3-carbomethoxy-1,2,3,4-tetrahydroisoquinoline-1,4-dione. A
structure–activity relationship was generated around the 7-posi-
tion of the dioxo-benzoisothiazole series, and the pyridone ana-
logue 15j was identified as the most potent HCV replicon
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inhibitor in this investigation (0.075 lM).11,12 These isoquinolines
represent a promising new series of HCV NS5b inhibitors and
efforts to further enhance their properties are ongoing.
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Molecular chaperone heat shock protein 90 (Hsp90) is an important target in cancer and neurodegener-
ative diseases, and has rapidly become the focus of several drug discovery efforts. Among small molecule
Hsp90 inhibitors with clinical applicability are derivatives of 8-arylmethyl-9H-purin-6-amine class. Here
we report the use of microwave-assisted chemistry for the successful one-pot delivery of 8-arylmethyl-
9H-purin-6-amines. We discuss the applicability as well as the limitations of this method towards the
creation of a large chemical diversity in the 8-arylmethyl-9H-purin-6-amine series.
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Molecular chaperone heat shock protein 90 (Hsp90) is an
important target in cancer, and has rapidly become the focus of
several drug discovery efforts.1 Indeed, Hsp90 has emerged as a
cancer target because of its key participation in regulating clini-
cally validated oncogenic proteins such as Her-2, ER, and Bcr-
Ab1, as well as other signaling proteins that play a role in malig-
nancy, such as Raf-1, p-Akt, Cdk4, mutant p53 and Flt-3.2


Purine-scaffold Hsp90 inhibitors are the first synthetic small
molecule Hsp90 inhibitors to be discovered and to be translated
to clinic in patients with advanced cancers.3 Among purines with
Hsp90 inhibitory activities are the 8-arylmethyl-9H-purin-6-
amine derivatives, such as PU3, PU24FCl and PU-DZ8 (Fig. 1).3a


PU3 is the first discovered synthetic Hsp90 inhibitor, and was iden-
tified through empirical structure-based design.3b PU24FCl, a
derivative of PU3, is the first synthetic Hsp90 inhibitor reported
to exhibit anti-tumor activity and biological activity in a wide-
range of tumor types.3c


PU-DZ8 has recently been reported to reduce aberrant neuronal
proteins and diminish toxic tau aggregates in transgenic mouse
models of dementias caused by tau protein toxicity, such as Alzhei-
mer’s disease and frontotemporal dementias.3d Considering their
biological effects in both cancer and neurodegenerative diseases,
there is an increased interest in their development and optimiza-
tion towards a clinical candidate.3


Attempts to result in higher chemical diversity in the 8-aryl-
methyl-9H-purin-6-amine series remain limited by the somewhat
cumbersome synthesis on which building of the 8-benzyl purine
core relies.4 Its synthesis continues to employ a three-step protocol

ll rights reserved.

consisting of generating the acid fluoride of the corresponding phe-
nyl acetic acid, coupling it with pyrimidine-4,5,6-triamine or
pyrimidine-2,4,5,6-tetraamine in the presence of K2CO3, followed
by condensation of the intermediate amide product (Scheme 1).4


These condensation reactions require harsh dehydration condi-
tions and/or long reaction times, such as refluxing overnight in
ethanol in the presence of 15 equivalents of NaOMe,4a or refluxing

Figure. 1. Hsp90 inhibitors containing the 8-arylmethyl-9H-purin-6-amine core.
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Table 1
Evaluation of carboxylic acids and pyrimidine-4,5,6-triamine8


Entry 3 R1 R2 R3 X Yielda


1 3a OCH2O H C 87
2 3b OMe OMe OMe C 98
3b 3c H H — N 93


a Isolated yields by preparative TLC.
b 3-Pyridylacetic acid hydrochloride was used in this reaction.


Table 2
Evaluation of methodology for the synthesis of PU-DZ8


Entry 1b Solvent Co-solvent (50%) Base (2 eq.) t (min) Yielda


1 Base Py N/Ab N/A 15 62
2 Base Py N/A N/A 20 65
3 Base Py DMF N/A 15 18
4 Base Py DMSO N/A 15 11
5 Base Py N/A NaOtBu 15 78
6 Sulfate Py N/A N/A 15 5
7 Sulfate Py N/A NaOH 15 25
8 Sulfate Py N/A NaOtBu 15 31


a Isolated yields by preparative TLC.
b None used.


Scheme 1. Three-step synthesis of 8-arylmethyl-9H-purin-6-amines.
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for 5 h in a 25% solution of NaOMe in methanol/isobutanol,4b


which limit the spectrum of suitable starting materials. Reliance
on the multi-step protocol results in lower overall yields, with a
20% isolated yield reported for the precursor of PU-DZ8.4b Dymock
et al. utilized a two-step protocol in which the carboxylic acid is di-
rectly coupled with the tri- or tetra-aminopyrimidine in the pres-
ence of i-Pr2NEt and HBTU in DMF, followed by condensation of
the intermediate amide product by refluxing overnight with
NaOMe (15 equivalents) in EtOH or by microwave irradiation for
30 min at 130 �C.4a Unfortunately, yields were not reported so that
a satisfactory comparison between each of these methods cannot
be made.


To limit the number and length of the synthetic steps, and to
increase the deliverable chemical variability in the 8-arylmethyl-
9H-purin-6-amine series, we investigated the use of microwave
irradiation. Microwave-assisted organic synthesis continues to
grow in importance in synthetic chemistry by enabling rapid
chemistry development and numerous reactions, including con-
densations and heterocycle formations have been explored under
these conditions.5 Herein, we report the use of microwave-assisted
chemistry for the successful one-pot delivery of 8-arylmethyl-9H-
purin-6-amines. In addition, we briefly discuss cases in which the
reaction fails to deliver the desired product.


Previously, Lin et al. have reported a microwave-assisted synthe-
sis of benzimidazoles and other heterocycles from condensation of a
diamine with a carboxylic acid.6 We probed the feasibility of adapt-
ing this method7 to more functionally complex amino-pyrimidines
in an attempt to produce the desired condensation product in a sin-
gle step. In an initial effort to prepare several PU-DZ8 derivatives,
2-(benzo[d][1,3]dioxol-5-yl)acetic acid (1.0 equiv) and pyrimidine-
4,5,6-triamine (1.2 equiv) were irradiated at 220 �C for 15 min
in the presence of P(OPh)3 (1.2 equiv) in pyridine, to result in
8-(benzo[d][1,3]dioxol-5-ylmethyl)-9H-purin-6-amine (3a) in 87%
isolated yield. High recovered yields were also noted when the phe-
nyl ring was replaced with a pyridine moiety (Entry 3, Table 1).


When the triamine-pyrimidine substrate (1a) was replaced
with its tetraamine-equivalent (1b), which is required for the
building of PU-DZ8 derivatives, the recorded yields decreased un-
der the Lin conditions (87% yield, Entry 1, Table 1 versus 62% yield,
Entry 1, Table 2). The relatively lower solubility of 1b in pyridine,
when compared to 1a, could be partly accountable for poorer
yields. Increasing the reaction time to 20 min did not significantly
improve the yield (65% yield, Entry 2, Table 2). Addition of DMSO
or DMF, solvents which in our hands usually increase the solubility
of purines and pyrimidines, had an adverse effect on the yield (En-
tries 3 and 4, Table 2). As expected, addition of a strong base, NaOt-
Bu, augmented the yield to 78% of recovered material, possibly by a
two pronged beneficial effect, on both solubility and coupling and
condensation efficacy (Entry 5, Table 2).

The free base form of pyrimidine-2,4,5,6-tetraamine is commer-
cially unavailable due to its propensity to oxidize and decompose,
and therefore short shelf life. The compound is instead sold as a sul-
fate salt of very poor solubility in organic solvents. The base is usu-
ally generated by recrystallization from 10% NaOH aqueous solution
before its use in the coupling with carboxylic acids 2. To eliminate
the extra step, we probed the in situ conversion of the sulfate into
free base. Surprisingly, pyrimidine-2,4,5,6-tetraamine sulfate re-
mained poorly soluble in pyridine even when heated at 220 �C. Addi-
tion of NaOH (4 equiv), rendered pyrimidine-2,4,5,6-tetraamine
sulfate completely soluble in pyridine, however, increased the yield
to only 25% (Entry 7, Table 2). We assumed that one reason could be
the in situ generated water. This however, can only partly be true,
because replacement of NaOH with NaOtBu had only a marginal
benefit on the recovered yield (Entry 8, Table 2).


To evaluate the limitations of this procedure towards the for-
mation of 8-arylmethyl-9H-purin-6-amines, we chose to investi-
gate the addition of functionalities at positions more likely to
result in interference with the condensation reaction (Table 3).
These were estimated to be functionalities either in the ortho posi-
tion of the aryl ring (R2 Table 3) or adjacent to the carboxyl func-
tionality (R1 Table 3). We found that the reaction was sensitive
to the nature of the ortho functionality, as demonstrated by lower
yields when R2 = H was exchanged with a trifluoromethyl or cyano
functionality (23% recovered yield for 3e and traces detectable by
mass spectrum for 3f). This outcome could be due to steric effects,
because attempts to increase the solubility of the pyrimidine 1b
and to facilitate coupling and condensation by addition of a
base, NaOtBu (2 equiv), failed to result in improved yields (Entry







Table 3
Evaluation of carboxylic acids on the reaction yield9


Entry 3 R1 R2 R3, R4 R5 Base Yielda


1 3d H H OCH2O H N/Ab 62
2 3e H CF3 OCH2O H N/A 23
3 3f H CN OCH2O H N/A <5
4 3f H CN OCH2O H NaOtBu <5
5 3g OH H OCH2O H N/A NR
6 3h OMe H OCH2O H N/A NR
7 3i Me H H, H H N/A 48
8 3j H H OMe, OMe OMe N/A 53


a Isolated yields by preparative TLC.
b None used.
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4, Table 3). We found that insertion of a substituent at the a-posi-
tion of the acetyl carboxylic acid (R1) also played an important role
in this reaction. The transformation tolerated the addition of a
methyl (Entry 7, Table 3), however, no product was detected when
hydroxyl or methoxy derivatives were employed (Entries 5 and 6,
Table 3). It is unclear whether a lack of product in the case of hy-
droxyl and methoxy derivatives 2 is due to decomposition of the
carboxylic acid 2, or to electronic effects which reduce the electro-
philicity of the carboxyl group.


In summary, we present a simplified one-pot synthesis of 8-
arylmethyl-9H-purin-6-amines which can generate the desired
product with yields comparable or significantly higher, depending
on the reaction set-up, to the previously published route. The pro-
cedure is amenable for structure–activity investigation efforts in
the pursuit of a higher chemical diversity in the 8-arylmethyl-
9H-purin-6-amine Hsp90 inhibitor series.
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The essential enzyme thymidylate synthase-dihydrofolate reductase (TS-DHFR) is a validated drug target
for many pathogens, but has been elusive in Cryptosporidium hominis, as active site inhibitors of the
enzymes from related parasitic protozoa show decreased potency and lack of species specificity over
the human enzymes. As a rational approach to discover novel inhibitors, we conducted a virtual screen
of a non-active site pocket in the DHFR linker region. From this screen, we have identified and character-
ized a noncompetitive inhibitor, flavin mononucleotide (FMN), with micromolar potency that is selective
for ChTS-DHFR versus the human enzymes. These results describe a novel allosteric pocket amenable to
inhibitor targeting, and a lead compound with which to move towards potent, selective inhibitors of
ChTS-DHFR.


� 2008 Elsevier Ltd. All rights reserved.

Cryptosporidium hominis is a water-borne, intestinal protozoan
parasite, leading to the opportunistic infection cryptosporidiosis.1


The disease state is especially dangerous in children, the elderly,
and immuno-compromised individuals, where it leads to the se-
vere and life-threatening ‘wasting’ disease.1,2 Recently, C. hominis
has also been classified as a Category B Biodefense Pathogen by
the National Institutes of Health, due to the water safety threat
to public health.3 As yet, there are few effective treatments for
the parasite, and recent major outbreaks in Milwaukee and New
York City have highlighted the need for novel therapeutic
development.4,5


The essential enzymes thymidylate synthase (TS) and dihydro-
folate reductase (DHFR) are long-utilized, validated targets for
anticancer, antimicrobial, and antiparasitic therapy.6–8 The most
common strategy for targeting protozoan parasites has been
through DHFR active site inhibitors.6 However, the drugs used for
other species have proven ineffective against C. hominis DHFR,
likely due to active site amino acid residues that are similar to
resistant mutations in other protozoan species.9 Additionally, the
development of ChDHFR active site inhibitors with greater potency
has tended to compromise the specificity of those inhibitors versus
the human enzyme.10,11 However, a detailed examination of the

All rights reserved.
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three-dimensional structure of the C. hominis protein has revealed
unique features that may be exploited for species-specific inhibitor
design. Whereas in humans the proteins are separate polypeptides,
in parasitic protozoa the two exist on the same polypeptide chain
as a bifunctional thymidylate synthase-dihydrofolate reductase
(TS-DHFR) enzyme (Fig. 1).� As a consequence, many non-active site
surfaces exist on this bifunctional enzyme that are absent in the hu-
man orthologs. Targeting a non-active site region of ChTS-DHFR
would address both the DHFR active site resistance, as well as allow
for the important therapeutic goal of species-specificity for the par-
asite versus human enzyme.


Recent work from our lab has shown that the ‘crossover helix’
from the DHFR linker region in ChTS-DHFR is necessary for optimal
catalytic activity at the DHFR domain.12 The crossover helix from
the linker region packs against the backside of the opposite DHFR
active site (Fig. 1). Its main interaction is with Helix B of the active
site, which is known to display mobile, coordinated motions during
catalysis.13,14 Mutations of the crossover helix that disrupt the
interaction with Helix B cause a severe decrease in DHFR enzyme
activity, implying an important role for the crossover helix and
flexible linker region. Inspection of the crystal structure of ChTS-
DHFR,15 reveals a small pocket located directly beneath the cross-

� TS-DHFR, thymidylate synthase-dihydrofolate reductase is a functional designa-
on as catalysis at TS precedes catalysis at DHFR; elsewhere the bifunctional enzyme

ti

is called DHFR-TS based on DHFR being N-terminal to TS.
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Figure 1. Structure of TS-DHFR from Cryptosporidium hominis. DHFR (blue/cyan) and TS (red/pink) are shown with active site ligands colored in gray. The magnified inset
shows active site Helix B (blue), the Crossover helix (cyan), and the novel inhibitor FMN (green) docked into the non-active site pocket in the DHFR linker region.
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over helix (Fig. 1). We hypothesized that designing a small mole-
cule to bind in this pocket might alter the position of the crossover
helix and thereby impart DHFR inhibition. As a means to explore
the potential of this site for novel inhibitor development, we con-
ducted a virtual screen of the pocket, and tested the top compound
hits in our in vitro enzymatic assays.


To define the target pocket, we used a grid with outer box
dimensions of 20 Å that encompassed residues on the DHFR do-
main, the TS domain, and the linker region including the crossover
helix (Fig. 1). We used the docking program GLIDE (version 3.5) in
standard precision (SP) mode to dock a library of 100,000 commer-
cially available compounds, with molecular weight less than 500 g/
mol, from the Comprehensive Medicinal Chemistry (CMC) Data-
base.16 Before running the GLIDE screen, all compounds were trea-
ted with LigPrep (version 1.6) to generate lowest energy
conformations. The resulting report from GLIDE SP ranked virtual
hits by Glide-Score, which roughly approximates the free energy
of binding.16


The resulting report from GLIDE ranked virtual hits by SP Glide-
Score, and yielded a chemically diverse set of compounds. The top
seven compounds, based on GLIDE Score, are shown in Table 1
(appended). We ordered and tested the first 50 available com-
pounds for potency against ChTS-DHFR using a spectroscopic assay
as previously described.17 The most potent of the compounds was
GLIDE-ranked #13, flavin mononucleotide (FMN, Table 1), with an
IC50 of 55 lM against ChTS-DHFR (Fig. 2A). This result was con-
firmed by an independent kinetic assay in which the substrate,
methylene tetrahydrofolate, was radiolabeled, and the conversion
to product was monitored by HPLC (data not shown).17 In separate
experiments, the enzyme concentration was varied from 80 to
250 nM with no resulting change in IC50, signifying the inhibition
is not due to aggregate formation. The major effect of the inhibitor
is at the DHFR domain, as there was little inhibition of the TS
reaction alone at 300 lM FMN. A few of the compounds were of
comparable potency, including riboflavin (FMN without the termi-
nal phosphate) and streptonigrin (Table 1), while the majority of
the 50 compounds tested were much less effective.


As a proof of principle, it is important to verify that the inhibitor
is not binding at the active site. We conducted a steady-state rate
profile for both DHFR substrates, dihydrofolate (H2F) and NADPH,
in the presence and absence of FMN. The profiles show that the
compound appears to be a noncompetitive (mixed) inhibitor for
H2folate; in the presence of 200 lM FMN the Vmax decreased
(2.35 ± 0.04 lmol/min versus 1.8 ± 0.1 lmol/min), but the Km was
not significantly altered (5.8 ± 0.5 lM vs 7.2 ± 1.9 lM) (Fig. 3A).

The compound appears to be an uncompetitive inhibitor for
NADPH; in the presence of 200 lM FMN, both the Vmax


(2.37 ± 0.03 lmol/min vs 1.77 ± 0.01 lmol/min) and the Km


(4.2 ± 0.4 lM vs 3.0 ± 0.1 lM) decreased (Fig. 3A). Lineweaver–
Burk plots better demonstrate the classical noncompetitive and
uncompetitive character of the data (Fig. 3B).


As a more thorough means to assess the mechanism of ChTS-
DHFR inhibition by FMN, we conducted a pre-steady state kinetic
analysis, observing steps of the catalytic cycle on the millisecond
time scale. Single-enzyme-turnover experiments use enzyme con-
centration in excess of substrate, allowing for only one turnover
and direct measurement of the rate of chemistry at the active site,
as opposed to the overall rate-limiting step. We conducted DHFR
single-enzyme turnover experiments, with enzyme in five-fold ex-
cess of the substrate H2F (data not shown). Using both a rapid
chemical quench and stopped-flow fluorescence methodologies
to monitor DHFR catalysis, we found that even at high concentra-
tions of FMN (500 lM) there was no decrease in the rate of chem-
istry, signifying the effect of FMN is likely through a different step
in the catalytic cycle. However, the amplitude of the single-turn-
over plot did show an FMN dose-dependent decrease. Kinetic mod-
eling and negative controls with the known competitive inhibitor
methotrexate showed this to be a characteristic of noncompetitive
inhibitors.


Pre-steady-state burst experiments, using substrate in slight ex-
cess over enzyme, are also useful in assessing inhibitor mechanism.
It has been shown that non-active site inhibitors, such as non-
nucleoside reverse-transcriptase inhibitors (NNRTIs) of the en-
zyme HIV reverse transcriptase, cause a dose-dependent decrease
in the burst amplitude, corresponding to a decrease in active en-
zyme concentration.18 This decrease can then be used to derive
the dissociation constant. A noncompetitive inhibitor should be ex-
pected to have a Kd equivalent to the IC50. Indeed, FMN causes a
dose-dependent decrease in DHFR burst amplitude, which fits well
to a hyperbolic curve, yielding a Kd of 48 lM (Fig. 2B).


The docked pose of FMN is shown in Figure 4, along with the
amino acids that are proposed to make hydrogen bonds to the
inhibitor. Preliminary analysis of mutations to two of these resi-
dues (R190G, D201A) has indicated that the inhibitory effect of
FMN on mutant proteins is approximately 20% and 10%, respec-
tively, less than that against WT ChTS-DHFR. This provides
additional evidence that the inhibitor is binding not only at a
non-active site, but specifically in the intended pocket.


A major goal of the virtual screen was to provide an initial can-
didate that could be further improved through structure guided







Table 1
Representative table of GLIDE virtual screen top hitsa


Chemical formula (common name) Structure GLIDE Score (kcal/mol) Experimental IC50 (lM)


C35NO11H33 (Neocarzinostatin) O


O


OCH3


O


O


O
O


O


H
N


OH


OH


O


�11.71 NA


C35N3O9H39 (Rubidazone)


O


O


O


OH


OH


O


OH


NH2


OH


N


HN
O


�9.75 >500


C31O7H48 (Digoxin)


O


O


HO


O


O OH


OH


�9.18 >500


C16N2O11H28 (Chitodextrin) H
N


O
O


O


O


OH OH


OH


NH


O


OH


OH


HO


�8.91 >500


C19N2O3H24 (Disoxaril)


N


O


O


N
O �8.42 NA
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Table 1 (continued)


Chemical formula (common name) Structure GLIDE Score (kcal/mol) Experimental IC50 (lM)


C26N4O4Cl2H28 (Ketoconazole)


O


N N O


O


O


N
N


Cl


Cl �8.41 >500


C25N4O8H22 (Streptonigrin)


N
N


O


O


H3CO


H2N


H2N CH3


HO


H3CO


OCH3


OH


O


�8.41 80


C17N4O9PH21 (Flavin mononucleotide, FMN)


N


N


NH


N


O


P
HO O


OH


O


HO


OH
HO


�8.08 55


a Initial activity assays were conducted at 100 and 500 mM compounds; NA, compound not readily available to purchase.
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optimization to a lead compound that was not only effective
against ChTS-DHFR, but that was also species-specific. To provide
an initial assessment for the species-specificity of FMN, we tested
it against both human DHFR and human TS. The inhibitor showed

Figure 2. (A) Steady-state dose–response curve of FMN versus ChTS-DHFR. Line is a
smooth fit. (B) Pre-steady-state burst amplitude dose response of FMN versus ChTS-
DHFR. Line is a hyperbolic (binding curve) fit.

selectivity for the parasite enzyme versus the human enzymes (Ta-
ble 2). Additionally, FMN showed specificity within protozoan par-
asites, as it did not inhibit TS-DHFR from Toxoplasma gondii, which
also contains a linker region (Table 2).


It is important to note that while this compound with inhibitory
activity in the micromolar range is primarily a first-generation can-
didate for a lead compound, it is in fact comparable to the few suc-
cesses reported for Cryptosporidium inhibitors. The only species-
selective inhibitor for C. hominis DHFR to date, trimethoprim, has
an IC50 of 14 lM against the enzyme.19 Additionally, the only
FDA-approved drug for cryptosporidial diarrhea, nitazoxanide,
inhibits parasite growth in the range of 1–40 lM.20,21 Therefore,
this virtual screen has produced inhibitor hits with real potential
toward development of ChTS-DHFR species-specific inhibitors.


The putative position of the inhibitor (Fig. 1) has allowed us to
further probe the function of the crossover helix in DHFR catalysis.
Our mutational analysis of this helical region showed that the
crossover helix modulates catalytic activity and is important for
optimal DHFR function, yet the mechanism of this enhancement
is not understood.12 It is known that Helix B of the DHFR active site
moves in correlation with catalysis,13 and that the linker contain-
ing the crossover helix is somewhat flexible. We might hypothe-
size that a small molecule designed to occupy the pocket at the
base of the crossover helix would appear to act like a wedge
restricting the helix mobility. The fact that a compound directed
to bind in this pocket inhibits the enzyme implies that the cross-
over helix flexibility, in addition to its interaction with Helix B, is
necessary for maintaining optimal DHFR activity. Findings that
Escherichia coli DHFR coupled-residue mutants that disrupt cata-
lytic activity also cause a decrease in the movement of Helix B
toward the active site are consistent with this mechanism.22







Figure 3. (A) Steady-state competition assay varying either dihydrofolate (left) or NADPH (right). Data fit to a hyperbolic equation. (B) Lineweaver–Burk plots for data in (A).
Data fit to linear equation. For all graphs, circle (d) represents the reaction with no inhibitor, and square (j) represents the reaction with 200 lM FMN.
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It initially seems curious as to why the inhibitor would display
uncompetitive behavior with respect to NADPH, as the most com-
monly held pattern of allosteric inhibition is noncompetitive or
mixed. This becomes clear when viewed in light of what is known
about the catalytic movements in DHFR. Crystal structures of mul-
tiple points along the E. coli DHFR catalytic cycle have shown that
the position of the M20 loop, which directly precedes Helix B, is
dictated by the binding of NADPH. When NADPH is bound, the loop
is in a ‘closed’ conformation; however, when NADPH is unbound

Figure 4. The docked pose of FMN (green) and amino acids that make putative
hydrogen bonds to the compound (gray).

the loop is in an ‘occluded’ conformation, which physically moves
Helix B away from the active site.13 The movement analogous to
this in C. hominis DHFR would effectively narrow the non-active
site pocket discussed here. It is therefore not surprising that our
compound, predicted to contact multiple residues impacted by
the position of Helix B, would show altered binding. Our uncom-
petitive data imply that the conformational change in the absence
of NADPH is enough to restrict binding of the inhibitor altogether.


In summary, we have conducted a structure-guided virtual
screen on a non-active site pocket of the therapeutically relevant
target, ChTS-DHFR. Our screen yielded inhibitors with potency in
the micromolar range, the most potent of which, FMN, has an
IC50 of 55 lM. The inhibitor appears to display noncompetitive
and uncompetitive behavior with respect to the natural substrates,
and the binding is influenced by mutations at the docked site. This
initial candidate compound displays selectivity, and potency in the
range of known selective DHFR inhibitors, and therefore offers
promise for obtaining lead compounds with future inhibitor design
toward ChTS-DHFR. Perhaps more importantly, we have shown the
inhibitory potential of an allosteric pocket previously unexplored
in this enzyme. Work is currently underway to crystallize the en-
zyme in complex with the inhibitor identified here, to validate

Table 2
IC50 values of FMN against enzyme targetsa


Enzyme C. hominis TS-DHFR Human DHFR Human TS T. gondii TS-DHFR


IC50 (lM) 55 ± 7 325 ± 50 >500 >500


a All reactions were run with identical enzyme and ligand concentrations. Values
are the averages of at least three independent experiments.
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the computational modeling and allow for precise exploration of
the binding pocket of this novel class of inhibitors.
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Receptor tyrosine kinases expressed by vascular endothelial
cells are emerging as important mediators of pathological angio-
genesis.1 It is well established that activation of KDR (VEGFR2)
by vascular endothelial growth factor (VEGF) strongly promotes
angiogenesis by enhancing endothelial cell proliferation and sur-
vival.2 In contrast, the precise role of the Tie-2 receptor in patho-
logical angiogenesis has been difficult to ascertain, due to the
existence of numerous endogenous ligands, including Angiopoe-
itin-1 (Ang-1) and Angiopoeitin-2 (Ang-2), which exhibit context-
dependent activities.3 We hypothesized that a small molecule
Tie-2 kinase inhibitor with selectivity over KDR could be used to
clarify the role of Tie-2 signaling in pathological angiogenesis.4 Re-
ported herein is the optimization of a nonselective scaffold into a
potent, highly selective (>2500-fold over KDR), and orally available
inhibitor of Tie-2 kinase.


Structural modification of an existing kinase inhibitor series4c


provided a pyridyl-pyrimidine urea derivative 1 that is a potent,

All rights reserved.


: +1 805 480 1337.

nonselective inhibitor of Tie-2 and KDR (Fig. 1). Further modifica-
tion involving replacement of the N,N0-diarylurea with N-arylbenz-
imidazole gave analog 2. This molecule exhibited significantly
weaker inhibition of Tie-2 as well as KDR. To our surprise, com-
pound 4, which lacks the lipophilic trifluoromethyl group, proved
to be a reasonably potent and highly selective Tie-2 inhibitor. This
finding was not expected based on the diminished potency and

Tie-2 = 23 nM
KDR = >25,000 nM


Tie-2 = 460 nM
KDR = 7,600 nM


Figure 1. Discovery of a potent and selective Tie-2 inhibitor.
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Table 2
SAR of the aminobenzimidazole region


ON


NHN N
Me


H
N


N


A R1


R2


Compound A R1 R2 Enzyme IC50
a (nM)


Tie-2 KDR


8 NH H H 1 ± 0.6 1400 ± 90
10 NH Me H 110 ± 14 1570 ± 170
11 NH H CF3 27 ± 6 69 ± 10
12 NMe H H 240 ± 170 250 ± 3
13 O H H 16 ± 2 30 ± 0.2
14 S H H 44 ± 4 88 ± 5


a Values are means of two to four experiments. Kinase assays run at the Km for
ATP with final [ATP] of 5 lM for Tie-2 and 1 lM for KDR.
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selectivity of analogous urea 3. Given the promising selectivity of 4,
an effort was initiated to further optimize this series.


X-ray co-crystal structures of related phenoxy-substituted pyr-
idyl pyrimidines bound to the Tie-2 kinase domain indicate that
the aminopyrimidine engages in a series of hydrogen bonds with
the hinge region of the kinase, with the central para-aminophen-
oxy ring occupying a hydrophobic pocket.4c Modifications to the
central ring were undertaken with the goal of improving Tie-2 po-
tency (Table 1). The initial monomethyl-substituted analog 4 has
an IC50 of 23 nM, with a 10-fold higher IC50 of 250 nM for inhibition
of Ang-1-stimulated Tie-2 phosphorylation in the Ea.hy926 endo-
thelial cell line. The desmethyl analog (5), regioisomer (6), and di-
methyl analog (7) all exhibit 10- to 20-fold reduced potency for
Tie-2 inhibition. Ultimately, naphthalene was found to be the ideal
central ring, with 8 exhibiting IC50 values of 1 nM for Tie-2 enzyme
and 20 nM for Tie-2 autophosphorylation in cells. Weak but mea-
surable inhibition of KDR is evident for compound 8 (1400 nM),
but the selectivity is still 1400-fold in favor of Tie-2. The impor-
tance of the benzimidazole appendage in achieving selectivity
against KDR is evident from the corresponding urea 9, which
exhibits only 8-fold selectivity.


With the optimal central ring identified, our attention turned to
modification of the aminobenzimidazole portion of molecule 8
(Table 2). Lipophilic substituents (Me, CF3) as the R1 and R2 groups,
respectively, reduce Tie-2 potency, with the trifluoromethyl-
substituted 11 exhibiting a striking increase in potency for
inhibition of KDR, resulting in a relatively nonselective dual inhib-
itor. Methylation or replacement of the benzimidazole ring N–H
results in reduced potency for inhibition of Tie-2, but significantly
enhanced inhibition of KDR (12–14).


Compound 8 emerged as a very potent inhibitor of Tie-2 with
excellent selectivity against KDR (1400�), and as such appeared
to be an ideal molecular tool for further studies of Tie-2 in patho-
logical angiogenesis. Profiling against a panel of 20 tyrosine and
serine/threonine kinases indicated generally good selectivity, with
significant activity (IC50 < 100 nM) for Aurora A/B and JNK kinases.
The inhibitory activity of 8 toward the purified Aurora kinase en-
zymes was confirmed in a cell-based assay: 8 induced aborted
cytokinesis and P4 N DNA content in HeLa cells with an EC50 of
120 nM.5 Lack of meaningful Aurora kinase selectivity raised a po-
tential concern as the Aurora kinases are important in the function
of normal cell division.6 As the impact of JNK inhibition on angio-

Table 1
SAR of the central aryl ring (4–9)


ON


NHN N
Me


H
N


N


H
NR1


R2


ON


NHN N
Me


H
N


O


H
N


4-8 9


Compound R1 R2 Enzyme IC50
a (nM) Cellular IC50


b (nM)


Tie-2 KDR Tie-2 (Ea.hy926)


4 Me H 23 ± 4 >25,000 250 ± 70
5 H H 250 ± 30 >25,000 ND
6 H Me 590 ± 70 >25,000 ND
7 Me Me 310 ± 30 >25,000 ND
8 –(CH)4– 1 ± 0.6 1400 ± 90 20c


9 5 ± 0.1 40 ± 14 ND


a Values are means of two to four experiments. Kinase assays run at the Km for
ATP with final [ATP] of 5 lM for Tie-2 and 1 lM for KDR.


b Inhibition of Ang-1 stimulated Tie-2 phosphorylation in Ea.hy926 cells. ND, not
determined.


c One experiment.

genesis is not well understood from the literature, this off-target
activity was not addressed.7


The strategy for reducing inhibition of the Aurora kinases was
guided by an X-ray co-crystal structure of urea 1 bound to Aurora
A (Fig. 2).8 Unlike previously obtained co-crystal structures of 4-(2-
phenoxypyridin-3-yl)pyrimidines and Tie-2, the lipophilic methyl
substituent of the central aryl ring does not occupy the hydropho-
bic pocket. This finding suggests that the hydrophobic pocket of
the Aurora kinases is limited in size relative to Tie-2.


We reasoned that methyl-substituted analog 15 (Table 3) would
not be accommodated by the Aurora kinases due to the presence of
two substituents ortho to the phenoxy linkage. Relative to the par-
ent compound 8, compound 15 retains excellent potency for Tie-2
enzyme inhibition (IC50 = 2 nM), high selectivity against KDR
(>2500�), and exhibits better potency for inhibition of Tie-2 auto-
phosphorylation in Ea.hy926 cells (IC50 = 2 nM). Confirming our
hypothesis, 15 exhibits approximately 2- and 8-fold less inhibitory
activity for Aurora A and B enzymes, respectively, and most impor-
tantly, 15 does not induce phenotypic changes at concentrations
up to 1.2 lM in a cell-based assay. Therefore, compound 15 pos-
sesses excellent cellular selectivity (>600�) against the Aurora ki-
nases. This structural change did not, however, reduce the ability of
15 to inhibit the JNK family of kinases.


The synthesis of 15 (Scheme 1) is representative of the 4-(2-
phenoxypyridin-3-yl)pyrimidines 4–15. Coupling of 4-amino-2-
methylnaphthalen-1-ol and the previously reported 4-(2-chloro-
pyridin-3-yl)-N-methylpyrimidin-2-amine 164c occurred readily
in the presence of cesium carbonate at high temperature. Conver-
sion of the aniline into the corresponding isothiocyanate was
accomplished with di-2-pyridyl thionocarbonate.9 Polymer-sup-
ported carbodiimide, a convenient desulfurizing agent,10 facilitated
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Figure 2. X-ray co-crystal structure of Aurora A and urea 1.







Table 3
Elimination of cellular Aurora activity


ON


NHN N
Me


H
N


N


H
N


R


Compound R Enzyme IC50
a (nM) Cellular IC50 (nM)


Tie-2 KDR Aur A/B Tie-2b Aurorac


8 H 1 ± 0.6 1400 ± 90 19 ± 11/10 ± 2 20d 120d


15 Me 2 ± 0.7 >5000 28 ± 1/80 ± 50 2 ± 0.4 >1200d


a Values are means of two to four experiments. Kinase assays run at the Km for
ATP with final [ATP] of 5 lM for Tie-2, 1 lM for KDR, 8.2 lM for Aurora A and
23 lM for Aurora B.


b Inhibition of Ang-1 stimulated Tie-2 phosphorylation in Ea.hy926 cells.
c EC50 for induction of P4 N phenotype by cellular imaging in HeLa cells.
d One experiment.
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Scheme 1. Synthesis of 15. Reagents and conditions: (a) 4-amino-2-methylnaphth-
alen-1-ol, Cs2CO3, DMSO, 130 �C; (b) di-2-pyridyl thionocarbonate, CH2Cl2; (c) 1,2-
phenylene diamine, PS-carbodiimide, THF, 70 �C.


Figure 3. (A) X-ray co-crystal structure of 15 bound to JNK3. (B) Homology model
of 15 bound to Tie-2. (C) Overlay of Tie-2 apo (purple) and bound (wheat) with
surface rendering of benzimidazole binding pocket. (D) X-ray co-crystal structure of
11 bound to KDR.
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Figure 4. Overlay of selective Tie-2 inhibitors 15 (green) and 19 (orange) from X-
ray co-crystal structures with JNK3 and Tie-2, respectively.
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the condensation of 18 and 1,2-phenylenediamine to give amino-
benzimidazole 15.


While it was not possible to obtain a structure of 15 bound to
Tie-2, an X-ray co-crystal structure was obtained for 15 bound to
JNK3 (Fig. 3A). The molecule occupies the ATP binding pocket, with
the aminopyrimidine within hydrogen-bonding distance of the
hinge residue Met149. The central naphthalene ring projects into
the hydrophobic pocket. The aminobenzimidazole is positioned
to hydrogen bond with the backbone C@O of the activation loop
residue Leu206 and the side chain of Lys93. The terminal phenyl
portion of the benzimidazole occupies a relatively hydrophobic
groove bounded on one side by the a-C-helix and by leucine side
chains from the N-terminal kinase domain on the other.


A homology model of Tie-2/15 was constructed based on the
JNK3/15 structure (Fig. 3B).11 The major residue differences be-
tween JNK3 and Tie-2 are Met146 to Ile902 ‘gatekeeper residue’,
Ala108 to Phe869 and Leu95 to Met857. These differences do not
appear to significantly hinder binding of 15 to Tie-2. The position
of the benzimidazole ring in the Tie-2/15 homology model is
remarkably similar to the inhibitory position observed for
Phe983 in the reported Tie-2 apo crystal structure (Fig. 3C).12


Apparently, KDR cannot adopt this binding mode or is much less
accommodating of 15 in this binding mode.


The inability of KDR to accommodate compound 15 led us to
speculate that the nonselective dual inhibitors 11–14 bind to
KDR in a significantly different conformation. The structure of 11
(KDR IC50 = 69 nM) bound to KDR was obtained (Fig. 3D). The ami-

nobenzimidazole occupies a strikingly different position, with
hydrogen-bonding interactions with a-C-helix residue Glu885
and the backbone N–H of activation loop residue Asp1046. The
activation loop is positioned in the inactive DFG-out conforma-
tion,13 with the lipophilic trifluoromethyl-arene portion of the
benzimidazole occupying the extended hydrophobic pocket. Pre-
sumably, the absence of the lipophilic trifluoromethyl group in
compounds 8 and 15 results in suboptimal interactions in the ex-
tended hydrophobic pocket, leading to poor binding to KDR.


Comparison of the bound structure of the KDR-selective Tie-2
inhibitor 15 derived from the JNK3/15 co-crystal with the bound
structure of the KDR-selective Tie-2 inhibitor 19 derived from a
previously reported Tie-2/19 co-crystal4c reveals that the benz-
imidazole ring of 15 and the morpholine ring of 19 occupy similar
space (Fig. 4). As structure–activity relationships have demon-
strated that the benzimidazole of 15 and morpholine of 19 are
key to achieving selectivity for Tie-2 over KDR, both molecules ap-
pear to benefit by occupying the hydrophobic pocket of Tie-2 iden-
tified in Figure 3C.


Compound 15 possessed acceptable pharmacokinetic properties
in rat (Table 4) characterized by a moderate clearance (Cl) and
large volume of distribution (Vss) which resulted in a relatively
long half life of 3.7 h. When orally dosed as a suspension to rats,
the bioavailability was 26%.


The ability of 15 to modulate Tie-2 phosphorylation levels
in vivo was assessed in a mouse pharmacodynamic model, in
which Tie-2 phosphorylation in mouse lung tissue is stimulated
by human Angiopoeitin-1 (h-Ang-1) (Fig. 5).4c A dose-dependent
inhibition of stimulated Tie-2 phosphorylation was observed, with
Tie-2 phosphorylation reduced to sub-basal levels with a single
oral dose of P30 mg/kg. The 10 mg/kg dose provided an approxi-
mately 50% reduction in stimulated Tie-2 phosphorylation, with
a plasma concentration of 260 nM 15. This concentration is 130-







Table 4
Pharmacokinetic properties of 15 in male Sprague–Dawley rats


Cl (mL/min/kg)a Vss (mL/kg)a T1/2 (h)a F (%)b


28 5900 3.7 26


a iv, 0.5 mg/kg, DMSO.
b po, 5 mpk, OraPlus pH = 2.
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Figure 5. Compound 15 inhibits h-Ang-1 stimulated Tie-2 phosphorylation in
mouse lung. Data points represent the mean ± SD, n = 3: (*) p 6 0.05 versus
vehicle + h-Ang-1 by one-way ANOVA with Dunnett’s post-hoc test. Bars represent
phosphorylated Tie-2, and circles represent plasma concentration of 15.
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fold greater than the cellular IC50 of 15 (2 nM). However, taking
into account nonspecific binding to mouse plasma proteins
(15 = 99.6% bound in mouse plasma), the free unbound fraction
of 15 is 1 nM, approximately equivalent to the IC50 determined in
the cell-based assay (2 nM). The robust inhibition of Tie-2 phos-
phorylation upon oral administration of 15 indicates that this mol-
ecule may be a suitable tool for the in vivo evaluation of Tie-2
signaling in angiogenesis.


Conclusion: An effort to reduce KDR inhibitory activity of the
dual Tie-2/KDR inhibitor 1 resulted in 15, a potent Tie-2 inhibitor
(IC50 = 2 nM) with excellent selectivity over KDR (>2500�) and
selectivity in cell-based assays over Aurora (>600�). Structural
information from a JNK3/15 co-crystal suggests a DFG-in binding
mode in Tie-2 that is not tolerated by KDR. In a mouse pharmaco-
dynamic model, 15 exhibited a dose-dependent inhibition of Ang-
1-stimulated Tie-2 phosphorylation in lung tissue, indicating that

15 may be a suitable tool for the in vivo evaluation of Tie-2 signal-
ing in angiogenesis.
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A series of 5-(piperidinylethyloxy)quinoline 5-HT1 receptor ligands have been studied by elaboration of
the series of dual 5-HT1-SSRIs reported previously. These new compounds display a different in vitro
pharmacological profile with potent affinity across the 5-HT1A, 5-HT1B and 5-HT1D receptors and selectiv-
ity against the serotonin transporter. Furthermore, they have improved pharmacokinetic profiles and CNS
penetration.


� 2008 Elsevier Ltd. All rights reserved.

Antidepressants are thought to mediate their effects by improv-
ing 5-HT transmission, regardless of their modes of action. Selec-
tive serotonin reuptake inhibitors (SSRIs) block 5-HT reuptake
mediated by the 5-HT transporter (SerT) located in 5-HT neuron
terminals and cell bodies. SSRIs have been shown to be effective
in the treatment of both depression and anxiety disorders. Com-
pared to other antidepressants, such as tricyclics, they offer similar
efficacy but with an improved side effect profile. However, there is
still a medical need for the development of molecules with a supe-
rior profile to SSRIs by providing a faster onset of action and better
tolerability with respect to the sleep disturbance and sexual dys-
function side effects associated with current SSRIs.1


The rationale for the delay to onset of antidepressant action has
been the subject of considerable debate. A widely accepted view is
that a neuro-adaptive process occurs as a result of constant inhibi-
tion of the monoamine reuptake process, presumably through
desensitisation of presynaptic 5-HT1A receptors located on the cell
bodies which control cell firing and the consequent release of 5-HT
from presynaptic neurons of the dorsal raphe.2 Two other receptors
play an important role in the control of 5-HT release from presyn-
aptic neurons, the 5-HT1B and 5-HT1D autoreceptors located on the
5-HT cell bodies and on the nerve terminals, and pre-clinical evi-
dence suggests that chronic administration of antidepressants
leads to desensitisation of the 5-HT1B autoreceptors. Thus, the
simultaneous blockade of the 5-HT1A, 5-HT1B and 5-HT1D autore-
ceptors should restore post-synaptic 5-HT neuronal transmission

All rights reserved.


: +44 1279 627728.
).

and so provide a complementary approach to the SSRI or mixed
SSRI/5-HT1A receptor antagonist strategies.3


Previous publications from our laboratories in this chemical
series have described a range of pharmacological profiles across
the 5-HT1 receptors and 5-HT transporter. Modification of the ben-
zoxazinone group has allowed identification of selective 5-HT1D


antagonists,4 mixed 5-HT1A antagonist/SSRIs5 and 5-HT1ABD antag-
onists.6 In particular, later studies have focussed on the identification
of molecules which are potent, selective 5-HT1 receptor ligands, that
is molecules with pKi > 8 against the 5-HT1A, 5-HT1B and 5-HT1D


receptors with low intrinsic activity and good selectivity over other
receptors and transporters, including the 5-HT transporter.


The preceding report from these studies identified the first
compounds to meet this target profile (Fig. 1).5 However, during
the course of this SAR investigation, we routinely struggled to meet
the required pKi for all three of the 5-HT1 receptor subtypes. In par-
ticular, few compounds achieved a pKi > 8 for the 5-HT1B receptor,
which encouraged us to focus our efforts specifically on identifica-
tion of new, potent antagonists for this receptor.


In earlier published work we described the identification of
selective 5-HT1B receptor antagonists exemplified by SB-616234
(Fig. 2).7 Here, the piperazine and its substituents were key to high
5-HT1B receptor affinity. In our previous series of 5-HT1 receptor
antagonists, basic centres were also tolerated as a substituent at
the 3-position of the phenyl group (1).6 This paper now describes
a further investigation around substituents at the 3-position,
including a range of substituted piperazines.


Previous SAR activity indicated that an H-bond acceptor in the
meta position of the phenyl group was key for affinity, as exemplified
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Figure 2. Structure of SB-616234, a selective 5-HT1B receptor antagonist.
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by 2 above; aniline derivatives lacking the carbonyl or sulfonyl
group showed considerably reduced 5-HT1B and 5-HT1D receptor
affinities.


Nonetheless, our first target was to incorporate the piperazine
substituent present in SB-616234 into our series. This compound
and its analogues were prepared (Scheme 1a) from 3-bromoben-
zylbromide 23 via Horner–Wadsworth–Emmons coupling to give
intermediate 24, which following deprotection to amine 25 was
coupled to the quinoline fragment 264 via alkylation. The key
unsaturated bromophenyl derivative 27 was reacted under palla-
dium (0) catalysis using Buchwald conditions to give intermediates
28 (Cy = cyclic amine). These compounds were then reduced to
give the final molecules screened 29 (3–8, 10–14).


Data displayed in Table 1 are for the molecules screened against
h5-HT1A receptors expressed in CHO cells using displacement of
[3H]-WAY100635 and against h5-HT1B and h5-HT1D receptors ex-
pressed in CHO cells using displacement of [3H]-5-HT. The intrinsic
activity of the compounds was determined using a [35S]GTPcS
binding assay in cells expressing the h5-HT1A, h5-HT1B or
h5-HT1D receptors, with data reported relative to the maximum re-
sponse elicited by the endogenous agonist 5-HT. A ten point half
serial dilution was used to generate a concentration response for
each compound.


Gratifyingly, the direct analogue 3, not only gave us the desired
high affinity for the 5-HT1B receptor, but also high affinity for the
5-HT1A and 5-HT1D receptors. Investigation of the effect of the
methyl group substitution pattern and stereochemistry led to the
preparation of 4–6. One of the methyl substituents could be
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Scheme 1a (Buchwald) and 1b (Suzuki). Reagents and conditions: (i) P(OEt)3, toluene,
Et2O, rt, 72 h (57%); (iv) 25, K2CO3, DMF, 100 �C, 16 h, 87%; (v) amine, Pd(OAc)2, BINAP, C
reflux, 1,2-DME; (vii) 10% Pd on C, H2, EtOH, rt, 24 h, (9–100%).

removed from 3 to give 4 with no change in receptor profile.
However, removal of the alternative methyl from 3 to give the
piperazine with the opposite stereochemistry 5 led to a drop in
affinity for the 5-HT1B receptor. A similar drop in affinity was
observed by introducing another methyl substituent to 4 to give
dimethyl piperazine 6. This work was then carried further to look
at simplification of the structure to afford achiral piperazine 7.
Pleasingly, this change again gave us a compound which met all
target criteria for the 5-HT1 receptors without the need for addi-
tional chiral centres.


On this simpler template, we then investigated the electronic
nature of the piperazine nitrogens. Piperazinone derivatives 8
and 9 were prepared to investigate the difference in binding affin-
ity between amide and amine environments. Both molecules
showed a loss in receptor binding affinity—the terminal nitrogen
as an amide was less potent than as a basic amine, and piperazi-
none 9 (Scheme 2), was less potent both than parent piperazine
and than its unconstrained beta amino amide analogue 1.


Data for compound 8 was corroborated by replacement of the
basic nitrogen with oxygen, that is, another non-basic, polar group,
giving 11. This modification led to a drop in 5-HT1B receptor affin-
ity which could not be restored by introducing flanking methyl
groups to afford 12.


However, we were surprised to discover that replacement of the
piperazine with a piperidine to give analogue 10 was not detri-
mental to binding affinities and gave a slightly improved 5-HT1B


affinity compared to initial piperazine 7. This was the first mole-
cule to maintain high receptor affinities which lacked either an
aniline amide or sulfonamide unit or the terminal basic nitrogen,
although microsomal clearance increased from 2.9 ml/min/kg (7)
to 6.2 ml/min/kg (10). Varying the size of this piperidine ring to
pyrrolidine analogue 14 led to a drop in affinities whilst the homo
piperazine 13 maintained the receptor profile, but led to greater
microsomal instability (rat CLi 26 ml/min/kg).


To further test the requirement of the meta nitrogen substituent
on the phenyl ring, we decided to synthesise compound 15. This
piperidine derivative was prepared (Scheme 3) from the pyridyl

N
oc


Br


N
H


Br


N
N O


CyBr


iii


v or vi


25


28


24


Cy = cyclic amine (1a) or aryl (1b)


reflux, 24 h, (85%); (ii) N-Boc-piperid-4-one, NaH, THF, rt, 4 h (89%); (iii) 1 M HCl in
s2CO3, 1,4-dioxane, reflux (39–100%); (vi) CyB(OH)2, PPh3, 2 M aq K2CO3, Pd(OAc)2,







Table 1
Receptor binding affinity (pKi


a) for 5-HT1A, 5-HT1B, 5-HT1D and SerT for novel compoundsb


N O
N


X


Compound X pKi I.A.c pKi I.A.c pKi I.A.c SerTd Synthesis


1 NHCOCH2NMe2 7.8 inv 8.2 0.2 9.0 0.4 6.4


2 NHSO2Me 8.6 0 8.7 0.3 9.3 0 6.0


3
N


NH


Me


Me


8.7 0 8.4 0.3 9.1 0.5 ND Scheme 1a


4


N
NH


Me


8.6 0 8.7 0.3 9.2 0.5 6.2 Scheme 1a


5


N
NH


Me


8.4 0 7.8 0.3 9.0 0.5 6.1 Scheme 1a


6
N


NH


Me


Me


8.3 ND 7.5 ND 9.0 ND 6.1 Scheme 1a


7
N


N
Me


9.0 0 8.2 0.3 9.3 0.4 ND Scheme 1a


8


N


N
Me


O


8.1 ND 6.9 ND 8.0 ND ND Scheme 1a


9
N


N
O


7.7 ND 7.2 ND 8.4 ND ND Scheme 2


10
N


8.4 0 8.7 0.6 9.0 0.7 6.8 Scheme 1a


11
N


O
8.3 0 6.9 0.4 8.6 0.6 6.6 Scheme 1a


12


N


O 8.6 ND 6.8 ND 8.8 ND 6.6 Scheme 1a


13
N


N
8.6 0 8.1 0.3 9.2 0.5 6.4 Scheme 1a


14
N


8.0 ND 7.4 ND 8.6 ND ND Scheme 1a


15
N


8.5 inv 8.3 0.3 9.7 0.4 6.3 Scheme 3


16
NH


8.2 ND 8.2 ND 8.9 ND ND Scheme 3


17 N
Ac


7.9 ND 6.8 ND 8.4 ND ND Scheme 3


18 N
SO2Me


8.1 ND 7.1 ND 8.5 ND ND Scheme 3


19 N 8.1 ND 8.1 ND 9.0 ND ND Scheme 1b


20
N


8.3 ND 7.9 ND 8.7 ND ND Scheme 1b


(continued on next page)
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Table 1 (continued)


Compound X pKi I.A.c pKi I.A.c pKi I.A.c SerTd Synthesis


21 7.2 ND 7.2 ND 8.1 ND ND Scheme 1b


22
O


7.5 ND 7.4 ND 8.2 ND ND Scheme 1b


ND, not determined.
a Radioligand binding assay to determine affinity at human recombinant 5-HT receptors. Each determination lies within 0.3 log units of the mean with a minimum of three


replicates.
b All compounds were characterized and purity was assessed using 1H NMR and LCMS.
c I.A., intrinsic activity (inv, inverse agonist).
d Functional 3[H]5-HT uptake assay in at cortical synaptosomes.
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Scheme 2. Reagents and conditions: (i) chloroacetylchloride, Et3N, rt, DCM; (ii) MeNCH2CH2OH, iPr2NEt, NaI, rt, iPrOH; (iii) ClSO2Me, Pyr, rt; (iv) NaH, DMF, rt to 50 �C, 22%
over entire sequence.
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intermediate 31 via quaternisation and global reduction to N-methyl
piperidyl 32. Standard elaboration of this intermediate gave 15.


In stark contrast to all previous findings,5,6 we saw high recep-
tor binding affinity for compound 15 with low intrinsic activity.
This clearly demonstrated that although we had discovered that
the piperazine substituent could be used as an alternative to the
3-amido/sulfonamido derivatives such as 2 to give us high 5-HT1


receptor binding affinity, either nitrogen could be replaced by a
methylene unit with no adverse impact on the receptor binding
profile, despite the difference in nitrogen basicity and polarity.


This piperidine 15 then allowed us to envisage a set of ana-
logues exploring different receptor and physicochemical space to
those previously prepared, with the hope of being able to modulate
the overall properties of the molecule to a greater degree than
hitherto possible. Examination of the nature of the basic nitrogen
in the piperidine showed that moving from the tertiary to second-
ary amine in 16 had a minimal impact on the affinities, but
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Scheme 3. Reagents and conditions: (i) 4-pyridyl boronic acid, Pd(Ph3)4, Na2CO3, H2O/DM
100%; (v) 26, K2CO3, DMF, 100 �C, 16 h, 40%; (vi) ClO2CCHClCH3, iPr2NEt, 1,2-dichloroeth
iPr2NEt, NEt3, DCM, rt, 70%.

attempts to then derivatise the amine further into amide 17 or
sulfonamide 18 led to a decrease in receptor binding affinity.


Given the data described, we reasoned that we should be able to
replace the 3-phenyl substituent with an aromatic group. These
analogues were prepared using similar methodology to the piper-
azines above using Suzuki coupling conditions to install the aryl
groups (Scheme 1b, Cy = aryl). The activity of piperidine 15 led
us to initially examine pyridine 19, which gratifyingly maintained
good receptor affinity across the compound set. In keeping with
previous observations that the terminal nitrogen was not key to
high affinity, the pyridine regioisomer 20 also showed a good pro-
file. Further extension of this principle to removal of all heteroat-
oms to afford phenyl derivative 21 led to an unacceptable drop
in binding affinities which could not be restored by reintroduction
of a heteroatom in the 5-membered system to give furan 22.


In line with earlier observations,6 and that reported for 1 and 2,
low activity against the serotonin transporter was observed for all

N
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N
N O
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N
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N
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vii


17 R = A c
18 R = SO2Me


E, reflux, 54%; (ii) MeI, DCM, rt, 95%; (iii) Pt2O, H2, EtOH, 50 �C, 88%; (iv) HCl, Et2O, rt,
ane, reflux, 62%; (vii) for R = Ac; Ac2O, Pyr, DCM, rt, 61%; for R = SO2Me, MeSO2Cl,







Table 2
Pharmacokinetic profiles of piperazine and piperidine analogues in rat


Compound CLi (ml/min/g)
human/rata


CLb
(ml/min/kg)b


t½b


(h)
CNS br:blb Vss


(L/kg)
Brain Cmax


c


(ng/g)


7 h 1.6; r 2.9 46 1.3 18 4.4 85
15 h < 0.5; r 2.0 14 12 1.3 12.4 34


a Intrinsic clearance determined in microsomes.
b In vivo data determined by 1 mg/kg iv study in rat.
c Brain Cmax and brain:blood ratio determined by additional 3 mg/kg oral rat PK


study (br:bl from whole brain AUC concentration measurements).
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compounds profiled, often leading to greater than 100-fold selec-
tivity for the 5-HT1 receptors. A number of these compounds were
profiled further, and pharmacokinetic data are presented for piper-
azine 7 and piperidine 15 (Table 2). Both are dibasic compounds;
though compound 15 which contains two basic piperidine units
showed an appreciably higher volume of distribution than the less
basic compound 7. This, coupled with its lower clearance resulted

in compound 15 having a significantly longer half-life in blood
than compound 7 and also than the compounds previously de-
scribed.5 Both compounds showed evidence of CNS penetration.


More detailed characterisation of these analogues including the
use of 15 as a potential in vivo tool is on-going.
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Replacement of the constrained phenylalanine analogue 1,2,3,4-tetrahydroisoquinoline-3-carboxylic acid
(Tic) in the opioid Dmt-Tic-Gly-NH-Bn scaffold by the 4-amino-1,2,4,5-tetrahydro-indolo[2,3-c]azepin-3-
one (Aia) and 4-amino-1,2,4,5-tetrahydro-2-benzazepin-3-one (Aba) scaffolds has led to the discovery of
novel potent l-selective agonists (Structures 5 and 12) as well as potent and selective d-opioid receptor
antagonists (Structures 9 and 15). Both stereochemistry and N-terminal N,N-dimethylation proved to be
crucial factors for opioid receptor selectivity and functional bioactivity in the investigated small pepti-
domimetic templates. In addition to the in vitro pharmacological evaluation, automated docking models
of Dmt-Tic and Dmt-Aba analogues were constructed in order to rationalize the observed structure–
activity data.


� 2008 Elsevier Ltd. All rights reserved.

Conformationally constrained amino acids have found wide-
spread application in search of novel peptidic opioid ligands with
minored side-effects.1–8 Such residues, inducing enhanced receptor
selectivity and affinity, can be subdivided in sterically (e.g., b-
methylphenylalanine, b-methyltryptophan, b-methyl-20,60-dim-
ethyltyrosine) and covalently constrained derivatives [e.g., 2-
aminotetralin-2-carboxylic acid (Atc), 2-aminoindane-2-carboxylic
acid (Aic), 1,2,3,4-tetrahydroisoquinoline-3-carboxylic acid (Tic)].9


The Dmt-Tic scaffold 1, in particular, has been recognized as a
firmly established template for opioid ligand design.3,4 Subtle
changes in this scaffold have induced remarkable alterations in
opioid receptor selectivity and/or activity, such as enhanced agon-
ism, antagonism, or the acquisition of mixed activities at the
opioid subtype receptors (i.e., l, d and j receptors). Replacement
of tyrosine by Dmt (20,60-dimethyl-L-tyrosine) markedly modified

ll rights reserved.


-benzazepin-3-one; Aia, 4-
Aic, 2-aminoindane-2-car-


; Dmt, 20 ,60-dimethyl-L-tyro-
GPI, guinea-pig ileum; MOR,
,4-tetrahydroisoquinoline-3-
in 7.
32 26293304.

the pharmacological profile of numerous unrelated opioid
ligands.3,10,11 Next to the crucial impact of Dmt on opioid
potency, the introduction of Tic into naturally occurring opioid li
gands,12–14 led to the conclusion that this conformationally re-
stricted phenylalanine analogue was responsible for the receptor
antagonism displayed by Tic-containing structures.


Earlier work in our laboratory involved the replacement of Tic2


in Dmt-Tic derivatives 1 by the dipeptidomimetic Aba-Gly (Aba: 4-
amino-1,2,4,5-tetrahydro-2-benzazepin-3-one). This substitution,
yielding opioid ligands of type 2 (Fig. 1), led to increased receptor
selectivities as well as a d- to l-receptor affinity shift, relative to
the reference Tic derivatives.15 The main structural difference be-
tween the constrained aromatic residues Tic and Aba, consists of
the allowed low energy conformations for the amino acid v1 space.
The Tic residue allows g(�) and g(+) conformations (v1 = �60� and
+60�, respectively), whereas Aba limits the side chain orientation
to g(+) and trans (v1 = 60� and 180�, respectively).16 The same
dihedral angles are favoured in the 4-amino-indolo[2,3-c]azepin-
3-one (Aia) scaffold which is present in 3. The heterocyclic core
of 3 was recently successfully used for sst4/5 selective somatostatin
peptidomimetics.17


In this work, two approaches were followed to change potency,
selectivity or functional properties of the previously reported Dmt-
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Figure 1. Structures of the Dmt-Tic 1, Dmt-Aba 2 and Dmt-Aia 3 scaffolds.
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Aba-Gly analogues 2.15 In the first approach, the role of charge in
the discrimination of opioid receptor selectivity and bioactivity
was investigated by the preparation and evaluation of Aba-Asp
(negative charge) and Aba-Lys (positive charge) derivatives. In
the corresponding Dmt-Tic analogues, the charge of the C-terminal
part had substantial effect on d-selectivity and antagonism.18 In a
second approach, the effects of replacing the benzene ring in the
Aba scaffold in 2 by an indole ring, to give 3, was investigated. This
approach was motivated by the fact that, on the one hand, in the
bioactive conformation of Tyr1-Tic2-Phe3-d-antagonist peptides,
the Tic2 aromatic ring would correspond to the indole ring in the
non-peptide d-antagonist naltrindole.19 On the other hand, the
Tic2 residue in 1 can also correspond to the Phe3 residue in opioid
peptides such as dermorphin (Tyr1-D-Ala2-Phe3-Gly4-Tyr5-Pro6-
Ser7-NH2), deltorphin I or II (Tyr1-D-Ala2-Phe3-Asp4-Val5-Val6-
Gly7-NH2 or Tyr1-D-Ala2-Phe3-Glu4-Val5-Val6-Gly7-NH2, resp.) or
endomorphin-2 (EM-2: Tyr1-Pro2-Phe3-Phe4-NH2). The related
analogue endomorphin-1 (EM-1: Tyr1-Pro2-Trp3-Phe4-NH2) con-
tains a Trp residue at position 3 which may be mimicked by the
Aia residue in scaffold 3 (Fig. 1).


The reference structures for this work consisted of peptidomi-
metics 4 and 5 (Fig. 2).15 Dmt-Tic-Gly-NH-Bn 4 displays a d over
l selectivity (Table 1), whereas l-opioid receptor binding is pre-
ferred for the Aba-containing analogue 5. Substitution of Tic2 by
Aba in Dmt-Tic ligands reduced d-opioid receptor affinity, but li-
gand 5 maintained high l-opioid receptor affinity and functional
bioactivity (Table 1). Peptide mimic 5 (Fig. 2) possesses Kl


i and
IC50(GPI) values comparable to those of the l-selective endoge-
nous tetrapeptides endomorphin-1 and endomorphin-2.


Three-dimensional structural models of the d-opioid (DOR) and
l-opioid receptor (MOR) were constructed and refined according
to a GPCR modeling procedure previously described,20 using the
beta 2 adrenergic receptor crystal structure21 as a homology mod-
eling template and using the experimental constraints defined by
Mosberg et al.22,23 Surflex24 automated docking simulations25


yielded binding modes of the known d-agonist JOM13 (Tyr1-c[D-
Cys2-Phe3-D-Pen4]OH) in DOR (Fig. 3A) and of the known l-agonist
JOM6 (Tyr1-c(S-Et-S)[D-Cys2-Phe3-D-Pen4]NH2) in MOR (Fig. 4A)
which are in line with experimental studies.22,23,26–34 In both
receptors, the protonated amine group of the ligand forms a com-
plementary H-bond interaction network with D3.3228,31 (Ballester-
os-Weinstein numbering) and Y7.43,30,31 while the Tyr1 phenol

N


O O
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N


H2N


HO


4 HO


N
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Figure 2. Reference compounds Dmt-Tic-N

ring binds in the hydrophobic pocket between Y3.3330,33 and
W6.4830 and forms an H-bond with H6.52.26 The Phe3 group of
JOM6 adopts a trans v1 orientation and forms aromatic interac-
tions with W7.35 in MOR,22 while the Phe3 group of JOM13 adopts
a gauche (+) orientation and binds in the hydrophobic pocket near
H7.36 in DOR.23 The C-terminal carboxamide group of JOM6 is in
close proximity of E5.35 in MOR,22 whereas the C-terminal carbox-
ylate group of JOM13 forms a salt bridge with K5.39 in DOR.23


Docking poses25 of reference compounds 4 (in DOR, see Fig. 3B)
and 5 (in MOR, see Fig. 4B) involved in the same receptor–ligand
interactions as JOM1323 (in DOR, Fig. 3A) and JOM622 (in MOR,
Fig. 4A), respectively, were selected using a receptor–ligand inter-
action fingerprint (IFP) scoring method35 as described earlier.20 The
N-terminal Dmt groups of compounds 4 and 5 form the same H-
bond interactions with D3.32 and H6.52 as the N-terminal tyra-
mine groups of JOM6 and JOM13 and bind in the same hydropho-
bic pocket between Y3.33 and W6.48. The Tic group of DOR-
specific compound 4 occupies the same binding pocket near
H7.36 as the Phe3 group of JOM13, while the Bn group of com-
pound 4 stacks with W6.58, which plays an important role in
DOR-specific agonist binding34 (Fig. 3B). The Aba group of the
MOR-specific compound 5, on the other hand, stacks with W7.35,
a residue which plays an important role in MOR-specific agonist
binding,32 and occupies the same binding pocket as the Phe3 ring
of JOM622 (Fig. 4). The Bn aromatic ring of compound 5 stacks with
the Aba group of the ligand and forms a cation–pi interaction with
the positively charged nitrogen atom of K5.3927 of MOR (Fig. 4B).


To obtain positively and negatively charged scaffolds, respec-
tively, Aba-Lys 6 and Aba-Asp 7 derivatives were prepared accord-
ing to previously reported methods.15,36 The presence of a positive
charge in ligand 6 seemed to be detrimental for binding to the ac-
tive sites of both l-opioid and d-opioid receptors, as witnessed by a
22- to 26-fold decrease in affinity (Table 1, Kd


i = 290.1 ± 16 nM and
Kl


i = 10.1 ± 1.3 nM). Because of the nanomolar range of the l-affin-
ity, l-receptor activity was nonetheless verified. The in vitro GPI
assay of ligand 6, measuring the activation of the l-opioid recep-
tor, reflected this loss in binding by an equivalent observed de-
crease in potency (ICl


50 = 3272 ± 354 nM).
The negative charge in the aspartic acid side chain of the anal-


ogous Dmt-Aba-Asp-NH2 ligand 7, was even less tolerated by both
subtype receptors (Kd


i = 1478 ± 189 nM and Kl
i = 629 ± 210 nM).


Next to a loss in binding, the negative charge also eliminates

N
H


5


N


O
N
H


OO


NH2


H-Bn 4 and Dmt-Aba-Gly-NH-Bn 5.15







Table 1
Receptor affinities, selectivities and functional bioactivity of ligands 4–17


Compounds Receptor affinity (nM)a Selectivity Functional bioactivityb


Kd
i Kl


i Kd
i /Kl


i Kl
i /Kd


i MVD IC50 (nM) MVD (pA2) GPI IC50 (nM)


4 H-Dmt-Tic-Gly-NH-Bnc 0.031 ± 0.002 0.16 ± 0.018 5.2 9.3 2.69 ± 0.07
5 H-Dmt-Aba-Gly-NH-Bnc 11.0 ± 2.3 0.46 ± 0.07 24 830 ± 70 51 ± 5


6 H-Dmt-Aba-Lys-NH-Bn 290.1 ± 16 (4) 10.1 ± 1.3 (5) 29 NT 3272 ± 354
7 H-Dmt-Aba-Asp-NH-Bn 1478 ± 189 (3) 629.5 ± 210 (3) 2.3 NT NT
8 H-Dmt-Aba 367.8 ± 48 (5) 12.4 ± 1.2 (4) 30 NT 631 ± 54
9 N,N(Me)2-Dmt-Aba 20.5 ± 0.67 (4) 64.9 ± 10 (5) 3.2 NA 7.2 NA


10 H-Dmt-Aia-Gly-NH-Bn 357.9 ± 43 (4) 50.0 ± 2.6 (3) 7.2 NT 1795 ± 215
11 H-Dmt-Aia-Gly-O-Bn 4065 ± 410 (3) 243.7 ± 24 (3) 17 NT NT


1500 ± 139
12 H-Dmt-D-Aia-Gly-NH-Bn 160.7 ± 23 (4) 3.35 ± 0.28 (3) 48 (Emax = 80%) 14.9 ± 1.6
13 N,N(Me)2-Dmt-D-Aia-Gly NH-Bn 681 ± 36 (4) 133 ± 18 (5) 5 NT NT


14 H-Dmt-Aia-Gly-OH 805.9 ± 79 (6) 1450 ± 130 (4) 1.8 NT NA
15 N,N(Me)2-Dmt-Aia- Gly-OH 6.64 ± 0.89 (5) 874.5 ± 100 (5) 132 NA 8.3 NA
16 H-Dmt-D-Aia-Gly-OH 720 ± 31(4) 2900 ± 187 (5) 4 NT NT
17 N,N(Me)2-Dmt-D-Aia- Gly-OH 1150 ± 112 (5) 10100 ± 982(6) 8.8 NT NT


a The Ki values (nM) were determined according to Cheng and Prusoff,38 using published methods.39 The mean ± SEM values of three to six repetitions are based on
independent binding assays conducted in duplicate using five to eight grade doses of peptides with several different synaptosomal preparations.


b Agonism was expressed as IC50 obtained from dose response curves.40 These values represent the mean ± SEM of at least six fresh tissue samples. Deltorphin C and
dermorphin were the internal standards for MVD (d-opioid receptor bioactivity) and GPI (l-opioid receptor bioactivity) tissue preparations, respectively.


c Data taken from Ballet et al.15 NA, not active (>20,000 nM); NT, not tested.


Figure 3. Docking poses of: (A) JOM13 (green carbon atoms) and (B) compound 4 (yellow carbon atoms) in the DOR receptor model. The backbone of transmembrane helices
5, 6, and 7 are represented by magenta ribbons (TM3 is not shown for clarity). Important binding residues are depicted as ball-and-sticks with grey carbon atoms. Oxygen,
nitrogen, sulphur and hydrogen atoms are coloured red, blue, orange and cyan, respectively. H-bonds described in the text are depicted by white dots.


Figure 4. Docking poses of: (A) JOM6 (green carbon atoms) and (B) compound 5 (yellow carbon atoms) in the MOR receptor model. Rendering and colour coding are the same
as defined for Figure 3.
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Figure 5. Superposition of the docking poses of compound 5 (blue) and compound
10 (red) in the MOR receptor model.25
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l-receptor selectivity (5 ? 7: Kd
i /Kl


i = 24 ? 2.3. The binding orien-
tation of compound 5 in the l-receptor presented in Figure 4B sug-
gests that introduction of a positively (compound 6) or negatively
(compound 7) charged side chain at the Gly position indeed does
not enable beneficial interactions with the charged residues at
positions 5.35 (Asp in DOR, Glu in MOR), 5.39 (Lys in DOR and
MOR), nor 6.58 (Lys in MOR), but instead cause the ligand to clash
with TM6 lower in the binding pocket.


The truncation of the Dmt-Aba-Gly-NH-Bn 5, presenting ligand
8, results in a moderate binding to and activation of MOR
(Kl


i = 12.4 ± 1.2 nM, ICl
50 = 631 ± 54 nM), but affinity for DOR is sig-


nificantly decreased (Kd
i = 367.8 ± 48 nM). According to our dock-


ing model, this affinity loss in MOR of compound 8 compared to
5 can be ascribed to the elimination of the favourable cation–pi
interaction between the C-terminal benzyl group in 5 and the pos-
itively charged amine group of K5.39, and the loss of stabilizing
intramolecular pi–pi stacking between the Aba and Bn rings
(Fig. 4B). The N,N-dimethylation of Dmt-Tic sequences was initially
introduced to develop more stable structures, as Tyr-Tic and Dmt-
Tic peptides are prone to form diketopiperazines.3 The N,N-di-
methyl analogue of 8, ligand 9, shifts receptor selectivity from
the l- to the d-opioid receptor and concomitantly converts the
activity profile, creating a d-opioid receptor antagonist, an effect
that was also observed in Dmt-Tic analogues.37


The 4-amino-indolo[2,3-c]azepin-3-one scaffold (Aia) in 3 can
be regarded as a constrained tryptophan residue that limits both
v1 and v2 dihedral angles in the same way as the Aba scaffold does
for a phenylalanine residue.17,41 Structurally, the introduction of
Aia into the opioid pharmacophore can, for example, mimic Trp3


as was shown in the endogenous endomorphin-1 (EM-1: H-Tyr1-
Pro2-Trp3-Phe4-NH2). Although the peptidomimetic [Aia3]EM-1
was determined to be a full agonist in the GPI and MVD assays, a
loss in functional bioactivity was observed (ICl


50 = 223.8 ± 3.64 nM
vs. 9.7 ± 2.21 nM for EM-1).41 To further evaluate the constrained
Aia template in opioid ligands, we prepared compounds 10 to 17
according to literature methodologies.15,41 The aminobenzazepi-
none moiety in the most active compound of the series, Dmt-
Aba-Gly-NH-Bn 5, was replaced by the Trp-counterpart Aia and
yielded ligand 10 (Table 1). Both d- and l-opioid receptor affinities
of 10 are situated in the moderate to high nanomolar range, while
maintaining MOR selectivity. Only micromolar range potency was
displayed when this structure was submitted to the functional GPI
assay. The C-terminal ester equivalent of 10, compound 11,
showed even less affinity for both l- and d-opioid receptors, and
suggests the amide in 10 to be involved in hydrogen bonding
and/or favorable directing of the terminal benzyl group. The substi-
tution of the benzene ring of the Aba residue in 5 by the indole ring
in 10 positions the benzene ring of the Aia residue further away
from the MOR specific binding pocket between W7.35 and H7.36
(Fig. 4B), but also results in a slightly different orientation of the
N-benzyl substituent, which may weaken the cation–pi interaction
with the K5.39 residue of MOR. This is shown in the superpositions
of the binding conformation of 5 and 10 in Figure 5. The combina-
tion of both effects may explain the loss in binding affinity ob-
served for 10 versus 5.


The importance of the Aia a-stereochemistry was investigated
by switching to the D-isomer of Aia. D-Aia analogue 12 not only
yielded a highly selective derivative, its l-bioactivity is compara-
ble to that of the potent endogenous peptide EM-1 (ICl


50


12 = 14.9 ± 1.6 nM and ICl
50 TV�1 = 9.7 ± 2.21 nM41). This observa-


tion suggests that the D-configuration of the Aia residue might be
able to restore a binding pose as observed for 5. N,N-dimethylation
of 12, resulting in ligand 13, significantly decreased l-receptor
binding and was detrimental for receptor selectivity, an observa-
tion which was also made N,N(Me)2-Dmt-Tic-amides.37 Apparently
the extensive hydrogen bonding network that is observed between

the primary amine of Dmt in 5 (Fig. 4 B) is disturbed by the N,N-
dimethylation.


The presence of a C-terminal carboxylic acid in opioid ligands is
known to induce d-receptor selectivity due to an unfavorable inter-
action between the ligands’ carboxylate and residue E5.35 in the l-
opioid receptor.42 This electrostatic interaction is most probably
responsible for the d-opioid receptor preference of ligands 14–17.
Only one of these ligands, compound 15, efficiently binds to DOR
(Kd


i = 6.64 ± 0.89 nM). It showed potent antagonist properties
ðpAd


2 ¼ 8:3Þ, confirming that N,N-dimethylation of Dmt is able to
convert a d-agonist into an antagonist.37 The comparison of ligands
15 and 17 clearly shows the crucial importance of stereochemistry
in receptor binding efficiency.


In conclusion, of our two approaches to change the pharmaco-
logical profile of Dmt-Aba-Gly analogues, the one involving the
introduction of both positive (Aba-Lys ligand 6) and negative
(Aba-Asp ligand 7) charge proved to be detrimental for binding
to and activation of the l- and d-opioid receptors, relative to the
reference compound 5. This is in sharp contrast to previous obser-
vations in the Dmt-Tic series of analogues, where a positive charge
in the side chain of the C-terminal amino acid considerably in-
creased the l-affinity while maintaining d-affinity. A negative
charge in these Dmt-Tic analogues was shown to be important
for d-affinity, but prevented these ligands from interacting with
the l-receptor.18 These findings could be rationalized by the differ-
ent binding modes that were observed for the receptor-docked
structures between the Tic-containing versus the Aba-containing
analogues. The C-terminal benzyl group in 5, on the other hand,
was shown to be important for bioactivity at the MOR as demon-
strated by the reduced potency of truncated ligand 8, a feature that
was also rationalized by the binding mode of these ligands to the
MOR.


In contrast, our second approach to investigate the importance
of replacing the benzene ring in the Aba scaffold by an indole ring,
which is equivalent to replacing a constrained Phe residue by a
constrained Trp residue, resulted in some interesting new opioid li-
gands. The replacement of Aba in 5 by Aia in 10 resulted in a drop
of affinity for both receptors however, the change of chirality to D-
Aia in 12 resulted in a l-opioid receptor selective agonist with a
potency comparable to the endogenous opioid endomorphin-1.
The indole ring of Aia is therefore is more likely to mimic the
Trp3 residue in the l-agonist endomorphin-1 than the indole in
the d-antagonist naltrindole. Finally, two novel N,N-dimethylated
scaffolds 9 and 15 proved to be d-selective antagonists, which con-
firms that N,N-dimethylation of Dmt is able to induce antagonist
properties.18
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A twin drug consisting of 8-oxaendoethanotetrahydromorphides with a 1,4-dioxane spacer, NS29, was
synthesized from a naltrexone derivative. The structure of compound 8, the precursor of NS29, was deter-
mined by X-ray crystallography. Monomeric NS28 showed l opioid receptor antagonist activity, whereas
dimeric NS29, consisting of two NS28 units, showed antagonist activities for l, j, and the putative e opi-
oid receptor agonists. Twin drug NS29 and its derivatives are expected to be unique pharmacological
tools for investigation of opioid receptor types
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Figure 1. Structures of TAN-821, TAN-1014, designed compound, and nor-BNI.

Opioid receptors are generally classified into l, d, and j types
not only by pharmacological studies but also by molecular biolog-
ical characterizations, and all receptor types are related to analge-
sic effect.1 Based on the detailed investigation of pharmacological
effects using selective ligands, each receptor type has been further
divided into subtypes (l1, l2, d1, d2, j1, j2, and j3).1 In addition to
these three types, a putative e opioid receptor was proposed as the
receptor specifically binding the endogenous opioid peptide,
b-endorphin, based on various pharmacological observations.2


Although the three types of the opioid receptors (l, d, and j) have
been cloned, the opioid receptor subtypes and the putative e opioid
receptor have not yet. On the other hand, the dimerization of a
variety of G-protein-coupled receptors (GPCRs) has been reported
and the homo- or hetero-dimerization of GPCRs could modulate
their pharmacological effects.3 The opioid receptor is also known
to form homo- and hetero-dimers.3,4 A recent proposal has attrib-
uted the diversity of the opioid pharmacological effects to the
dimerization of the corresponding receptor types, an idea which
differs from the earlier concept that opioid receptor subtypes (per-
haps including the putative e receptor)5 are responsible for the het-
erogeneous effects.


We have already synthesized e-agonist TAN-8216 and e-antag-
onist TAN-1014 (Fig. 1).7 Although these ligands showed selectivity
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for the putative e opioid receptor in the mouse tail-flick and hot-
plate assays, the selectivity was not sufficient in the binding assay.
To obtain a more selective ligand for the putative e opioid receptor,
we designed and synthesized the 8-oxaendoethanotetrahydromor-
phide derivatives (Fig. 1) on the basis of the following working
hypothesis: (1) the strong affinities of TAN-821 and TAN-1014
for the opioid receptors stemmed from their high lipophilicity,
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Figure 2. X-ray crystallography of compound 8. Crystal water in the crystal
structure was omitted for clarity.
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which may cause their low selectivity in vitro; (2) the introduction
of a hydrophilic moiety into the basic bicyclo[2.2.2]octane skeleton
of these ligands could decrease its lipophilicity.8 In the course of
our attempts to synthesize the designed compound, a novel twin
drug with a 1,4-dioxane spacer was obtained unexpectedly. In gen-
eral, a twin drug, dimeric ligand is one of the most useful tools for
the investigation of pharmacological properties of some receptors
and enzymes because a dimeric ligand can induce unique effects
which a monomeric structure never shows.9 An identical twin drug
consisting of two identical pharmacophoric entities could increase
the binding affinity and/or efficacy compared with that of the cor-
responding monomeric ligand, while a non-identical twin drug
bearing two different pharmacophoric entities is expected to bind
to the respective receptors for each monomeric ligand and could
elicit the corresponding effects derived from the individual recep-
tors.8 Furthermore, a twin drug can sometimes show an unex-
pected effect, which may not be predicted from each monomeric
unit. For example, nor-BNI (Fig. 1), consisting of two identical units
of the l opioid receptor antagonist naltrexone with a pyrrole
spacer, showed selective j opioid receptor antagonist activity.10


Herein, we report synthesis of the novel twin drug NS29 and de-
scribe its pharmacological effects.


An acetal exchange reaction of dithiane 1 derived from naltrex-
one methyl ether 10 with HC(OMe)3 and CuCl2/CuO afforded
orthoester 2 predominantly (Scheme 1).8 On the other hand, the
acetal exchange reaction of 1 with HC(OMe)3 and CuCl2 in the pres-
ence of camphorsulfonic acid (CSA) provided a mixture of acyclic
acetal 3 and cyclic acetal 4 instead of the orthoester 2 (Scheme
1). Hydrolysis of the mixture of acetals 3 and 4 gave an inseparable
mixture of a-hydroxyl aldehyde 5, its hemiacetal dimer 7, and cyc-
lic hemiacetal 6. As the a-hydroxy aldehyde is known to be prone
to transform into five and six membered dimers,11 we attempted
to lead the mixture of compounds 5, 6, and 7 toward the acetal di-
mer 8. After extensive investigations, we found that treatment of
the mixture of compounds 5, 6, and 7 with CSA under azeotropic
distillation provided the objective dimer 8. Compound 8 was
chemically stable and subsequently converted to dimer 9 (NS29)
by demethylation. The structure of compound 8, confirmed
by X-ray crystallography (Fig. 2), consisted of two 8-oxa-
endoethanotetrahydromorphide skeletons with a 1,4-dioxane
spacer.12 For comparison with the pharmacological profile of dimer
9, compound 13 (NS28), which corresponded to the monomeric
component of dimer 9, was also synthesized from naltrexone
methyl ether 10 in two steps according to a reported method
(Scheme 2).13
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Scheme 1. Reagents and conditions: (i) CH(OMe)3, CuCl2/CuO, MeOH, 50 �C, 78%; (ii) CH
CSA, toluene, reflux, 23%; (v) t-BuOK, n-PrSH, DMF, 150 �C, 82%.

The effects of NS29 and NS28 on G-protein activation intro-
duced by selective opioid agonists were evaluated by [35S]GTPcS
binding to mouse whole brain without cerebellum membranes
(l, d, and putative e receptors) or to the guinea pig cerebellum
(j receptor). NS29 blocked the stimulation of [35S]GTPcS binding
induced by l-agonist morphine (10�5 M), j-agonist U50,488H
(10�5 M), and putative e-agonist b-endorphin14 (10�6 M)
(Fig. 3(A), (C), and (D), respectively) in a concentration-dependent
manner. However, the stimulation of [35S]GTPcS binding induced
by d-agonist SNC-80 (10�5 M) was not affected by NS29
(Fig. 3(B)). These results indicated that NS29 may be an antagonist
against the l-, j-, and putative e-receptors. Antagonist activity of
NS29 for b-endorphin was strong, but weaker for morphine and
U50,488H. On the other hand, NS28 inhibited the stimulation of
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Figure 3. Effects of NS29 on G-protein activation induced by l (A), d (B), j (C), and
putative e (D) opioid receptor agonist.


Figure 4. Effects of NS28 on G-protein activation induced by l (A), d (B), j (C), and
putative e (D) opioid receptor agonist.


Figure 5. Message, address, and possible accessory site of TAN-821 and NS29 are
indicated by blue, green, and red circles, respectively.


Figure 6. Superimposition of the 3D-aligment of TAN-821 onto that of NS29.
Notable benzene rings, and nitrogen and oxygen atoms are indicated by yellow,
blue, and red color, respectively.
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[35S]GTPcS binding induced by l-agonist morphine (10�5 M) con-
centration–dependently (Fig. 4(A)). However, the stimulation of
[35S]GTPcS binding induced by d-agonist SNC-80 (10�5 M), j-ago-
nist U50,488H (10�5 M), and putative e-agonist b-endorphin
(10�6 M) was blocked by only the highest concentration of NS28
(10�6 M), but the effect was not concentration dependent
(Fig. 4(B), (C), and (D)). These results suggested that NS28 would
be a l-antagonist.


The monomeric NS28 showed l-antagonist activity, while di-
meric NS29 exhibited strong antagonism for putative e opioid
receptors and weak antagonism for l and j opioid receptor in
the [35S]GTPcS binding assay. The results indicated that the dimer-
ization of NS28 into the twin drug NS29 afforded an additional
pharmacological effect, a strong putative e-antagonist activity. In
the opioid field, the ‘message–address concept’ is a well-known
means to characterize ligands that are specific for different recep-
tor types,15 and several selective ligands have been designed and
synthesized on the basis of this concept.16 According to the con-
cept, selective opioid ligands can be divided into two parts, the
message-site and the address-site. The former site could be the
necessary structure to produce the opioid intrinsic effects while
the latter site could participate in the receptor type selectivity.
Figure 5 illustrates the individual message sites and the address
sites in putative e-agonist TAN-821 and in NS29. Previously, we
developed a working hypothesis for the selective binding of TAN-
821 with the putative e receptor: the address site for the putative
e receptor would be located above the C ring of 4,5-epoxymorph-
inan skeleton.6 The 7a-carboxamide side chain in TAN-821 would

act as the address site (Fig. 5). Particularly, the phenyl group in the
address site was deduced to play an important role in binding to
the putative e receptor.


Each benzene ring of TAN-821 and NS29 in the address site
(indicated by yellow color in Fig. 6) appears to occupy a similar
location when the 3D-alignment of TAN-821 was superimposed
onto that of NS29 (Fig. 6). The benzene ring shown at the upper
right side in NS29 may act as the address site for the putative e
receptor. Moreover, NS29 has a bulkier lipophilic structure than
TAN-821. Antagonists generally possess bulky, lipophilic moieties,
the so-called accessory site,17 which could interfere with the con-
formational change in the receptor which is required to induce
agonistic activity. The bulky lipophilic moiety of NS29 indicated
by a red circle in Figure 5 could function as an accessory site.


A twin drug such as NS29 may clarify whether various pharma-
cological effects of opioids derive from opioid receptor subtypes or
whether they can be to the result of the dimerization of the corre-
sponding receptor types, especially d–j and l–d heterodimers.


In conclusion, identical twin drug NS29, consisting of two NS28
molecules linked by a 1,4-dioxane spacer, was synthesized from
naltrexone methyl ether, whose structure was determined by X-
ray crystallography. NS29 attenuated the [35S]GTPcS binding in-
duced by l-, j-, or the putative e-agonist, while NS28 blocked only
the l-agonist induced [35S]GTPcS binding. Dimer NS29 and its
derivatives are expected to be unique pharmacological tools for
the investigation of opioid receptors.
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We studied synthetic modifications of N-mercaptoacylamino acid derivatives to develop a new class of
leukotriene A4 (LTA4) hydrolase inhibitors. S-(4-Dimethylamino)benzyl-L-cysteine derivative 2a
(SA6541) showed inhibitory activity against LTA4 hydrolase (IC50, 270 nM) and selectivity over other
metallopeptidases except angiotensin-converting enzyme (ACE, IC50, 520 nM). Modification at the
para-substituent of the phenyl ring of compound 2a improved LTA4 hydrolase inhibitory activity as well
as selectivity over ACE. Finally, we obtained S-(4-cyclohexyl)benzy-L-cysteine derivatives 11l and 16i as
potent and selective LTA4 hydrolase inhibitors.


� 2008 Elsevier Ltd. All rights reserved.
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Leukotriene A4 (LTA4) hydrolase (EC 3.3.2.6) is a bifunctional
zinc-containing metalloenzyme.1 One of its functions is a highly
substrate-specific epoxide hydrolase activity, which involves con-
verting an unstable epoxide fatty acid derivative LTA4 into a diol
leukotriene B4 (LTB4), a potent proinflammatory mediator.2 This
catalytic reaction is the final and rate-determining step in LTB4 bio-
synthesis. Therefore, inhibition of LTA4 hydrolase would be a suit-
able approach for treatment of a variety of inflammatory diseases.3


Another function is its intrinsic arginyl aminopeptidase activity.
The biological role of which has not been elucidated thus far.1


Previously, we reported that 4-arylalkylthio-N-[(2S)-3-mer-
capto-2-methylpropionyl]-L-proline derivatives had inhibitory
activities against LTA4 hydrolase. Compounds 1a and 1b, in partic-
ular, exhibited more potent and selective inhibitory activities
against the enzyme than its lead compound, captopril (Fig. 1).4 This
result prompted us to obtain more selective LTA4 hydrolase inhib-
itors. On the basis of a previous study4 and structural similarities to
the zinc-containing metalloenzyme, we had screened other ACE
inhibitors, N-mercaptoacylamino acid derivatives,5 for inhibitory
activities against LTA4 hydrolase.4,6,7a Among the derivatives, we
found that S-(4-dimethylamino)benzyl-L-cysteine derivative 2a
(SA6541, Fig. 1) possessed the desired inhibitory activity7a (Table
1).


Compound 2a exhibited good anti-inflammatory effects after
oral administration in murine.7 Although the compound showed

All rights reserved.


: +81 743 79 4608.
Enomoto).

selectivity over other metallopeptidases, it still retained the ACE8


inhibitory activity (Table 1). Therefore, we synthesized a new
series of N-mercaptoacylamino acid derivatives to develop more
potent and more selective LTA4 hydrolase inhibitors than
compound 2a.


Compound 2a and all the compounds listed in Table 2–5 were
synthesized as below. Synthesis of 2a was conducted as shown
in Scheme 1.7a 4-Dimethylaminobenzyl alcohol 3 was treated with

N
LTA4H IC50; 270 nM


Figure 1. Structures of 4-arylalkylthio-N-[(2S)-3-mercapto-2-methylpropionyl]-L-
proline derivatives and compound 2a (SA6541).
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Table 1
Inhibitory activities of compound 2a against other metallopeptidases


Enzyme Compound 2a


IC50 or % inhibition at 100 lM


LTA4 hydrolase 0.27 lM
Angiotensin-converting enzyme 0.52 lM
Aminopeptidase M 42%
Endopeptidase 24.11 16%
Endothelin-1 converting enzyme 8%
Type I collagenase 3%
Type III collagenase No inhibition


Table 3
R2 modifications of S-(4-dimethylamino)benzyl-L-cysteine


N
H


OH


S


O


N


R2


Compound R2– IC50 (nM)


LTA4 hydrolase


7a
SH


O
470


7b SH


O


>10,000


7c SH


O


>10,000


7d
SH


O
>10,000


2a (SA6541)
SH


O


270


7e
SH


O


1500


7f
SH


O
7400


7g
O


SH
>10,000


Table 2
R1 modifications of N-[(2S)-3-mercapto-2-methylpropionyl]amino acid


N
H


OH
O


O


R1


SH


2


Compound –R1 IC50 (nM)


LTA4 hydrolase


2a (SA6541) S


N


270


2b S >10,000


2c S
N >10,000


2d S


N


>10,000


2e


S


N
>10,000
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hydrobromic acid, followed by the reaction of resultant bromide 4
with N-Boc-L-cysteine to give N-Boc-S-(4-dimethylamino)benzyl-
L-cysteine 5. After removing the N-Boc group of compound 5,
coupling reactions with 4-nitrophenyl (2S)-3-benzoylthio-2-meth-
ylpropionate4 gave N-[(2S)-3-benzoylthio-2-methylpropionyl]-S-
(4-dimethylamino)benzyl-L-cysteine 6. Ammonolysis of compound
6 gave S-(4-dimethylamino)benzy-N-[(2S)-3-mercapto-2-methyl-
propionyl]-L-cysteine 2a.


Compounds 2b–e (Table 2), 7a–g (Table 3), and 11q (Table 4) were
prepared in a similar way as compound 2a. Compound 2b was
obtained via coupling reaction of S-benzyl-L-cysteine with 4-nitro-
phenyl (2S)-3-benzoylthio-2-methylpropionate to give N-[(2S)-3-
benzoylthio-2-methylpropionyl]-S-benzyl-L-cysteine followed by
deprotection with aqueous ammonia yielding the desired com-
pound. Synthesis of compounds 2c and 11q was conducted with
3-dimethylaminobenzyl alcohol and 4-diethylaminobenzyl alcohol
as starting materials, respectively. Compounds 2d and 2e were

prepared from N-Boc-D-cysteine and N-Boc-L-homocysteine, respec-
tively. Introduction of the R2 moieties of compounds 7a–g was
accomplished by using corresponding active esters derived from
S-benzoylthioalkanoic acids9 instead of 4-nitrophenyl (2S)-3-ben-
zoylthio-2-methylpropionate in Scheme 1.


Syntheses of compounds 11a–p and 11r–u in Table 4 were
treated as shown in Scheme 2. Appropriate 4-substituted benzyl
chlorides and bromides (8a–p and 8r–u) were combined with
L-cysteine in the presence of aqueous sodium hydroxide to yield
S-(4-substituted)benzyl-L-cysteine derivatives 9a–p and 9r–u.10


The resultant compounds were then coupled with 4-nitrophenyl
(2S)-3-benzoylthio-2-methylpropionate to yield N-[(2S)-3-ben-
zoylthio-2-methylpropionyl]-S-(4-substituted)benzyl-L-cysteine
derivatives (10a–p and 10r–u). Reaction of compounds 10a–p
and 10r–u with aqueous ammonia gave compounds 11a–p and
11r–u. Compound 12 (Table 5) was synthesized in a similar
way by using L-penicillamine instead of L-cysteine.


Scheme 3 represents the synthesis of compounds 16a–i (Table
5). Corresponding alcohols 13a–i together with L-cysteine were
treated with hydrochloric acid at 55–65 �C followed by N-Boc pro-
tection for isolation and purification by flash chromatography,
yielding N-Boc-S-substituted-L-cysteine derivatives 14a–i. After
removing the N-Boc groups of 14a–i, coupling reactions
with 4-nitrophenyl (2S)-3-benzoylthio-2-methylpropionate gave







Table 4
R3 modifications of S-benzyl-N-[(2S)-3-mercapto-2-methylpropionyl]-L-cysteine


SH N
H


OH


O


O S


R3


Compound R3 IC50 (nM)


LTA4 hydrolase ACE


2b H >10,000 34
11a F >10,000 100
11b Cl 1700 250
11c Br 610 280
11d I 15 140
11e CH3 7200 240
11f CF3 140 340
11g C2H5 280 21
11h n-Pr 72 210
11i i-Pr 200 300
11j t-Bu 24 130
11k Ph 600 280
11l c-Hex 79 4000
11m OCH3 2400 100
11n OCF3 400 260
11o OC2H5 640 340
11p OPh 1700 370
2a (SA6541) N(CH3)2 270 520
11q N(C2H5)2 900 4600
11r CN 530 300
11s NO2 4900 320
11t SCH3 46 300
11u SO2CH3 160 300
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Scheme 1. Reagents and conditions: (a) 47% HBr aq 120 �C, 2.5 h; (b) Boc-L-Cys-OH,
N,N-diisopropylethylamine, CH2Cl2, rt, 2.5 h; (c) 4 M HCl in dioxane, rt, 1 h; (d) 4-
nitrophenyl (2S)-3-benzoylthio-2-methylpropionate, triethylamine, DMF, CH2Cl2,
rt, overnight; (e) 28% NH3 aq, rt, 1 h.


Table 5
R3, R4, R5, R6, and R7 modifications of S-benzyl-N-[(2S)-3-mercapto-2-methylpropi-
onyl]-L-cysteine


SH N
H


OH


O


O S


R3R7
R6


R4


R5


Compound R3 R4 R5 R6 R7 IC50 (nM)


LTA4 hydrolase ACE


11i i-Pr H H H H 200 300
12 i-Pr CH3 CH3 H H >10,000 >10,000
16a i-Pr H H H CH3 55 200
16b i-Pr H H H C2H5 67 340
16c i-Pr H H H n-Pr 180 420
16d i-Pr H H H i-Pr 520 430
16e i-Pr H H H n-Bu 510 3600
16f i-Pr H H H Ph 91 1700
16g i-Pr H H CH3 CH3 79 260
11l c-Hex H H H H 79 4000
16h c-Hex H H H Ph 210 >10,000
16i c-Hex H H CH3 CH3 55 3000
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Scheme 3. Reagents and conditions: (a) L-Cysteine HCl�H2O, 2 M HCl aq, dioxane,
55–65 �C, overnight; (b) (Boc)2O, triethylamine, THF, rt, 4 h; (c) 4 M HCl in dioxane,
rt, 1 h; (d) 4-nitrophenyl (2S)-3-benzoylthio-2-methylpropionate, triethylamine,
DMF, rt; (e) 28% NH3 aq, rt, 1 h.
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8a-p, 8r-u


9a-p, 9r-u
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X = Cl, Br


Scheme 2. Reagents and conditions: (a) L-Cysteine HCl�H2O, 2 M NaOH aq, EtOH,
CHCl3, rt, overnight; (b) 4-nitrophenyl (2S)-3-benzoylthio-2-methylpropionate,
triethylamine, DMF, rt, overnight; (c) 28% NH3 aq, rt, 1 h.
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N-[(2S)-3-benzoylthio-2-methylpropionyl]-S-(a-substituted-4-sub-
stituted)benzyl-L-cysteine derivatives 15a–i. A reaction of com-
pounds 15a–i with aqueous ammonia resulted in compounds 16a–i.


Table 2 shows the effect of R1 moiety of N-[(2S)-3-mercapto-2-
methylpropionyl]amino acid derivatives. S-(4-dimethylamino)-
benzyl-L-cysteine derivative 2a (SA6541) exhibited LTA4 hydrolase
inhibitory activity. However, a regioisomer (2c), the epimer (2d) of

compound 2a or the desdimethylamino analog (2b) did not show
the inhibitory activity. Neither did the derivative of L-homocyste-
ine (2e) (IC50 > 10,000 nM).


We then studied alterations in the N-mercaptoacyl moiety of the
compound 2a (Table 3). Introduction of the mercaptoacetyl group
(7a) slightly reduced the inhibitory activity. Neither the 2-merca-
ptopropionyl group (7b and 7c) nor the 3-mercaptopropionyl group







Figure 2. Plausible poses (pose a) of compounds 1a (purple) and 11l (cyan) docked
into LTA4 hydrolase.
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(7d) were efficacious for raising LTA4 hydrolase inhibitory activity
(IC50 > 10,000 nM). Compound 7e, the epimer of 2a, decreased the
activity. The 3-mercaptobutyryl group (7f) markedly reduced LTA4


hydrolase inhibitory activity, and the 4-mercaptobutyryl group
(7g) decreased it even further (IC50 > 10,000 nM). These results
suggest that the steric requirements of the enzyme surrounding
the acyl moiety is highly stringent—much like those of N-mercap-
toacyl-L-proline and (4R)-N-mercaptoacylthiazolidine-4-carboxylic
acid derivatives which we previously reported.4


Since the S-benzyl-L-cysteine derivative 2b and the S-(3-
dimethylamino)benzyl-L-cysteine derivative 2c did not show
inhibitory activities against LTA4 hydrolase (Table 2), we made ef-
forts only to introduce para-substituents (Table 4). Introduction of
the fluorine atom (11a) did not appear to improve activity against
LTA4 hydrolase. An iodine atom (11d) created the most potent LTA4


hydrolase inhibition in this series. Introduction of the methyl
group (11e) contributed to only weak inhibitory activity against
the enzyme and trifluoromethyl (11f), ethyl (11g), isopropyl
(11i), and phenyl (11k) groups raised the activity moderately.
Introduction of n-propyl (11h), tert-butyl (11j), and cyclohexyl
(11l) groups improved the activities further. Notably, compound
11l showed potent LTA4 hydrolase inhibitory activity (IC50;
79 nM) with a small inhibition against ACE (IC50, 4000 nM). Intro-
duction of alkoxy and phenoxy groups (11m–p), diethylamino
(11q), cyano (11r), and nitro (11s) groups showed weak or moder-
ate inhibitory activities against LTA4 hydrolase. Adoption of the
methylthio group made the compound (11t) potent; however,
the methanesulfonyl group (11u) did not. Quantitative structure–
activity relationship (QSAR) analysis by multi-regression analysis
of compounds 11b–u suggested a quadratic relation with mr (mo-
lar refractivity) of R3. The optimum value for inhibition was
mropt = 10.36, which corresponded to 11j (R3 = t-Bu).11


To examine the effects of substituents at b- and d-positions on
the S-benzyl-L-cysteine moiety, we modified these portions of
compound 11i. Though introduction of the gem-dimethyl group
at the b-position (compound 12, Table 5) resulted in loss of activity
(IC50 > 10,000 nM), the same group at the d-position improved the
inhibitory activity against LTA4 hydrolase (compound 16g, Table
5). Comparison of conformational energies (DE)12 among com-
pounds 11i, 12 and 16g taking the active conformation (pose a),
which will be discussed later, suggested that compound 12 had
approximately 2–4 kcal/mol higher energy than the other two, a
possible reason why compound 12 lost its inhibitory activity.
Therefore, we focused on the modification at the benzyl (d-methy-
lene) position (R6 and R7, Table 5) of the S-benzyl-L-cysteine deriv-
atives. Table 5 outlines these results. For those compounds with
R3 = i-Pr, compounds 16a (R6 = H and R7 = CH3), 16b (R6 = H and
R7 = C2H5), 16f (R6 = H and R7 = Ph), and 16g (R6 and R7 = CH3)
showed higher LTA4 hydrolase inhibitory activities compared with
that of compound 11i (R6 and R7 = H). Among them, compound 16f
inhibited LTA4 hydrolase with nineteen times more potency than
ACE. LTA4 hydrolase inhibitory activities of compounds 16d
(R6 = H, R7 = i-Pr) and 16e (R6 = H and R7 = n-Bu) decreased a little.
When R3 was a cyclohexyl, ACE inhibitory activity of compound
16h (R6 = H and R7 = Ph) markedly decreased, however, maintain-
ing LTA4 hydrolase inhibitory activity. A similar trend was also
found for 11l (R6 and R7 = H) and 16i (R6 and R7 = CH3) compounds.


Structures of LTA4 hydrolase analyzed by X-ray crystallography
have been reported in which most ligands lie along the binding site
of LTA4 with a binding to catalytic Zn2+.13,14 Captopril, a weak LTA4


hydrolase inhibitor, is also known to bind by its terminal S to Zn2+.
Previously, we described possible binding poses in the enzyme of
mercaptoacylproline derivatives 1a, 1b, and captopril as a refer-
ence.4 Their pyrrolidinyl and the mercaptoacyl parts were located
over each other. In a similar way, docking poses within GOLD15 of
several potent compounds (11d, 11j, 11l, and 11t) were examined

(1H6S.pdb). Every compound bound to Arg563 by its carboxyl
group, to Gly268 and Gly269 by its amide carbonyl O and to Zn2+


by its sulfhydryl S. Substituted benzyl portion elongated toward
Phe340 and occupied a similar location within the pose a of com-
pounds 1a and 1b4 (Fig. 2). Another pose, whose substituted benzyl
part heading Arg568 was comparable to pose b of compounds 1a
and 1b,4 was found for those except for compound 11l. In gem-di-
methyl analogs, while active compounds (16g and 16i) docked in
a- and b-like poses, inactive compound 12 did so only in b-like pose.
This fact suggests that the binding of the active compounds occur in
pose a. A docking study of compounds 2b and 11g into ACE
(1UZF.pdb) gave analogous poses to a but not b in LTA4 hydrolase.
We also observed this pattern for the proline type inhibitor 1a in
its docking into ACE. Although estimation of binding free energies
of compound 11j calculated by MM/GBSA16 did not give a clear pref-
erence between the two poses, five different runs indicated that
pose a was more likely than b, and this tendency was also displayed
by compound 1a. Consequently, as a binding pose (active conforma-
tion) of compound 11j as well as compound 1a, pose a is plausible.


The groove of LTA4 hydrolase around the cyclohexylbenzylthio
group of compound 11l in pose a was wide spread and comprised
several amino acid residues (Asn291, Val322, Arg326, Glu348,
Ser380, Glu384, and Lys565). However, the counterpart of ACE
around compound 2b consisting of residues (Thr282, Val379,
Val380, Asp415, Asp453, Lys454, and Phe527) was narrow and lim-
ited. Particularly, Glu376 extends its side chain to obscure the
space. Table 4 displays these results. LTA4 hydrolase inhibitory
activity increased with increasing bulkiness of R3 from compound
2b (R3 = H) to compound 11j (R3 = t-Bu). Interaction between R3


and the surrounding amino acid residues will be essential to ex-
press activity since compound 2b had no activity. On the other
hand, potent ACE inhibition was observed in compounds 2b and
11g, both with small R3. The inhibitory activity appeared to gradu-
ally decrease with increasing bulkiness of R3 and abruptly de-
creased in 11l and 11q. A large symmetrical substituent with
respect to the bonding axis of R3 in compounds 11l and 11q may
not be able to circumvent the Glu376 side chain to effectively bind
to ACE. For the non-active compound (12) with a gem-dimethyl
group at b-position, Lys565 may hamper binding to LTA4 hydrolase
in addition to yielding an unfavorable conformational energy.
When R7 was large, the substituent would bump against His383
and Phe457 in ACE to reduce the inhibitory activity.


In conclusion, we studied synthetic modifications of the lead
compound 2a to develop potent and selective LTA4 hydrolase
inhibitors. Modification at the para-substituent of the phenyl ring
of compound 2a improved LTA4 hydrolase inhibitory activity and
made the iodo derivative 11d the most potent (IC50, 15 nM). An-
other modification at this position also improved selectivity for
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LTA4 hydrolase versus ACE. In particular, compounds 11l and 16i
containing cyclohexyl group exhibited potent LTA4 hydrolase
inhibitory activities (IC50, 79 and 55 nM, respectively) with a small
inhibition of ACE (IC50, 4000 and 3000 nM, respectively).


Supplementary data


Supplementary data associated with this article can be found, in
the online version, at doi:10.1016/j.bmcl.2008.11.042.
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A new series of 1b-methyl carbapenems possessing a 6,7-disubstituted imidazo[5,1-b]thiazol-2-yl group
directly attached to the C-2 position of the carbapenem nucleus was prepared, and their activities against
methicillin-resistant Staphylococcus aureus (MRSA) were evaluated. First, a benzyl moiety was introduced
at the C-6 position of imidazo[5,1-b]thiazole attached to the carbapenem. These benzylated molecules
showed potent anti-MRSA activity, but poor water solubility. In order to overcome this drawback, we
designed and synthesized di- and tricationic carbapenems and finally discovered a novel carbapenem
(15i), which exhibited excellent anti-MRSA activity and good water solubility.


� 2008 Elsevier Ltd. All rights reserved.

Infections caused by methicillin-resistant Staphylococcus aureus
(MRSA)1 are one of the most serious clinical problems worldwide
because only a few therapeutic agents such as Arbekacin, vanco-
mycin (VCM), and teicoplanin are effective against MRSA. More-
over, glycopeptide-resistant strains have been emerging due to
the increasing use of glycopeptide.2 Recently, linezolid and dapto-
mycin have also been available for MRSA infections. However, new
resistant strains against many drugs including them have already
been reported.3 Therefore, new and potent anti-MRSA agents are
urgently required.


During the past decade, a number of research groups have at-
tempted to synthesize novel b-lactams with anti-MRSA activity.
These efforts yielded cephalosporins4 and carbapenems5 with po-
tent activity against MRSA. Recently, we have discovered a novel
anti-MRSA b-lactam, CP50686, which had an imidazo[5,1-b]thiazo-
lium side chain at the C-2 position of the carbapenem skeleton.


Most anti-MRSA b-lactams have a hydrophobic side chain, such
as an aryl7, a benzothiazolylthio8, or a fluorenyl9 group, at the C-2
position of carbapenem or the C-3 position of cephalosporin. It sug-
gested that introduction of a hydrophobic side chain increases the
binding affinity of the b-lactam to PBP2’ protein of MRSA.10


Based on the above findings, we introduced a benzyl moiety as a
hydrophobic side chain at the 6-position of imidazo[5,1-b]thiazole
in place of the carbamoylmethyl moiety of CP5068 in an attempt

ll rights reserved.
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to increase anti-MRSA activity (Fig. 1). Moreover, we designed and
synthesized novel di- and tricationic carbapenems containing the
benzyl moiety to increase water solubility.5a Herein we report the
synthesis and SAR study of benzyl-substituted imidazo[5,1-b]thia-
zolium di- and tricationic carbapenems having excellent anti-MRSA
activity and good water solubility.


Carbapenem derivatives having a benzyl moiety were prepared
as shown in Scheme 1. 7-Iodoimidazo[5,1-b]thiazole 2, which was
derived from 1 by iodination with N-iodosuccinimide in 70% yield,
was converted to 3 using Grignard reagent followed by sulfenyla-
tion. The stannane 4 was synthesized in order to introduce
imidazothiazole into the carbapenem nucleus through Stille cou-
pling. Then the key intermediate 6 was smoothly obtained in NMP
at 50 �C via the Stille coupling reaction of 4 and 5. This key interme-
diate 6 could be reacted with several benzyl bromides 7a–h and led
to the corresponding quaternary ammonium salts 8a–h. Deprotec-
tion of 8a–h was performed by hydrogenation with Pd/C and H2.
After purification of the crude products by reversed-phase column
chromatography, the desired carbapenem derivatives 9a–h were
obtained, each as a lypophilized amorphous powder.


Introduction of a quaternary ammonium substituent into the
benzyl moiety is illustrated in Scheme 2. We selected a,a0-dibro-
moxylenes as a building block to synthesize several dicationic
carbapenems. Thus, the reaction of 6 with o-, m-, and p-a,a0-dibro-
moxylene provided 10a–c, respectively. In these reactions,
dicationic carbapenem dimers were obtained as by-products.
However, these dimers were easily removed by resin purification.
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Figure 1. Strategy for synthesizing anti-MRSA carbapenems.
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The intermediates 10a–c were converted to 11a–f by the reaction
with pyridine or 4-methylmorpholine. Removal of the 4-nitroben-
zyl group of 11a–f afforded the desired dicationic carbapenems
12a–f, which showed good water solubility.


We next planned to synthesize various water-soluble dicationic
carbapenems starting from 10b (Scheme. 3). We chose m-substi-
tuted derivatives because of their strongest anti-MRSA activities
compared to those of o- and p- substituted compounds (Table. 2).
Reaction of 10b with 13a–e, followed by deprotection of the
4-nitrobenzyl groups afforded the corresponding dicationic carba-
penems 15a–e.


To study the influence of an additional cationic charge on anti-
MRSA activity, we synthesized tricationic carbapenems. Reaction
of 10b with cationic analogs of DABCO (1,4-diaza-[2,2,2]-bicyc-
looctane), 13f–i, resulted in tricationic ammonium salts 14f–i.
These ammonium salts were converted to the desired tricationic
carbapenems 15f–i by removal of the protecting groups.

Scheme 1. Synthesis of carbapenem derivatives (1). Reagents and conditions: (a) NIS, CH
iii—LHMDS, THF, �40 �C, 86%; (d) i—DIPEA, Tf2O, CH3CN, �35 �C; ii—4, Pd2(dba)3, P(2-fu
(for 9b, TBAF and AcOH were added before deprotection of the 4-nitrobenzyl group).

Table 1 shows the antibacterial activities of the novel benzyl-
substituted carbapenems 9a–h together with those of CP5068,
imipenem (IPM), and VCM. Compound 9a showed potent anti-
MRSA activity, like other carbapenems with a hydrophobic side
chain.7–9 It was more potent than CP5068 and IPM by 1-, 2- and
8-fold, respectively, and equipotent with VCM. Substituted benzyl
compounds 9b–f also exhibited potent anti-MRSA activity, but
showed insufficient water solubility11 because of their hydropho-
bic side chain. Compound 9g with a diethylcarbamoyl group
showed neither good anti-MRSA activity nor water solubility.
Although 9h had sufficient water solubility owing to the introduc-
tion of the carboxylic acid, it showed poor anti-MRSA activity. We
considered that higher water solubility (>20 mg/mL) without
decrease of activity (MIC value of MRSA M126 HR 61.56) was
indispensable for the target profile of our compounds.


To increase water solubility, we designed and synthesized di- and
tricationic derivatives (Scheme 2). Their anti-MRSA activities are

2C12, rt, 70%; (b) EtMgBr, CH3SO2SCH3, THF, 0 �C, 84%; (c) i—n-BuLi; ii—n-Bu3SnCl;
ryl)3, ZnCl2, NMP, 50 �C, 71%; (e) CHC13–CH3CN, rt; (f) Pd/C, H2, THF–H2O, rt, 4–57%







Scheme 2. Synthesis of carbapenem derivatives (2). Reagents and conditions: (a) CHCI3–CH3CN, rt; (b) pyridine or 4-methylmorpholine, CHC13–CH3CN, rt; (c) Pd/C, H2, THF–
H2O, rt.


Scheme 3. Synthesis of carbapenem derivatives (3). Reagents and conditions: (a) 13a–i, CHCI3–CH3CN, rt; (b) Pd/C, H2, THF–H2O, rt, 20–63% (from 10b).
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shown in Table 2. All compounds showed good water solubility. Con-
sidering the anti-MRSA activity of 12a–f, we decided to focus on the
synthesis of m-substituted derivatives. Among the dicationic deriv-
atives, aliphatic ammonium salts ( 12d–f, 15a) showed reduced
activity, but aromatic ammonium salts (15b–e) were as potent as
9a. All tricationic derivatives (15f–i) showed excellent anti-MRSA

activity. Compound 15i, possessing a primary amine, exhibited the
most potent anti-MRSA activity, superior to VCM.


In order to clarify the anti-MRSA activity of 15i, we evaluated
the anti bacterial activity of 15i and VCM against 54 MRSA strains
isolated in the clinic (Table 3). MIC50 and MIC90 of 15i were 0.39
and 0.78 lg/mL, respectively, being superior to those of VCM.







Table 1
Antibacterial activities of 9a–h and reference compounds (MICa; lg/mL)


Test organism S. aureus 209P JC-1 S. aureus M-126a S. aureus M-126HRb


9a <0.006 0.39 1.56
9b <0.006 0.39 1.56
9c <0.006 0.78 1.56
9d <0.006 0.78 3.13
9e <0.006 0.78 1.56
9f <0.006 0.78 3.13
9g 0.013 1.56 6.25
9h 0.025 3.13 12.5
CP5068 <0.006 1.56 3.13
IPM 0.013 25 100
VCM 0.78 1.56 1.56


a MRSA.
b Carbapenem-resistant MRSA.


Table 2
Antibacterial activities of 12a–f and 15a–i (MIC; lg/mL)


Test organism S. aureus 209P JC-1 S. aureus M-126a S. aureus M-126HRb


12a <0.006 1.56 3.13
12b <0.006 0.78 1.56
12c <0.006 0.78 1.56
12d <0.006 1.56 3.13
12e <0.006 0.78 3.13
12f <0.006 1.56 3.13
15a <0.006 0.78 3.13
15b <0.006 0.39 1.56
15c <0.006 0.78 3.13
15d <0.006 0.78 1.56
15e <0.006 0.78 1.56
15f <0.006 0.78 1.56
15g <0.006 0.78 1.56
15h <0.006 0.78 1.56
15i <0.006 0.39 0.78


a MRSA.
b Carbapenem-resistant MRSA.


Table 3
Anti-MRSA (n = 54) activities of 15i and VCM


Compounds MIC


50% 90% Range


15i 0.39 0.78 <0.05–1.56
VCM 1.56 1.56 0.78–3.13
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The water solubility of 15i was over 20 mg/mL, which is acceptable
for parenteral injection.

In order to improve the anti-MRSA activity of CP5068, we intro-
duced a benzyl moiety as a hydrophobic side chain at the 6-posi-
tion of imidazo[5,1-b]thiazole in place of the carbamoylmethyl
moiety of CP5068. The anti-MRSA activity was increased, but the
water solubility was decreased. To improve water solubility, we
designed and synthesized di- and tricationic derivatives, and ob-
tained novel carbapenems with excellent anti-MRSA activity and
sufficient water solubility. Among them, 15i12 showed very strong
anti-MRSA activity, superior to VCM, with sufficient water solubil-
ity for use as an injectable antimicrobial.
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5,6-Dihydro-1H-pyridin-2-one analogs were discovered as a novel class of inhibitors of genotype 1 HCV
NS5B polymerase. Among these, compound 4ad displayed potent inhibitory activities in biochemical and
replicon assays (IC50 (1b) < 10 nM; IC50 (1a) < 25 nM, EC50 (1b) = 16 nM), good in vitro DMPK properties,
as well as moderate oral bioavailability in monkeys (F = 24%).


� 2008 Elsevier Ltd. All rights reserved.

Hepatitis C virus (HCV) is a small RNA virus, a member of the
genus Hepacivirus in the Flaviviridae family of viruses,1 that is rec-
ognized as a major cause of acute hepatitis and chronic liver dis-
ease, including cirrhosis and liver cancer.2 An estimated 180
million people are chronically infected with HCV worldwide with
approximately 4.1 million individuals affected in the United
States.3 The current standard of care, a combination of pegylated
interferon (Peg-IFN) and ribavirin,4 achieves sustained virologic re-
sponse (SVR) rates of�80% in patients infected with genotypes 2 or
3 HCV. However, individuals infected with the genotypes most
common in the US (1a and 1b, approx. 75% of the patients) do
not respond as well to this treatment with SVR rates typically
<50%. This treatment regimen also suffers from frequent adverse
effects such as flu-like symptoms, anemia, and depression. These
significant shortcomings in current HCV therapy, combined with
the fact that there is no vaccine available to prevent hepatitis C,
result in an urgent need for improved treatments, in particular
those specifically directed at genotype 1 HCV.5


Due to its critical role in viral replication, we have focused our
research efforts on identifying novel non-nucleoside inhibitors of
the HCV NS5B RNA-dependent RNA polymerase (RdRp).6 Among
several inhibitor binding pockets distinct from the active site,7 we
chose to pursue the structure-based design of inhibitors targeting

ll rights reserved.


: +1 858 530 3644.
Ruebsam).

the palm region of the enzyme. Other groups have also reported
on their series of NS5B inhibitors that have been shown to bind to
NS5B at the same location.8


In our earlier efforts to optimize benzothiadiazine-containing
inhibitors as exemplified by compound 19c,d (Fig. 1),10 we con-
cluded that their poor oral bioavailability was likely due to poor
intestinal permeability. We therefore explored strategies to reduce
the compounds’ high polar surface areas (PSA) that we believed
were responsible for the undesirable PK properties. We recently
reported that molecules containing the fused pyrrolo[1,2-b]pyrid-
azinone motif, as exemplified by compound 2, yield potent inhibi-
tors of the NS5B polymerase with IC50 (1b) values of <0.01 lM.11


Unfortunately, these molecules exhibited poor oral bioavailability
in animals (Fpo = 1% for 2). Formal saturation of the fused ring sys-
tem present in 2 led to hexahydro-pyrrolo[1,2-b]-pyridazinone
compounds such as 3. While these molecules also displayed potent
biochemical and antiviral activity, their in vitro DMPK properties
still remained unsatisfactory, resulting in poor oral bioavailability
(best compound (3) exhibited Fpo = 7%).12 Here we describe our
continued efforts to improve both intestinal permeability and oral
bioavailability of the benzothiadiazine-containing compounds by
removing a ring nitrogen atom from the hexahydro-pyrrolo[1,2-
b]-pyridazinone inhibitor design (3). We envisioned that the lower
PSA values of the resulting 5,6-dihydro-1H-pyridin-2-ones (exem-
plified by general structure 4) might favorably impact permeability
relative to compounds such as 2 and 3.
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Figure 1. HCV NS5B polymerase inhibitors.
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We began our synthesis of the described inhibitors (4) from
commercially available racemic b-amino acids (or their hydrochlo-
rides) 5 or the corresponding esters 6 (Scheme 1). N-Alkylated
b-amino esters 7 were obtained either via reductive alkylation of
the b-amino esters 6 with aldehydes or ketones or by reductive
amination of commercially available racemic b-keto esters 8 with
primary amines.13 Coupling of intermediates 7 with acids 914 using
standard methods for amide formation afforded the corresponding
amide intermediates 10, which upon treatment with NaOEt
cyclized to yield the desired final products 4a–ap.15 Optically
enriched inhibitors were synthesized following the same route
described in Scheme 1 starting from commercially available chiral
b-amino acids or N-Boc-protected amino acid derivatives.16 Alter-
natively, optically active intermediate 6 (n = 2) was prepared via
enantioselective desymmetrization of cis-1,2-cyclohexanedicarb-
oxylic anhydride followed by Curtius rearrangement and Cbz
deprotection.17


We initiated our first inhibitor synthesis from commercially
available racemic cis-2-aminocyclohexancarboxylic acid ethyl es-
ter hydrochloride following the chemistry described in Scheme 1.
Exposure of 10a-cis (Scheme 2) to an excess (4 equiv) of warm
NaOEt for 23 h afforded one major cyclized product (>90% peak
area) as determined by LC–MS and HPLC analysis of the crude reac-
tion mixture. Somewhat surprisingly based on the well-known
thermodynamics of simple decalin hydrocarbons,18 the purified
major product thus obtained was shown to be the cis-isomer
(4a-cis) by a 2D NOE experiment rather than the expected trans-
isomer.19


To further explore this unexpected phenomenon, we prepared
the trans-isomer intermediate 10a-trans from commercially
available racemic trans-2-aminocyclohexanecarboxylic acid ethyl
ester hydrochloride using a reaction sequence identical to that
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Scheme 1. Reagents and conditions: R = Me, Et; (a) TMSCHN2, PhH, MeOH (94–99%); (b
NEt3, MgSO4, THF, 25 �C, 16 h; ii—NaBH4, MeOH, 25 �C, 1 h (79–87%); (c) R1-NH2, NaCNB
ii—NaBH(OAc)3, CH3CN, AcOH, 0–25 �C, 19 h (77% over two steps); (d) 9, DCC, DCM/DM
(22–71% over two steps).

employed for the synthesis of 10a-cis. Cyclization of 10a-trans
under basic conditions for 28 h again yielded 4a-cis as the major
cyclized product (>90% HPLC peak area). Similar preparation of
the 5- and 7-membered fused ring analogs corresponding to 4a
from the appropriate racemic cis-b-amino acid esters also afforded
cis-cyclization products (4b-cis and 4c-cis, respectively; each >90%
HPLC peak area).19 While it has not been experimentally verified,
we believe that the cis-isomer is the more thermodynamically
stable entity.


Next, ab initio calculations were performed to better under-
stand the thermodynamic properties of the new heterocyclic sys-
tem under study using the deprotonated model structures shown
in Figure 2.20


As shown in Figure 2, these calculations correctly assessed the
experimental difference in formation energy between trans and
cis-decalin isomers (3.1 kcal/mol)20 with the former proving to be
thermodynamically favored. In contrast, calculations performed
on model system 12 indicated the thermodynamic preference for
the cis-isomer which was consistent with the isolation of the cis-
product (4a-cis) observed in the experiments described above.
The conjugated enol-amide in 4a and 12 allows for a distribution
of the negative charge. This conjugation requires a close to planar
conformation of the dihydro-pyridinone ring. The cis-products can
adopt this planar conformation with a significantly smaller strain
than the trans-products thus explaining the energy difference.
Consistent with this hypothesis, ab initio calculations on model
compound 13 containing a more strained fused 5-membered ring
predicted a higher energy difference between cis- and trans-iso-
mers relative to 12.


While compound 4a displayed only weak biochemical activity
(IC50 (1b) = 9.0 lM), the corresponding analog bearing a methyl-
sulfonamide R2 substituent (4ab, Table 2) exhibited �225-fold
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improved potency in the enzymatic assay. This result was consis-
tent with the previously noted importance of an R2 sulfonamide
moiety in obtaining potent benzothiadiazine-containing inhibi-
tors.9,11 In addition, substitution of the R1 isoamyl moiety present
in 4ab with a 4-fluorobenzyl group provided a further increase in
anti-NS5B activity combined with improved HLM stability (4e,

Table 1
Exploration of various aliphatic ring sizes (see Fig. 1) with R2 = NHSO2Me


Compounda n R1 IC50 (1b)b [lM] IC50 (1a)c [l


4d 1


F


<0.01 <0.025


4e 2


F


0.022 NDe


4f 3


F


0.057 0.042


4g 4


F


0.13 1.0


4h 1 <0.01 <0.025


4i 2 0.043 0.066


4j 3 0.039 0.073


4k 4 6.5 ND


a All compounds are racemic. Major isomer is cis with the amount of trans-isomer po
b See Ref. 9a for assay conditions and error.
c See Ref. 9b for assay conditions and error.
d For values >60 min,% remaining at 60 min is given in parentheses. All compounds w
e ND, not determined.

Table 1). We therefore chose to first explore the effects of varying
the aliphatic ring size using molecules containing 4-fluorobenzyl
R1 and methylsulfonamide R2 substituents as shown in Table 1.


While the 5-membered compound 4d was the most potent
inhibitor in this subset, the activities of the 6- and 7-membered
analogs (4e and 4f) were only slightly weaker. However, expanding
the ring size further (4g) led to a significant loss in potency, indi-
cating that the larger ring size cannot easily be accommodated in
the binding pocket. To verify that this SAR was not unique to
compounds containing the 4-fluorobenzyl R1 group, we also evalu-
ated the corresponding analogs that contained a tert-butylethyl R1


moiety (4h–k) and confirmed the previously observed trend.
Table 2 shows additional structure–activity relationships (SAR)


observed for variations of the R1 substituents in racemic com-
pounds 4 containing fused 5- and 6-membered ring systems
(R2 = NHSO2Me). In cases where the R1 moiety was either short
(4l–4n), a-branched (4n, 4r, 4s), or fairly long (4z), the activity in
the enzymatic assay (1b) was very weak. Introduction of a cyclob-
utylmethyl group (4o) led to improved biochemical potency, but
the replicon activity remained weak. The optimal chain length

M] EC50 (1b)b [lM] CC50 (GAPDH)b [lM] HLM t1/2
b,d [min]


0.023 >1 >60 (98%)


0.15 >33 >60 (81%)


0.074 >33 47


7.3 >33 >60 (66%)


0.024 >1 7


0.033 >33 16


0.022 >10 27


ND ND ND


ssibly present assumed to be <10%. See Ref. 19 for additional details.


ere tested at 1 lM.







Table 2
SAR around R1 substituent (R2 = NHSO2Me)


Compounda n R1 IC50 (1b)b [lM] IC50 (1a)c [lM] EC50 (1b)b [lM] CC50 (GAPDH)b [lM] HLM t1/2
b,d [min]


2 Figure 1 <0.01 <0.025 0.012 >1 >60 (86%)
3 Figure 1 <0.01 <0.025 0.034 >1 59


4l 1  9.1 NDe ND ND ND


4m 1
 


0.95 ND 2.1 >33 ND


4n 1
 


0.78 ND 13.4 >33 ND


4o 1
 


0.051 ND 0.7 >33 4


4p 1


 


<0.01 <0.025 0.06 >1 10


4q 1


 


0.035 0.051 0.12 >33 25


4r 1


 
3.4 ND ND ND ND


4s 1


 


0.73 ND 4.3 >10 ND


4t 1


 


3.5 ND ND ND ND


4u 1


 


0.046 0.099 0.1 >33 50


4v 1


Cl


0.028 ND 0.88 >10 >60 (90%)


4w 1 F 0.02 0.13 0.17 >33 51


4x 1 N 0.43 0.47 8.1 >33 >60 (76%)


4y 1
N


F


0.12 0.19 3.1 >33 >60 (100%)


4z 1 0.57 ND 1.5 >33 25


4aa 1


N


6.8 ND ND ND >60 (97%)


4ab 2 0.04 0.047 0.039 >33 28


4ac 2 0.91 ND 3.2 >33 ND


a All compounds are racemic. Major isomer is cis with the amount of trans-isomer possibly present assumed to be <10%. See Ref. 19 for additional details.
b See Ref. 9a for assay conditions and error.
c See Ref. 9b for assay conditions and error.
d For values >60 min, % remaining at 60 min is given in parentheses. All compounds were tested at 1 lM.
e ND, not determined.
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and/or volume of the aliphatic R1 moiety with respect to the activ-
ities in the enzymatic and replicon assays was reached with the
isoamyl (4p) and the tert-butylethyl (4h, Table 1) substituents.
However, these compounds displayed fairly short half-lives when
exposed to human liver microsomes (HLM) and prompted us to
also explore aromatic R1 groups. A R1 phenyl group directly at-
tached to the ring nitrogen showed poor activity (4t), while intro-
duction of a benzyl group (4u) led to improved biochemical
activity and microsomal stability. The SAR for the substitution
pattern around the benzyl moiety was tighter and more subtle
compared to that observed for the aliphatic R1 fragments described
above. Addition of a fluorine atom in the 4-position yielded one of
the most active and stable compounds (4d, Table 1) while larger
substituents in the 4-position, such as a chlorine atom (4v), or

Table 3
SAR around R1 substituent in the chiral 5- and 6-membered ring systems (R2 = NHSO2Me)


Compounda n Stereo-chemistry R1 IC50 (1b)b [lM] IC


4ad 1 (4aR,7aS)


F


<0.01 <0


4ae 1 (4aS,7aR)


F


0.031 0.


4af 2 (4aR,8aS)


F


0.027 0.


4ag 2 (4aS,8aR)


F


0.047 0.


4ah 1 (4aR,7aS) 0.21 N


4ai 1 (4aR,7aS) <0.01 0.


4aj 1 (4aR,7aS) <0.01 <0


4ak 1 (4aR,7aS)


CF3


0.62 N


4al 1 (4aR,7aS) CF3 0.57 N


4am 1 (4aR,7aS) <0.01 0.


4an 1 (4aR,7aS)


F


<0.01 0.


4ao 1 (4aR,7aS)


F


F
<0.01 0.


4ap 1 (4aR,7aS)
Cl


F


<0.01 0.


a Major isomer is cis with the amount of trans-isomer possibly present assumed to be
b See Ref. 9a for assay conditions and error.
c See Ref. 9b for assay conditions and error.
d For values >60 min, % remaining at 60 min is given in parentheses. All compounds w
e ND, not determined.

meta-substitution (e.g., 4w) resulted in a significant loss of replicon
activity.


We also investigated the impact of including heteroatoms in the
R1 substituents and introduced a 2-pyridyl-methyl group (4x) into
our design. This led to a substantial loss in enzymatic activity sug-
gesting unfavorable polar interactions in the hydrophobic binding
sub-pocket. In addition, 4x exhibited weak activity in the replicon
assay, possibly due to poor cell permeability as a result of its
increased polar nature. A similar effect was observed when a nitro-
gen atom was introduced into the aliphatic R1 side chain (4aa vs
4p). While introduction of a fluorine atom in the 4-position of 4x
led to a �2- to 4-fold improvement in biochemical and antiviral
potencies (compare to 4y), the absolute activities of the fluorinated
analog 4y remained poor. As observed in the SAR described in

50 (1a)c [lM] EC50 (1b)b [lM] CC50 (GAPDH)b [lM] HLM t1/2
b,d [min]


.025 0.016 >100 >60 (85%)


026 0.22 >33 >60 (84%)


063 0.12 >1 >60 (99%)


043 0.35 >33 >60 (80%)


De 0.94 >33 >60 (99%)


051 0.032 >1 23


.025 0.009 >1 16


D 4.8 >33 >60 (85%)


D 15 >33 >60 (70%)


074 0.16 >1 >60 (67%)


028 0.034 >1 >60 (66%)


029 0.045 >1 >60 (88%)


028 0.055 >1 >60 (81%)


<10%. See Ref. 19 for additional details.


ere tested at 1 lM.
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Table 1, the inhibitory activities in the enzymatic assay for com-
pounds containing a fused 6-membered ring (n = 2) were generally
weaker than those observed for the corresponding 5-membered
ring systems (4e, 4i, 4ab, and 4ac).


The shift between the IC50 (1b) and EC50 (1b) values typically
observed was �5- to 30-fold, which can likely be attributed to pro-
tein binding under the assay conditions. However, it is interesting
to note that this shift was much smaller for some of the aliphatic R1


moieties, in particular in compounds bearing 6- and 7-membered
fused aliphatic rings. Specifically, compounds containing an iso-
amyl moiety (4ab) or a tert-butylethyl group (4i and 4j, vide supra)
displayed minimal shifts between the enzymatic and replicon
activities. Possible reasons for these observations include reduced
protein binding and/or better cell permeability associated with
these structural motifs (see Table 4 for Caco-2 data of selected
compounds).

Table 4
In vitro and in vivo DMPK parameters for selected compounds


Compound n R1 MLM t1/2
a,b [min] Papp


a,c [(cm/s) � 10�6]


2 1


F 


>60 (90%) 0.1


3 1


 


7.5 0.44


4ad 1


F


>60 (�100%) 1.6


4ae 1


F 


>60 (�100%) 0.88


4p 1


 


13 3.3


4h 1


 


5.4 4.15


4ao 1


F


F


 


>60 (�100%) 0.83


4af 2


F 


>60 (�100%) 0.67


4ag 2


F


>60 (83%) 1


4ab 2


 


44 3.1


4i 2


 


8 3.1


4f 3


F 


>60 (81%) 0.95


a See Ref. 9c for assay conditions and error.
b For values >60 min, % remaining at 60 min is given in parentheses. All compounds w
c Controls: Papp atenolol (low) = (0.4–0.7) � 10�6 (cm/s), Papp propranolol (high) = (10–
d Cynomolgus monkeys; dose: 1 mg/kg; formulation (for both po and iv administratio
e C12h (po)/EC50 = plasma concentration 12 h after oral administration divided by EC50
f NC, not calculated.

Having thus far only explored racemic compounds, we next
focused our attention on investigating the SAR of enantiopure
inhibitors (Table 3). Comparing the 5-membered enantiomers
4ad and 4ae, we found the (4aR,7aS)-isomer 4ad to have signifi-
cantly greater (�10-fold) antiviral potency. The same trend was
also observed when comparing the corresponding 6-membered
enantiomeric pair (4af vs 4ag), but the difference was not as
pronounced (�3-fold). Similar to what was observed for the race-
mic inhibitors, the corresponding enantiopure 5-membered
compound 4ad was significantly (�8-fold) more potent than its
6-membered analog 4af. Based on these results, we continued
our SAR exploration around the R1 moiety only for the (4aR,7aS)-
isomers in the 5-membered series of inhibitors. The enantiopure
analogs 4ai and 4aj displayed slightly improved potencies com-
pared to the corresponding racemic compounds (4h and 4p). Intro-
ducing a larger trifluoromethyl-substituent in the para- (4ak) or

Fpo
d [%] AUCinf [ng/h/mL] po/ivd CL (iv)d [mL/min/kg] C12h (po)/EC50


e


1 6/539 31 NCf


7 344/5178 3.3 0.29


21 6041/29086 0.63 10.49


12 573/4839 3.45 1.54


10 273/2786 6.2 NC


16 636/3924 4.3 0.19


12 1845/15950 1.2 1.33


12 2913/25311 0.7 0.90


6 610/10023 1.7 0.03


7 67/992 18.2 NC


7 239/3515 4.9 0.11


14 655/4825 4.1 0.37


ere tested at 1 lM.
16) � 10�6 (cm/s).
n): 1% DMSO, 9.9% Cremophor EL in 50 mM PBS, pH 7.4.
(1b) value.
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Figure 3. Plasma concentrations of compound 4ad in cynomolgus monkeys at
various times after iv (solid symbols) and po (open symbols) administration of a
single 1 mg/kg dose.
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meta-positions (4al) of the R1 benzyl group resulted in significant
loss of activity. Compound 4am, bearing a smaller 3-methylbenzyl
R1 substituent, displayed improved activities compared to 4al.
Potencies in the enzymatic and replicon assays were also restored
by introducing 3,4-disubstituted benzyl groups containing a fluo-
rine atom in the 4-position as illustrated by compounds 4an–4ap.


Table 4 details the in vitro and in vivo DMPK parameters for
selected 5-membered (4ad, 4ae, 4p, 4h, and 4ao), 6-membered
(4af, 4ag, 4ab, and 4i), and 7-membered (4f) compounds.21 All
pyridinones in Table 4 exhibited good solubility in the biochemical
assay (>100 lM) and generally displayed low to moderate in vivo
clearance. Most compounds bearing aliphatic R1 moieties (4p, 4h,
4ab, and 4i) displayed low stability toward monkey liver micro-
somes (MLM), while all inhibitors containing benzylic R1 substitu-
ents (4ad, 4ae, 4ao, 4af, 4ag, and 4f) were stable in such
assessments. Generally, MLM stability correlated loosely with the
corresponding in vivo clearance data suggesting that the clearance
of less stable compounds bearing aliphatic R1 substituents is likely
to be mediated via oxidative biotransformation. Encouragingly,
Caco-2 data indicated improved permeability for the new inhibi-
tors described in Table 4 relative to the previously studied com-
pounds 2 and 3. The bioavailabilities and AUCs of compounds 4
observed following oral dosing were also improved relative to
those exhibited by compounds 2 and 3, suggesting that the perme-
ability gains, when combined with good microsomal stability
(MLM t1/2 > 60 min), translated into increased in vivo exposures.
Interestingly, comparison of enantiomers 4af and 4ag revealed that
these compounds showed distinct in vivo DMPK parameters, with
the (4aR,7aS)-isomer 4af being superior. This difference was even
more pronounced in the 5-membered enantiomeric pair 4ad and
4ae, again with the (4aR,7aS)-isomer (4ad) favorably standing
out. However, these differences in the in vivo parameters were
not easily predicted from the corresponding in vitro DMPK data
(MLM, Caco-2), possibly suggesting differential recognition of each
enantiomer pair by biological systems.22 Thus, while we originally
envisioned that the lower PSA values associated with molecules 4
containing the 5,6-dihydro-1H-pyridin-2-one motif would afford
improved permeabilities relative to inhibitors such as 2 and 3,
we currently suspect that the superior in vivo performance of the
former compounds may partially result from more favorable inter-
actions with one or more biological systems.23 We hypothesize
that the incorporation of two sp3-hybridized centers into the de-
sign of 4 significantly altered the shape of the resulting molecules
relative to those we previously studied and thereby contributed to
the in vivo DMPK improvements. Additional experiments are
underway to better characterize the pharmacokinetic properties
of the dihydropyridinone-containing molecules, and results from

these assessments will be reported in the future. Importantly, the
enantiopure inhibitor 4ad showed a good combination of replicon
potency and in vitro/in vivo DMPK properties and exhibited plasma
levels in monkeys that significantly exceeded its replicon (1b) EC50


value for at least 12 h following oral dosing (Fig. 3). The other com-
pounds described in Table 4 did not exhibit similarly high C12h/EC50


values, either due to poorer PK properties or weaker antiviral activ-
ity (or both).


In summary, we describe a novel series of non-nucleoside
inhibitors of genotype 1b HCV NS5B polymerase (4) that incorpo-
rate an aliphatic, fused 5,6-dihydro-1H-pyridin-2-one moiety.
Extensive SAR studies identified a number of very potent com-
pounds in both biochemical and replicon assays. This work led to
the discovery of the promising inhibitor 4ad which exhibited po-
tent antiviral activity and significantly improved oral bioavailabil-
ity compared to our previously reported NS5B inhibitors. Our
ongoing efforts to further improve the PK properties of the benzo-
thiadiazine-containing NS5B inhibitors will be reported in a future
communication.
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3H-1,2-Dithiole-3-thiones substituted with a 3,5-di-tert-butyl-4-hydroxyphenyl (DTBHP) or a 3,5-di-tert-
butyl-4-methoxyphenyl group at the C5 position were prepared and their ability to inhibit the cycloox-
ygenase isoenzymes, COX-1 and COX-2 was evaluated. Both compounds were potent inhibitors of COX-2
(relative to rofecoxib), and while the phenol was a weak inhibitor of COX-1, the methyl ether gave no
measurable inhibition. Docking studies of the two compounds into the COX-1 and -2 active sites showed
that the methyl ether could only fit in the COX-2 active site whereas the phenol could be docked into both
COX-1 and -2. This study reports a new mode for inhibitor binding to COX-1 and -2 and a novel structural
scaffold for the development of COX-2 selective inhibitors.
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Inflammation is a major cause of pain and contributes to tissue
injury and dysfunction, in particular for arthritis and inflammatory
bowel syndrome.1 Inflammation has also been implicated in the
pathogenesis of neurodegenerative conditions such as Alzheimer’s
and Parkinson’s diseases.2 Non-steroidal anti-inflammatory drugs
(NSAIDs) (e.g., aspirin and diclofenac) are some of the most com-
monly used and prescribed drugs. Most NSAIDs prevent the syn-
thesis of prostaglandins through inhibiting the constitutive
enzyme cyclooxygenase-1 (COX-1) as well as cyclooxygenase-2
(COX-2), an inducible enzyme that is abundant in activated macro-
phages and other cells at sites of inflammation. Associated with
their clinical use are side effects that include gastrointestinal ulcer-
ation, bleeding and impaired renal function. Non-selective inhibi-
tion of COX enzymes has been highlighted as a potential cause of
these adverse side effects, as COX-1 is responsible for the synthesis
of endogenous prostaglandins that are believed to be important for
maintenance of gastric mucosa.3 A series of COX-2 selective inhib-
itors, the coxibs (eg celecoxib and rofecoxib) were developed and
introduced over the last 10 years. Coxibs have a reduced incidence
of gastrointestinal ulceration and bleeding; however, there have
been recent concerns over cardiovascular adverse effects of rofec-
oxib.4 These concerns have resulted in all but one coxib, celecoxib,
being voluntarily withdrawn from the market. Some studies have
suggested that rofecoxib’s adverse cardiac events may not be a
class effect but rather an intrinsic chemical property related to
its metabolism.5 For this reason novel scaffolds with COX-2
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s).

selective inhibitory activity need to be found and evaluated for
their anti-inflammatory effects.


It has been demonstrated that the 3,5-di-tert-butyl-4-hydroxy-
phenyl containing drug 1 is a potent anti-inflammatory, which acts
by dual inhibition of COX-2 and lipooxygenase-5 (Fig. 1).6 As well,
conjugates of non-selective NSAIDs with hydrogen sulfide releas-
ing dithiolethiones such as the diclofenac ester 2, displayed
enhanced anti-inflammatory activities and reduced gastrointesti-
nal toxicity.7 It was suggested that release of hydrogen sulfide
from the dithiolethione fragment might interfere with early stages
of inflammation. Hydrogen sulfide has been identified as an
important signaling molecule in the stomach and nervous system
and acts to suppress adherence of leukocytes to the vascular

SCl
2


Figure 1. Assorted non-steroidal anti-inflammatory drugs.
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Table 1
COX-1 and COX-2 inhibition of 3, 4 rofecoxib and indomethacin


Compound IC50 (nM)


COX-1 COX-2


3 3640 7.2
4 >30,000 47.2
Rofecoxib — 74.5
Indomethacin 28.2 —


Table 2
Glide scores for binding of 3 and 4 to COX-1 and COX-2


Compound GlideScore


1ht5a (COX-1) 4coxa (COX-2)


3 �14.50 �14.48
4 Unable to dock �14.08


a Protein data bank ID.


Figure 2. Diagram showing selected residues of COX-2 adjacent to compound 3.
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endothelium and their subsequent migration into underlying tis-
sue.7 Accordingly, these two studies led us to ask whether a hybrid
3H-1,2-dithiole-3-thione bearing a 3,5-di-tert-butylhydroxyphenyl
(DTBHP) group at the C5 position might act as novel COX
inhibitors.


We targeted the synthesis of 3, which bears a dithiolethione
group directly joined to the 4-position of the di-tert-butylphenol,
and its methyl ether 4. Compounds 3 and 4 were prepared from
2,6-di-tert-butylphenol as shown in Scheme 1. 2,6-Di-tert-butyl-
phenol was converted to the acetophenone 5 by treatment with
acetic acid and trifluoroacetic anhydride.8 Towards 3, the phenol
of 5 was protected by a MOM (methoxymethyl) group by treat-
ment with MOMCl, prepared in situ from dimethoxymethane, acet-
yl chloride and ZnCl2 according to Berliner,9 affording the acetal 6.
Methoxycarbonylation10 of 6 using dimethyl carbonate in the pres-
ence of NaH afforded the b-ketoester 7. Treatment of 7 with phos-
phorus pentasulfide (P4S10) and elemental sulfur in the presence of
hexamethyldisiloxane according to Curphey11 smoothly afforded
the dithiolethione 312 with concomitant removal of the MOM
group. Towards 4, the phenol was converted to the methyl ether
8 by treatment with methyl iodide and potassium carbonate.
Methoxycarbonylation of 8 as above afforded the b-ketoester 9.
Treatment of 9 with P4S10 and elemental sulfur in the presence
of hexamethyldisiloxane afforded the dithiolethione 4.13


The potencies of 3 and 4 as inhibitors of COX-1 and COX-2
enzymes were determined using microsomal COX-1 isolated from
human platelets and recombinant human COX-2 expressed in Sf21
insect cells (Table 1).14 These data reveal that both compounds are
potent inhibitors of COX-2 (relative to rofecoxib), and exhibit good
selectivity relative to COX-1. Most interestingly, modification of 3
with a methyl group gives 4, which no longer inhibits COX-1 activ-
ity up to a concentration of 30 lM.


To understand the binding of compounds 3 and 4 to COX-1 and
COX-2 we performed an initial docking study using Glide15,16 with-
in the Maestro package.17


This preliminary experiment revealed that compounds 3 and 4
could only bind into the COX-2 structure. However, if the van der
Waals (VDW) radii were reduced to below 0.8 Å during the docking
run then it was possible to fit each compound into COX-1, high-
lighting the smaller size of this binding site.


In order to more fully investigate the docking of 3 and 4 we
allowed protein flexibility within the docking protocol. Table 2
shows the results of the induced fit docking experiment giving
the best energy pose for each case. Each docking experiment
provided multiple ligand poses; however, these were essentially
identical to one another. The docking studies demonstrate that
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Scheme 1. Reagents and conditions: (a) TFAA, HOAc, 85%; (b) (i) AcCl, (MeO)2CH2, ZnCl2


97%; (e) P4S10, S, (Me3Si)2O, 43%.

compound 4 is unable to fit into the COX-1 binding cavity unless
the VDW constraints are relaxed.


Broadly speaking, the inability of compound 4 to dock into
COX-1 without relaxation of VDW constraints, and the ability of
3 to dock without such constraint relaxation, are in agreement
with the enzyme inhibition study.
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Figure 3. Left: Overlay of indomethacin (carbon atoms colored grey) and 3 (carbon atoms colored green) in the binding site of COX-2; Right: Overlay of flurbiprofen methyl
ester (carbon atoms colored grey) and 3 (carbon atoms colored green) in the binding site of COX-1.
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Examination of the binding modes of compounds 3 and 4 into
COX-1 and COX-2 reveals them to be almost identical. The only sig-
nificant difference was seen for compound 4 where R513 was
moved allowing binding to occur. In all cases the oxygen atom
made a hydrogen bond with S530, the length of which varied from
2.82 to 3.39 Å. Figure 2 shows a diagram of the residues in close
proximity to compound 3 highlighting the hydrogen bond with
S530


An overlay of compound 3 with the bound structure of indo-
methacin reveals that the dithiolethione ring coincides with the
location of the methoxy group of indomethacin while the tert-butyl
groups are placed in a similar location to the ethanoic acid and
chlorophenyl side chains of indomethacin (Fig. 3). This figure also
shows the overlay of compound 3 with flurbiprofen methyl ester
(FME). In this case the dithiolethione ring does not overlap with
the other structure while the tert-butyl groups are oriented
towards the binding locations of the propanoate and 4-phenyl side
chains of FME.


In conclusion we have reported the design and discovery of two
novel dithiolethiones that display potent anti-COX-2 activity.
Molecular modelling of these compounds in the active sites of
COX-1 and COX-2 provide a good explanation for their selectivity.
These compounds are interesting lead structures for the develop-
ment of hydrogen sulfide releasing anti-inflammatory drugs.
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We previously disclosed a series of highly potent FXa inhibitors bearing a-substituted (CH2NR R ) phe-
nylcyclopropyl P4 moieties in the pyrazolodihydropyridone core system. Herein, we describe our contin-
uous SAR efforts in this series. Effects of the C-3 substitution of the pyrazolodihydropyridone core and the
a-substitution (R group) of the cyclopropyl ring on FXa binding affinity (FXa Ki), human plasma antico-
agulant activity (PT EC2�) and permeability are discussed. A set of compounds obtained from optimiza-
tion of the R group and the C-3 substituent were orally bioavailable in dogs. Furthermore, representative
compounds were highly efficacious in the rabbit arterio-venous shunt thrombosis model (EC50s = 29–
81 nM).


� 2008 Elsevier Ltd. All rights reserved.

Anticoagulants are key agents for the prophylaxis and treat- to improve anticoagulant activity, and to modulate physicochemi-


ment of thromboembolic disorders. Limitations of the existing
anticoagulants warfarin and heparins establish a need for newer
therapies. The past decade saw the development of a class of novel
anticoagulants designed to inhibit thrombin generation by target-
ing the direct inhibition of coagulation factor Xa (FXa), a serine
protease at the conjunction of the intrinsic and the extrinsic path-
ways in the coagulation cascade. Both preclinical and clinical data
have shown that inhibition of FXa is an effective approach in the
treatment of venous and arterial thrombosis.1,2 Several selective
and orally active small-molecule FXa inhibitors, such as razax-
aban,3 apixaban,4 LY517717,2g YM150,2g DU-176b,2g and rivarox-
aban,2g have entered clinical development, some of which are in
the late-stage clinical trials for the prevention and treatment of
thromboembolic diseases.


We previously discussed5 the discovery of a series of highly po-
tent and selective pyrazole bicyclic-based FXa inhibitors bearing a-
substituted (CH2NR1R2) phenylcyclopropyl P4 moieties. These have
the general structure A3 shown in Figure 1, where the perpendicu-
lar conformation of the phenylcyclopropyl groups in A was used to
mimic the bioactive conformation of the ortho-substituted biphe-
nyl moieties in B (Fig. 1).5 We herein describe our continuous
SAR efforts on this series with a general structure C (Fig. 1) by vary-
ing both the C-3 substituent of the pyrazolodihydropyridone core
and the a-substituent (R group) on the phenylcyclopropyl group

All rights reserved.
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.


cal properties such as permeability. A set of compounds in this ser-
ies underwent PK studies and four compounds were tested in the
rabbit arterio-venous shunt model for antithrombotic effects.


We began to investigate the effects of polar C-3 substituents of
the pyrazolodihydropyridone core on FXa potency and anticoagu-
lant activity in the early analogs5 (R = CH2NR1R2). Table 1 shows
a comparison of a-CH2NR1R2-substituted phenylcyclopropyl P4
analogs 1–6 bearing various C-3 groups. Replacing CF3 in 1a–5a
with a SO2Me, CONH2, or CN group resulted in compounds with in-
creased polarity, indicated by the increased polar surface area
(PSA) and lowered overall lipophilicity (clogP). Compounds 1b–
5b, 1c–4c, and 1d–4d bearing a SO2Me, CONH2, or CN group,
respectively, had similarly high FXa affinity as the corresponding
CF3 analogs 1a–5a (FXa Ki in the pM range). Furthermore, com-
pounds 1b–5b, 1c–4c, and 1d–4d generally had higher anticoagu-
lant activity (PT EC2�) compared with the corresponding CF3


analogs 1a–5a. This is particularly true for the less basic com-
pounds, such as the morpholinyl analogs 4a–4d (PT EC2� of CF3


analog 4a was 14 lM, while PT EC2� values of 4b (SO2Me), 4c
(CONH2) and 4d (CN) were 1.7, 1.5, and 4.1 lM, respectively).
The improved in vitro clotting activity can be attributable to lower
protein binding, that is, the increased free fraction in human plas-
ma caused by the more polar C-3 groups. On the other hand, both
the basic pyrrolidines 3b (SO2Me C-3) and 3c (CONH2 C-3) and the
neutral pyrrolidones 6b and 6c showed good FXa binding activity
and good PT anticoagulant activity.


Table 1 indicates that the Caco-2 apparent permeability values
(Papp, apical to basolateral) followed a general trend: compounds
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Figure 1. General structures.


Table 1
Effect of C-3 substitution in phenylcyclopropylmethylamine derivatives (R = CH2NR1R2)a,b


N
N


C3


N


O


R


OMe


Compound C3 R FXa Ki (nM) PT EC2� (lM) Caco-2 Papp (nm/s)c HPLC LogP PSA (Sq. Ang.) (PreCalc)e clogP (PreCalc)e


1a CF3 CH2NHMe 0.18 2.9 26 3.2 58 3.54
1b SO2Me CH2NHMe 0.24 1.2 1 — 95 1.31
1c CONH2 CH2NHMe 0.055 0.86 1 — 99 1.24
1d CN CH2NHMe 0.15 1.5 6 2.1 75 2.14


2a CF3 CH2NMe2 0.035 1.3 85 3.4 47 4.08
2b SO2Me CH2NMe2 0.051 0.83 8 — 80 1.85
2c CONH2 CH2NMe2 0.041 1.2 5 1.6 89 1.78
2d CN CH2NMe2 0.048 0.79 46 2.5 67 2.68


3a CF3 CH2-N-pyrrolidinyl 0.021 1.4 70 3.4 46 4.88
3b SO2Me CH2-N-pyrrolidinyl 0.054 0.73 10 — 82 2.65
3c CONH2 CH2-N-pyrrolidinyl 0.074 0.70 10 — 89 2.58
3d CN CH2-N-pyrrolidinyl 0.027 1.1 72 — 65 3.48


4a CF3 CH2-N-morpholinyl 0.064 14 ndsdd — 56 4.23
4b SO2Me CH2-N-morpholinyl 0.079 1.7 143 — 94 2.00
4c CONH2 CH2-N-morpholinyl 0.042 1.5 90 3.3 99 1.93
4d CN CH2-N-morpholinyl 0.093 4.1 137 4.0 76 2.83


5a CF3 CH2-2-Me-imidazol-1-yl 0.025 2.7 70 — 56 4.32
5b SO2Me CH2-2-Me-imidazol-1-yl 0.073 0.79 11 — 91 2.09


6b SO2Me CH2-2-pyrrolidone-1-yl 0.24 1.6 20 — 96 1.43
6c CONH2 CH2-2-pyrrolidone-1-yl 0.11 2.8 8 — 103 1.37


a All compounds were purified by either reverse-phase HPLC or preparative LC/MS (water/acetonitrile or water/methanol gradient + 0.5% TFA). The basic compounds were
isolated as TFA salts following lyophilization. All compounds gave satisfactory spectral and analytical data.


b Human purified enzymes were used. Values are averages from multiple determinations (n P 2). Ki values and PT EC2� (the concentration of the inhibitor that doubles the
clotting time compared to the control in the prothrombin time assay) values were measured as described in Refs. 3 and 6. Same for all the tables in this publication.


c Caco-2 Papp values were measured according to Ref. 7.
d Not detected in sample or donor.
e Polar surface area (PSA) and clogP (pH 7.4) values were calculated using the ADME profiler in SMART prototype.
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bearing a CONH2 or SO2Me group had lower Caco-2 permeability
than those bearing a CN group, which in turn had lower Caco-2
permeability than those bearing a CF3 group.

Continuing the search for diverse P4 groups,8 we screened a
variety of a-substituents (R groups) beyond the initial leads
(R = CH2NR1R2)5 using CF3 as the C-3 substituent (see Tables 2–4).







Table 2
SAR of phenylcyclopropylamines with CF3 as the C-3 substituent


N
N


F3C


N


O


R


OMe


Compound R FXa Ki


(nM)
PT EC2x


(lM)
Caco-2 Papp


(nm/s)


7a NH2 0.78 6.4 nd
8a NHMe 0.16 4.4 49
9a NMe2 0.085 9.2 92
10a N(Me)CH2CH2OH 0.12 15 113
11a N(Me)CH2CONH2 0.14 7.1 180
12a NHCOMe 5.1 — —
13a NHSO2Me 3.0 — —
14a NHCOOMe 11 — —
15a N(Me)COMe 1.5 11
16a N(Me)SO2Me 2.9 — —
17a N-Pyrrolidine-2-one 7.6 — —
18a N-Piperidine-2-one 20 — —


Table 3
SAR of homologous R groups with CF3 as the C-3 substituent


N
N


F3C


N


O


R


OMe


Compound R FXa Ki (nM) PT EC2� (lM)


8a NHMe 0.16 4.4
1a CH2NHMe 0.18 2.9
19a CH2CH2NHMe 0.55 12


9a NMe2 0.085 9.2
2a CH2NMe2 0.035 1.3
20a CH2CH2NMe2 0.020 2.7


3a CH2N-pyrrolidinyl 0.024 1.4
21a CH2CH2N-pyrrolidinyl 0.020 2.3


4a CH2N-morpholinyl 0.064 14
22a CH2CH2N-morpholinyl 0.21 15


Table 4
SAR of heterocyclic R groups in the phenylcyclopropyl analogs with CF3 as the C-3
substituent


N
N


F3C


N


O


R


OMe


Compound R FXa Ki


(nM)
PT EC2x


(lM)
Caco-2 Papp


(nm/s)


23a COOMe 1.5 >20 ndsd
24a 4,5-Dihydro-1H-imidazol-2-yl 0.021 0.69 1
25a 4,5-Dihydro-1H-imidazol-1-methyl-2-yl 0.16 1.8 7
26a 4,5-Dihydro-1H-imidazol-1-


methanesulfonyl-2-yl
4.9 — —


27a 4,5-Dihydro-oxazol-2-yl 2.5 >20 145
28a 4,5-Dihydro-4,4-diMe-oxazol-2-yl 1.1 38 44
29a 1H-Imidazol-2-yl 1.1 25 57
30a 1H-Imidazol-1-methyl-2-yl 6.4 — —
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Phenylcyclopropylamines: The less basic phenylcyclopropyl
amine analogs 8a and 9a (Table 2) maintained potency (FXa Ki)
and slightly increased Caco-2 values, but showed decreased antico-
agulant activity (PT EC2�) compared with the phenylcyclopropyl
methylamine analogs 1a and 2a. The dimethylamine 9a was
slightly more potent than the methylamine 8a, which was slightly
more potent than the primary amine 7a. Compared with the parent
methylamine 8a, the less basic compounds 10a and 11a showed
similar binding affinity, slightly decreased anticoagulant activity,
yet improved cell permeability. On the other hand, the neutral
amide 15a and sulfonamide 16a as well as the lactams 17a and
18a, were significantly less active than 8a, presumably due to the
steric conflict between the CO or SO2 group and the backbone of
E97 in the S4 pocket of FXa.


Homologous R groups: Table 3 shows that the methylene spacer
has little effect on the binding activity (FXa Ki) within a series of
homologues, for example, 9a versus 2a versus 20a. In general, com-
pounds with a trisubstituted amine (R = (CH2)1–2NR1R1) had better
anticoagulant activity (PT EC2�) compared with the corresponding
compounds with a di-substituted amine (R = (CH2)1–2NHR1) with
the exception of the phenylcyclopropyl amine analogs 8a and 9a.


Heterocyclic R groups: Table 4 shows FXa Ki, PT EC2�, and Caco-2
values for several compounds bearing five-membered heterocyclic
R groups as potential COOMe or COOH isosteres. Compared with
the methyl ester 23a, the basic cyclic amidine derivatives 24a
and 25a were highly potent (FXa Ki = 21 and 155 pM, and PT
EC2� = 0.69 and 1.76 lM, respectively), but neither had good per-
meability. The cyclic amidinyl sulfonamide 26a showed a 200-fold
drop in FXa potency compared with the unsubstituted 24a. The
neutral oxazoline derivative 27a was much less potent than 24a,
but had greater Caco-2 permeability. Dimethyl substitution on
the oxazoline ring as shown in 28a did not significantly improve
FXa potency. Aromatization of cyclic amidines 24a and 25a re-
sulted in much decreased FXa potency as shown in the imidazole
derivatives 29a and 30a.


Using a strategy similar to that demonstrated in Table 1, we re-
placed the CF3 group in analogs having FXa Ki less than 1 nM with a
more polar C-3 substitution, such as CONH2 or CN. As exemplified
in Table 5, the resulting compounds showed similarly high FXa
inhibitory activity and improved anticoagulant activity in human
plasma for CONH2 and CN analogs compared with the correspond-
ing CF3 analogs (e.g., 8b and 8c vs 8a, 9b and 9c vs 9a, 22b and 22c
vs 22a), suggesting lower protein binding for CONH2 and CN ana-
logs as previously observed in other series.4 In particular, replacing
the CF3 group in 31a and 33a with a CONH2 group in 31b and 33b
led to >fivefold improvement of anticoagulant activity.


By choosing the proper combination of R groups and C-3 groups,
we identified multiple compounds which maintained high FXa
binding affinity (FXa Ki < 1 nM) and improved anticoagulant activ-
ity (PT EC2� < 5 lM), while keeping Caco-2 permeability in a rea-
sonable range. Selection of compounds for dog PK studies was
based on the aforementioned activity and liability profile. Table 6
illustrates the pharmacokinetic profile of some representative
compounds.


The basic analogs with R = CH2NR1R2 such as CH2NMe2 and
CH2-N-pyrrolidine had large Vdss and moderate systematic CL in
dogs as shown in compounds 2d, 3b, 3c, and 3d. Compounds 2d,
3b, and 3d showed good bioavailability (F = 40–100%). Compound
3d with a CN C-3 group and a CH2-N-pyrrolidinyl phenylcyclopro-
pyl P4 group showed a PK profile similar to that of raxazaban.
Reducing the basicity of 3b by changing the pyrrolidine into a mor-
pholine led to reduced Vdss (7.7 in 3b vs 1.9 L/kg in 4b) and de-
creased CL (3.3 in 3b vs 0.8 L/h/kg in 4b). On the other hand,
compound 5b containing a 2-methylimidazole R group, had negli-
gible oral bioavailability and high clearance in both dogs and short
half-lives in liver microsomal incubation presumably caused by







Table 5
SAR of example compounds with different C-3 substitution


N
N


C3


N


O


R


OMe


Compound R C3 FXa Ki (nM) PT EC2� (lM) Caco-2 Papp (nm/s)


8a NHMe CF3 0.16 4.4 49
8b NHMe CONH2 0.065 0.60 39
8c NHMe CN 0.31 2.0 110


9a NMe2 CF3 0.085 9.2 92
9b NMe2 CONH2 0.043 1.1 125
9c NMe2 CN 0.084 1.9 170


22a CH2CH2N-morpholinyl CF3 0.21 15 —
22b CH2CH2N-morpholinyl CONH2 0.14 2.8 45
22c CH2CH2N-morpholinyl CN 0.74 4.0 —


27a 4.5-Dihydro-oxazol-2-yl CF3 2.5 >20 145
27b 4.5-Dihydro-oxazol-2-yl CONH2 0.56 13 62


31a COMe CF3 1.0 36 ndsd
31b COMe CONH2 0.18 3.2 227


32a CH2SO2Me CF3 0.32 11 —
32b CH2SO2Me CONH2 0.071 2.5 145
32c CH2SO2Me CN 0.29 5.5 152


33a CH2CONH2 CF3 0.59 15 —
33b CH2CONH2 CONH2 0.36 1.9 28


Table 6
Dog pharmacokinetic profiles of example a-substituted phenylcycloalkyl analogsa


N
N


C3


N


O


R


OMe


Compound R C3 FXa Ki


(nM)
PT
EC2� lM)


HLM/DLM
t½ (min)


Caco-2 Papp


(nm/s)
CL
(L/h/kg)


Vdss


(L/kg)
t ½


(po) (h)
F
(%)


2d CH2NMe2 CN 0.048 0.79 178/73 46 1.37 11.7 6.4 41
3b CH2-N-pyrrolidinyl SO2Me 0.054 0.73 37/— 10 3.3 7.7 2.3 100
3c CH2-N-pyrrolidinyl CONH2 0.074 0.70 >200/60 6 1.7 7.1 4 6
3d CH2-N-pyrrolidinyl CN 0.027 1.1 >200/— 72 1.1 6.6 5.0 48
4b CH2-N-morpholinyl SO2CH3 0.079 1.7 25/— 143 0.8 1.9 4.0 61
5b CH2-2-Me-imidazol-1-yl SO2CH3 0.073 0.79 5/— 11 4.2 4.0 na 0.2
6c CH2-2-pyrrolidone-1-yl CONH2 0.11 2.8 10/11 8 0.25 0.20 0.99 3.1
8a NHMe CF3 0.16 4.4 123/83 49 0.46 13.9 24 100
8b NHMe CONH2 0.065 0.60 146/36 39 1.8 4.4 1.6 15
10b N(Me)CH2CH2OH CONH2 0.068 1.4 47/180 24 1.2 4.1 4.3 67
33b CH2CONH2 CONH2 0.36 1.9 97/99 28 0.49 0.65 1.9 27
Raxazaban3 — — 0.19 1.9 — 56 1.1 5.3 3.4 84
Apixaban4 — — 0.08 3.8 9 0.02 0.2 5.8 58


a Compounds were dosed as the TFA salts in an N-in-1 format at 0.5 mg/kg iv and 0.2 mg/kg po (n = 2).
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extensive first pass metabolism. The metabolism for the phenylcy-
clopropyl methylamine derivatives (R = CH2NR1R2) mainly consists
of a-carbon oxidation of the cyclopropyl methylamines to form the
corresponding aldehydes/carboxylic acids. In addition, demethyla-
tion products were also formed when either R1 or R2 was a methyl
group.


The neutral pyrrolidinone 6c had very low Vdss (0.20 L/kg and
low CL (0.25 L/h/kg) compared with the corresponding basic pyrro-
lidinyl analog 3c. However, 6c was unstable in liver microsomal

incubations (HLM t1/2 = 10 min). The difference between the
in vitro intrinsic clearance and the whole body systemic clearance
may be due to protein binding or unknown in vitro clearance
mechanisms. The low oral bioavailability of 6c is presumably be-
cause of its relatively poor absorption and low Caco-2 value.


The cyclopropylamine analog 8a showed moderate CL (0.46 L/
kg/h) and high Vdss (13.9 L/kg) in dogs. The compound was 100%
bioavailable and showed a longer t1/2 (24 h) than the rest of the
compounds because of the combined effects of slightly reduced







Table 7
Anticoagulant activity in rabbits


Compound PT EC2�
(rabbit) (lM)


Rabbit A-V shunt
EC50 (nM)


Rabbit A-V shunt
ID50 (lmol/kg/h)


2d <2.5 47 0.27
3b 0.32 29 0.08
3d <2.5 68 0.19
5b 0.75 81 0.16
Raxazaban3 1.9 340 1.6
Apixaban2e,4 2.3 325 0.57
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CL and increased Vdss. Changing the CF3 in 8a to a CONH2 led to 8b
with reduced Vdss but shorter t1/2 and lower oral bioavailability.
The major metabolites for 8a and 8b were N-demethylated prod-
ucts. Being less basic, compound 10b with a N(Me)CH2CH2OH
group showed increased oral bioavailability, slightly decreased Vdss


and CL, and dramatically increased t1/2 in DLM incubation com-
pared with 8b. The neutral analog 33b with a primary acetamide
had relatively low CL (0.49 L/h/kg) and low Vdss (0.65 L/kg) com-
pared with other compounds bearing the same CONH2 C-3 group
in this series.


Some compounds were stable in human liver microsomal incu-
bation (e.g., 2d, 3c, and 8b), but had a short t1/2 in dog liver micro-
somal incubation, suggesting species differences in metabolism
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Scheme 1. Reagents and conditions: (a) Et3N, toluene, 85 �C, 15 h, 31%; (b) 1-(4-Iodophen
90%; (c) ClCOOEt, Et3N, THF, 0 �C, 20 min; then NaBH4, THF/MeOH (5:1), 0 �C, 20 min, 85
ClCH2CH2Cl, rt, 2 h, 28% for two steps.
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Scheme 2. Reagents and conditions: (a) DPPA, Et3N, rt, overnight, then t-BuOH, reflux, 3
120 �C, 2 h, 82%; (d) NH3 in ethylene glycol, 80 �C, 3 h,%; (e) TFA, CH2Cl2, rt, 2 h, 98%; (f) A
90%; (h) BrCH2CH2OH, K2CO3, DMF, 70 �C, 2 h, 65%.

(Table 6). Overall, compounds in this series generally had higher
Vdss and CL than apixaban, other than the neutral compounds 6c
and 33b, which were poorly bioavailable in dogs.


Representative compounds 2d, 3b, 3d, and 5b, when dosed
intravenously in the rabbit arterio-venous (A-V) shunt thrombosis
model,9 demonstrated concentration-dependent antithrombotic
effects. The ID50 values (doses that produce 50% inhibition of
thrombus formation) for 2d, 3b, 3d, and 5b were 0.27, 0.08, 0.19,
and 0.16 lmol/kg/h, respectively, and the IC50 values were 47,
29, 68, 81 nM, respectively. Consistent with the high in vitro po-
tency (FXa Ki and PT EC2x),10 the four compounds provided strong
antithrombotic effects, and in fact, they were more efficacious than
razaxaban and apixaban in the A-V shunt model. The plasma pro-
tein binding for 3d was 68% in human serum and 72% in rabbit ser-
um, lower than that of raxazaban (93% in rabbit) and apixaban
(87% in rabbit) (Table 7).


Scheme 1 illustrates the synthesis of compound 2b bearing an
a-CH2NMe2-substituted phenylcyclopropyl P4 group and a SO2Me
C-3 group by using procedures similar to those for the CF3 analogs
previously disclosed.5


Scheme 2 depicts the preparation of phenylcyclopropyl amine
derivatives using compounds 8b, 9b, 9c, and 10b as examples. Cur-
tius rearrangement of the carboxylic acid 34 with DPPA followed
by heating in t-BuOH and then methylation gave the Boc-protected
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cyclopropylamine 35, which was coupled with the lactam 364 un-
der Buchwald–Ullmann condition to afford intermediate 37. Ami-
nation of the ethylester in 37 followed by removing Boc group
afforded the methylamine 8b. Starting from 8b, compounds 9b,
9c, and 10b were synthesized as illustrated in Scheme 2.


Scheme 3 illustrates the synthesis of cyclopropyl-ethylamine
analogs using 21a as an example. Homologation of acid 34 with
TMSCHN2 followed by heating in t-BuOH in the presence of silver
benzoate and triethylamine afforded the Boc-protected homolo-
gous acid 38. Ullmann coupling of 38 with lactam 39 followed by
a similar sequence of transformations as described in Scheme 1
generated compound 21a.


Scheme 4 illustrates the synthesis of phenylcyclopropyl analogs
bearing heterocyclic R groups. N-acylation of the pentafluoroester,

obtained from the acid via pentafluorophenol/DCC, with piperidine
afforded the amide 40. Formation of the thioamide 41 using Lawes-
son’s reagent, then thioimidate via MeI, followed by cyclization of
the thioimidate intermediate with ethylamine diamine in refluxing
MeOH gave the methyl imidazoline intermediate 42. Buchwald
Ullmann coupling of 42 and lactam 39 yielded the imidazoline
25a. Aromatization of 25a with potassium permanganate in diox-
ane afforded the imidazole analog 30a. On the other hand, cycliza-
tion of the b-hydroxyamide with Burgess reagent in THF at reflux
afforded the oxazoline intermediate 43 in 74% yield. Utilizing
Buchwald–Ullmann chemistry, 43 was coupled with the lactam
39 affording the desired product 27a.


SAR studies of the C-3 substitution on the pyrazolodihydropyri-
done core and the R substitution on the phenylcyclopropyl group
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of a series of pyrazole bicyclics bearing a-substituted phen-
ylcycloalkyl groups resulted in a series of FXa inhibitors with high
FXa binding affinity (FXa Ki of some in the picomolar range) and
high anticoagulant activity (PT EC2� < 3 lM) in vitro. C-3 substitu-
tion of the pyrazole core with more polar groups such as SO2Me,
CONH2, and CN, maintained FXa Ki potency and increased anticoag-
ulant PT potency compared with the CF3 C-3 analogs, suggestive of
improved free fraction in protein binding. A set of compounds, ob-
tained from optimization of the R group and the C-3 substituent,
were orally bioavailable in dog PK studies. Representative com-
pounds such as 3d and 8a showed moderate clearance, long t1/2,
and good bioavailability, but high Vdss in dogs. Compounds 2d,
3b, 3d, and 5b in this series were also highly efficacious in the rab-
bit A-V shunt thrombosis model (EC50 < 85 nM). Though highly
efficacious, the pharmacokinetic properties of this series were less
optimal compared with that of apixaban, which has a superior
combination of exceptionally low CL and Vdss with a long half life
and good oral bioavailability.
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enzyme and mechanistic cellular assays as well as promising in vivo pharmacokinetics in rat.
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The IGF-1R signaling pathway is activated in many human can-
cers including prostate,1 colon,2 breast,3 and pancreas4 by overex-
pression of IGF-1R or its ligands IGF-1 and 2 and/or by decreased
levels of IGF binding proteins. Inhibition of IGF-1R signaling using
a variety of approaches (e.g., anti-IGF-1R antibodies, antisense, IGF
binding proteins, siRNA) has resulted in decreased proliferation
and survival of tumor cells in vitro and in vivo.5 Further, IGF-1R
activation has been associated with resistance to targeted agents
such as trastuzumab6 in breast cancer. Therefore, inhibition of
IGF-1R signaling may reverse resistance to targeted agents under
certain conditions. These observations have led to the development
of a number of potent small-molecule inhibitors of IGF-1R in
diverse chemical space.7 We report herein the investigation of a
series of 4,6-bis-anilino-1H-pyrrolo[2,3-d]pyrimidines, whose syn-
theses have been described elsewhere,8 as potent inhibitors of the
IGF-1R receptor tyrosine kinase.


Pyrrolopyrimidine 1 was identified from a focused library con-
sisting of small molecules with known kinase inhibitory motifs. A
remarkable kinase selectivity profile was observed for 1, wherein
48 of 52 kinases screened in the initial panel showed IC50 values

ll rights reserved.


.


of >100 nM (50-fold selectivity relative to IGF-1R). However, in
addition to IGF-1R, pyrrolopyrimidine 1 also potently inhibited
JNK1, ALK, and IR, with IC50s of 12, 1.0, and 6.3 nM, respectively.

Figure 1. Model of IGF-1R (carbon atoms in grey) in complex with 1 (carbon atoms
in green). Intermolecular H-bond interactions are highlighted with yellow lines.
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To provide a structure-based rationale for medicinal chemistry
efforts, a docking model of the IGF-1R kinase domain in complex
with 1 was constructed using available crystallographic data
(Fig. 1).9 Lead 1 forms three H-bond interactions at the hinge re-
gion, one with the backbone carbonyl of Glu1050 and the second
with the backbone amino group of Met1052. A third H-bond is also
highlighted between the C6 amino group and the backbone car-
bonyl of Met1052. The 2-aminobenzamide occupies the inner
hydrophobic region of the ATP-binding site with the phenyl mak-
ing van der Waals contact with Leu975, Gly976, Gln977 and
Val983. The carboxamide is directed toward Lys1003 (catalytic ly-
sine) and Asp1123 (of the DFG motif), but does not form an H-bond
interaction with either residue. Instead, the carboxamide forms an
intramolecular H-bond with the C4 amino group forming a pseu-
do-six membered ring. The C6 aniline occupies the outer hydro-
phobic region of the pocket where it makes van der Waals
contact with Leu975, Gly1055 and Met1112. The C20 methyl is di-
rected toward the hinge region where it interacts with Leu975,
Leu1051 and Thr1053. Lastly, the 1-propyl-tetrahydro-3-pyridinyl
lies outside the pocket and is thus solvent exposed.


Initial structural optimizations were focused on the C6 aniline,
wherein it was anticipated substitution at C20 in particular would
be crucial for efficient binding to IGF-1R because of both spatial
proximity to Leu1051 and influence on the C6 aniline N–H pKa.
As illustrated in Table 1, a C20 methoxy substituent proved optimal
(see 5 and 6). Bulkier alkoxy substituents (7) and strong electron
withdrawing substituents (4) were less potent in screening at both
the enzyme10 and cellular11 level (Table 1). Smaller substituents (2
and 3) gave reasonable enzyme potency but suffered from a re-
duced kinase selectivity profile.12 Simple fluorination at R4 (i.e., 5

Table 1
IGF-1R enzyme IC50 and phospho IGF-1R cellular IC50 results for 1–12. (values represent a
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vs 6) had only minimal influence on inhibitor potency, but proved
important in reducing in vivo metabolism (vida infra).


Consistent with the model, tolerability to a wide variety of sub-
stituents was anticipated at C40 because of its orientation toward
solvent (Fig. 1), and removal of the unsaturated piperidine was
desirable from a safety perspective.13 Indeed, both saturated 3-
and 4-substituted piperidines (Table 1, 8 and 9) and 1,4-disubsti-
tuted piperazines (Table 1, 10 and 11) possess excellent potency
against IGF-1R. Additionally, the distal latent amine was not re-
quired, as morpholine-substituted 12 proved to be an exception-
ally potent inhibitor of IGF-1R. Initially, synthetic tractability and
promising pharmacokinetic properties (vida infra) led us to explore
the piperazine subseries exemplified by 10 and 11 more carefully.


Crystallographic confirmation of the binding mode for the
pyrrolopyrimidine series of IGF-1R inhibitors was achieved
through the use of an IR double mutant (C981S, D1132N). Given
that the sequence identity between IGF-1R and IR is roughly 85%
over their kinase binding domains and identical within the ATP-
binding cleft, IR was a reasonable surrogate for IGF-1R. A co-
crystal structure of our IR mutant in complex with 13 was
produced and is illustrated in Figure 2. The overall binding mode
for 13 was similar to that modeled for 1 in complex with IGF-1R.
Key intermolecular interactions included the H-bonding of 13 to
IR at the hinge region via the inhibitor’s pyrrolopyrimidine. Also,
as with our docking model, the H-bond interaction between the
C6 amino group and the backbone carbonyl of Met1079 was at a
non-ideal angle and distance. Interestingly, the carboxamide did
interact indirectly with Asp1150 through a water-mediated
interaction. Finally, the C20 methoxy was directed towards the
hinge region in similar fashion to the C20 methyl of 1, while
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5.0 —
1.6 —
1.6 317


20 >10,000
0.6 104
0.8 82
3.2 2240


0.4 60


0.3 47


1.6 122
0.8 130
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Table 2
N-methylation at N1 and N7 reduced potency against IGF-1R. (values represent an
average of P2 individual measurements)
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13 F H H 2
14 F Me H 50
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Figure 2. Co-crystal structure of IR Double Mutant (C981S, D1132N, carbon atoms
in grey) in complex with 13 (carbon atoms in green). Intermolecular H-bond
interactions are highlighted with yellow lines. Crystallographic data for this
structure has been deposited at PDB:3EKN.
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the C40 4-isopropyl-piperazinyl of 13 lay outside the pocket and
was solvent exposed.


The loss of IGF-1R activity resulting from alkylation of the hinge-
binding motif, as with 14 and 15 (Table 2), is consistent with our
crystallographic data and docking model. Direct methylation of the
pyrrole moiety (15) gave a 5000-fold drop in IGF-1R potency, as ex-
pected given the likely disruption of the H-bond interaction between
the backbone carbonyl of Glu1050 and the inhibitor deep within the
ATP-binding site. For 14, this was not the case. While substituting a
methyl on the C6 amino group would disrupt the H-bond interaction
between the backbone carbonyl of Met1052 and the inhibitor, this
substitution is adjacent to the protein–solvent interface where a
methyl might be accommodated. Given these observations, we ex-

Table 3
IGF-1R enzyme and phospho IGF-1R cellular IC50 results for 13, 16–23. (values represent
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pected a loss of enzyme activity for 14 compared to 13, but not to
the extent of that seen with 15. Indeed, this was the case; the IC50 va-
lue of 14 against IGF-1R was 50 nM, which was 25-fold lower than
the potency of 13 but 200-fold higher than that of 15.


Further structure–activity relationships about the C6 aniline
were systematically explored. In the context of an isopropyl piper-
azine, a variety of substituents were tolerated at C50 (see 13, 16–19,
Table 3). However, introduction of a 10,20,30,40-tetrasubstituted ani-
line via addition of a C30 substituent (20 and 21, Table 2) proved
less tolerated, especially in cellular estimates of IGF-1R potency.
Interestingly, within the 10,20,40,50-tetrasubstituted series, reversal
of the piperazine and methyl moieties (i.e., 18 vs 23) gave a loga-
rithmic drop in IGF-1R inhibition at both the enzyme and cellular
level. Removal of the methyl substituent at C40 (22) apparently al-
lowed a less constrained disposition of the piperazine ring, and as
such perhaps enjoyed a modest improvement in potency relative
to 23 as a result of an ionic interaction with Asp 1056.14 (See
Table 4).


In silico predictions15 with 5 and 24 suggested the C4 carbox-
amide-containing aniline could pose a metabolic liability, espe-
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Table 4
IGF-1R enzyme and phospho IGF-1R cellular IC50 results for 11, 13, 24–33. (values represent an average of P2 individual measurements)
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Table 5
In vivo rat DMPK properties for selected analogs (values represent the average of three animals)


Compound Dose (mg/kg) Cl (mL/min/kg) DNAUC (ng h/mL/mg/kg) Vss (L/kg) Cmax (ng/mL) %F


IV PO


24 1.7 10.5 142 35 19.5 69 37
13 2.1 9.2 51 156 18.5 184 65
27 2.3 10.7 46 117 11.0 200 37
28 4.2 13.6 64 114 17.0 152 45
29 2.0 10.6 32 277 22.3 418 83


472 S. D. Chamberlain et al. / Bioorg. Med. Chem. Lett. 19 (2009) 469–473

cially if unsubstituted at R2–R4. As such, it was of interest to sys-
tematically explore available fluorine substitutions. A number of
combinations of mono- and bis-fluorine substitution (11, 13, 25–
28) were well tolerated, giving potencies within 2- to 3-fold of
unsubstituted 24. Modification of the primary carboxamide was
in general less tolerated, with small alkyl (29 and 30) apparently
better accommodated than solubilizing groups exemplified by
31–34.


Consistent with our metabolic predictions, pharmacokinetic
measurements made in vivo demonstrated that fluorination about
the C(4) aniline proved fruitful in reducing IV clearance (compare
13, 27–28 with 24, Table 5) in rat. Moreover, simple substitution
of the primary carboxamide gave further reduction in IV clearance
and overall higher exposure and bioavailability (29, Table 5).


In conclusion, a series of 4,6-bis-anilino-1H-pyrrolo[2,3-d]
pyrimidines were demonstrated to be potent inhibitors of the
IGF-1R receptor tyrosine kinase. Crystallographic studies of the
hinge-binding motif have demonstrated the inhibition of IGF-1R
occurs via three-point contact of the pyrrolopyrimidine to the
IGF-1R kinase hinge. Modifications of the C6 aniline revealed a
C20 methoxy and C50 solubilizing group were optimal for inhibition
of IGF-1R, while systematic halogenation of the C4 aniline revealed
unsubstituted C4 anilines are a key metabolic liability in vivo. A

balance of in vitro enzyme and cellular potency16 and desirable
in vivo pharmacokinetic properties make 13 a tool for further
investigation of IGF-1R, and its further biological characterization
will be reported in due course.
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The a7 subtype of the nicotinic acetylcholine receptor (nAChR) is the target of studies aimed at identify-
ing features that will lead to the development of selective therapeutics. Five arylidine anabaseines, three
with pyridine rings and two with the pyrrole rings, were synthesized in 35–65% yield via aldol conden-
sation. The compounds are homologs of benzylidine anabaseine and were chosen for synthesis because
they provide either a hydrogen bond acceptor (pyridines) or hydrogen bond donor (pyrroles) that may
interact with the receptor within the benzylidine selectivity motif. Initial analysis of the new compounds
at 100 lM concentration reveal that the two pyrrole anabaseines are good partial agonists of the a7
nAChR, having 40% of the efficacy of ACh, efficacy comparable to 4OH-GTS-21, and dramatically enhanced
efficacy relative to the 2- and 4-pyridinyl compounds. The pyrrole compounds were confirmed to be a7
selective, displaying preference for this receptor over muscle and heteromeric neuronal receptor
subtypes.


� 2008 Elsevier Ltd. All rights reserved.

Nicotinic acetylcholine receptors (nAChRs) are pentameric li-
gand-gated ion channels locating in the cell membrane, which al-
low cations to flow through upon activation.1,2 Although
primarily expressed in muscle cells and neurons they are also ex-
pressed in glia and non neuronal tissues.3 In the brain, heteromeric
a4b2 and homomeric a7 subtype are the two major nAChRs: the
first one has high binding affinity with acetylcholine and nicotine;
the latter one can bind with a-bungarotoxin tightly. Though a4b2
receptors may be the most prevalent nAChRs subtype in the
brain,4,5 a7 nAChRs have been implicated as influential in neuro-
protection, attentional and cognitive enhancement, and inflamma-
tory signaling inhibition. Therefore, selective a7 nAChR agonists
are of interest for treatment of Alzheimer’s disease, schizophrenia
and inflammatory disorders.6–8


Targeting a7 receptors for either inflammation or CNS disorders
relies on the development of selective agents so that other nico-
tinic receptor subtypes are not affected, possibly alleviating serious
side effects such as autonomic dysfunction, seizures and drug
dependency.9–11 Previous studies have shown that functionaliza-
tion of non selective nAChR agonists can confer a7 selectivity.1,12,13


For example, the nAChR agonist anabaseine binds with nAChRs
tightly, yet nonselectively with regard to subtype. With an ex-
tended hydrophobic group, benzylidene anabaseine (BA, 1, Fig. 1)
exhibits a7 selectivity.12 We have attributed this selectivity to
the interaction of the hydrophobic benzylidine ring with a comple-

All rights reserved.


: +1 352 846 2095.
ein).

mentary recognition site in the a7 receptor, termed the benzyli-
dine motif.14 Superimposed on this effect, is the interaction
between aryl substituents and residues within the benzylidine mo-
tif. For example, 3-(4-hydroxy,2-methoxybenzylidene) anabaseine
(4-OH GTS-21), 2 (Fig. 1), is a good nAChR partial agonist with high
a7 selectivity in both human and rat.15 Varying the ring substitu-
ents of BA compounds will result in changes of the agonists po-
tency and efficacy.12,16 A general trend appears to be that polar
substituents such as hydroxyl, amino, or methoxy groups tend to
give more efficacious agonists.12,17 We considered the possibility
that these polar groups undergo favorable hydrogen bonding inter-
actions with the receptor, but dissecting the interaction is prob-
lematic because hydroxyl and amino groups are both hydrogen
bond acceptors and donors. To simplify the analysis, we sought
to characterize agonists where the substituents hydrogen bonding
interactions could only be H-bond donating or only H-bond accept-
ing, but not both at the same time. Figure 1 presents three novel
pyridinyl methylene anabaseines (H-bond acceptor only), 3a–c,
and two pyrrol-3-yl methylene anabaseines (H-bond donor only),
4a,b, that we synthesized and screened as agonists for different
types of nAChRs (a7, a4b2, a3b4, a1b1ed).


Most starting materials and reagents for the synthesis were
purchased from Sigma–Aldrich or Fischer Scientific. However, we
synthesized pyrrole-3-carboxyldehyde and anabaseine by modifi-
cations of the reported methods.18,19 Thus, 3-pyrrole carboxalde-
hyde (5b) was synthesized in 22% yield from the triflic acid
catalyzed equilibration of 2-pyrrole carboxaldehyde (5a). We omit-
ted the tedious continuous extraction step, and found that two
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Figure 1. Arylidine anabaseines. Benzylidene anabaseine (BA, 1); 4-OH GTS-21, 2; pyridinyl methylene anabaseines, 3a–c; pyrrolyl methylene anabaseine, 4a,b. Whereas
4OH-GTS-21 presents a complex pattern of H-bond donation and acceptor function, compounds 3 and 4 are either H-bond donors or acceptors, respectively.


Scheme 2. Synthesis of pyridinyl methylene anabaseine and pyrrolyl methylene
anabaseine: 6a, 6b and 6c refer to ortho, meta, para pyridine carboxylaldehyde,
respectively; 5a and 5b refer to 2- and 3-pyrrole carboxylaldehyde, respectively.
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consecutive chromatographic steps, a dry silica column followed
by a normal silica gel column, were required to purify the crude
product(both eluted with CH2Cl2/EtOAc at 12:1 ratio).18


Anabaseine was synthesized as shown in Scheme 1. The gram
scale synthesis of anabaseine utilized a mixed Claisen type conden-
sation between N-protected piperidinone 8 and ethyl nicotinate.20


The synthesis of 8 proceeded in low yields, so we sought to opti-
mize the Mannich reaction of valerolactam 7 leading to N-pro-
tected 8. Substitution of paraformaldehyde for aqueous
formaldehyde and use of a Dean-Stark trap led to protected 8 in
37% yield after chromatography (silica, CH2Cl2/CH3OH, 15:1).21


Mixed Claisen condensation of 1-(diethylaminomethyl)-2-pip-
eridone 8 and ethyl nicotinate afforded the sodium salt, 9, in 37%
yield. Conversion of 9 to anabaseine dihydrochloride was achieved
by refluxing in a 5:1 concentrated HCl/acetone mixture. After
recrystallization from absolute ethanol, we obtained anabaseine
dihydrochloride salt 10 as a white solid in 49% yield.


The general method for synthesis of benzylidine anabaseines
and aryl analogs involves aldol-type condensation between an
aromatic aldehyde and anabaseine, presumably via its enamine
form. Though the reaction may be catalyzed by acid, for exam-
ple, HCl, conjugate acid/base systems such as acetic acid/acetate
can be utilized for aromatic carboxaldehydes with strong elec-
tron withdrawing groups.22 Thus, condensation of anabaseine
dihydrochloride (or anabaseine dihydrobromide) and pyridine
carboxaldehydes or pyrrole carboxaldehydes in methanolic solu-
tion optimally produced 3a–c and 4a,b in the presence of acetic
acid and sodium acetate (mole ratio: 3–1) at room temperature
(Scheme 2). It was important to conduct these reactions in inert
atmosphere (N2 or Ar) to minimize side product formation. Reac-
tions for generating 3a–c were finished within 12 h. The synthe-
ses of 4a,b required longer reaction times with the less reactive

Scheme 1. Synthesis of anabaseine.

pyrrole carboxaldehydes; 24 h for compound 4a and 96 h for
compound 4b. Although some aldol condensation reactions can
require heat to effect dehydration,23 double bond formation
can often be readily achieved at room temperature. In the pres-
ent system with pyridine and pyrrole carboxaldehydes, higher
temperature tends to adversely affect the yields for condensa-
tion. For example, in the synthesis of 3a, running the reaction
at 60, 40 and 25 �C gave 17%, 34% and 58% yields, respectively.
Compounds 3a–c and 4a,b were carefully purified by silica col-
umn chromatography, using CH2Cl2/CH3OH or CH2Cl2/iPrOH as
eluent. It was found that CH2Cl2/iPrOH was the superior choice
for purification of 3c. The yields for the five compounds were
as follows: 3a, 58%; 3b, 50%; 3c, 65%; 4a, 39%; 4b, 35%. The E-
double bond geometry for 3a–c and 4a,b were confirmed by
NOESY (Fig. 2). For 3a–c, irradiation of H6 resulted in enhance-
ment of both H2 and H4, which would only arise from the E-iso-
mer of 3. Moreover, interaction of the pyridine ring’s hydrogen
with H5 can also be seen in all of the three 3 isomers. In the
case of the pyrrole compounds 4a,b, irradiating H5 produced a
positive NOE on H8 of the pyrrole ring, leading to confirmation
of the E-olefin geometry for compounds 4a and 4b. MOPAC
semi-empirical calculations reveal that the two aromatic rings
found in compounds 3 or 4 can p-stack face to face in the Z-iso-
mer. This still doesn’t compensate for other destabilizing effects:
the Z-isomers for compounds 3 and 4 are all higher in energy
than the E-isomers by more than 4 kcal/mol.







Figure 2. NOE enhancement used for assigning the olefin geometry of 3a–c and 4a,
4b.
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The agonist activity of compounds 3a–c and 4a,b was studied
in Xenopus oocytes expressing mRNAs corresponding to a1b1ed,
a3b4, a4b2 or a7 subunits of nAChRs. Compounds were screened
at a concentration of 100 lM. Non-a7 receptors were not activated
by any of the compounds, with the possible exception of 4b/a3b4
which showed very weak (5%) activation relative to control ACh.
Interestingly, the pyrrole H-bond donor compounds 4a,b proved
to be good partial agonists with 40% activation relative to ACh with
potencies only 2- to 3-fold lower than benzylidene anabaseines
such as 2MeO4OHBA (4OH-GTS-21) with comparable efficacy.24


It is also noteworthy that compared to the ‘parent’ unsubstituted
benzylidine anabaseine, 1, compounds 4a,b are almost four times
more efficacious.12 Pyridine 3b produced comparable activation
(� 35% ACh maximum) but was approximately 10-fold less potent
(ED50 � 100 lM), while 3a and 3c were very weak, producing less
than 20% of the ACh response at a concentration of 1 mM. In sum-
mary, the results suggest that H-bond donation by substituents on

the extended hydrophobic group of BA analogs leads to preferen-
tial activation of the a7 nAChR subtype. Further studies aimed at
the detailed characterization of the electrophysiology of these
compounds will be reported elsewhere.25
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Aryl sulfamates were originally developed as inhibitors of steroid sulfatase, and have recently been
shown to be powerful inactivators of a bacterial sulfatase, PaAtsA from Pseudomonas aeruginosa. We dem-
onstrate that a simple aryl sulfamate, 3-nitrophenyl sulfamate, can inactivate sulfatases from various
sources including snail, limpet and abalone. In each case inactivation was time-dependent and active-site
directed, as demonstrated by protection against inactivation by substrate. These results suggest that such
easily acquired aryl sulfamates can be used as reliable biochemical reagents for the study of sulfatases
from a diverse array of sources.


� 2008 Elsevier Ltd. All rights reserved.
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Sulfatases (EC 3.1.6) are hydrolytic enzymes found in a wide
variety of lower and higher organisms.1,2 One group of sulfatases
cleave sulfate esters in a mechanism involving formylglycine
(FGly), an active-site residue unique to these enzymes. FGly origi-
nates post-translationally from cysteine or serine found within a
conserved pentapeptide motif (C/S)X(P/A)XR.3–5 This sequence is
required for posttranslational modification of the first cysteine or
serine residue to FGly, and is essential for catalytic activity.


Estrone sulfatase (EC 3.1.6.1) is implicated in the progression of
breast cancer in post-menopausal women,6,7 and other sulfatases
participate in bacterial pathogenesis,8,9 and the evasion of plant
defenses by grazing insects.10 The design of sulfatase inhibitors is
therefore highly attractive for applications in medicine and bio-
technology. Many aryl sulfamates, phenolic esters of sulfamic acid
(H2NSO2OH; Fig. 1), are potent inhibitors of human estrone sulfa-
tase11–13 and have recently been reported to be nanomolar inhibi-
tors of a bacterial sulfatase, Pseudomonas aeruginosa arylsulfatase A
(PaAtsA).1,14 For both enzymes, inactivation by aryl sulfamates was
time-dependent, active-site directed and irreversible. These data
are consistent with an inactivation mechanism involving covalent
modification of the active site.


Several mechanistic alternatives for the inactivation of sulfatases
by aryl sulfamates have been proposed.1,11–14 In recent work we
demonstrated that inactivation of PaAtsA by aryl sulfamates occurs
through cleavage of the ArO–S bond and that it exhibits >1 stoichi-
ometry.14 Although the exact identity of the inactivated species re-

ll rights reserved.


: +61 3 9347 8124.
s).

mains elusive, it seems likely that the reaction of an aryl sulfamate
and the FGly residue is responsible for inactivation. Even though sul-
famates are potent inactivators of estrone sulfatase and PaAtsA, it is
not known whether these easily acquired compounds are inactiva-
tors of other sulfatases, which could have widespread implications
in a range of biotechnological applications.1,15,16


In this work, we have shown that a representative aryl sulfa-
mate, 3-nitrophenyl sulfamate (which can be prepared in one step
from commercially available 3-nitrophenol and chlorosulfonyl iso-
cyanate17), efficiently inactivates three other sulfatases from vari-
ous sources: snail (Helix pomatia), abalone entrails and keyhole
limpet (Patella vulgata). The kinetics of inactivation of these sulfat-

EMATE 667COUMATE


Figure 1. Structures of potassium 4-nitrophenyl sulfate 1 and inactivators 3-
nitrophenyl sulfamate 2, EMATE and 667COUMATE.
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ases were compared with those for PaAtsA,14 demonstrating that
aryl sulfamates are broad spectrum inactivators of sulfatases and
providing new insight into the mechanism of inactivation by aryl
sulfamates.


Kinetic parameters for the hydrolysis of potassium 4-nitro-
phenyl sulfate 117 by the four sulfatases are shown in Table 1. 4-
Nitrophenyl sulfate was chosen as upon hydrolysis it releases 4-
nitrophenol, which has a high extinction coefficient providing bet-
ter sensitivity in enzymatic assays than 3-nitrophenyl sulfate.
Nonetheless, the assays for limpet and abalone sulfatases suffered
from poor sensitivity owing to the limited amounts of these en-
zymes available and thus a-cyclodextrin was added to enhance
the sensitivity. a-Cyclodextrin lowers the pKa value of 4-nitrophe-
nol released in the hydrolytic reaction and thus increases the
amount of the ionized form present at pH values close to or below
the original pKa value (7.14). Cyclodextrins have been successfully
applied to enhance the sensitivity of cleavage of 4-nitrophenyl gly-
cosides by glycosidases at low pH18,19; however, to the best of our
knowledge this is the first time they have been used for the anal-
ysis of sulfatases. Addition of a-cyclodextrin (10 mM) resulted in
a 2.2-fold increase in the extinction coefficient (De410) from 6530
to 14400 M�1 cm�1 at pH 7 (cf. De410 = 17 000 M�1 cm�1 in 0.4 M
glycine–NaOH buffer, pH 10). The effect of a-cyclodextrin on the
extinction coefficient is saturable (see Supporting Information)
and does not affect the kinetic parameters of the abalone and
limpet sulfatases.


To demonstrate the generality of aryl sulfamates as sulfatase
inactivators, we selected 3-nitrophenyl sulfamate (2; Fig. 1), which
was among the most potent inactivators identified against PaAt-

Table 1
Kinetic parameters for hydrolysis of potassium 4-nitrophenyl sulfate 1 by sulfatases


Sulfatase Vmax (mmol min�1 mg�1


protein)
Km (mM) Vmax/Km


(l min�1 mg�1)


PaAtsA 6.1 ± 0.2 (0.77 ± 0.12) � 10�3 7900 ± 1300
Snail 0.319 ± 0.003 2.03 ± 0.07 0.157 ± 0.006
Limpeta 0.72 ± 0.02 10 ± 1 0.070 ± 0.009
Abalonea 0.68 ± 0.01 10.2 ± 0.6 0.066 ± 0.004


a Limpet and abalone sulfatases are inhibited by phosphate buffer: 4% and 15%
activity, respectively, in 5 mM K2HPO4/KH2PO4, pH 7.
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Figure 2. Inactivation of snail sulfatase by 3-nitrophenyl sulfamate 2 at pH 7. (A) Semi-lo
31.3 lM (j), 15.6 lM (s), 7.8 lM (N), and 0 M (}) sulfamate 2. Inset: Replot of inactiva
using 0 M (d), 2.5 mM (}), 5 mM (4), 10 mM (�), 15 mM (h), and 30 mM (N) potassiu
pseudo-first-order rate constant of inactivation (k�1) against concentration of 1.

sA14 and, unlike 4-nitrophenyl sulfamate, is relatively stable at
pH 7 (spontaneous decay rate constant at 37 �C is 0.0028 min�1,
corresponding to decomposition of 4.2% inactivator in 15 min).


Inactivation kinetics were assessed according to Eq. 1:


Eþ l �
Ki


E:l !kinact E� P ð1Þ


where E, I and E–P represent enzyme, aryl sulfamate and covalent
adduct, respectively; Ki is the dissociation constant for the en-
zyme-sulfamate complex; and kinact is the first-order rate constant
for conversion of the non-covalent E.I complex to the E-P complex.


Inactivation of snail sulfatase obeyed pseudo-first-order kinet-
ics (Fig. 2A), and a full kinetic analysis allowed determination of
kinact and Ki values (Table 2). The active-site directed nature of
inactivation was unambiguously demonstrated by protection of
snail sulfatase from inactivation using various concentrations of
substrate 1 (Fig. 2B).


Substrate 1 competes with inactivator 2 according to Eq. (2):


E + I E.I E-P
Ki kinact


E.S


Km


S
+


ð2Þ


A plot of the inverse pseudo-first-order rate constant, k�1, against
substrate concentration (Fig. 2B, inset) enabled determination of
the inhibition constant for inactivator 2 (Ki = 40.3 lM), which com-
pares favorably with that measured by full kinetic analysis (Table
2).


Inactivation of both abalone and limpet sulfatases was biphasic.
In the case of limpet sulfatase (Fig. 3A and B), the first-order rate
constants (k) were extracted from the initial rates of inactivation.
With abalone sulfatase (Fig. 4A–C), the biphasic character was
more pronounced and the first-order rate constants could not be
extracted reliably from the initial phase of inactivation. Therefore,
the rate constants for both the fast and slow phase of inactivation
(in a ratio of 2.2:1) were determined by fitting the data to a double
exponential decay Eq. (3):


mres=m0 ¼ ffast � eð�kfast�tÞ þ ð1� ffastÞ � eð�kslow�tÞ ð3Þ
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Figure 3. Inactivation of limpet sulfatase by 3-nitrophenyl sulfamate 2 at pH 7. (A) Semi-logarithmic plot of inactivation by 12.5 mM (s), 8.3 mM (N), 5 mM (d), 2.5 mM (h),
1 mM (�), 0.5 mM (4), 0.25 mM (j), and 0 M (}) sulfamate 2. (B) Replot of inactivation rates. (C) Protection against inactivation by 2 (1 mM) using substrate 1 (79 mM).
Residual enzyme activity (vres) was assayed after 20 s from addition of 2. C denotes control, P protected and U unprotected reaction with vres/v0 ratio 1, 0.91 and 0.66,
respectively.


Table 2
Inactivation parameters for inhibition of sulfatases by 3-nitrophenyl sulfamate 2


Sulfatase kinact (s�1) Ki (mM) t1/2 (s) kinact/Ki (s�1 mM�1)


PaAtsAa 0.063 ± 0.007 (0.13 ± 0.03) � 10�3 11 480 ± 110
Snail 0.0411 ± 0.0004 0.035 ± 0.001 17 1.19 ± 0.06
Limpet 0.038 ± 0.002 0.98 ± 0.16 18 0.038 ± 0.006
Abalone, fast 0.070 ± 0.005 1.6 ± 0.3 10 0.043 ± 0.009
Abalone, slow 0.0027 ± 0.0002 5.0 ± 1.0 257 0.0005 ± 0.0001


a See Ref. 14.
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and are shown in Table 2. The first-order rates for protection of
limpet and abalone sulfatases by substrate 1 against 3-nitro-
phenyl sulfamate-induced inactivation could not be accurately
determined as substrate was rapidly depleted in the inactivation
reaction mixture. Evidence for substrate protection is therefore
reported as a ratio of vres/v0 at a single time point (Fig. 3C and
4D, respectively).
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The mode of inactivation seen for the four sulfatases deserves
comment. While inactivation of PaAtsA14 and snail sulfatases by
2 obeyed pseudo-first-order kinetics (Fig. 2A), limpet and abalone
sulfatases were inactivated in a biphasic manner (Fig. 3A, 4A). This
latter behavior is reminiscent of the inactivation of estrone sulfa-
tase by EMATE, COUMATE and 667COUMATE (Fig. 1).11–13 Two
possible explanations for the biphasic kinetics of inactivation can
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be advanced. The first explanation is that the crude enzyme prep-
arations used in this work as well as that for estrone sulfatase con-
tain at least two different sulfatase enzymes (or isozymes) that
possess different parameters of inactivation. Thus, the first fast
phase of inactivation reports on an enzyme possessing a high ki-


nact/Ki value, whereas the second slower phase reports on a differ-
ent enzyme with a lower kinact/Ki value. An alternative explanation
for biphasic inactivation kinetics is that inactivation by 3-nitro-
phenyl sulfamate results in sulfamoylation of multiple enzyme res-
idues through two independent processes.12,14 Thus, one process
leads to the loss of enzyme activity by specific sulfamoylation of
the active-site FGly residue. The second process results in direct
sulfamoylation of other enzyme residues, possibly conserved ac-
tive-site nucleophiles such as Lys or His.14 This second process
leads to a non-specifically sulfamoylated enzyme with altered
parameters of inactivation that is then inactivated by specific sul-
famoylation of the active-site FGly.


It is also worthwhile commenting on the differences in the effi-
ciency of inactivation (in terms of the kinact/Ki ratio) seen for the
four sulfatases. This value ranges from 480 to 0.038 s�1 mM�1 for
sulfatases from different origins, declining in the order
PaAtsA > snail > abalone (fast fraction) � limpet sulfatase. This cor-
relates well with the relative affinity of these sulfatases for potas-
sium 4-nitrophenyl sulfate as reflected by the increasing Km value
from nanomolar (PaAtsA) to millimolar (abalone and limpet sulfat-
ases), Table 1. Therefore, the varying kinact/Ki ratio for these en-
zymes is likely related to differences in their affinity for the
nitrophenyl group. Indeed, closer inspection of these data reveals
a good correlation of inactivator Ki value with the Km value for each
enzyme. These data suggest that the ability of aryl sulfamates to
inactivate sulfatases is a common phenomenon.


Sulfatases mediate a wide variety of biological processes includ-
ing developmental cell signaling, hormone regulation, pathogenesis
and cellular degradation. Studies of these enzymes are limited by a
lack of specific reagents, especially inhibitors. This study demon-
strates that aryl sulfamates are time-dependent, active-site-direc-
ted inactivators of a range of sulfatases from various sources. The
efficiency of inactivation (kinact/Ki) for individual sulfatases corre-
lated with the Km values for substrate hydrolysis. Thus, for sulfatases
able to catalyze the hydrolysis of a specific aryl sulfate, we anticipate
that the corresponding aryl sulfamate should act as an inhibitor. We
have already demonstrated that aryl sulfamates can be used as ac-
tive-site titrants for sulfatases,14 and there is great potential for their

broad-scale use as small molecule tools in dissecting sulfatase-spe-
cific processes in complex biological systems. The generality of aryl
sulfamates as sulfatase inactivators suggests their potential applica-
tion in the treatment of sulfatase-related dysfunctions aside from
therapy of hormone-dependent breast cancer.
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A dual activity, conjugated approach has been taken to form hybrid molecules of two known antimalarial
drugs, chloroquine (CQ) and the non-sedating H1 antagonist astemizole. A variety of linkers were inves-
tigated to conjugate the two agents into one molecule. Compounds 5–8 possessed improved in vitro
activity against a CQ-resistant strain of Plasmodium falciparum, and examples 7 and 8 were active
in vivo in mouse models of malaria.


� 2008 Elsevier Ltd. All rights reserved.
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Between 300 and 500 million clinical cases of malaria are pre-
sented each year, resulting in over 1 million deaths.1 Most of these
deaths occur in the poorest regions, sub-Saharan Africa in particu-
lar accounting for well over 90% of these cases.1 The causal agent of
the most lethal form of malaria, Plasmodium falciparum, has devel-
oped resistance to a multitude of drugs including the efficacious,
safe and cheap drug chloroquine (CQ, Fig. 1) that was once used
as a first line of defence against infection in most endemic regions.2


This development of resistance has in part been responsible for the
global rise of malaria.2 CQ resistance had largely been attributed to
mutations in the PfCRT gene that encodes for the protein believed
to mediate efflux of the drug from the digestive vacuole of the par-
asite,3 leading to sub-optimal drug concentrations.


To overcome the challenges of multi-drug resistance in P. falci-
parum, combination therapy offers an attractive alternative. In this
approach a combination of drugs that target different biological
targets/systems within the parasite are co-administered. Imipra-
mine, a drug with no inherent antimalarial activity, has also been
shown to reverse CQ resistance in P. falciparum when co-adminis-
tered with CQ.4


Burgess et al. have also recently shown that hybridization of CQ
and imipramine, to give compound 1, is a viable strategy to reverse
CQ resistance in drug-resistant P. falciparum.5 In addition, a recent
report by Chong and co-workers identified astemizole 2 (Fig. 2) as

ll rights reserved.
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a potent inhibitor against both CQ-sensitive and CQ-resistant par-
asites in vitro and in vivo.6


Based on the CQ–imipramine hybrid data, and astemizole anti-
plasmodial activity, we were interested in pursuing a hybridization
strategy that combined the core portions of the two structurally
distinct moieties of CQ and astemizole, each of which possess sig-
nificant antiplasmodial activities, via an appropriate linker. We
hoped this strategy would result in compounds that could over-
come P. falciparum resistance to CQ, and offer a viable strategy

NCl 1


Figure 1. Chemical structures of chloroquine (CQ) and imipramine and CQ–
imipramine hybrid 1.
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Figure 2. Chemical structures of astemizole and its metabolites (2–4) and synthetic hybrids 5–8.
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for the discovery of new antimalarial therapies. A similar hybrid-
ization strategy has also been employed in antimalarial peroxide
research, for example, aminoquinoline and trioxanes,7 artemisinin
and quinine,8 and aminoquinoline and tetraoxanes.9


The combination of two separate pharmacological agents into a
single molecule is an emerging strategy within medicinal chemis-
try and drug discovery.10 The work of Morphy and Rankovic11 and
Hopkins et al.12 has highlighted both the opportunities within this
paradigm, but also the trends towards increased molecular weight
and lipophilicity in multipharmacology ligands when compared to
known oral drugs.13 With these challenges in mind, a small set of
conjugated CQ–astemizole hybrids 5–8 was designed (Fig. 2), the
synthesis and biological evaluation of which are described in this
letter.


The plasmodia data disclosed by Chong et al.6 gave some guid-
ance on the possible strategies for conjugating astemizole and CQ
together. Both 2 and 3 had good antiplasmodial activity (in vitro
and in vivo), whereas norastemizole 4, which lacked the phenethyl
sidechain, had significantly reduced activity. This suggested to us
that alkylation of the piperidine nitrogen was important, and that
replacement of the phenethyl unit of astemizole with the quinoline
heterocycle of CQ was an approach worth investigating. This strat-
egy had the added advantage of replacing the metabolically vul-
nerable methoxyphenyl group of astemizole with a more robust
heterocyclic moiety. A basic centre was also retained in the new
analogues, as CQ is postulated to concentrate in the parasite diges-
tive vacuole by virtue of protonation under the acidic conditions
found in that compartment (pH of digestive vacuole measured at
4.7). The calculated pKas for analogues 5–8 were all above 7.0
(using ACD software) and would result in >99% protonation at
pH 4.7.


It was a significant challenge to keep these conjugated mole-
cules approaching the Ro5, and in all cases lipophilicity increased
compared to astemizole. Clearly this would need to be addressed
in further design cycles, due to the potential for high lipophilicity
to increase both off-target pharmacology and the potential for ad-
verse toxicological outcomes.14 However, it was felt the designed
set of compounds 5–8 would allow for proof-of-principle of this
hybrid approach to be established, which could then trigger further
work to improve drug-like properties.


The synthetic route employed to access the target compounds
5–8 is outlined in Scheme 1. Alkylation of 2-chlorobenzimidazole
9 was effected with 4-fluorobenzyl bromide 10 under basic condi-

tions to afford 11 in excellent yield. Attempted palladium-cata-
lysed Buchwald–Hartwig type amination of 11 under standard
conditions only yielded starting materials, but 12 could be ob-
tained in good yield after treatment of 11 with excess piperazine
in the absence of catalyst under microwave irradiation. Final cou-
pling of 12 with 4,7-dichloroquinoline 13 afforded target com-
pound 5.15 Amination of 13 with propanolamine 14 gave
intermediate 15 in excellent yield. Compound 6 was then obtained
by subsequent triflation of 15 to yield 16, followed by nucleophilic
substitution of the triflate with 12.


Targets 7 and 8 were synthesised in a similar fashion. The ana-
logue 7 was realised via coupling 4-aminopiperidine 17 with 13 to
give 18,16 and then reaction of 18 with 11 to give the desired prod-
uct 7. The synthesis of reverse analogue 8 began with reaction of
11 with 4-aminopiperidine 17 under microwave irradiation, to af-
ford 19 in almost quantitative yield. Coupling of 13 and 19, again
under microwave conditions, gave compound 8.


Antiplasmodial activity was determined in a CQ-resistant K1
strain of the P. falciparum parasite.17 The results of the antiplasmo-
dial activity of compounds 5–8 are shown in Table 1, along with
the value for the standard drug CQ and astemizole 2. With the
exception of 5, all compounds were 3–10 times more active than
CQ with optimum activity being seen in compound 6 (IC50


23 nM). Interestingly, the conformationally constrained amino-
piperidine linkers 7 and 8 also delivered potent K1 activity. This
is in contrast to a previously described series of CQ analogues
where acyclic linkers were found to deliver more potency that
those with a conformationally constrained piperidine or pyrroli-
dine linker.16 Importantly, the hybrid analogues displayed good
cytotoxicity profiles, with all compounds showing >100-fold selec-
tivity for antiparasitic activity over cell-based cytotoxicity.


These results suggested that hybridizing the two different units,
each of which possesses significant antiplasmodial activity, via an
appropriate linker could overcome resistance to CQ, much of which
has been ascribed to mutations in the PfCRT gene.3


Based on the in vitro P. falciparum activity, analogues 7 and 8
were progressed to a Plasmodium berghei mouse malaria model.18


Both compounds showed in vivo activity although neither was as
active as CQ (Table 2). Both 5 and 6 showed prolongation of sur-
vival (based on mean survival time) and significant reductions in
parasitemia at 4 � 50 mg/kg (7) and 4 � 20 mg/kg (8) ip. At this
high dose, 7 reduced parasitemia comparatively to CQ. These
in vivo results suggested that the hybridization approach outlined
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Table 1
In vitro antiplasmodial activity against CQ-resistant P. falciparum K1 strain and
cytotoxicity in rat L6 myoblasts


Compound IC50 (lM) Cytotoxicity (lM)


CQ 0.23 —
2 50% at 5 lMa —
5 0.61 126
6 0.023 6.86
7 0.064 9.1
8 0.037 8.8


a Single-point determination at 2.5 lg/ml, equivalent to 5.4 lM.


Table 2
In vivo antiplasmodial activity in P. berghei mouse model


Compound Dose (mg/kg) MSTa (days) % Activity


CQ 4� 10 17 99
7 4� 50 13 99
8 4� 20 8 80


a MST, mean survival time in days.
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herein is a viable strategy to overcome CQ-associated resistance in
P. falciparum.


In summary, the potential to overcome P. falciparum resistance
to CQ both in vitro and in vivo has been demonstrated using a hy-
brid design strategy, which conjugated the antiplasmodial agents,
chloroquine and astemizole, into a single molecule. Further work

in this area should focus on improving the drug-like properties of
the hybrid agents, which may in turn improve the in vivo efficacy
of this class of compounds.
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To create ligands for the estrogen receptor that contain pendant groups for tethering to a poly(amido)-
amine (PAMAM) dendrimer, we have explored a class of N-substituted 2-phenyl indoles. Attachment
of tethers of different length and chemical nature to this non-steroidal indole scaffold gave high affinity
ligand-tether conjugates that can be easily functionalized. To further explore the utility of this system, an
indole-conjugated dendrimer was prepared and evaluated as an estrogen receptor ligand.


� 2008 Elsevier Ltd. All rights reserved.

The estrogen receptor (ER) is a member of the nuclear hormone
receptor superfamily of ligand-regulated transcription factors. The
ER is regulated primarily by the endogenous estrogen, estradiol
(E2, Fig. 1), but it is also the target of pharmaceutical agents,
including estrogen agonists, antagonists, and selective estrogen
receptor modulators (SERMs) that activate the subtypes ERa and
ERb.1 The binding of E2 or other agonists to ER results in conforma-
tional changes that affect its ability to recruit coactivators or core-
pressors and controls ER interaction with DNA-regulatory
sequences, termed estrogen response elements.2


In addition to its nuclear role to regulate gene transcription, ER
can also have non-genomic actions by directly activating kinase
cascades. These non-genomic effects are more rapid than the tran-
scriptional ones and are mediated through ER from membrane or
other extranuclear sites, where it acts as a classical activator of sig-
nal transduction.3 Extranuclear ER is most likely the same protein
as nuclear ER, yet it represents only a few percent of total cellular
ER, so rigorous characterization of membrane ER has been difficult.


Estrogens conjugated to poly(amido)amine (PAMAM) dendri-
mers have been used to study the non-genomic, extranuclear ef-
fects of the estrogen receptor.4,5 We have found that when an
estrogen is conjugated to the highly charged, abiotic PAMAM mac-
romolecule, this estrogen–dendrimer conjugate remains outside of
the nucleus, allowing the ligand to activate signaling of only non-
nuclear, non-genomic pathways.


PAMAMs are available in a number of generations that corre-
spond to progressively increasing molecular weights and surface
functionalities. PAMAMs contain multiple surface amine substitu-

ll rights reserved.
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ents onto which ligands can be covalently attached. Generation-6
PAMAM has a nominal molecular weight of 58 kDa, similar to bo-
vine serum albumin, which has been used as an estradiol carrier6;
the dendrimer also has nominally 256 surface primary amines. A
distinct advantage of a PAMAM over a protein as a macromolecule
for hormone conjugation is that the PAMAM can withstand organic
solvents and extraction protocols needed to remove any remaining
free ligand, which can confound biological experiments.4–6


Production of ER ligand-macromolecule conjugates involves
four design steps: (I) identifying a good ligand scaffold with a posi-
tion for covalent attachment of the tether, (II) determining an opti-
mal tether length and chemical nature, (III) locating an appropriate
linker type for synthetic ease in attachment to the dendrimer, and
(IV) attachment of the dendrimer.


Regarding the first design step, adding a tether to various posi-
tions on E2 generally reduces its affinity, although substitution at
7a, 11b, or 17a is typically well tolerated.7 Estradiol-macromolec-
ular conjugates attached through 7a or 17a that we prepared bind
well to ER and were useful as biological probes.4,5 Although these
steroidal estrogen conjugates were useful, many interesting non-
steroidal ligands for ER are known. While originally of interest
because of their ease of synthesis, non-steroidal ligands have

Figure 1. Estradiol (E2) and 2-phenylindole estrogens.
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noteworthy biological profiles and have provided ER subtype-selec-
tive ligands and supplied new therapeutic agents.2,8,9 Thus, we were
intrigued at the possibility of building functional ER-non-steroidal
ligand conjugates, particularly those with macromolecules.


To investigate the tolerance of ER to macromolecule conjugates
of non-steroidal ligands, we chose a series of 2-phenylindole li-
gands (Fig. 1). Many members of this class have pharmacological
activity,10–18 and attachment of alkyl groups to the indole nitrogen
generally provided favorable ER binding.10,17 The 2-phenylindole
estrogens have been tested as inhibitors of mammary tumor
growth15 and have been successfully attached to pendant chemo-
therapy agents to target ER+ tumors.11


Recent reports show that the second design step can often be
best achieved with short tethers.4,5,19 Addition of long or moder-
ate-length tethers to ER ligands can sometimes decrease their
accessibility to the receptor. Particularly when the ligand is conju-
gated to a macromolecule, shorter, more rigid tethers result in bet-
ter exposure of the ligand to the receptor, by projecting the ligand
outward, away from the conjugated molecule.5 Thus, ligands with
shorter tethers often have affinity similar to that of the analogous
ligands without these tethers.7 Thus, we prepared a small group of
N-substituted 3-methyl-2-phenylindoles with tethers of various
lengths and determined their binding affinities.


Using the Fischer indole synthesis (Scheme 1), 4-methoxyphen-
ylhydrazine hydrochloride was reacted with 4-methoxypropiophe-
none to obtain dimethoxy protected 3-methyl-2-phenylindole 1.

Scheme 1. Reagents and conditions: (a) HCl, EtOH, 80 �C, 6 h, 84%; (b) BBr3, CH2Cl2


Table 1
Synthesis and evaluation of estrogen receptor ligands


(a) NaH, electrophile, THF, 0 ˚C to r.t., 16-44%;Reagents and conditions


Compound SM/deprotection scheme R2


3 2/(b)


4 2/(b)


5 1/(c)


6 2/(b) (CH2)


7 2/(b) (CH2


8 1/(c) (CH2)


* Binding affinities are expressed as relative binding affinity (RBA) values, where the affin
for ERa and 0.5 nM for ERb.

Deprotection of 1 with BBr3 gave a dihydroxy indole intermediate,
which was reprotected as the di-isopropyl ether 2. This was neces-
sary to avoid incompatibility during eventual removal of protect-
ing groups from the indole and substituents placed on the indole
nitrogen.


The protected indoles 1 and 2 were used to prepare tether-con-
taining indoles to determine which attachment gives the highest
affinity ER ligand (Table 1). Indoles 1 or 2 were treated with NaH
followed by the appropriate electrophile to introduce N-benzyl or
N-alkyl groups. The isopropyl groups were selectively cleaved with
AlCl3 to give products 3–4 and 6–7, whereas treatment of the tri-
methoxy indoles with BBr3 gave 5 and 8.


The affinity of these modified indoles for ERa and ERb was mea-
sured using a radiometric binding assay with [3H]estradiol as tra-
cer.20 The binding is expressed as relative binding affinity (RBA)
values, which represent a percent of the binding affinity of the
standard, E2 = 100% (Table 1). The affinities of these compounds
are quite promising. Especially noteworthy are N-alkyl indole 7
and N-benzyl indole 4, with ERa RBAs of 41% and 27%, respectively.
These two compounds show that the ER is able to tolerate flexible
tethers of some length on the N-1 position; thus, such compounds
are viable candidates for further study. The ERa binding affinity of
the other N-substituted indoles is also high, but in all cases, their
ERb affinity is less.


Some indoles were assayed for their agonistic and antagonistic
character as regulators of transcription by co-transfection reporter

, �78 �C to rt, 18 h, 82%; (c) 2-bromopropane, TBAH, acetone, 60 �C, 24 h, 46%.


 (b) AlCl3, CH2Cl2, r.t., 25-33%; (c) BBr3, CH2Cl2, 0 ˚C to r.t., quant. 


ERa, ERb relative binding affinity (RBA)*


OCH3 11, 6.5


O(CH2)3CH3 27, 1.2


OH 10, 1.0


6OCH3 11, 2.0


)6O(CH2)3CH3 41, 3.0


6OH 13, 1.4


ity of the tracer and native ligand estradiol is set at 100. The Kd of estradiol is 0.2 nM







Table 2
RBA values for tethered indole ligands


Compound Structure ERa, ERb
relative
binding
affinity
(RBA)


10 See Scheme 2 0.188, 0.084
11 See Scheme 2 2.17, 0.24
13 See Scheme 2 0.314, 0.046
15 See Scheme 2 0.226, 0.048


19 0.5 ± 0.1,
0.1 ± 0.1


20 See Scheme 3 1.3 ± 0.2a,
<0.007a


a RBA values for the dendrimer conjugate are based on the concentration of
ligand, not the dendrimer conjugate. Based on the dendrimer, RBA values would be
25-fold higher.
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gene assays in human endometrial cancer cells, at ligand concen-
trations from 10�10 to 10�6 M. Agonist activity was measured with
the ligand alone, antagonistic activity with 10�9 M estradiol. None
of the compounds showed full agonist activity; all were mixed ago-
nist/antagonists of modest potency, consistent with the behavior of
other N-substituted-2-phenylindoles.10–17 They also showed only
limited selectivities for ERa and ERor b (data not shown).


As this class of tether-containing indoles was promising, we
prepared another group to address the third design challenge of
locating an appropriate chemical linker for attachment to the N-1
position. We utilized either ether-based phenolic or amine-based
aniline linkages. These molecules ended in an amine, which can
be used to anchor the PAMAM dendrimer.


For the ether linkage 9 (Scheme 2), we used 4-(3-iodoprop-
oxy)benzaldehyde to add a three-carbon linker to 1. Compound 9
was deprotected with EtSH to give 10, modifying the aldehyde as
well. This compound had low ER affinity (Table 2). From interme-
diate 9 we made 11, using reductive amination to attach a linker
that mimics the attachment site to the PAMAM dendrimer. Com-
pound 11 (Table 2) again shows a preference for the ERa.


For the amide linkage, we added 4-iodobutylphthalimide to 1 or
to a benzyl-protected indole. Deprotection of 12 and treatment
with hydrazine gave 13. An N-hydroxysuccinimide (NHS) ester
(16) was added to amine 14, and the product was deprotected to
give 15. Compounds 13 and 15 also show selectivity for ERa. Thus,
we determined that ether or amine linkages would be acceptable
for further design of an indole-PAMAM conjugate. For synthetic
ease, we choose a 4-carbon linker to a substituted benzamide (like
15) because it would provide the most direct route to the desired
conjugate.


For the fourth and final design step, we created an indole com-
pound 18 having an aldehyde-substituted phenyl ring through
which it could be conjugated to a PAMAM dendrimer (Scheme
3). Compound 18 was to be reacted with N-acetyl ethylenediamine
to afford conjugate 19, a reference compound whose structure

Scheme 2. Reagents and conditions: (a) NaH, 4-(3-iodopropoxy)benzaldehyde, DMF, 7
MeOH; (d) NaH, 4-iodobutylphthalimide, rt, 62–83%; (e) H2NNH2, CH2Cl2CHCl2, MeOH,

mimics the functionality of last unit of a G-6 PAMAM, or with G-
6 PAMAM itself to form the dendrimer conjugate 20.


To synthesize the indole conjugates, methyl-protected indole 1
was treated with NaH followed by 4-iodobutylphthalimide. Depro-
tection of the methyl ethers with AlCl3 and EtSH followed by repro-
tection with TBDMS gave indole 17. Hydrazinolysis gave the
primary amine, and a protected benzaldehyde was obtained by
treatment with NHS ester 21. The acetal protecting group was re-
moved with acid to give intermediate 18. Reductive amination
with N-acetyl ethylenediamine followed by cleavage of the silyl
protecting groups gave reference indole 19.


Protecting group cleavage of 18 followed by reductive amina-
tion was also performed with the G-6 PAMAM dendrimer to pro-

9%; (b) EtSH, AlCl3, rt, 89%-quant; (c) i—NH2(CH2)2NHAc, MeOH, 65 �C; ii—NaBH4,
rt, quant; (f) i—16, CH2Cl2, quant; ii—Pd/C, MeOH, quant.







Scheme 3. Reagents and conditions: (a) NaH, 4-iodobutylphthalimide, DMF, 0 �C to rt, 83%; (b) EtSH, AlCl3, rt, 85%; (c) TBDMSCl, imidazole, DMF, 91%; (d) H2NNH2, CH2Cl2,
MeOH, rt, 80%; (e) 21, CH2Cl2, THF, rt, 80%; (f) H+, acetone, rt, 72%; (g) i—NH2CH2CH2NHAc, CH2Cl2, ii—NaBH4; (h) 1N HCl/MeOH, rt, quant; (i) i—G-6 PAMAM, MeOH, rt; ii—
NaBH4, quant.
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vide the indole-PAMAM conjugate 20, after removal of unreacted
indole by membrane filtration, as we have previously described.4


Because the reductive amination reaction is highly efficient, the
degree of dendrimer substitution by the indole ligand directly re-
flects the indole-to-PAMAM stoichiometric ratio.4,5 The uniformity
of substitution was determined by MALDI MS, which showed an
average of 25 indole substituents per PAMAM molecule, leaving
approximately 230 free amines.21


The binding affinity analyses of 19 and 20 are given in Table 2.
As an ER ligand, the reference compound 19 had relatively low
affinity for both ERa and ERb. By contrast, the indole-PAMAM con-
jugate 20 showed respectable binding to ERa, with very high affin-
ity preference (ca. 200-fold) for ERa over ERb. Notably, this is the
first ligand–dendrimer conjugate that shows such a large ERa-
selectivity, a finding that supports further study within this com-
pound class.


In summary, we have prepared a series of N-substituted indoles
having good binding affinities for the estrogen receptor and show
the high tolerance of the ER for tethers of various lengths on N-1
of the 2-phenylindole. A dendrimer-conjugated indole was pro-
duced that had good affinity and selectivity for ERa. This novel
compound can be used in further studies to characterize the bio-
logical functions of extranuclear ER.
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We have successfully obtained 1,2,4-oxadiazol-5-one bioisoteres of Am580 or Tazarotene-like retinoids.
In particular compound 4 displays an EC50 of 26 nM on RAR-b.
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Natural and synthetic retinoids display pleiotropic effects that
have led to their development as therapeutic drugs in a number
of applications including acne, psoriasis and cancer.1 Retinoids
have a remarkable range of activities. Indeed, they regulate embry-
onic development, bone formation, cell differentiation and prolif-
eration, glucose and lipid metabolism, carcinogenesis and
immune function.2–4 The biological activities of retinoids are med-
iated by two types of nuclear receptors, Retinoic Acid Receptors
(RARs or NR1B: RARa, RARb and RARc), and Retinoid X Receptors
(RXRs or NR2B: RXRa, RXRb and RXRc). At the molecular level
RARs and RXRs form heterodimers. At the cellular level, these
receptors are DNA binding proteins that regulate gene transcrip-
tion in response to ligand-binding. The success of RAR modulation
in the treatment of acute promyelocyticleukaemia (APL)5 has stim-
ulated considerable interest in the development of RAR and RXR
modulators. Most potent retinoids, such as Am580 or Tazarotenic
acid have an aromatic carboxylic acid moiety instead of the poly-
enecarboxylic acid of retinoic acid (ATRA, Fig. 1). In this family,
the hydrophobic part and the linker (X) can be varied with reten-
tion of high activity. Tazarotene, an RAR-b,c selective acetylenic
retinoid, was chosen for development as a topical agent for psori-
asis and acne. Am580 (RAR-a selective) has powerful and selective
cyto-differentiating effects on APL.6,7


Various acidic heterocycles are classically used by medicinal
chemists as carboxylic acid bioisosteres.8 Tetrazole is a common
bioisostere of the carboxylic acid group but in the particular case

ll rights reserved.


fax: +33 (0) 320 964 709.
ton).

of retinoids led to loss of activity.9 On the contrary, thiazolidined-
ione moiety has been described by Tashima et al. to be an effective
replacement of the carboxylic acid (Fig. 2a).10,11 More recently, bio-
isosteric replacement of carboxylic acid with a tropolone ring is re-
ported (Fig. 2b).12,13


Another example of acidic heterocycle is the 1,2,4-oxadiazol-5-
one ring, found in AT1 antagonists14, COX inhibitors15, PLA2 inhib-
itors16 and modulators of GluR.17 This heterocycle can replace car-
boxylic acids but displays geometrically different protomers and
slightly different physico-chemical properties. Compounds bearing
this heterocycle have different lipophilic properties that may
translate into improved bioavailability compared with their car-
boxylic analogues. Indeed, DlogD7.4 between benzoic acid and 3-
phenyl-1,2,4-oxadiazol-5-one = 0.7 log unit, the oxadiazolone
being more hydrophobic than its carboxylic counterpart.18 In our
project aiming at synthesizing various analogues of pharmacolog-
ically active carboxylic acids, we explored the replacement of the
carboxylic acid function by the 1,2,4-oxadiazol-5-one moiety in
two series of retinoids: analogues of the tazarotene, a RAR-b,c
selective acetylenic retinoid, and Am580, an RAR-a selective reti-
noid (Fig. 3).


First, we investigated the synthesis of tazarotenic acid ana-
logues.19 Precursors 1 and 2 were synthesized as previously de-
scribed from the corresponding nitrile in two steps (Scheme 1).20


We have recently reported a strategy for solid-phase synthesis
of acetylenic derivatives of 3-aryl-1,2,4-oxadiazol-5-one thanks
to a Sonogashira reaction.19 Compound 1 was thus grafted on resin
and then reacted with 6-ethynyl-1,1,4,4-tetramethyl-1,2,3,4-tetra-
hydro-naphthalene 3 to yield compounds 4 (Scheme 2).
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Figure 3. Generic structure of the potential retinoid 1,2,4-oxadiazol-5-one
derivatives.
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Scheme 3. Reaction conditions: (i) 1 or 2, PdCl2(PPh3)2, CuI, NEt3, DMF, 80 �C, 7 h,
(5: 50%, 6: 83%, 7: 56%).
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Scheme 4. Reaction conditions: (i) Alkyne (1.2 equiv), PdCl2(PPh3)2 (0.05 equiv),
CuI (0.1 equiv), NEt3, DMF, 80 �C, 5 h, 8a: 52%, 9: 20%, (ii) NaOH (2 equiv), EtOH, 8:
100%.
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Scheme 5. Reaction conditions: (i) H2N–C6H4–CO2Et, NEt3, THF, rt, 3 h, 85%. (ii)
NaOH, EtOH, H2O, 40 �C, 12 h, 90%. (iii) H2N–C6H4–CN, NEt3, THF, rt, 12 h, 10a: 98%.
(iv) NH2OH.HCl, DIEA, EtOH, reflux, 6 h, 10b: 91%. (v) CDI, DBU, dioxane, 110 �C, 2 h,
10: 44%.
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In the search of a more cost-effective synthesis, we also devel-
oped the first solution Sonogashira coupling with an unprotected
1,2,4-oxadiazol-5-one ring. Such strategy has been used for
Suzuki–Miyaura reactions 21 and successfully applied for the
synthesis of compounds 5–7 (Scheme 3).
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Scheme 2. Reaction conditions: (i) trimethylsilylacetylene (1.3 equiv), PdCl2(PPh3)2 (0.05 equiv), CuI (0.1 equiv), NEt3, 70 �C, 12 h (ii) KOH (0.1 N), Isopropanol, 12 h, rt (iii)
alkyne (10 equiv), PdCl2(PPh3)2 (1.1 equiv), CuI (2.2 equiv), DIEA (30 equiv), DMF, rt, 3 h then 5% TFA/CH2Cl2, rt, 3 h.
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Some carboxylic acid analogues described in literature were
also synthesized like compounds 8 and 9 in order to compare ret-
inoidal activity of our oxadiazolone derivatives with known reti-
noic compounds (Scheme 4).


Am580 and its 1,2,4-oxadiazol-5-one analog 10 were synthe-
sized as described in Scheme 5.

Table 1
Transcriptional activation assay dataa


Compound RAR-a


EC50 (nM)
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O


63.0


ATRA OH


O


17.0


a The data are expressed as averages of % efficacy and EC50. Eff.: efficacy is relative to
b <10% at 10 lM.
c Efficacy is relative to Tazarotene defined as 100%.

The retinoidal activities of the synthesized compounds were
examined in terms of potency and efficacy and results are pre-
sented in Table 1. Chimeric receptors RAR-Gal4 where RAR li-
gand-binding domain (LBD) fused to the DNA binding domain
(DBD) of the yeast transcription factor GAL4 and reporter gene con-
taining a GAL4 response element–driven luciferase activity have

RAR-b RAR-c


Eff (%) EC50 (nM) Eff (%) EC50 (nM) Eff (%)


—b 10.0 35c 10.0 44c


—b 820.0 34 >1000 —b


—b >1000 —b >1000 —b


53 0.3 83 0.6 125


—b 26.0 50 91.0 48


—b >1000 —b >1000 —b


43 8.6 46 13.0 43


40 >1000 —b >1000 —b


54 0.8 57 40.0 72


100 12.0 100 0.2 100


ATRA defined as 100%.
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been transiently transfected. Mammalian cells did not contain GAL,
only the transfected RAR-GAL4 chimeric receptors can activate the
reporter gene, eliminating interference from endogenous nuclear
receptors.22


Tazarotene and its analogue 8 are RAR-b,c selective acetylenic
retinoids, whereas analogue 9 is very active on the three subtypes.
Interestingly, 1,2,4-oxadiazol-5-one 4 and 5 activities differ from
their carboxylic acids analogues. Indeed, compound 5 is slightly ac-
tive on RAR-b. Compound 4, though nanomolar on RAR-b
(EC50 = 26 nM), is less active than 9 but displays a better selectivity
on RAR-b,c subtypes and an efficacy comparable with tazarotene. As
expected, bended analogue 7 is not active since it is not linear en-
ough to fit the RAR pharmacophore. In the second series, compound
10 is active on RAR-a with a similar efficacy to that of Am580 (40
versus 43%). In the light of these results, both compounds 4 and
10 could be good starting points for further optimization.


All these compounds were checked for cross-reactivity with the
retinoid X receptor (RXR a, b, c) and found to be inactive.


In conclusion, we have described the solid-phase or solution-
phase syntheses of a new series of non-carboxylic acid RAR ligands.
We have shown that the 1,2,4-oxadiazol-5-one moiety can act as a
bioisostere of the carboxylic acid function in retinoid structures. In
particular the retinoidal activity of compound 4 (RAR-b,c selective)
is significant, considering that replacement of the carboxylic acid
in retinoid structures with bioisosteric functional groups is gener-
ally ineffective. These non-carboxylic acid type RAR ligands may
exhibit different pharmacological behaviors from classical carbox-
ylic acid compounds, as well as unique biological activity, and they
may provide further scope for clinical applications.
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22. Cell culture. Cos-7 cells were obtained from ATCC (CRL-1651). Cells were
maintained in standard culture conditions (Dulbecco’s modified Eagle’s
minimal essential medium supplemented with 10% fetal calf serum at 37 �C
in a humidified atmosphere of 5% CO2/95% air). Medium was changed every 2
days.Effect of compounds on RARs transcriptional activity using chimaeric
protein constructs.Cos-7 cells were seeded in 60 mm dishes in DMEM
supplemented with 10% FCS and incubated at 37 �C for 16 h prior
transfection. Cells were transfected in DMEM 10% FCS, using jetPEITM


transfection reagent, with reporter (pGal5-TK-pGl3) and expression plasmids
(pGal4-hRARa, cor b). Cells were incubated at 37 �C. After 24 h, cells were
trypsinised and seeded in 96-well plates and incubated for 6 h in DMEM
containing 0.2% FCS. Cells were then incubated 16h in DMEM 0.2% FCS and
increasing concentrations of the compounds tested or vehicle (DMSO). At the
end of the experiments, cells were washed once with PBS and the luciferase
and the b-galactosidase assays were performed.



http://dx.doi.org/10.1016/j.bmcl.2008.11.040



		Novel non-carboxylic acid retinoids: 1,2,4-Oxadiazol-5-one derivatives

		AcknowledgementsAcknowledgments

		 Supplementary data

		References and notes








Bioorganic & Medicinal Chemistry Letters 19 (2009) 493–496

Contents lists available at ScienceDirect


Bioorganic & Medicinal Chemistry Letters


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

Antimitotic activity of two macrocyclic bis(bibenzyls), isoplagiochins A
and B from the Liverwort Plagiochila fruticosa


Hiroshi Morita a,*, Yuichiro Tomizawa a, Tomoe Tsuchiya a, Yusuke Hirasawa a,
Toshihiro Hashimoto b, Yoshinori Asakawa b,*


a Faculty of Pharmaceutical Sciences, Hoshi University, Ebara 2-4-41, Shinagawa-ku, Tokyo 142-8501, Japan
b Faculty of Pharmaceutical Sciences, Tokushima Bunri University, Yamashiro-cho, Tokushima 770-8514, Japan


a r t i c l e i n f o a b s t r a c t

Article history:
Received 17 October 2008
Revised 7 November 2008
Accepted 11 November 2008
Available online 14 November 2008


Keywords:
Isoplagiochin A
Isoplagiochin B
Plagiochila fruticosa
Anti-tubulin
Conformation
Structure–activity relationship

0960-894X/$ - see front matter � 2008 Elsevier Ltd. A
doi:10.1016/j.bmcl.2008.11.036


* Corresponding authors. Tel./fax: +81 3 5498 5778
fax: +81 88 655 3051 (Y.A.).


E-mail addresses: moritah@hoshi.ac.jp (H. Morita),
Asakawa).

Two bis(bibenzyls), isoplagiochins A (1) and B (2) have been isolated by the guidance of inhibitory effect
of tubulin polymerization from the liverwort Plagiochila fruticosa (Plagiochilaceae). Isoplagiochins A and B
inhibited the polymerization of tubulin at IC50 50 and 25 lM, respectively. Furthermore structure–activ-
ity relationship based on their conformations was discussed. The presence of two aromatic rings which
can be connected through two atoms bridge spacer of double bond may serve to maintain the backbone
conformation.


� 2008 Elsevier Ltd. All rights reserved.

Antimitotic agents that target tubulin and microtuble formation
and inhibit the mitotic arrest of eucaryotic cells are a class of anti-
tumor agents, which are important components of current antican-
cer therapy, and can be classified into a several classes such as
microtubule stabilizing agents, and vinca and colchicine site bind-
ing agents.1 Recently much effort has been directed to the isolation
and synthesis of new antimitotic drugs that target the tubulin/
microtubule system and display efficacy against drug-refractory
carcinomas.2


During our search for bioactive compounds targeting the tubulin/
microtubules from medicinal plants,3 we found that the extract from
the liverwort Plagiochila fruticosa remarkably inhibited the polymer-
ization of tubulin. Liverworts are rich sources of both terpenoids and
aromatic compounds with various biological activities.4 Our efforts
on identifying new agents that target tubulin resulted in the isola-
tion of two known bis(bibenzyls), isoplagiochins A (1) and B (2).5


This paper describes effects of two bis(bibenzyls) on tubulin assem-
bly as well as structure–activity relationship based on conforma-
tional analysis carried out by NMR spectra and computational
chemistry.

ll rights reserved.


(H.M.); tel.: +81 88 602 8449;
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The MeOH extract of fresh material of P. fruticosa was subjected
repeatedly to column chromatography using Sephadex LH-20
(CHCl3:MeOH = 1:1) and silica gel (CHCl3AMeOH) by the guidance
of inhibition of polymerization of tubulin to afford isoplagiochins
A (1) and B (2).


Generally antimitotic agents such as colchicines and vinblastine
bind to either the colchicine binding site or the vinca alkaloid bind-
ing site.1 On the other hand, paclitaxel promotes the polymerization
of tubulin by binding to and stabilizing the resulting microtubule
polymer, which differs from those of colchicines, podophyllotoxin,
and the vinca alkaloids.1 In this study, it was found that isoplagio-
chins A (1) and B (2) remarkably inhibited the polymerization of
tubulin (Table 1). Microtubule polymerization and depolymeriza-
tion were monitored by the increase and the decrease in turbidity.
Inhibitory effects of isoplagiochin B (2) to tubulin polymerization
are shown in Fig. 1, in which tubulin polymerization was inhibited
in a concentration-dependent manner. On the other hand, dihydro-
isoplagiochins A (3) and B (4), which were derived by hydrogena-
tion of 1 and 2 in the presence of PtO2, respectively, were found
to be less potent (IC50, >100 lM, respectively) than 1 and 2, indicat-
ing that the restricted biaryl ring system of bis(bibenzyls) may be
favorable for tubulin binding.


The above evidence and our interest in cyclic formation led to
elucidate the three-dimensional structures of isoplagiochins and
dihydroisoplagiochins. The flexibility of cyclic molecules in solu-
tion is somewhat difficult to determine the conformation, although
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Table 2
1H [dH (J, Hz)] and 13C [dC] NMR Data of isoplagiochin B (2) and dihydroisoplagiochin B
(4) in CD3OD at 300 K


Position 2 4 2 4


dH dC


1 150.9 150.9
2 6.76(1H, d, 8.1) 6.74 (1H, d, 8.4) 115.5 115.3
3 7.02 (1H, dd, 2.1, 8.1) 6.99 (1H, dd, 1.9,8.4) 127.7 127.5
4 135.9 135.7
5 6.53 (1H, d, 2.1) 6.49 (1H, brs) 132.9 133.1
6 126.5 127.0
7 2.70 (2H, s) 2.70 (2H, m) 34.2 34.3
8 2.70 (2H, s) 2.76 (2H, m) 29.0 28.8
9 123.1 123.3
10 144.6 144.4
11 142.4 142.2
12 6.73 (1H, d, 8.6) 6.71 (1H, d, 8.5) 112.5 112.5
13 6.47 (1H, d, 8.6) 6.44 (1H, d, 8.5) 112.6 112.6
14 144.8 145.0
10 152.7 151.4
20 126.0 125.8
30 7.36 (1H, d, 2.0) 6.51 (1H, d, 1.9) 132.2 132.8
40 129.1 133.4
50 7.15 (1H, dd, 2.0, 8.2) 7.08 (1H, d, 8.2) 130.2 128.6
60 6.88 (1H, d, 8.2) 6.83 (1H, d, 8.2) 116.3 116.1
70 6.58 (1H, s) 3.00 (2H, m) 129.9 35.4
80 6.61 (1H, s) 2.89 (2H, d, 5.2) 128.0 37.5
90 141.0 143.8
100 7.29 (1H, brs) 7.01 (1H, m) 115.3 117.3
110 160.2 159.8
120 6.37 (1H, dd, 2.3, 8.0) 6.35 (1H, dd, 2.1, 8.0) 110.8 109.7
130 7.13 (1H, t, 8.0) 7.07 (1H, m) 129.4 129.0
140 6.69 (1H, d, 7.5) 6.68 (1H, d, 7.1) 121.8 122.1


Table 1
Inhibitory effects of isoplagiochins A (1) and B (2), their dihydroderivatives (3 and 4),
and vinblastine to the polymerization of tubulin


Compounds 1 2 3 4 Vinblastine


IC50(lM) 50 25 >100 >100 2.0
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the NMR provides the most reliable information about the
structure in solution. To elucidate the solution conformation of
isoplagiochin B (2) and dihydroisoplagiochin B (4), complete
assignments of the 1H and 13C signals were made by 2D NMR mea-
surements (Table 2).


NMR spectra of 2 and 4 showed only one set of signals and did
not provide any evidence for the existence of different disastereo-
mers within the NMR time scale. The NMR experiments thus hinted
at the existence of either only one stable stereoisomer or at the
presence of the mixture of rapidly interconverting diastereomers.


To analyze the conformational features of 2 and 4, a series of com-
putational search was conducted by Monte Carlo (MC) search.6 A
total of 3000 MC steps were performed to confirm the reproducibil-
ity of calculation results. After the MC conformational search, each of
the resulting conformations was subjected to the energy-minimiza-
tion calculation by MMFF force field.7 Each of the lowest energy
conformers belonging to two separate clusters are represented as
2a (330.58 kJ/mol) and 2b (346.83 kJ/mol) for isoplagiochin B, and
three clusters 4a (360.80 kJ/mol), 4b (358.16 kJ/mol), and 4c
(368.27 kJ/mol) for dihydroisoplagiochin B (Fig. 2). For isoplagiochin
B, 2a was abundant, whereas energy levels for 4a and 4b for dihydro-
isoplagiochin B were within a range of 1 kcal/mol. The presence of

Figure 1. Inhibitory effects of isoplagiochin B (2) and vinblastine to the polymerization of tubulin protein. Various concentrations of 2 were mixed with tubulin protein
(1.5 mg/mL) at 0� and incubated at 37�. The absorbance at 400 nm was measured.







Figure 3. NOESY correlations (arrows) for two stable conformers (2a and 4a) at
300 K and relative configurations.
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Figure 2. Two representative stable conformers (2a and 2b) of isoplagiochin B (2) and three conformers (4a, 4b, and 4c) of dihydroisoplagiochin B (4) analyzed by Monte
Carlo simulation followed by minimization and clustering analysis.
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conformations 2a and 4a was consistent with the NOESY data as
shown in Figure 3. These conformational characteristics of 2 were

Figure 4. MD simulation for Isoplagiochin B (2a) and Dohydroisoplagiochon B

compatible with those observed in the crystal conformation of
isoplagiochin B triacetate by X-ray analysis.5


The conformational change among these conformers was exam-
ined by molecular dynamics calculation.8 MD simulations were
performed from 2a and 4a. No hydrogen bonding and dihedral an-
gle restraints were taken into consideration. Each system was
equilibrated for duration of 1000 ps with a thermal bath from
300 K to 1000 K. During 100 ps, starting conformer 4a was
converted into 4b and then 4a again at 500 K. On the other hand,
the stable conformer of 2a was not converted into the other con-
formers until 800 K. (see Fig. 4).


Information about the structural flexibility of this compound
can be experimentally obtained from the T1 relaxation times of
the carbon resonances. The NT1 values (N = number of attached
protons, T1 = longitudinal relaxation time) correlate directly with
the molecular mobility.9 The experimental data provide us with
information about the rotational motion of the backbone (Fig. 5).

(4a). Analysis of the dihedral angles a and b during the MD simulation.
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Figure 5. NT1 values in milliseconds of the carbon atoms in isoplagiochin B (2) and
dihydroisoplagiochin B (4) (N = number of attached protons, T1 = longitudinal
relaxation time).


496 H. Morita et al. / Bioorg. Med. Chem. Lett. 19 (2009) 493–496

The NT1 value of the aromatic rings A and C in 4 increased com-
pared with those in 2, indicating that the mobility was increased
when the double bond was reduced. In this respect, the two con-
secutive methylene carbons at C-7 and C-8 of 4 have also large
NT1 values. There was no difference between 2 and 4 about the
NT1 values of the aromatic rings B and D. This supports the finding
that reduction of the double bond at C-7 caused increase in the
mobility, which agrees with the results of MC and MD simulations
as described above.


The global minimum structure of 2a for isoplagiochin B ob-
tained from MC conformational search gave the good agreement
with that expected from the NOE relationship, whereas for
dihydroisoplagiochin B, it was suggested that 4a and 4b have
exchangeable mobility in solution. The presence of two aromatic
rings which can be connected through the double bond may serve
to maintain the backbone conformation. Efforts are currently
underway to determine the precise backbone conformation and
its relationship to biological activity of a series of bis(bibenzyls),
such as Marchantins as antimitotic agents.4
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Herein we describe the medicinal chemistry programme to identify a potential back-up compound to the
EP1 receptor antagonist GW848687X. This work started with the lipophilic 1,2-biaryl benzene derivative
4 which displayed molecular weight of 414.9 g/mol and poor in vivo metabolic stability in the rat and
resulted in the identification of compound 7i (GSK345931A) which demonstrated good metabolic stabil-
ity in the rat and lower molecular weight (381.9 g/mol). In addition, 7i (GSK345931A) showed measur-
able CNS penetration in the mouse and rat and potent analgesic efficacy in acute and sub-chronic models
of inflammatory pain.


� 2008 Elsevier Ltd. All rights reserved.

Prostaglandin E2 (PGE2) is a proinflammatory mediator that has
been linked with a causative role in pain and inflammation1 and
exerts its physiological action by activating four G-protein coupled
receptors, EP1–4.2 Antagonists of the EP1 receptor subtype have
shown efficacy in preclinical models of inflammatory pain.3 Thus
further EP1 antagonists with preclinical efficacy are needed to as-
sess this mechanism of action in a clinical setting.


Following the publication of our initial work to discover novel
EP1 receptor antagonists4 we have subsequently reported the opti-
mization of the pyrrole series,5 which led to the identification of
compounds such as GW855454X (1),5c and the cyclopentene deriv-
ative GW848687X (2)6 which was selected as a development can-
didate (Fig. 1).


GW848687X was efficacious in acute and sub-chronic preclini-
cal models of inflammatory pain,6 namely the Complete Freund’s
Adjuvant (CFA) model of inflammatory pain5a,6 and a joint
pain model of inflammatory pain.6,7 However, we previously re-
ported that close structural analogues of GW848687X, such as
GW845706X (3), Figure 1, failed to show efficacy in the joint pain
sub-chronic model of inflammatory pain. Studies to understand

ll rights reserved.


(A. Hall), +44 1279 643174


iziana.2.scoccitti@gsk.com (T.

this lack of efficacy in a sub-chronic model of inflammatory pain
will be the subject of future publications.


As part of an ongoing programme we wished to identify a po-
tential back-up compound to GW848687X which also demon-
strated efficacy in both acute and sub-chronic preclinical models
of inflammatory pain but also offered some form of structural
diversity over GW848687X.


Extensive profiling of GW848687X had shown oxidation of the
allylic position of the cyclopentene ring to be one of the metabolic
routes. Thus in order to address the above, we elected to use the
1,2-biarylbenzene lead compound 44 as our starting point (Fig. 2).


Compound 4 showed good in vitro activity in both [3H]-PGE2


binding4 and functional4 (mobilization of intracellular Ca2+ mea-
sured by FLIPR) assays, IC50 50 nM and Ki 32 nM, respectively. De-
spite showing low intrinsic clearance in rat and human liver
microsomes, the rat in vivo pharmacokinetic (PK) profile was not
optimal. Furthermore the compound was highly lipophilic, with a
c logP of 7.0 (measured logD 2.2 at pH 7.4). Thus, our goals were
to investigate the SAR of this template and to optimize EP1 activity
whilst improving the in vivo DMPK profile.


Initial structure–activity relationships (SAR) established that the
Cl-atom on the A-ring (X-group) was not critical for activity, com-
pare 4 to 5a (Table 1) but if moved (Y-position), 5b, was detrimental
to activity (Table 1). Substitution of the central phenyl ring (B-ring)
revealed that only the 4-position was amenable to substitution,
compound 5e, although this did not increase EP1 affinity. This result
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is in line with results in the related pyrrole series, where it was found
a methyl group was tolerated in an analogous position.4,5a It was also
found that the acid group could be moved from the meta- to the
ortho-position without affecting activity, whereas translocation to
the para-position drastically reduced activity (Table 1).


We next investigated substitution of the benzoic acid (C-ring).
Substitution in the 2-, 4- or 6-position generally resulted in a de-
crease in EP1 affinity, 6a–c, (Table 2). The effect of substitution at
the 6-position is in contrast to the SAR in the related pyrrole series
where substitution of the 6-position was well tolerated.5c Substitu-
tion at the 5-position was best tolerated. The addition of acylamino
groups generally increased affinity 6e–i; propylacetamide 6g in-
creased the affinity by more than 10-fold.


Although a good level of affinity was achieved with these sub-
stitutions (Tables 1 and 2), the physicochemical properties of these
compounds were not optimal, as already seen in the related pyr-
role series.5b,c

Table 1
In vitro binding data for compounds 4 and 5a–h


O


X


Y


O


OH


Z


o
m


p


1


2 3


4


A


B


C


Compound X Y Z Acid Binding pIC50
a


4 Cl H H m 7.3 ± 0.5
5a H H H m 7.7 ± 0.0
5b H Cl H m 6.5 ± 0.1
5cb Cl H 2-Me m <6
5db Cl H 3-Me m <6
5eb Cl H 4-Me m 7.0 ± 0.0
5fb Cl H 3-Cl m <6
5g Cl H H o 7.7 ± 0.1
5h Cl H H p 6.1 ± 0.0


a Values are the means of at least three experiments.
b Sodium salt.

As we had found that the C-ring could be replaced by aromatic
heterocycles in the cyclopentene series, and that this change had re-
sulted in compounds with good oral bioavailability and in vivo effi-
cacy we decided to investigate a similar change in the current series.


Thus, the phenyl ring (C-ring) in compound 4 was replaced with
pyridine to give compound 7a (Table 3) which resulted in a slight
increase in the EP1 affinity.


Further SAR investigation of the R-group on the A-ring revealed
that benzyl group could be substituted with halogenated benzyl
groups (7b–h). As in the cyclopentene series the 2,4-difluorobenzyl
derivative (7c) was the most preferred benzyl derivative (Table 3).


As we had found that the benzyl group could be replaced by alkyl
groups, and in particular an iso-butyl group, in the pyrrole series5a


we decided to investigate similar modifications in the current series.
Thus compounds 7i–l were prepared. The SAR showed that the iso-
butyl group proved optimal (compound 7i) and was considerably
better than any of the other groups investigated (7j–l) (Table 3).


Based on structural differentiation over GW848687X and its
overall profile, including in vitro activity data, CYP450 inhibition
data (CYP450 IC50 values, 1A2 >100 lM, 2C19 62 lM, 2C9 25 lM,
2D6 >100 lM, 3A4 89 lM) and good in vitro metabolic stability
(Table 4),8 compound 7i (GSK345931A) was selected for further
evaluation.


In terms of solubility, GSK345031A (sodium salt) showed mod-
erate aqueous solubility, low solubility in simulated gastric fluid
(SGF) and good solubility in fasted and fed state simulated intesti-
nal fluid (FaSSIF and FeSSIF), Table 5.9 The compound displays two
pKa values, 4.8 and 1.3, which were attributed to the carboxylic
acid and pyridyl N-atom, respectively.10

Table 2
In vitro binding data for compounds 6a–i


Y


OH


O


O


X
2


4
5


6
A


B


C


Compound X Y Binding pIC50
a


4 Cl H 7.3 ± 0.5
5a H H 7.7 ± 0.0
6a H 2-Me 6.3 ± 0.3
6b H 4-F 7.1 ± 0.1
6c H 6-Cl 6.9 ± 0.1
6d H 5-F 7.2 ± 0.1
6e Cl 5-NHAc 8.0 ± 0.0
6f Cl 5-NHCOEt 8.2 ± 0.1
6g Cl 5-NHCOPr 8.7 ± 0.1
6h Cl 5-NHCOi-Pr 8.0 ± 0.1
6i Cl 5-NHCOCH2OMe 8.4 ± 0.1


a Values are the means of at least three experiments.







Table 4
In vivo pharmacokinetic data for 7i (GSK345931A)


N
O


O


O


Cl


Na
+


7i: GSK345931A 


Species Mouse Rat Dog Monkey Human


CLia 0.6 0.7 60.5 8.0 1.9


a Intrinsic clearance in liver microsomes (mL/min/g liver), values are the mean of
three experiments.


Table 5
Solubility data for 7i (GSK345931A)a


Medium Water SGFb FaSSIFc FeSSIFd


Solubility at 2 h 499 33 1030 1217
Solubility at 24 h 612 11 1052 1143


a Units = lg/mL.
b Simulated gastric fluid.9
c Fasted state simulated intestinal fluid.9
d Fed state simulated intestinal fluid.9


Table 6
In vivo pharmacokinetic data for 7i (GSK345931A)


Species CLba (mL/min/kg) Vssa (L/kg) t½a (h) Fpob


Rat 11 ± 2 1.9 ± 0.6 3.5 ± 1.3, 95 ± 19%
Cynomolgus monkey 26 ± 5 0.5 ± 0.1 0.8 ± 0.5 34 ± 18%


a 1 mg/kg intravenous dose. Vehicle = 2% (v/v) DMSO added to saline solution
containing 10% (w/v) Kleptose. Data are the mean from three animals.


b 3 mg/kg oral dose. Vehicle = 1% (w/v) methycellulose aq. Data are the mean
from three animals.


Table 3
In vitro binding data for compounds 7a–l


N
OH


O


O
R


Cl
A


B


C


Compound R Binding pIC50
a


4 n/a 7.3 ± 0.5
7a Bn 8.0 ± 0.2
7b 4-F Bn 8.3 ± 0.3
7c 2,4-diF Bn 8.4 ± 0.2
7db 2-Cl, 4-F Bn 7.2 ± 0.1
7eb 2-F, 4-Br Bn 7.3 ± 0.0
7fb 2-F, 4-Cl Bn 7.7 ± 0.1
7gb 2,4,6-triF Bn 7.9 ± 0.1
7hb 2-F Bn 7.4 ± 0.1
7ib i-Bu 7.8 ± 0.1
7jb Bu 7.0 ± 0.1
7kb Pr 6.6 ± 0.1
7lb Cyclopentylmethyl 6.8 ± 0.2


a Values are the means of at least three experiments.
b Sodium salt.
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GSK345931A also displays good oral bioavailability in the rat
and moderate bioavailability in the cynomolgus monkey (Table 6).


Despite being a carboxylic acid, GSK345931A shows measurable
CNS penetration in both the mouse and the rat with brain-to-blood
(Br:Bl) ratios of 0.24 and 0.33, respectively (Table 7).


In the rat, GSK345931A displayed a low unbound fraction in both
blood and brain tissue (Fu Bl = 0.50 ± 0.14%, Fu Br = 0.53 ± 0.07%,
Kbb = 0.93).11


When tested in Complete Freund’s Adjuvant (CFA) model of
inflammatory pain,5,6 GSK345931A produced a dose related rever-
sal of hypersensitivity with calculated ED50 values of 1.6 and
2.4 mg/kg (when dosed at 1, 2 and 3 mg/kg or 1, 3 and 10 mg/kg,
respectively).


Bioanalysis from both studies revealed a dose-proportional in-
crease in exposure (Table 8). The overlapping dose groups (1 and
3 mg/kg) provided comparative exposure. The CNS penetration, as
measured by brain-to-blood ratio (Br:Bl), was similar to that found
in the steady state studies (Table 7). This data shows that despite
being a carboxylic acid, GSK345931A demonstrates reasonable
CNS penetration and good whole brain concentrations (Table 8).


On consideration of free brain concentrations (Table 9), the effi-
cacy in this model appears to be driven by peripheral concentra-

Table 7
In vivo CNS penetration data for 7i (GSK345931A)


Species Blood conc. (nM) Brain conc. (nM) Br:Bl


Mousea 1120 ± 406 277 ± 154 0.24 ± 0.04
Ratb,c 1663 ± 20 550 ± 55 0.33 ± 0.05


a 3 mg/kg oral dose. Samples taken 0.5 h post-dose.
b Steady state penetration study. Compound dosed at a rate of 0.28 mg/kg/h free


acid over 18 h via femoral vein cannula. Steady state CLb 8 mL/min/kg.
c For comparison, GW848687X (2) was found to have a Br:Bl of 0.20 in the rat at


steady state.


Table 8
Bioanalysis of blood and brain samples from CFA studies with GSK345931A


Dose Studya Blood conc.b (nM) Brain conc.c (nM) Br:Bld


1 mg/kg A 1633 ± 518 425 ± 61 0.27 ± 0.07
2 mg/kg A 2139 ± 423 645 ± 240 0.22 ± 0.07
3 mg/kg A 3330 ± 1042 1477 ± 184 0.72 ± 0.64e


1 mg/kg B 948 ± 118 317 ± 12 0.36 ± 0.05
3 mg/kg B 4274 ± 693 1719 ± 214 0.47 ± 0.17


10 mg/kg B 15418 ± 2453 7261 ± 1073 0.48 ± 0.19


a Study A conducted at doses of 1, 2 and 3 mg/kg p.o., study B conducted at doses
of 1, 3 and 10 mg/kg p.o. Samples taken 1 h post-dose.


b Mean of seven values.
c Mean of three values.
d Mean of three values where the blood and brain samples were taken from the


same three animals.
e One rat displayed significantly higher Br:Bl. Individual ratios were 0.30, 0.39


and 1.46.


Table 9
Calculated free concentrations in blood and brain from CFA studies


Dose Studya Calc. free Blood conc.b (nM) Calc. free brain conc.b (nM)


1 mg/kg A 8.2 2.3
2 mg/kg A 10.7 3.4
3 mg/kg A 16.7 7.8
1 mg/kg B 4.7 1.7
3 mg/kg B 21.4 9.1


10 mg/kg B 77.1 38.5


a Study A conducted at doses of 1, 2 and 3 mg/kg p.o., study B conducted at doses
of 1, 3 and 10 mg/kg p.o. Samples taken 1 h post-dose.


b Calculated from data in Table 8 using rat percentage unbound data (0.50% in
blood and 0.54% in brain).







Figure 3. Effect of 5 mg/kg p.o. b.i.d. and 20 mg/kg p.o. b.i.d. GSK345931A (7i) in
the sub-chronic rat joint pain assay versus vehicle (methylcellulose) and positive
control (rofecoxib 5 mg/kg p.o.) and positive control vehicle (DMSO/PEG/water).


I


O


ClCl


OH


B(OH)2
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Cla, b


13 14 15


c


Bn Bn


Scheme 2. Reagents and conditions: (a) BnBr, K2CO3, Me2CO, reflux. (b) I2,
SelectfluorTM, CH3CN (c) n-BuLi, THF, �100 �C, B(Oi-Pr)3, �78 �C–rt., 2 M HCl.
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tions (binding pIC50 7.8, i.e., IC50 16 nM at the human receptor,
binding pIC50 7.9, i.e., IC50 12.6 nM at the rat receptor) as the free
brain concentrations are below the in vitro IC50 value at doses that
proved efficacious.


Based on its overall profile GSK345931A (7i) was evaluated in a
sub-chronic rat joint pain model7 at doses of 5 and 20 mg/kg (b.i.d.)
and showed efficacy equivalent to rofecoxib (Fig. 3).


Blood samples were taken 1 h post-dose on day one from a
satellite study group, and terminal blood and brain samples were
taken 1 h post-dose from both satellite and treatment groups (Ta-
ble 10). The data show that the blood concentrations were higher
on day 1 than day 5 for both dose groups. Conversion of the whole

Table 10
Bioanalysis data and calculated free brain concentrations from the rat sub-chronic joint p


Dose Study groupa Blood conc.b (nM) Brain conc.b (nM)


5 mg/kg A, day 1 5266 ± 1149 dn/t
5 mg/kg A, day 5 1665 ± 459 822 ± 181
5 mg/kg B, day 5 1630 ± 462 1074 ± 298


20 mg/kg A, day 1 25900 ± 1916 dn/t
20 mg/kg A, day 5 6771 ± 2467 3627 ± 996
20 mg/kg B, day 5 5526 ± 2409 3213 ± 1483


a Study group A = satellite animals, values are the mean from five animals. Study grou
b Samples taken 1 h post-dose.
c Calculated using rat percentage unbound data (0.50% in blood and 0.54% in brain).
d n/t, not tested.
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d


8 9


11 12


Scheme 1. Reagents and conditions: (a) iso-butyl bromide, K2CO3, DMF, 80 �C, 94%. (b)
THF, �100 �C; B(Oi-Pr)3, �78 �C–rt; 2 M HCl, 83%. (d) Ethyl 6-bromo-2-pyridinecarboxy

blood and brain concentrations to free blood and brain concentra-
tions helps to explain the lack of efficacy in the 5 mg/kg group on
the fifth day of dosing (Table 10) as both the free blood and brain con-
centrations are below the in vitro IC50 value (rat IC50 12.6 nM). Based
on the blood concentration for the 5 mg/kg satellite group on day 1, it
would be expected that this dose group would have a free blood and
brain concentration in excess of the in vitro IC50 value which may ex-
plain the observed efficacy in the earlier phase of this study. Taken
together these results are consistent with the thesis that the free
drug concentrations drive efficacy in this model, however it is not
possible to conclude the site of action (i.e., peripheral or central)
from the current data as both the free blood and brain concentrations
are below the in vitro IC50 value for the 5 mg/kg dose group on day 5
of dosing. Further work to delineate the site of action for EP1 antag-
onists will be the subject of future publications.


Limited selectivity data was collected as related compounds
had not shown any significant activity at related prostanoid recep-
tors, with the exception of the thromboxane A2 (TP) receptor.5,6


Thus, GSK345931A shows good selectivity over the EP3 receptor
in a functional assay, EP1 FLIPR pKi 8.6, EP3 FLIPR pKi 5.7, and
�100-fold selectivity over the TP receptor, TP FLIPR pIC50 5.8 pKi


6.5, no activity at the PGF2a receptor (FP), FLIPR pIC50 < 5, and no

ain efficacy study (Fig. 3)


Br:Bl Calc. free blood conc.c (nM) Calc. free brain conc.c (nM)


n/t 26.3 n/t
0.54 8.3 4.4
0.57 8.2 5.7
n/t 129.5 n/t
0.50 33.9 19.2
0.45 27.6 17.0


p B = treatment group, values are the mean from seven animals.
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(2-bromophenyl)boronic acid, Pd(PPh3)4, K2CO3, PhMe-EtOH, 90 �C, 47%. (c) n-BuLi,
late, Pd(PPh3)4, K2CO3, PhMe-EtOH, 90 �C, 100%. (e) EtOH, 2 M NaOH, 96%.
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Scheme 3. Reagents and conditions: (a) 1,2-dibromobenzene, Pd(PPh3)4, K2CO3, PhMe-EtOH, 90 �C. (b) (2-bromophenyl)boronic acid, Pd(PPh3)4, K2CO3, PhMe-EtOH, 90 �C.
(c) 15, Pd(PPh3)4, K2CO3, PhMe-EtOH, 90 �C.
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activity at hERG cardiac channel (3H-dofetilide binding assay
pIC50 < 4.5). Counter screening against the peroxisome prolifera-
tor-activated (PPAR) receptors revealed GSK345931 had no activity
at the a- or d-isoforms (pEC50 < 5, binding pKi < 4.7 at PPAR-a and
PPAR-d) and very weak activity at the PPAR-c receptor (pEC50 5.4,
binding pKi 4.9).


Overall the data presented support further development of
GSK345931A.


GSK345931A was prepared on a 50 g scale as described in Scheme
1. Alkylation of phenol 8 gave ether 9 which underwent Suzuki reac-
tion12 to give 10. Lithium–halogen exchange, trapping with tri-isopro-
pyl borate and hydrolysis gave boronic acid 11 which underwent a
second Suzuki reaction12 to give 12. Saponification of 12 yielded 7i
(GSK3435931A) as the sodium salt (Scheme 1). Full experimental pro-
cedures and characterising data have been published.13


For the synthesis of analogues, a slightly modified procedure
was employed. 4-Chlorophenol was alkylated then iodinated in
the presence of SelectfluorTM14 to give 14. Iodine–lithium exchange
then reaction with tri-isopropyl borate and hydrolysis gave boronic
acid 15 (Scheme 2).


Derivatives with a benzoic acid derivative on the right hand side
could be prepared by the versatile route outlined in Scheme 3.


In summary we have taken the lipophilic lead compound 4,
logD 2.2, MW 414.9 g/mol and reduced the molecular weight
and lipophilicity to give compound 7i (GSK345931 A), logD 1.9,
MW 381.9 g/mol which shows considerably improved pharmaco-
kinetic parameters in addition to excellent in vivo efficacy in acute
and sub-chronic models of inflammatory pain. The data reported
herein support the further development of GSK345931A.
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The involvement of l-calpain in neurological disorders, such as stroke and Alzheimer’s disease has
attracted considerable interest in the use of calpain inhibitors as therapeutic agents. 4-Aryl-4-oxobuta-
noic acid amide derivatives 4 were designed as acyclic variants of l-calpain inhibitory chromone and
quinolinone derivatives. Of the compounds synthesized, 4c-2, which possesses a 2-methoxymethoxy
group at the phenyl ring and a primary amide at the warhead region most potently inhibited l-calpain
(IC50 = 0.34 lM). Our findings suggest that the 4-aryl-4-oxobutanoic acid amide derivatives should be
considered as a new family of l-calpain inhibitors.


� 2008 Elsevier Ltd. All rights reserved.
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Calpains are a family of intracellular calcium-dependent cys-
teine proteases, which are ubiquitously expressed in many cells
and tissues.1 Two major forms of calpains have been identified:
calpain I (or l-calpain) and calpain II (or m-calpain), which are
activated by micromolar and millimolar concentrations of calcium
ions, respectively.2 The calpains are required for numerous cal-
cium-regulated cellular processes, such as signal transduction, cell
proliferation, differentiation, and apoptosis. However, excessive
calpain activation may cause serious cell damage or even cell
death, as occurs in neurological disorders, such as stroke3 and Alz-
heimer’s disease.4 Accumulated evidences of the involvement of l-
calpain in human diseases have attracted much interest in the
identification of calpain inhibitors and in the elucidation of
(patho)physiological roles5,6 and their therapeutic potentials.7


The majority of the known calpain inhibitors bind to the cata-
lytic site in a competitive manner, and are derived from small pep-
tides (e.g., 1, MDL 28,170), which are structurally related to calpain
substrate cleavage sites (Fig. 1).8,9 In connection with our on-going
work to identify a new scaffold for l-calpain inhibitors, we
recently reported that chromone carboxamide 2 is a conformation-
ally restricted cyclic analog of 1.10 To increase the inhibitory activ-
ity of 2, quinolinone carboxamide 3, which has a –NH group in
place of a hydrogen bond acceptor oxygen at chromone carboxam-
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ide 2, was designed,11 because this group might act as a hydrogen
bond donor at the active site of calpain as in 1. However, the quin-
olinone carboxamide 3 showed 10-fold less potent inhibitory activ-
ity than 2 indicating that more detailed structure–activity
relationship studies are required to understand the interaction be-
tween inhibitors and l-calpain. Based on these findings, we
designed 4-aryl-4-oxobutanoic acid amide derivatives 4 as alterna-

2, X = O
3, X = NH


4


Figure 1. Schematic showing the molecular dispositions of 4-aryl-4-oxobutanoic
acid amides 4.
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tive scaffold for l-calpain inhibitors. We envisioned that the struc-
ture of 4 can be considered an acyclic analogue of 2 or 3 since it has
the same functional groups. Furthermore, it was anticipated that
the open chain structure of 4 might interact with l-calpain in a
similar fashion to the parent compounds, 2 and 3 due to its flexible
structure. The requirement for a hydrogen bond donor or acceptor
group at the active site can easily be tested by introducing meth-
oxy or hydroxyl substituents on the aromatic ring (R1). Herein,
we describe the synthesis of 4-aryl-4-oxobutanoic acid amide
derivatives 4 and their biological evaluation in terms of l-calpain
inhibition. Ketoamide was used as a warhead in the new inhibitors
since several ketoamide-derived inhibitors have shown improved
in vitro and in vivo metabolic stability.12 To investigate the influ-
ence of substituents located in the warhead position of inhibitors,
we also introduced variations in the amide region (R2).


The synthesis of 4-aryl-4-oxobutanoic acid amide derivatives 4
was accomplished using a general pathway,11 which comprises a
coupling reaction of 4-aryl-4-oxobutanoic acids 5 with hydroxyl
amines 6 using an EDC/HOBt system followed by oxidation of the
resulting hydroxylamides 7 under Dess–Martin periodinane condi-
tions, as illustrated in Schemes 1–3. The synthesis started with the
preparation of 4-aryl-4-oxobutanoic acids via the Friedel–Crafts
acylation of the appropriate benzene derivatives with succinic
anhydride. For the synthesis of 4, which contains a hydroxyl sub-
stituent on its aromatic ring, a final deprotection step was re-
quired. The synthesis of 4-aryl-4-oxobutanoic acid amide
derivatives 4, which have a phenyl or mono-substituted phenyl
ring at C-4, is shown in Scheme 1. The acylation of benzene with
succinic anhydride in the presence of AlCl3 under reflux condition
gave 5a; to synthesize 5b and 5c, phenol was used in the
succinoylation. The reaction between phenol and AlCl3 and succi-
nic anhydride in 1,2-dichloroethane at reflux temperature afforded
4-(2-hydroxyphenyl)-4-oxobutanoic acid,13 and the methylation of
hydroxyl and carboxyl groups in 4-(2-hydroxyphenyl)-4-oxobuta-
noic acid with methyl iodide and K2CO3 followed by hydrolysis of
the resulting methyl ester with KOH in aqueous methanol afforded
5b. Compound 5c was prepared in three steps from 4-(2-hydroxy-
phenyl)-4-oxobutanoic acid via its esterification to the methyl
ester, MOM-protection of the hydroxyl group, and methyl ester
hydrolysis. The resulting 4-aryl-4-oxobutanoic acids 5a–c were
coupled to two hydroxylamines, 6-1 and 6-2, which contained a
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benzylamide and a primary amide group, respectively, to afford
the hydroxylamides 7a-1–7c-2. These were subsequently trans-
formed into the corresponding 4-aryl-4-oxobutanoic acid amide
derivatives 4a-1–4c-2 by oxidation under Dess–Martin period-
inane conditions. The compound 4d-1 was obtained by the depro-
tection of 4c-1 using HCl and NaI in acetone,14 whereas compound
4d-2 could not be isolated from 4c-2, probably due to the instabil-
ity of the primary amide group under acidic deprotection
conditions.


The synthesis of 4, which has a 2,4-disubstituted phenyl ring
at C-4, is shown in Scheme 2. The reaction of 1,3-dimethoxyben-
zene with succinic anhydride and AlCl3 in 1,2-dichloroethane at
0–5 �C gave 5e, which was transformed to 5f and 5g in four
steps via esterification to the methyl ester using (CH3)2SO4 and
K2CO3 in acetone, demethylation of the methyl ethers so formed
at the 2- or 4-positions with AlCl3, MOM-protecting of the
resulting hydroxyl groups, and hydrolysis of the methyl esters.
When demethylation was carried out at room temperature,
selective demethylation occurred at C-2 position of phenyl ring,
whereas when conducted at reflux temperature methyl groups
at the C-2 and C-4 positions were removed. The resulting 4-
aryl-4-oxobutanoic acids 5e–g were coupled to two hydroxyam-
ines 6-1 and 6-2 to afford hydroxyamides 7e-1–7g-2, which
were transformed into the 4-aryl-4-oxobutanoic acid amide
derivatives 4e-1–4f-2 and 8g-1–8g-2 by oxidation under Dess–
Martin periodinane conditions. The deprotection of the MOM
group in 8g-1 and 4f-1 using HCl and NaI in acetone afforded
4g-1 and 4h-1, but compounds 4g-2 and 4h-2, which contain
a primary amide group, could not be obtained from 8g-2 and
4f-2 under deprotection conditions.


The synthesis of 4, which has a 2,5-disubstituted phenyl ring at
C-4 position is shown in Scheme 3. The reaction between 1,4-dime-
thoxybenzene with succinic anhydride and AlCl3 in 1,2-dichloro-
ethane at 0–5 �C gave 5i. To examine the influence of the C-2
carbonyl group of inhibitors, compound 5i was hydrogenated in
HOAc over Pd/C at an atmosphere of hydrogen to give 5j. The 4-
aryl-4-oxobutanoic acids 5i and 5j were coupled to various
hydroxyamines 6 and then subjected to Dess–Martin periodinane
conditions to provide 4i-1–4i-9. To examine the influences of sub-
stituents (R2) located in the inhibitor warhead position, seven
hydroxyamines (6-1–6-9) were used in coupling reactions. The
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yields of these coupling and oxidation reactions are summarized in
Scheme 3.15


The l-calpain inhibitory activities of the prepared 4-aryl-4-
oxobutanoic acid amide derivatives 4 were evaluated using human
calpain I isolated from erythrocytes. Suc-Leu-Tyr-AMC was used as
the fluorogenic substrate.11 MDL 28,170 (1), chromone derivative
2,10 and the quinolinone derivative 311 were also tested and com-
pared and assay results are summarized in Tables 1 and 2. First, we
investigated the influence of substituents at the phenyl ring (R1

and R3) of compounds on l-calpain activity. The amide groups in
the warhead position (R2) were tentatively fixed as benzyl and pri-
mary amides. When substituents were incorporated at the 2-posi-
tion of the C-4 phenyl ring, a clear structure–activity relationship
was found, as summarized in Table 1. Methoxy- or methoxyme-
thoxy-substituted derivatives (entries 2–3, 5–6, and 8) showed
more potent inhibitory activities than unsubstituted derivatives
(entry 1). Of the compounds synthesized, 4c-2 most potently
inhibited l-calpain activity with an IC50 value of 0.34 lM, which







Table 1
The l-calpain inhibitory activities of 4-aryl-4-oxobutanoic acid amides 4a-1–4i-2
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Table 2
The l-calpain inhibitory activities of 4-aryl-4-oxobutanoic acid amides 4i-1–4i-9
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was approximately 8-fold less potent than that of the parent chro-
mone derivative 2, but 2-fold more potent than that of quinolinone
3 to reveal that open chain structures of bicyclic chromones or
quinolinones can also bind well at the active site of l-calpain. On
the other hand, substitution of the hydroxyl group at the 2-posi-
tion of the C-4 phenyl ring reduced inhibitory activities (entries 4
and 7) indicating that the hydrogen bond donor group at the C-4
phenyl ring is more efficient at binding the active site of calpain
than the hydrogen bond acceptor –OH in this series of compounds.


Regarding amide groups in the warhead position (R2), com-
pounds derived from small primary amides were always more po-
tent inhibitors than those derived from benzyl amide. However,
primary amide-derived compounds 4d-2, 4g-2, and 4h-2, which
have a hydroxyl group at the 2-position of the C-4 phenyl ring were
not obtained probably because of their instabilities during removal
of the MOM-protecting group under acidic conditions. Therefore,
we tried to replace the unstable primary amide group with
N-alkylaryl amide groups in the warhead region; the inhibitory
activities of the resulting compounds are summarized in Table 2.
The 4-(2,5-dimethoxyphenyl)-4-oxobutanoic acid was chosen for
this study because of the ready availability by simple Friedel–
Crafts reaction of 1,4-dimethoxybenzene with succinic anhydride
and the potent inhibitory activity of its derivative 4i-2. In terms
of the benzyl amide derivatives, it was observed that the inhibitory

activity increased as the number of methoxy substituents in-
creased. Of the N-alkylaryl amide derivatives synthesized, the 4-
methoxyphenethyl amide 4i-6 was most potent with an IC50 value
of 0.95 lM, although its activity was slightly lesser than that of the
primary amide derivative 4i-2 (IC50 = 0.52 lM). These findings sug-
gest that the 4-methoxyphenethyl amide group can be used in
place of a primary amide in the warhead position without causing
substantial activity loss when the synthesis of primary amide-de-
rived l-calpain inhibitors is difficult. The removal of the C-2 car-
bonyl oxygen of inhibitors (4i-8, 4i-9) was found to reduce
inhibition, indicating that the oxygen group is required in this ser-
ies of compounds for l-calpain inhibition.


In conclusion, 4-aryl-4-oxobutanoic acid amide derivatives 4
were synthesized as acyclic structural variants of the l-calpain
inhibitory chromone and quinolinone derivatives in order to elu-
cidate the structural requirements for inhibitor binding to the
active site of l-calpain. The hydrogen bond acceptor groups, like
the methoxy-substituents were more efficient at binding at the
active site of l-calpain than hydrogen bond donor groups. Of
the compounds synthesized, 4c-2, which possesses a 2-methoxy-
methoxy group in the phenyl ring and a primary amide in the
warhead region, most potently inhibited l-calpain
(IC50 = 0.34 lM). These findings indicate the 4-aryl-4-oxobuta-
noic acid amide derivatives should be considered a new family
of l-calpain inhibitors. Furthermore, the study also shows that
a 4-methoxyphenethyl amide group can be used to replace a
chemically labile primary amide in the inhibitor’s warhead
position.
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A new hybrid derived from retinol was designed to improve the stability and anti-oxidant activity of ret-
inol and also to add whitening properties besides its usual anti-aging properties. A variety of poly-
hydroxybenzoates of retinol were prepared either by base-catalysis or by direct esterification of retinol
and screened for such desirable properties by analyzing the in vitro biological activity of the hybrids.
Some of the retinol derivatives enhanced their thermal stability and decreased photosensitivity, and
exhibited an activity in collagen synthesis similar to that of retinol. In addition, the retinyl gallate 6
showed higher activities in free radical scavenging and melanogenesis inhibition than retinol. Thus,
owing to its excellent stabilities, retinyl gallate 6 may be conveniently used not only as an additive for
cosmetics for prevention and improvement of skin aging and whitening but also as medicine for the
treatment of skin troubles.


� 2008 Elsevier Ltd. All rights reserved.

The irreversible photo-aging of skin, which is a principal cause
of skin aging,1,2 activates cell surface growth factors and cytokine
receptors. More specifically, UV irradiation stimulates the tran-
scription factor activator protein 1 (AP-1), which regulates the
expression of matrix-metalloproteinase (MMP) to degrade skin
collagen. Thus, photoaging is associated with increased AP-1 activ-
ity, increased MMP expression, enhanced collagen degradation,
and decreased collagen synthesis, all of which result in changes
within the matrix of the dermis and at the dermal–epidermal junc-
tion.3–7


Retinoids bind to nuclear receptors to activate the transcrip-
tion of specific DNA sequences, which results in modulation of
gene expression. Thanks to this ability to modulate genes in-
volved in cellular differentiation and proliferation, retinoids are
good candidates for both treating and preventing the photoaging
process. Indeed, retinoids such as trans-retinoic acid (RA) 18–14


and more tolerable retinol 215 have been the agents of choice to
repair the skin damaged by chronological aging or photoaging.
However, the fat-soluble RA causes side effects such as skin irri-
tation, skin dryness, wounds, and scraping16–19 attributed to the
carboxyl end group in RA.20–22 Many efforts have been made to
modify the structure of RA. Unfortunately, however, these reti-
noids are unstable towards light, oxygen, heat, peroxides, acid
or water.23
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Herein we tried to modify retinol to enhance the stability of the
parent retinoid by attaching a chemically stable moiety for intramo-
lecular energy transfer, by which the retinoid part would remain in-
tact. (Scheme 1)24 Additionally, while maintaining the usual
collagen-enhancing properties of retinoids, one might be able to
add, by proper choice of the attachment G, such new biologically
favorable properties as potent anti-oxidant activity and whitening
activity for the reasons stated below, which cannot be expected
from the unmodified retinoids.


The formation of advanced glycosylation end-products (AGEs)
that darkens the skin with their color produces dimerized imidazo-
lium products. It is thus one of the causes of skin aging triggered by
reactive oxygen species (ROS) besides the usual chronological pro-
duction (Scheme 2)25–28. Consequently, it follows that blocking the
formation of ROS may contribute to slowing of the skin aging
processes.


Moreover, the formation of melanin, which is the main source
of skin pigmentation, is the result of 3 consecutive enzymatic oxi-
dation reactions (Scheme 3)29–31. Thus, appropriate anti-oxidants
are expected to provide tools for reducing the rate of skin aging
and also of pigmentation.
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After a considerable amount of work, polyhydroxybenzoates
were selected as the stabilizing attachment G: the choice was
based on the many reports that polyhydroxybenzoates, espe-
cially the o-hydroxyaroyl groups, dissipate the excess energy
by excited-state intramolecular proton-transfer (Scheme 4;
M = H).32,33


Furthermore, the salicylic acid derivatives34 and/or other poly-
hydroxybenzoates35,36 are known to capture ROS by themselves,
and thus known to be potent anti-oxidants. Moreover, these ben-
zoates can bind metals (Scheme 4, M = metal) and the resulting
chelates behave as superoxide dismutase and catalase37–39 and
thus behave as a scavenger of Fenton-active Fe which produces
the biologically damaging hydroxyl radical. All these indications
point to the possibility that the hybrid between retinol and poly-
hydroxybenzoic acid could be used for treatment of skin aging
and pigmentation at the same time.
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The retinyl salicylates 4 were prepared in 25–40% yields by the
base-catalyzed reaction (90 �C, 1–2 h) of retinol 2 with cyanometh-
yl salicylates 3, which were prepared from the corresponding sali-
cylic acid and ClCH2CN in the presence of potassium carbonate in
dimethyl acetamide at reflux.40 On the other hand, the correspond-
ing gallate 6 was prepared in 41% yield directly from retinol 2 and
the carboxylic acid 5 in THF in the presence of DCC and a catalytic
amount of DMAP (Scheme 5).


Thus, the following 13 retinyl polyhydroxybenzoates, 6–18,
were prepared by these routes (Fig. 1), among which salicylates 7
and 8 have already been reported to possess an analgetic, anti-
inflammatory, anti-thrombotic and anti-pyretic effect.41


The 13 retinyl polyhydroxybenzoates, 6–18, were screened
for formation of procollagen (anti-aging activity) and % inhibi-
tion of melanin formation (whitening activity). In order to eval-
uate the activities of the compounds, the relative activities
were calculated as % of the references, retinol and resveratrol,
respectively.


As can be seen in Table 1, all compounds except for 10 and 17
showed an acceptable level of cell toxicity, and the salicylates 7
and 8 exhibited activities inferior to the rest of the compounds.
Thus, by and large, both the anti-aging and the whitening activities
of each compound increased at the increase of the electron density
of the aromatic ring (and thus the increase of oxidizability), which
supports our initial assumption that anti-oxidant activity is essen-
tial for anti-aging and whitening of the skin.
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Figure 1. Representative retinyl polyhydroxybenzoates prepared in this study.


Table 1
Relative activities of the retinyl polyhydroxybenzoates by crude screening (relative
activities) for anti-aging and whitening activities


Compound Cell toxicity, IC50,
mM


Collagen assaya Melanogenesis
inhibitionb


Ref: Retinol
(0.0005%)


Ref: Resveratrol
(0.001%)


7 0.15 46% (0.002%) 34% (0.002%)
8 0.15 61% (0.002%) 32% (0.002%)
9 0.027–0.057 116% (0.0005%) 22% (0.001%)
10 <<0.01 66% (0.0001%) 105% (0.001%)
11 0.12 26% (0.001%) 41% (0.001%)
12 0.014�0.028 55% (0.0005%) 95% (0.001%)
13 0.057�0.115 81% (0.001%) 30% (0.001%)
14 0.42�0.85 37% (0.0005%) 18% (0.001%)
15 0.014�0.034 102% (0.0005%) 112% (0.001%)
16 0.23 54% (0.005%) 28% (0.001%)
17 <<0.01 15% (0.001%) —
18 0.014–0.028 55% (0.0005%) 95% (0.001%)
6 0.035 91% (0.0002%) 73% (0.0002%)


a Expression rate of procollagen as % of the reference, retinol. The values in
parentheses refer to weight % concentration.


b Percentage inhibition rate of melanin formation as % of the reference, resve-
ratrol. The values in parentheses refer to weight % concentration.


Table 2
Effects of 6 anti-aging candidates on cell viability, procollagen type I and MMP-1 in
normal human dermal fibroblasts


Sample Final
concn


Percentage of negative controla


Cell
viability


Procollagen type
Ic


MMP-
1d


9 10 lM 125.9 70.0 16.9
10 1 lM 71.8 NTe NTe


12 10 lM 91.8 78.7 �32.2
15 1 lM 88.1 85.5 �63.0
18 10 lM 92.6 89.2 �17.4
6 5 lM 84.2 115.9 �19.3
L-ascorbic acidb 200 lM 95.4 127.5 NT
Retinoic acidb 10 lM 105.2 NT 59.2
(�)Epigallocatechin


gallateb
10 lM 95.2 NT 46.7


DMSOa 1% 100 100 0


a Dimethyl sulfoxide (DMSO) was used as a negative control.
b Positive controls.
c Expression rate of procollagen type I.
d Inhibition rate of MMP-1 expression.
e NT, not tested.
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From these results, the six retinyl esters, 9, 10, 12, 15, 18 and 6,
were selected, despite some cell toxicity of 10, and each of them
was scrutinized closely for the both activities of anti-aging and
whitening.

Although the precise experimental set-ups for close examina-
tions were different, the trends of the compounds in anti-aging
activities (formation of procollagen type I and inhibition of MMP-
1) (Table 2) and whitening activities (inhibition rate of tyrosinase
and melanin formation) (Table 3) were almost the same as in the







Table 3
Effects of 6 whitening candidates on cell viability, tyrosinase activity and melanin
formation in cultured B16/F10 melanoma cells


No. Concn
(lM)


Cell
viabilitya


Tyrosinase
activityb


Melanin
formationc


DMSOd 0 100 0 0


9 5 lM 107.1 38.1 16.2
10 5 lM 97.0 36.7 18.6
12 5 lM 99.7 31.3 25.8
15 5 lM 102.5 45.4 12.7
18 5 lM 102.0 41.9 9.5
6 5 lM 83.9 49.6 27.5
Melasolve 10 ppm 95.4 46.9 39.3


a Percentage of negative control.d
b Percentage inhibition rate of tyrosinase activity.
c Percentage inhibition rate of melanin formation.
d Dimethyl sulfoxide (DMSO) was used as a negative control.
e Trade name for thymyl 3,4,5-trimethoxycinnamate (Amore-Pacific) which was


used as a positive control.
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crude experiments (Table 1). Thus, among the three compounds
(15, 18, and 6) which showed good activities in anti-aging and
whitening, the gallate 6 seemed to be the best candidate.


Subsequently, retinyl gallate 6 was compared with other com-
monly accepted agents for skin troubles.42,43 First of all, it is less
cell-toxic than retinol, and its free radical scavenging activity
was truly outstanding as expected. Although the degree of promo-
tion of collagen synthesis by 6 was less than a half, it was more
effective in inhibiting elastase, which cleaves elastin, an elastic fi-
ber that determines the mechanical properties of connective tissue.
Moreover, retinyl gallate 6 was shown to be potentially a good
whitening agent as its activities toward inhibition of tyrosinase
and melanogenesis were better than that of arbutin but less than
that of resveratrol (Table 4).


To compare the time-dependent thermal stability of retinyl gal-
late 6 with retinol 2, the phase stability in a thermohygrostat
(humidity: 58%) at 40 �C without exclusion of atmospheric oxygen
was examined for 4 weeks by a quantitative HPLC analysis. As
shown in Figure 2, almost a half of retinyl gallate 6 decomposed
after 4 weeks under this condition, while the thermal stability of
retinol was much less than that of retinyl gallate with almost
70% of the material decomposed. These results clearly indicate that
the new hybrid retinyl polyhydroxylbezoate 6 is much more stable
than retinol itself (Fig. 2).


Retinyl gallate 6 has shorter absorption maxima at 260 and
295 nm than the other retinyl polyhydroxybenzoates (kmax 325–
345 nm), gallic acid (kmax 275 nm) and retinol (kmax 323 nm)
(Fig. 3). Consequently, retinyl gallate 6 is able to absorb light in
the more damaging UVB region (wavelength 290–315 nm) and
thus able to protect the skin from photo-aging, although such util-
ity would seem to have a rather slim chance in reality because the
concentration of the active ingredient as an anti-aging and/or
whitening agent is going to be rather low (�100 lM).

Table 4
Summary of biological activity screening results of retinyl gallate 6


Activities Concn (lM) 6 Retinol


Cell toxicity (IC50, lM) 35 50
Free radical scavenging activity (%) 5 31.1 —


10 62.8 —
Increase of collagen synthesis (%) 5 13.5 33.4
Elastase inhibitory activity (%) 5 12.3 —


10 15.3 —
Tyrosinase inhibitory activity (%) 5 2.5 —
Inhibition of melanogenesis (%) 5 18.6 —

In conclusion, we have discovered retinyl gallate 6 as a
new class of retinyl polyhydroxybenzoate anti-oxidant that
exhibits not only retinoid activity but also melanin inhibition
effect.
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In an effort to decrease the toxicity and improve the stability of labile lactone ring of camptothecin,
nitrogenous heterocyclic aromatic groups were introduced into 20-position of camptothecin and seven-
teen new 20s-camptothecin derivatives were obtained in quantitative yield. The cytotoxicity in vitro on
three cancer cell lines and the stability of the lactone in phosphate-buffered solution (PBS) of these deriv-
atives were evaluated. Most of these tested derivatives possessed better cytotoxicity than topotecan.
Analogues 6, 12 exhibited the best antitumor activity in vivo in all derivatives we prepared. The results
suggested that introduction of pyrazole in 10- or 20-position of camptothecin could promote antitumor
activity in vitro and in vivo, simultaneously bring much increase of the stability of lactone.


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

20(S)-Camptothecin (CPT, 1), that targets the nuclear enzyme
topoisomerase I, is a naturally occurring cytotoxic alkaloid isolated
from Chinese plant Camptotheca acuminata.1–4 However, clinical
use of CPT had been severely hindered by toxicity stemming in part
from the instability of its E-lactone ring, resulting in the formation
of the inactive but toxic carboxylate species.5,6 In addition, extre-
mely poor water solubility and severe toxicity have plagued the
development of CPT as a therapeutic agent. These results prompted
the synthesis of many CPT derivatives, such as topotecan (TPT, 2)
and irinotecan (3) (Fig. 1) have been approved as antineoplastic
agents and a number of other analogues of CPT are currently in
clinical trials.7–10 Ever since E-ring plays a key role in supporting
both efficient topoisomerase I inhibition and potency in vivo, 20-
OH of E-ring modifications can either eliminate the intramolecular
hydrogen bonding or increase the steric hindrance of carbonyl
group.11 The compounds which have a 20-OH substituted groups
can increase the stability of the drugs–DNA–Topo I ternary com-
plex,12 decrease the toxicity and weak the opening of the lactone
ring.13


In previous studies, we have introduced nitrogenous heterocy-
clic aromatic groups in the 10-postion of camptothecin and ob-
tained a series of 10-substituted camptothecin analogues, some
of which showed good water solubility and potent antitumor activ-
ity in vitro and in vivo. These nitrogenous heterocyclic aromatic
groups introduced in 10-postion can indeed enhance stability of
lactone and antitumor activity of CPT.14,15 In order to investigate
the influence of nitrogenous heterocyclic aromatic substituted
groups on activity and stability of CPT, they were introduced into

008 Published by Elsevier Ltd. All
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the molecule of CPT at its 20-hydroxyl. Based on the structure–
activity relationship (SAR), more stability and less toxicity of these
novel analogues are expected to be achieved.


In our experiments, camptothecin was firstly converted into
camptothecin-20-O-chloroacetate (4) in high yield (97.5%) in the
presence of a double agent 1-[3-(dimethylamino)propyl]-3-ethyl-
carbodiimide hydrochloride (EDCI) and a catalyst 4-dimethylami-
nopyridine (DMAP) at room temperature.11 The CPT derivatives
(6–11, 18–22) were prepared in proper yields by treatment of 4
with heterocyclic aromatic compounds in dimethylsulfoxide
(DMSO) at 60 �C (Scheme 1). Compound 11 was a byproduct from
most of these reactions. 2-Chloropropionic acid was also attached
to 20-OH of CPT to obtain camptothecin-20-O-2-chloropropionate
(5), and the derivatives 12–17 were synthesized by compound 5
and corresponding heterocyclic aromatic compounds. The yield
(98.1%) of compound 5 was also high, but the yields of its related
derivatives 12–17 (17.8–45.0%) were lower than that of com-
pounds 6–11 (27.3–86.5%). This may relate to the electron-donat-
ing effect of methyl and the high sterical hindrance of the side-
chain linked to compound 5. Compounds 18–22 were pyridine
quaternary salt derivatives and they were all obtained in low yields
from the reactions of 4 with corresponding pyridine heterocyclic
aromatic groups. We also tried to synthesize pyridine quaternary
salt derivatives of 5, but the yields of these products were too
low to get pure products. The 1H NMR, ESI-MS, IR, and HR-MS spec-
tra of these novel camptothecin derivatives were consistent with
their structures and were listed in Supporting Information.


To determine the stability of these new derivatives prepared,
some compounds were also subjected to PBS (pH 7.4) stability
studies.15 The analogues were incubated in 0.1 mol/L PBS at
37 �C, aliquots were taken at different time points and examined

rights reserved.
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by HPLC. The results were shown in Table 1. Compounds 6 and 11,
12 revealed complete buffer stability for the length of the experi-
ment (>48 h). Compound 9 were also stable in buffer with a half-
life of around 45 h. The compounds (6, 12) introduced pyrazole
at 20-position of CPT showed good stability, which was surpris-
ingly consistent with the previous research,15 pyrazole also im-
proved stability of lactone when it was introduced at 10-position
of CPT.

Table 1
Cytotoxicity and buffer half-life of CPT derivatives


Compound In vitro cytotoxicity (IC50, lM) Half-life (h)


MCF-7b HCT-8 PC-3


TPT 5.55 3.66 3.99 —a


6 0.12 0.61 0.16 >48
7 0.90 0.60 0.21 24
8 1.79 1.51 1.34 14
9 0.69 0.74 0.15 45
10 1.20 0.38 0.16 24
11 10.37 3.00 0.03 >48
12 0.81 0.23 0.13 >48
13 0.11 0.59 0.38 18
14 0.27 1.11 0.32 9
15 0.65 0.51 0.44 14
16 0.16 0.48 0.59 13
17 0.56 0.82 0.50 —
18 3.80 2.43 0.11 —
19 2.12 0.76 0.55 —
20 2.57 2.09 0.80 —
21 3.45 2.58 0.54 —
22 3.76 3.78 0.60 —


a —, not tested.
b MCF-7, human breast cancer; HCT-8, human colon cancer; PC-3, human pros-


tate cancer.

Cytotoxicity of these derivatives were evaluated on three differ-
ent human cancer cell lines (MCF-7, HCT-8 and PC-3) using MTT
assay.16 TPT was used as the reference drug. The results of the cyto-
toxicity studies were shown in Table 1. Most of the derivatives dis-
played potent or similar cytotoxic activity in vitro compared with
TPT. All the analogues showed 10–30 times more active than TPT
against PC-3 cell line, with IC50 value (defined as the concentra-
tions corresponding to 50% growth inhibition) ranging from 0.03
to 0.80 lM. Compounds 6, 13, 16 had more efficacy on MCF-7 cell
line and compound 12 showed best activity on HCT-8 cell line. The
compounds 6 and 12, which contained pyrazole substituent,

Table 2
Antitumor activity of the analogues (q3d � 3) against HCT-8 xenografted model


Compound Dose (mg/kg) Lethala toxicity BWC%b TIRc(%)


Control — 0/8 +35 —
TPT 5 0/8 �3 62.0**


10 3/8 �29 92.5**


6 10 0/8 +7 35.3*


20 0/8 +8 75.6**


7 10 0/8 +6 27.8
20 0/8 +1 46.2*


8 10 0/8 +36 25.4
20 0/8 +12 49.3*


12 10 0/8 �2 77.1**


20 1/8 �5 92.9**


Student’s t-test was used.
* P value < 0.05.
** P value < 0.01, versus the control group.


a Number of the dead mice/total number of mice.
b Percentage of mice body-weight change (BWC) after drug treatment:


BWC% = (mean BW final day/mean BW first day � 100) � 100; ‘‘+” means body-
weight increase; ‘‘�” means body-weight decrease.


c Tumor inhibitory rate.
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revealed obviously potent cytotoxicity. The results also indicated
these CPT analogues which were modified by nitrogenous hetero-
cyclic aromatic groups exhibited good cytotoxicity.


The preliminary antitumor activity studies in vivo of these com-
pounds were evaluated against mouse sarcoma S180, compared
with that of TPT. The pyridine quaternary salt derivatives 18–22
all showed low antitumor activity and high toxicity. The further
antitumor activity in vivo of the promising analogues 6, 7, 8, 12
were evaluated with HCT-8 xenografted model on male BALB/c
nu/nu mice using intraperitoneal (ip) injection compared with
TPT (Table 2). Compound 12 possessed the best antitumor activity
among these compounds, achieved a tumor inhibitory rate (TIR) of
92.9% at a dose of 20 mg/kg (similar to the TIR of TPT at a dose of
10 mg/kg) and showed better dose-efficacy relationship. Com-
pound 6 also achieved a TIR of 75.6% at a dose of 20 mg/kg. Other
derivatives did not show efficient antitumor activities in vivo.
Compounds 6, 12 possessed lower toxicity than TPT from the
change of the mice body-weight before and after administration.
Interestingly, substituent on derivatives 6, 12 were also pyrazole.


In summary, seventeen new CPT derivatives modified by nitroge-
nous heterocyclic aromatic groups were prepared, and these CPT ana-
logues showed better cytotoxicity than TPT, the stability of the lactone
in PBS was increased mostly. Compound 12 exhibited the best antitu-
mor activity among these compounds in vivo. Especially compound
12, 6 modified by pyrazole showed notable antitumor activity and sta-
bility of the lactone, which were consistent with that of our previous
studies.14 The antitumor activity was not only related to the substi-
tuted positions but also to substituent. Further biological studies
about these derivatives are still underway in our laboratory.
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To improve the medicinal activity, the structure of diflunisal has been modified. Twenty-one amide deriv-
atives of diflunisal were synthesized starting from diflunisal in three steps with total yields from 72% to
89%. All compounds were identified by 1H NMR, MS, and elemental analysis. The anti-inflammatory and
analgesic activities for 19 compounds were evaluated. It was found that 5m possesses an excellent anti-
inflammatory activity and a good analgesic activity, maybe a potential anti-inflammatory agent.


� 2008 Elsevier Ltd. All rights reserved.

Fluorine-containing non-steroid anti-inflammatory drugs have
been attractive for their special properties.1–3 Diflunisal (1, CAS
22494-42-4), 20,40-difluoro-4-hydroxybiphenyl-3-carboxylic acid,
has been approved worldwide as therapeutics for the treatment
of inflammation and pain.4,5 Recently, the modifications of the
chemical structure of 1 were studied. For example, 3-(1,3-dihy-
dro-2H-isoindol-2-ylcarbonyl)-20,40-difluorobiphenyl-4-ol was
synthesized and reported to have the H3P-90 inhibition, and
H3P-90 in abnormal cells, such as in cancer cells would damage
the regulation of signal transduction network.6 Yu reported that
esterification or amidation of 1 could increase their solubility and
absorption in vivo, and some of them have even better analgesic
activity than that of dilunisal.7 Some changes in the carboxyl group
of 1 also showed good antimycobacterial, antiviral and antimicro-
bial activities.8 Roberts found that O-aryl esters of 1, especially
lipophilic esters, possess large permeability surface area and tissue
distribution value.9


Our group have studied the synthesis and the SAR of fluorine-
containing non-steroid anti-inflammatory drugs, and patented that
some amides of fluorine-containing benzoic acid possessed good
anti-inflammatory activity.10,11


In continuation of our research, the modification of diflunisal
was studied by esterification of the hydroxyl group and amidation
of the carboxylic group. We designed and synthesized 17 amide
derivatives of O-acetyldiflunisal or O-benzoyldiflunisal, 5a–5q,
and evaluated their anti-inflammatory and analgesic activity. Acci-
dentally, four amide derivatives of 1, 5r–5u, were obtained in the

All rights reserved.


x: +86 571 88320557.
g).

same way when 3a (R = CH3) was reacted with a secondary amine
in amidation, such as dimethylamine, diethylamine, N-methylpi-
perazine or N-ethylpiperazine, because the four secondary amines
are stronger alkaline and promoted the hydrolyzation of acetates.
The 21 amides were synthesized from 72% to 89% in total yield.
The synthetic route is shown in Scheme 1. Starting from 1, esteri-
fication of phenolic hydroxy group and amidation of carboxylic
acid gave desired product 5. The preparations are summarized in
Table 1. The structures of all compounds were identified by IR,
1H NMR, MS, and elemental analysis (Table 2).12,13 The crystal
structure of 5a was determined by X-ray.14


The anti-inflammatory and analgesic activities for these com-
pounds (2, 5a–5q) were evaluated by xylene induced mice ear ede-
ma and acetic acid induced mice writhing models for male and
female Kunming mice (weight 20–26 g). The substances were
administrated via the oral route at the dose of 40 mg kg�1. The diflu-
nisal, a registered anti-inflammatory drug, ED50 59.6 mg kg�1 on
carragegenin-induced paw edema in rats,15,16 was used as a positive
control. The results of the evaluation of anti-inflammatory and anal-
gesic activity are summarized on Table 3. The ED50 on active com-
pounds was determined and the results were listed in Table 4. The
ED50 for 5m and 5p on xylene induced mice ear edema model is
24.24 and 25.69 mg kg�1 and for 5m and 5q on acetic acid induced
mice writhing model is 43.79 and 11.58 mg kg�1.


From Table 3, it could be found that the inhibition on xylene in-
duced mice ear edema model of 5m, 5p, 5a, and 5i is 68.86%,
65.20%, 48.83%, and 41.37% relatively, superior to diflunisal
39.85% at the dose of 40 mg kg�1. Comparing 2b, 5m, 5n, and 5o
with 2a, 5a, 5e, and 5f relatively, the biological activity of 5m is
superior to 5a in both anti-inflammatory and analgesic activity
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Table 2
Elemental analysis (calcd data in parentheses) and 1H NMR data (in CDCl3) of new compo


Compound Elemental analysis (%) 1H NMR (d, ppm)


C H N


5a 62.86 4.36 4.49 2.36 (s, 3H, COCH3), 2.99 (d, 3H, J = 4.8 Hz, N-CH
J = 7.6 Hz, 60-CH), 7.59 (d, 1H, J = 8.4 Hz, 6-CH),(62.95) (4.29) (4.59)


5b 63.83 4.82 4.31 1.24 (t, 3H, J = 7.2 Hz, –CH3), 2.34 (s, 3H, –COCH
5-CH), 7.40 (q, 1H, J = 7.6 Hz, 60-CH), 7.59 (d, 1(63.95) (4.74) (4.39)


5c 67.43 5.73 3.67 1.24 (m, 3H, 30 0 ,40 0 ,50 0-CH), 1.44 (q, 2H, J = 5.0 Hz
(s, 3H, �CH3), 3.96 (m, 1H, 10 0-CH), 6.13 (d, 1H,
1H, J = 8.5 Hz, 5-CH), 7.41 (q, 1H, J = 8.0 Hz, 60-


(67.55) (5.67) (3.75)


5d 69.22 4.55 3.56 2.08 (s, 3H, –CH3), 4.61 (d, 2H, J = 5.5 Hz, –CH2),
1H, J = 8.5 Hz, 5-CH), 7.35 (q, 1H, J = 8.5 Hz, 60-(69.29) (4.49) (3.67)


5e 68.60 4.19 3.75 2.37 (s, 3H, –CH3), 6.94 (m, 2H, 30 ,50-CH), 7.17 (d
(m, 3H, 6, 20 0 ,60 0-CH), 7.98 (s, 1H, 2-CH), 8.07 (s(68.66) (4.12) (3.81)


5f 69.23 4.54 3.60 2.34 (s, 3H, –CH3), 2.37 (s, 3H, –CH3), 6.95 (t, 1H
(d, 1H, J = 7.5 Hz, 5-CH), 7.27 (d, 1H, J = 8.5 Hz,
J = 8.5 Hz, 30 0-CH), 7.83 (s, 1H, 2-CH), 7.95 (d, 1


(69.29) (4.49) (3.67)


5g 69.23 4.55 3.58 2.36 (s, 3H, –CH3), 2.37 (s, 3H, –CH3), 6.95 (m, 2
J = 7.6 Hz, 40 0-CH), 7.36 (d, 1H, J = 7.6 Hz, 60 0-CH)
(s, 1H, 2-CH), 8.01 (s, 1H, –NH)


(69.29) (4.49) (3.67)


5h 69.21 4.54 3.61 2.36 (s, 3H, –CH3), 2.38 (s, 3H, –CH3), 6.95 (m, 2
1H, J = 7.6 Hz, 60-CH), 7.51 (d, 2H, J = 8.0 Hz, 20 0(69.29) (4.49) (3.67)


F


F OH


OH


O
F


F O


OH
O


R


O


SOCl2


CH2Cl2


F


F O


Cl
O


R


O


CH2Cl2


N
H


R2 R3


4


F


F O


N


O


R1


R3


1 2


3 5


pyridine


RCOCl


R2


Scheme 1. Route of synthesis.


Table 1
Synthesis of compounds (5)


Compound R1 R2 R3 Yield (%) Mp (�C)


5a COCH3 H CH3 81 157–160
5b COCH3 H CH2CH3 77 110–112
5c COCH3 H Cyclohexyl 73 159–162
5d COCH3 H CH2C6H5 81 134–136
5e COCH3 H C6H5 87 152–155
5f COCH3 H o-C6H4CH3 85 166–169
5g COCH3 H m-C6H4CH3 81 123–125
5h COCH3 H p-C6H4CH3 89 164–167
5i COCH3 H o-C6H4Cl 84 159–163
5j COCH3 H p-C6H4Cl 84 183–186
5k COCH3 H 2,5-(CH3)2C6H3 81 109–112
5l COCH3 H Morpholine-4-yl 76 124–126
5m COC6H5 H CH3 75 147–150
5n COC6H5 H C6H5 84 139–140
5o COC6H5 H o-C6H4CH3 86 165–168
5p COC6H5 CH2CH3 CH2CH3 72 125–128
5q COC6H5 4-Methylpiperazin-1-yl 83 154–157
5r H CH3 CH3 76 123–125
5s H CH2CH3 CH2CH3 73 139–141
5t H 4-Methylpiperazin-1-yl 74 95–97
5u H 4-Ethylpiperazin-1-yl 77 142–143
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and others are nearly equal to each partner. Therefore, the com-
pound containing O-benzoyl group may have a good biological
activity.


Additionally, it indicates that the substituted groups on amide
could affect the anti-inflammatory activity. It was found that the
alkyl group benefits as increase as following: CH3 > CH2C6H5 >
CH2CH3, and the aryl group are more complex. It was discovered
that the compounds with such electron-donating group (CH3


group) seems to benefit as increase as following: para > ortho > me-
ta, and the compounds with electro-withdrawing group (Cl group)
is ortho > para. But it needs more data to find the relationship.


From Table 3, it could also be found that the inhibition on acetic
acid induced mice writhing model of 5q and 5m is 88.33% and
47.50% at the dose of 40 mg kg�1. Additionally, it indicates that
the substituted groups on amide could also affect the analgesic
activity and the compound with hetero-atom on amide group is
better than others in analgesic activity. The effect of substituted
group on the analgesic activity seems more complex than on the
anti-inflammatory activity.


On the whole, it seems a trend that the substituted groups on
the either amide or ester could affect on the inflammatory activity

unds


3), 6.25 (s, 1H, –NH), 6.94 (m, 2H, 30 ,50-CH), 7.18 (d, 1H, J = 8.4 Hz, 5-CH), 7.40 (q, 1H,
7.84 (s, 1H, 2-CH)


3), 3.47 (m, 2H, –CH2), 6.25 (s, 1H, –NH), 6.94 (m, 2H, 30 ,50-CH), 7.17 (d, 1H, J = 8.4 Hz,
H, J = 8.4 Hz, 6-CH), 7.84 (s, 1H, 2-CH)
, 30 0 ,50 0-CH), 1.66 (m, 1H, 40 0-CH), 1.74 (m, 2H, 20 0 ,60 0-CH), 2.02 (m, 2H, 20 0 ,60 0-CH), 2.36
J = 7.5 Hz, –NH), 6.92 (t, 1H, J = 8.5 Hz, 30-CH), 6.96 (d, 1H, J = 8.0 Hz, 50-CH), 7.16 (d,
CH), 7.58 (d, 1H, J = 8.5 Hz, 6-CH), 7.84 (s, 1H, 2-CH)
6.63 (s, 1H, N-H), 6.92 (t, 1H, J = 8.5 Hz, 30-CH), 6.97 (d, 1H, J = 8.0 Hz, 50-CH), 7.16 (d,
CH), 7.38 (m, 5H, –C6H5), 7.59 (s, 1H, 2-CH), 7.94 (d, 1H, J = 8.4 Hz, 6-CH)


, 1H, J = 8.0 Hz, 5-CH), 7.25 (q, 1H, J = 8.0 Hz, 40 0-CH), 7.40 (m, 3H, 60 ,30 0 ,50 0-CH), 7.64
, 1H, –NH)
, J = 8.5 Hz, 30-CH), 7.00 (d, 1H, J = 8.0 Hz, 50-CH), 7.15 (t, 1H, J = 7.5 Hz, 40 0-CH), 7.25
60 0-CH), 7.28 (t, 1H, J = 8.5 Hz, 50 0-CH), 7.46 (q, 1H, J = 8.0 Hz, 60-CH), 7.67 (d, 1H,
H, J = 7.5 Hz, 6-CH), 8.00 (s, 1H, –NH)
H, 30 ,50-CH), 6.99 (d, 1H, J = 7.6 Hz, 40 0-CH), 7.24 (d, 1H, J = 8.0 Hz, 5-CH), 7.27 (t, 1H,
, 7.43 (q, 1H, J = 7.6 Hz, 60-CH), 7.51 (s, 1H, 20 0-CH), 7.65 (d, 1H, J = 8.4 Hz, 6-CH), 7.97


H, 30 ,50-CH), 7.19 (d, 2H, J = 7.6 Hz, 30 0 ,50 0-CH), 7.25 (d, 1H, J = 8.0 Hz, 5-CH), 7.43 (q,
,60 0-CH), 7.65 (d, 1H, J = 8.4 Hz, 6-CH), 7.99 (s, 1H, 2-CH), 8.01 (s, 1H, –NH)


(continued on next page)







Table 2 (continued)


Compound Elemental analysis (%) 1H NMR (d, ppm)


C H N


5i 62.70 3.56 3.43 2.41 (s, 3H, –CH3), 6.96 (m, 2H, 30 ,50-CH), 7.10 (t, 1H, J = 7.6 Hz, 40 0-CH), 7.28 (d, 1H, J = 8.0 Hz, 5-CH), 7.34 (t, 1H, J = 8.0 Hz, 50 0-CH),
7.44 (m, 2H, J = 8.0 Hz, 60 ,30 0-CH), 7.68 (d, 1H, J = 8.4 Hz, 6-CH), 8.10 (s, 1H, 2-CH), 8.58 (d, 1H, J = 8.4 Hz, 60 0-CH), 8.78 (s, 1H, –NH)(62.78) (3.51) (3.49)


5j 62.71 3.57 3.42 2.36 (s, 3H, –CH3), 6.95 (m, 2H, 30 ,50-CH), 7.25 (d, 1H, J = 8.0 Hz, 5-CH), 7.34 (d, 2H, J = 8.4 Hz, 30 0 ,50 0-CH), 7.43 (q, 1H, J = 8.0 Hz, 60-
CH), 7.57 (d, 2H, J = 8.4 Hz, 20 0 ,60 0-CH), 7.66 (d, 1H, J = 8.0 Hz, 6-CH), 7.97 (s, 1H, 2-CH), 8.06 (s, 1H, –NH)(62.78) (3.51) (3.49)


5k 69.78 4.92 3.43 2.29 (s, 3H, CO-CH3), 2.37 (s, 6H, Ph-CH3), 6.94 (d, 1H, J = 8.5 Hz, 30-CH), 6.96 (d, 1H, J = 8.0 Hz, 40 0-CH), 7.00 (d, 1H, J = 8.0 Hz, 50-CH),
7.13 (d, 1H, J = 8.0 Hz, 30 0 –CH), 7.26 (d, 1H, J = 8.5 Hz, 5-CH), 7.46 (q, 1H, J = 8.0 Hz, 60-CH), 7.67 (d, 1H, J = 8.0 Hz, 6-CH), 7.79 (s, 2H,
2,60 0-CH), 8.00 (s, 1H, –NH)


(69.87) (4.84) (3.54)


5l 63.04 4.83 3.79 2.32 (s, 3H, –CH3), 3.40 (t, 2H, J = 5.0 Hz, 20 0 ,60 0-CH), 3.63 (t, 2H, J = 5.0 Hz, 20 0 ,60 0-CH), 3.75 (m, 4H, 30 0 ,50 0-CH2), 6.92 (t, 1H, J = 8.5 Hz,
30-CH), 6.97 (d, 1H, J = 8.0 Hz, 50-CH), 7.26 (d, 1H, J = 8.5 Hz, 5-CH), 7.36 (q, 1H, J = 8.0 Hz, 60-CH), 7.43 (s, 1H, 2-CH), 7.55 (d, 1H,
J = 8.5 Hz, 6-CH)


(63.15) (4.74) (3.88)


5m 68.49 4.14 3.70 2.89 (d, 3H, J = 4.8 Hz, CH3), 6.36 (s, 1H, NH), 6.94 (t, 1H, J = 8.4 Hz, 30-H), 7.00 (t, 1H, J = 8.2 Hz, 50-H), 7.31 (d, 1H, J = 8.4 Hz, 5-H),
7.45 (q, 1H, J = 7.6 Hz, 7.56 (t, 2H, J = 7.6 Hz, 30 0 ,50 0-H), 7.65 (d, 1H, J = 8.4 Hz, 6-H), 7.69 (t, 1H, J = 7.6 Hz, 40 0-H), 7.94 (s, 1H, 2-H), 8.27
(d, 2H, J = 6.8 Hz, 20 0 ,60 0-H)


(68.66) (4.12) (3.81)


5n 72.59 4.01 3.19 6.96 (t, 1H, J = 8.4 Hz, 30-H), 7.00 (t, 1H, J = 8.4 Hz, 50-H), 7.08 (t, 1H, J = 7.6 Hz, 40 0 0-H), 7.26 (t, 2H, J = 8.0 Hz, 30 0 0 ,50 0 0-H), 7.37 (d, 1H,
J = 8.0 Hz, 5-H), 7.45 (d, 2H, J = 7.6 Hz, 20 0 0 ,60 0 0-H), 7.47 (q, 1H, J = 8.0 Hz, 60-CH), 7.55 (t, 2H, J = 7.6 Hz, 30 0 ,50 0-H), 7.69 (t, 1H, J = 7.6 Hz,
40 0-H), 7.72 (d, 1H, J = 8.0 Hz, 6-H), 8.10 (s, 1H, 2-H), 8.23 (s, 1H, NH), 8.24 (d, 2H, J = 7.2 Hz, 20 0 ,60 0-H)


(72.72) (3.99) (3.26)


5o 73.27 4.40 3.13 2.18 (s, 3H, CH3), 6.96 (t, J = 8.4 Hz, 1H, 30-H), 7.00 (t, 1H, J = 8.0 Hz, 50-H), 7.07 (t, 1H, J = 7.2 Hz, 40 0 0-H), 7.14 (d, 1H, J = 7.6 Hz, 30 0 0-H),
7.20 (t, 1H, J = 6.8 Hz, 50 0 0-H), 7.36 (d, 1H, J = 8.4 Hz, 5-H), 7.48 (q, 1H, J = 8.0 Hz, 60-CH), 7.53 (t, 2H, J = 7.6 Hz, 30 0 ,50 0-H), 7.68 (t, 1H,
J = 7.6 Hz, 40 0-H), 7.72 (d, 1H, J = 8.4 Hz, 6-H), 7.85 (d, 1H, J = 8.4 Hz, 60 0 0-H), 7.90 (s, 1H, –NH), 8.09 (s, 1H, 2-H), 8.22 (d, 2H, J = 7.2 Hz,
20 0 ,60 0-H)


(73.13) (4.32) (3.16)


5p 70.48 5.08 3.30 1.02, 1.08 (t, t, 6H, J = 7.2 Hz, CH3), 3.24 (m, 4H, CH2), 6.94 (t, 1H, J = 8.4 Hz, 30-H), 6.98 (t, 1H, J = 8.4 Hz, 50-H), 7.43 (d, 1H, J = 8.4 Hz,
5-H), 7.43 (q, 1H, J = 8.0 Hz, 60-CH), 7.50 (t, 3H, J = 7.6 Hz, 2,30 0 ,50 0-H), 7.58 (d, 1H, J = 8.0 Hz, 6-H), 7.64 (t, 1H, J = 8.0 Hz, 40 0-H), 8.18 (d,
2H, J = 7.2 Hz, 20 0 ,60 0-H)


(70.41) (5.17) (3.42)


5q 66.37 5.30 9.16 2.20 (s, 3H, –CH3), 2.28 (t, 4H, J = 4.2 Hz, 30 0 0-CH2), 3.38, 3.720 (t, t, 4H, J = 4.8 Hz, 20 0 0-CH2), 6.94 (t, 1H, J = 8.0 Hz, 30-H), 6.97 (t, 1H,
J = 8.0 Hz, 50-H), 7.42 (d, 1H, J = 8.4 Hz, 5-H), 7.42 (q, 1H, J = 8.0 Hz, 60-H), 7.49 (s, 1H, 2-H), 7.51 (t, 2H, J = 8.0 Hz, 30 0 ,50 0-H), 7.60 (d,
1H, J = 8.0 Hz, 6-H), 7.65 (t, 1H, J = 7.6 Hz, 40 0-H), 8.18 (d, 2H, J = 8.0, 20 0-H);


(66.51) (5.13) (9.31)


5r 64.92 4.78 4.97 3.21 (s, 6H, N-CH3), 6.93 (t, 1H, J = 8.5 Hz, 30-CH), 6.95 (d, 1H, J = 8.5 Hz, 50-CH), 7.10 (d, 1H, J = 8.5 Hz, 5-CH), 7.36 (q, 1H, J = 8.0 Hz,
60-CH), 7.46 (d, 1H, J = 8.5 Hz, 6-CH), 7.50 (s, 1H, 2-CH), 10.08 (s, 1H, OH)(64.98) (4.73) (5.05)


5s 66.80 5.69 4.52 1.31 (t, 6H, J = 7.0 Hz, –CH3), 3.59 (q, 4H, J = 7.0 Hz, N-CH2), 6.92 (t, 1H, J = 8.5 Hz, 30-CH), 6.96 (d, 1H, J = 8.0 Hz, 50-CH), 7.10 (d, 1H,
J = 8.5 Hz, 5-CH), 7.36 (q, 1H, J = 8.0 Hz, 60-CH), 7.45 (d, 1H, J = 8.5 Hz, 6-CH), 7.49 (s, 1H, 2-CH), 10.08 (s, 1H, OH)(66.87) (5.61) (4.59)


5t 64.98 5.56 8.38 2.35 (s, 3H, –CH3), 2.50 (t, 4H, J = 5.0 Hz, 30 0 ,50 0-CH2), 3.80 (t, 4H, J = 5.0 Hz, 20 0 ,60 0-CH2), 6.92 (t, 1H, J = 8.5 Hz, 30-CH), 6.96 (d, 1H,
J = 8.0 Hz, 50-CH), 7.09 (d, 1H, J = 8.5 Hz, 5-CH), 7.36 (q, 1H, J = 8.5 Hz, 60-CH), 7.43 (s, 1H, 2-CH), 7.47 (d, 1H, J = 8.5 Hz, 6-CH), 9.74 (s,
1H, OH)


(65.05) (5.46) (8.43)


5u 65.81 5.91 8.02 1.12 (t, 3H, J = 7.0 Hz, –CH3), 2.48 (q, 2H, J = 7.0 Hz, –CH2), 2.53 (t, 4H, J = 5.0 Hz, 30 0 ,50 0-CH2), 3.81 (t, 4H, J = 5.0 Hz, 20 0 ,60 0-CH2), 6.92 (t,
1H, J = 8.5 Hz, 30-CH), 6.96 (d, 1H, J = 8.0 Hz, 50-CH), 7.09 (d, 1H, J = 8.5 Hz, 5-CH), 7.35 (q, 1H, J = 8.5 Hz, 60-CH), 7.44 (s, 1H, 2-CH),
7.45 (d, 1H, J = 8.5 Hz, 6-CH), 9.79 (s, 1H, OH)


(65.88) (5.82) (8.09)


Table 3
The anti-inflammatory and analgesic activities of compounds


Compound The inhibitory effect on xylene
induced mice ear edema


The inhibitory effect on acetic
acid induced mice writhing


Dose/(mg kg�1) Inhibition/% Dose/(mg kg�1) Inhibition/%


2a 40 13.65 40 0
2b 40 16.06 40 7.97
5a 40 48.83 40 29.87
5b 40 5.38 40 23.86
5c 40 0 40 15.63
5d 40 34.12 40 16.58
5e 40 23.16 40 8.90
5f 40 19.58 40 12.30
5g 40 12.78 40 18.96
5h 40 36.40 40 30.96
5i 40 41.37 40 11.74
5j 40 0 40 29.87
5k 40 22.03 40 13.20
5l 40 0 40 28.52
5m 40 68.86 40 47.50
5n 40 19.79 40 5.57
5o 40 21.40 40 20.79
5p 40 65.20 40 0
5q 40 27.47 40 88.33
1 40 39.85 40 8.33


Table 4
The ED50 of compound 5m, 5p, and 5q


Compound Test model ED50/(mg kg�1)


5m On xylene induced mice ear edema 24.24
5p On xylene induced mice ear edema 25.69
5m On acetic acid induced mice writhing 43.79
5q On acetic acid induced mice writhing 11.58
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and analgesic activity. So these results will provide a good idea to
design and research the SAR in the future.


Fortunately, because of possessing an excellent anti-inflamma-
tory activity and a good analgesic activity, 5m may be a potential
anti-inflammatory agent.
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Polymeric macromolecules are promising drug delivery devices with endocytotic properties that need to
be resolved. Host-rotaxanes (HRs) also deliver materials into cells but require improved in vivo targeting
capacity. Combining the targeting properties of nanoparticles with the transport function of HRs may
improve drug efficacy. Our prototype HR (HR 1) has a short axle and is an efficient transporter. Here,
we have constructed HRs that contain an oligo(ethylene glycol) (HR 2) or an oligoalkyl (HR 3) axle with
the future goal of combining them with nanoparticles. HR 2 more efficiently delivers Fl-peptides into
ovarian cancer cells than HR 3 and, in most cases, than HR 1. HR 2 appears to possess the appropriate
balance between water solubility and lipophilicity to be an efficient transporter along with a suitable
structure for incorporation into a larger nanoparticle.


Published by Elsevier Ltd.

The cellular membrane blocks the passage of most materials
into cells. Although necessary, this barrier severely limits the
development of drugs and therapeutic methods. The challenge is
to develop materials that selectively enter targeted cells without
compromising their membrane and inducing cell death. We have
developed a new class of intracellular transport agents, for exam-
ple, host-rotaxane 1 (HR 1), that have low toxicities in the concen-
tration range used for delivery and apparently pass through cell
membranes unaided.1 Host-rotaxanes are compounds with an
interlocked wheel and axle with a blocking group and a synthetic
host on the ends of the axle to keep the wheel threaded
(Fig. 1).2,3 Even though HRs are promising delivery devices, they
lack a targeting mechanism for a particular cell type and so far
have not been tested extensively in animals.


To provide a targeting mechanism and promote biostability, we
proposed that the HRs can be combined with polymeric nanopar-
ticles. Nanosized polymers can traverse many of the barriers
imposed in living systems while protecting and improving the
pharmacokinetic profile of an encapsulated drug. Although nano-
particles perform well in delivering drugs to cells, endolysosomal
trafficking of the materials can degrade their payload. Cell-pene-
trating peptides (CPPs) have been combined with drug delivery
materials to provide an alternative route for cellular entry.4–8


Unfortunately, CPPs appear to enter cells via endocytosis.9–12 HRs
combined with polymeric nanoparticles may result in a more effi-
cient delivery method.


We created a host-rotaxane with an oligo(ethylene glycol) chain
(HR 2) to better equip the host-rotaxanes for noncovalent or

Ltd.


hrud).

covalent incorporation with polymers. This chain was chosen since
polymeric ethers tend to be water-soluble, nontoxic, and nonim-
munogenic.13 Oligo(ethylene glycol) segments have been grafted
onto long alkyl chains14,15 or attached to the surface of a nanopar-
ticle16 and can be designed to release their payload at targeted
sites.17–20 The rest of the rotaxane was not changed to maintain
efficient transport properties, including a cleft containing phenolic
rings, which is used to house an aromatic guest, and a wheel con-
taining arginine groups to promote cell surface binding.


The presence of an oligo(ethylene glycol) chain could greatly
affect intracellular delivery. HR 2 when fully extended (4 nm) would
span across half of a membrane (membrane thickness 6–9 nm). The
full length of transporter HR 1 is approximately 2.5 nm. Long
rotaxanes may undergo drastic conformational changes or become

Figure 1. Host-rotaxanes used in this study and their components.
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Table 1
Thermodynamic energies for HR complexesa


HR Guest Waterb DMSO


DG0 DH0 DS0 DG0 DH0 DS0


1c Fl �27 �13 47 �33 �11 74
Fl-AVWAL �30 �6 81 �33 �11 74


2 Fl �28 �5 80 �31 �33 �8
Fl-AVWAL �22 �12 31 �32 �26 18


3 Fl �26 �4 76 �31 �10 71
Fl-AVWAL �24 �16d 25 �31 �16 51


a DG0 = �RTlnK, K from fluorescence quenching assays, uncertainty in K’s 6 5%,
DG0 calculated for 25 �C, kJ mol�1; DH0 kJ mol�1, from van’t Hoff’s analysis,
uncertainty in DH0 < 10%; DS0 = (DG0 � DH0)/T, calculated for 25 �C, J mol�1 K�1,
uncertainty in DS0 < 10%.


b 1 mM phosphate pH 7.4.
c Ref. 24.
d From the integrated van’t Hoff equation.
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permanently embedded within a membrane and halt transport.
Additionally, changes made to the structure of the axle may affect
properties such as permeability, guest recognition, or solubility of
a rotaxane.


We were most concerned with the increase in the hydrophilic-
ity of the rotaxane, which could decrease the ability of the HR to
penetrate cellular membranes. A more lipophilic variant of HR 2
was created (HR 3) to improve the lipophilicity of long axle rotax-
anes if needed. Its axle is made of repeating –CH2– groups, which
increase the membrane permeability of HR 3, but decrease its
water solubility. In this study, we show that HRs 2 and 3 bind
and transport fluoresceinated guests into ovarian cancer cells. Sur-
prisingly, HR 2 outperformed HR 1 and HR 3 for most guests in
transport function; a process that was independent of endocytosis.
Combining HRs with nanoparticles could prove to be a way to
overcome the problem of endocytosis associated with the delivery
of drugs by nanoparticles.


The synthesis of HR 2 and 3 started with the aromatic cleft com-
ponent that was used in the synthesis of HR 1 (Scheme 1). It was
oxidized to an acid to provide an attachment site for the oligoalkyl
or oligo(ethylene glycol) strand. Synthesis of the oligo(ethylene
glycol) strand followed the procedure of Martell.21 The oligoalkyl
strand was made from undecanedioic acid, which was amidated
and then reduced. Once one amine of a strand was coupled to
the cleft, the other end was exposed to a DCC–rotaxane.22 DMSO
was needed in the coupling reaction of the oligo(ethylene glycol)
strand to improve its solubility. The amount of rotaxane formed
with the oligoalkyl strand is lower (42%) than the yield usually ob-
tained for rotaxane formation (around 70%). The wheels were
deprotected and attached to Boc protected arginines, which were
subsequently deprotected to produce the rotaxanes.


We have previously shown that efficient transport requires
movement of the wheel along the axis. 2D NMR analysis demon-
strated that dominant conformations exist for HR 1 bound to fluo-
rescein in polar and apolar environments with the wheel residing
near and far from the cleft pocket, respectively.1 Additionally, we
found that the likelihood of an HR to deliver a compound into cells
is proportional to the strength of the complex that is formed
between them, especially in DMSO.23 Changing the length or the
constituents of an axle could alter the spatial relationship between
the wheel and pocket. This could result in restricted motion of the
wheel or weak host–guest complexes. In either case, delivery could

Scheme 1. Reagents and conditions: (a) Na2Cr2O7, H2SO4, H2O (88%); (b) i—ClCOCOCl, E
73%); (c) i—CHCl3 (65%, 42%); ii—TFA, CH2Cl2 (96%, 84%); (d) i—(Boc)3ArgOH, HOBt, DCC

be diminished. We determined the binding enthalpy and entropy
to explore the relationship between the wheel and pocket that ex-
ists in the host–guest complexes.24


The thermodynamic parameters (see Supporting Information)
for the HRs bound to fluorescein and to a fluoresceinated peptide,
Fl-AVWAL, in buffered water (PBS, pH 7.3) and DMSO were deter-
mined (Table 1). These guests were chosen on the basis of their
commonality with potential drugs and their extensive character-
ization in previous rotaxane studies.23,24 The temperature depen-
dence on the free energy was used to derive the binding
enthalpies, according to the van’t Hoff relationship. Knowing
DG0s and DH0s, the binding entropies were obtained by solving
the Gibbs free energy equation. A similar magnitude is seen in
the binding free energies for the complexes formed between HRs
1–3 and the guests. The highly stable complexes in DMSO indi-
cated that HRs 2 and 3 would be transporters. The results also
show that the strength of a complex is insensitive to length and
nature of the axle, at least for these axles.


On the other hand, the length and constituents of an axle
greatly affects the magnitude of the enthalpy and entropy of bind-
ing. A wide range of values is seen for DH0 and DS0 in water
(dDH0 = 12 kJ mol�1and dDS0 = 56 J mol�1 K�1) and in DMSO
(dDH0 = 23 kJ mol�1 and dDS0 = 82 J mol�1 K�1). The long axle
rotaxanes HR 2 and 3 bind fluorescein in water with greater favor-

t3N, CH2Cl2; ii—H2N(CH2)11NH2, DMSO or H2N(CH2CH2O)3CH2CH2NH2, CH2Cl2 (33%,
(68%, 56%); ii—TFA, CH2Cl2 (96%, 90%).
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Figure 2. Delivery of Fl-peptides into CaOV3 cells by the HRs (standard deviations
less than 10%).
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Figure 3. The delivery of Fl-peptides by HR 2 at different conditions to explore the
transport mechanism (standard deviations less than 10%).
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able binding entropy than HR 1. This could be the result of a great-
er number of water molecules being released from the axle as the
wheel slides a greater distance. On the other hand, the binding of
the larger Fl-AVWAL by HR 2 and 3 is more enthalpically driven
than for its complex with HR 1 in water. In DMSO, HR 1 and HR
3, which have axles containing alkyl groups, bind the guests with
similar energies and DH0 and DS0 both contribute to complex sta-
bility. The HR 2 complexes are driven through a favorable change
in enthalpy. Thus, the source of the free energy does depend on
the length or nature of the axle. A DH0 � DS0 compensation exists
for these complexes, which lessens the differences in the free
energies.


The ability of the HRs to transport materials into CaOV3 cells
was investigated (see Supporting Information). Fluorescein was
not used as a guest due to a high background level of fluorescence
at the concentration needed for efficient delivery. Flow cytometry
was used to quantify the relative level of Fl-AVWAL within the cells.
The background level of fluorescence was set at 5%. Fl-AVWAL
(10 lM) was delivered to a similarly high degree by HR 1 and HR
2 and approximately 50% less by HR 3 (Fig. 2). Since HR 3 is the least
soluble in water of the HRs studied, the poorer performance could
be caused by HR 3 or the HR 3�Fl-AVWAL complex precipitating
during the assay. To enhance the water solubility of the HR com-
plexes, the highly water-soluble Fl-KKALR, Fl-AQSAV, and Fl-AQEAV
were tested as guests at 15 lM. The observed trend in delivery is
consistent with previous studies of HRs.25 HR 2 outperformed HR
1 in the delivery of these Fl-peptides, whereas HR 3 still delivered
them less efficiently (Fig. 2). Since the multiple –CH2– groups of
the axle should enhance the membrane permeability of HR 3, its
poor water solubility most likely causes its less efficient transport.


The cellular assay solutions also contained calcein blue AM and
propidium iodide (PI) to determine the number of viable and dead
cells, respectively. A high proportion of calcein blue positive cells
(90–98%) was observed in the assays, and less than 3% of the cells
were dead, according to the level of PI within the cells. Calcein
blue/PI and Fl-peptide fluorescence were independent variables.
Membrane integrity was verified by measuring the amount of en-
zyme released from the cells during the assay. The level of lactate
dehydrogenase (CytoTox-One Integrity Assay, Promega) released
into the solution was 7–13% for cells exposed to the various re-
agents and 6% for untreated cells. These results demonstrate that
the HRs and the Fl-peptides are minimally or not toxic at these
concentrations.


Polymeric nanoparticles, as discussed above, and some highly
argininated peptides enter cells through endocytosis. We previ-
ously observed that HR 1 delivers materials into cells in an energy
independent process.1 To determine whether endocytosis is the
major pathway for cellular entry for HRs 2 and 3, the assays were

repeated at 4 �C or by using an established ATP-depleting cocktail
of 2-deoxyglucose and NaN3 to deplete the cellular energy.12


Fl-AVWAL was omitted as we have previously observed apparent
precipitation in the assay solutions at 4 �C, most likely caused by
the low solubility of the HR–Fl-AVWAL complex. Similar levels of
transport were observed for each Fl-peptide under the energy-de-
pleted conditions and in the physiologically relevant solution
(Fig. 3). High levels of viable cells were measured in the assay
performed at 4 �C and with depleted ATP (90–98% live cells, as
indicated by calcein blue AM, and less than 7% dead cells, as indi-
cated by PI). A larger number of dead cells were observed with a
depleted level of ATP than at 4 �C. The flow cytometric results show
that endocytosis is not the major pathway for the delivery of mate-
rials into cells. A cell-passive, rotaxane-dependent mechanism is
more likely followed.


In summary, we found that the length or nature of an HR axle
can increase or diminish the amount of a Fl-peptide that is deliv-
ered into cells. The results emphasize the importance of water sol-
ubility and lipophilicity, which are both needed by a host-rotaxane
to be a transporter. HR 2, which has a oligo(ethylene glycol) as the
axle, performed the best overall. It is highly soluble in water, forms
strong complexes with Fl-peptides, and efficiently transports
highly charged Fl-peptides into cells. A wide range of DH0 and
DS0 values is seen for the HR–guest complexes. Notwithstanding
the limited data set, these values do not correlate with transport
efficiency, leaving DG0 as the best indicator of transport.23 More
importantly, we found that HRs can be modified to enable nano-
particle attachment without interfering with efficient intracellular
transport. Our ongoing studies focus on the mechanism of trans-
port incorporation of long axle HRs with nanoparticles to improve
the delivery of materials into cells.
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Figure 1. Design of 3-MBA analogues leading towards PC190723.

New antibiotics are urgently needed to treat the increasing
number of life-threatening bacterial infections that are resistant
to current therapies. In particular, the emergence and spread of
drug-resistant staphylococci is of serious concern. Here we report
the discovery and characterization of a novel class of small syn-
thetic antibacterials that have potent activity against
staphylococci.


The essential bacterial cell division protein FtsZ has been recog-
nized as an attractive but as yet underexploited target for antibac-
terial drug discovery.1,2 When bacteria divide, FtsZ undergoes GTP-
dependent polymerization at mid-cell to form the Z-ring and then
recruits other cell division proteins to synthesize the septum that
enables the daughter cells to separate.3 FtsZ is structurally and
functionally homologous to mammalian b-tubulin, which has been
successfully exploited for cancer therapy.4–6 This suggests that FtsZ
may also be amenable to inhibitor development. Several com-
pounds have been reported to block bacterial cell division through
inhibition of FtsZ.7–13 We have explored one of these compounds,
3-methoxybenzamide (3-MBA; Compound 1; Fig. 1)7, leading to
the identification of a potent 3-MBA derivative, PC190723, that

All rights reserved.


x: +44 01865 854799.
kes).

inhibits FtsZ activity and kills staphylococci14 (Fig. 1). Here we
present the early structure–activity relationship (SAR) data leading
to its synthesis.


3-MBA is an attractive fragment-like starting point for FtsZ
inhibitor design. Although it possesses weak on-target antibacte-
rial activity (Bacillus subtilis minimum inhibitory concentration
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(MIC) 4000 lg ml�1), because of its low molecular weight it has a
high ligand efficiency.15 It is able to penetrate bacterial cells, which
is often a barrier to novel antibacterial discovery, and it has proven
to be an effective starting point for, or has been a key feature in, the
discovery of inhibitors in other therapeutic areas.16–18

Figure 2. Cells of B. subtilis 168 (A and B) or S. aureus ATCC 29213 (C and D) were
cultured (4 h) in the absence (A and C) or presence of 8 lg ml�1 compound 32 (B
and D) and analysed by phase-contrast microscopy. B. subtilis filaments and S.
aureus balloons in response to contact with cell division inhibitors.
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Our objective was to increase the potency of 3-MBA against
bacterial cells while retaining the on-target inhibition of cell divi-
sion. The biological activities of the compounds were characterized
by measuring their MICs against B. subtilis 168 and by morphomet-
ric analysis to determine on-target activity as expressed by fila-
mentation of the bacilli due to continued short-term growth in
the absence of cell division (Fig. 2).11


Selected compounds were also tested against Staphylococcus
aureus ATCC 29213 to determine both potency and on-target activ-
ity, expressed by ballooning of the cocci in this species (Fig. 2).14,19


Genetic studies were used to confirm that selected compounds in
the series inhibited cell division through their interaction with
FtsZ.7,14


The preliminary SAR exploration of compound 1 started with
purchasable close analogues and extended to those that could be
synthesized from commercial building blocks in one to four steps
as illustrated in Scheme 1. Conversion of the carboxylic acids to
the corresponding primary amides was achieved via the acyl chlo-
rides and subsequent reaction with aqueous ammonia. In the case
of compounds 5 and 7a, methylamine and O-benzyl-hydroxyl-
amine were used, respectively, while catalytic hydrogenation of
7a afforded compound 7. Thiobenzamide 6 was prepared from 1
in one-step using Lawesson’s reagent. The deprotection of the
methoxy group in 1 was performed with boron tribromide to pro-
vide 9. Compounds 29–43 were synthesized by alkylation of the
phenol with alkyl halides in the presence of catalytic sodium iodide
under modified Finkelstein conditions. The chemical structures of
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Table 2
B. subtilis MIC and cell division inhibitory activity for compounds 15–28


O


NH2


O


R4R5


R6


R7


Compound R4 R5 R6 R7 B. subtilis MIC
(lg ml�1)


Cell division
inhibitiona (lg ml�1)


15 MeO H H H >4000 W.T.
16 H MeO H H >4000 W.T.
17 H H MeO H >4000 W.T.
18 H H H MeO >4000 W.T.
19 NO2 H H H >4000 W.T.
20 H NO2 H H >4000 W.T.
21 H H H NO2 >4000 W.T.
22 Me H H H >4000 W.T.
23 F H H H 512 128
24 H F H H >4000 W.T.
25 H H H F 800 W.T.
26 F H H F 512 256
27 F H H Cl 1024 256
28 Cl H H F >4000 2048


a Lowest concentration at which filamentation of B. subtilis is observed indicating
on-target activity. W.T. No effect on morphology.


Table 3
B. subtilis and S. aureus MICs and cell division inhibitory activity for compounds 29–38


Compound R2 (Table 1) MIC (lg ml�1) B. subtilis cell division
inhibitiona (lg ml�1)


B. subtilis S. aureus


29 Propyloxy 500 256 375
30 Butyloxy 128 128 24
31 Pentyloxy 32 32 24
32 Hexyloxy 16 16 8
33 Heptyloxy 4 8 1.5
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the 3-MBA derivatives obtained were confirmed by 1H NMR and
mass spectrometry and the purity was demonstrated by HPLC
analysis.


The amide and 3-ether substituents of compound 1 appeared to
be critical for inhibition of cell division (Table 1). Only 3-ethoxy-
benzamide 12 improved antibacterial activity.


Preliminary SAR indicated that few substitutions of the benz-
amide ring were tolerated (Table 2). R4 and R7 substitution with
small halogens was preferred leading to compounds 23 and 26,
which demonstrated greater potency and on-target activity than
compound 1.


As options for optimization of the benzamide to improve po-
tency appeared to be limited, and encouraged by the biological
activity of compound 12 we focused on the modification of the
3-methoxy substituent of compound 1 as shown in Table 3.


Extension of the 3-alkyloxy substituent resulted in a substantial
improvement in antibacterial activity and led to the identification
of compound 35 with on-target activity and MICs of 0.5 and
2 lg ml�1 against B. subtilis and S. aureus, respectively. The SAR
indicates that extension beyond the optimal nonyl alkyl chain re-
sults in a reduction of activity.


The effect of the active halogen substitutions (compounds 23–
28) in combination with the 3-nonyloxy substituent of 35 was ex-
plored (Table 4). Halogenation at R4 was associated with further
improvements in antibacterial activity. Compounds 39 and 41 are
>10,000 times more potent than 1 and retain on-target inhibition
of cell division in bacterial cells. We believe these compounds
are the most potent antibacterial cell division inhibitors described
to date.


Genetic studies confirmed that selected compounds exerted
their cell division inhibitory activity through their interaction with
FtsZ. Spontaneous compound 32 resistant mutants of S. aureus
ATCC 601055 were isolated at a frequency of 4 � 10�7 at 4� MIC.
The FtsZ genes were sequenced and point mutations M218I and
P300R were identified (Table 5). The FtsZ mutations conferred
resistance to compounds 1, 32 and 35. Furthermore, in B. subtilis

Table 1
B. subtilis MIC and cell division inhibitory activity for compounds 1–14


O


R1


NH2


O


NH2


O


1-7 8-13 14
R2


R3


Compound R-group B. subtilis MIC
(lg ml�1)


Cell division inhibitiona


(lg ml�1)


1 –CONH2 4000 500
2 –CH2NH2 250 O.T.
3 –COOH >4000 W.T.
4 –


CH2CONH2


>4000 W.T.


5 –CONHMe >4000 W.T.
6 –CSNH2 2000 W.T.
7 –CONHOH 4000 W.T.
8 –CH3 >2000 W.T.
9 –OH >4000 3000


10 –SMe >4000 W.T.
11 –NHMe >4000 W.T.
12 –OEt 2000 500
13 –OCF3 >4000 W.T.
14 –OCH3 >4000 W.T.


a Lowest concentration at which filamentation of B. subtilis is observed indicating
on-target activity. W.T. No effect on morphology. O.T. Off-target activity observed,
for example cell death without filamentation.


34 Octyloxy 1 4 0.37
35 Nonyloxy 0.5 2 0.18
36 Decyloxy 1 64 0.5
37 Undecyloxy 4 >256 1
38 Dodecyloxy >256 >256 >128


a Lowest concentration at which filamentation of B. subtilis is observed indicating
on-target activity.


Table 4
B. subtilis and S. aureus MICs and cell division inhibitory activity for halogenated 3-
nonyloxybenzamide compounds 39–43


Compound R4 R7 MIC (lg ml�1) Cell division inhibitiona (lg ml�1)


B. subtilis S. aureus B. subtilis S. aureus


39 F H 0.125 0.5 0.125 0.5
40 H F 1 8 1 2
41 F F 0.125 0.5 0.125 0.25
42 F Cl 0.5 1 0.25 0.5
43 Cl F 0.5 2 0.5 1


a Lowest concentration at which filamentation of B. subtilis or ballooning of S.
aureus is observed indicating on-target activity.

a site-directed FtsZ mutation V307R14 increased the MIC of com-
pound 32 from 16 to >128 lg ml�1.


Compounds 1 and 32 were effective against four methicillin-
resistant S. aureus (MRSA), three methicillin-sensitive S. aureus
(MSSA) strains and one strain of Staphylococcus epidermidis (Table
6). There was no evidence that methicillin-resistance altered sensi-
tivity to the alkyloxybenzamide cell division inhibitors.


An apocrystal X-ray structure of the B. subtilis FtsZ protein
(2vxy) has been used to develop a docking model that is consistent







Table 5
Potency of compounds 1, 32 and 35 against wild-type S. aureus ATCC 601055 and
strains with spontaneous FtsZ point mutations M218I and P300R


Compound MIC (lg ml�1)


S. aureus FtsZ FtsZ
ATCC 601055 M218I P300R


1 4000 >8000 >8000
32 32 >128 >128
35 2 >128 >128


Table 6
Potency of compounds 1 and 32 against isolates of S. aureus and S. epidermidis


Strain MIC (lg ml�1)


Compound 1 Compound 32


S. aureus ATCC 601055 (MSSA) 4096 32
S. aureus ATCC 607004 (MRSA) 4096 32
S. aureus ATCC 700698 (MRSA) 4096 32
S. aureus ATCC 25923 (MSSA) 4096 16
S. aureus ATCC 29213 (MRSA) 2048 16
S. aureus ATCC 43300 (MRSA) 4096 16
S. aureus ATCC 19636 (MSSA) 2048 16
S. epidermidis ATCC 12228 4096 32


Table 7
Antibacterial efficiency of selected compounds


Compound Mol
wt
(Da)a


Number of
non-hydrogen
atoms


S. aureus
MIC
(lg ml�1)


Antibacterial efficiency
(mg ml�1 Nnon-hydrogen


atom
�1)


1 151 11 2048 �0.065
12 165 12 1024 �0.002
23 169 12 512 0.056
26 187 13 512 0.051
29 179 13 256 0.105
30 193 14 128 0.147
31 207 15 32 0.229
32 221 16 16 0.258
33 235 17 8 0.284
34 249 18 4 0.307
35 263 19 2 0.327
39 281 20 0.5 0.380
41 299 21 0.5 0.362
Ciprofloxacin 331 24 0.5 0.317
Chloramphenicol 323 20 4.0 0.276
Linezolid 337 24 2.0 0.258
Mupirocin 500 35 0.12 0.257
Fusidic acid 516 37 0.06 0.261


a Rounded to nearest whole Da.
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with the SAR of this alkyloxybenzamide series of FtsZ inhibitors.14


The series did not convincingly dock into the GTPase site of FtsZ
but did dock into an adjacent cleft. The SAR of the series correlates
well with the model, which predicts an optimal hydrophobic alkyl
substituent equivalent in length to 9–10 carbons with little space
for substitutions off the benzamide group. This is in agreement
with our experimental findings (Tables 2 and 3).


The concept and use of ligand efficiency15 provides a means of
normalizing the potency and molecular weight of a compound to
enable useful comparison of compounds within a series. Due to dif-
ficulties associated with biochemical analysis of FtsZ we have not
been able to measure the ligand efficiencies of these compounds
directly. Instead we propose to use antibacterial efficiency to pro-
vide a means to do this. We define antibacterial efficiency in Eq. 1,
as a logarithmic function of the MIC in mg ml�1 per non-hydrogen
atom (Table 7). This metric describes the ability of the compound
to penetrate the cell and to interact with its target to kill the cell
as a function of molecular weight.


Antibacterial efficiency ¼ � ln MICðmg ml�1Þ=Nnon-hydrogen atoms ð1Þ


The antibacterial efficiencies of clinically approved lower
molecular weight compounds as opposed to higher molecular
weight natural products, are in the 0.25 to 0.32 mg ml�1 per non-
hydrogen atom range (Table 7). Compound 1 was much less effi-
cient at �0.065 but extension of the alkoxy substitution signifi-
cantly improved antibacterial efficiency to >0.3, comparable with
marketed drugs. The fluorinated benzamide analogues demon-
strated an improvement in antibacterial efficiency compared to
non-fluorinated compounds.


Antibacterial efficiency may be a useful tool to direct fragment-
based antibacterial optimization. It reduces reliance on the MIC
and enables decision making to focus on the efficiency of the li-
gand. This may lead to lower molecular weight Leads and Drug
Candidates.


Our exploration of 3-MBA (1) SAR has led to the identification of
potent inhibitors of FtsZ that could form the basis of a new tar-
geted treatment for staphylococcal infection. Further exploration
and optimization of the compound series, particularly with regard
to replacing the long alkyl substituent with more drug-like alterna-
tives, while retaining antibacterial efficiency, is ongoing and will be
reported in due course.
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The optimisation of a tertiary sulfonamide high-throughput screening hit is described. A combination of
high-throughput chemistry, pharmacophore analysis and in silico PK profiling resulted in the discovery of
potent sulfonamide oxytocin receptor antagonists with oral exposure and good selectivity over vasopres-
sin receptors.


� 2008 Elsevier Ltd. All rights reserved.

Oxytocin, 1 is a peptide hormone acting on the G pro- chemistry with templates derived from these aldehydes failed to
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tein-coupled oxytocin receptor which modulates numerous
physiological roles including the control of uterine contrac-
tions.1–3 Antagonism of the oxytocin receptor is a potential treat-
ment for threatened pre-term birth and has been clinically
validated by the peptidic antagonist atosiban, 2, administered
by iv infusion.4 A small molecule, orally administered oxytocin
receptor antagonist is an attractive next generation therapeutic
agent (Fig. 1).


High-throughput screening of the GSK compound collection
identified the tricyclic quinolinone, 3 as a moderately potent oxy-
tocin receptor antagonist with good selectivity against the related
V1a vasopressin receptor but poor solubility and bioavailability.5 A
related, high molecular weight, oxytocin receptor antagonist 4
with in vivo activity has been reported by Serono Pharmaceutical
Research Institute.6 Our aim was to optimise the potency, solubil-
ity and oral bioavailability of 3 without significantly increasing
molecular weight (<500) (Fig. 2).


Chemistry (Scheme 1) was carried out to find novel isosteres for
the tricyclic quinolinone group of 3.


The moderately potent compounds 5–8 (Table 1) were identi-
fied in a fluorescence polarisation binding assay.5 All the tricyclic
quinolinone replacements (R1, Table 1) contained a distal phenyl
ring and were derived from commercially available heterocyclic
biaryl aldehydes (Scheme 1). Further rounds of high-throughput

All rights reserved.

improve potency.
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Figure 1. Structures of oxytocin and atosiban.
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Figure 2. Tertiary sulfonamide oxytocin receptor antagonists.
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Scheme 1. Reagents and conditions: (a) i—Na2SO4, DCM, 100 �C, 10 min (sealed microwave vial); ii—NaBH4, DCM/MeOH, rt, 1 h (yield 60–95%); (b) pyridine, rt, 1 day then
150 �C, 10 min (yield 40–90%).
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A pharmacophore based on known active oxytocin receptor
antagonists 9 and 10 (Figs. 3 and 4) was generated in an attempt
to overcome the potency plateau without increasing molecular
weight.7,8


Mapping compounds 5–8 to the pharmacophore in Figure 4
(Fig. 5) suggested poor alignment of the biaryl unit to the plane
of the indane aromatic element.

Table 1
SAR from optimisation of 3.
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N
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O R
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Compound R1 R2 X OT pKi
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N 7.4
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N 7.4
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N *


N*
CH 7.2

Sulfonamide 11 (Fig. 6), containing a biaryl motif similar to that
found in 9, showed better pharmacophore alignment but binding
affinity did not improve (Table 2). Presumably this was due to lack
of conformational rigidity compared to 9.


The pharmacophore maps the biaryl fragment as a plane
aromatic (distal phenyl) and hydrogen bond acceptor (pyridine)
(Fig. 7). The model requires the vectors of the pyridine and distal
phenyl ring to adopt a non-co-planar arrangement (45 deg from
co-planar). Compounds 12–15 were prepared (Scheme 2) to
increase conformational rigidity, preventing the rings adopting a
co-planar arrangement.


This strategy resulted in the discovery of potent compounds
(Table 2). Compounds were profiled in binding and functional
assays to confirm functional antagonism and selectivity.5


Selectivity against V1a was poor but the functional potencies of
13 and 14 were encouraging and PK (pharmacokinetic) profiling
was carried out (Table 3). Both compounds had relatively poor
CYP (cytochrome P450 enzyme) profiles and poor solubility, result-
ing in low oral exposure.


The serious PK shortcomings were tackled by in silico profil-
ing. Our efforts targeted the aryl sulfonamide because pharmaco-
phore analysis (Fig. 7) suggested only the sulfonamide oxygen
atoms are required as hydrogen bond acceptors. The phenyl ring
can be replaced to optimise the PK properties and retain potency.
A number of highly potent oxytocin receptor antagonists were
prepared with both electron rich and electron deficient aryl sul-
fonamides (Table 4).


Only the compounds with low clogD7.4 (calculate log
distribution coefficient at pH 7.4), the imidazole sulfonamides 21
and 22, were predicted to have good solubility and improved CYP
profiles. Measured solubility and CYP inhibition of 21 and 22 were
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Figure 3. Antagonists used in pharmacophore generation.


Figure 4. Consensus pharmacophore derived for compounds 9 (grey) and 10 (gold).
Key elements of note include two hydrogen bonding acceptors (green arrows)
mapped on pyridines of 9 and diketopiperazine amide carbonyl groups of 10, a
plane aromatic (bronze spheres) mapped on the phenyl group of 9 and indane
group of 10, a small hydrophobe (cyan spheres) based on pyridine methoxy group
of 9 and the sec-butyl group of 10 and a hydrogen bonding acceptor (green arrow)
mapped to the triazole of 9 and the morpholine amide carbonyl group of 10.


Figure 5. Pharmacophoric alignment of 5–8 (in gold) and 9.
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Figure 6. Structure of sulfonamide 11.


Table 2
Selectivity SAR for tertiary sulfonamides.
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V1b fpKi
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V2 fpKi
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11 H 6.9 — — — —
12 CN 8.0 8.2 7.3 Inactive 6.3
13 Cl 7.9 8.5 7.6 Inactive 5.9
14 Me 8.1 8.7 7.8 Inactive 6.6
15 F 8.2 8.1 7.3 Inactive 7.2


Figure 7. Pharmacophoric alignment of 11.
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better than 13 and 14 in agreement with in silico profiling (Table
5). The oral bioavailability was determined for 21 and found to
be superior to 13 and 14.


Selectivity profiles for 21 were determined in functional assays
and in lower throughput filtration binding assays.9 A significant
improvement in selectivity was achieved (Fig. 8).


In summary, the moderately potent tricyclic quinolinone 3 has
been optimised to give a highly potent tertiary sulfonamide antag-
onist 21 with encouraging PK properties using a combination of
high-throughput chemistry, pharmacophore analysis and in silico
profiling. Data generated for 21 met requirements for hit to lead
transition.
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Scheme 2. Reagents and conditions: (a) i—Na2SO4, DCM, 100 �C, 10 min; ii—NaBH4, DCM/MeOH, rt, 1 h (yield 84%); (b) 4-MeO-Benzenesulfonyl chloride, pyridine, rt, 1 day
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Table 4
Sulfonamide SAR.


NO


N
S


O


O R


N


Compound R OT pKi logDa Compound R OT pKi logDa


16


*


O


O


8.8 3.7 21


* N


N
7.9 1.0


17


*
O


O


8.6 3.6 22


* N


N
7.9 0.9


18
N*


8.4 2.3 23


* S


N
7.9 2.7


19


*


S
OO


8.2 2.5 24
* S


7.9 2.9


20


*
8.0 3.3 25


* S
O O


7.9 2.6


a clogD7.4 determined by ACD V8.0.


Table 3
PK profiles of potent tertiary sulfonamides.


Compound 13 14


Solubility (lM) 9 6
CYP (lM)
1A2 >33 >33
2C9 0.52 0.81
2C19 0.45 0.69
2D6 >33 >33
3A4 (DEF) 0.75 0.71
3A4 (7BQ) 2.2 2.1


Fpo (%) 12 9


Table 5
Optimised PK profiles of potent tertiary sulfonamides.


Compound 21 22


Solubility (lM) 259 214
CYP (lM)
1A2 18 19
2C9 6.7 0.78
2C19 13 25
2D6 31 29
3A4 (DEF) 1.3 2.8
3A4 (7BQ) 4.8 >33


Fpo (%) 40 —
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Glycogen synthase kinase-3b (GSK-3b) is involved in glycogen metabolism, neuronal cell development,
osteoblast differentiation. Small molecule inhibitors of GSK-3b have various therapeutic potential for
the treatment of diabetes type II, bipolar disorders, stroke and chronic inflammatory disease.


To identify GSK-3b inhibitors with novel scaffold from chemical library, we primarily screened out
putative inhibitors through computer modeling and subsequently evaluated the inhibitory activity of
selected compounds against GSK-3b by in vitro Z’-LYTETM assay. A series of compound KRMs strongly
inhibited phosphorylation of its substrate with IC50 value of approximately 0.5 lM. Also, we demon-
strated that KRM-189 and KRM-191 competed with ATP for GSK-3b, leading to decreased Vmax and con-
stant Km with increasing concentrations of ATP as determined from Lineweaver–Berk equation.
Moreover, they showed the selectivity for GSK-3b over other kinases with IC50 values of 2 to 10 lM or
more Incubation of cells with KRM-191 with highly selective and potent inhibitory activity caused accu-
mulation of b-catenin, downstream of GSK-3b signaling pathway, indicating that small molecule can pre-
vent degradation of b-catenin via GSK-3b inhibition. Our results suggest that modeling in combination
with in vitro assays can be used for the identification of selective and potent inhibitors.


� 2008 Elsevier Ltd. All rights reserved.

Glycogen synthase kinase-3 (GSK-3) is a cytoplasmic serine–
threonine kinase and exists in two highly homologous forms, GSK-
3a and GSK-3b.1 Especially, GSK-3b plays a key role in signaling
pathway transmitted by insulin or Wnt, which has been implicated
in glucose homeostasis, remodeling of bone mass or developmental
process of the embryo.2 GSK-3b is constitutively active in resting
cells and treatment of cells with agents, such as insulin and lithium
chloride (LiCl), is shown to cause GSK-3 inactivation through a PI 3-
kinase (PI3-K)-dependent mechanism. PI3-K-induced activation of
PKB/Akt results in phosphorylation of Ser21 on GSK-3a and Ser9
on GSK-3b, therefore leading to the inhibition of GSK-3 activity.
The phosphorylated N-terminus becomes a primed pseudosub-
strate that occupies the positive binding pocket and the active site
of the enzyme and acts as a competitive inhibitor for true substrates.
Several known GSK-3 substrates participate in a wide network of
cellular processes, including glycogen metabolism, transcription,
translation, cytoskeletal regulation, intracellular vesicular trans-
port, cell cycle progression, and apoptosis. Phosphorylation of these
substrates by GSK-3b usually has an inhibitory effect. Arg96 is
shown to be a crucial component of the positive pocket that binds
primed substrates. Small molecule inhibitors that fit in the posi-

ll rights reserved.


ent of Pathology, University of
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tively charged pocket of the kinase domain of GSK-3b are useful
for selectively inhibiting primed substrates. Therefore, intervention
of GSK-3b might be a useful target to the treatment and prevention
of diabetes, Alzheimer and osteoporosis. Up to date, a few com-
pounds are known to inhibit directly its enzyme. Lithium chloride
has a specific inhibitory activity in vitro and in intact cells although
millimolar concentration of IC50 is limited to therapeutic use.
Besides, small molecules such as bisindole or aniline maleimides,
kenpaullone, indirubin, or the marine natural product hymenialdi-
sine have been reported as GSK-3b inhibitors.3 All the small mole-
cules under development inhibit in a competitive manner with
ATP and as a result, show no selectivity over a wide variety of protein
kinases. In this presentation, we found out a scaffold structure of thi-
adiazolinone (TDZD) that might be a putative inhibitor of GSK-3b
through running computer modeling, and furthermore synthesized
TDZD derivatives to address moiety of which could be attributing to
their inhibitory activity. Addition of some groups to parent chemical
improved potently inhibitory activity against GSK-3b in enzyme
assay. It also inhibited enzyme by competing with ATP, but has
the selective inhibition for GSK-3b over other serine/threonine
kinases. In a bioassay measuring b-catenin accumulation as a result
of GSK-3b inhibition, it showed that b-catenin was still accumulated
in the total cell extracts as did insulin or lithium chloride in this
experiment. Taken together, computer modeling will provide a use-
ful tool for the primary identification of scaffolding structure fitted
into binding pocket of enzyme with known structure.
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Figure 1. The residues within 5A around the bound-ligand are shown in 1R0E.pdb.


Table 1
Docking scores for potent GSK-3b inhibitors selected from chemical library.


Compound Docking score


KRM-191 6.81
KRM-296 6.8
KRM-192 6.77
KRM-195 6.57
KRM-189 3.97


Figure 2. Inhibition curves of each compound were obtained from the incubation of
enzyme with various concentrations of it, respectively. Inhibitory potency was
compared with each other for % inhibition at 10 lM and IC50.
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To virtually screen out putative ligands that are capable of
acting as inhibitors of GSK-3b from in-house chemical library, we
employed SurflexDock4 method interfaced with Sybyl 7.3.1.5


SurflexDock4 is a new docking methodology that combines Ham-
merhead’s empirical scoring function6 with a molecular similarity
method to generate putative alignment of ligands. It4 employs an
idealized active site ligand (called a protomol) as a target to gener-

ate putative alignments of molecules or molecules fragments.
These putative poses are achieved using the Hammerhead scoring
function.6


Initially, in-house library including 170 compounds with TDZD
fragment as a small molecule library, synthesized from diverse iso-
cyanates and isothiocyanates via known method7 as shown in
Scheme 1,8 was docked into binding sites of GSK-3b. Before per-
forming docking, all compounds were minimized using Cerius29


suite of programs and the conserved water molecule (W82 as
shown in Fig. 1) was also specified near Thr138 side chain atom
and Asp200 backbone atom, which can play a crucial role in inhib-
itor binding.


In an attempt to find out small molecules having an inhibition
activity against GSK-3b using SurflexDock,4 PDB ID 1R0E as a
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complex reference structure was adopted. Using active site
extracted from 1R0E as PDE ID, we generated a protomol as an ide-
alized active site ligand. SurflexDock’s protomols utilize CH4, C@O
and NH fragments. Protomol construction was based on protein
residues proximal to the native ligand and on parameter settings
to produce a small and buried docking target (SurflexDock param-
eters: proto_thresh 0.6 and proto_bloat 0). Each docking of puta-
tive ligands returned up to 50 scored poses, with the score
consisting of a nominal affinity score.6 Through SurflexDock meth-
od, we chose the pose with best score from multiple docking of the
same ligand. Out of 170 compounds, five compounds were finally
selected after considering a structural diversity and docking score.
The best pose of the chosen ligands and their resulting scores are
shown in Table 1.


To further investigate inhibitory potency of some derivatives
with thiadiazolidinones (TDZD) chosen through computer model-
ing for the inhibitors of GSK-3b, we performed Z’-LYTETM kinase as-
say,11 in which ratiometric fluorescence transfer between
substrate and product was reproducibly determined. Inhibition of
GSK-3b by each compound was shown in Figure 2 by plotting rel-
ative inhibition of enzyme at increasing doses of compound. IC50


values that are indicative of inhibitory activity of each compound
were summarized in Table 2. In vitro enzymatic data showed that
five compounds had their distinctive IC50 values with a similar
inhibitory potency at a fixed concentration. Scaffold with benzyl
and ethyl group as substituents exhibited low IC50 value, similar

Table 2
Summary for the inhibitory potency against GSK-3b and the selectivity of TDZD derivati
threonine kinases were tested with chemicals to inhibit potently GSK-3b. All the reaction
enzyme, and were carried out according to the instructions provided by manufacturer.


Compound Structure


GSK-3b CSNK


At 10a IC50
b At 100c


KRM-7777
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NN


O


O


65 7149 30


KRM-189 N
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N Cl


O


O


74 548 17
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N
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O


O


O
O


O


84 467 21


KRM-192
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S


N


O


O


O
O


O


O


75 1012 36


KRM-195
N


S


N
O


O


F 80 1863 31


KRM-296 N
S


N


O


O
O


N


O
O


65 539 21


LiCl 71 25 42


a % inhibition at 10 lM concentration.
b IC50 unit is nM.
c % inhibition at 100 lM concentration.
d IC50 unit is lM.

to value reported previously.3 Derivatives with different combina-
tion of substituent groups had different IC50 values ranging from
0.5 to 2 lM.


To delineate the inhibitory mechanism of compounds with
most potent inhibitory activity under investigation (KRM-189
and KRM-191), kinetic experiment was carried out under different
concentrations of ATP and TDZD derivative. Double-reciprocal plot
of kinetic profiles was shown in Figure 3a and b. Lineweaver Burk
plot suggests that either KRM-189 or -191 was demonstrated to be
a typical competitive inhibition against substrate ATP, indicating
that chemical derivatives share binding pocket of enzyme with
ATP. With increasing concentrations of ATP, it displayed intersec-
tion of same Vmax and different Km values. A parent compound
(KRM-7777) has been reported to inhibit GSK-3b selectivity over
other protein kinases independent of ATP concentration. Therefore,
TDZD with some modification might shift inhibition mode from
noncompetitive to competitive while improving the inhibitory
competency.


Due to its involvement of GSK-3b in multiple pathways as de-
scribed above, selectivity of GSK-3b inhibition is one of a consider-
able important factor in the development of inhibitors for
therapeutic applications. Since GSK-3b is supposed to be phyloge-
netically most close to cyclin dependent kinases (CDKs),12 it is com-
pelling to achieve selectivity against CDKs. Moreover, structural
and functional similarities between GSK-3b and casein kinase 2
(CK2) were suggested on phylogenetic trees.13 PKA or PKC

ves for GSK-3b over other kinases with reference to KRM-7777. Some other serine/
conditions were almost similar with exception of substrates suitable for respective
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Figure 4. Effect of GSK-3b inhibitors on accumulation of b-catenin in C2C12


myoblast. Myoblasts plated at a density of 5 � 105 were exposed to chemicals at
2 lM for 3 h. Cells harvested were lysed to obtain total proteins and then subjected
to SDS–PAGE for immunoblot with antibody raised against b-catenin. As an internal
standard, b-actin was detected by probing blotted membrane with anti b-actin.


Figure 3. The inhibitory potency of TDZD derivatives against GSK-3b. Compound selected through computer modeling was subjected to enzyme reaction to get enzyme
velocity with substrate and double-reciprocal plot with increasing concentrations of KRM-189 (a) and KRM-191 (b) at various doses of ATP.
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belongs to be different from superfamily including GSK-3b on the
human kinome tree. Therefore, selective inhibition of TDZD deriv-
atives against GSK-3b was examined over other related kinases
using Z’-LYTE substrate. In our inhibition data, unexpectedly, nei-
ther CDK2 nor CK2 were affected at even high concentrations of
chemical derivatives whereas two serine/threonine kinases dis-
tinct from GSK-3b such as PKC and PKA were susceptible to inhibi-
tion by TDZD derivatives. Two potent compounds were 10-fold
more selective for GSK-3b over PKC and PKA and 2 order more
selective over CSNK2 and CDK1.


To further examine downstream event of GSK inhibition in the
intact cells, b-catenin accumulation following GSK-3b inhibitor
treatment was followed with reference to lithium chloride and

insulin (Fig. 4). b-Catenin was continuously degraded under
normal differentiation, resulting in lower level. Well-known GSK-
3b inhibitor lithium chloride (LiCl) as well as insulin, which
activate insulin signaling to indirectly inactivate GSK-3b, has been
suggested to protect b-catenin from proteasome degradation. This
biological data shows that in vitro activity of KRM-191 is reflected
to b-catenin accumulation in cells left treated with KRM-191.


Taken together, this report exhibits one typical example of drug
development through docking virtual screening leading to potent
inhibitors. After well-defined target and optimized algorithm pack-
age are established, introduction of in silico modeling into drug
discovery and development pipeline will enrich the fraction of
drug-like compounds in library, resulting in the reduction of bio-
logical testing in lead discovery. This process has already been
included in drug discovery pipeline of pharmaceutical company.
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Histamine H3 receptor (H3R) antagonists have some antipsychotic properties although the clear molecu-
lar mechanism is still unknown. As actually the most effective and less side effective antipsychotics are
drugs with multiple targets we have designed typical and atypical neuroleptics with an additional hist-
amine H3 pharmacophore. The 4-(3-piperidinopropoxy)phenyl pharmacophore moiety has been linked to
amitriptyline, maprotiline, chlorpromazine, chlorprothixene, fluphenazine, and clozapine. Amide, amine
and ester elements have been used generally to maintain or slightly shift affinity at dopamine D2-like
receptors (D2 and D3), to decrease affinity at histamine H1 receptors, and to obtain H3R ligands with
low nanomolar or subnanomolar affinity. Change of effects at D1-like receptors (D1 and D5) were heter-
ogeneous. With these newly profiled compounds different antipsychotic properties might be achieved.


� 2008 Elsevier Ltd. All rights reserved.

Schizophrenia and related mood disorders are diseases of the
central nervous system (CNS), regarded to be neurodevelopmental
with epigenetic and genetic factors.1–3 In general, dysregulations in
different neurotransmitter systems mainly dopamine, serotonin,
GABA, and glutamate are hypothesized.4 Moreover, there is indi-
rect evidence that histaminergic pathways may play a role in
schizophrenia and that histamine H3 receptor (H3R) antagonists
could lead to therapeutic effects, namely on cognitive deficits.5–7


Today, typical and atypical neuroleptics are used for treatment of
schizophrenia. Their effects are mainly mediated by inhibition of
dopamine D2-like receptors (D2, D3 (and may be D4)) and some
other aminergic receptors.


Extrapyramidal side effects and weight gain problems are some
of the most important side effects which are related to their antag-
onist properties at dopamine D2-like and histamine H1 receptors,
respectively.8–11


The H3R is acting as presynaptic auto- and heteroreceptor mainly
in the CNS12 controlling the synthesis and the release of histamine,
but also modulating several other neurotransmitter systems e.g.,
dopamine, serotonin, GABA, noradrenalin, or ACh. H3R antagonists
have shown distinct pharmacological actions in preclinical and clin-
ical trials revealing the importance for diverse CNS-related thera-
peutic applications like schizophrenia, depression, sleep–wake
disorders, dementia, or epilepsy.13–15 In fact, H3R inverse agonists/
antagonists displayed significant inhibitory activity in several
rodent models of schizophrenia, a disease in which Ns-methylhista-
mine level is usually significantly high in cerebral cerebrospinal fluid

All rights reserved.
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of patients.16,17 Reduction of undesirable side effects connected to
antipsychotic therapy like weight gain, somnolence, and cognitive
impairment have been demonstrated.17


The data mentioned above indicate that a drug combination of
H3R antagonist and neuroleptic properties may be beneficial in
therapy. Instead of a combination of two drugs, we used the multi-
ple target approach designing one new drug by combination of two
related pharmacophore elements in one structure.18,19 This ap-
proach has been realized by linking the known antagonist H3R
pharmacophore 4-(3-piperidinopropoxy)phenyl to known neuro-
leptics like amitriptyline (1), maprotiline (2), chlorpromazine
(3), chlorprothixene (4), clozapine (5), and fluphenazine (6)
(Figs. 1 and 2).


For introduction of H3R affinity all novel antipsychotic deriva-
tives need to follow a broad general construction pattern shown
in Figure 220,21, bearing a relatively flexible part at the ‘eastern’ part
of the molecule. The lead structure of 4-(3-piperidinoprop-
oxy)phenyl was taken for further derivatization by linking the neu-
roleptic compounds 1–6 by amide, amine or ester functionalities.
Related hybrid structure in the class of H3R antagonists have been
described with H1, ACh, BuCh, NO, and SSRI (for reviews see Refs.
12–14).


The objective of our study was the development of novel multi-
acting antipsychotic drugs showing an optimized target profile
with potent action, fast onset and reduced side effects by maintain-
ing D2/D3 affinity, reducing H1 affinity and introducing high H3R
affinity (Fig. 2). The novel compounds were tested in vitro for sev-
eral aminergic G-protein-coupled receptors (GPCRs) to examine
their enlarged pharmacological profiles. One selected compound
was chosen for further H3R in vivo screening.



mailto:<xml_chg_old>h.stark@pharmchem.uni-frankfurt.de</xml_chg_old><xml_chg_new>h.stark@pharmchem.unifrankfurt.de</xml_chg_new>

http://www.sciencedirect.com/science/journal/0960894X

http://www.elsevier.com/locate/bmcl





Figure 1. Structures of antipsychotics used in this study.


Figure 2. General construction pattern of histamine H3 receptor antagonists with
neuroleptics and H3 pharmacophore starting structures.
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For the modular approach with the final combination of differ-
ent antipsychotic structures to H3R pharmacophores functional-
ized benzoic acid, phenyl acetic acid and benzaldehyde
derivatives 7–9 were prepared according to literature methods
(Fig. 2).22


The acid derivates 7�HCl and 8�HCl were transformed into
reactive carboxylic chlorides for convenient synthesis using the
commercially available desmethylated amitriptyline derivative,
nortriptyline (Fig. 1), resulting in amide derivatives 10 and 11,
respectively (Fig. 3).


For comparison of amide and amine linker H3R hybrids with a
second basic amine functionality were prepared by reductive ami-

Figure 3. Synthesis of amide derivatives 10 and 11. Reagents and cond

nation of 9 with nortryptiline or 2 receiving the corresponding
amitriptyline or maprotiline derivatives, respectively (Fig. 4).23


The tertiary amine functionality of chlorpromazine, chlorpro-
thixene and clozapine was conveniently demethylated by reaction
of a-chloroethyl chloroformate (ACE-Cl) and following stirring and
heating in methanol. The intermediate carbamates are cleaved
leaving the secondary amines as well as gaseous by-products,
which can easily be removed under reduced pressure.24,25 Then
the resulting secondary amines could be used for reductive amina-
tion with 9 as described before (Fig. 5).


In addition to amines and amides as nitrogen connection, we
extended these linking elements to oxygen ports. Therefore, we
decided that an ester group may be a suitable functionality. Flu-
phenazine hybrid 17 was synthesized by simple esterification of
activated 8 (Fig. 6).


All of the drugs 1–6 and new multiple target compounds 10–17
were first tested for their histamine H3 receptor activity obtained
by [125I]iodoproxyfan binding assay on CHO/HEK293 cells stably
expressing the hH3 receptor (Table 1).26 To enlarge their pharma-
cological profile, we also investigated their binding affinities in
competition binding experiments with seven-point measurements
in at least duplicates (n P 2). Displacement assay were carried out
using membrane suspension of cell lines stably expressing the hu-
man histamine hH1 receptor (CHO) with [3H]pyrilamine, dopamine
hD1 and hD5 receptors (HEK) against [3H]SCH23390 and hD2S, hD3


receptors (CHO) using [3H]spiperone, respectively (Table 1).27–29


All new compounds revealed high H3R binding affinities in low
nanomolar to even picomolar concentration range (17) whereas

itions: (a) i—SOCl2, toluene, 70 �C, 3 h; ii—1, CH2Cl2, N(Et)3, rt, 2 h.







Figure 4. Synthesis of tertiary amine amitriptyline hybrid 12 and maprotiline
hybrid 13. Reagents and conditions: (a) 9, NaBH(OAc)3, 1,2-dichloroethane, rt, 18 h.
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the marketed antipsychotics do not have any H3R affinity (Table 1).
For clozapine some moderate affinity for rodent H3R has been
reported whereas for hH3R affinity is in the micromolar concentra-
tion range.


The easily prepared amide hybrids of nortriptyline, 10 and 11,
were first screened as an early proof-of-concept. Although
decrease in D2 receptor affinities was observed, D3 receptor affini-
ties were maintained, H1 receptor affinities decreased and H3R
affinities introduced. Whereas the data for D2 were more or less

Figure 5. Synthesis of tertiary amine derivatives after previous demethylation (14–16).
ii—MeOH, 50 �C, 2 h; (b) 9, NaBH(OAc)3, 1,2-dichloro ethane, rt, 18 h.


Figure 6. Synthesis of ester fluphenazine hybrid (17). Reagents and conditio

expected we were pleasantly surprised by the relative high affinity
of these amides for D3R.


Comparing the results of the amides 10 and 11 with those of the
related amine hybrid 12, which can be seen as amitriptyline hybrid
as well as nortriptyline hybrid, a tenfold increase to subnanomolar
H3R affinity could be observed simultaneously with increased
affinities at D2, D3, and H1 receptors.


Encouraged by these outcomes, further amine derivatives 13–
16 have been synthesized and tested, resulting in comparable
binding affinities at H3R. The ester hybrid of fluphenazine, 17, even
showed another 100-fold increase compared to that of the amides,
to picomolar affinity (Ki = 42 pM). An additional amine group can
increase binding affinity.30 In contrast to the other amine hybrids
12–16, the distances on all of the basic moieties of compound 17
from the phenyl group as central core are roughly comparable to
each other suggesting another pharmacophore imitation with
additional lipophilic binding areas. This may lead to the assump-
tion that compound 17 could have more interaction possibilities
with additional H3R binding pockets than the other hybrids.


In comparison to the antipsychotic binding patterns, the amine
compounds (12–17) in general show different but still moderate
binding profile for the dopamine D2-like receptor subtypes (Ki val-
ues (D2): 285 to 41 nM; Ki values (D3): 223 to 15 nM). The amine
hybrids of amitriptyline (or nortriptyline), 12, and of maprotiline,
13, even showed slight enhancements at D2-like receptor affinities
(factors of about 1.5–4.5).

Reagents and conditions: (a) i—3, 4, or 5, ACE-Cl, 1,2-dichloroethane, reflux, 24 h;


ns: (a) i—(8�HCl), SOCl2, toluene, 70 �C, 3 h; ii—6, CH2Cl2, N(Et)3, rt, 2 h.







Table 1
Pharmacological binding profile of compounds 1–17 at selected human dopamine and histamine receptor subtypes


Compound Histamine/dopamine receptor subtypes binding affinities, Ki (nM)


hH3
a hH1


b hD2
c hD3


c hD1
d hD5


d


Amitriptyline (1) >1000 1.12 ± 0.21 196 ± 40 206 89 ± 31 170 ± 49
10 4.90 ± 2.6 559 ± 40 904 ± 185 326 ± 84 879 ± 69 >1000
11 3.50 ± 1.9 686 ± 144 >1000 243 ± 70 >1000 >1000
12 0.250 79 ± 9 101 ± 49 67 ± 9 305 ± 49 273
Maprotiline (2) >1000 1.67 665 ± 197 504 ± 282 402 ± 62 429 ± 199
13 0.358 40 ± 16 146 ± 33 149 ± 27 203 ± 68 265 ± 28
Chlorpromazine (3) >1000 4.25 ± 0.23 4.06 ± 0.16 6.90 ± 1.18 96 ± 7 172 ± 43
14 1.21 ± 0.04 205 ± 4 41 ± 17 50 ± 19 232 ± 74 153 ± 36
Chlorprothixene (4) >1000 3.75 ± 0.16 2.96 ± 1.73 4.56 ± 0.77 18 ± 12 9 ± 2.68
15 1.54 295 52 ± 5 50 ± 13 248 ± 101 297 ± 6
Clozapine (5) >1000 2.38 ± 0.40 83 ± 6 295 ± 159 89 ± 67 198 ± 41
16 3.27 190 ± 17 285 223 866 ± 470 921 ± 171
Fluphenazine (6) >1000 40 1.44 ± 0.52 3.21 ± 1.81 179 21 ± 6
17 0.042 390 ± 57 47 15 203 ± 68 265 ± 28


a Ref. 26.
b Ref. 27.
c Ref. 28.
d Ref. 29.
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Concerning H1 receptor affinity which may be responsible for
weight gain and sleep-inducing effects a reduction in affinity was
observed for the hybrid structures by a factor of 10–600.


The effects at D1-like receptor were heterogeneous, with the
trend that a decrease in affinity was observed with the hybrids
(with the exception of 13 (D1 and D5) and 14 (D5)). The potential
effects in therapy of these changes are unclear.


One amine derivative, hybrid 12, with high H3R receptor affin-
ity and a good profile was selected for early in vivo screening for
central H3R antagonist potency. Potency was determined 90 min
after oral application of the compound to male swiss mice by
measurement of the increase in Ns-methylhistamine level in
brain.31 Unfortunately, this compound seems to be inactive
(ED50 > 10 mg/kg po). It is unclear if pharmacokinetic reasons like
absorption, distribution or metabolism or pharmacodynamic rea-
sons like cross reactivity are responsible for this lack of in vivo
potency.


On this hybrid approach, we have developed novel hybrid com-
pounds, bearing an antagonistic histamine H3R pharmacophore
element linked to an antipsychotic molecule. We were able to ex-
plore preliminary structure–affinity relationships (SAR) on hista-
mine hH1 and hH3 as well as on human dopamine receptor
subtypes with this small number of derivatives.


While amine hybrids 12–17 maintained or slightly shifted affin-
ity profile for dopamine D2-like receptor subtypes, there is a
marked decrease in histamine H1 receptor binding profile as com-
pared to that of the antipsychotic reference drugs 1–6.


In conclusion, in agreement with published results antagonist
H3R pharmacophore proved to be a highly robust element intro-
ducing H3R affinity into other pharmacophoric elements. H3R
affinity in low nanomolar to subnanomolar concentration range
could be obtained. D2 and D3 receptor affinity was maintained
in most cases in nanomolar concentration range. H1 receptor
affinity could in most cases be reduced by a factor of 10–80
potentially improving the therapeutic window for weight gain
side effects. The effect of H3R antagonism on weight gain is actu-
ally a point of discussion.


As psychosis is a highly complex disease with the involvement
of several neurotransmitter systems and adaptive processes the
therapeutic effects of these new multiple target compounds cannot
be foreseen. It would be interesting to see the effects in behavioral
studies with this novel multiple hybrids giving comprehensive de-
tails of the enlarged pharmacological profile and the concept of
H3R antagonism in schizophrenia.
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A series of novel 5- and 6-substituted 2-(4-dimethylaminophenyl)-1,3-benzoxazoles was synthesized
and their potential as imaging probes for Alzheimer’s Disease (AD)-related amyloid plaque was evaluated
in vitro and in vivo. In vitro binding affinities for Ab1–40 peptide of several of these compounds were in
the low-nanomolar range . The lowest Ki of 9.3 nM was found for N-(2-(4-(dimethylamino)phenyl)-1,3-
benzoxazol-5-yl)-4-iodobenzamide (1e). Its 123I-radiolabeled form ([123I]1e) was subsequently prepared
by iododestannylation of the corresponding tributylstannyl precursor and evaluated in vivo in a baboon
model using SPECT imaging. Contrary to our expectations, 1e did not cross the blood–brain barrier (BBB)
to any significant extent.


� 2008 Elsevier Ltd. All rights reserved.

Alzheimer’s Disease (AD) is the most common form of dementia


in people aged 65 and older. Currently, several million patients suf-
fer from AD in the US alone, and with the aging of the baby-boom
generation, this number is expected to increase. AD is a neurode-
generative disease that gradually leads to severe memory loss.
Abundant insoluble neurotoxic deposits of Ab1–40 and Ab1–42
peptides on neurons (‘Ab-plaque’ or ‘amyloid plaque’), resulting
from cleavage of the amyloid precursor protein (APP) by specific
proteases, are one of the characteristic pathological changes occur-
ring in AD. Currently, a definite confirmation of AD is attained only
by post-mortem histopathology of the brain. The ability to image
amyloid plaque noninvasively in vivo would allow for early diag-
nosis of AD and evaluation of medication treatment progress in
AD patients. Recently, it was reported that non-ionic analogues
of Thioflavin T, an ionic imaging dye, penetrate the blood–brain
barrier (BBB) and show high affinity for Ab-plaque.1 Radioiodin-
ated varieties of these compounds have been used for single pho-
ton emission computed tomography (SPECT) imaging of amyloid
plaque.2–4
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A number of these ligands share a 4-(dimethylamino)phenyl


fragment linked to another aromatic moiety, such as 5- or 6-substi-
tuted benzothiazole or benzoxazole.5–8 Given the favorable Ab-pla-
que binding properties shown in initial studies, we decided to
further explore IBOX-related structures.2 We reasoned that replac-
ing the original iodo substituent with an amine functionality
would allow for easy attachment of different groups via an amide
bond. Here we report the synthesis and in vitro and in vivo evalu-
ation of 5- and 6-substituted 2-(4-dimethylaminophenyl)-1,3-
benzoxazoles (1) as potential imaging agents for amyloid plaque.
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Scheme 1. Synthesis of the target substituted benzoxazoles.
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Compounds of the general structure 1 were synthesized accord-
ing to Scheme 1. The 1,3-benzoxazole nucleus was formed via a
boronic acid-catalyzed condensation of the corresponding aminon-


itrophenols with 4-(dimethylamino)benzoic acid. Reduction of the
nitro group to amino followed by condensation with the appropri-
ate aromatic acid chloride gave the intended structures. Purity of
the target compounds was confirmed by 1H and 13C NMR, high-res-
olution mass spectrometry, and elemental analysis (C, H, N) (see
Table 1).


Compounds were then screened for binding to Ab-plaque by
ELISA.6 Ki values in the low-nanomolar range were found for sev-
eral compounds. The in vitro data showed that a benzamide substi-
tuent in position 5 of the benzoxazole nucleus resulted in higher
Ab-plaque binding affinity compared to the same substituent in
position 6. Further substitution of the benzamide moiety with a
small, nonpolar group resulted in only minor to moderate effects
on Ki: substitution at positions 3 and 4 of the benzamide phenyl

Table 1
Properties of the novel 5- and 6-substituted 2-(4-dimethylaminophenyl)-1,3-benzoxazole


O


NH
N


O


Ar


5


6


Compound Ar Position


1a Phenyl 5
1b Phenyl 6
1c 3,4,5-Trimethoxyphenyl 5
1d 3,4,5-Trimethoxyphenyl 6
1e 4-Iodophenyl 5
1f 4-Iodophenyl 6
1g p-Tolyl 5
1h p-Tolyl 6
1i m-Tolyl 5
1j m-Tolyl 6
1k o-Tolyl 5
1l o-Tolyl 6
1m 3,4-(Methylenedioxy)phenyl 5
1n 3,4-(Methylenedioxy)phenyl 6
PIBd


a After purification, last step, not optimized.
b Against [3H]BTA-1 as obtained in ELISA.6
c As calculated in ChemDraw Ultra 8.0 (CambridgeSoft, Cambridge, MA).
d Reference compound.6


Na123I, AcOOH
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Scheme 2. Synthesis of the putative [123I]-

had the least effect on binding (cf. 1a, 1e, 1g, and 1i). Fortunately,
1e, the compound that exhibited the lowest Ki value in the series
studied, was also the ideal candidate for developing a 123I-labeled
SPECT imaging probe.


The radioiodinated [123I]1e was prepared by reaction of the cor-
responding tributylstannyl precursor with electrophilic [123I]io-
dine species generated in situ from sodium [123I]iodide (Scheme
2). In a typical procedure, to a vial containing Na[123I]I and NaOH
were added: reaction solvent (50% THF); 0.8 M H3PO4 to adjust
pH to 3; 50–100 lg of the radiolabeling precursor in 50 lL of
THF; and peracetic acid so that its final concentration was at least
1%. The reaction mixture was heated at 80 �C for 30 min, quenched
with 100 lL (100 lg) of Na2S2O5/NaHCO3 solution, and injected
onto a C18 reverse-phase HPLC column eluted with a mixture of
MeCN–H2O–Et3N (70:30:0.2, v/v/v). The fraction containing
[123I]1e was collected, diluted with water, and the resulting solu-
tion was passed through a C18 solid-phase extraction cartridge.

s


N


Yielda (%) Mp (�C) Ki
b (nM) ClogPc


58 251–254 12.0 4.92
41 259–263 26.0 4.92
47 224–226 109 4.28
64 215–217 628 4.28
34 274–279 9.3 6.11
59 273–278 60.1 6.11
42 255–258 13.2 5.42
45 270–273 86.0 5.42
24 193–195 13.4 5.42
44 192–196 31.5 5.42
38 176–178 18.9 5.08
50 195–198 112 5.08
30 262–266 17.2 4.60
52 244–246 19.7 4.60


4.3 3.99


, H3PO4


C, 30 min O


N
N


H
NO


123I 1e*


labeled SPECT imaging probe [123I]1e.
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The product retained on the cartridge was eluted with 0.9 mL of
100% ethanol and filtered through a 0.22 l membrane filter, then
diluted with 9 mL of sterile normal saline. Radiolabeling yield
was in the range of 60–70%, and the radiochemical purity of the fi-
nal product exceeded 99%.


In vivo studies with [123I]1e were carried out in ovariectomized
female baboons (Papio Anubis). SPECT imaging was carried out as
previously described by Staley et al.9 under institutional animal
care protocols complying with Federal regulations. In brief, a fasted
(18–24 h) animal was immobilized using ketamine (10 mg/kg im),
combined with glycopyrrolate (10 lg/kg im) 2 h prior to study. The
animal was intubated and maintained on 2.5% isoflurane. Vital
signs, including heart rate, respiration rate, oxygen saturation,
and body temperature, were monitored every 15 min throughout
the study. SPECT data were acquired with the nonhuman primate
brain-dedicated multislice CERASPECT camera (Digital Scinti-
graphics, Waltham, MA, USA). Brain images (128 � 128 � 64 ma-
trix; pixel size = 1.67 � 1.67 mm, slice, thickness = 1.67 mm, voxel
volume = 4.66 mm3) were acquired continuously at 159 keV for
1 h after injection of radiotracer (3.2 mCi in 8 mL). SPECT images
were reconstructed using a ramp and a Butterworth filter (cut-
off = 0.65 cm�1, power factor = 10). Images showed low uptake in
the brain and no distinct localization within brain regions.


These animal studies showed that, despite the observed in vitro
binding of 1e, radiolabeled [123I]1e would not be a suitable radio-
ligand for in vivo imaging of amyloid plaque. The inability of this
compound to cross the BBB may be attributable to its excessively
high lipophilicity (CLogP 6.11 compared to a range of 1.5–4 consid-

ered generally acceptable10). Modifications of the benzamide moi-
ety of the general structure 1 aimed at lowering the lipophilicity
might allow for penetrating the brain while maintaining favorable
Ab-plaque binding characteristics. Recent studies with modified
amyloid ligands11–13 provide encouragement to further explore
this route.


Acknowledgments


We thank Drs. Chester Mathis and William Klunk from the Uni-
versity of Pittsburg for helpful comments. Supported in part by Na-
tional Institutes of Health (Neuroimaging Sciences Training
Program/NISTP and 1R43AG024717).


References and notes


1. Klunk, W. E. et al. Life Sci. 2001, 69, 1471.
2. Zhuang, Z.-P. et al. Nucl. Med. Biol. 2001, 28, 887.
3. Kung, M.-P. et al. Eur. J. Nucl. Med. Mol. Imaging 2004, 31, 1136.
4. Kung, M.-P. et al. J. Mol. Neurosci. 2004, 24, 49.
5. Kung, H. F. et al. J. Am. Chem. Soc. 2001, 123, 12740.
6. Mathis, C. A. et al. J. Med. Chem. 2003, 56, 2740.
7. Mathis, C. A., et al. Evaluation of a Potent Thioflavin-T Analog for In Vivo


Imaging of Amyloid with PET (abstract). In Second Meeting of the Alzheimer’s
Imaging Consortium, 2002, Stockholm, Sweden.


8. Alagille, D.; Baldwin, R. M.; Tamagnan, G. D. Tetrahedron Lett. 2005, 46, 1349.
9. Staley, J. K. et al. Nucl. Med. Biol. 2000, 27, 547.


10. Laruelle, M.; Slifstein, M.; Huang, Y. Mol. Imaging Biol. 2003, 5, 363.
11. Cai, L. et al. J. Med. Chem. 2007, 50, 4746.
12. Ono, M. et al. J. Med. Chem. 2005, 48, 7253.
13. Wu, C. et al. Bioorg. Med. Chem. 2007, 15, 2789.





		Synthesis of 5- and 6-substituted 2-(4-dimethylaminophenyl)-1, 3-benzoxazoles and their in vitro and in vivo evaluation  as imaging agents for amyloid plaque

		AcknowledgementAcknowledgments

		References and notes








Available online at www.sciencedirect.com

Bioorganic & Medicinal Chemistry Letters 19 (2009) 546–549

Ultrasound promoted synthesis of 2-imidazolines in water:
A greener approach toward monoamine oxidase inhibitors


Gabriela da S. Sant’ Anna,b Pablo Machado,a Patricia D. Sauzem,b Fernanda A. Rosa,a


Maribel A. Rubin,b Juliano Ferreira,b Helio G. Bonacorso,a


Nilo Zanattaa and Marcos A. P. Martinsa,*
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Abstract—A series of sixteen 2-substituted-2-imidazolines (where the substituent R = Ph, Me-4-Ph; MeO-4-Ph; (MeO)2-3,4-Ph;
(MeO)3-3,4,5-Ph; Ph-4-O-C(O)-Ph; Cl-4-Ph; Cl-2-Ph; Cl2-2,4-Ph; NO2-4-Ph; NO2-3-Ph; Naphth-2-yl; Fur-2-yl; Benzofur-2-yl; Pyri-
din-2-yl; Quinolin-2-yl) has been synthesized from the reaction of the substituted-aldehydes and ethylenediamine by ultrasound irra-
diation with NBS in an aqueous medium in high yields (80–99%). The 2-imidazoline ability to inhibit the activity of the A and B
isoforms of monoamine oxidase (MAO) was investigated and some of them showed potent and selective MAO inhibitory activity
especially for the MAO-B isoform and could become promising candidates for future development.
� 2008 Elsevier Ltd. All rights reserved.

Monoamine oxidase (MAO), localized in the outer
mitochondrial membrane, is a flavin adenine dinucleo-
tide (FAD)-containing enzyme responsible for the oxi-
dative deamination of amines in the brain and the
peripheral tissues, regulating their level.1 This reaction
produces the corresponding aldehyde and free amine,
with the generation of hydrogen peroxide.1 MAO exists
in two isoforms, namely, MAO-A and MAO-B, which
differ according to their substrate specificity and their
selectivity to the inhibitor.2 MAO-A preferentially
metabolizes serotonin and noradrenaline and is inhib-
ited by low concentrations of clorgyline.3 MAO-B acts
preferentially on 2-phenylethylamine and benzylamine
and is inhibited by selegiline (L-deprenyl).4 Dopamine,
tyramine, and tryptamine are the substrates for both iso-
forms of MAO.4


Due to their role in neurotransmitter metabolism, the
regulation of MAO-A and MAO-B activity has been

0960-894X/$ - see front matter � 2008 Elsevier Ltd. All rights reserved.


doi:10.1016/j.bmcl.2008.03.001
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an important target for treating psychiatric and neuro-
degenerative disorders. Currently, compounds able to
inhibit these enzymes have been used in the therapy of
Parkinson’s and Alzheimer’s disease, depression syn-
drome and panic disorders.5 In fact, Parkinson’s and
Alzheimer’s disease have been associated with oxidative
stress and increasing MAO-B activity in the CNS.6


Over the last 15 years, since the demonstration that
I2-imidazoline sites are associated with the mitochon-
drial fraction of membranes,7 several studies have pro-
vided evidence that these sites represent regions on
MAOs.8 In fact, I2-binding sites have been identified
on both MAO-A and MAO-B isoforms as regulatory
sites are able to modulate MAO activity through a not
yet fully understood inhibitory mechanism.8 Moreover,
because of the different tissue sensitivities to amiloride,
a guanidine able to discriminate between I2A- and I2B-
subtypes, it has been proposed that I2A-sites are located
on MAO-A and I2B-sites on MAO-B.9 These I2-binding
sites do not appear to be located within the enzyme cat-
alytic site, or the prosthetic group, or the binding do-
main of classical MAO inhibitors.8a,10 However, most
recent reports have demonstrated that the majority of
amino acid residues identified as I2-sites on MAO-B
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(149–222) are obtained within the active site or entrance
cavity of the enzyme according to the crystallographic
studies.11 Recently, it was also demonstrated that imi-
dazoline compounds are able to bind to the MAO-A ac-
tive site.12


Therefore, some reports from the literature have demon-
strated that imidazoline and guanidinium derivative
compounds are able to inhibit MAO activities.10a,13 This
effect has been attributed to a high affinity I2 binding site
on MAO-B (I2B) and a similar lower affinity site on
MAO-A (I2A).14 In this context, the limited accessibility
of the I2 imidazoline binding domain on MAO-B in var-
ious tissues indicates the existence of a distinct subpop-
ulation of the enzyme.15 Thus, the use of imidazoline
derivates such as MAO inhibitors may allow for the
development of new therapeutic agents that target the
enzyme in a cell-type selective manner.


We are particularly interested in the therapeutic role of
MAO-B inhibitors in Parkinson’s and Alzheimer’s dis-
ease. In this paper, in an attempt to identify novel imi-
dazoline derivatives endowed with MAO inhibitory
activity and selectivity we have synthesized a series of
2-imidazolines combining a greener synthetic approach
with assessment of their in vitro activities.


The energy provided by ultrasound has been utilized re-
cently to accelerate a number of synthetically useful
reactions.17 Its effect observed on organic reactions is
due to cavitation, a physical process that creates, en-
larges, and implodes gaseous and vaporous cavities in
an irradiated liquid, thus enhancing the mass transfer.17a


Compared with traditional methods, this technique is
more appropriate in the consideration of green chemis-
try concepts. Ultrasound application is considered a
processing aid (or auxiliary) in terms of energy conser-
vation and waste minimization.18 Recently, we have
demonstrated the use of this form of energy in heterocy-
clic preparations providing a remarkable rate of
enhancement and a dramatic reduction in reaction
time.19


In recent decades, the use of water as solvent in organic
reactions has been reinvestigated.20 Water is a nontoxic
solvent and readily available at low cost. It is also non-
flammable and environmentally benign, providing

Entry R Time (min) Yield (%) 
a Ph 12 99 
b Me-4-Ph 18 95 
c MeO-4-Ph 15 92 
d (MeO)2-3,4-Ph 15 90 
e (MeO)3-3,4,5-Ph 15 86 
f Ph-4-O-C(O)-Ph 15 84 
g Cl-4-Ph 18 98 
h Cl-2-Ph 15 92 


Scheme 1. Reagents and conditions: (i) H2O, NBS, , 65–70 �C, 12–18 min.

opportunities for clean processing and pollution preven-
tion. In addition, because organic reactions often dis-
play unique reactivity and selectivity, performing them
in an aqueous medium at or slightly above room tem-
perature has become of great interest in order to exploit,
for example, their so-called hydrophobic effects.20a


The synthesis of 2-imidazolines (3a–p) was carried out
by the previously reported method of condensation
involving aldehydes (1a–p) and ethylenediamine (2) in
the presence of N-bromosuccinimide.16 The reaction
was performed in water as solvent under ultrasonic irra-
diation furnishing the products (3a–p) in high yields and
significantly shorter times (Scheme 1).


The method for forming 2-imidazolines under ultra-
sonic irradiation offers several advantages including
faster reaction rates, higher purity, and higher yields.
In comparison with conventional methods, the main
goal of ultrasound application was the significant de-
crease of reaction time. While conventional methods
require agitation overnight,16 under ultrasonic irradia-
tion the products were obtained in 12–18 min.21,22


Moreover, this approach does not require the use of
any halogenated solvent or an additional method for
product purification. In contrast to other methods,23


the synthesis of 2-imidazolines did not require the
use of any catalyst.


All compounds 3 showed physical and spectrometric
properties corresponding to the proposed structures
and in accordance with the literature.16,25


The in vitro inhibitory activity of compounds 3a-p
against MAOs was determined as previously de-
scribed24 and the results are shown in Table 1. The
compounds obtained were considered potent when Ki


was less than 10 lM and were particularly selective
when their selectivity index (Ki MAO-A/Ki MAO-B)
was greater than 10. Among the synthesized com-
pounds that inhibited preferentially MAO-A (entries
3c–e, 3j) only compound 3d was found to be selective,
presenting a Ki for MAO-A of approximately 73-fold
lower than its Ki for MAO-B. Imidazoline 3p also
showed a potent inhibitory effect (Ki 4.86 lM) for this
MAO isoform, however, this compound was not selec-
tive (0.91).

Entry R Time (min) Yield (%) 
i Cl2-2,4-Ph 12 93 
j NO2-4-Ph 18 82 
k NO2-3-Ph 15 96 
l Naphth-2-yl 15 91 


m Fur-2-yl 18 80 
n Benzofur-2-yl 15 87 
o Pyridin-2-yl 15 95 
p Quinolin-2-yl 18 97 







Table 1. Monoamine oxidase inhibitory activity of 2-imidazolines


3a–p


Entry Ki MAO-Aa (lM) Ki MAO-Ba (lM) SIb


3a 28.75 (21.0–39.4) 21.27 (14.7–30.7) 1.35


3b 102.10 (64.4–162) 13.09 (8.1–21.0) 7.79


3c 15.75 (10.2–24.2) 32.67 (20.9–51.1) 0.48


3d 13.57 (9.1–20.2) �1000 0.013


3e 114.40 (75.0–174.4) �1000 0.114


3f 12.84 (8.6–19.2) 1.38 (0.97–1.97) 9.27


3g 166.30 (102.3–270.5) 5.35 (3.4–8.3) 31.05


3h >1000 24.57 (15.2–39.8) >40.70


3i 28.75 (20.9–39.4) 3.98 (2.9–5.3) 10.52


3j 181.40 (115–286.2) >1000 0.181


3k >1000 19.27 (11.1–33.5) >51.89


3l 13.89 (6.02–32.04) 1.49 (0.4–5.1) 9.32


3m >1000 >1000 —


3n (2-BFI) 24.94 (14.3-43.6) 3.63 (0.3–4.0) 6.86


3o >1000 25.28 (11.8–54.0) >39.55


3p (BU224) 4.86 (3.6–6.6) 5.32 (3.8–7.4) 0.91


a Each value represents the mean (confidance interval) of three or four


independent experiments.
b In vitro selectivity index = (Ki MAO-A/Ki MAO-B).
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Among the compounds obtained that selectively inhib-
ited MAO-B (entries 3g–i, 3k, 3o), only imidazolines
3g and 3i were shown to be potent with Ki values of
5.35 lM and 3.98 lM, respectively. One can conclude
that the replacement of chlorine at the ortho position
in the 2-imidazoline 3h with the para position on com-
pound 2g seemed to decrease selectively for MAO-B
and increase the inhibitory potency against this isoform.
The dichloro-substituted compound 3i lost selectivity
with a slightly increasing inhibitory activity against
MAO-B. An interesting finding was the inversion of
selectivity of 2-imidazoline 3k from the replacement of
an electron-withdrawing group (NO2) at the meta posi-
tion of benzene with an electron-donating group
(OMe) in compound 3d. While the imidazoline 3k was
able to selectively inhibit MAO-B, compound 3d
selectively inhibited MAO-A. This suggests that elec-
tronic effects can govern the recognition process for
2-imidazolines on both MAOs.


Some of the synthesized compounds were shown to
exert potent and selective binding at I2-sites, such as 3l
(benazoline), 3n (2-BFI), and 3p (BU224).25 In fact,
these imidazolines showed good inhibitory activity espe-
cially against MAO-B. The 2-BFI and BU224 IC50 val-
ues reported in the literature range from 11 to 16.5 and
4.8 to 10.7 lM for MAO-A and from 23 to 27.9 and 44.8
to 51.4 lM for MAO-B, respectively.13,29,30 Our ob-
tained 2-BFI and BU224 IC50 values were 65 and
12.7 lM for MAO-A and 9.1 and 13.3 lM, respectively.
Thus, in our conditions 2-BFI and BU224 seems to be
less potent to inhibit MAO-A and more potent to inhibit
MAO-B when compared with the literature values.
However, when Ki values were compared, the 2-BFI po-
tency on MAO-A obtained in our study (29.94 lM) are
similar with the literature data (26 lM).12 As Ki values
are more appropriated for potency comparison among
different studies, our results are consistent with the liter-
ature data. However, none of the compounds endowed
with high affinity for the I2-site were able to inhibit

MAO with significant selectivity. Reports from the liter-
ature have affirmed that there are no significant correla-
tions between the potencies of imidazoline derivatives at
I2-sites and their values for inhibition of MAO-A or
MAO-B activities. In general, these compounds show
two to three times less activity for MAO inhibition than
their reported values of I2-site affinity.13 Thus, it has
been suggested that I2-sites are not directly related to
the site of action of these drugs against MAO activity.


The nature of the interaction of imidazolines with MAO
has been described as either noncompetitive8b and mix-
ed,10a or competitive for MAO-A inhibition and mixed
for MAO-B inhibition.13 Our preliminary kinetics stud-
ies showed that compound 3g, obtained as a lead-like
compound, inhibited MAO-B in a competitive manner.
However, additional studies are necessary to clarify this
point.


In summary, we have reported the preparation of 2-imi-
dazolines using a highly efficient and environmentally
benign synthetic protocol to obtain novel compounds
endowed with MAO inhibitory activity. The simplicity,
the use of water instead of organic solvents as reaction
medium, the high yields (80–99%), and the short
reaction times (12–18 min) make this reaction highly
attractive. In addition, the existence of a distinct sub-
population of MAO-B with a different accessibility to
the I2-site may allow access to inhibitors of this isoform
in a tissue-specific manner, avoiding numerous side ef-
fects attributed to these classes of compounds. Our con-
tribution toward this understanding was to obtain novel
2-imidazoline derivatives as active MAO inhibitors in
the lM range with good selectivity. Studies on the use
of 2-imidazoline compounds in models of Parkinson’s
and Alzheimer’s disease are in progress and these data
will be communicated hereafter.
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Abstract—A novel series of oxazolidinones were synthesized in which the morpholine C-ring of linezolid was replaced with homo-
morpholine. In addition to investigating the effect of a homomorpholine C-ring on antibacterial activity, the effect of des-, mono-,
di-, and tri-fluoro substitution on the phenyl B-ring was investigated as well. Various C-5 functional groups were also examined,
including acetamides and triazoles and carboxamides.
� 2008 Elsevier Ltd. All rights reserved.
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Oxazolidinones are a new class of totally synthetic anti-
biotics with activity against Gram-positive organisms
such as methicillin-resistant Staphylococcus aureus
(MRSA) and vancomycin-resistant enterococci
(VRE).1 Linezolid (ZyvoxTM) 1 is the first drug of this
class to be approved for the treatment of infections
caused by such serious Gram-positive bacteria.2,3 In an
effort to investigate and expand the utility of oxazolidi-
nones as antibacterial agents, a series of analogs were
synthesized in which the morpholine C-ring of linezolid
was replaced with a homomorpholine ring as shown in
structures 2–4. The effect of the homomorpholine ring
on antibacterial activity in comparison to that of linezo-
lid was examined, as well as the effect of des-, mono-,
di-, and tri-fluoro phenyl B-ring substitution (2–4: X,
Y, Z = H; F) in the context of analogs with C-5 amides
(2, R1 = NHAc, NHCOEt). While investigating diverse
functionalities at the C-5 position, it was brought to
our attention that a number of oxazolidinone com-
pounds with the 1,2,3-triazole moiety at the C-5 position
reduced monoamine oxidase inhibition, a known side ef-
fect of oxazolidinones, while maintaining potency com-
parable to that of linezolid.4 It was therefore of interest
to see if the potency was maintained with homomorph-
oline analogs with the triazole moieties (3, R1 = H,
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CCH). It was also noted that recently reported oxazolid-
inone analogs with a novel C-5 carboxamide side chain
achieved improved myelotoxicity.5 Thus, homomorpho-
line analogs with the novel side chain (4, R1 = H, Me)
were synthesized in addition to investigate the effect of
such C-5 moiety on the antibacterial potency. The syn-
thesis and the antibacterial activity of our novel homo-
morpholine analogs are reported here.

The synthesis of the C-5 acetamide analogs of the
homomorpholine series is shown in Scheme 1.6 Homo-
morpholine hydrochloride was reacted with 4-fluoroni-
trobenzene (5a), 3,4-difluoronitrobenzene (5b), 3,4,5-
tri-fluorobenzene (5c), and 3,4,5,6-tetrafluoronitroben-
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Scheme 1. Reagents and conditions: (a) homomorpholine hydrochloride, (i-Pr)2NEt; for 5a, NMP, 50 �C; for 5b and 5d, NMP, �20 �C; for 5c,


CH3CN, 0 �C; 88–100%; (b) Raney Ni, H2, THF, 50 psi, 95–100%; (c) CbzCl, pyr, CH2Cl2, rt, 70–100%; (d) (2S)-3-acetamido-1-chloropropan-2-yl


acetate 12, t-BuOLi, DMF, 0 �C, 17–62%.
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zene (5d) to give the corresponding des-, mono-, di-, and
tri-fluoro nitroarene intermediates 6a–d, respectively.7


Subsequently following the reduction, the amine func-
tionality in anilines 7a–d was protected as a benzyl car-
bamate (8a–d). The benzyl carbamates 8a–d were then
reacted with (2S)-3-acetamido-1-chloropropan-2-yl ace-
tate 12 and lithium tert-butoxide in DMF to result in the
formation of both the oxazolidinone ring and the C-5
acetamide side chain in a single step (2a–d).


The preparation of the C-5 ethyl amides (2o,p) and the
C-5 carbamate analogs (2m,n) was achieved by first
forming the tert-butyl carbamate intermediates 2e–h by
reacting the benzyl carbamates 8a–d with (2S)-tert-butyl
3-chloro-2-hydroxypropyl carbamate 13 and lithium
tert-butoxide in DMF. The tert-butyl carbamates 2e–h
were then cleaved with hydrogen chloride. The resulting
hydrochloride salts 2i–l were converted to the C-5
methyl carbamates 2m,n by treatment with methyl chlo-
roformate or to the C-5 ethyl amides 2o,p with propionic
anhydride, respectively (see Scheme 2).
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Scheme 2. Reagents and conditions: (a) (2S)-tert-butyl 3-chloro-2-hydroxyp


dioxane, THF, 0 �C, 48–100%; (c) for 2m,n, NaHCO3, methyl chloroformate


85–95%.

The synthesis of the C-5 triazole analogs (3a–d) is shown
in Schemes 3 and 4.4,8 Starting from the benzyl carba-
mates 8a and 8c, oxazolidinones 2q,r were prepared by
treatment with (2R)-glycidyl butryrate and n-butyllith-
ium. This step led to the closure of the oxazolidinone
ring and cleavage of the resulting butyric ester in one-
pot to form the C-5 primary alcohols. The C-5 primary
alcohol intermediates were converted to mesylates 9a,c
and then to the azide intermediates 10a,c. Subsequently,
the azides were reacted with bicyclo[2.2.1]hepta-2,5-
diene to provide the desired oxazolidinones with C-5 tri-
azole 3a,b.


The conversion of C-5-azidomethyl-3,5-difluorophenyl-
oxazolidinone 10c to the corresponding ethynyltriazolo-
3,5-difluorophenyl-oxazolidinone 3d was carried out
utilizing a regioselective Cu(I) catalyzed cycloaddition
as illustrated in Scheme 4.8 The transformation of azide
10c to the trimethylsilyl protected ethynyl triazole 3c
was carried out efficiently with trimethylsilyl 1,3-but-
adiyne, 2,6-lutidine and copper iodide with excellent
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Scheme 4. Reagents and conditions: (a) TMS-1,3-butadiyne, 2,6-lutidine, CuI, CH3CN, rt, 62%; (b) KOH, MeOH, rt, 92%.
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regioselectivity. No 1,5-regioisomers were detected in
this reaction. The TMS group in 3c was then cleaved
with potassium hydroxide to give the desired C-5 ethy-
nyl triazolo-3,5-difluorophenyl-oxazolidinone 3d.


The synthesis of C-5 carboxamide analogs (4a–h) is
shown in Scheme 5. The resulting anilines were reacted
with (2R)-methyl glycidate followed by treatment with
1,1 0-carbonyldiimidazole to afford the corresponding
oxazolidinone C-5 methyl ester intermediates 11a–d.
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Scheme 5. Reagents and conditions: (a) i—(2R)-methyl glycidate,


LiOTf, t-BuOH, 70 �C; ii—CDI, CH2Cl2, rt, 20–59% for two steps; (b)


for 4a–d, NH3, MeOH, rt; for 4e–h, MeNH2, MeOH, rt; 35–39%.

The desired carboxamides 4a–h were then synthesized
by reacting the methyl esters 11a–d with either ammonia
or methyl amine.


The homomorpholine oxazolidinone analogs 2–4 were
tested against a panel of Gram-positive bacteria. Mini-
mum inhibitory concentration (MIC, in lg/mL) values
were determined by micro broth methodology.9 The
Escherichia coli in vitro transcription and translation
(TnT) assay was performed in 96-well microtiter plates
using a luciferase reporter system.10 The effects of fluo-
rine substitution on the phenyl ring (B-ring) as well as
the effects of various C-5 substitution on the antibacte-
rial activities are shown in Table 1. MIC data for linezo-
lid 1 are provided for comparison.


Homomorpholine C-5 acetamide analogs with mono-,
di-, and tri-fluoro phenyl B-rings (2b–d) were roughly
equipotent in vitro as linezolid 1. On the whole, the
difluorophenyl analogs were shown to be more potent
in vitro compared to desfluoro, monofluoro, and tri-
fluorophenyl analogs, with desfluoro analogs generally
being least potent. The in vitro antibacterial activity of
C-5 carboxamide analogs (4a–h) was disappointing as
these compounds were all less potent than linezolid.
However, it has been demonstrated with several difluo-
rophenyl-oxazolidinone analogs that analogs with vari-
ous C-5 functionalities such as methyl carbamate 2n,
ethyl amide 2o, triazolo analog 3b, and ethynyl triazolo
analog 3d resulted in in vitro antibacterial activity com-
parable to linezolid. Overall, novel homomorpholine
oxazolidinones, in which linezolid’s morpholine C-ring
was replaced with the larger homomorpholine ring, have







Table 1. Minimum inhibitory concentrations (MICs, lg/mL) for compounds 1, 2a–g, 2j, 2m–r, 3a–d, 4a–h


Compound X Y Z R EC TnT IC50 (lM) S. a. MIC S. p. MIC S. py. MIC E. f. MIC


1 linezolid 3.6 2 1 2 4


2a H H H — 8 8 8 16


2b F H H — 2.30 4 2 2 2


2c F F H — 1.67 2 1 1 1


2d F F F — 3.93 2 1 2 2


2e H H H — 16 16 32 32


2f F H H — 32 32 32 64


2g F F H — 8 16 8 32


2j F H H — >64 >64 >64 >64


2m H H H NHC(@O)OMe 16 16 8 16


2n F F H NHC(@O)OMe 1.90 2 1 1 2


2o F F H NHC(@O)Et 2.10 2 2 1 2


2p F F F NHC(@O)Et 3.49 4 4 4 4


2q H H H — >64 >64 >64 >64


2r F F H — 4 4 2 8


3a H H H — 16 16 8 32


3b F F H — 2 2 1 2


3c F F H — >32 4 2 >32


3d F F H — 4 2 2 2


4a H H H H 32 32 64 64


4b F H H H 8 16 8 16


4c F F H H 5.87 4 4 4 8


4d F F F H 23.4 16 16 16 32


4e H H H Me 32 32 32 64


4f F H H Me 16 8 8 16


4g F F H Me 6.37 4 4 4 8


4h F F F Me 18.9 16 16 16 32


Strains: S. a., Staphylococcus aureus UC-76 SA-1; S. p., Streptococcus pneumoniae SV1 SP-3; E. f., Enterococcus faecalis MGH-2 EF1-1; S. py.,


Streptococcus pyogenes C-203.
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shown to retain antibacterial potency with in vitro activ-
ity of many compounds synthesized in this series compa-
rable to linezolid’s in vitro activity.
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Corrigendum to ‘‘Synthesis and structure–activity relationship studies
of tyrosine-based antagonists at the human P2X7 receptor”
[Bioorg. Med. Chem. Lett. 18 (2008) 571–575]


Ga Eun Lee a, Bhalchandra V. Joshi b, Wangzhong Chen b, Lak Shin Jeong c, Hyung Ryong Moon d,
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The correct structure of compound 9 is 2,6-dimethyl, not 3,5-dimethyl. Therefore, the following corrections should be made.


1. On page 571, in line 5 of the abstract, ‘‘3,5-dimethyl groups” should read ‘‘2,6-dimethyl groups.”
2. On page 572, Scheme 1 and its legend should appear as:
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Scheme 1. Synthesis of a representative P2X7 receptor antagonist 9 consisting of a 2,6-dimethyltyrosyl derivative.

3. On page 572, in lines 2 and 3 from the bottom, ‘‘two methyl groups” should read ‘‘2,6-dimethyl groups.”
4. On page 573, in Footnote b in Table 1, ‘‘two methyl groups” should read ‘‘2,6-dimethyl groups.”
5. On page 574, in line 9 of the last paragraph of regular text, ‘‘dimethylphenylsulfonate” should read ‘‘2,6-dimethylphenylsulfonate.”
6. On page 574, in line 15 of the last paragraph of regular text, ‘‘3,5-dimethyl groups” should read ‘‘2,6-dimethyl groups.”
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