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O. Seitz, Berlin


K. Shokat, San Francisco, CA


R. Silverman, Evanston, IL


J. Stubbe, Cambridge, MA


C. T. Supuran, Firenze


G. L. Verdine, Cambridge, MA


S. Walker, Cambridge, MA


C. T. Walsh, Boston, MA


P. A. Wender, Stanford, CA


G. Whitesides, Cambridge, MA


R. V. Wolfenden, Chapel Hill, NC


PUBLISHED TWICE MONTHLY


Orders, claims, and journal enquiries: Please contact the Regional Sales Office nearest you:


Orlando: Elsevier, Customer Service Department, 6277 Sea Harbor Drive, Orlando, FL 32887-4800, USA; phone: (877) 839 7126 [toll free within the USA]; (+1) (407) 563


6022 [outside the USA]; fax: (+1) (407) 363 1354; e-mail: JournalCustomerService-usa@elsevier.com


Amsterdam: Elsevier, Customer Service Department, PO Box 211, 1000 AE Amsterdam, The Netherlands; phone: (+31) (20) 4853757; fax: (+31) (20) 4853432; e-mail:


JournalsCustomerServiceEMEA@elsevier.com


Tokyo: Elsevier, Customer Service Department, 4F Higashi-Azabu, 1-Chome Bldg., 1-9-15 Higashi-Azabu, Minato-ku, Tokyo 106-0044, Japan; phone: (+81) (3) 5561


5037; fax: (+81) (3) 5561 5047; e-mail: JournalsCustomerServiceJapan@elsevier.com


Singapore: Elsevier, Customer Service Department, 3 Killiney Road, #08-01 Winsland House I, Singapore 239519; phone: (+65) 63490222; fax: (+65) 67331510; e-mail:


JournalsCustomerServiceAPAC@elsevier.com


© 2008 Elsevier Ltd.








ARTICLES


Structural modifications of N-arylamide oxadiazoles: Identification of N-arylpiperidine oxadiazoles
as potent and selective agonists of CB2


pp 4267–4274


Erin F. DiMauro*, John L. Buchanan, Alan Cheng, Renee Emkey, Stephen A. Hitchcock, Liyue Huang, Ming Y. Huang, Brett Janosky,
Josie H. Lee, Xingwen Li, Matthew W. Martin, Susan A. Tomlinson, Ryan D. White, Xiao Mei Zheng, Vinod F. Patel,
Robert T. Fremeau Jr.


Cytotoxic calanquinone A from Calanthe arisanensis and its first total synthesis pp 4275–4277


Chia-Lin Lee, Kyoko Nakagawa-Goto, Donglei Yu, Yi-Nan Liu, Kenneth F. Bastow,
Susan L. Morris-Natschke, Fang-Rong Chang, Yang-Chang Wu *, Kuo-Hsiung Lee *
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Design and optimization of potent, selective antagonists of Oxytocin pp 4278–4281


Alan Brown*, Lindsay Brown, Dave Ellis, Nicholas Puhalo, Chris R. Smith, Olga Wallace, Lesa Watson
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Pharmacophoric overlap of a high throughput screening hit and published OT antagonists followed by subsequent optimization led to a series of potent, selective Oxytocin
antagonists (X). Several of these analogues showed oral bioavailability in vivo.


Bioorganic & Medicinal Chemistry Letters Vol. 18, No. 15, 2008
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Carbonic anhydrase inhibitors. Interaction of the antitumor sulfamate EMD 486019 with twelve mammalian
carbonic anhydrase isoforms: Kinetic and X-ray crystallographic studies


pp 4282–4286


Claudia Temperini, Alessio Innocenti, Andrea Scozzafava, Claudiu T. Supuran *


Structure–activity relationship studies on vitamin D lactam derivatives as vitamin D receptor antagonist pp 4287–4290


Kaori Cho, Fumito Uneuchi, Yuko Kato-Nakamura, Jun-ichi Namekawa, Seiichi Ishizuka, Kazuya Takenouchi, Kazuo Nagasawa *
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(23S,25S)-DLAM-1P-3,5(OEt)2


Synthesis of two persistent fluorinated tetrathiatriarylmethyl (TAM) radicals for biomedical EPR applications pp 4291–4293


Benoît Driesschaert, Nicolas Charlier, Bernard Gallez, Jacqueline Marchand-Brynaert *


The synthesis of two new persistent fluorinated tetrathiatriarylmethyl (TAM) radicals (F15T-03 and F45T-03) in two steps from ester precursor 1 (95% and 66%,
respectively), and preliminary evaluation of their EPR properties are reported.


Structure–activity relationships of 2-aryl-1H-indole inhibitors of the NorA efflux pump
in Staphylococcus aureus


pp 4294–4297


Joseph I. Ambrus, Michael J. Kelso, John B. Bremner*, Anthony R. Ball, Gabriele Casadei, Kim Lewis
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Three new potent indole NorA pump inhibitors and an antibacterial lead compound for Staphylococcus aureus are described.
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Discovery of piperidine-aryl urea-based stearoyl-CoA desaturase 1 inhibitors pp 4298–4302


Zhili Xin*, Hongyu Zhao, Michael D. Serby, Bo Liu, Mei Liu, Bruce G. Szczepankiewicz, Lissa T. J. Nelson,
Harriet T. Smith, Tom S. Suhar, Rich S. Janis, Ning Cao, Heidi S. Camp, Christine A. Collins,
Hing L. Sham, Teresa K. Surowy, Gang Liu
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The discovery of potent, selective, orally bioavailable SCD1 inhibitors is reported.


Carbonic anhydrase activators: Activation of the human cytosolic isozyme III and membrane-associated
isoform IV with amino acids and amines


pp 4303–4307


Daniela Vullo, Isao Nishimori, Andrea Scozzafava, Claudiu T. Supuran *
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N-Benzyl-N-(pyrrolidin-3-yl)carboxamides as a new class of selective dual serotonin/noradrenaline
reuptake inhibitors


pp 4308–4311


Florian Wakenhut*, Paul V. Fish, M. Jonathan Fray, Ian Gurrell, James E. Mills, Alan Stobie, Gavin A. Whitlock
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18: R1 = iPr; R= 2,3-di-Cl
SRI, IC50 12 nM
NRI, IC50 23 nM
DRI, IC50 1270 nM
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The structure–activity relationship and the synthesis of novel N-benzyl-N-(pyrrolidin-3-yl)carboxamides as dual serotonin (5-HT) and noradrenaline (NA) monoamine
reuptake inhibitors are described. Compounds such as 18 exhibited dual 5-HT and NA-reuptake inhibition, good selectivity over dopamine (DA)-reuptake inhibition and
drug-like physicochemical properties consistent with CNS target space. Compound 18 was selected for further preclinical evaluation.


Molecular modeling of a PAMAM-CGS21680 dendrimer bound to an A2A adenosine receptor homodimer pp 4312–4315


Andrei A. Ivanov, Kenneth A. Jacobson *
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4-(1,3-Thiazol-2-yl)morpholine derivatives as inhibitors of phosphoinositide 3-kinase pp 4316–4320


Rikki Alexander*, Ahrani Balasundaram, Mark Batchelor, Daniel Brookings, Karen Crépy, Tom Crabbe, Marie-France Deltent,
Frank Driessens, Andrew Gill, Sue Harris, Gillian Hutchinson, Claire Kulisa, Mark Merriman, Prakash Mistry,
Ted Parton, James Turner, Ian Whitcombe, Sara Wright
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4-(1,3-Thiazol-2-yl)morpholine derivatives have been identified as potent and selective inhibitors of phosphoinositide 3-kinase, compound 18 is shown to demonstrate the
utility of this class of compounds in xenograft models of tumor growth.


N-Acyl-3-amino-5H-furanone derivatives as new inhibitors of LuxR-dependent quorum sensing: Synthesis,
biological evaluation and binding mode study


pp 4321–4324


Jane Estephane, Julien Dauvergne, Laurent Soulère*, Sylvie Reverchon, Yves Queneau, Alain Doutheau *


Amongst some N-acyl-3-amino-5H-furanone derivatives tested as LuxR-dependent
quorum sensing inhibitors, 4-halogenated compounds were found to be the most
active. Molecular modelling showed that the presence of the halogen atom could
enhance the fitting of the lactone ring through specific interactions with conserved
or conservatively replaceable residues in the LuxR protein family.


Effects of N-pyrrole substitution on the anti-biofilm activities of oroidin derivatives against
Acinetobacter baumannii


pp 4325–4327


Justin J. Richards, Catherine S. Reed, Christian Melander *


Modification of the alkyl substituent on the pyrrole-based nitrogen of the oroidin template has resulted in derivatives that display more potent anti-biofilm
activities than the previous lead compound, DHS.


N-(thiazol-2-yl)-2-thiophene carboxamide derivatives as Abl inhibitors identified by a pharmacophore-based
database screening of commercially available compounds


pp 4328–4331


Fabrizio Manetti, Federico Falchi, Emmanuele Crespan, Silvia Schenone, Giovanni Maga, Maurizio Botta *


Affinity optimization of thiazole or thiadiazole Abi inhibitors. From 2-benzamido thia(dia)zole compounds to N-(thiazol-2-yl)-2-thiophene carboxamide derivatives.
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Synthesis of hydantoin analogues of (2S,3R,4S)-4-hydroxyisoleucine with insulinotropic properties pp 4332–4335


Didier Sergent, Qian Wang, N. André Sasaki, Jamal Ouazzani *


Red light-activated phosphorothioate oligodeoxyribonucleotides pp 4336–4338


Alexandru Rotaru, János Kovács, Andriy Mokhir *


BA


L


"Caged" PT-ODN Active PT-ODN


red light


PS


‘Caged’ phosphothioate oligodeoxyribonucleotides are reported. These compounds do not bind complementary nucleic acids in the dark. Upon irradiation with red light in
the presence of chlorine e6 they become efficient binders.


Conformationally constrained farnesoid X receptor (FXR) agonists: Naphthoic acid-based analogs of GW 4064 pp 4339–4343


Adwoa Akwabi-Ameyaw, Jonathan Y. Bass, Richard D. Caldwell, Justin A. Caravella, Lihong Chen, Katrina L. Creech,
David N. Deaton*, Stacey A. Jones, Istvan Kaldor, Yaping Liu, Kevin P. Madauss, Harry B. Marr,
Robert B. McFadyen, Aaron B. Miller, Frank Navas III, Derek J. Parks, Paul K. Spearing,
Dan Todd, Shawn P. Williams, G. Bruce Wisely
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Starting from the known FXR agonist GW 4064 1a, a series of stilbene replacements
were prepared. The 6-substituted 1-naphthoic acid 1b was an equipotent FXR
agonist with improved developability parameters relative to 1a. Analog 1b also
reduced the severity of cholestasis in the ANIT acute cholestatic rat model.


Synthesis and evaluation of heteroaryl-ketone derivatives as a novel class of VEGFR-2 inhibitors pp 4344–4347


Eugene L. Piatnitski Chekler*, Reeti Katoch-Rouse, Alexander S. Kiselyov, Dan Sherman, Xiaohu Ouyang,
Ki Kim, Ying Wang, Yaron R. Hadari, Jacqueline F. Doody
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A novel series of potent heteroaryl-ketone derivatives active against VEGFR-2 kinase is described. The best compounds were demonstrated to be inactive
against a panel of tyrosine and serine/threonine kinases with the exception of VEGFR-1 kinase. Selected representatives displayed acceptable exposure
levels when administered orally to mice.
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Discovery of triazolinone non-nucleoside inhibitors of HIV reverse transcriptase pp 4348–4351


Zachary K. Sweeney*, Sahaja Acharya, Andrew Briggs, James P. Dunn, Todd R. Elworthy, Jennifer Fretland, Anthony M. Giannetti,
Gabrielle Heilek, Yu Li, Ann C. Kaiser, Michael Martin, Y. David Saito, Mark Smith, Judy M. Suh, Steven Swallow,
Jeffrey Wu, Julie Q. Hang, Amy S. Zhou, Klaus Klumpp
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F = 74%


Novel diaryl ether HIV-1 non-nucleoside reverse transcriptase inhibitors (NNRTIs) were prepared. Triazolinone compounds that strongly inhibit wild-type and NNRTI-
resistant viruses and display excellent pharmacokinetic properties were identified.


Discovery and optimization of pyridazinone non-nucleoside inhibitors of HIV-1 reverse transcriptase pp 4352–4354


Zachary K. Sweeney*, James P. Dunn, Yu Li, Gabrielle Heilek, Pete Dunten, Todd R. Elworthy, Xiaochun Han, Seth F. Harris,
Donald R. Hirschfeld, J. Heather Hogg, Walter Huber, Ann C. Kaiser, Denis J. Kertesz, Woongki Kim, Taraneh Mirzadegan,
Michael G. Roepel, Y. David Saito, Tania M. P. C. Silva, Steven Swallow, Jahari L. Tracy, Armando Villasenor,
Harit Vora, Amy S. Zhou, Klaus Klumpp
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A number of pyridazinones were evaluated as HIV-1 non-nucleoside reverse transcriptase inhibitors (NNRTIs). These compounds strongly inhibited the wild-type virus and
NNRTI-resistant viruses.


Derivatives of (3S)-N-(biphenyl-2-ylmethyl)pyrrolidin-3-amine as selective noradrenaline reuptake inhibitors:
Reducing P-gp mediated efflux by modulation of H-bond acceptor capacity


pp 4355–4359


Paul V. Fish*, Nancy S. Barta, David L. F. Gray, Thomas Ryckmans, Alan Stobie, Florian Wakenhut, Gavin A. Whitlock
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Carboxamide 9e, carbamate 11b and sulfonamide 13a were identified as potent NRIs with excellent selectivity over SRI and DRI, good in vitro metabolic stability and weak
CYP inhibition. Carbamate 11b demonstrated superior transit performance in MDCK-mdr1 cell lines with minimal P-gp efflux, which was attributed to reduced HBA
capacity. Evaluation in vivo, in rat microdialysis experiments, showed 11b increased NA levels by 400% over pre-drug levels confirming good CNS penetration.


Pyrrolidinyl pyridone and pyrazinone analogues as potent inhibitors of prolyl oligopeptidase (POP) pp 4360–4363


Curt D. Haffner*, Caroline J. Diaz, Aaron B. Miller, Robert A. Reid, Kevin P. Madauss, Annie Hassell,
Mary H. Hanlon, David J. T. Porter, J. David Becherer, Luke H. Carter
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We report the synthesis and in vitro activity of a series of novel pyrrolidinyl pyridones and pyrazinones as potent inhibitors of prolyl oligopeptidase (POP). Within this
series, compound 39 was co-crystallized within the catalytic site of a human chimeric POP protein which provided a more detailed understanding of how these inhibitors
interacted with key residues within the catalytic pocket.
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Successful kinase bypass with new acyclovir phosphoramidate prodrugs pp 4364–4367


Christopher McGuigan*, Marco Derudas, Joachim J. Bugert, Graciela Andrei, Robert Snoeck, Jan Balzarini


Low or sub-lM versus HSV-1 and -2 and VZV. Retain full activity versus thymidine kinase mutants proving intracellular phosphate delivery.


Exploring 9-benzyl purines as inhibitors of glutamate racemase (MurI) in Gram-positive bacteria pp 4368–4372


Bolin Geng*, Gloria Breault, Janelle Comita-Prevoir, Randy Petrichko, Charles Eyermann,
Tomas Lundqvist, Peter Doig, Elise Gorseth, Brian Noonan
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 Hit Lead


An early SAR study of a screening hit series has generated a series of 9-benzyl purines as inhibitors of bacterial glutamate racemase (MurI) with micromolar enzyme
potency and improved physical properties. X-ray co-crystal EI structures were obtained.


The identification of potent, selective and CNS penetrant furan-based inhibitors of B-Raf kinase pp 4373–4376


Andrew K. Takle*, Mark J. Bamford, Susannah Davies, Robert P. Davis, David K. Dean, Alessandra Gaiba, Elaine A. Irving,
Frank D. King, Antoinette Naylor, Christopher A. Parr, Alison M. Ray, Alastair D. Reith, Beverley B. Smith,
Penelope C. Staton, Jon G. A. Steadman, Tania O. Stean, David M. Wilson
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SB-699393 (17)
Modification of the potent imidazole-based B-Raf inhibitor SB-590885 resulted in the identification of a series of furan-based derivatives with enhanced CNS penetration.
One such compound, SB-699393 (17), was examined in vivo to challenge the hypothesis that selective B-Raf inhibitors may be of value in the treatment of stroke.


Refinement of histamine H3 ligands pharmacophore model leads to a new class of potent and selective
naphthalene inverse agonists


pp 4377–4379


Olivier Roche, Matthias Nettekoven*, Walter Vifian, Rosa Maria Rodriguez Sarmiento


The refined histamine H3 ligand pharmacophore model guided successfully the selection process towards the identification of new, potent and selective naphthalene
inverse agonists.
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Design and synthesis of regioisomerically pure unsymmetrical xanthene derivatives for staining live cells
and their photochemical properties


pp 4380–4384


Shinichiro Kamino, Hayato Ichikawa, Shun-ichi Wada, Yuka Horio, Yoshihide Usami, Takako Yamaguchi,
Toshiki Koda, Aki Harada, Kazusa Shimanuki, Masao Arimoto, Mitsunobu Doi, Yoshikazu Fujita *


We show here the synthesis of regioisomerically pure unsymmetrical xanthene derivatives by combining
three units, just like pieces of a jigsaw puzzle.


Synthesis and antitumor activity of cyclodepsipeptide zygosporamide and its analogues pp 4385–4387


You Wang, Feiran Zhang, Yihua Zhang, Jun O. Liu *, Dawei Ma *
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Structure–activity relationship study of bone morphogenetic protein (BMP) signaling inhibitors pp 4388–4392


Gregory D. Cuny*, Paul B. Yu, Joydev K. Laha, Xuechao Xing, Ji-Feng Liu, Carol S. Lai, Donna Y. Deng,
Chetana Sachidanandan, Kenneth D. Bloch, Randall T. Peterson
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Discovery of imidazole carboxamides as potent and selective CCK1R agonists pp 4393–4396


Cheng Zhu*, Alexa R. Hansen, Thomas Bateman, Zhesheng Chen, Tom G. Holt, James A. Hubert, Bindhu V. Karanam, Susan J. Lee,
Jie Pan, Su Qian, Vijay B. G. Reddy, Marc L. Reitman, Alison M. Strack, Vincent Tong, Drew T. Weingarth,
Michael S. Wolff, Doug J. MacNeil, Ann E. Weber, Joseph L. Duffy, Scott D. Edmondson


N


N
O


N


N


OEt


Me


CO2H


44


The discovery and optimization of a novel class of 1,2-diaryl imidazole carboxamides as CCK1R agonists are reported. Compound 44 exhibited excellent
lean mouse overnight food intake reduction.
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Synthesis and biological evaluation of a focused library of beauveriolides pp 4397–4400


Kenichiro Nagai, Takayuki Doi, Taichi Ohshiro, Toshiaki Sunazuka, Hiroshi Tomoda, Takashi Takahashi, Satoshi Ōmura *
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Beauveriolide III (1b)


A library of beauveriolide analogues focusing on L-Ala and D-allo-Ile of beauveriolide III (1b) was synthesized by combinatorial synthesis and their inhibitory activity of CE
synthesis in macrophage was tested. Cyclic compounds 7{1, 3,2}, 7{2,3,1}, and 7{2,3, 2} were 20 times more potent than 1b.


Benzodiazepine ligands can act as allosteric modulators of the Type 1 cholecystokinin receptor pp 4401–4404


Fan Gao, Patrick M. Sexton, Arthur Christopoulos, Laurence J. Miller *


Small molecule benzodiazepine ligands are allosteric modulators of the CCK1 receptor.


Sialyl a(2 ? 3) lactose clusters using carbosilane dendrimer core scaffolds as influenza hemagglutinin
blockers


pp 4405–4408


Hiroyuki Oka, Tomotsune Onaga, Tetsuo Koyama, Chao-Tan Guo, Yasuo Suzuki, Yasuaki Esumi,
Ken Hatano, Daiyo Terunuma, Koji Matsuoka *
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Synthesis and anti-inflammatory activity of 2-(2-aroylaroxy)-4,6-dimethoxy pyrimidines pp 4409–4412


T. D. Venu, S. A. Khanum, Aiysha Firdouse, B. K. Manuprasad, Sheena Shashikanth*,
Riyaz Mohamed, Bannikuppe Sannanaik Vishwanth
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The newly synthesized compounds 2-(2-aroylaroxy)-4,6-dimethoxy pyrimidines 7a–f were screened for their anti-inflammatory activity and compared with standard
drugs.
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Potent and selective antiplasmodial activity of the cyanobacterial alkaloid nostocarboline and its dimers pp 4413–4415


Damien Barbaras, Marcel Kaiser, Reto Brun, Karl Gademann *
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Nostocarboline dimer
IC50 = 18 nM, Plasmodium falciparum K1
IC50 = 47900 nM, rat myoblasts (L6)
> 2500 fold selectivity


Synthesis of some novel imidazole-based dicationic carbazolophanes as potential antibacterials pp 4416–4419


Perumal Rajakumar*, Karuppannan Sekar, Vellasamy Shanmugaiah, Narayanasamy Mathivanan
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2-Alkenylthieno[2,3-b]pyridine-5-carbonitriles: Potent and selective inhibitors of PKCh pp 4420–4423


L. Nathan Tumey*, Diane H. Boschelli, Julie Lee, Divya Chaudhary
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PKCθ = 3.8 nM
PKCα, PKCβ , PKCδ, PKCε, PKCη, PKCζ > 1300 nM


A series of 2-alkenylamide thieno[2,3-b]pyridine inhibitors of PKCh is described. SAR studies led to compound 8 which has excellent selectivity over a variety of PKC
isoforms.


Synthesis and evaluation of a,a0-disubstituted phenylacetate derivatives for T-type calcium channel blockers pp 4424–4427


Hyung Kook Lee, Yun Suk Lee, Eun Joo Roh, Hyewhon Rhim, Jae Yeol Lee, Kye Jung Shin *
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Novel series of a,a0-disubstituted phenylacetate derivatives (10 and 11) based on pharmacophore mapping study were prepared and evaluated for T-type calcium channel
(a1G) blockers by patch-clamp method. Among them, compound 10e (X = p-Br, Y = H, R = Me) showed higher potency than Mibefradil and competitive PK profiles for
further in vivo assay.
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Biphenyl amide p38 kinase inhibitors 3: Improvement of cellular and in vivo activity pp 4428–4432


Richard Angell, Nicola M. Aston, Paul Bamborough, Jacky B. Buckton, Stuart Cockerill, Suzanne J. deBoeck, Chris D. Edwards,
Duncan S. Holmes, Katherine L. Jones*, Dramane I. Laine, Shila Patel, Penny A. Smee, Kathryn J. Smith, Don O. Somers, Ann L. Walker


The biphenyl amides (BPAs) are a novel series of p38a MAP kinase inhibitor. The optimisation of the series to give compounds that are potent in an vivo disease model are
discussed. SAR is presented and rationalised with reference to the crystallographic binding mode.


Biphenyl amide p38 kinase inhibitors 4: DFG-in and DFG-out binding modes pp 4433–4437


Richard M. Angell, Tony D. Angell, Paul Bamborough*, Mark J. Bamford,
Chun-wa Chung, Stuart G. Cockerill, Stephen S. Flack, Katherine L. Jones,
Dramane I. Laine, Timothy Longstaff, Steve Ludbrook, Rosannah Pearson,
Kathryn J. Smith, Penny A. Smee, Don O. Somers, Ann L. Walker


Pyrazole inhibitors of coactivator associated arginine methyltransferase 1 (CARM1) pp 4438–4441


Ashok V. Purandare*, Zhong Chen, Tram Huynh, Suhong Pang, Jieping Geng, Wayne Vaccaro,
Michael A. Poss, Jonathan Oconnell, Kimberly Nowak, Lata Jayaraman
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This study reports the identification and Hits to Leads optimization of inhibitors of coactivator associated arginine methyltransferase (CARM1). Compound
7b is a potent, selective inhibitor of CARM1.


Imidazole piperazines: SAR and development of a potent class of cyclin-dependent kinase inhibitors
with a novel binding mode


pp 4442–4446


M. Raymond V. Finlay*, David G. Acton, David M. Andrews, Andrew J. Barker, Michael Dennis, Eric Fisher, Mark A. Graham,
Clive P. Green, David W. Heaton, Galith Karoutchi, Sarah A. Loddick, Rémy Morgentin,
Andrew Roberts, Julie A. Tucker, Hazel M. Weir
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A series of CDK inhibitors with a novel binding mode and good activity in clinically relevant disease models is reported.
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Structural modifications to the central portion of the N-arylamide oxadiazole scaffold led to the identifi-
cation of N-arylpiperidine oxadiazoles as conformationally constrained analogs that offered improved
stability and comparable potency and selectivity. The simple, modular scaffold allowed for the use of
expeditious and divergent synthetic routes, which provided two-directional SAR in parallel. Several
potent and selective agonists from this novel ligand class are described.


� 2008 Elsevier Ltd. All rights reserved.

The cannabinoid G-protein coupled receptors, CB1 and CB2,
play important roles in the transduction and perception of pain.1


The contribution of CB1 to the modulation of antinociception has
been well established.1 However, agonism of CB1, which is pre-
dominantly expressed in the CNS, results in undesirable psycho-
tropic effects, sedation, and catalepsy.2 Selective agonism of CB2,
which is predominantly expressed in immune cells and tissues,
presents an opportunity for pain management without the unfa-
vorable CNS side effects. Indeed, a number of CB2-selective ago-
nists have shown efficacy in rodent models of inflammatory and
neuropathic pain at doses that do not cause sedation or locomo-
tor impairment.3


In accordance with our ongoing efforts to identify small mole-
cule agonists of CB2 for use as therapeutic agents in the treatment
of pain, we recently disclosed the N-arylamide oxadiazoles.4 This
series is represented by 1 (Scheme 1), which exhibits full agonism5


of the CB2 receptor at low nanomolar concentrations with >200-
fold selectivity over CB1 in a functional GTP-Eu binding assay (Ta-
ble 1).6 Unfortunately, 1 suffered from high clearance in vivo (rat
i.v. CL = 5.7 L/h/kg). High clearance was also observed for several

ll rights reserved.


: +1 617 621 3907.
ro).

of its analogs, and hydrolysis of the amide bond was identified as
a major metabolic pathway in rats (Scheme 1).7


In an effort to improve the metabolic stability without compro-
mising the agonist potency and efficacy, we investigated reversed
amide 3 and propylamines 4–6 (Table 1).8 The reversed amide 3
proved to be significantly less potent and efficacious than 1. Next,
we explored the removal of the amide carbonyl leading to propyl-
amine 4,4 which was only 5-fold less potent and selective than the
corresponding amide (1). Unfortunately, 4 was metabolically
unstable in liver microsomes.7 Accordingly, a-methyl substituents
were introduced to block the potential oxidative metabolism,
affording secondary and tertiary propylamines ((±)-5 and 6). In
the case of the mono-methyl analog (±)-5 only a modest 7-fold loss
of potency was observed. The gem di-methyl analog 6 led to a
more significant 20-fold loss of potency and provided only a partial
agonist (Emax = 52%). Also, both compounds were still rapidly
metabolized in liver microsomes.


The data from propylamines 4–6 suggested that the carbonyl
functionality was not essential for potency and efficacy. Further-
more, the 20- to 100-fold selectivity afforded by 4–6 was unantic-
ipated since the vast majority of CB2-selective functional agonists
contain amide or sulfone moieties.3c–f,9 Encouraged by this discov-
ery, we sought to explore cyclic tethers that could presumably im-
prove the metabolic stability and intrinsic potency through
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Table 1
Functional GTP-Eu assay results for compounds 1–6 (EC50, lM; Emax, %) and CLint. in rat and human liver microsomes (RLM, HLM)a


R


N


NO
Cl


F


Compound R CB2 EC50 (Emax) CB1 EC50 (Emax) CLint. (lL/min/mg)


RLM HLM


1
N


H
N


O 0.002 (115) 0.403 (51) 126 49


2
HO


O
NA (10) NA (0.3) — —


3
N N


H


O


1.55 (87) NA (�1) — —


4
N


H
N


0.011 (104) 0.472 (103) 614 179


(±)-5
N


H
N


0.015 (112) 1.56 (69) >399 142


6
N


H
N


0.053 (52) 1.30 (70) 775 429


a The results are expressed as the means SEM for n = 2–20 independent measurements, and were calculated in Prism by use of a logistic fit. Emax, % is given in parentheses
(NA, not active).
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Scheme 1. Amide oxadiazoles and hydrolysis products.
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increased conformational rigidity (Table 2). The cyclopentyl amine
derivatives, (±)-7 and (±)-8, displayed decreased potency and effi-
cacy. However, the trans-cyclopropyl amine (±)-9, pyrrolidines 10
and 11, and piperidine 12a all showed promising functional activ-
ity and selectivity. Of these, 12a afforded the best combination of
potency, selectivity, and low intrinsic clearance in vitro.

In light of the in vitro profile of lead compound 12a, we set out
to explore the structure–activity relationships around this novel N-
arylpiperidine oxadiazole scaffold. Molecular modeling revealed
that 1 and 12a adopt similar low energy conformations (Fig. 1),10


suggesting that these two series of molecules share similar binding
modes, and may therefore exhibit parallel SAR.4







Table 2
Functional GTP-Eu binding assay results for compounds (±)-7–12a (EC50, lM; Emax, %) and CLint. in rat and human liver microsomes (RLM, HLM)a


N


NO
Cl


F


N
R


Compound R CB2 EC50 (Emax) CB1 EC50 (Emax) CLint. (lL/min/mg)


RLM HLM


(±)-7
H
N 0.465 (73) 2.23 (39) — —


(±)-(8
H
N 1.60 (77) NA (4) — —


(±)-(9 H
N


0.099 (110) NA (8) 193 69


10


N


0.086 (116) 1.27 (46) 426 215


11


N


0.140 (109) 1.69 (24) 579 215


12a
N


0.089 (101) 3.03 (36) 80 92


a The results are expressed as the means SEM for n = 2–20 independent measurements, and were calculated in Prism by use of a logistic fit. Emax, % is given in parentheses
(NA, not active).


Figure 1. Overlay of amide oxadiazole 1 (green) and piperidine oxadiazole 12a
(purple).
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Taking advantage of a modular and divergent synthetic strat-
egy, we held the oxadiazole-aryl substituent (R2) constant as 2-
chloro-4-fluoro-phenyl, and varied the N-aryl substituent (R1, Ta-
ble 3). Concurrently, fixing the N-aryl substituent (R1) constant as
3-quinoline, we varied the oxadiazole substituent (R2, Table 4).11


Our initial survey of R groups was based on the SAR observed in
the N-aryl amide oxadiazole series and the overlay of low energy
conformations for the two scaffolds.

Despite having steric bulk which was comparable to the lead
12a, compounds such as 12b with 3,4-di-substituted aryl substitu-
ents at R1 were significantly less potent (Table 3). Upon confirming
that the 3-quinoline isomer was clearly preferred to the 4-quino-
line isomer 12c, we quickly discovered that close structural ana-
logs of 3-quinoline afforded the best combination of potency and
selectivity (i.e., 12e–i).


The SAR around R2 revealed that the 2-Cl substituent was crit-
ical for potency (13a vs. 13b, 13c vs. 13d, Table 4). Although 13b
was 4-fold more potent than 12a, it was significantly less selective
and less stable in vitro. Although 13d was equi-potent to 12a and
metabolically stable, it was significantly less selective. The cyclo-
hexyl analog 13f had a favorable combination of potency, efficacy,
and selectivity, but was still a sub-micromolar full agonist of CB1


with inferior selectivity (23-fold vs. 34-fold) and metabolic stabil-
ity to that of 12a. From this initial SAR evaluation, compound 12h
had the best overall potency, efficacy, selectivity, and metabolic
stability profile.


On the basis of potency, selectivity, and in vitro stability, se-
lected compounds were further studied in a human cell-based
cAMP assay. This assay monitors a distal signaling event from the
CB2 and CB1 receptors. Activation of CB2 and CB1 receptors results
in inhibition of adenylate cyclase. Compounds were assessed for







Table 3
Functional GTP-Eu binding assay results for compounds 12b–i (EC50, lM; Emax, %) and CLint. in rat and human liver microsomes (RLM, HLM)a


N
O N


N


Cl F


R1


Compound R1 CB2 EC50 (Emax) CB1 EC50 (Emax) CLint. (lL/min/mg)


RLM HLM


12b
Cl


CF3


0.376 (93) NA (2) — —


12c N 2.86 (35) NA (2) — —


12d
N


N
0.340 (88) NA (13) — —


12e


N
0.019 (113) 0.910 (60) 130 95


12f


N
0.032 (108) 0.722 (93) >399 380


12g


N
F3C 0.016 (106) 0.015 (34) 54 23


12h


N


Cl


0.007 (120) 1.43 (55) 32 38


12i


N


OCF3


0.003 (110) 0.419 (33) 18 28


a The results are expressed as the means SEM for n = 2–20 independent measurements and were calculated in Prism by use of a logistic fit. Emax, % is given in parentheses
(NA = not active).
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their ability to inhibit a forskolin-induced increase in intracellular
cAMP (Table 5).12 Compounds 12a and 12h proved superior to (±)-
9 and 10 and comparable to 1 and 6 in potency, efficacy, and
selectivity.13


The pharmacokinetic parameters of 12h were assessed in
rats following both i.v. and oral administration (Table 6).
Compound 12h was metabolically stable in liver microsomes

and displayed low clearance and a long half-life. Following
oral administration, reasonable exposure was achieved despite
a low oral bioavailability of 2%. 12h has good permeability
and is not a substrate for PgP.14 We speculate that the low
bioavailability is due to poor oral absorption resulting from
poor solubility (0.01 N HCl < 1 lg/mL; PBS < 1 lg/mL; SIF 2 lg/
mL).15







Table 4
Functional GTP-Eu binding assay results for compounds 13a–g (EC50, lM; Emax, %) and CLint. in rat and human liver microsomes (RLM, HLM)a


N


N


O N


N R2


Compound R2 CB2 EC50 (Emax) CB1 EC50 (Emax) CLint. (lL/min/mg)


RLM HLM


13a


N
0.313 (53) NA (8) — —


13b


N


Cl


0.024 (103) 0.096 (23) 187 251


13c


Cl


1.78 (26) 2.62 (26) — —


13d


Cl


Cl


0.080 (99) 0.951 (27) 43 58


13e


F


1.55 (89) NA (8) — —


13f 0.026 (113) 0.600 (105) 185 283


13g 1.44 (38) NA (8) — —


a The results are expressed as the means SEM for n = 2–20 independent measurements, and were calculated in Prism by use of a logistic fit. Emax, % is given in parentheses
(NA, not active).


Table 5
Cellular cAMP assay results for selected compounds (EC50, lM; Emax, %)a


Compound hCB2 EC50 (Emax) hCB1 EC50 (Emax)


1 0.005 (98) 0.559 (49)
6 0.050 (93) >2 (46)
(±)-9 >2 (0) >2 (1)
10 >2 (23) >2 (3)
12a 0.017 (95) >1 (17)
12h 0.011 (102) >2 (19)


a The results are expressed as the means SEM for n = 2–20 independent mea-
surements and were calculated in Prism by use of a logistic fit. Emax, % is given in
parentheses.


Table 6
Pharmacokinetic properties of 12h in male Sprague–Dawley ratsa


ivb poc


CL 0.039 L/h/kg %F 2
Vss 0.365 L/kg Cmax 682 ng/mL
t1/2 8.9 h AUC0 � 24h 5240 ng*h/mL


a n = 3 animals per study.
b Dosed intravenously at 0.5 mg/kg in DMSO.
c Dosed orally at 10 mg/kg as a suspension in 2% HPMC/1% Tween80/97% water.
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The synthetic routes to 1–11 are detailed in Schemes 2 and
3. Condensation of nitrile 14 and hydroxylamine afforded N-
hydroxybenzamidine 15, which was condensed with succinic
anhydride to afford the carboxylic acid 2 (Scheme 2). As previ-
ously described,4 N-arylamide oxadiazoles such as 1 were pre-
pared by the reaction of intermediate 2 with anilines such as
3-aminoquinoline. Alternatively, carboxylate 1 was converted
to the aldehyde 16, which was then reacted with anilines, un-

der reductive amination conditions, to afford propylamines such
as 4.4 For the synthesis of mono-methyl propylamine (±)-5, 4-
oxopentanoic acid 17 was condensed with N-hydroxybenzami-
dine 15 to afford ketone 18, which underwent a reductive ami-
nation with 3-aminoquinoline to provide (±)-5. The gem di-
methyl propylamine 6 was synthesized beginning with a con-
densation of N-hydroxybenzamidine 15 with anhydride 19 to
afford the carboxylic acid 20, which was converted to the ter-
tiary amine 21 under Curtius conditions. Amine 21 was then
coupled with 3-bromoquinoline using a Buchwald-Hartwig ami-
nation to afford 6.16
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Scheme 2. Reagents and conditions: (a) Hydroxylamine hydrochloride, Na2CO3, MeOH/Water (4:1), 95%; (b) Succinic anhydride, DMF, 120 �C, 98%; (c) PS-Carbodiimide,
HOBt, 3-aminoquinoline, CH2Cl2, 13%; (d) i—TMS-diazomethane, ii—DIBAL-H, CH2Cl2/MeOH, 66%; (e) Dess-Martin periodinane, CH2Cl2, 84%; (f) 3-aminoquinoline, NaBH4,
DCE, 40%; (g) 15, HOBt hydrate, DIPEA, DMF, 110 �C, 77% (h) 3-aminoquinoline, NaBH(OAc)3, DCE, 3%; (i) 15, DMF, 120 �C, 90%; (j) DPPA, NEt3, benzene, 47%; (k) 3-
bromoquinoline, Pd2dba3, NaOt-Bu, X-Phos, toluene, 60 �C, 3%.
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The syntheses of (±)-7, (±)-8, and (±)-9 were accomplished using
oxadiazole formation and reductive amination sequences similar
to that applied in the synthesis of (±)-5 (Scheme 3). Pyrrolidines
10 and 11 were isolated by chiral resolution of the racemate (±)-
32, which was prepared from amine (±)-31 using Pd-Xantphos-cat-
alyzed Buchwald-Hartwig amination.16


Our synthetic approach to piperidine oxadiazoles allowed for fi-
nal stage modifications of either of the two aryl termini (Scheme
4). TBTU/HOBt-promoted reaction of 1-Boc-piperidine-4-carboxyl-
ate (33) with N-hydroxybenzamidine 15, followed by removal of
the Boc protecting group, afforded the penultimate piperidine oxa-
diazole 34. Finally, N-aryl groups (R1) were installed to afford 12a–
i using a Pd-Xantphos-catalyzed Buchwald-Hartwig amination.16


These amination conditions were similarly used to afford nitrile
36 from piperidine-4-carbonitrile (35) and 3-bromoquinoline.
After hydrolysis of the nitrile, the resulting acid 37 was condensed
with a variety of N-hydroxybenzamidines under the usual condi-
tions to afford 13a–g.11

In summary, structural modifications to the central portion of
the N-arylamide oxadiazole scaffold were investigated in an effort
to improve potency and metabolic stability through increased con-
formational constraint. These efforts led to the identification of N-
arylpiperidine oxadiazole 12a as a novel, potent, selective, full ago-
nist of CB2. The modular scaffold allowed for the use of expeditious
and divergent synthetic routes which provided two-directional
SAR in tandem. Our initial lead-optimization efforts have identified
12h as a highly potent, >200-fold selective, full agonist with prom-
ising pharmacokinetics in rodents. We believe that N-arylpiperi-
dine oxadiazoles with appropriate PKDM properties could be
developed as analgesic agents for the treatment of inflammatory
and neuropathic pain.
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100 �C, 60%; (g) chiral HPLC.
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Calanquinone A (1) was isolated from an EtOAc-soluble extract of Calanthe arisanensis through bioassay-
guided fractionation. Its structure was identified by spectroscopic methods. Compound 1 showed potent
cytotoxicity (EC50 < 0.5 lg/mL) against lung (A549), prostate (PC-3 and DU145), colon (HCT-8), breast
(MCF7), nasopharyngeal (KB), and vincristine-resistant nasopharyngeal (KB-VIN) cancer cell lines, and
interestingly, showed an improved drug resistance profile compared to paclitaxel. The total synthesis
of 1 was also achieved and is reported herein.


� 2008 Elsevier Ltd. All rights reserved.
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Figure 1. Structure of calanquinone A (1).

The Calanthe genus in the Orchidaceae family contains terres-
trial perennial herbs that are widely distributed from tropical
Africa and Madagascar to tropical and subtropical Asia, China,
Japan, southward through Malaysia and Indonesia to the Pacific
islands and Australia. This genus includes more than 150 species,
but only nineteen are found in Taiwan. Among them Calanthe
arisanensis Hayata is endemic to Taiwan and grows in forests from
1000 to 2000 m throughout the island.1


A phytochemical study of this plant has not been reported to
date. In cytotoxicity screening of extracts of Formosan plants, an
EtOAc extract of C. arisanensis was found to be active against vari-
ous human cancer cell lines with IC50 < 20 lg/mL. Bioassay-direc-
ted chromatographic fractionation of this extract produced a new
phenanthraquinone calanquinone A (1). Compound 1 showed sig-
nificant in vitro cytotoxic activity against seven human cancer cell
lines, as described below (see Fig. 1).


The active MeOH extract (225 g) of dry roots of C. arisanensis
(5.42 kg) was partitioned between EtOAc and water (1:1, v/v). Fur-
ther fractionation of the active EtOAc extract (32.7 g) by repeated
liquid chromatography on silica gel gave calanquinone A (1). HRE-
SIMS of 1 showed a [M�H]� ion at m/z 313.0705 (C17H14O6–H),
indicating 11 degrees of unsaturation. The IR spectrum showed
absorptions for hydroxyl (3348 cm�1), carbonyl (1642 cm�1), and
aromatic ring (1626, 1514, 1460, 1411, and 844 cm�1) functional

ll rights reserved.


197; fax: +886 7 311 4773
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groups. UV absorptions at 242, 308, and 426 nm also indicated
an aromatic system. Seventeen carbon signals, including three
methoxy, four methine, and ten quaternary carbons, were ob-
served in the NMR spectra of 1 (Table 1). Among the ten quaternary
carbons, two were identified as carbonyl carbons on the basis of
chemical shifts dC 184.7 and 186.2. Therefore, the data supported
the presence of two carbonyls, six olefins, and three ring moieties
to fulfill the 11 degrees of unsaturation, and 1 was postulated to be
a phenanthrenedione or anthrenedione.2 1D NMR and HSQC data
indicated the presence of three methoxy groups at dH 3.96, 4.01,
and 4.02 (dC 57.1, 56.2, and 61.0), one pair of ortho-coupled aro-
matic protons at dH 8.05 (d, J = 8.7 Hz, dC 137.1) and 8.10 (d,
J = 8.7 Hz, dC 122.0), and two olefinic protons at dH 6.15 (s, dC
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Table 2
Cytotoxicity of calanquinone A (1) isolated from C. arisanensis


Compound EC50 (lg/mL)/cell line


A549 PC-3 DU145 HCT-8 MCF-7 KB KBVIN


Calanquinone A (1) 0.19 0.16 0.34 0.20 0.03 0.32 0.45
Paclitaxela <0.005 0.0097 <0.005 0.21 0.0072 <0.005 2.16


a Positive control.


Table 3
Cytotoxicity of synthesized 1 and related intermediates


Compound EC50 (lg/mL)/cell line


A549 PC3 DU145 HCT8 MCF7 KB KBVIN


1 0.31 0.75 0.48 0.29 0.15 0.30 0.24
5 6.12 6.09 4.74 5.85 6.40 4.02 5.48
6 NA NA NA NA NA NA NA
7 NA NA NA NA NA NA NA
8 NA NA NA NA NA NA NA
9 7.06 7.81 4.40 15.25 5.33 8.08 9.14


NA: no activity up to 20 lg/mL.


Table 1
NMR data of calanquinone A (1)a


Proton 13C (dC) 1H (dH) HMBC (13C no) NOESY (1H no)


1 184.7
2 107.4 6.15 s 3, 4, 10a C3–OCH3


3 161.7
4 186.2
4a 128.3
4b 118.7
5 148.3
6 140.4
7 155.2
8 101.4 6.86 s 4b, 6, 7, 9 9, C7–OCH3


8a 135.1
9 137.1 8.05 d (8.7) 4b, 8, 10a 8, 10
10 122.0 8.10 d (8.7) 1, 4a, 8a 9
10a 133.0
–OCH3 C3–OCH357.1 C3–OCH33.96 s 3 2


C6–OCH361.0 C6–OCH34.02 s 6 C7–OCH3


C7–OCH356.2 C7–OCH34.02 s 7 8, C6–OCH3


C5–OH 10.73


a Measured in CDCl3 (300 and 500 MHz, d in ppm, J in Hz).
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107.4) and 6.86 (s, dC 101.4). In the HMBC spectra, the olefinic pro-
ton at dH 6.86 exhibited 2J interactions with a carbon at dC 155.2 (C-
7), as well as 3J interactions with carbons at dC 118.7 (C-4b), 140.4
(C-6), and 137.1 (C-9). The other olefinic proton at dH 6.15 exhib-
ited 2J interactions with a carbon at dC 161.7 (C-3), as well as 3J
interactions with carbons at dC 186.2 (C-4) and 133.0 (C-10a). Loca-
tions of methoxy groups at C-3, C-6, and C-7 were confirmed by the
following NOESY correlations: dH 6.15 (H-2)/3.96 (3-OMe), dH 6.86
(H-8)/4.01 (7-OMe) and 8.05 (H-9), dH 4.01 (7-OMe)/4.02 (6-OMe),
and dH 8.05 (H-9)/8.10 (H-10). Thus, compound 1 was identified as
5-hydroxy-3,6,7-trimethoxy-1,4-phenanthrenequinone and has
been named as calanquinone A (1).


Compound 1 is related in structure to other naturally occurring
phenanthrenequinones, including the des-oxy analog sphenone
(lacking the C-5 OH group),3 cymbinodin A (lacking the two meth-
oxy groups at C-6 and C-7),4 and annoquinone A (lacking any sub-
stituents on ring C).5,6 In prior studies, sphenone and annoquinone
A showed cytotoxic activity against the KB cell line (reported EC50


2.73 and 1.65 lg/mL, respectively).
Compound 1 exhibited potent cytotoxicity (EC50 0.03–0.45 lg/


mL) against human lung (A549), prostate (PC-3 and DU145), colon
(HCT-8), breast (MCF7), nasopharyngeal (KB), and vincristine-
resistant nasopharyngeal (KB-VIN) cancer cell lines. Paclitaxel
was used as a positive control (data shown in Table 2). Interest-
ingly, 1 exhibited comparable potency against both KB and its
drug-resistant KB-VIN subline, and thus showed an improved drug
resistance profile compared to paclitaxel. The cytotoxic values
demonstrate the strong potential of 1 as a promising lead com-
pound and C. arisanensis as a promising plant source of new agents
for cancer chemotherapy.


In order to make sufficient quantities of 1 for extensive biolog-
ical evaluation, we modified the synthetic procedure of Kraus and
co-workers7,8 (Scheme 1) to synthesize 1. As shown in Scheme 2,
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Scheme 1. Synthetic p

we prepared 2-methoxy-5-carboxylic acid methyl ester-1,4-qui-
none (4)9 by AgO oxidation of the methyl ester (3) of commercially
available 2,4,5-trimethoxybenzoic acid (2). Compound 4 was cou-
pled with 3,4,5-trimethoxytoluene in the presence of 1 equiv. of
trifluoroacetic acid to produce quinone 5, although Kraus reported
the production of hydroquinone 10 under these reaction condi-
tions (Scheme 1). The quinone skeleton of 5 was confirmed from
13C NMR data, which showed two carbonyl groups at 180.6 and
183.6 ppm. In addition, reaction of 5 with Me2SO4 did not give a
methoxylated product (i.e., 11 in Scheme 1). We attempted to re-
duce 5 with Na2S2O4 to obtain the corresponding hydroquinone,
which could be transformed to the Kraus type of intermediate 11
(R = OMe) after methylation. Despite extending the reaction time
and adding more reducing agent, only starting material was
recovered.


Therefore, 5 was reduced with LAH (THF, reflux, 1 h) to alcohol,
which was oxidized selectively to aldehyde 6 with activated MnO2


(toluene, 110 �C, overnight) (Scheme 2). After an unsuccessful at-
tempt to obtain the phenanthraquinone 9 directly from 6 using
P4-tBu, quinone 6 was first reduced to the hydroquinone using
aq. Na2S2O4 (CH2Cl2, rt., overnight),10 and then methylated with
Me2SO4 in the presence of K2CO3(acetone, 60 �C, 1.5 h) to give
the desired compound 7 (Scheme 2). Cyclization of 7 with P4-tBu
(benzene, 100 �C, 63 h) gave 8, which was oxidized with AgO
(6 N HNO3, acetone, 50 �C, 2–3 min) to phenanthraquinone 9. Com-
pound 9 was converted to calanquinone A (1) by selective demeth-
ylation with TMSI in CH2Cl2 at rt (Scheme 2).


Synthesized 1 and intermediates 5–9 were screened in an in vi-
tro cytotoxicity assay (data shown in Table 3). Compound 1 exhib-
ited the highest potency (EC50 0.15–0.75 lg/mL) against all seven
tested cancer cell lines. The remaining compounds showed no
(6–8) or only weak (5 and 9) activity. Clearly, the potency of 1 mer-
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Scheme 2. Our total synthesis of calanquinone A (1).
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its further study and our synthetic route can efficiently produce
sufficient quantities of 1 for future extensive biological evaluation
and SAR investigation.
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A novel series of Oxytocin antagonists are described. This series was identified through pharmacophoric
overlap of in-house and literature antagonists. Subsequent optimization led to a series of potent, selective
antagonists. Several analogues displayed oral bioavailability in vivo in the rat.
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Oxytocin (OT) is a nonapeptide hormone that acts on the OT
receptor, a seven-transmembrane (7TM) (Gq-coupled) receptor.
The OT receptor has no subtypes but is related to the vasopressin
receptors V1A, V1B and V2. OT antagonists have therapeutic poten-
tial in a number of areas including pre-term labour:1 Benign Pros-
tatic Hyperplasia2 and sexual dysfunction.3 As a result there is
significant interest in the identification of potent, selective, orally
bioavailable OT antagonists.


Several templates have been investigated in the search for
potential OT antagonists, as represented by such compounds
as sulphonamide 1,4 piperidine amide 2,5 diketopiperazine 36


and oxime 47 (Scheme 1). The latter compound is particularly
noteworthy as it represents one of the most (heavy atom) li-
gand efficient OT antagonists reported to date.8 In addition,
high throughput screening (HTS) of the Pfizer file identified tri-
azole 5 as a possible starting point in our quest for a potent,
selective OT antagonist.9 In fact, 5 has been previously disclosed
as a selective antagonist for the V1A receptor.10 We were una-
ware of its OT activity until it was fully profiled in HTS fol-
low-up.

All rights reserved.


n).
Schering-Plough Corporation,


aceuticals, Inc., 10505 Roselle

N
N N


Me


O N
O


5
OT Ki 304nM; V1A Ki 28nM; MWt 440,


cLogP 5.1; L.E. 0.28 


The fact that 5 is inversely selective for OT over V1A makes it
considerably less attractive as a starting point for the design of
OT selective antagonists. This and several other key issues had
to be addressed if this hit were to yield an attractive lead series.
Specifically, to increase our chances of achieving an acceptable
oral pharmacokinetic profile, potency and ligand efficiency
(L.E.) had to be improved and it was likely that inherent lipo-
philicity had to be reduced.11 Comparison of antagonists 4 and
5, as well as other HTS actives suggested a simple OT pharmaco-
phore, as depicted in Scheme 2. Direct comparison of oxime 4
and triazole 5 using this analysis suggested simplification of
hit 5 to compounds such as 6. This compound was prepared
and shown to have slightly improved OT antagonist potency
but with significantly reduced molecular weight, and hence
greatly superior ligand efficiency.
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MWt 555
L.E. 0.31


2
OT Ki 20nM
MWt 507
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3
OT Ki 3nM
MWt 495
L.E.0.33


4
OT Ki 50nM
MWt 376
L.E. 0.36


Scheme 1. Representation of published OT antagonists w


Me


N


NN


O
N


Scheme 2. OT pharmacophore overlay based on compounds 4 and 5.
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N
N N


Me


OMe
6


OT Ki 143nM; MWt 341, clogP 5; LE 0.36


Closer inspection of our pharmacophoric overlap model suggested


incorporation of a pyridyl N in 6 (overlapping with the oxime N of
4), as well as incorporation of an ortho substituent in the biaryl sub-
stituent. These changes gave compound 7, where OT antagonism had
increased further, whilst lipophilicity had been reduced by 1.8 log
units. Selectivity profiling of this compound revealed a somewhat im-
proved profile with respect to V1A antagonism. However, significant
(antagonist) activity against V2 receptors was also observed. No activ-
ity was observed against V1B.12 Nonetheless, the potency, (low) lipo-
philicity and excellent ligand efficiency of compound 7 encouraged us
to focus on this lead series. We thus set about optimising potency,
selectivity and pharmacokinetic properties.


N
N N


Me


N
OMe


OMe


7
OT Ki 56nM; MWt 372; clogP 3.2; L.E. 0.36 
V1A Ki 525nM; V1B >10uM; V2 Ki 500nM 

Exploration of SAR around the C5 (methyl) triazole substitu-
ent of 7 identified methoxymethyl as a substituent which typi-
cally gave ca. 3� improvement in OT potency. However,
incorporation of this substituent also (typically) resulted in a
slight reduction in selectivity over V2, as demonstrated by com-
pounds such as 8.


N
N N


N
OMe


OMe


OMe


8


OT Ki 16nM; MWt 402; clogP3.4; L.E. 0.36 
V1A Ki 270nM; V1B >10uM; V2 Ki 160nM 


Replacement of the central aryl of the C3 biaryl triazole substi-


ith calculated heavy atom ligand efficiencies (L.E.).

tuent with a pyrazine, as in compound 9, gave a significant reduc-
tion in V2 antagonism. In addition, this modification routinely gave
a >1 log unit reduction in clogP, which we believe would be poten-
tially beneficial in terms of optimising metabolic stability and
aqueous solubility.13


N
N N


N
N


N


OMe


OMe


 9 


OT Ki 43nM; MWt 374; clogP2.1; L.E. 0.37 
V1A Ki 44nM; V1B >10uM; V2 Ki > 10uM 


We next switched our attention to the optimisation of the left-


hand side aryl substituent in 9. The compounds described in Table
1 illustrate three key SAR points for this region of our OT
antagonists:







Table 1
LHS aryl SAR


N


N
N


NN


N


OMe


X
R1


R2
2


3


4


5
6


Compound R1 R2 X Ki (nM)


OT V1A V2


9 H H –OCH3 43 44 >10,000
10 2-CH3 3-CH3 –OCH3 4 132 103
11 3-CH3 4-F –OCH3 17 1220 >10,000
12 3-CN H –OCH3 84 3230 >10,000
13 2-CH3 4-F H 6 388 >10,000
14 2-Cl H H 2 202 n.t.a


15 2-CH3 4-CH3CH2S– H 232 n.t.a >10,000
16 3-CH3 4-CH3O– –OCH3 537 2410 >10,000
17 2-CH3 4-CN –OCH3 14 4300 >10,000
18 3-CH3 4-CH3 –OCH3 201 432 >10,000
19 2-Cl 3-F H 1 732 n.t.a


a n.t., not tested.
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Scheme 3. Reagents and conditions: (a) Pd(0) catalyst,17 Cs2CO3, Dioxan, reflux, 2 h,
quant; (b) NH2NH2, ethanol, reflux, 15 h, 80%; (c) i—dimethoxyacetamidedimethy-
lacetal, AcOH, 60 �C, 3 h; ii—5-amino-2-methoxypyridine, AcOH, 100 �C, 6 h; iii—
recrystallisation, 30% overall for step c.
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(1) Highly potent compounds typically carry two substituents
such as methyl and chloro (e.g., compounds 10, 13, 14 and
19).


(2) Electron-withdrawing substituents in the 3 or 4 position
typically result in a drop in V1A activity (e.g., compounds 9
vs 12 and compounds 14 vs 19).


(3) Larger four substituents (beyond Fluoro and Cyano) result in
a drop in OT potency (e.g., compounds 13 vs 15 and com-
pounds 16 and 18).


Compounds 13 and 17 emerged from this analysis as our most
promising OT antagonist from this series.


N
N N


Me


N
N


N


OMe
MeF


13
OT Ki 6nM; MWt 376; clogP2.9; L.E. 0.41 
V1A Ki 388nM; V1B >10uM; V2 Ki > 10uM 


N
N N


N
N


N


OMe
MeNC


OMe


17
OT Ki 14nM; MWt 413; clogP1.7; L.E. 0.35 
V1A Ki 4.3uM; V1B >10uM; V2 Ki > 10uM 


Compounds 13 and 17 were then subjected to wider profiling.
Although they displayed relatively low solubilities14 both displayed
promising pharmacokinetic profiles in the rat.15 In addition, wide li-
gand profiling of 13 and 17 showed no significant activity (<50%
binding at <3 lM) across a range (>70) of receptors and enzymes.16


The preparation of compound 13 is described in Scheme 3.
Commercially available boronic acid 20 underwent smooth Suzuki
coupling17 with commercial chloropyrazine 21. Hydrazinolysis
was then followed by a two-step/one-pot conversion to 13.18

In summary, we have utilised pharmacophoric overlap of a high
throughput screening hit and published OT antagonists followed
by subsequent optimisation to yield several potent, selective Oxyto-
cin antagonists. Two of these compounds displayed promising phar-
macokinetic profiles in the rat and represent potential tools for
further preclinical investigation of the therapeutic potential of OT
antagonism. Further development of this series will be reported in
due course.
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The new antitumor sulfamate EMD 486019 was investigated for its interaction with twelve catalytically
active mammalian carbonic anhydrase (CA, EC 4.2.1.1) isozymes, hCA I – XIV. Similarly to 667-Coumate, a
structurally related compound in phase II clinical trials as steroid sulfatase/CA inhibitor with potent anti-
tumor properties, EMD 486019 acts as a strong inhibitor of isozymes CA II, VB, VII, IX, XII, and XIV (KIs in
the range of 13–19 nM) being less effective against other isozymes (KIs in the range of 66–3600 nM
against hCA I, IV, VA, VI, and mCA XIII, respectively). The complete inhibition profile of 667-Coumate
against these mammalian CAs is also reported here for the first time. Comparing the X-ray crystal struc-
tures of the two adducts of CA II with EMD 486019 and 667-Coumate, distinct orientations of the bound
sulfamates within the enzyme cavity were observed, which account for their distinct inhibition profiles.
CA II/IX potent inhibitors belonging to the sulfamate class are thus valuable clinical candidates with
potential for development as antitumor agents with a multifactorial mechanism of action.


� 2008 Elsevier Ltd. All rights reserved.

Inhibitors of zinc enzyme carbonic anhydrases (CAs, EC
4.2.1.1) have clinical applications as diuretic, antiglaucoma, anti-
obesity, or antitumor drugs/diagnostic tools.1–6 Various CA iso-
forms are responsible for specific physiological functions, and
drugs with such a diversity of actions target different isozymes
of the 15 presently known in humans (CA I- CA XIV, but there
are two CA V type isoforms, CA VA and CA VB).2–6 In all of them,
the inhibitor is bound usually as anion to the catalytically critical
Zn(II) ion, also participating in extensive hydrogen bond net-
works and van der Waals interactions with amino acid residues
both in the hydrophobic and hydrophilic halves of the enzyme
active site, as shown by X-ray crystallographic studies of such
enzyme-inhibitor complexes.7–15 Three main classes of potent
CA inhibitors (CAIs) were described so far: the sulfonamides,
the sulfamates, and the sulfamides, possessing the general for-
mula R-X-SO2NH2, where X is nothing, O or NH, respectively.1–6


X-ray crystal structures are available for many adducts of several
isozymes (i.e., CA I, II, IV, V, XII, and XIV) 7–15 mostly with sulfon-
amides, with several sulfamates (including the simplest one, sul-
famic acid)10 and with few sulfamides, such as the simple
derivative H2NSO2NH2


10a and the topiramate–sulfamide ana-

All rights reserved.


have been deposited in PDB,


: +39 055 4573385.
uran).

logue.10b A number of such derivatives are clinically used drugs,
such as acetazolamide (AAZ), methazolamide, ethoxzolamide,
dichlorophenamide, dorzolamide, brinzolamide, topiramate
(TPM), zonisamide, sulpiride, sulthiame, celecoxib, and valdecox-
ib among others.1–3 Other compounds are in clinical develop-
ment, such as the antitumor sulfonamide indisulam and 667-
Coumate (CMT), a compound acting both as a potent steroid sul-
fatase and as a CA inhibitor.1


CA inhibitors (CAIs) are mainly used in therapy as diuretics and
antiglaucoma agents but some of them also show marked anticon-
vulsant, antiobesity, and antitumor effects.1,2,5–11 However, most of
the presently available compounds in clinical use show undesired
side effects due to the indiscriminate inhibition of CA isoforms
other than the target ones.1,2,5–14 Thus, many new CAI classes are
being developed in the search of isozyme-selective compounds
as potential drugs with less side effects.1–5,11–15


In this work, we report a detailed inhibition study of all 12 cat-
alytically active mammalian CA isoforms (i.e., CA I, II, III, IV, VA, VB,
VI, VII. IX, XII, XIII, and XIV, of human—h or murine—m origin) with
a new sulfamate compound, EMD 486019, as well as with its clo-
sely related analogue in phase II clinical trials as an antitumor
drug, 667-coumate (CMT). The high resolution X-ray crystal struc-
ture for the adduct of EMD 486019 with the ubiquitous and phys-
iologically dominant isoform hCA II was also obtained and is
presented here. Comparison of the X-ray crystal structures of the
adducts of EMD 486019 with that of the hCA II—CMT complex
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reported earlier by Potter’s group13b allow us to draw some inter-
esting conclusions regarding the drug design of sulfamate CAIs.


The following should be noted regarding the CA inhibition data
of the three sulfamates (TPM, CMT, and EMD 486019) and stan-
dard sulfonamide CA inhibitor AAZ presented in Table 116: (i)
EMD 486019 behaves as a potent inhibitor of isozymes hCA II,
hCA VB, hCA VII, hCA IX, hCA XII, and hCA XIV, showing inhibition
constants in the low nanomolar range (KIs of 13–19 nM). The com-
pound is also a medium potency mCA XIII inhibitor (KI of 66 nM),
and a weak inhibitor of hCA I, hCA IV, hCA VA, and hCA VI (KIs in
the range of 654–3600 nM). As most sulfonamides and sulfa-
mates,1–3,15e the compound is a very weak hCA III inhibitor (Table
1); (ii) 667-Coumate presents a distinct inhibition profile as com-
pared to the new sulfamate EMD 486019. Thus, CMT is a potent
inhibitor of isoforms hCA II, hCA IV, hCA VII, hCA IX, and hCA XII,
with inhibition constants in the range of 12–34 nM. On the other
hand, all other isozymes (e.g., hCA I, hCA VA, hCA VB, hCA VI,
mCA XIII, and hCA XIV) were weakly inhibited by this compound,
with KIs in the range of 653–3450 nM, whereas hCA III is inhibited
in the millimolar range (Table 1); (iii) Topiramate (TPM), a clini-
cally used sulfamate as antiepileptic drug,4,6 behaves as a potent
inhibitor of isoforms II, VB, VII, and XII (KIs in the range of 0.9–
30 nM), it is a medium potency inhibitor against hCA VA, hCA VI,
hCA IX, and mCA XIII (KIs in the range of 45–63 nM), and weakly
inhibits hCA I, hCA III, hCA IV, and hCA XIV (KIs in the range of

Table 1
Inhibition data with the clinically used compounds AAZ, TPM, the clinical candidate
CMT, and EMD 486019, against isozymes CAI—XIV
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Isozyme* KI
** (nM)


AAZ TPM CMT EMD 486019


hCAIa 250 250 3450 3600
hCAIIa 12 10 21c 14
hCAIIIa 2.0 � 105 7.8 � 105 7.0 � 105 7.4 � 105


hCAIVa 74 4900 24 842
hCAVAa 63 63 765 682
hCAVBa 54 30 720 18
hCAVIa 11 45 653 654
hCAVIIa 2.5 0.9 23 19
hCAIXb 25 58 34 18
hCAXIIb 5.7 3.8 12 13
mCAXIIIa 17 47 1050 66
hCAXIVa 41 1460 755 13


* h, human; m, murine isozyme.
** Errors in the range of 5–10% of the reported value (from 3 different assays).
a Human (cloned) isozymes, by the CO2 hydration method.
b Catalytic domain of human, cloned isozyme, by the CO2 hydration method.16


c IC50 value of 25 nM reported by Potter’s group.13b

250–7.8 � 105nM); (iv) acetazolamide AAZ, the classical inhibitor
of CAs, in clinical use since 1954,1–3 behaves as a potent inhibitor
against isoforms II and VI-XIII (KIs in the range of 2.5–25 nM), is
a medium potency inhibitor against hCA IV, hCA VA, and VB, as
well as hCA XIV, with KIs in the range of 41–74 nM. It has a rather
weak affinity only for hCA I (KI of 250 nM) and very weak affinity
for hCA III (KI of 2 � 105 nM).


The two structurally related sulfamates CMT and EMD 486019
behave thus quite similarly against the following two groups of
isozymes: hCA I, hCA III, hCA VA, and hCA VI (both are weak inhib-
itors); hCA II, VII, IX, and XII (both are strong inhibitors). However,
there are net differences between them regarding their interac-
tions with: hCA IV (CMT is a potent inhibitor, whereas EMD
486019 is a weak one); hCA VB and hCA XIV (CMT is a weak inhib-
itor, whereas EMD 486019 is a potent one); and mCA XIII (CMT is a
weak inhibitor, EMD 486019 a medium potency one). Thus, except
for isozyme IV, much better inhibited by CMT, the sulfamate EMD
486019 behaves always as a better CAI as compared to the corre-
sponding behavior (against the same isozyme) of CMT (against
hCA XII the two compounds may be considered equipotent). Con-
sidering all compounds investigated here, EMD 486019 is a quite
potent hCA II/hCA XII inhibitor, with potencies in the same range
as AAZ and TPM (similarly also to CMT), it is the best hCA VB/
hCA IX/hCA XIV inhibitor among the four derivatives considered
here, but it is a much weaker inhibitor of hCA VA and hCA VI as
compared to AAZ and TPM. Thus, the inhibition profile of EMD
486019 is completely different from those of the clinically used
derivatives AAZ and TPM, being more similar to that of CMT, but
distinct of it. EMD 486019 generally behaves as a better inhibitor
of most isozymes (as compared to CMT), except for hCA IV.


Here, we also present the detailed X-ray crystallographic struc-
ture of the hCA II—EMD 486019 adduct, and its comparison with
the hCA II—CMT adduct reported earlier by Potter’s group (at a res-
olution of 1.95 Å).13b,17 Crystallographic refinement of the hCA II—
EMD 486019 adduct was performed at a final resolution of 1.90 Å.
Crystals of the adduct were isomorphous with those of the native
protein,17 allowing for the determination of the crystallographic
structure by difference Fourier techniques. The refined structure
presents a good geometry with r.m.s.d. from ideal bond lengths
and angles of 0.009 Å and 1.2�, respectively. The overall quality
of the model was excellent with all residues in the allowed regions
of the Ramachandran plot. Refinement statistics are summarized in
Table 2. Inspection of the electron density maps at various stages of

Table 2
Crystallographic parameters and refinement statistics for the hCA II—EMD 486019
adduct


Parameter Value


X-ray source Enhance Ultra
Wavelength (Å) 1.5418
Space group P21
Cell parameters a = 42.1 Å


b = 41.5 Å
c = 72.2 Å
(3 = 104.23�


No of total reflections 46,588
No. of unique reflections 18,403
Completeness (%)a 96.0(89.3)
<I/r(I)> 10.8 (4.0)
Resolution range (Å) 20.00 � 1.90
R-merge (%)b 8.0 (21.1)
R-factor (%)c 20.0
R-free (%) 25.0
Rmsd of bonds from ideality (Å) 0.009
Rmsd of angles from ideality (�) 1.2


a Values in parentheses relate to the highest resolution shell (2.00–1.90).
b R-merge =


P
|Ii � <I>|/


P
Ii.


c R-factor =
P


|Fo � Fc|/
P


Fo; R-free calculated with 5% of data.
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the refinement showed features compatible with the presence of
one molecule of inhibitor bound to the active site (Fig. 1). These
maps are well defined for all the moieties of the inhibitor (data
not shown).


Figure 1 shows the new inhibitor to fill the entire active site cav-
ity of hCA II, coordinating to the Zn(II) ion by means of the nitrogen
atom of the deprotonated sulfamate moiety, similarly to CMT or
other sulfamate/sulfonamide/sulfamide inhibitors for which the
X-ray structures were resolved earlier.1–5,16 In particular, the Zn–
NH distance in the hCA II—EMD 486019 adduct is of 1.93 Å,
whereas in the CMT adduct, the same distance is of 2.15 Å.13b This
may already be a reason why EMD 486019 is a slightly better hCA
II inhibitor (KI of 14 nM) as compared to CMT (KI of 21 nM). In fact
this shorter distance is a confirmation that there is a better ionic
(coordinative) interaction between the Zn2+ cation and the sulfa-
mate anion in the first complex as compared to the second one.

Figure 1. (A) Overall structure of the adduct of hCA II with EMD 486019. The protein is
histidine ligands (His94, 96, and 119, in green) and the inhibitor molecule (in yellow) show
the inhibitor (stick, CPK colors) and residues Thr199, Pro201, and Phe131 evidenced (CP

As in all other CA II—sulfamate complexes investigated up until
now, the coordinated NH moiety of the inhibitor also participates
in a strong hydrogen bond with the OH moiety of Thr199, of
2.78 Å (Fig. 2). In the hCA II—CMT adduct this bond was much
shorter, of 2.42 Å, which is in fact atypical, as in most complexes
of hCA II with sulfonamides/sulfamates/sulfamides this bond is al-
ways around 2.6–2.8 Å.1–14,10,17,18 One of the oxygen atoms (S@O)
of the sulfamate moiety of EMD 486019 also participates in a sec-
ond hydrogen bond (of 2.87 Å) with the NH backbone nitrogen of
Thr199 (in the CMT complex the corresponding distance is of
3.02 Å). A second oxygen of the same moiety is at about 3.20 Å
away from the Zn(II) ion, being ‘‘semicoordinated” to the metal
ion (the same is true for the CMT adduct, the distance being of
3.19 Å, and all other sulfonamides, sulfamates, and sulfamides
investigated up to now). Thus, the sulfamate moieties of the two
inhibitors EMD 486019 and CMT bind similarly to the Zn(II) ion

represented in the ribbon form, with the Zn(II) ion (central violet sphere), its three
n as sticks. (B) The protein represented as stick model, the Zn(II) ion (green sphere),


K colors).







Figure 2. (A) Detailed view of the hCA II active site complexed to EMD 486019. (B)
Binding of the inhibitor to the Zn(II) ion and hydrogen bonds/dipole-dipole
interactions in which EMD 486019 participates with residues 199–201 and a water
molecule (w73), within the enzyme active site cavity.


Figure 3. (A and B) Two orientations for the superposition of the hCA II—EMD
486019 (in yellow) complex reported here with the hCA II—CMT (in magenta)
complex reported by Potter’s group.13b The protein backbone is represented in
green for the first complex and in blue for the second one.
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and Thr199 within the enzyme active site, although there are some
differences regarding the length of the hydrogen bonds and the
coordination bond in which they are involved.


The two oxygen atoms of the thiophene-S,S-dioxide moiety of
EMD 486019 are also involved in two interactions (Fig. 2): a strong
hydrogen bond (of 2.76 Å) with a water molecule (wat73) and a di-
pole-dipole interaction (of 3.28 Å), with the carbonyl oxygen of
Pro201. In turn, the corresponding CO moiety of CMT makes only
one weaker hydrogen bond involving the endocyclic oxygen atom
of the coumarine cycle with Asn92 (of 3.60 Å).15b Thus, EMD
486019 participates in several favorable interactions with various
amino acid residues within the enzyme cavity, explaining its good
inhibition profile against hCA II.


Similarly to CMT, the organic scaffold of EMD 486019 partici-
pates to a large number of favorable hydrophobic (van der Waals)
interactions (distance < 4.6 Å) with amino acid residues present in
the hydrophobic half of the hCA II active site, among which Val121,
Phe131, Val135, Leu141, Leu198, and Leu 204. One of these amino
acids (the most important one in fact), Phe131, is shown in Figure
1B. The distance between one of its phenyl carbons and the 3-car-
bon atom of EMD 486019 is in fact of 4.50 Å (data not shown). The
cycloheptyl moiety of EMD 486019 also makes several good van
der Waals contacts. For example, the carbon atom labeled 4 in
the compound structural formula is at 3.76 Å from one of the
methyl groups of Leu204, an amino acid residue situated at the

edge (entrance) of the active site cavity (data not shown). This is
a very favorable interaction assuring a good complexation even
of this tail of the inhibitor to the enzyme cavity.


Figure 3 shows two different orientations for the superposition
of the two hCA II—sulfamate adducts, with EMD 486019 (PDB en-
try 3DD8) and with CMT (PDB entry 1TTM).13b It may be observed
that, as mentioned above, only the O–SO2NH2 moieties of the two
inhibitors are readily superposable, whereas the organic scaffold of
the two compounds present different orientations when bound to
the enzyme cavity. In fact the CMT scaffold is almost perpendicular
on the plane of the benzothiophene-S,S-dioxide moiety of EMD
486019, although the two compounds possess an identical phen-
ylsulfamate functionality in their molecule. This last functionality
(more precisely the substituted-phenyl fragment) are oriented
quite differently in the two adducts (Fig. 3). There is also no super-
position between the thiophene-S,S-dioxide moiety of EMD
486019 and the coumarinyl moiety of CMT, nor between the se-
ven-membered rings of the two inhibitors (Fig. 3). In fact the annu-
lated cycloheptene ring present in CMT and the corresponding
cycloheptylmethyl moiety of EMD 486019 adopt very different
conformations and bind in completely different regions of the en-
zyme active site. This has two important consequences for the drug
design of CAIs: (i) it proves that rather bulky scaffolds (such as the
coumarine one, present in CMT, or the benzothiophene-S,S-dioxide
one, present in EMD 486019) are easily accommodated within the
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CA II active site, even when substituted with additional bulky moi-
eties, that is, the (CH2)5 fragment of CMT which is part of the cyclo-
heptene ring, and the cycloheptylmethyl moiety of EMD 486019,
respectively, and (ii) these last fragments (‘‘tails”) of the two inhib-
itors lie in quite different parts of the enzyme active site (Fig. 3)
and do not overlap at all, a fact explaining both the different inhi-
bition profiles of the two compounds (since the entrance of the ac-
tive site cavity is the region with least conserved amino acid
residues among the 12 investigated CA isozymes)1–3 and allowing
us to hope that more isozyme-selective CAIs can be designed by
changing just these fragments of the inhibitor molecule, that is,
their tails. Indeed, it can be observed that among the four CAIs
investigated here, AAZ, TPM, CMT, and EMD 486019, just the last
two ones, possessing the bulkiest tails that also interact with ami-
no acid residues at the entrance of the active site cavity (Fig. 3)
show a certain degree of isozyme selective inhibition, as compared
to the more compact, promiscuous inhibitors AAZ and TPM which
inhibit most CA isozymes (except CA III and I) with KIs of <75 nM
(Table 1), probably because they are unable to make additional
favorable (or unfavorable, clash)10b interactions with amino acid
residues situated at the entrance of the active site.


In conclusion, the sulfamate EMD 486019 was investigated for
its interaction with twelve catalytically active mammalian iso-
zymes, hCA I—XIV. Similarly to 667-Coumate, a structurally related
sulfamate in phase II clinical trials as steroid sulfatase/CA inhibitor
with potent antitumor properties, EMD 486019 acts as potent
inhibitor of several physiologically relevant isozymes, such as CA
II, VB, VII, IX, XII, and XIV (KIs in the range of 13–19 nM). The com-
plete inhibition profile of 667-Coumate against these mammalian
CAs was also reported here for the first time. Comparing the X-
ray crystal structure of the CA II—EMD 486019 complex with that
of the 667-Coumate adduct, we revealed distinct orientations of
the two sulfamates when bound within the enzyme cavity,
although some interactions with amino acid residues near the zinc
ion are preserved in both adducts. CA II/IX potent inhibitors
belonging to the sulfamate class are thus valuable clinical candi-
dates with potential for development as antitumor agents with a
multifactorial mechanism of action.
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Structure–activity relationship studies on 1a,25-dihydroxyvitamin D3-26,23-lactams (DLAMs), antago-
nists of vitamin D, were conducted, focusing on the substituents of the phenyl group. One of the deriv-
atives (23S,25S)-DLAM-1P-3,5(OEt)2, showed potent antagonistic activity with an IC50 of 90 nM.


� 2008 Elsevier Ltd. All rights reserved.

1a,25-Dihydroxyvitamin D3 (1,25-(OH)2D3), the active metabo-
lite of vitamin D3, has critical roles in various biological activities,
including calcium and phosphorus homeostasis, cell proliferation,
and differentiation.1 Most of these biological activities are consid-
ered to be mediated via binding to the specific receptor, VDR (vita-
min D receptor), which is a member of the nuclear receptor
superfamily. The VDR contains a DNA-binding domain (DBD),
which is formed by two zinc-finger motifs (characteristic of the nu-
clear receptor superfamily), and a ligand-binding domain (LBD),
which consists of 12 a-helical structures, containing a short
trans-activation function 2 (AF-2) domain.2 Helix 12 plays an
important role in regulation of the transcriptional activity of the
receptor. Ligands with agonistic activity induce a conformational
change of the LBD, that is, folding of helix 12 to form a lid over
the LBD pocket. On the other hand, antagonistic activity is thought
to be exhibited by ligands that inhibit the folding or that induce
mis-folding of helix 12.3


Vitamin D antagonists are expected to be therapeutically effec-
tive for metabolic bone disease and hypercalcemia. They should
also be useful as tools for studying the mechanisms of vitamin D
functions. Although literally thousands of vitamin D derivatives
have been synthesized, only a few families of vitamin D antago-
nists, that is, TEI-9647,4 ZK168281,5 and ADMI-36 have been re-
ported so far.

ll rights reserved.


.


We have recently developed novel vitamin D antagonists,
DLAMs (1a,25-dihydroxyvitamin D3-26,23-lactams), which have
a lactam structure on the side chain (Fig. 1).7 DLAMs inhibit the
activation of human and rat VDRs at the transcriptional level.
The substituent on the nitrogen in the lactam moiety of DLAMs
was suggested to be important for the antagonistic activity, based
on a docking study of DLAM-1P (1) with VDR, that is, steric hin-
drance occurs between the Phe422 residue in helix 12 and the phe-
nyl substituent in DLAM-1P (1), which leads to inhibition of folding
or mis-folding of helix 12.7c A series of DLAM derivatives with dif-
ferent alkyl chain lengths on the nitrogen of the lactam ring
(DLAM-1P (1)–4P (4), n = 1–4) and their stereoisomers (16 com-
pounds; Fig. 1) were synthesized, and their biological activities
were evaluated. The antagonistic activities of these derivatives de-
pended upon the alkyl chain length and the stereochemistry at C23
and C25. Among them, (23S, 25S)-DLAM-2P (2a, n = 2) showed the
highest VDR binding affinity (1/12.5 of that of 1,25-(OH)2D3) and
the strongest antagonistic activity.7c


Since the phenyl group in DLAM was revealed to play an impor-
tant role for the antagonistic activity, we were interested in substi-
tuent effects on the phenyl group of these DLAMs. In this
communication, we describe structure–activity relationship (SAR)
studies, focusing on substitution of the phenyl group in DLAMs.


Initially, we examined the steric and electronic effects of substi-
tution on the phenyl group of DLAM-1P–3P. Thus, novel DLAM
derivatives having methoxy group and/or trifluoromethyl group
at the 3 and 5 positions on the phenyl group, i.e., DLAM-1P–
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11: DLAM-1P-3,5(OH)2 (n = 1, X = OH)
12: DLAM-1P-3,5(OEt)2 (n = 1, X = OEt) 
13: DLAM-1P-3,5(OnPr)2 (n = 1, X = OnPr) 
14: DLAM-1P-3,5(OnBu)2 (n = 1, X = OnBu)


5: DLAM-1P-3,5(OMe)2 (n = 1, X = OMe)
6: DLAM-2P-3,5(OMe)2 (n = 2, X = OMe)
7: DLAM-3P-3,5(OMe)2 (n = 3, X = OMe)
8: DLAM-1P-3,5(CF3)2 (n = 1, X = CF3)
9: DLAM-2P-3,5(CF3)2 (n = 2, X = CF3)


10: DLAM-3P-3,5(CF3)2 (n = 3, X = CF3)


Figure 1. Structures of DLAM-1P 4P and their derivatives.
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3P-3,5(OMe)2 (5)–(7) and DLAM-1P–3P-3,5(CF3)2 (8)–(10) (Fig. 1),
were synthesized based upon our previously reported strategy.7c,8


The synthesis of 5 is illustrated in Scheme 1. Briefly, reaction of
aldehyde 15 and hydroxylamine 16 in the presence of Et3N gave
nitrone 17 quantitatively. Then, 1,3-dipolar cycloaddition between
nitrone 17 and methyl methacrylate (18) provided isoxazolidine 19
as a mixture of four possible diastereomers at C23 and C25. Reduc-
tion of the N–O bond of the isoxazolidine 19 with Mo(CO)6–NaBH4,
with simultaneous cyclization of the resulting amine, gave lactam
20. After deprotection of the TBS groups, the four diastereomers
were separated with HPLC to give 5a–d. In a similar way, 6a–d–
10a–d were synthesized by changing the hydroxylamine.9 The ste-
reochemistries at C23 and C25 of the new DLAM derivatives were
determined by comparison of the spectral data with those of
DLAM-1P (1).


With the new DLAM derivatives in hand, we next evaluated the
relative binding affinity for VDR and the antagonistic activity of

Me


OTBS


Me


TBSO


CHO


H


 CH2Cl2, 99%


Me


OTBS


Me


TBSO


H


N
OH


Me


O


H


H *
*


MeO


OMe


OMe


MeO NHOH


15 17


20


16


Mo(CO)6
NaBH4


1. HF-E
 40 °


2. HPL


Et3N


Me


OTBS


Me


TBSO


H


H


MeO


CH3CN-H2O (7:1)


90 °C, 69%


Scheme 1. Synthesis of DL

these compounds 5–10.10,11 The VDR binding affinity of the syn-
thetic compounds was examined by the use of VDR from chick
intestine. Chick intestinal 1,25-(OH)2D3 receptor was dissolved in
0.05 M phosphate buffer (pH 7.4) containing 0.3 M KCl and 5 mM
dithiothreitol just before use. The receptor solution (500 lL,
0.35 mg protein) was pre-incubated with 5 lL of ethanol solution
of 1,25-(OH)2D3 or an analog at various concentrations for
60 min at 25 �C. Then, the mixture was left to stand for 24 h with
0.1 nM [3H]-1,25-(OH)2D3 (Amersham) at 4 �C. Bound and free
[3H]-1,25-(OH)2D3 were separated by treatment with dextran-
coated charcoal for 30 min at 4 �C, followed by centrifugation at
3000 rpm for 10 min. The radioactivity of the supernatant
(500 lL) was then counted using Atomlight (Perkin Elmer). Antag-
onistic activities of synthetic compounds were evaluated as fol-
lows. HL-60 cells were cultured in RPMI-1640 medium
supplemented with 10% heat-inactivated FBS. Exponentially prolif-
erating cells were collected, suspended in fresh medium, and
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AM-1P-3,5(OMe)2 (5).







Table 2
VDR Binding affinity and antagonistic activity of DLAM derivatives 11a–14a


DLAMs VDR Binding Affinitya Antagonistic Activityb (IC50, nM)


11a 1/9.6 NAc


12a 1/3.5 90
13a 1/11.9 180
14a 1/18.2 540


a The potency of 1,25-(OH)2-D3 is normalized to 1.
b The antagonistic activity was assessed in terms of IC50 for the differentiation of


HL-60 cells induced by 10 nM of 1,25-(OH)2-D3.
c NA, not antagonist below 1 lM.
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seeded in 24-well culture plates (2 � 104 cells/mL, 1 mL/well). An
ethanol solution of 1,25-(OH)2D3 and a synthetic compound was
added to the culture medium at 0.1% by volume and culture was
continued for 96 h at 37 �C in a humidified atmosphere of 5% CO2


in air without changing the medium. The same amount of vehicle
was added to the control culture. NBT-reducing assay was per-
formed according to the method of Collins. Briefly, cells were col-
lected, washed with PBS, and suspended in serum-free medium,
then NBT/TPA solution was added. Final concentrations of NBT
and TPA were 0.1% and 100 nm/mL, respectively. The cell suspen-
sions were incubated at 37 �C for 25 min, then the cells were col-
lected by centrifugation and resuspended in FCS. Cytospin smears
were prepared, and nuclear counter-staining was done with
Kemechrot solution. At least 500 cells per preparation were ob-
served. The results obtained for 5–10 are summarized in Table 1.


Among 5–7, (23S,25S)-stereoisomers showed higher VDR bind-
ing affinity and antagonistic activity than other stereoisomers,
which is consistent with the results obtained for DLAMs 1–4.7c


(23S,25S)-DLAM-1P-3,5(OMe)2 (5a) showed the highest VDR bind-
ing affinity (1/1.9 compared with 1,25-(OH)2D3) and the strongest
antagonistic activity, with an IC50 of 300 nM. In a series of DLAM-
1P derivatives 8–10 having electron-withdrawing character on the
phenyl group, (23S,25S)-stereoisomers also showed higher VDR
binding affinity; however, no antagonistic activity was observed.
Electronic character was suggested to be critical as well as steric
effects for eliciting the antagonistic activity of DLAMs. Thus, we
next focused on the other alkyloxy substituents in DLAM-1P.


According to the synthetic scheme described above, new alkyl-
oxy-type DLAM-1P derivatives 11–14 were synthesized,9 and the
biological activities of these (23S,25S)-stereoisomers 11a–14a
were evaluated (Table 2). We found that 12a–14a showed high
VDR binding affinities and potent antagonistic activities. Among
them, (23S,25S)-DLAM-1P-3,5(OEt)2 (12a) showed the most potent
antagonistic activity (IC50 = 90 nM), being 7.8 times more potent

Table 1
VDR Binding affinity and antagonistic activity of DLAM derivatives 5–10


DLAMs VDR Binding affinitya Antagonistic activityb (IC50, nM)


1a 1/36.4 700c


5a 1/1.9 300
5b 1/185 >3000
5c 1/131 >3000
5d 1/60 >3000
6a 1/12 860
6b 1/284 NAd


6c <1/1515 NAd


6d <1/1515 NAd


7a 1/57 780
7b <1/1515 NAe


7c <1/1515 NAe


7d <1/1515 NAe


8a 1/138 NAe


8b <1/1515 NAe


8c <1/1515 NAe


8d <1/1515 NAe


9a 1/42 NAe


9b 1/236 NAe


9c 1/1182 NAe


9d 1/757 NAe


10a 1/181 NAd


10b <1/5400 NAd


10c <1/5400 NAd


10d <1/5400 NAd


a The potency of 1,25-(OH)2-D3 is normalized to 1.
b The antagonistic activity was assessed in terms of IC50 for the differentiation of


HL-60 cells induced by 10 nM of 1,25-(OH)2-D3.
c See Ref. 7c.
d NA, not antagonist below 1 lM.
e NA, not antagonist below 3 lM.

than the original DLAM-1P (1a). The alkyloxy substituents on the
phenyl group in DLAM thus have a marked effect on both VDR
binding affinity and antagonistic activity, presumably as a result
of steric hindrance. Interestingly, hydroxyl group-substituted
derivatives of 11a showed high binding affinity for VDR, but lacked
antagonistic activity. The reasons are not clear at this stage,
although some interactions between the phenolic alcohol in 11a
and amino acid residues of helix 12 of VDR very likely prevent
the inhibition of folding of helix 12.12


In summary, SAR studies for DLAM derivatives were conducted,
focusing on substituents of the phenyl group. Alkyloxy substitution
of the phenyl group in DLAM-1P derivatives was found to be in-
crease the activity, and (23S,25S)-DLAM-1P-3,5(OEt)2 (12a)
showed the most potent antagonistic activity, with an IC50 of
90 nM. On the other hand, antagonistic activity of DLAM-1P was
disappeared by the substitution with electron-withdrawing char-
acter of trifluoromethyl group. Further SAR studies on DLAMs are
in progress.

References and notes


1. (a) Vitamin D; Feldman, D., Glorieux, F. H., Pike, J. W., Eds., 2nd ed.; Academic
Press: New York, 2005; (b) Holick, M. F., Ed. Vitamin D Physiology, Molecular
Biology and Clinical Applications; Humana Press: Totowa, NJ, 1999.; (c) Bouillon,
R.; Okamura, W. H.; Norman, A. W. Endocr. Rev. 1995, 16, 200.


2. (a) Mangelsdorf, Ds. J.; Thummel, C.; Beato, M.; Herrlich, P.; Schutz, G.;
Umesono, K.; Blumgerg, B.; Kastner, P.; Mark, M.; Chambon, P.; Evans, R. M. Cell
1995, 83, 835; (b) Björklund, S.; Almouzni, G.; Davidson, I.; Nightingale, K. P.
Cell 1999, 96, 759.


3. (a) Brzozowski, A. M.; Pike, A. C. W.; Dauter, Z.; Hubbard, R. D.; Bonn, T.;
Engström, O.; Öhman, L.; Greene, G. L.; Gustafsson, J.-Å. ; Carlquist, M. Nature
1997, 389, 753; (b) Carlberg, C. J. Cell. Biochem. 2003, 88, 274.


4. (a) Miura, D.; Manabe, K.; Ozono, K.; Saito, M.; Gao, Q.; Norman, A. W.;
Ishizuka, S. J. Biol. Chem. 1999, 274, 16392; (b) Ozono, K.; Saito, M.; Miura, D.;
Michigami, T.; Nakajima, S.; Ishizuka, S. J. Biol. Chem. 1999, 274, 32376;
(c) Takenouchi, K.; Sogawa, R.; Manabe, K.; Saitoh, H.; Gao, Q.; Miura, D.;
Ishizuka, S. J. Steroid Biochem. Mol. Biol. 2004, 89–90, 31; (d) Bula, C. M.; Bishop,
J. E.; Ishizuka, S.; Norman, A. W. Mol. Endocrinol. 2000, 11, 1788; (e) Ishizuka, S.;
Miura, D.; Osono, K.; Chokki, M.; Mimura, H.; Norman, A. W. Endocrinol. 2001,
142, 59; (f) Carlberg, C. Mol. Pharmacol. 2001, 59, 1478; (g) Saito, N.; Matsunaga,
T.; Saito, H.; Anzai, M.; Takenouchi, K.; Miura, D.; Namekawa, J.; Ishizuka, S.;
Kittaka, A. J. Med. Chem. 2006, 49, 7063.


5. (a) Herdick, M.; Steinmeyer, A.; Carlberg, C. J. Biol. Chem. 2000, 275, 16506;
(b) Herdick, M.; Steinmeyer, A.; Carlberg, C. Chem. Biol. 2000, 7, 885; (c) Bury,
Y.; Steinmeyer, A.; Carlberg, C. Mol. Pharmacol. 2000, 58, 1067; (d) Väisänen, S.;
Peräkylä, M.; Käsrkkäinen, J. I.; Steinmeyer, A.; Carlberg, C. J. Mol. Biol. 2002,
315, 229; (e) Tocchini-Valentini, G.; Rochel, N.; Wurtz, J. M.; Moras, D. J. Med.
Chem. 2004, 47, 1956.


6. Igarashi, M.; Yoshimoto, N.; Yamamoto, K.; Shimizu, M.; Ishizawa, M.;
Makishima, M.; DeLuca, H. F.; Yamada, S. Arch. Biochem. Biophys. 2007, 460, 240.


7. (a) Kato, Y.; Hashimoto, Y.; Nagasawa, K. Molecules 2003, 8, 488; (b) Kato, Y.;
Nakano, Y.; Sano, H.; Tanatani, A.; Kobayashi, H.; Shimazawa, R.; Koshino, H.;
Hashimoto, Y.; Nagasawa, K. Bioorg. Med. Chem. Lett. 2004, 14, 2579;
(c) Nakano, Y.; Kato, Y.; Imai, K.; Ochiai, E.; Namekawa, J.; Ishizuka, S.;
Takenouchi, K.; Tanatani, A.; Hashimoto, Y.; Nagasawa, K. J. Med. Chem. 2006,
49, 2398.


8. In our preliminary SAR studies on DLAM, methoxy substitution at 4 position of
phenyl group (DLAM-MPM) did not affect both VDR binding affinity and
antagonistic activity.7c


9. Spectral data for VDR antagonists 5a–7a and 12a–14a. Underlined values
show the typical chemical shifts for the (23S,25S) configurations. 5a: 1H NMR
(500 MHz, CDCl3) d 6.37 (m, 3H), 6.36 (d, J = 2.1 Hz, 1H), 6.01 (d, J = 11.5 Hz,
1H), 5.32 (s, 1H), 4.99 (s, 1H), 4.92 (d, J = 15 Hz, 1H), 4.44–4.42 (m, 1H), 4.24–







4290 K. Cho et al. / Bioorg. Med. Chem. Lett. 18 (2008) 4287–4290

4.22 (m, 1H), 3.88 (d, J = 15 Hz, 1H), 3.76 (s, 6H), 3.54 (m, 1H), 2.82 (dd, J = 4.7,
13.3 Hz, 1H), 2.59 (dd, J = 3.0, 13.3 Hz, 1H), 2.31 (dd, J = 6.4, 13.3 Hz, 1H), 2.28
(dd, J = 7.7, 13.3 Hz, 1H), 2.04–1.12 (m, 20 H), 1.48 (s, 3H), 0.81 (d, J = 6.0 Hz,
3H), 0.53 (s, 3H); 6a: 1H NMR (400 MHz, CDCl3) d 6.39–6.32 (m, 4H), 6.02 (d,
J = 11.6 Hz, 1H), 5.33 (s, 1H), 4.99 (s, 1H), 4.48–4.40 (m, 1H), 4.28–4.20 (m,
1H), 3.78–3.74 (m, 9H), 3.44 (m, 1H), 3.22–3.14 (m, 1H), 2.88–2.70 (m, 3H),
2.60 (d, J = 12.0 Hz, 1H), 2.34–1.17 (m, 23H), 0.87 (d, J = 5.6 Hz, 3H), 0.55 (s,
3H); 7a: 1H NMR (400 MHz, CDCl3) d 6.39–6.31 (m, 4H), 6.02 (d, J = 11.2 Hz,
1H), 5.33 (s, 1H), 5.00 (s, 1H), 4.99 (br s, 1H), 4.43 (br s, 1H), 3.82–3.56 (m,
9H), 3.60 (m, 1H), 3.05–2.98 (m, 1H), 2.90–2.78 (m, 1H), 2.62–2.53 (m, 3H),
2.35–2.26 (m, 3H), 2.03–1.19 (m, 22H), 0.95 (d, J = 5.2 Hz, 3H), 0.57 (s, 3H);
12a: 1H NMR (400 MHz, CDCl3) d 6.38–6.35 (m, 4H), 6.01 (d, J = 10.8 Hz, 1H),
5.33 (s, 1H), 4.99 (s, 1H), 4.91 (d, J = 15.2 Hz, 1H), 4.43 (br s, 1H), 4.23 (br s,
1H), 3.97 (q, J = 7.0 Hz, 4H), 3.86 (d, J = 14.9 Hz, 1H), 3.54 (m, 1H), 2.83 (d,
J = 12.8 Hz, 1H), 2.60 (d, J = 12.8 Hz, 1H), 2.34–2.25 (m, 3H), 2.05–1.15 (m,

28H), 0.81 (d, J = 6.0 Hz, 3H), 0.54 (s, 3H); 13a: 1H NMR (400 MHz, CDCl3) d
6.37 (d, J = 11.5 Hz, 4H), 6.01 (d, J = 11.0 Hz, 1H), 5.32 (s, 1H), 4.99 (s, 1H),
4.91 (d, J = 14.9 Hz, 1H), 4.42 (br s, 1H), 4.23 (br s, 1H), 3.88–3.84 (m, 5H),
3.54 (m, 1H), 2.82 (dd, J = 12.0, 3.7 Hz, 1H), 2.60 (d, J = 12.4 Hz, 1H), 2.34–2.24
(m, 3H), 2.03–0.88 (m, 32H), 0.82 (d, J = 6.1 Hz, 3H), 0.54 (s, 3H); 14a: 1H
NMR (400 MHz, CDCl3) d 6.38–6.32 (m, 4H), 6.01 (d, J = 11.0 Hz, 1H), 5.33 (s,
1H), 4.99 (s, 1H), 4.90 (d, J = 14.9 Hz, 1H), 4.43 (br s, 1H), 4.23 (br s, 1H), 3.96–
3.88 (m, 5H), 3.51 (m, 1H), 2.82 (dd, J = 12.1, 4.0 Hz, 1H), 2.60 (dd, J = 13.5,
3.3 Hz, 1H), 2.38–2.29 (m, 3H), 2.07–0.96 (m, 36H), 0.89 (d, J = 6.6 Hz, 3H),
0.50 (s, 3H).


10. Ishizuka, S.; Bannai, K.; Naruchi, T.; Hashimoto, Y. Steroids 1981, 37, 2715.
11. Collins, S. J.; Ruscetti, F. W.; Gallagher, R. E.; Gallo, R. C. J. Exp. Med. 1979, 149,


969.
12. Compound 11a did not show any agonistic activity (below 10 lM) under the


luciferase reporter gene assay system.4b





		Structure- activity Structure-activity relationship studies on vitamin D lactam derivatives as vitamin D receptor antagonist

		References and notes








Bioorganic & Medicinal Chemistry Letters 18 (2008) 4291–4293

Contents lists available at ScienceDirect


Bioorganic & Medicinal Chemistry Letters


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

Synthesis of two persistent fluorinated tetrathiatriarylmethyl (TAM) radicals
for biomedical EPR applications


Benoît Driesschaert a,b, Nicolas Charlier b, Bernard Gallez b, Jacqueline Marchand-Brynaert a,*


a Unité de Chimie Organique et Médicinale, Université catholique de Louvain, UCL, place Louis Pasteur 1, B-1348 Louvain-la-Neuve, Belgium
b Unité de Résonance Magnétique Biomédicale, Université catholique de Louvain, UCL, avenue Mounier 73.40, B-1200 Bruxelles, Belgium


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

Article history:
Received 25 March 2008
Revised 27 June 2008
Accepted 28 June 2008
Available online 3 July 2008


Keywords:
Ester aminolysis
Trityl radical
Oximetry
EPR
Tetrathiatriarylmethyl
TAM

0960-894X/$ - see front matter � 2008 Elsevier Ltd. A
doi:10.1016/j.bmcl.2008.06.100


* Corresponding author. Tel.: +32 0 10 47 27 40; fa
E-mail address: jacqueline.marchand@uclouvain.b

Tetrathiatriarylmethyl radicals are attractive spin probes extensively used in biomedical magnetic reso-
nance applications. We report a straightforward synthesis of two original tetrathiatriarylmethyl radicals
incorporating, respectively, 15 and 45 fluorine atoms, and thus possessing a high affinity to fluorous
media. F15T-03 and F45T-03 exhibit a single sharp EPR spectrum and their EPR line broadening is highly
sensitive to molecular oxygen. These spin probes are specially designed for assessment of tumor oxygen-
ation using perfluorocarbon formulations.
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Molecular oxygen plays one of the most important roles in the
metabolism of living organisms. Abnormal tissue oxygenation is
closely linked to number of diseases (e.g., cancer, stroke, ischemic
diseases).1 Therefore, it is of particular importance for pO2 in vitro
and in vivo assessments to rely upon accurate methods. The tech-
niques for measuring oxygen partial pressure in biological media
include both non magnetic and magnetic resonance (MR) based
methods. Typically polarographic oxygen electrodes, fluorescence
quenching, phosphorescence quenching, near infra-red spectros-
copy (NIRS) or the use of bioreductive markers such as 2-nitroim-
idazole derivatives belong to the former series of methods, while
19F NMR spectroscopy/imaging, blood oxygen level dependent
(BOLD) imaging, or electron paramagnetic resonance (EPR) and Dy-
namic nuclear polarization (DNP) using oxygen sensitive spin
probes belong to the latter.2 EPR methods have the advantage of
the non invasiveness combined with a high sensitivity and speci-
ficity. They are mostly based on the broadening of the signal
caused by Heisenberg exchange between molecular oxygen and
the spin probe to determine pO2. Two different types of spin probes
are used in EPR oximetry, either particulate materials like lithium
phthalocyanine, chars, coals, carbon black, or soluble molecules,
namely, nitroxides and the triarylmethyl (trityl) radicals. By the
late 90s, Nycomed Innovation AB featured original Gomberg’s trityl
radical in order to avoid hydrogen hyperfine coupling and enhance

ll rights reserved.
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its stability and water solubility.3 A new family of trityl spin probes
was synthesized, also known as tetrathiatriarylmethyl (TAM),
bearing four sulfur atoms on the phenyl ring (Fig. 1). The most rep-
resentative members are water soluble CT-03, deuterated CT-03
and OX063 which exhibit a very narrow EPR linewidth, non toxic
properties and are less sensitive to bioreduction than nitroxides.4,5


Due to their unique properties, TAM type radicals have found num-
ber of MR applications as oxygen/pH sensitive spin probes or as
contrast agents in electron paramagnetic resonance imaging (EPRI)
and Overhauser magnetic resonance imaging (OMRI).5,6 Moreover,
TAM radicals have also been used for measuring superoxide radical
by EPR spectroscopy or by spectrophotometry.7 Recently, creative
efforts have been done for the synthesis of these complex mole-
cules.8,9 CT-03 can now be synthesized in large-scale in an efficient
way.10


Among useful solvents, perfluorinated ones are well known for
their excellent capacity to dissolve a high quantity of non polar
gases like O2. Many of them can at physiological temperature

CT-03 DeuteratedCT-03 OX063


Figure 1. Representative Nycomed’s trityl radicals.
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dissolve up to 40–50% v/v oxygen at 1 atm.11 For instance, several
PFCs have been used in vivo for their excellent oxygen solubility,
such as hexafluorobenzene (HFB) that is utilized in animal models,
and perfluorooctylbromide (PFOB) that is in clinical use. Recently,
the group of Kuppusamy took advantage of that special property
in the synthesis of a triethoxycarbonyl perchlorotriarylmethyl rad-
ical (PTM-TE) and the use of PTM-TE/HFB formulation for high-res-
olution oxygen mapping in tumor using EPR spectroscopy.12,13 This
group reported a high sensitivity of the line broadening with
molecular oxygen in HFB. The sensitivity in HFB is at least 10 times
as high as in DMSO, mainly due to the high solubility of oxygen in
this solvent.


In the course of our research on the development of new tools
for the assessment of tumor oxygenation by EPR spectroscopy
using biocompatible perfluorocarbon (PFC) emulsions, we sought
to enhance the affinity of the oxygen spin probe for a PFC formula-
tion by attaching a perfluorinated tag on the trityl radical. Indeed,
the radical derived from trityl ethyl ester 1 is not soluble in PFCs
(solubility inferior to 0.1 mM in PFOB), so introducing a fluorous la-
bel on a molecule is the usual strategy to enhance its fluorophilic-
ity.14 Hereby we report a straightforward access to original
fluorinated trityl oxygen probes.


Two new highly fluorinated TAM radicals, F15T-03 (20% fluo-
rine by weight) and F45T-03 (40% fluorine by weight) were effi-
ciently synthesized in a two-step sequence from precursor 1 as

Scheme 1. Reagents and conditions: (a) AlMe3, H2NCH2Rf, DCE, reflux, overnight
(95%, Rf = C2F5; 66%, Rf = C7F15). (b) 1_BF3.Et2O, DCM, 1 h, 2_SnCl2/THF, 30 min.


Figure 2. X-band EPR spectra, linewidths (DBpp) of F15T-03 in HFB, F45T-03 in PFOB und
in HFB; 1 mM filtered on 0.2 lm (Pall Ghp Acrodisc); anaerobic conditions; sweep w
modulation amplitude: 0.15 G; time constant: 10.24 ms; conversion time: 10.24 ms.
conditions; sweep width: 6 G; power: 50 lW; temperature: 310 K; frequency modulation
20.48 ms.

depicted in Scheme 1. Trityl ester 1 was obtained according to
the procedure described in the literature.8 The aminolyse of ethyl
ester 1 by perfluoroamine (H2NCH2Rf) in presence of trimethylalu-
minum resulted in the formation of fluorinated trityl alcohols 2
(Rf = C2F5) and 3 (Rf = C7F15) in 95% and 66% yields, respectively,
after purification by preparative thin layer chromatography
(TLC).15 It is noteworthy to mention the low nucleophilicity of
these two commercially available fluoroamines. Nevertheless, our
conditions allowed to reach good to excellent isolated yields. In
this first step, the labile trityl alcohol was protected in situ by
the formation of an aluminum alcoholate. Then, treatment of the
trityl alcohols 2-3 with BF3.Et2O gave the corresponding carboca-
tions which are subsequently reduced by SnCl2 to afford the persis-
tent captodative radicals F15T-03 and F45T-03.16


The EPR properties of the two new TAM-type radicals were
comparable to those of other tetrathiatriarylmethyl radicals de-
scribed previously, such as radical of compound 1.8 A single sharp
peak was observed for F15T-03 and F45T-03. The sensitivity of the
EPR linewidth to oxygen was measured by carrying out the calibra-
tion of line broadening DBpp (G) versus pO2 (mmHg). Calibration
curves were built in HFB and PFOB, for F15T-03 and F45T-03,
respectively, according to their respective high solubility in these
solvents. F15T-03 in HFB showed a single sharp peak with a line-
width of 0.550 G under anaerobic conditions and 3.55 G in ambient
room air (21% oxygen) (Fig. 2). The slope of the calibration curve
(18.7 mG/mmHg) is consistent with the results already published
on the PTM-TE in HFB (Fig. 3).12 F45T-03 in PFOB showed a single
sharp peak with a linewidth of 0.545 G under anaerobic conditions
and 3.34 G in ambient room air with a slope of the calibration
curve of 17.5 mG/mmHg. The sensitivity of compound 1 radical
was not measurable using the same conditions due to its poor sol-
ubility in PFCs. For comparison, the sensitivity of CT-03 in water
was 0.64 mG/mmHg. Thus, our novel probes dissolved in PFCs
are about 30-fold more sensitive. As mentioned previously the bet-
ter sensitivity of line broadening to pO2 in perfluorous liquids is the
consequence of the better solubility of oxygen in such media.
While water dissolves 3.1 vol% (25 �C) of oxygen, HFB is able to

er anaerobic and air room conditions. The EPR acquisition settings were (a) F15T-03
idth: 10 G; power: 200 lW; temperature: 310 K; frequency modulation: 10 kHz;
(b) F45T-03 in PFOB; 0.25 mM filtered on 0.2 lm (Pall Ghp Acrodisc); anaerobic
: 100 kHz; modulation amplitude: 0.1 G; time constant: 20.48 ms; conversion time:







Figure 3. Calibration curves of linewidth DBpp (G) as a function versus pO2 (mmHg)
for (j) CT-03 (in water), (d) F15T-03 (in HFB) and (N) F45T-03 (in PFOB).
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dissolve 46.8–48.8 vol% (25 �C) and PFOB 50.0–52.7 vol% (25 �C) of
molecular oxygen.17


Further development of the present study is to use these fluori-
nated tetrathiatriarylmethyl radicals as components of nanocap-
sules containing PFCs. These systems should present high
sensitivity to oxygen and should be biocompatible and injectable
to living systems.


In conclusion, we have disclosed an efficient synthesis of two
new TAM-based radicals possessing a high affinity to fluorous
media. These radicals are specially designed for assessment of tu-
mor oxygenation using PFC formulations. Moreover, the sensitivity
of line broadening is higher in PFC liquids than in water in agree-
ment with the higher solubility of oxygen in these solvents.
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The synthesis of 22 2-aryl-1H-indoles, including 12 new compounds, has been achieved via Pd- or
Rh-mediated methodologies, or selective electrophilic substitution. All three methods were based on
elaborations from simple indole precursors. SAR studies on these indoles and 2-phenyl-1H-indole in
Staphylococcus aureus as NorA efflux pump inhibitors indicated 5-nitro-2-(3-methoxycarbonyl)phenyl-
1H-indole was a slightly more potent inhibitor than the lead INF55. A promising new antibacterial lead
compound against S. aureus (2-phenyl-1H-indol-5-yl)-methanol, was also found.


� 2008 Elsevier Ltd. All rights reserved.
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Scheme 1. Reagents and conditions: (a) NaNO3, H2SO4 (concd), �20 �C; 17


(b) i—ClSO3H, 0 �C to rt, 30 min; ii—NaOH, H2O, rt and then 1 M HCl; (c)
(i) followed by (ii) NH3/THF, rt; (d) (i) followed by (ii) MeOH, pyridine, rt;
(e) (i) followed by (ii) n-PrOH, pyridine rt.

Efflux pumps compromise the efficacy of a wide range of antibi-
otics by actively extruding them from bacterial cells.1,2 The pumps
can be expressed in many different forms in both Gram-positive3


and Gram-negative bacteria,4 and for some species a variety of
pumps may be present with different or overlapping substrates.
For the important community and nosocomially acquired human
pathogen Staphylococcus aureus a number of pumps have been
identified, including NorA, which has been shown to play a role
in the development of clinical multidrug resistance (MDR) by this
organism.5 One promising strategy for combating MDR in S. aureus
is to treat infections with a combination of a NorA efflux pump
inhibitor and a conventional antibiotic, with the pump inhibitor
serving to restore the antibiotic’s potency by reducing its efflux
from bacterial cells.6


Reported classes of NorA inhibitors include flavones and flavon-
olignans,7 pyrroloquinoxalines,8 4-arylpyridine-3,5-dicarboxylate
esters,9 N-aryl ureas,10, and indoles.11


From the indole class, 5-nitro-2-phenylindole (2, INF55)
(Scheme 1) represents a promising lead structure capable of pro-
ducing a 4-fold increase in S. aureus susceptibility to ciprofloxacin
when co-administered with the antibiotic at a concentration of
1.5 lg/mL.11


Structure–activity relationships for INF55 are only just starting
to emerge. In one theoretical COMFA (3D-QSAR) analysis, it was
suggested that replacement of the indole 5-nitro group with other
electron-withdrawing substituents should be favorable for activ-
ity.10 A series of 2-arylbenzo[b]thiophenes related to INF55 were

All rights reserved.


+61 2 42214287.
remner).

recently reported as NorA inhibitors12 suggesting that the indole-
NH is not essential for activity. In 2006, we reported preliminary
structure–activity data showing that various substituents around
the 2-aryl ring of INF55 improved NorA inhibitory potency.13 For
example, 50-benzyloxy-20-hydroxymethyl-5-nitroindole was found
to potentiate the activity of the mild antibacterial agent berberine
(a known substrate of NorA) more than 15-fold against the NorA
overexpressing S. aureus strain K2361 at a concentration of
0.8 lg/mL (cf. INF55 potentiates berberine activity to the same
degree at the higher concentration of 3.0 lg/mL).
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The current work discloses our latest systematic SAR explora-
tion around the 2-aryl ring of INF55 and details the first experi-
mental description of the effects of substituting the indole
5-nitro group. The goal of this study was to obtain a deeper under-
standing of the SAR of INF55 and analogs with a view to increasing
potency against NorA in S. aureus. Furthermore, we sought to
broaden our knowledge of substituent tolerance around the
INF55 nucleus in order to advance our long-term goals of develop-
ing potent dual-action antimicrobials,14 including both non-cleav-
able hybrid molecules15 and cleavable ‘‘mutual” prodrugs16 which
combine antibacterial agents and NorA-inhibiting moieties into
single molecules.


INF55 2 was synthesized in one step (Scheme 1) from commer-
cially available 2-phenylindole 1 using the known regioselective
nitration procedure.17 Compounds 3–6 were each synthesized in
two steps starting from 1 and proceeding via a 5-chlorosulfonyl-
2-phenylindole intermediate 1a (Scheme 2). The intermediate
was cleanly accessed using a previously unreported, highly regio-
selective 5-chlorosulfonation of 2-phenylindole. Briefly, 1 was stir-
red with neat chlorosulfonic acid at 0 �C and allowed to warm to rt
with stirring over 30 min. The reaction mixture was then poured
slowly onto crushed ice and the product filtered, washed with
water, and dried under vacuum (80%). As 1a degraded when left
at rt over a period of several days, the freshly prepared crude
5-chlorosulfonyl-2-phenylindole (1a) was then reacted with
appropriate nucleophiles to furnish the 5-sulfonyl-2-phenylindole
derivatives 3–6 (Scheme 1) in good yields (3 = 72%, 4 = 70%,
5 = 57%, 6 = 76%).


We propose that the regioselective 5-chlorosulfonation of 2-
phenylindole proceeds via the electrophilic aromatic substitution
mechanism shown in Scheme 2. Under strongly acidic conditions
(e.g., neat ClSO3H) indoles are known to protonate at the indole
C3 position which serves to protect this normally reactive site from
electrophiles. C3 protonation of 2-phenylindole would yield a 2-
phenylindolinium cation that could potentially react directly with
a weak nucleophile like ClSO3


� to form an indoline-2-chlorosulfo-
nate adduct.


A related indoline-2-sulfonate adduct has been reported as a
participant in the regioselective formation of 5-substituted in-
doles.18 What is perhaps more likely is that the indoline-2-chloro-
sulfonate is formed in a concerted process that proceeds via the
cyclic 6-membered transition state shown in Scheme 2. The result-
ing indoline-2-chlorosulfonate, which contains an ortho-substi-
tuted aniline ring, should direct a ClSO2


+ electrophile to the
indole C5 position (i.e., para to the aniline nitrogen), with indole
1a returned after quenching with water.


Compounds 14, 15, 18, and 22 were prepared by direct C2 ary-
lation of commercially available indoles 7–9 with the respective
aryl iodides 10–13 using the recently reported Rh-catalyzed cou-
pling procedure (Scheme 3).19 Yields for the couplings were disap-
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Scheme 2. Proposed mechanism for the regioselective 5-chlorosulfonation of
2-phenylindole in neat chlorosulfonic acid.

pointing (14–43%) but nevertheless provided sufficient quantities
of pure materials for use in our study. 2D NOESY spectra of com-
pounds 18 and 22 confirmed that indole C2 arylation had occurred
in preference to arylation at C3 (i.e., NOEs were observed between
the indole H3 and H4 signals for both 18 and 22).


The methyl ester 15 was smoothly hydrolyzed to the carboxylic
acid 16 under standard conditions using LiOH/THF, and 15 was also
reduced without incident to the hydroxymethyl derivative 17
using LiAlH4 (Scheme 3). Esters 18 and 22 were reduced in essen-
tially quantitative yield to their respective hydroxylmethyl deriva-
tives 19 and 23 using LiBH4. The same esters 18 and 22 could be
regioselectively nitrated at �20 �C in NaNO3/H2SO4 mixtures17 to
provide the 5-nitro-2-arylindole derivatives 20 and 24 in 80%
and 81%, yields respectively. Compounds 22 and 24 were compre-
hensively characterized by 2D NMR spectroscopy, with NOESY
spectra confirming that mononitration had occurred selectively
at the indole C5 position for both compounds (i.e., observed NOEs
included NH/H7, H6/H7, and H3/H4). Esters 20 and 24 were subse-
quently reduced to their respective hydroxymethyl derivatives 23
and 25 in high yields (90% and 79%, respectively) using LiBH4


(Scheme 3).
A Pd-mediated intramolecular cyclization approach was used to


access the 20-substituted-2-arylindoles 31-35. All attempts to ac-
cess these analogs via Rh-catalyzed 2-arylation of indoles with
ortho-substituted aryl iodides failed. N-benzoylindoles 26 and 27
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Table 2
Bacterial inhibition and potentiation results for 2-aryl analogs of INF55 (2) with
berberine in S. aureus


NH


R1
R2


2' 3'


4'


MIC (lM) of inhibitor


Compound R1 R2 D norA K1758
plus berberine


WT 8325-4
plus berberine


NorA++ K2378
plus berberine


32 H 20-C02Me NP 20 20
33 H 20-CH2OH NP 45 45
18 H 30-C02Me 40 5 10
19 H 30-CH2OH NP 45 45
22 H 40-C02Me NP 20 40
23 H 40-CH2OH NP 22 45
225 NO2 H 0.63 1.3 1.3
34 NO2 20-C02Me NP 34 NP
3513 NO2 20-CH2OH 24 47 47
20 NO2 30-C02Me 0.51 1.0 1.0
21 NO2 30-CH2OH 9 5 9
24 NO2 40-C02Me NP 17 NP
25 NO2 40-CH2OH 5 2 2


NP denotes no antibacterial potentiation. The inhibitor concentrations are the
minimum for potentiation of berberine MIC by factors of 3.3 (K1758), 3.3 (8325-4),
and 13.3 (K2378).
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(Scheme 4) were converted to their respective 6-oxo-6H-isoindo-
lo[2,1-a]indoles 28 and 29 using the palladium (II) acetate pro-
moted oxidative intramolecular cyclization procedure reported
by Itahara.20 Ring-opening of compounds 28 and 29 by lactam
hydrolysis (t-BuOK, t-BuOH, H2O)20 yielded the 20-carboxylic acids
3020 and 31,13 respectively. Compound 30 was converted to the
methyl ester 32 under standard conditions (AcCl/MeOH) and to
the hydroxymethyl derivative 33 using LiAlH4. The acid 2-(20-car-
boxyphenyl)-5-nitroindole 31 was converted to its methyl ester
34 using AcCl/MeOH and to its hydroxymethyl derivative 3513


using BH3.THF.
The potentiation activities of compounds 1–6 and 14–17 (Table


1) were determined against the wild type S. aureus strain (8325-4),
a mutant strain deleted in NorA (K1758) and a NorA overexpress-
ing strain (K2378) with the antibacterial agent berberine using a
checkerboard assay which involved co-administration of varying
concentrations of the inhibitor and berberine.21


This assay provides access to combinatorial interactions (syner-
gistic, antagonistic, indifferent, or additive) between the two mol-

Table 1
Bacterial inhibition and potentiation results for C5-substituted analogs of INF55 (2)
with berberine in S. aureus


N
H


R
MIC (lM) of inhibitor


Compound R D norA K1758
plus berberine


WT 8325-4
plus berberine


NorA++ K2378
plus berberine


1 H NP 65 (4) 259.0 (4)
2 NO2 NP 3.3 (2) 6.5 (2)
3 SO3H NP NP NP
4 SO2NH2 NP NP NP
5 SO2OCH3 IA IA IA
6 SO2On-Pr IA IA IA
14 CN NP 3.6 (2) 7.1 (2)
15 CO2Me NP NP NP
16 CO2H NP NP NP
17 CH2OH IA IA IA


NP denotes no antibacterial potentiation; IA denotes intrinsic antibacterial activity.
Potentiation values are shown in brackets and are the ratios of berberine MICs with
and without inhibitor present.

ecules. The inhibitor ‘MIC’ is defined as the lowest concentration of
inhibitor required to potentiate berberine’s MIC by at least a factor
of two. The MIC values for berberine (as the chloride salt) alone
against S. aureus were 269 lM (8325-4) and 67 lM (K1758)), and
2152 lM (K2378). The activities of compounds 18–25 and 32–35
(Table 2) were determined against the same three strains of S. aur-
eus but using our previously published methodology13 (even
though not as complete as the full checkerboard assay), in order
to enable a better comparison with the prior results on compounds
with other 2-aryl substituents. Briefly, for this methodology, cells
were grown in the presence of a sub-inhibitory concentration of
berberine [81 lM (8325-4), 20 lM (K1758), and 161 lM (K2378)]
and varying concentrations of the test compounds. Bacterial
growth was monitored by measuring the absorption at 600 nm
and MIC values were determined. MICs represent the minimum
concentrations of the test compounds (in combination with the
fixed concentration of berberine) that completely inhibited cell
growth during an 18 h incubation at 37 �C. Differences in the val-
ues for INF55 (2) in Tables 1 and 2 reflect the difference in the
potentiation assay used, although the different result with the
NorA knockout mutant K1758 (Table 1) was not resolved.


The inherent antibacterial activity of each compound in the
absence of berberine was >1000 lM (the testing limit employed
in this assay), except for the sulfonate esters 5 and 6 (MIC values
of 174 and 79.3 lM, respectively, against all three S. aureus strains),
and 17. The alcohol 17 showed an MIC of 14.0 lM against the NorA
knockout strain, and 28.0 lM against both the wild type and NorA
overexpressing strains.22 Interestingly, in further testing, 17 was
shown to be inactive as an antibacterial against a panel of other
Gram-negative and Gram-positive pathogens.23


Compounds 1–6 and 14–17 (Table 1) varied only with respect to
substituents at the indole-C5 position allowing for direct conclu-
sions to be drawn regarding the importance of the 5-NO2 group
of INF55. Three of the compounds tested (5, 6, and 17) showed
intrinsic antibacterial activity, and thus the potentiation of the
MIC value could not be accurately determined for these analogs.


Structure–activity conclusions regarding the importance of the
C5 position of INF55 for inhibitory activity against the NorA pump
include:
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(1) Removing the C5 substituent (1) is deleterious to activity.
(2) Carbonyl based electron-withdrawing groups at C5 (15 and


16) abolish all activity.
(3) Inhibitors with sulfonic acids/esters/amides at C5 (com-


pounds 3–6) show no potentiation. Compounds 5 and 6 dis-
play mild intrinsic antibacterial activity.


(4) Substitution with a nitrile group leads to retention of potency
with 14 showing similar potentiation activity to INF55.


Compounds 20, 21, 24, 25, 34, and 35 (Table 2)24 systematically
explore the effects of methyl ester and hydroxymethyl substitu-
ents at the 20, 30, and 40 positions of the 2-aryl ring of INF55. Com-
pounds 18, 19, 22, 23, 32, and 33 explore these same effects in
compounds lacking the 5-NO2 of INF55. One of the goals of this
study was to identify analogs of INF55 that retained or improved
NorA inhibitory potency while containing functional groups useful
for covalent attachment to antimicrobial agents. We were particu-
larly interested in analogs bearing hydroxymethyl groups since
these could be incorporated into dual-action NorA inhibitor-anti-
bacterial ‘mutual’ prodrugs bearing labile ester linkages. Success
of this strategy of course requires that the alcohol-bearing INF55
analog released from such prodrugs is a potent NorA inhibitor.
The methyl ester analogs were intermediates in the synthesis of
the hydroxymethyl analogs and were tested here to add depth to
the SAR. The analogous series lacking the 5-NO2 group was ex-
plored in an attempt to identify inhibitors which might avoid the
known toxicity problems of nitroaromatic compounds.


Table 2 shows that all compounds lacking 5-NO2 groups (i.e., 18,
19, 22, 23, 32, and 33) were significantly less potent than INF55.
Another trend to emerge was that, apart from 24 with respect to
25, each of the methyl ester analogs was more potent than its cor-
responding hydroxymethyl derivative. The 30-CO2Me derivative 20
proved to be the most active compound identified in this study,
displaying slightly higher potency than INF55 against all three S.
aureus strains. Another important finding was that analog 25 bear-
ing a 40-CH2OH group was almost equipotent with INF55 against
the wild type and NorA overexpressing strain. This suggests that
25 is the best compound to progress into our studies of mutual
prodrugs employing labile ester linkages. It should be mentioned
that there is a possibility that non-covalent complex formation be-
tween berberine and the indole-based inhibitors reported here
may play a role in the potentiation observed.26


In conclusion, the SAR data for indole-based NorA efflux pump
inhibitors have been deepened by this study and three new potent
inhibitors, 14, 20, and 25, have been uncovered. Inhibitor 25 repre-
sents a promising candidate for incorporation into dual action mu-
tual prodrugs targeting the NorA pump. In addition, a new indole
derivative 17 was identified with specific antibacterial activity
against S. aureus. The mode of action of this compound and the rea-
son for its selective activity against this organism remains to be
investigated.
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A series of structurally novel stearoyl-CoA desaturase1 (SCD1) inhibitors has been identified via molec-
ular scaffold manipulation. Preliminary structure–activity relationship (SAR) studies led to the discovery
of potent, and orally bioavailable piperidine-aryl urea-based SCD1 inhibitors. 4-(2-Chlorophenoxy)-N-[3-
(methyl carbamoyl)phenyl]piperidine-1-carboxamide 4c exhibited robust in vivo activity with dose-
dependent desaturation index lowering effects.
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The incidence of obesity in industrial societies has increased
dramatically over the past 30 years. Serious consequences of this
trend include a concurrent rise in the number of individuals with
type 2 diabetes mellitus, a projected decrease in the average life-
span of individuals in Western societies, and increasing pressure
on national health care systems to manage the complications
resulting from obesity.1 Although obesity is clearly linked to
chronic over-nutrition, many people find it difficult to achieve
long-term weight loss through diet alone. Pharmaceutical agents
that could safely promote weight loss and allow individuals to
maintain an ideal body weight would offer an important option
to those struggling with obesity.


Stearoyl-CoA desaturase (SCD) is a microsomal enzyme that
catalyzes the rate-limiting step in the biosynthesis of monounsat-
urated fatty acids from saturated fatty acids, in conjunction with
cytochrome b5 reductase, cytochrome b5, and the cofactors
NADH.2–4 The preferred substrates for SCD are palmitoyl(C16:0)-
CoA and stearoyl (C18:0)-CoA, which are converted to palmitoleoyl
(C16:1)-CoA and oleoyl (C18:1)-CoA, respectively. The products,
palmitoleic and oleic acids are major components of cell mem-
brane phospholids, circulating triglycerides, and cholesterol esters.
Four mouse SCD (SCD1, SCD2, SCD3, and SCD4)5 and two human
SCD genes6,7 have been characterized. Human SCD1 shows 85%
homology to the murine SCD1. SCD1 is abundantly expressed in
liver and adipose tissue and is tightly regulated by dietary and
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hormonal factors including glucose, insulin, cholesterol and poly-
unsaturated fatty acids.8,9 There is ample evidence indicating that
SCD1 plays an important role in lipid metabolism10 and body
weight control.11 Higher SCD1 activity in humans has been corre-
lated with elevated plasma triglyceride levels.12 SCD1 deficiency
in mice, either naturally deficient Asebia mice13 or laboratory-cre-
ated SCD1 knockout mice (SCD1�/�),14 has been shown to reduce
body adiposity, increase insulin sensitivity, and impart resistance
to diet-induced obesity.15 Despite the fact that SCD1�/�mice con-
sume more food than normal mice, they clearly show a leaner phe-
notype. The SCD1�/� mice also have lower levels of hepatic
cholesterol esters and triglycerides.16 Inhibition of SCD1 activity
via antisense oligonucleotide knockdown of gene expression in
diet induced obese (DIO) mice resulted in reduced adiposity, im-
proved hepatic steatosis and increased energy expenditure.17


These observations make SCD1 a potential therapeutic target for
the treatment of obesity and diabetes.


Recently, a number of patent applications from Xenon Pharma-
ceuticals18,19 and Merck Frosst20 have been published, covering a
few series of small molecules that modulate SCD1 activity and reg-
ulate plasma lipid levels. The SAR studies of SCD1 inhibition based
on a pyridazine carboxamide template have been described by our
co-workers from Abbott Laboratories.21,22 Here, we present the
discovery of a different class of SCD1 inhibitors with good in vitro
potency and in vivo activities.


The nicotinamides (Fig. 1) represent one class of SCD1 inhibitors
disclosed by investigators at Xenon. We synthesized compound 1a
(Fig. 1), and determined an IC50 of 0.4 lM vs murine liver micro-
somal SCD1. In the course of searching for SCD1 inhibitors with a
new scaffold, we decided to replace the central aminopyridine of
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Figure 1. Rational design of novel piperidine-aryl urea-based stearoyl-CoA desat-
urase 1 (SCD1) inhibitors
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1a with a urea group. This modification allowed the maximum
conservation of the polarity and geometry of the aminopyridine
in 1a yet led to a new chemotype. Although trans-olefin appears
to be a rational linkage to hold the rest of molecule in place, 2 is
obviously not a suitable synthetic target due to its instability. We
thus introduced a benzene ring next to the urea. Both meta and
para substituted derivatives (3a, 3b) have been constructed to
probe the favorite orientation. 3a, with meta-methylamide,
provided a very promising IC50 against mSCD1 (0.7 lM), while
para-substituted analog 3b failed to demonstrate any potency in
the same assay. We quickly found that piperazine benzamide can
be successfully replaced by piperidine ether without losing any
potency (4a, IC50 = 0.4 lM). Compound 4a features some advanta-
geous characteristics as our lead compound. It carries several open
sites that can be readily modified to build SAR; the piperidine-aryl
urea-based scaffold has not been exploited extensively, and its
analogs might have improved pharmacokinetic profiles.


The synthesis of newly designed SCD1 inhibitors is straightfor-
ward and is outlined in Scheme 1. Mitsunobu reaction was
followed by Boc-deprotection with HCl/dioxane to produce 4-phe-
noxypiperidine 5. Compound 4a–m was synthesized through a
two-step, one-pot reaction. Thus, readily available aniline 6 was
transformed to isocyanate 7 in the presence of triphosgene. Treat-
ment of intermediate 7 in situ with appropriate 4-phenoxypiperi-
dine 5 proceeded smoothly to afford urea 4a–m. In the case of 4l,
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Scheme 1. Reagents and conditions: (a) phenols, Ph3P, DEAD, THF, rt; (b) 4 N HCl in dioxa
ethanol, reflux, 1 h; (e) triphosgene, diisopropyethylamine, THF, rt, 5 min; (f) 4-phenoxy
amines, TBTU, diisopropylethylamine, DMF, rt.

aniline 6l was prepared from 3-nitrobenzoylchloride via a cycliza-
tion23 and subsequent reduction. Compounds that were further
derivatized through the amide modification were prepared from
an acid core 8, which was obtained by addition of 4-(2-chlorophen-
oxy)piperidine to commercially available ethyl 3-isocyanatobenzo-
ate followed by hydrolysis of the ester. Coupling of acid 8 and
requisite amine mediated by TBTU in DMF with Hunig’s base
provided the desired amide 4n–q.


For the characterization of SCD1 inhibitors, both mouse SCD1
and human SCD1 enzymatic activities have been measured. As a
source of human SCD1 activity, recombinant human SCD1 and
accessory protein cytochrome b5 and cytochrome b5 reductase
were cloned and expressed using baculovirus/insect cell express
systems. Structure–activity relationship studies were carried out
and the results are summarized in Table 1. In general, the potency
of inhibitors using the human recombinant sources of enzymes
(hSCD1) was lower than using mouse SCD1 (mSCD1), which
may reflect the difference between human SCD1 and mouse
SCD1. However, the rank order of IC50 was about the same in both
assays. We will discuss our SAR primarily based on mSCD1 data,
since in vivo activity of our SCD1 inhibitor was evaluated in
mouse model.


The optimization began with an examination of substitution on
phenoxy ring. With the ortho-substituted analogues, the IC50s stea-
dily decreased from H (4a, 370 nM) and F (4b, 98 nM) to bulkier
halogen groups, such as Cl and Br (4c and 4d, <4 nM). Consistent
with the SAR trend observed for the pyridazine series,21 increased
lipophilicity on the phenoxy ring, especially on ortho-position, cor-
relates with improved inhibitory activity. As can be observed,
introduction of 2-methyl group resulted in an inhibitor (4e,
17 nM) with >20-fold improvement in potency. The impact was
less pronounced with relatively more hydrophilic methoxy ana-
logue (4f, 81 nM). Meta-substitution was also well tolerated as
exemplified with compound 4g (20 nM), although not as optimal
as ortho-substituted analogue 4c (<4 nM). To explore any addi-
tional lipophilic interaction, we introduced a fluoride at the 4, 5
or 6-position on the basis of 4c. As shown in Table 1, 2,4-di-substi-
tuted analogue 4j was able to maintain most of the potency
observed with 4c, whereas 2,6-di-substitution surrendered all the
gain generated from 2-mono-substitution (4h, 330 nM vs 4a,
370 nM). The co-presence of F at 5-position was found to be bene-
ficial as 2,5-analogue 4i exhibited about twofold potency improve-
ment in human SCD1 (4i, hSCD1 IC50 = 18 nM vs 4c, hSCD1
IC50 = 37 nM).
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Table 1
SAR summary of SCD-1 inhibitors 4a–q


Compound Structure mSCD1 IC50 (lM)a hSCD1 IC50 (lM)a


4a NH
N


O
O


O
HN


O


0.37 ± 0.25 4.0 ± 1.1


4b NH
N


O
O


HN
F


0.098 ± 0.047 0.68 ± 0.23


4c
NH


N
O


O


O
HN


Cl <0.004 0.037 ± 0.017


4d
NH


N
O


O


O
HN


Br <0.004 0.030 ± 0.013


4e
NH


N
O


O
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HN


0.017 ± 0.013 0.12 ± 0.01


4f
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O
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OMe 0.081 ± 0.039 1.9 ± 0.2
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0.020 0.27 ± 0.04
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0.33 ± 0.11 9.7 ± 0.3


4i NH
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O
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<0.004 0.018 ± 0.011


4j NH
N
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O
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0.006 ± 0.000 0.058 ± 0.037


4k NH
N


O
O Cl


0.59 ± 0.13 7.5 ± 1.1


4l
N


N
O


O Cl


O
N


N
0.008 ± 0.002 0.11 ± 0.03
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Table 1 (continued)


Compound Structure mSCD1 IC50 (lM)a hSCD1 IC50 (lM)a


4m
N


N
O


O Cl


NH
N


0.010 ± 0.006 0.36 ± 0.10


4n
NH


N
O


O


O
H2N


Cl 0.010 ± 0.00 0.059 ± 0.012


4o
NH


N
O


O


O
HN


Cl 0.008 ± 0.002 0.15 ± 0.09


4p
NH


N
O


O


O
HN


Cl 0.81 ± 0.18 7.1 ± 2.9


4q
NH


N
O


O


O
HN


Cl >10 >10


a Values are geometric means of at least two experiments, standard error is given in parentheses.
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In general, this series of SCD1 inhibitors features favorable
pharmacokinetic profiles in rodents, characterized by modest vol-
ume of distribution and high oral bioavailability in mice (4c,
CLp = 0.4 L/h/kg; Vss = 0.4 L/kg; F = 92%).


Based on the encouraging results associated with compound 4c,
we next investigated the replacement of amide group with a het-
erocyclic moiety to further improve SCD1 inhibitory activity. This
modification yielded a couple of analogues with good retention
of IC50 (4l, 8 nM; 4m, 10 nM), although they offered no potency
advantage over 4c. The presence of a functional group on the aryl
3-position seems to be important to possess high potency, as un-
substituted analogue showed dramatic loss of activity (4k,
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0.6 lM). Fine-tuning of amide derivatives indicated that only pri-
mary amide or small group of secondary amide such as ethylamide
was favorable with comparable IC50 to 4c. Bulky group was detri-
mental to the activity as 4q showed no inhibition at 10 lM.


Since SCD1 activity depends on cytochrome b5 and cytochrome
b5 reductase, we established a selectivity assay to exclude the pos-
sibility that compounds identified as SCD1 inhibitors may actually
inhibit the co-enzyme. The lack of inhibition above the concentra-
tion of 10 lM supports the direct SCD inhibition by our urea-based
chemotype, represented by compound 4c.


We next investigated the selectivity profiles of our potent inhib-
itors. Excellent selectivity over kinases was routinely achieved. 4c
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was also tested in a 3H-Dofetilide binding assay and showed no sig-
nificant hERG channel blockade activity (IC50 > 100 lM).


SCD1 inhibitors 4b and 4c were evaluated in a 5-day efficacy
study using ob/ob mice. A desaturation index, calculated as the
ratio of 16:0/16:1n7 or 18:0/18:1n9, was used as in vivo bio-
marker for activity. The lipid classes examined include choles-
terol ester, diacylglycerol, free fatty acid, free cholesterol, total
phospholipids, and triacylglycerol. 4b (30 mpk bid) and 4c (10
mpk bid) consistently reduced desaturation indices of all these
lipid categories to lean level, or even lower. Figure 2 showed
the desaturation index (18:0/18:1n9) lowering effect with the
treatment of SCD1 inhibitors 4b and 4c. A dose dependent tri-
glyceride desaturation index reduction by 4c was also observed
in ob/ob mice (data not shown). These observations demon-
strated a clear correlation between in vitro activity and in vivo
desaturation index.


In conclusion, we have discovered a series of highly potent and
selective SCD1 inhibitors with excellent pharmacokinetic profiles
based on de novo design. Representative SCD1 inhibitors from this
class demonstrated in vivo efficacy with dose-dependent desatura-
tion index lowering effect. The pharmacology data from chronic
studies will be reported in due time.
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An activation study of the human carbonic anhydrase (hCA, EC 4.2.1.1) isoforms hCA III (cytosolic) and IV
(membrane-associated) with a series of natural and non-natural amino acids and aromatic/heterocyclic
amines is reported. hCA III was efficiently activated by D-His, serotonin, pyridyl-alkylamines, and amino-
ethyl-piperazine/morpholine (KAs of 91 nM–1.12 lM), whereas the best hCA IV activators were 4-amino-
phenylalanine, serotonin, and 4-(2-aminoethyl)-morpholine (KAs of 79 nM–3.14 lM). Precise steric and
electronic requirements are needed to be present in the molecules of effective CA III/IV activators, in
order to assure an adequate fit within the enzyme active site for the formation of the enzyme-activator
complex, and for efficient proton transfer processes between the active site and the reaction medium. The
activation profiles of CA III and IV are distinct from those of all other mammalian CA isoforms investi-
gated so far for their interaction with amino acids and amines.


� 2008 Elsevier Ltd. All rights reserved.

Among the 16 carbonic anhydrase (CA, EC 4.2.1.1) isoforms de-
scribed so far in mammals,1–4 the very slow cytosolic isozyme CA
III is the least understood and investigated at this moment. Indeed,
CA III is the worst catalyst for CO2 hydration as compared to other
cytosolic, mitochondrial or membrane-associated human CAs,5,6 its
CO2 hydration catalytic activity being around 0.3% that of the ubiq-
uitous, very rapid catalyst which is CA II.6 In fact, unlike the other
two cytosolic wide-spread isozymes I and II, CA III is mainly pres-
ent in slow skeletal muscles (10% of the cytosolic protein content),
adipocytes (24% of the soluble protein), and liver (8% of the soluble
protein), where its primary functions remain largely unknown.6–8


Recent studies with CA III knockout mice showed CA III to be in-
volved in mitochondrial ATP synthesis,8 whereas its levels were
found to be significantly decreased in mutant mice lacking the
gene SULT1E1, indicating a role of CA III in cystic fibrosis liver dis-
ease.9 CA III is also considered as one of the proteins involved in
oxidative stress response both in liver10 and in skeletal muscle,11]
probably acting as a scavenger of reactive oxygen species (ROS)
and thus protecting cells from oxidative damage.12 CA III seems
to play an important role (together with E-cadherin) in disruption
of the intercellular barrier associated with the down-regulation of
E-cadherin in the laryngopharyngeal reflux disease.13


These physiologic/pathophysiologic functions of CA III are
poorly understood from the mechanistic viewpoint, except for
the antioxidant role of this enzyme, which has been shown to be

ll rights reserved.


x: +39 055 457 3385.
ran).

modulated by the S-glutathionylation of two cysteine residues
(Cys181 and Cys186) present on the surface of the protein (we
stress this here again, not within its active site).14 Indeed, oxidants
such as hydrogen peroxide, peroxy radicals or hypochlorous acid
were shown to oxidize these two cysteine residues to sulfinic/sul-
fenic acids (in the absence of glutathione), but when this tripeptide
was present in the medium, the S-glutathionylation of the two Cys
residues occurred, without damage to the protein.14 It is thus prob-
able that one of the main in vivo functions of CA III, is that of pro-
tecting proteins from irreversible oxidation processes with
subsequent cellular damage.4,14


A very recent report15 proves the involvement of CA III in tumor
acidification processes (even considering the relatively low cata-
lytic activity of this isoform), similarly with what was demon-
strated earlier for the transmembrane, tumor-associated isoform
CA IX.1–3 Indeed, in some hepatic carcinoma cells (SK-Hep1) it
has been proven that CA III promoted the invasive ability of these
tumors, a process which was hypothesized to be mediated through
the focal adhesion kinase (FAK) signaling pathway, which was acti-
vated through the intracellular and/or extracellular acidification
mediated by the CO2 hydrase activity of CA III.15


Unlike the cytosolic CA I, II, and III, CA IV was the first extracel-
lular isoform to be discovered.16 Indeed, this isozyme is associated
to plasma membranes in lungs, kidneys, ciliary processes within
the eye, and several other organs, playing an important function
in pH regulation, bicarbonate reabsorption in the kidneys, produc-
tion of ocular fluid, elimination of CO2 in the lungs, cerebral blood
flow, etc.1–4 CA IV is tethered to the plasma membrane by means of
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glycosylphosphatidylinositol tails,17 it has the active site outside
the cell, and possesses a high catalytic activity (similar to that of
CA II)1,17 both for the CO2 hydration and for the bicarbonate dehy-
dration reactions.1,16,17 Most inhibition and activation studies of CA
IV reported up to now have been done with the bovine isoform
(bCA IV) usually purified from lungs or kidneys.18,19 However, we
have recently shown20 that the recombinant human (hCA IV) and
bCA IV isoforms are very different in their behavior toward the
main class of inhibitors, the sulfonamides, and their bioisosteres,
with the human isoform showing frequently less affinity for many
such compounds as compared to the corresponding bovine en-
zyme. Thus, it appeared of interest to investigate the activation
of hCA IV as well as hCA III with amino acids and amines. This is
in fact the first activation study of both hCA III and hCA IV reported,
except for some preliminary data of Chegwidden’s group on chick-
en CA III activation with inorganic phosphates.21 We have included
in our study L-/D-Amino acids and amines 1–18, which have been
investigated earlier for the activation of all other mammalian cat-
alytically active isoforms, that is, hCA I, II, VA, VB, VI, VII, IX, XII,
XIII, and XIV by our group.22–24


The affinity constant (Kaff) of an activator for the corresponding
CA isoform has been denominated the activation constant (KA)18 in
order to obtain a measure of the strength for the interaction be-
tween enzyme and activator, similarly with the inhibition constant
(KI) which defines the potency of an inhibitor in the enzyme-inhib-
itor (E-I) complex.1–3 By representing the catalytic enhancement as
a function of activator concentration, a typical sigmoid curve is ob-
tained, from which the affinity constant (KA) may be estimated by
non-linear least-squares fitting.24 Detailed kinetic measurements
(data not shown) showed that the activators 1–18 investigated
here for their interactions with isoforms hCA III and IV do not
change the value of the Michaelis–Menten constant (KM), which
is the same in the absence or the presence of activators, similarly
with what was observed earlier for the activation of other mamma-
lian CAs.18,19,22,23 On the contrary, the observed catalytic rate of the
enzyme (kcat) is enhanced in the presence of all activators investi-
gated up to now and against all CA isozymes (Table 1), supporting
our previous observations3,18–23 that CA activators (CAAs) do not
influence the binding of CO2 to the CA active site, but intervene
in the rate-determining step of the catalysis, that is, the transfer
of protons from the active site to the environment.


Data of Table 1 show that from the point of view of catalytic
activity for the CO2 hydration reaction (at 25 �C, in steady-state
conditions), there are three types of CA isoforms: (i) the low activity
ones, that is, CA I–like, including hCA I (but also hCA VA and hCA XIV
among others,1 data not shown), possessing kcat values in the range
of 2.0–3.1 � 105 s�1;1 (ii) the high activity ones (CA II-like), among

Table 1
Activation of hCA isozymes I, II, III, and IV, with L- and D-histidine, at 25�C, for the CO2


hydration reaction


Isozyme kcat
a (s�1) (kcat)L-His


b (s�1) (kcat)D-His
b (s�1) KA


c (lM)


L-His D-His


hCA Id 2.0 � 105 13.4 � 105 9.1 � 105 0.03 0.09
hCA IId 1.4 � 106 4.3 � 106 2.7 � 106 10.9 43.5
hCA IIId 1.3 � 104 1.8 � 104 16.9 � 104 35.9 1.12
hCA IVd 1.2 � 106 4.3 � 106 3.8 � 106 7.3 12.3


a Observed catalytic rate without activator. KM values in the presence and the
absence of activators were the same for the various CA isozymes (data not shown).


b Observed catalytic rate in the presence of 10 lM activator.
c The activation constant (KA) for each isozyme was obtained by fitting the


observed catalytic enhancements as a function of the activator concentration.24


Mean from at least three determinations by a stopped-flow, CO2 hydrase method.24


Standard errors were in the range of 5–10% of the reported values.
d Human recombinant isozymes; bTruncated human recombinant isozyme lack-


ing the first 20 amino acid residues, which represent the signal peptide orienting
the protein outside the cell.20

which hCA II, hCA IX, and hCA IV (kcat values in the range of 1.2–
1.4 � 106 s�1), and (iii) the very low activity one, including only
hCA III, which has the lowest catalytic activity among the mamma-
lian CAs, with a kcat of only 1.3 � 104 s�1. Data of Table 1 show that
all these investigated CA isoforms are activated by L- and D-His but
in a very different manner. Thus, the high activity isoforms hCA II
and hCA IV were poorly activated by L- and D-His. Both these activa-
tors showed activation constants, in the range of 7.3–10.9 lM for L-
His, and 12.3–43.5 lM for D-His, respectively. This is probably due
to the fact that the proton transfer processes in hCA II/IV, assisted
by the proton shuttle residue His64,1,18 are already very efficient
for assuring a high turnover of the catalytic cycle, and thus quite
high concentrations of activator are needed for supplementing
these processes. However, it should be noted (Table 1) that even
as low concentrations of L-His as 10 lM produce a 3-fold increase
in kcat, which is obviously remarkable for such an efficient enzyme.
It may also be observed that L-His is a much more efficient hCA II
activator (around 4 times) as compared to its stereoisomer D-His.
The same is true for hCA IV (an isozyme also possessing His64 as
proton shuttle residue),25 but for this isoform the differences in
the activation constants of the two amino acids are much smaller,
with L-His being only 1.68-fold, a better activator as compared to
D-His. However, the very slow isoform hCA III, is very much acti-
vated by D-His (13-fold, see Table 1), whereas the enantiomeric
amino acid, L-His, is a much weaker activator of this isoform (only
1.38-fold, at 10 lM activator concentration in the assay system).
X-Ray crystal data of the complexes of hCA I and II with L- and D-
His showed the two activators to bind in different regions of the en-
zyme cavity, and also with different orientations, dependent on
both the stereoisomer amino acid activator and the particular CA
isoform.18,19,20–22 Such X-ray data (which are not available for the
moment for isoforms hCA III and IV) of complexes of activators with
various CA isoforms may explain the kinetic data shown in Table 1,
as well as the very different activation profile of various isoforms
with these and structurally related amino acid and amine activators
(see Discussion later in the text).


Data of Table 2 show that all amino acids and amine activators
1–18 investigated here act as CAAa against both hCA III and IV, but
their activation profile is characteristic for each of these isoforms,
and different of that of the isozymes CA I and II investigated ear-
lier,22 which have been reported in Table 2 for comparison pur-
poses. Thus, against hCA III, a group of compounds, among which
D-His 2 as well as the amines 13–17, showed effective activation
phenomena, with KAs in the range of 91 nM–1.12 lM. It may be ob-
served that only one amino acid acts as a good CA III activator
(compound 2), whereas all other derivatives in this subgroup are
heterocyclic amines. The best CA III activator, wit a nanomolar
affinity for this isoform, was 4-(2-aminoethyl)-morpholine 17, fol-
lowed by the structurally related piperazine 16. However, other
amines included in our study, such as histamine 11, dopamine
12, and L-adrenaline 18, were less effective as CA III activators, with
KAs in the range of 33.2–36.9 lM. Among the amino acid investi-
gated here, in addition to L-His, which was an effective CA III acti-
vator, other compounds such as D-Phe, L-DOPA, L- and D-Trp
showed KAs in the range of 13.5–20.5 lM, whereas the remaining
amino acids were even less efficient CAAs for this isozyme (KAs
in the range of 28.7–43.2 lM). Several facts should be noted. Thus,
important differences can be seen for the activation of CA III (but
also that of the cytosolic isozymes I and II or the membrane-asso-
ciated one CA IV) by compounds which differ only by their enantio-
meric form: for example, as mentioned above, L-His is a much less
effective CA III activator (32.0 times) as compared to the corre-
sponding D-amino acid. Similar differences are also observed for
the coupled L- and D-Phe, L- and D-DOPA, or L-, and D-Trp, respec-
tively. On the other hand, just small modifications in the scaffold
of some of these activators (e.g., introduction of a substituent in







Table 2
Activation constants of hCA I, hCA II, hCA III (cytosolic isozymes) and hCA IV
(membrane-associated isoform), with amino acids and amines 1–18


No Compound KA (lM)a


hCA Ib hCA IIb hCA IIIb hCA IVc


1 L-His 0.03 10.9 35.9 7.30
2 D-His 0.09 43 1.12 12.3
3 L-Phe 0.07 0.013 34.7 36.3
4 D-Phe 86 0.035 15.4 49.3
5 L-DOPA 3.1 11.4 13.5 15.3
6 D-DOPA 4.9 7.8 28.7 34.7
7 L-Trp 44 27 20.5 37.1
8 D-Trp 41 12 19.0 39.6
9 L-Tyr 0.02 0.011 34.1 25.1


10 4-H2N-L-Phe 0.24 0.15 43.2 0.079
11 Histamine 2.1 125 36.9 25.3
12 Dopamine 13.5 9.2 33.2 30.9
13 Serotonin 45 50 0.78 3.14
14 2-Pyridyl-methylamine 26 34 1.03 5.19
15 2-(2-Aminoethyl)pyridine 13 15 1.10 7.13
16 1-(2-Aminoethyl)-piperazine 7.4 2.3 0.32 24.9
17 4-(2-Aminoethyl)-morpholine 0.14 0.19 0.091 1.30
18 L-Adrenaline 0.09 96 36.4 45.0


Data for hCA I and II activation with these compounds are from Ref. 22.
a Mean from three determinations by a stopped-flow, CO2 hydrase method.24


Standard errors were in the range of 5–10% of the reported values.
b Human recombinant isozymes, stopped-flow CO2 hydrase assay method.24


c Human recombinant enzyme lacking the first 20 aminoterminal residues,20


stopped-flow CO2 hydrase assay method.24
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the phenyl moiety of L-Phe 3, such as the OH moiety in Tyr 9, the
two phenolic moieties of L-DOPA 5, or the amino one in 10) again
lead to important changes in the CA III activatory properties of the
corresponding compounds. Such complex structure activity rela-
tionship (SAR) has in fact been observed for the activation of the
other CA isozymes with this type of amines and amino
acids.18,19,22,23
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The membrane-associated human isozyme hCA IV was also
activated by compounds 1–18 investigated here, but with a di-


verse profile as compared to that of the cytosolic isoforms hCA
I – III shown in Table 2. Thus, the best, nanomolar hCA IV acti-
vator was the amino acid derivative 4-aminophenylalanine 10,
which showed an activation constant of 79 nM. It may be ob-
served that this compound is a very weak CA III activator (KA


of 43.2 lM), being on the other hand a stronger CA I and II acti-
vator (KAs in the range of 0.15–0.24 lM). Effective hCA IV activa-
tion has also been observed with L-His 1, serotonin 13, the
pyridyl-alkylamines 14 and 15, as well as amine 17 (KAs in the
range of 1.30–7.30 lM, Table 2). The remaining amines and ami-
no acids showed less effective activity for the activation of hCA
IV, with KAs in the range of 15.3–49.3 lM. SAR is again (as for
the activation of the cytosolic isoforms CA I-III) quite sensitive
to small changes in the scaffold of the activator or to its enantio-
meric form. Thus, again important differences of activity were
observed between enantiomers of the same amino acid (e.g.,
compare 1 and 2, 3 and 4, 5, and 6) or to rather minor changes
in the substitution pattern of the scaffold. In this case, again the
3,4-dihydroxyphenyl moiety present in DOPA leads to better CA
IV activators as compared to the unsubstituted Phe derivatives.
The absence of a COOH moiety (as in histamine 11) as compared
to the amino acids 1 and 2 from which it can be derived leads to
a loss of CA IV activatory efficiency. On the other hand it is
amazing to see the difference of activity between the structurally
related amines 16 and 17, with the last one being 19.1 times a
better CA IV activator as compared to 16. It is difficult to ratio-
nalize these data in the absence of an X-ray crystal structures
of CA IV complexed with activators.


In order to rationalize this SAR observed for the activation of hCA
III and IV with compounds 1–18, and also for explaining the quite dif-
ferent activation profiles of various CA isozymes, a comparison of the
amino acid sequences of the human isozymes hCA I–IV is presented
in Figure 1. The amino acid residues that were previously shown to
form the active site cavity in all a-CAs26 are indicated by a mixture
of asterisk, plus sign, and ‘z’ above the hCA I sequence. Among these
active site residues, many amino acids are conserved between these
four isozymes, such as among others those involved in the catalytic
cycle: (i) the three zinc ligands, His94, 96, and 119; (ii) the ‘gate-
keeping’ residues Thr199 and Glu106, which orient the substrate
in the right position to be attacked by the zinc-bound hydroxide
ion; and (iii) His64, the proton shuttle residue, which transfers pro-
tons from the zinc bound water molecule toward the external med-
ium, leading to the generation of the active form of the enzyme with
hydroxide as the fourth zinc ligand but this last amino acid is con-
served only or isozymes CA I, II, and IV.1–4 Indeed, one of the reasons
why CA II has such a low catalytic activity (Table 1) as compared to
the other investigated isoforms is correlated just with the presence
of a Lys residue in position 64 instead of the His present in most other
a-CAs. The e-amino group of Lys64 in CA III is a much worse proton
shuttling moiety as compared to the imidazole of His64, at the pH
values at which these enzymes work best, that is, in the pH range
of 6.5–7.5.1–4 Another important difference between CA III and the
othera-CAs is the bulky amino acid in position 198, which is Phe only
in CA III, being Leu in the other three isoforms discussed here. This
position (198) is quite important for the fact that the side chain of
this amino acid is in close proximity of the zinc ion and of Thr199,
one of the amino acid residues critical or catalysis involving a-
CAs.1–4,6c Thus, the steric impairment provoked by Phe198 and the
presence of Lys64, which is a poor proton shuttling moiety, make
CA III a weak catalyst for CO2 hydration.6c However, these two amino
acids were shown (at least for CA I and II)18,19,22,23 to be involved in
the binding of activators by means of X-ray crystallography, and thus
the different activation profiles of these three cytosolic isoforms by







Figure 1. Alignment of the amino acid sequence of human isoforms CA III and CA IV with that of isozymes CA I and II (CA I numbering system used). Thirty-six active site
residues previously defined as forming the active site26 are indicated by a mixture of asterisk, ‘plus’, and ‘z’ signs above the CA I sequence. The residues known to participate in
a network of hydrogen bonds and being involved in the binding of inhibitors/activators22–23,27 are indicated by ‘plus’ and ‘z’ above the sequence; the latter sign indicates the
three zinc-liganded histidine residues (His94, 96, and 119). Conserved amino acids in the three isoforms are indicated by a closed box.
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amino acids and amines may be strongly influenced by the different
amino acid residues present in these positions of the active site.


There are also several amino acid residues, which are character-
istic only to CA IV among the a-CA isozymes discussed here, and
they are the four cysteine residues in positions 7, 19, 24, and 203
(Fig. 1, CA I numbering system). Christianson’s group27 showed
that they form two S–S bridges, which greatly contribute to the
stabilization of the 3D-fold of this isozyme, making it also much
more resistant to denaturation by detergents as compared to other
a-CAs. It is also possible that they may contribute to the binding of
activators, although no X-ray crystal data for adducts of CA IV with
such modulators of activity are available for the moment. All these
particular amino acid residues different between the a-CAs inves-
tigated here may explain the particular activity and activation pro-
files of these isozymes.


In conclusion, we report here the first activation study of the hu-
man CA isoforms III (cytosolic) and IV (membrane-associated), with
a series of natural and non-natural amino acids as well as aromatic/
heterocyclic amines. hCA III was efficiently activated by D-His,
serotonin, pyridyl-alkylamines, and aminoethyl-piperazine/mor-
pholine (KAs of 91–1.12 lM), whereas the best hCA IV activators
were 4-amino-phenylalanine, serotonin, and 4-(2-aminoethyl)-
morpholine (KAs of 79–3.14 lM). Precise steric and electronic
requirements are needed to be present in the molecules of effective
CA III/IV activators, in order to assure an adequate fit within the en-
zyme active site for the formation of the enzyme-activator complex,
and for efficient proton transfer processes between the active site
and the reaction medium. The activation profile of CA III and IV is
distinct from that of all other mammalian CA isoforms investigated
so far for their interaction with amino acids and amines.
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The structure–activity relationship and the synthesis of novel N-benzyl-N-(pyrrolidin-3-yl)carboxamides
as dual serotonin (5-HT) and noradrenaline (NA) monoamine reuptake inhibitors are described. Com-
pounds such as 18 exhibited dual 5-HT and NA reuptake inhibition, good selectivity over dopamine
(DA) reuptake inhibition and drug-like physicochemical properties consistent with CNS target space.
Compound 18 was selected for further preclinical evaluation.


� 2008 Elsevier Ltd. All rights reserved.

Selective inhibition of serotonin (5-HT) and noradrenaline (NA)
reuptake constitutes an attractive dual pharmacology approach to
the treatment of a number of diseases. For example, venlafaxine 1
and duloxetine 2 have become established drugs for the treatment
of depression.1,2 Duloxetine has also shown clinical efficacy for the
treatment of diabetic neuropathic pain3 and stress urinary inconti-
nence (SUI).4


As part of our research efforts to identify new dual serotonin
and noradrenaline reuptake inhibitors (SNRI) as potential drug
candidates, we recently reported several new templates5–8 that
delivered potent selective dual serotonin/noradrenaline reuptake
inhibitors (SNRI), and notably a 3-amino-pyrrolidine template that
furnished compound 3 (Fig. 1). Unfortunately, when the metabolic
profile of compound 3 was investigated, we found that it was
mainly metabolized by the cytochrome P450 enzyme CYP2D6
through oxidation of the benzylic ring (Fig. 2).


As a consequence of the potential for drug–drug interactions
and the risk of overexposure in poor metabolizers,9 the progression
of compound 3 was halted. In order to block the CYP2D6 mediated
oxidation pathway, our initial strategy was to replace the 2,3-di-
Me benzylic substituents of compound 3 with 2,3-di-Cl (Fig. 3)

All rights reserved.


+44 1304 651987.
akenhut).

leading to compound 4. This strategy was successful and N-dealky-
lation was identified to be the major route of metabolism for com-
pound 4. However, the metabolizing enzyme had also swapped in
the process and this metabolic pathway was now mainly mediated
by CYP2D6 and not CYP3A4, as for compound 3, resulting in no
mitigation of the drug–drug interaction risk.


We therefore decided to try blocking the N-dealkylation path-
way and to do so we elected to replace the 4-tetrahydropyranyl
group with carboxamides (Fig. 4). The structure–activity relation-
ship of these amides 8–29 is reported in this letter.


Test compounds were conveniently prepared from commer-
cially available homochiral N-BOC 3-amino pyrrolidine 5 by the
general method described in Scheme 1. Standard reductive amina-
tion with the appropriate benzaldehydes followed by acylation of
the resulting amines 6 afforded amides 7. Finally HCl or TFA depro-
tection of the N-BOC amines provided required targets 8–29. It is
worth noting that this synthetic route was highly amenable to par-
allel synthesis and this greatly facilitated SAR exploration. Initial
investigations focused on the variation of the carboxamide group
(R1) with the benzylic substitution (R) maintained as 2,3-di-Cl
and 2,4-di-Cl (Table 1). A series of analogues 8–21 were prepared
with R1 alkyls of increasing size. Interestingly, both benzylic sub-
stitution patterns afforded good dual serotonin/noradrenaline
reuptake inhibition although 2,4-di-Cl analogues generally exhib-
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Figure 1. Structures of duloxetine, venlafaxine and recently disclosed SNRI 3.
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ited slightly weaker activity for the 5-HT transporter, as can be
seen when comparing compounds 19 and 12. From this analysis,
the isopropyl group emerged as our preferred R1 substituent and
compounds 11 and 18 gave potent SNRI activity, and excellent
selectivity against dopamine reuptake activity (DRI). Replacing
the alkyl groups with either a phenyl group (compound 17) or a
more polar branched 4-tetrahydropyranyl group (compound 21)
resulted in a drop in both SRI and NRI activities.

Having identified the isopropyl group as our preferred R1 sub-
stituent a broader set of R substituents with different substitution
patterns was investigated (compounds 22–28). This analysis affor-
ded additional compounds with excellent SNRI activity and good
selectivity against dopamine reuptake activity (compound 24).
Interestingly, it also demonstrated that, depending on the choice
of R substituents, the series could deliver selective inhibitors of
the noradrenaline transporter (NRI) as illustrated by compound
22 with a single 2-Ph substituent, or selective inhibitors of the
serotonin transporter (SRI), for example, compound 26 with a 2-
F, 4-CF3 substitution pattern. Finally, it is worth noting that both
aminopyrrolidine enantiomers possessed SNRI activity but that
the (S) enantiomer provided more balanced SNRI activities (com-
pounds 18 and 29).


Based on that observation, assuming that the remaining sub-
structures overlap, there are two distinct overlaps possible for
the pyrrolidine portion of the two enantiomers. In an overlap dri-
ven by H-bonding complementarity (Fig. 5), in this case, the pro-
jection of the N–H moieties to a common acceptor atom position,
the rings do not sterically overlap perfectly, but certainly should
be able to occupy the same pocket.


In an overlap driven by steric complementarity (Fig. 6), the two
nitrogen atoms do not superimpose, and it is assumed that the pre-
sumably acidic moiety of the transporter can flex to accommodate
these alternative positions.


From these experiments, compounds 11, 18 and 24 emerged as
preferred compounds, exhibiting a superior combination of dual
SNRI activity and good selectivity against dopamine reuptake
activity. The three compounds also exhibited attractive drug-like
physicochemical properties consistent with CNS target space11 as
illustrated in Table 2.


Additional screening in in vitro ADME assays (Table 3) demon-
strated that compounds 11, 18 and 24 all exhibited good metabolic
stability in human liver microsomes, therefore predicting low
in vivo clearance. To further rank them, the three analogues were
tested in a human hepatocyte assay and compound 18 was found
to be the more metabolically robust, therefore, predicting lowest
clearance. All three compounds were weak CYP2D6 inhibitors with
compound 24 being the most potent. This may be attributed to its
higher lipophilicity as it is well established that lipophilic com-
pounds tend to have an increased risk of off-target promiscuity.12


Compounds 11, 18 and 24 all exhibited good membrane perme-
ability in the CaCO-2 cell line,13 therefore, predicting good oral
absorption.


Compounds 11, 18 and 24 were tested for their ability to block
the hERG channel, as it is well established that compounds that
block this ion channel have the potential to cause QT prolongation
and cardiac arrhythmia in man.14 The three analogues were found
to be selective with compound 24 being the least selective proba-
bly also as a result of its higher lipophilicity.


Based on its promising profile, including notably exquisite met-
abolic stability and weak CYP2D6 inhibition, compound 18 was se-
lected to further evaluate the series.
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Table 1
In vitro inhibition of human monoamine reuptake,a,b and c logP for compounds 8–29


N


N
H


O


R


N


N
H


O


Cl


Cl
8-28 29


R1


Compound R R1 Stereochemistry 5-HT IC50 (nM) NA IC50 (nM) DA IC50 (nM) c logP


3 9 7 727
8 2,4-di-Cl Ethyl S 25 60 NTc 3.1
9 2,4-di-Cl Propyl S 72 31 NT 3.6
10 2,4-di-Cl Butyl S 33 70 NT 4.1
11 2,4-di-Cl Isopropyl S 13 28 >40,000 3.4
12 2,4-di-Cl Isobutyl S 93 31 NT 4
13 2,4-di-Cl Tertbutyl S 41 92 NT 3.7
14 2,4-di-Cl Neopentyl S 27 39 10,200 4.4
15 2,4-di-Cl Cyclopropyl S 38 25 NT 3.1
16 2,4-di-Cl Cyclobutyl S 41 64 NT 3.4
17 2,4-di-Cl Phenyl S 195 94 NT 4.2
18 2,3-di-Cl Isopropyl S 12 23 1270 3.3
19 2,3-di-Cl Isobutyl S 17 62 NT 3.9
20 2,3-di-Cl Tertbutyl S 26 >322 NT 3.8
21 2,3-di-Cl 4-Tetrahydropyranyl S 123 300 NT 2
22 2-Phenyl Isopropyl S >400 14 NT 3.5
23 2-Cl Isopropyl S 91 114 NT 2.7
24 2,3,4-tri-Cl Isopropyl S 5 16 5870 3.8
25 2,3,5-tri-Cl Isopropyl S 44 29 21,600 4
26 2-F, 4-CF3 Isopropyl S 24 >400 NT 2.9
27 2-Cl, 4-F Isopropyl S 161 98 NT 2.8
28 2-F,4-F Isopropyl S >400 >400 NT 2.2
29 2,3-di-Cl Isopropyl R 5 37 1120 3.3


a See Ref. 10 for complete details of assay conditions.
b Monoamine reuptake IC50 are geometric means of a minimum of two experiments. Differences of <2-fold should not be considered significant.
c NT denotes not tested.


Figure 5. Overlap of compounds 18 and 29 driven by H-bonding complementarity. Figure 6. Overlap of compounds 18 and 29 driven by steric complementarity.
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Table 2
Physicochemical properties of compounds 11, 18 and 24a


11 18 24


MW 315 315 348
c logP 3.4 3.3 3.8
LogD7.4 0.8 0.8 1.3
HBD/HBA count 1/3 1/3 1/3
pKa ND 9.4 ND
TPSA 32 32 32


a ND denotes not determined.


Table 3
ADME profiles and K+ channel affinities of compounds 11, 18 and 24a


11 18 24


HLM, t1/2 (min) >120 >120 >120
h.heps, Clint (ll/min/million cells) 4.8 2.7 8.8
CYP2D6 inhibition, IC50 (lM) 21.8 27.1 17.6
CaCO-2, AB/BA at 10 lM 16/24 19/28 15/18
K+, hERG binding IC50 (nM) 40,200 24,700 >6870b


a Maximum measurable half life (t1/2) was 120 min in human liver microsomes.
b Geometric mean of nine experiments, two of which >10,000 nM.


Table 4
Pharmacokinetics of compound 18 in doga


Blood parameter Dog (n = 2)


IV
Dose (mg/kg) 0.01
t1/2 (h) 5.7
Cls (ml/min/kg) 1.1
Vd (L/kg) 0.5


Oral
Dose (mg/kg) 0.013
t1/2 (h) 5.7
F (%) 91


a Dog liver microsomes t1/2 = 35 min.
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Compound 18 exhibited no significant inhibition of other
CYP450 enzymes (1A2, 2C9, 2C19, IC50s >30 lM; 3A4 IC50


17.9 lM). We were also pleased to find that it demonstrated
>200-fold selectivity for serotonin and noradrenaline-reuptake
inhibition when assessed against the CEREP/bioprintTM panel of
receptors, enzymes and ion channels.


When we investigated the metabolic profile of compound 18,
we were pleased to find that our strategy of blocking the route of
metabolism had been successful. Indeed, the compound was so
metabolically stable in in vitro microsomal preparations that no
measurable turnover was observed. Although this result was very
encouraging, it does not guarantee that compound 18 will not be
a CYP2D6 substrate in human and differences in exposures be-
tween poor and extensive metabolizers need to be monitored in
clinical studies.


Finally, pharmacokinetic data for compound 18 were generated
in the dog following intravenous and oral administration (Table 4).
Compound 18 exhibited an encouraging pharmacokinetic profile
with a combination of very low clearance, low volume of distribu-
tion, long half-life and very high bioavailability. Based on these
data, compound 18 was predicted to exhibit good pharmacokinet-
ics in humans.

To summarise, we have described the discovery of novel amides
derived from the 3-amino-pyrrolidine template we previously re-
ported6 as potent SNRIs. More specifically, compound 18 exhibited
good SNRI activity in combination with good selectivity against the
dopamine transporter and no significant off-target pharmacology.
Compound 18 also exhibited a very encouraging ADME profile
and pharmacokinetics potentially compatible for bid dosing.


As a result compound 18 was selected for further evaluation in
preclinical disease models. The results of these studies will be re-
ported in future publications.
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The theoretical possibility of bivalent binding of a dendrimer, covalently appended with multiple copies
of a small ligand, to a homodimer of a G protein-coupled receptor was investigated with a molecular
modeling approach. A molecular model was constructed of a third generation (G3) poly(amidoamine)
(PAMAM) dendrimer condensed with multiple copies of the potent A2A adenosine receptor agonist
CGS21680. The dendrimer was bound to an A2A adenosine receptor homodimer. Two units of the nucle-
oside CGS21680 could occupy the A2A receptor homodimer simultaneously. The binding mode of
CGS21680 moieties linked to the PAMAM dendrimer and docked to the A2A receptor was found to be sim-
ilar to the binding mode of a monomeric CGS21680 ligand.


Published by Elsevier Ltd.

G protein-coupled receptors (GPCRs) are transmembrane pro-
teins which comprise a large and diverse superfamily of proteins.
These receptors consist of seven transmembrane a-helices (TMs)
connected by three extracellular and three intracellular loops. Be-
sides the evidence that some GPCRs can function as monomeric
units,1 mounting evidence supports the critical functional role of
homo- and heterodimerization and oligomerization of GPCRs.2 It
was shown that homo- and heterodimerized GPCRs display differ-
ent pharmacological properties as compared with monomeric
receptors.3


It was proposed that GPCR dimers can be activated or inhibited
by bivalent ligands.4 In general, a bivalent ligand consists of two
pharmacophore units connected by a spacer.5 Theoretically, but
not necessarily, such bivalent ligands could occupy each of two
units of a GPCR dimer simultaneously. Numerous studies have ad-
dressed the design of bivalent ligands for GPCRs, and several exam-
ples of potent bivalent ligands were reported for various receptors,
including opioid, serotonin, muscarinic, and other receptors.6,7


Recently, we have demonstrated that GPCRs can be activated
not only by monomeric or bivalent ligands, but also by multivalent
ligands. We have reported that intracellular signal transduction
across the A2A adenosine receptor (AR) can be induced by the A2A


AR agonist 2-[4-(2-carboxylethyl)phenylethylamino]-50-N-ethyl-

Ltd.


: +1 301 480 8422.
son).

carboxamidoadenosine (CGS21680 1) coupled covalently to a PA-
MAM dendrimer.8 A2A AR agonists are known to display a potent
antiaggregatory effect in human platelet preparations. Our func-
tional assay clearly demonstrated a potent antiaggregatory effect
of the PAMAM-CGS21680 dendrimer in human platelets.


However, there is no experimental evidence that CGS21680
units coupled to the PAMAM dendrimer can occupy more than
one subunit of the A2A AR simultaneously. In the present study,
we utilize computational molecular modeling to investigate if the
bivalent binding of PAMAM-CGS21680 to an A2A AR dimer is theo-
retically allowed.


At the first stage, the molecular docking of CGS21680 1 to the
A2A AR monomer was performed automatically with the Glide XP
software.9 Our recently published molecular model of (E)-N-
ethyl-10-deoxy-10-[6-amino-2-(5-phenyl-1-penten-1-yl)-9H-pur-
in-9-yl]-b-D-ribofuranuronamide (2-phenylpentenyl-NECA) bound
to the A2A AR was utilized for the docking studies.10 The Protein
Preparation Wizard of the MacroModel software11 with its default
parameters was used to prepare the model of the A2A AR for the
Glide calculations. The center of the box for the molecular docking
of CGS21680 was placed in the center of 2-phenylpentenyl-NECA.
The length of 28.44 Å was used for all box sides. Since the binding
site of the initial A2A AR model was optimized to fit 2-phenylpen-
tenyl-NECA, which is structurally similar to CGS21680, no addi-
tional refinement of the receptor binding site was performed. Not
surprisingly, the binding mode of CGS21680 at the A2A AR was
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Figure 1. The molecules and conjugates used in molecular docking studies. The
entire chemical structure of 6 is provided in Supplementary data.
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found to be similar to the binding mode of 2-phenylpentenyl-NECA
and to other agonists of ARs.11–15 In particular, His278 (7.43) ap-
peared in proximity to the 20- and 30-hydroxyl groups of the ligand
(see Supplementary data). Amino acid residue numbers shown in
parentheses correspond to the Ballesteros–Weinstein numbering
system that relates its relative position on a particular helix.16


Thr88 (3.36) and Ser277 (7.42) were involved in H-bonding inter-
actions with the amido group of the N-ethylcarboxamido moiety.
The N6-amino group of CGS21680 formed an H-bond with
Asn253 (6.55). In addition, the carboxylic oxygen atom of the 2-
[4-(2-carboxylethyl)phenylethylamino] moiety of the ligand estab-
lished an H-bond with Asn145 (EL2), and the phenyl ring of that
moiety could be involved in p–p interactions with the aromatic
ring of Phe168 (EL2).


After molecular docking of CGS21680 to the A2A AR, a N-(2-ami-
noethyl)-3-(dimethylamino)propanamide chain was attached to
the carboxylic group of the ligand to build the ligand 2 (Fig. 1).
To take into account the hydrophobic nature of the methylene
groups of PAMAM, a 3-(dimethylamino)propanamide fragment
was used instead of a 3-(amino)propanamide moiety. A Monte Car-
lo Multiple Minimum conformational search analysis (MCMM) was
utilized to obtain the most favorable conformation and orientation
of the ligand inside the A2A AR. The ligand and all residues located
within 5 Å around the ligand were subjected to MCMM calcula-
tions with a shell of constrained residues located within an addi-
tional 2 Å. The following parameters were used: MMFFs force
field, water as an implicit solvent, maximum of 500 iterations of
the Polak-Ribier conjugate gradient (PRCG) minimization method
with a convergence threshold of 0.05 kJ mol�1 Å�1, number of con-
formational search steps = 100, energy window for saving struc-
tures = 100 kJ mol�1. The results of MCMM calculations indicated
that the long chain at the position 2 of the adenine ring of the li-
gand is oriented toward the extracellular part of the receptor. In
particular, in the model obtained the N-(2-aminoethyl)-3-(dimeth-
ylamino)propanamide moiety was located between the extracellu-
lar parts of TM4 and TM5 of the A2A AR. Moreover, the terminal
amino group of this chain was found outside the receptor.


The model of the A2A AR with the docked ligand 2 was used to
build a model of the A2A AR homodimer, for which physical evi-
dence was reported.2b With this aim, our recently published model
of the A3 AR homodimer was utilized as a template.17


The A2A AR monomer with the ligand docked inside was dupli-
cated and superimposed with each subunit of the A3 AR dimer
using the Protein Structure Alignment tool implemented in the
MacroModel software. Then, the geometry of the A2A AR side
chains was optimized by energy minimization in the MMFFs force
field. The PRCG minimization method was used. The resulting
model of the A2A AR dimer is shown in Figure 2.


The initial model of the A2A AR was built based on the X-ray
structure of rhodopsin, and as in rhodopsin, EL2 of the A2A AR cov-
ers the binding site to prevent exit of a ligand from the receptor.
However, as shown in Figure 2, the N-(2-aminoethyl)-3-(dimethyl-
amino)propanamide chain of 2 was located under EL2 and oriented
toward the upper parts of TM4 and TM5 in the model. Such an ori-
entation of the ligand 2 allows its N-(2-aminoethyl)-3-(dimethyl-
amino)propanamide moiety to be outside the receptor without
significant changes in the structure of EL2.


As shown in Figure 2, the terminal amino groups of the ligand 2
located inside the receptor subunits were oriented toward each
other. However, the distance between the nitrogen atoms of the
amino groups was found to be 11.2 Å. Thus, it is unlikely that the
A2A AR dimer subunits can be occupied by CGS21680 units, if they
are closest neighbors on one branch of the PAMAM dendrimer. For
this reason, the second 3-(dimethylamino)-N-ethylpropanamide
chain was attached to the terminal nitrogen atoms of the ligands
2 docked to each dimer subunit providing ligand 3. The length

and flexibility of the poly(amidoamine) chains connected to
CGS21680 allowed us to manually adjust the conformation of these
chains to superimpose their terminal nitrogen atoms. Then, the
terminal nitrogen atom of one ligand was deleted and a remaining
terminal ethylene group of this ligand was connected to the termi-
nal nitrogen atom of the second ligand. This resulted in compound
4 bound to the A2A AR dimer. To refine the geometry of the model,
the obtained bivalent ligand bound to the A2A AR dimer was sub-
jected to MCMM calculations with the same parameters as de-
scribed above. Then, two additional CGS21680 moieties with







Figure 2. The molecular model of the A2A AR homodimer with the compound 2
inside.
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amidoamine chains attached, and an additional 3-(dimethyl-
amino)-N-ethylpropanamide fragment were connected to ligand
4 resulting in compound 5 (Fig. 1). The geometry of the model
was optimized by energy minimization (Fig. 3).


In parallel to the molecular modeling of the A2A AR dimer, a
model of the PAMAM G3 dendrimer was constructed. With this
aim, the 3-dimensional structure of the PAMAM generation 0
(G0) was sketched with the MacroModel software and subjected
to MCMM calculations. The number of the conformational search
steps was set to 500, and the energy window for saving structures

Figure 3. The ligand 5 docked to the A2A AR homodimer.

of 500 kJ mol�1 was used. The resulting model of the G0 dendrimer
was used as a starting structure to build a model of the entire PA-
MAM G3 dendrimer. The PAMAM generations G1, G2, and G3 were
obtained by manual attachment of corresponding amidoamine
chains to the previous generation followed by optimization of
the geometry with MCMM calculations.


The compactness of a polymer structure can be characterized by
the value of its radius of gyration. The radius of gyration is calcu-
lated as


Rg ¼


P
i
krik2mi


P
i


mi


0
B@


1
CA


1
2


where mi is the mass of atom i and ri is the position of atom i with
respect to the center of mass of the molecule. The value of Rg of the
PAMAM G3 molecular model obtained after MCMM calculations
was calculated with the GROMACS software18 and was found to
be 1.64 nm. The calculated value of Rg is in good agreement with
the experimental value of Rg = 1.58 nm measured with the small-
angle X-ray scattering (SAXS) method.19 In order to quantitatively
characterize the overall shape of the PAMAM G3 dendrimer the ra-
tio of the principal moments of inertia (Iz/Ix and Iz/Iy) were calcu-
lated. Ix, Iy, and Iz represent the eigenvalues of the radius of
gyration tensor S, and Ix 6 Iy 6 Iz.20 The obtained values of Iz/
Iy = 1.5 and Iz/Iy = 1.1 suggested that the model of PAMAM dendri-
mer has a compact spherical structure. In addition, the value of rel-
ative shape anisotropy was calculated as k2 ¼ 1� 3I2=I2


1, where
I1 = Ix + Iy + Iz is the first invariant of S, and I2 = IxIy + IyIz + IxIz is the
second invariant of S. For a linear array of skeletal atoms k2 = 1,
and for structures of high 3-dimensional symmetry k2 = 0. The value
of k2 calculated for the PAMAM G3 molecular model was found to
be k2 = 0.012 also indicating compact spherical structure of the
dendrimer.


Since the model of PAMAM dendrimer obtained after MCMM
calculations demonstrated a reasonable size and shape it was used
for the conjugation with CGS21680 units. Multiple copies of

Figure 4. Molecular model of PAMAM-CGS21680 dendrimer obtained after MCMM
calculations. The carbon atoms of PAMAM are colored in green, and carbon atoms of
CGS21680 units are colored in yellow. Also, the molecular surface of the dendrimer
is shown.







Figure 5. The final model of PAMAM-CGS21680 with the fluorophore, 6 bound to
the A2A AR homodimer. The carbon atoms of PAMAM and CGS21680 units are
colored in green, carbon atoms of fluorophore are colored in cyan. The distances
between the ribose ring oxygens (34.96 Å) and between Ca atoms of the N-terminal
Met residue of each A2A subunit (66.86 Å) were measured. The overall height of the
complex of the receptor dimer with the dendrimer bound is about 110 Å.
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CGS21680 moieties were connected to the terminal amino groups
of the PAMAM model to build a model of the fully substituted PA-
MAM-CGS21680. To avoid the overlapping of the CGS21680 units
with the amidoamine chains of the dendrimer the initial orienta-
tion of CGS21680 moieties was manually adjusted. Then, the mod-
el was optimized by a MCMM conformational search analysis
(Fig. 4).


In order to combine the models of the A2A AR dimer and PA-
MAM-CGS21680 dendrimer, the following procedure was per-
formed. A dendron fragment of dendrimer 6, corresponding to
ligand 5 excluding the terminal dimethylamino group was re-
moved from 6. In turn, the terminal dimethylamino group was re-
moved from ligand 5 in its docked conformation at the A2A AR
homodimer. Then, the above-mentioned truncated dendrimer con-
jugate was connected to the remaining terminal ethylene group of
ligand 5, to complete the structure of 6 docked in the receptor. In
the model obtained, several chains of PAMAM-CGS21680 over-
lapped with the A2A AR structure. The conformation of those chains
was manually adjusted, and the model was subjected to the energy
minimization. Then, a randomly selected CGS21680 unit was re-
placed by the fluorophore (Alexa Fluor 488) molecule providing
dendrimer 6. The model geometry was refined by energy minimi-
zation followed by 100 ps of molecular dynamics (MD) simulation.
The MD simulation was performed with the MacroModel software.
The following parameters of the MD simulation were used: force
field MMFFs, water as an implicit solvent, a maximum of 500 iter-
ations of the Polak-Ribier conjugate gradient (PRCG) minimization
method with a convergence threshold of 0.05 kJ mol�1 Å�1, SHAKE
constraints for all bonds to hydrogen atoms, simulation tempera-
ture of 300.0 K, time step of 1.0 fs, equilibration time of 1.0 ps, sim-
ulation time of 100.0 ps. The final molecular model of the PAMAM-
CGS21680 bound to the A2A AR dimer is shown in Figure 5.


After the MD simulation, the analysis of the binding mode of
CGS21680 units located inside the A2A AR dimer was performed.
The binding mode of each subunit was found to be similar as

compared with the initial model of CGS21680 docked to the
A2A AR and remained in agreement with the data of site-directed
mutagenesis.21 These results confirmed the principal possibility
for the A2A AR homodimer subunits to be occupied at the same
time by two CGS21680 units conjugated with the PAMAM G3
dimer.


To summarize, the first molecular model of the A2A AR homodi-
mer has been proposed and utilized for the molecular docking of a
potent agonist of the A2A AR, i.e., CGS21680. Molecular models of
pure PAMAM G3 dendrimer and PAMAM-CGS21680 have been
constructed. The overall shape and size of the PAMAM G3 model
was found in good agreement with available experimental data.
Molecular model of PAMAM–CGS21680 bound to the A2A AR dimer
was proposed for the first time. It was shown that both subunits of
the A2A AR dimer can be occupied simultaneously by CGS21680
moieties of the PAMAM-CGS21680 dendrimer. We believe that
these results can be useful for further investigation of interactions
between GPCRs and dendrimer macromolecules and for the ra-
tional design of novel multivalent ligands for ARs and other GPCR
homo- and heterodimers.
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4-(1,3-Thiazol-2-yl)morpholine derivatives have been identified as potent and selective inhibitors of
phosphoinositide 3-kinase. The SAR data of selected examples are presented and the in vivo profiling
of compound 18 is shown to demonstrate the utility of this class of compounds in xenograft models of
tumor growth.
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The phosphoinositide 3-kinase (PI3K) family consists of eight
catalytic proteins, divided into three subclasses, Class I, Class II,
and Class III.1 The Class I subclass is further divided into Class Ia
(a, b, and d isoforms) and Class Ib (c isoform). They are activated
by growth factor receptor activation (Class 1a) or GPCRs (Class
1b) and then catalyze the phosphorylation of phosphatidylinosi-
tol-4,5-bisphosphonate (PIP2) to phosphatidylinositol-3,4,5-trip-
hosphonate (PIP3) which acts as a second messenger. The PI3K
pathway is implicated in a variety of physiological functions that
are known to be involved in the pathology of cancer, metabolic,
inflammatory,2 and cardiovascular diseases.3 Aberrant upregula-
tion of the PI3K pathway is implicated in a wide variety of human
cancers.4 In particular, mutations in the PI3Ka gene, which confer
oncogenicity and lead to constitutive kinase activity, have been
identified in many cancers. The PTEN tumor suppressor gene is a
phosphoinositide 3-phosphatase that converts PIP3 into PIP2 and,
therefore, downregulates pathways that are PIP3 dependent; dele-
tion of this enzyme leads to activation of the PI3K pathway and
oncogenicity.5 We report in this Letter our initial efforts to identify

All rights reserved.


fax: +44 (0)1753 536632.
. Alexander).

novel inhibitors of PI3K Class I that demonstrate activity against
cancer cell lines.


A Catalyst hybrid shape/feature pharmacophore was generated
using WebLab Viewer Pro, Version 4.2 (Accelrys Software Inc., San
Diego, CA), based on a published X-ray crystal structure of
LY2940026 bound to PI3Kc (PDB ID: 1E7V).7 The pharmacophore
comprised a ligand shape query feature, combined with two
hydrogen bond acceptor features; the latter aligned to the ligand
lone pair vectors that best corresponded to the direction of the
respective protein acceptor hydrogen atoms, the amide NH of
Val882 and the NH of the side chain of Lys833. Location spheres
of 1.5 Å radius were added to constrain both the hydrogen bond
acceptor and donor locations (Fig. 1). The pharmacophore was used
to search commercial drug-like compound databases using Cata-
lyst, Version 4.6 (Accelrys Software Inc., San Diego, CA.). A number
of virtual ‘hits’ were obtained, which were validated in a biochem-
ical screen.8 Compound 1 was identified as a compound of interest
due to its good ligand efficiency9 of 0.42 kcal mol�1 against PI3Kc
and synthetic tractability (Fig. 2). Compound 1 showed comparable
activity against PI3K isoforms (Table 1) compared with LY294002
(IC50 = 975, 1713, 1025, and 10050 nM for a, b, d, and c, respec-
tively) and was inactive against a panel of kinases that included
AKT (data not shown).
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Figure 1. Catalyst pharmacophore generated with WebLab Viewer Pro, Version 4.2
(Accelrys Software Inc., San Diego, CA), showing ligand shape descriptor (grey
shape) and two hydrogen bond acceptor features described in the text (green
vectors and spheres). The ‘hit’ molecule 1 is shown in the alignment ‘found’ by
Catalyst.
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Figure 2. LY294002 and screening hit, compound 1.
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Scheme 1. Reagents and conditions: (a) Br2, AcOH, rt, 3 98%, 3a 99%, 3b 99%, 3c
100%, 3d 100%, 3e 29%, 3f 99%; (b) 4-morpholine carbothioamide, i-Pr2NEt, THF,
reflux, 4a 19%, 4b 20%, 4c 60%, 4d 28%, 4e 7%, 4f 34%; (c) H2NCSNH2, i-Pr2NEt, THF,
reflux, 73%; (d) CuBr2, t-BuONO, MeCN, 25 �C, 74%; (e) nucleophile, i-Pr2NEt, i-PrOH,
reflux, 7a 82%, 7b 76%; (f) 4-PyB(OH)2, Pd(Ph3P)4, 1,4-dioxane, Na2CO3, reflux, 33%.
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Analogues of compound 1 were synthesized by the methods8


outlined in Scheme 1 to elucidate the basic SAR, shown in Table
1. Bromination of the readily available cyclic 1,3-diketones 2–2f
gave the bromide 3–3f in good to poor yields as a single regioisom-
er. Compounds 3a–3f were reacted with 4-morpholine carbothioa-
mide to give compounds 4a–4f in yields ranging from 7% to 60%.
Reaction of compound 3 with thiourea yielded compound 5 in
73% yield. Compound 5 was converted via diazotization to the bro-
mide, compound 6 in 74% yield. This could be elaborated by either
nucleophilic displacement of the bromide to give compounds 7a
(82% yield) and 7b (76% yield) or by palladium mediated coupling
to yield compound 8 in 33% yield.


As shown in Table 1, the dimethyl substitution was optimal. Re-
moval of the methyl groups led to a loss in activity (compound 4d).
Replacing the methyl group in compound 4a with a propyl, com-

Table 1
Exploratory SAR of initial hit: activity against PI3K isoforms8


O


R1


R2


Compound R1, R2 R3 a


1 Me,Me 4-Morpholine
4a Me,H 4-Morpholine
4b n-Pr,H 4-Morpholine
4c Ph,H 4-Morpholine
4d H,H 4-Morpholine
4e –(CH2)4– 4-Morpholine
4f –(CH2)5– 4-Morpholine
7a Me,Me 1-Piperidine >
7b Me,Me NH(CH2)2OMe >
8 Me,Me 4-Pyridine


Values are means of two experiments. IC50 is quoted in nM. Compounds 4a, 4b, and 4c

pound 4b, or phenyl group, compound 4c, also led to a decrease
in potency, suggesting a steric limitation. Spiro compounds 4e
and 4f were tolerated, but offered no advantage. Replacement of
the morpholine by piperidine, compound 7a, led to a complete loss
of activity, suggesting that the oxygen is making a key hydrogen

N


S
R3


b d c


1333 693 701 3453
2494 4200 5973 16,700
8393 11,460 26,240 19,790


23,800 14,020 31,710 >40,000
8063 3581 3887 16,670
2429 1279 1482 16,060
1900 1609 1176 6259


40,000 >40,000 >40,000 >40,000
40,000 >40,000 >40,000 >40,000
20,280 4163 19,040 35,730


are racemic.
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Scheme 2. Reagents and conditions: (a) BH3�Me2S, THF, reflux, 10e 89%, 10f 89%,
10g 92%, 10h 92%, 10i 21%, 10j 89%; (b) chloroacetyl chloride, Et3N, THF, 25 �C, 11a
99%, 11b 98%, 11c 100%, 11d 86%, 11e 92%, 11f 72%, 11g 90%, 11h 84%, 11i 55%, 11j
91%; (c) NaH, THF, 25 �C, 12a 62%, 12b 72%, 12c 53%, 12d 69%, 12e 44%, 12f 53%, 12g
82%, 12h 70%, 12i 63%, 12j 61%; (d) LiAlH4, THF, 25 �C, 13a 22%, 13b 54%, 13c 13%,
13d 81%, 13e 64%, 13f 74%, 13g 89%, 13h 67%, 13i 8%, 13j 84%; (e) 6, i-Pr2NEt, i-
PrOH, reflux, 14a 5%, 14b 12%, 14c 27%, 14d 84%, 14e 76%, 14f 83%, 14g 47%, 14h
88%, 14i, 24%, 14j 81%.


Figure 3. Docking of compound 14h in the ATP site of PI3Kc from 1E7V7 using
GOLD Version 3.2 (CCDC, Cambridge, UK).
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bond with the hinge region of the kinase, analogous to that made
by LY294002 in PI3Kc.7 This interaction was one of the hydrogen
bond acceptor features included in our pharmacophore. None of
the modifications of compound 1 led to an isoform selective inhib-
itor, except replacement of the morpholine by 4-pyridyl, com-
pound 8, which led to a degree of PI3Kb selectivity.


Molecular modeling suggested that it might be possible to in-
crease potency through hydrophobic interactions with the residues
on the edge of the ATP binding site. We sought to access these
interactions by substituents at the 3 position of the morpholine
ring. A range of 3-substituted morpholines were synthesized from
either the amino acids, 9e–j, or amino alcohols, 10a–d, as outlined
in Scheme 2. Amino acids 9e–j were reduced to the amino alcohols
10e–j. Amino alcohols 10a–j were reacted with chloroacetyl chlo-
ride to give the amides 11a–j. Cyclization under basic conditions
gave the morpholinone 12a–j. Reduction yielded the substituted
morpholines 13a–j. These were reacted with compound 6 to give
compounds 14a–j.

Table 2
SAR of morpholine substituents: activity against PI3K isoforms8


O


N


S


Compound R Chirality


1 H
14a Ph R
14b Ph S
14c PhCH2 R
14d PhCH2 S
14e CH2(1-napthyl) R,S
14f CH2(2-napthyl) R,S
14g CH2(3-indolyl) R
14h CH2(3-indolyl) S
14i CH2(3-(7-azaindolyl)) R,S
14j CH2(3-benzothienyl) S


Values are means of two experiments. IC50 is quoted in nM.

The SAR of substitution on the morpholine ring is shown in Ta-
ble 2.


Substitution of the morpholine ring with a phenyl group led to a
loss in activity, compounds 14a and 14b. Introduction of a methy-

N O


R


a b d c


1333 693 701 3453
>50,000 >50,000 >50,000 >50,000
>50,000 >50,000 >50,000 >50,000


20,060 >50,000 >50,000 >50,000
833 20,730 2124 2076
229 6943 126 386


3492 >50,000 1392 1674
2555 >50,000 2525 3506


51 1157 35 49
107 481 74 63
125 2545 60 223







Table 3
Potency in selected cell lines


Compound pAKTS473 (PC3) Proliferation (PC3) pAKTS473 (MCF7) Proliferation (MCF7) Proliferation (U87-MG)


1 2939 5473 NT IA 11,070
14h 1555 2840 NT 1255 787
18 1412 2066 199 862 3501


Values are means of two experiments. IC50 is quoted in nM. NT, not tested; IA, inactive.
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Figure 4. Time-dependent reduction of pAKT in U87-MG human glioma tumors
after treatment with compound 18. U87-MG tumor bearing mice were treated with
vehicle (0 h), or 200 mg/kg compound 18 po. pAKT was measured by immunoassay
in tumor homogenates at 1, 3, and 6 h post-treatment (bars). Drug plasma
concentration was measured by LC–MS/MS (line). ***p < 0.001%, **p < 0.01%,
*p < 0.05% versus control, one-way ANOVA followed by Bonferroni post test.


0 2 4 6 8 10 12 14 16
0


100


200


300


400


500


600


***
**


Day from start of treatment


M
e


a
n


 t
u


m
o


u
r 


v
o


lu
m


e
 


(%
 o


f 
d


a
y


 0
)


Figure 5. In vivo efficacy of compound 18 in U87-MG xenografts. U87-MG tumor
bearing mice were treated with compound 18 po, twice per day for 14 days, at
either 100 mg/kg (open triangles) or 200 mg/kg (closed triangles). The anti-tumor
activity measured as optimum T/C % (mean volume of treated group divided by the
mean volume of vehicle treated control group (closed squares), multiplied by 100)
was 31% and 25% on day 15, respectively. **p < 0.01% versus control, ***p < 0.001%
versus control, two-way ANOVA followed by Bonferroni post test.
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lene unit between the morpholine and the phenyl group lead to a
differentiation in the activity of the enantiomers, the R, compound
14c, being inactive and the S, compound 14d, active. Replacing the
phenyl by napthyl showed a marked preference for the 1-substi-
tuted napthyl, compound 14e, over the 2-substituted, compound
14f. The 1-napthyl could be replaced by a 3-benzothienyl, 3-indo-
lyl or 3-(7-azaindolyl), compounds 14j, 14h, and 14i, respectively.
There was a clear preference for the S enantiomer as shown by
comparison of compounds 14h and 14g and supported by com-
pounds 14d and 14c. Introduction of the morpholine substituent
gives a degree of selectivity for PI3Ka, d, and c over b. The in-
creased potency of compound 14h can be explained by Figure 3,
which shows a docking of compound 14h into the ATP binding site
of PI3Kc.7 NMR data10 suggest that the 3-substituent of the mor-
pholine adopts an axial conformation. The lone pair of the morpho-
line oxygen of the ligand forms a hydrogen bond to the backbone
NH of Val882. The indolyl substituent of the ligand projects toward
solvent, closely fitting a space between a hydrophobic surface lar-
gely formed by the aliphatic side chain of Met953 below, and an
edge-face p–p stacking interaction with the indolyl side chain of
Trp812 above.


Having identified the 3-indolyl methyl group as a substituent of
interest, we sought to combine this with modification of the core
scaffold. Reaction of 2 with hydroxylamine hydrochloride in pyri-
dine followed by treatment with catalytic p-toluene sulfonic acid
in pyridine gave the lactam 15 in 65% yield, which was converted
to the bromide 16 with NBS in 81% yield. Morpholine 13h was syn-
thesized as shown in Scheme 2 from S-tryptophan and then con-
verted to the thiourea 17 which was reacted with bromide 16 to
give compound 18 in 96% yield (Scheme 3).


The lactam 1811 showed similar potency to the ketone 14h
against the PI3K isoforms (IC50 = 59, 1006, 18, and 31 nM for a, b,
d, and c, respectively).


Activation of the PI3K pathway leads to phosphorylation of
Thr308 and Ser473 of AKT and subsequently a number of down-
stream substrates, including IKK, BAD, GSK, Forkhead, and Cas-
pase-9. This activation triggers a range of responses in cell
metabolism, cell death, cell cycle progression and cell differentia-
tion. Hence, inhibiting PI3K should block phosphorylation of AKT
and inhibit cell proliferation. Compounds 1, 14h, and 18 were pro-
filed against PTEN negative PC3 prostrate tumor and U87-MG glio-
blastoma cell lines and MCF7 breast cancer cells, a mutated PI3Ka
cell line, results shown in Table 3.


Compounds 14h and 18 demonstrated the ability to inhibit the
phosphorylation of AKT and inhibit proliferation via the PI3K path-
way in PTEN negative and PI3Ka mutant cell lines and were shown
to be inactive against a panel of kinases that included AKT (data
not shown). Compound 1 showed comparable activity to com-
pounds 14h and 18 in inhibiting the phosphorylation of AKT in
PTEN negative cell lines. Compound 1 has similar potency to com-
pounds 14h and 18 against PI3Kb but is over twenty fold less active
against PI3Ka, d, and c, suggesting a role for PI3Kb in PTEN nega-
tive cell lines. However, compound 1 was inactive against the
MCF7 cell line which has a PI3Ka mutation reflecting the decreased
activity against PI3Ka, d, and c.


Compound 18 was selected over compound 14h for in vivo
pharmacokinetic profiling based on its superior solubility (com-

pound 18 642 lM compared to compound 14h 201 lM, pH 7.4)
and its lower in vitro intrinsic clearance (compound 18 24 lL/
min/mg compared to compound 14h 35 lL/min/mg, male rat
hepatocytes). The in vivo pharmacokinetics of compound 18 were
assessed in female nude mice following single po administration at
30 mg/kg. Compound 18 had a Cmax of 1455 ng/mL at 1 h post dose
and an AUClast of 2667 ng h/mL. Exposure increased at higher po
doses and was deemed sufficient to progress compound 18 into
xenograft studies.


The in vivo efficacy of compound 18 was assessed in nude mice
bearing U87-MG tumors grown subcutaneously. Ex vivo analysis of
tumor tissue after a single dose of 200 mg/kg po of compound 18
showed an inhibition of pAKT levels that was dependent on drug
concentration, Figure 4. A 65% decrease in pAKT was observed at
1 h, and was partially sustained to 6 h (32% decrease compared
to vehicle). Total AKT was also measured but stayed constant.
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U87-MG tumor bearing mice were treated with compound 18
orally, twice per day for 14 days, achieving a T/C value of 31% on
day 15 when dosed at 100 mg/kg po and a T/C of 25% on day 15
when dosed at 200 mg/kg po, Figure 5. There was no associated
weight loss.


In conclusion a new series of PI3K inhibitors has been devel-
oped. These compounds show that inhibition of PI3K leads to
blocking of phosphorylation of AKT and subsequent inhibition of
proliferation in vitro. This effect is also demonstrated in vivo
against cell lines in which the PI3K pathway is upregulated due
to PTEN deletion, leading to reduced tumor growth in U87-MG
xenograft models. Progress on improving in vivo efficacy of this
promising series will be reported in due course.
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New N-acyl homoserine lactone analogues, N-acyl-3-amino-5H-furanone derivatives and some 4-halo-
geno counterparts, were synthesised and tested for their ability to modulate LuxR-dependent bacterial
quorum sensing. Both types of analogues proved to be inhibitors, the halogenated compounds being sig-
nificantly more active. Molecular modelling suggested that the conjugated enamide group induces two
preferential conformations leading to specific binding modes. In addition, the presence of the halogen
atom could enhance the fitting of the lactone ring through specific interactions with strictly conserved
or conservatively replaceable residues in the LuxR protein family, namely Asp79, Trp94 and Ile81.


� 2008 Elsevier Ltd. All rights reserved.

Bacteria are able to communicate through small diffusible mol-
ecules called autoinducers. The concentration of these chemical
messengers in a specific environment reflects the bacterial density
and, when a critical concentration is reached, bacteria change their
biological activities. This cell to cell communication system, named
‘quorum sensing’, allows bacteria to coordinate their behaviour for
a specific activity, such as biofilm formation or virulence,1–4 ren-
dering it an attractive target for the conception of new antibacte-
rial agents.5–12 In Gram-negative bacteria, the quorum sensing is
orchestrated by N-acyl-L-homoserine lactones (AHLs) acting as
autoinducers, AHL synthase, an AHL-dependent transcriptional
regulator and specific genes encoding different phenotypes.13 Pre-
viously we have reported the antagonist activity and molecular
modelling studies of AHL analogues with structural modifications
on the acyl moiety, either with a terminal aromatic group14 or
resulting from the replacement of the amide function by sulfon-
amide or urea functions.15–18 We present here the synthesis, the
biological evaluation and the binding mode study of new AHL ana-
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logues, namely 3-amino-5H-furanone derivatives 5–7 and some 4-
halogenated counterparts 8–10 (Scheme 1). Compounds 5–7 were
designed to evaluate the modulation of the antagonist activity in-
duced by conformational and H-bonding modifications resulting
from the replacement of the amide by an enamide function. Be-
cause of their analogy with natural brominated furanones, known
to be quorum sensing inhibitors which display antimicrobial activ-
ities,19–21 the halogenated analogues 8–10 were also prepared.


The 3-amino-5H-furanone derivatives 5–10 were obtained from
known22 3-amino-5H-furan-2-one (2) prepared by reacting so-
dium azide with a-bromo-c-butyrolactone (1) in dimethylform-
amide (Scheme 1).23 This compound 2 was further halogenated
with N-bromo or N-chloro-succinimide to afford known24 3-ami-
no-4-bromo-5H-furan-2-one (3) and 3-amino-4-chloro-5H-furan-
2-one (4), respectively. The furanones 2–4 were then acylated with
acyl chlorides under standard conditions to furnish the compounds
5 and 7–10. Compound 6 was prepared by acylation of Meldrum’s
acid with butyryl chloride and then by further reaction with 2. Pure
6 was obtained in low yield because crude product was a mixture
of 6 and of N-butanoyl-3-amino-5H-furan-2-one, arising from
reaction between 2 and butyryl chloride, two compounds that
proved to be difficult to separate by column chromatography.
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Scheme 1. Synthesis of 3-amino-5H-furanone derivatives 5–10. Reagents and conditions: (i) NaN3, Et3N, DMF, 80 �C, 5 h, 60%; (ii) N-bromosuccinimide or N-
chlorosuccinimide, CH2Cl2, 50 �C, 2 h, 82% (3), 66% (4); (iii) RCOCl, diisopropylethylamine or triethylamine, THF, 0 �C then rt, 5–18 h, 95% (5), 95% (7), 85% (8), 70% (9), 69%
(10); Meldrum’s acid, butyryl chloride, pyridine, CH2Cl2, 0 �C then rt, 2 h, 2, dichloroethane, 80 �C, 24 h, 12% (6).
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Compounds 5–10 were evaluated for their ability to inhibit the
induction of luminescence obtained with 3-oxo-hexanoylhomoser-
ine lactone (OHHL), the natural ligand of LuxR in the V. fischeri QS
system (Table 1).16 The structurally closest analogues 5 and 6 of
OHHL displayed an IC50 of 85 and 55 lM, respectively, whereas
compound 7, bearing a phenyl group on the terminal alkyl chain,
was found to be inactive, in contrast with previous results obtained
with phenyl-substituted OHHL analogues.6,14,25 Interestingly, the
brominated analogues in position 4, 8 and 9, exerted a stronger
inhibitory activity compared with their hydrogenated counter-
parts, which are either inactive (7) or about 10 times less active
(5). In order to confirm the effect of the halogen atom on antago-
nist activity, we prepared the chlorinated enamide 10. This com-
pound proved to be as active as 8 with about the same IC50 value
of 6.9 lM.


A molecular modelling study was performed to understand the
structure–activity relationship observed. Amino acid sequence
alignments revealed a high homology between the two proteins,
LuxR and TraR, especially for the strictly conserved residues lo-
cated in the ligand binding site (Tyr62, Trp66, Tyr70, Asp72,
Trp94, Ala113 and Gly121 for LuxR). A LuxR homology model
was developed17 based on a TraR structure (PDB code: 1L3L).26


To perform docking experiments with 3-amino-5H-furanone deriv-
atives, we defined the ligand binding site as a docking box with the
natural ligand 3-oxohexanoylhomoserine lactone (OHHL). The
docking result (Fig. 1A) showed a very similar binding mode of
OHHL as compared to the binding mode of OOHL co-crystallised
in the active site of TraR, with the same hydrogen bond network
and only slight differences in terms of inter-atomic distances
(Fig. 1B).26

Table 1
Inhibition of bioluminescence obtained with compounds 5–10


Compound R X IC50
a,b (lM)


5 –(CH2)4-CH3 H 85 (±2)
6 –CH2-CO-(CH2)2-CH3 H 55 (±2)
7 –(CH2)3-Ph H nac


8 –(CH2)4-CH3 Br 6.5 (±0.1)
9 –(CH2)3-Ph Br 84 (±1)
10 –(CH2)4-CH3 Cl 6.9 (±0.4)


a Concentration (lM) required to reduce to 50% intensity (IC50) the biolumines-
cence induced by 200 nM of 3-oxo-hexanoylhomoserine lactone.


b Values are the means of three experiments; standard deviation is given in
brackets.


c Not active at concentrations up to 100 lM.


Figure 1. (A) Docking result of OHHL in the ligand binding site of LuxR; (B)
schematic overview displaying the hydrogen bond network with distances; strictly
conserved residues and conservatively replaceable residues are coloured, respec-
tively, in red and in blue.

Docking experiments were then conducted on compounds 5
and 8. The binding modes I and II were obtained as a result of
the flexible docking experiments with these compounds (Fig. 2).







Figure 2. (A and B) Binding modes obtained as a result of flexible docking experiments with compounds 5 and 8 in the LuxR binding site; (C and D) magnified view displaying
hydrogen bonds with distances for binding mode I; (E and F) magnified view displaying hydrogen bonds with distances for binding mode II.
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The binding mode I for compounds 5 and 8, coloured, respectively,
in blue and in magenta, involved the same hydrogen bond network
as the natural ligand with residues Asp79, Tyr62 and Trp66 (Fig. 2C
and D and see Fig. 1). The binding mode II for compounds 5 and 8,
coloured, respectively, in green and in cyan, is different since the
amide carbonyl group is involved in a hydrogen bond with
Trp66, with distances of 3.0 Å (5) and 2.8 Å (8) (Fig. 2E and F). In-
deed, the enamide function induces a conformational change as
compared to the saturated lactone involving two different binding
modes I and II which could be a plausible explanation for the
antagonist activity observed.


The comparison of binding modes between compounds 5 and 8
showed a different orientation of the lactone moiety for compound
8 due to specific hydrophobic and electrostatic interactions27 of the
bromine atom with residues strictly conserved or conservatively
replaceable in the LuxR protein family (Fig. 1), Ile81 and Trp94
(binding mode I) or with Asp79 and Ile81 (binding mode II). These
specific interactions provide a plausible explanation for the in-
creased antagonist activity of halogenated N-acyl-3-amino-5H-
furanones derivatives 8–10.


In summary, new inhibitors of LuxR-regulated QS derived from
N-acyl-3-amino-5H-furanone and N-acyl-3-amino-4-halogeno-5H-

furanone have been identified. Halogenated compounds were
found to be more active than their hydrogenated counterparts,
most likely due to particular interactions between the halogen
atom and specific residues of LuxR. These results open up possibil-
ities for the design of potential QS inhibitors derived from haloge-
nated heterocyclic derivatives.
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Bacteria of the genus Acinetobacter spp. are rapidly emerging as problematic pathogens in healthcare set-
tings. This is exacerbated by the bacteria’s ability to form robust biofilms. Marine natural products incor-
porating a 2-aminoimidazole (2-AI) motif, namely from the oroidin class of marine alkaloids, have served
as a unique scaffold for developing molecules that have the ability to inhibit and disperse bacterial bio-
films. Herein we present the anti-biofilm activity of a small library of second generation oroidin ana-
logues against the bacterium Acinetobacter baumannii.


� 2008 Elsevier Ltd. All rights reserved.

A bacterial biofilm is defined as a highly organized community
of bacteria whose growth is generally thought of as a developmen-
tal process.1–3 Industrially, biofilms are responsible for the microbe
mediated corrosion of structures on land and underwater.4–6 In the
agricultural sector, biofilms are known to decimate crops and
necessitate the use of toxic biocides as control measures.7,8 Medi-
cally, it is estimated that upwards of 80% of infections in the hu-
man body are biofilm mediated.9,10 Given the ubiquity of
biofilms, recently there has been an intense effort to further under-
stand their developmental processes in hopes of alleviating some
of the problems they underpin.


One particular pathogen that has emerged as a threat to the
medical community is the aerobic Gram-negative coccobacilli Aci-
netobacter baumannii. This bacterium, along with Staphylococcus
aureus and Pseudomonas aeruginosa, consistently ranks among
the highest in nosocomial infections.11 Approximately 25% of all
hospital swabs are positive for A. baumannii and recent outbreaks
have occurred in both the US and Europe’s healthcare system.12–15


A. baumannii is known to form robust biofilms that allow the bac-
teria to survive for weeks on inanimate surfaces, making complete
disinfection of hospital and medical instruments difficult.16,17 Mor-
bidity of patients suffering from A. baumannii infections has, in
part, been correlated to the virulence associated with the forma-
tion of biofilms. More specifically, it has recently been disclosed
that morbidity may arise from the virulence associated with outer
membrane protein A (AbOmpA), the bacteria’s most abundant

ll rights reserved.


: +1 919 515 5079.
. Melander).

surface protein, which has been shown to have the ability to induce
apoptosis of epithelial cells through mitochondrial targeting.18 Re-
ports of anti-biotic resistance to carbapenems19 and polymyxins20


are becoming more frequent. It is believed that this is attributed to
changes in porin proteins, development of efflux pumps, and pro-
duction of b-lactamases in the bacteria.19,21 Biofilms easily facili-
tate these adaptations for survival through the selection and
reproduction of bacteria that can withstand harsh environmental
pressures. Clearly, there lies a necessity to develop new therapies
for A. baumannii remediation efforts.


Work in our group has focused on harnessing the innate biolog-
ical activity of sponge-derived marine natural product analogues
whose parent architectures belong to the oroidin class of marine
alkaloids (Fig. 1).22–24 These nitrogen dense molecules contain a
2-aminoimidazole (2-AI) subunit and provide the fundamental

Figure 1. Molecular inspiration for anti-biofilm derivatives.
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basis for our research in hopes of discovering novel small mole-
cules that inhibit and disperse medically relevant bacterial biofilms
across order, class, and phylum.


Recently, we disclosed the synthesis and biological evaluation of
a 50-compound analogue library based on the oroidin template.25 An
extensive structure–activity relationship (SAR) study was per-
formed by systematically varying different regions of the template
to tune biological potency within the context of anti-biofilm activity
against the c-proteobacterium P. aeruginosa. The most active mem-
ber of the library, dihydrosventrin (DHS), was subsequently assayed
for activity against other proteobacteria. DHS became the first non-
toxic small molecule known to inhibit biofilm formation in a mucoid
variant of P. aeruginosa while also crossing bacterial class to inhibit
and disperse biofilms in the b-proteobacterium Bordetella bronchi-
septica.22 Additionally, DHS was shown to exhibit an IC50 value of
110 lM for inhibition of A. baumannii biofilms.


The SAR studies culminated with several observations about
what features of the molecule were necessary for anti-biofilm
activity. First, the 2-AI motif should remain intact. Second, the opti-
mum chain length between the 2-AI head and pyrrole tail was
three carbons and unsaturation was not necessary for activity.
Third, methylation of the pyrrole ring nitrogen led to increased
activity in conjunction with dibromination of the ring. To this
end, we elected to synthesize an additional library of oroidin deriv-
atives that focused on varying the pendant group located on the
pyrrole nitrogen in hopes of further increasing anti-biofilm activity
in relation to DHS (Fig. 2). It was then decided that A. baumannii
would serve as the target bacterial strain for which the newly gen-
erated compounds would be assayed against for anti-biofilm
activity.


Briefly, the Clausen-Kaas variant of the Paal-Knorr pyrrole syn-
thesis was employed to synthesize six sterically and electronically
different pyrroles (Scheme 1).26 Installation of the trichloroacetyl
ester group at the 2-position followed by dibromination of the ring
with excess molecular bromine afforded the requisite pyrrole frag-
ments for construction of the desired library members.27,28 The fi-
nal step employed in the synthesis was amide bond formation
between the functionalized pyrroles and the 4-(3-aminopropyl)-

Figure 2. Template mediated derivatization of the oroidin scaffold.


Scheme 1. Synthesis of second generation oroidin library. Reactions and condi-
tions: (a) 2,5-dimethoxytetrahydrofuran, HOAc, reflux; (b) trichloroacetyl chloride,
C2H4Cl2, reflux; (c) Br2, CHCl3, �10 �C to rt; (d) 4-(3-aminopropyl)-2-aminoimidaz-
ole, Na2CO3, DMAP (cat.), DMF, 50 �C; (e) 2 M HCl in Et2O.

2-aminoimidazole scaffold.29 While varying the alkylation on the
pyrrole ring was of primary concern, we also sought to delineate
the importance of the pyrrole moiety overall in eliciting a biologi-
cal response. A single atom replacement in the 30-position on the
pyrrole ring was envisioned to afford the imidazole based isostere
6. This molecule could then be directly compared to the activity of
DHS. Access to this derivative was achieved by utilizing identical
chemistry as used in the pyrrole functionalization. All final targets
were then converted into their corresponding hydrochloride salts
before biological testing.


Biofilm inhibition assays were performed with the second gener-
ation oroidin library against A. baumannii utilizing a crystal violet re-
porter assay (Table 1).30 Surprisingly, ethyl derivative 4a was almost
completely inactive, only being able to inhibit A. baumannii biofilm
formation approximately 10% at 500 lM. Compounds 4b–4g were
initially insoluble during the preliminary 500 lM screen. At lower
concentrations (<200 lM), solubility was not observed to have a lim-
iting effect. These six analogues were subsequently assayed for IC50


values and all were determined to be more potent than the previous
lead compound DHS (Actb IC50 = 110 lM). Of the derivatives with an
unsubstituted phenyl ring (4c, 4e, and 4g), a single methylene spacer
between the pyrrole nitrogen and the phenyl ring (4e) resulted in a
compound approximately 2.5� more active than no spacer at all
(4c). An additional methylene unit (4g) seemed to elicit only a small
effect by slightly lowering the determined IC50 value. Interestingly,
addition of a methoxy group to the phenyl ring also resulted in a
derivative (4f) that was active. Toleration of the single atom replace-
ment in the pyrrole ring of 6 was not evident as a significant drop in
activity was seen against A. baumannii (�50% inhibition at 500 lM)
in relation to DHS. The most active compound identified from the
inhibition screens was compound 4d (Actb IC50 = 26.8 ± 2.28 lM)
which contained an additional bromine atom in the para position
on the phenyl appendage. Growth curve experiments performed in
either the presence or absence of this compound at its determined
IC50 value over a 24-h time period validated that like its predeces-
sors, 4d was not acting as a microbicide and inducing bacterial cell
death before biofilm initiation had begun. Also, analogous to the
observations made in our previous study,25 modification of this com-
pound through removal of both bromine atoms on the pyrrole moi-
ety while keeping the newly introduced bromine on the phenyl ring
led to a sharp decrease in activity (20% inhibition at 500 lM, data not
shown).


From a medical standpoint, the ability to disperse an existing
biofilm is more important than being able to prevent its formation.
Once a biofilm forms, it is known to be upwards of 1000-times
more resistant to conventional anti-biotics.31 Bacteria within bio-
films also are more resistant to microbicides, antiseptics, and basic
host immune responses. Therefore, compounds that only inhibit
biofilm formation will be less effective in treating a disease caused
by an established biofilm. The most active analogue from the

Table 1
Biological evaluation of second generation oroidin analogues against Acinetobacter
baumannii


Compound A. baumannii (Actb) biofilm
inhibition at 500 lM (%)a


IC50
b (lM)


DHS >99 110
4a 10.3 ± 4.61 —
4b — 40.5 ± 3.80
4c — 97.7 ± 10.5
4d — 26.8 ± 2.28
4e — 35.4 ± 1.69
4f — 42.8 ± 4.12
4g — 40.7 ± 3.61
6 50.7 ± 2.64 —


a Assays performed in a minimum of triplicate.
b See Supplemental information for dose–response curves.







Figure 3. Anti-biofilm activity of analogue 4d.
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inhibition assays, 4d (Fig. 3), was therefore assayed for the ability
to disperse existing A. baumannii biofilms. Gratifyingly, 4d dis-
played significant dispersion activity with an EC50 value of
41.3 ± 4.50 lM, making it one of the most potent known com-
pound to date that disperses existing A. baumannii biofilms.22,32,33


In conclusion, a second generation oroidin library was synthe-
sized and assayed for anti-biofilm activity against the emerging
pathogen A. baumannii. Numerous derivatives of the library
showed greater potency than the previous first generation lead
compound DHS. Specifically, these derivatives are highlighted by
incorporation of an alkyl-based phenyl chain off the pyrrole ring
nitrogen or an N-arylated dibromopyrrole derivative. The most ac-
tive analogue, 4d, was also shown to have exceptional activity in
dispersing preformed A. baumannii biofilms, making it a notewor-
thy addition to the limited number of compounds which share this
ability.22,32,33 Future work in this area includes mechanistic studies
on how these compounds elicit their anti-biofilm effects and the
identification and development of other unique biologically active
scaffolds that incorporate a 2-aminoimidazole motif.
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Suggestions derived from a previous ligand-based ligand design approach and docking calculations aimed
at finding compound with affinity toward Abl and molecular scaffolds previously untested as Abl inhib-
itors, led to the identification of commercially available N-(thiazol-2-yl)-2-thiophene carboxamide deriv-
atives with affinity in a cell-free assay up to low nanomolar concentrations, significantly enhanced with
respect to that of their parent compounds previously reported. In particular, among compounds of the
Asinex database, molecular docking simulations guided the choice of high-affinity ligands, predicting
their binding mode and their interaction pattern with the Abl catalytic binding site. Moreover, affinity
of the new compounds was also rationalized in terms of their interactions with the enzyme.


� 2008 Elsevier Ltd. All rights reserved.

In recent years, efforts made in the field of medicinal chemistry
to find new Bcr-Abl tyrosine kinase inhibitors resulted in the de-
sign and synthesis of new generation compounds, some of which
showed encouraging preliminary activity also in clinical trials.1 In
this context, the application of computational structure- and li-
gand-based drug design approaches could aid the identification
of new classes of compounds previously untested as Abl inhibitors.
As an example, a previous study based on a combination of dock-
ing/dynamics simulations and pharmacophoric modeling allowed
us to find compounds having a chemical structure based on a cen-
tral 1,3-thiazole or a 1,3,4-thiadiazole core bearing a substituted
benzamido chain at position 2 and an aryl moiety at position 5
(the general structure is reported in Chart 1).2,3 Such derivatives
showed an inhibitory activity in the submicromolar range in a
cell-free assay toward Abl. An analysis of the structure–affinity
relationships suggested that the substituent at position 5 is impor-
tant in influencing affinity. In fact, compounds with a phenyl ring
directly bound to the C5 of the heterocyclic core resulted inactive
toward Abl, while analogues with an alkyl spacer between the phe-
nyl ring and the core showed good affinity. Moreover, docking sim-
ulations evidenced that the N3 of the thiadiazole or thiazole ring
was engaged in a crucial hydrogen bond interaction with the NH

All rights reserved.


: +39 0577 234333.

group of Met318, while N4 of the thiadiazole derivatives was not
involved in hydrogen bond contacts. Finally, a pharmacophore-
based database search suggested that the phenyl ring of the benz-
amido moiety could be profitably replaced by different aromatic
groups (among them, a thiophene ring led to the highest fit score

hart 1. Schematic representation of Abi inhibitors based on a thiazole or a
iadiazole scaffold and their preliminary structure–affinity relationships.

C
th



mailto:botta@unisi.it

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

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





Table 1
Structure and inhibitory affinity of compounds 1–18 toward isolated Abl kinase
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Compound R n X Ki (lM)a Gold scoreb


1c H 1 CH 0.090 ± 0.002 61.29
2c 4-F 1 CH 0.130 ± 0.005 61.13
3d 4-Cl 1 CH 0.624 ± 0.012 61.88
4c 3-Cl 1 CH 0.097 ± 0.024 62.64
5c 2-Cl 1 CH 0.245 ± 0.034 63.52
6d 2-F 1 CH 0.170 ± 0.011 61.05
7c 4-F 0 CH 1.646 ± 0.003 54.65
8c 4-Cl 0 CH 0.791 ± 0.007 58.37
9c 3-CH3 1 CH 0.059 ± 0.003 62.48
10c 3-CF3 1 CH 0.136 ± 0.005 62.67
11d 2-Cl,5-CF3 1 CH 0.845 ± 0.027 61.83
12c 2,5-diCl 1 CH 0.050 ± 0.006 67.36
13d 2,4-diCl 1 CH 3.474 ± 0.852 50.18
14c 4-OCH3 1 CH 0.016 ± 0.002 67.92
15c 4-CH3 1 CH 0.249 ± 0.018 62.39
16c 0.068 ± 0.002 50.58
17c H 1 N 0.360 ± 0.004 59.01
18c 0.278 ± 0.006 60.68


a Values are means of three experiments and were calculated according to the
following equation: Ki = ID50/{E0 + [E0 (Km(ATP)/S0)]}/E0, where E0 and S0 are the
enzyme and the ATP concentration (0.022 and 0.012 lM), respectively. Further
details can be found in Ref. 2.


b Compound 16 was considered as an outlier and not reported in Fig. 1. Gold
scores and Ki values were found to be highly correlated, with a correlation coeffi-
cient, excluding 16, of 0.73).


c Compounds purchased from Asinex.4
d Compounds purchased from Chembridge Corporation.5


Figure 1. Graphical representation of the relationship between affinity data of
compounds and Gold score fit values (r2 = 0.73). Compound 16 was omitted.
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toward the pharmacophore model) which is equally able to fill the
hydrophobic region II of the ATP binding site of Abl.


Taking into account all of these theoretical and experimental
evidences, we have used the pharmacophoric model previously
built to identify, within the Asinex and Chembridge databases,4,5


a small set of compounds characterized by a N-(thiazol-2-yl)thio-
phene carboxamide scaffold bearing a benzyl moiety with different
substituents and substitution pattern at position 5 of the thiazole
nucleus (Table 1). Molecular docking simulations were also per-
formed on such compounds to check their possibility to make prof-
itable interactions with the ATP binding site of Abl and to further
increase the probability of finding true positive (that is, com-
pounds with significant affinity toward Abl). All the compounds,
with the sole exception of 16, were characterized by the same
interaction pattern found for dasatinib in the complex with Abl,
showing a hydrogen bond acceptor-donor motif involving the car-
bonyl oxygen and the NH group of the Met318 backbone.


The three-dimensional coordinates of the activated Abl kinase
domain were extracted from its X-ray complex with dasatinib (en-
try code 2gqg of the Brookhaven protein data bank)6 and used as
the template for modeling studies. In particular, the portion of
the complex constituted by the subunit A of Abl and by the inhib-
itor was used for calculations, upon an energy minimization per-
formed to eliminate eventual steric clashes possibly affecting
both protein and ligand. Structural optimization was performed
by means of the software Macromodel,7 using the Polak-Ribiere
conjugate gradient algorithm and OPLS 2005 force field, and was
terminated when the energy gradient root mean square fell below
0.01 kJ/Åmol. A 100 kJ/mol constraint was applied to the backbone

atoms of the protein. The same optimization protocol was applied
to complexes built during molecular docking calculations (see
below).


The structure of inhibitors was sketched with Maestro7 and
submitted to the same minimization protocol, without any
constraint.


Docking studies were performed using the Gold program,8 by
application of a genetic algorithm allowing for a partial flexibility
of the protein. A 5 Å shell centered on dasatinib was chosen to dock
thiazole and thiadiazole ligands into the Abl binding site. It is
important to point out that docking programs are, in general,
highly successful in generating the correct binding mode of li-
gands. However, when analyzing protein–ligand interactions, a
poor correlation often does exist between the docking score and
affinity. Correlations with binding affinity remain low even when
scores are calculated directly from the experimentally determined
protein–ligand structures. For this reason, we have applied both
docking scoring functions available in Gold (namely, ChemScore
and GoldScore), since the combination of multiple scoring func-
tions could improve the enrichment of true positive and the prob-
ability to enhance correlation between docking scores and ligand
affinity. As a result, both scoring functions found a good agreement
between docking score/fitness results and experimental affinity
data (in terms of Ki), although GoldScore was unable to handle
compound 16. As an example, GoldScore values and activity data
showed a good correlation (r2 = 0.73, excluding compound 16
which was considered as an outlier, Fig. 1 and Table 1), suggesting
that the software was able to account for reliable binding mode
and interactions of ligands with the protein and also supporting
the hypothesis that GOLD docking calculations could be considered
as a useful tool to drive the choice of new Abl ligand.


Selected compounds were then submitted to biological assays
(following a protocol previously reported)2 whose results showed
that the benzyl derivative 1 was characterized by an affinity value
of 0.090 lM, comparable to that of the corresponding p-F analogue
2 (0.130 lM). Docking calculations showed that the benzyl side
chain of 1 was embedded into the hydrophobic region I (HRI),
mainly interacting with the terminal methyl group of Thr315,
Met290, Val299, Ile313, Ala380, Val256, and Ala253 (Fig. 2A). Most
importantly, the nitrogen of the thiazole ring and the NH group of
the amide moiety of 1 were the hydrogen bond acceptor and donor
which had contacts with the backbone NH and CO groups of
Met318, respectively, following a binding mode previously found







Figure 2. Graphical representation of the binding mode of the new compounds within the Abl binding pocket. The hydrogen bond donor/acceptor motif involving Met318 is
represented by dashed black lines. The heteroaromatic CH���O@C interaction involving the thiazole ring and the backbone carbonyl oxygen of Glu316 is also depicted as a
dashed orange line. Several of the amino acids forming the hydrophobic regions I and II are also shown in green and pink, respectively. A) Binding mode of 1. B) Binding mode
of 9 (orange) and 12 (cyan). The 3-methyl group of 9 is superposed to the 5-Cl substituent of 12 and both of them are located within HRII.
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for 1,3,4-thiadiazole derivatives2,3 and in the X-ray structure of the
complex between BMS-354825 (dasatinib) and Abl (pdb entry
2gqg).6 Moreover, the CH at the position 4 of the thiazole nucleus
was also engaged in a heteroaromatic CH���O=C interaction with
the backbone carbonyl oxygen of Glu316 at the hinge region. Sim-
ilar interactions were found in other kinase-inhibitor complexes.6


Finally, the terminal thiophene ring was accommodated within
the hydrophobic region II (HRII) of the ATP binding site (mainly de-
fined by the cleft created by Leu248, Gly321, and Phe317), while the
carbonyl group of the amide moiety was not able to contact the
receptor counterpart. Introduction of a 4-F substituent on the C5
phenyl ring (2) led to a partial reorientation of this aromatic moiety
(with respect to that of 1) and seemed to be an element disturbing
the binding, instead to contribute to the stabilization of the com-
plex. In fact, docking simulations found for the complex 2-Abl a
number of clusters significantly higher than that found for the
1-Abl complex. A similar situation was found for the 4-chloro
analogue (3) showing a slightly reduced affinity (0.624 lM) with
respect to 2 (0.130 lM). Changing the substitution pattern to a 3-
chloro derivative (4), affinity underwent a significant increase
(0.097 lM), probably due to the favorable lipophilic interactions
with HRI (see below). Moreover, both the 2-Cl and the 2-F ana-
logues (5 and 6, respectively) showed comparable activity (0.245
and 0.170 lM, respectively).


The importance of the methylene spacer was supported by the
fact that 7 showed an affinity (1.646 lM) more than one order of
magnitude lower than that of the corresponding benzyl derivative
2 (0.130 lM). Similarly, 8, the chloro analogue of 7, was also char-
acterized by a low affinity (0.791 lM). Although 7 and 8 had the
same orientation of 1 and maintained the major contacts found be-
tween 1 and Met318, their halo substituent was located in a region
of space mainly accommodating hydrophobic residues such as
Ile313, Thr315, Val270, Val299, and Ala380. This finding was in
agreement with the fact that the chloride (more lipophilic than
the fluoride) was better accommodated within such a pocket, in
comparison to the fluoride itself. In fact, affinity of 8 (0.791 lM)
was twofold higher than that of 7 (1.646 lM). Moreover, further
supporting this hypothesis, docking simulations found only one
cluster for compound 8, while many clusters were found for 7, sug-
gesting an uncertainty in the location of the fluorine substituent
within the hydrophobic pocket.


Considering the usual orientation found for these compounds
within the Abl binding site, in the attempt to better fill HRI of

the binding pocket, a methyl group was inserted at the position
3 of the phenyl ring of the benzyl moiety, leading to 9 with an
affinity of 0.059 lM, better than that of the unsubstituted benzyl
derivative 1. When the methyl group of 9 was transformed into
a CF3 as in 10, affinity underwent a twofold decrease (0.136 lM).
Similarly, the 2-Cl analogue of 10 (11) showed a decreased affin-
ity (0.845 lM) with respect to 9. On the other hand, affinity was
restored to 0.050 lM with the 2,5-dichloro analogue 12, due to
the fact that the chlorine atom at position 5 was accommodated
in the same region of the methyl group of 9 (Figure 2B),
accounting for a very similar affinity. However, the 2,4-dichloro
compound (13) had a remarkable lower affinity (3.474 lM), mainly
due to the presence of the halogen at the para position not
useful for profitable interactions with the target (as also found
for 3).


An analysis of the binding mode of 1 and 2 suggested that a
hydrogen bond acceptor group at the para position of the phenyl
ring could give profitable interaction with Lys271, possibly involv-
ing its terminal amino group as a hydrogen bond donor. Docking
simulations showed that among Asinex entries, the p-methoxy
derivative of 1 (compound 14) was a putative ligand to meet such
structural requirements. In fact, the orientation of 14 within the
ATP binding site of Abl was very similar to that described for 1
and found for thiadiazole derivatives previously identified as Abl
inhibitors, and the predicted hydrogen bond contact between the
oxygen atom of the methoxy substituent and the amino group of
Lys271 was found (2.5 Å distance). Accordingly, interactions of
the p-methoxy substituent with the Abl binding site, in addition
to the usual network of hydrogen bond contacts with Met318,
led 14 to be the most active compound with an affinity of
0.016 lM. As expected, the 4-Me analogue (15) showed a reduced
affinity (0.249 lM), further supporting the hypothesis that a lipo-
philic substituent at the para position of the phenyl ring does not
profitably interact with HRI.


Transforming the thiazole nucleus of 1 into a 1,3,4-thiadiazole
ring as in 17, a fourfold decrease in affinity was found (0.090 vs
0.360 lM, respectively). Docking simulations showed for these
two compounds a very similar binding mode and the same interac-
tions with the binding pocket. The major difference was the lack of
hydrophobic interactions between the nitrogen atom at the posi-
tion 4 of the thiadiazole of 17 and the side chains of Leu370 and
Ala269, on the contrary found between the CH group at the posi-
tion 4 of the thiazole ring of 1 and the same residues. This differ-
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ence in the interaction pattern could account for the lower affinity
found for 17 in comparison to 1.


Moreover, lengthening the benzyl chain of 17 by insertion of an
oxygen atom led to 18, without any significant variation of affinity
(0.360 vs 0.278 lM, respectively).


Finally, to check the influence of flexibility on affinity to-
ward Abl, the C5 benzyl side chain was rigidified by trans-
forming the benzylthiazole system into a tricyclic core (16).
An affinity fourfold lower than that of 14 was found (0.068
vs 0.016 lM), suggesting that a certain flexibility on the molec-
ular portion filling HRI is required for better interactions. The
binding mode of 16 is very different from that described for
the remaining thiazole and thiadiazole derivatives. The donor-
acceptor motif involving Met318 was replaced by hydrogen
bond interactions between Leu322 and the carbonyl oxygen
of 16 and between Thr315 and the oxygen atom of the meth-
oxy group of the ligand.


In summary, in the attempt to optimize thiazole derivatives in
terms of their affinity toward Abl tyrosine kinase, we have identi-
fied N-(thiazol-2-yl)-2-thiophene carboxamide compounds by
application of a computer-aided drug design protocol based on a
pharmacophoric model previously built and docking simulations
of the interactions between the ligands and the target protein.
The new compounds are characterized by a molecular scaffold pre-
viously untested in the field of Abl inhibitors, as well as by a high
affinity toward Abl with IC50 values up to a 0.016 lM concentra-
tion. Docking results, in addition to allowing for a preliminary
structure–activity relationship analysis, also provide details of

the ligand-target interactions which could be taken into account
in the next step of further ligand optimization. Additional assays
are ongoing to assess for the ability of the new compounds to inhi-
bit the mutated forms of Abl and results will be reported in due
time.
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The first synthesis of an optically pure (2R,3R,4S)-hydantoin 2, analogue of (2S,3R,4S)-4-hydroxyisoleu-
cine, was achieved in two steps in un-optimized 35% overall yield from previously reported aldehyde
synthon 1. (2R,3R,4S)-Hydantoin is stable at acidic pH. This solves the major drawback of (2S,3R,4S)-4-
hydroxyisoleucine that easily cyclizes into inactive lactone. Furthermore, (2R,3R,4S)-hydantoin
stimulates the insulin secretion by 150% at 25 lM compared with 4-hydroxyisoleucine and insulin secre-
tagogue drug repaglinide. In view of its stability and biological activity, (2R,3R,4S)-hydantoin represents a
good candidate for type-2 diabetes management and control.


� 2008 Elsevier Ltd. All rights reserved.

Type-2 diabetes, formerly known as non-insulin dependent dia-
betes mellitus, has reached epidemic proportions with currently
180 million persons worldwide. This number is projected to reach
300 million by 2030.1 Besides increasing morbidity and mortality,
type-2 diabetes remains the most costly disease undergoing social,
familial, and professional impacts.2 All therapeutic protocols and
trials focus on the prevention of short- and long-term complica-
tions, mainly due to micro- and macro-vascular disorders. Micro-
vascular injuries lead to retinopathy, nephropathy, and neuropathy
in long-term diabetes patients. However, macro-vascular compli-
cations provoke coronary heart disease, stroke, and myocardial
infraction, and represent the major cause of handicap and death.
Type-2 diabetes is a metabolic disorder characterized by at least
three major defects, decreased insulin secretion, altered insulin
efficiency (tissue resistance), and increased release of hepatic glu-
cose. Each of these disorders involves specific physiological targets
justifying the need for large spectrum therapeutic agents.


Besides insulin, several drugs have proven their efficacy to re-
duce hyperglycemia-induced disorders. Each possesses its own
pharmacological mechanism of action and exhibits diverse toxico-
logical risks.3,4 For instance, sulfonylureas that stimulate insulin
secretion through interaction with a specific islet cell receptor,
may cause light to severe hypoglycemia. Bisguanide metformin
that suppresses glucose biosynthesis and enhances tissue sensitiv-

All rights reserved.
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ity to insulin, causes severe lactic acidosis. Thiazolidinediones that
enhance tissues sensitivity and repaglinide, a rapid acting insulin
secretaguogue, both undergo hepatic injury.5


Fenugreek (Trigonella foenum-graecum) seeds have been tradi-
tionally used in Asia and Africa to decrease hyperglycemia in dia-
betic patients.6,7 The non-proteinogenic amino acid, (2S,3R,4S)-4-
hydroxyisoleucine, extracted from the seeds of fenugreek, was pro-
ven to possess interesting insulinotropic properties. Indeed,
(2S,3R,4S)-4-hydroxyisoleucine enhance insulin secretion propor-
tionally to glucose concentration without any hypoglycemic risk.8


We have published the first total synthesis of (2S,3R,4S)-4-
hydroxyisoleucine.9 The key steps were the bio-conversion of
ethyl-2-methylacetoacetate to ethyl-(2S,3S)-2-methyl-3-hydroxy-
butanoate and an asymmetric Strecker synthesis that provides the
desired amino acid in a stereoselective manner. The major draw-
back of (2S,3R,4S)-4-hydroxyisoleucine lies in its high propensity
to form a five-membered lactone between the OH group and the
carboxylic group under acidic conditions. It has been demonstrated
that the lactone of 4-hydroxyisoleucine possesses no insulinotropic
activity.10 In a stomach, it is likely that the pH is low enough to con-
vert most, if not all, of the hydroxyisoleucine into its inactive lac-
tone analogue. In order to solve this problem, we have focused
our effort to develop derivatives of (2S,3R,4S)-4-hydroxyisoleucine
that may have similar pharmacological profiles of those of the par-
ent compound yet are more stable under acidic conditions. We have
synthesized for the first time hydantoin analogues that are stable in
acidic conditions and stimulate insulin secretion.
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Figure 1. Synthesis of 5-(2-hydroxy-1-methyl-propyl)-imidazolidine-2,4-dione 3 (hydantoin) from aldehyde 1.
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In order to improve our previously reported synthesis of
(2S,3R,4S)-4-hydroxyisoleucine, and to avoid the Strecker step,
we opted for the hydantoin approach. Despite the synthetic chal-
lenge, hydantoin offers various advantages compared to the parent
amino acid. The first advantage is their expected stability in acidic
conditions that overcome the major drawback in hydroxyisoleu-
cine development. The second advantage is the prodrug character
of hydantoins that may generate the parent amino acid through li-
ver hydantoinase hydrolysis.


Hydantoin 2 was prepared from aldehyde 1 through the classi-
cal Bucherer–Bergs reaction.11–13 Aldehyde 1 represents the key
intermediate and could be prepared according to our previously re-
ported approach9 or by the method of Cordova14 (Fig. 1). The
hydantoin 2 is obtained in 70% un-optimized yield and with 90%
diastereomeric excess. The latter was measured by NMR signal
integration of the proton at position 2. The hydantoins reported
in this Letter are members of a new family of compounds that have
never been reported before.


Compound 2 was deprotected to give the hydantoin 3 in un-
optimized 50% yield and with 90% isomeric excess (NMR-peak
integration).15 The two isomers of 3 were converted separately to
their corresponding five-membered lactones and were compared
with the lactones obtained from (2S,3R,4S) and (2R,3R,4S)-4-
hydroxyisoleucine, respectively. Lactonization was conducted in
acidic conditions to exclude any epimerization risk. Analysis of
thus obtained lactones by NMR shows unambiguously that the
minor hydantoin bears the natural (2S,3R,4S) stereochemistry
(Fig. 2). The major one has the inverse stereochemistry at position
2 being (2R,3R,4S)-hydantoin.


Major and minor isomers of hydantoin 3 were hydrolyzed,16 to
give the expected (2R,3R,4S) and (2S,3R,4S)-4-hydroxyisoleucine.17


Hydantoin approach is so far the shortest and efficient way to
(2R,3R,4S)-4-hydroxyisoleucine.


Stability to pH. The stability of 4-hydroxyisoleucine and its insu-
linotropic activity is compromised by the proximity between the

Figure 2. Determination of the absol

carboxyl and the hydroxy groups that favors the formation of the
corresponding lactone. In the fenugreek seeds, a small proportion
of 4-hydroxyisoleucine exists as a lactone (5–10%) that accounts
for the aromatic properties of the curry spice (15–30% of fenugreek
seeds powder). Pure 4-hydroxyisoleucine has no particular odor.
Prior to biological evaluations, we studied the benefit of the hydan-
toin form in terms of acidic stability. For the pH stability of hydan-
toin versus 4-hydroxyisoleucine, we measured the integration of
NMR signals of the five-membered lactones. The NMR tubes were
filled with 0.5 ml of D2O containing 10 mg of compound. HCl was
added to the final concentration of 0.5 M and the tubes were kept
at 37 �C during the experiment. NMR spectra were recorded for
every 1 h and compared.


As shown in Figure 3,18 Hydantoin is largely more stable than 4-
hydroxyisoleucine. Thus, after 4 h of incubation (histograms and
NMR details), 29% of 4-hydroxyisoleucine is converted to lactone
(Fig. 3a) compared to 5.7% for the hydantoin (Fig. 3b). This is easily
understandable since the hydantoin must undergo hydrolysis be-
fore cyclization to lactone.


Biological activity. Stimulation of insulin secretion was evalu-
ated on rat pancreatic Langerhans islets.19 (2R,3R,4S) and
(2S,3R,4S)-hydantoins were compared to 4-hydroxyisoleucine and
repaglinide, as positive controls. In each experiment, the insulin
stimulation must be compared to the basal insulin level (untreated
islets). Basal secretion is 45 pg/islet/h for 4-hydroxyisoleucine
experiment and 100 pg/islet/h for repaglinide and hydantoin. In
our conditions, repaglinide, as well as other compounds, failed to
induce insulin secretion at concentrations below 25 lM. This is
not in agreement with literature.20 Figure 4 confirms that 4-
hydroxyisoleucine enhances the insulin secretion by the islets,
compared to untreated rats (100 pg/islet/h at 75 lM instead of
45 pg/islet/h). This result obtained in vitro by using buffered neu-
tral solution needs to be balanced in case of oral 4-hydroxyisoleu-
cine administration. Stimulation of insulin secretion by 4-
hydroxyisoleucine is not dose dependent and remains constant

ute configuration of hydantoins.







Figure 3. pH stability of hydantoin (b) versus 4-hydroxyisoleucine (a).


Figure 4. Effects of target compounds on insulin secretion by isolated rat pancreatic islets (**P < 0.01). Islets were prepared according to literature as mentionned.19 Before
experiments, islets were pre-incubated during 60 min at 37 �C in KRB buffer containing 8.3 mM glucose. Twenty-seven islets per well were plated in 6-well plates and then
incubated 60 min with test substances at the desired end concentration. Mean values are from six single-point measurements.
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from 25 to 200 lM concentration. This observation is consistent
with literature.10 Repaglinide is more effective at high concentra-
tions leading to a 100% increase in insulin secretion at 200 lM. This
(2R,3R,4S)-hydantoin appears to be more potent than repaglinide.
A 120% stimulation of insulin secretion is obtained even at
25 lM. (2S,3R,4S)-Hydantoin is less relevant than (2R,3R,4S)-
hydantoin even though it has the same stereochemistry with nat-

ural 4-hydroxyisoleucine. The hypoglycemic potential of hydanto-
ins was previously reported for sulfonyl conjugates.21


In conclusion, our preliminary results concerning (2R,3R,4S)-
hydantoin, a stable and potent analogue of (2S,3R,4S)-4-hydroxy-
isoleucine, are convincing and promising. In order to further
confirm the potential of this compound, in vivo tests and mecha-
nistic studies are currently underway.
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Hairpin-structured phosphorothioate oligodeoxyribonucleotides containing a singlet oxygen-sensitive
linker in the loop were prepared. These compounds do not bind complementary nucleic acids in the dark.
Upon irradiation with red light in the presence of chlorine e6 the linker within these compounds
is cleaved and a single-stranded oligodeoxyribonucleotide is produced. The latter compound is an
efficient binder of complementary nucleic acids. This is the first example of ‘caged’ phosphorothioate
oligodeoxyribonucleotides, whose nucleic acid binding ability is triggered by red light.
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‘Caged’ nucleic acids are compounds, which are not biologically
active until uncaged by light. They may be used for spatially and
temporally controlled photoregulation of biological processes.
With few exceptions all reported ‘caged’ antisense oligodeoxyribo-
nucleotides (ODNs), siRNAs, and plasmids, are activated by UV-
light.1 Light of this type is strongly absorbed by cellular compo-
nents and is highly toxic to cells.2 Haselton and co-workers have
demonstrated that UV-light itself may inhibit gene expression.3


This limits applications of ‘caged’ agents in cells and in vivo. We
have recently reported ‘caged’ ODNs, which can be activated by
light in any chosen spectral region, including, for example, red
light.4 Red light is significantly less toxic than UV-light and can
deeply permeate into tissues.5


Herein, we expand our original concept to ‘caged’ phosphoro-
thioate ODNs (PT-ODNs). In contrast to their natural counterparts,
PT-ODNs are more suitable for cellular applications. These com-
pounds are formally obtained by substitution of one oxygen atom
in the phosphodiester group of the natural backbone for a sulfur
atom. PT-ODNs are stable in the presence of cellular hydrolytic en-
zymes and permeate the cellular membrane better than ODNs.6


These compounds are used as antisense agents and immunostimu-
lants.7 Correspondingly, ‘caged’ PT-ODNs may be potentially used
for light-controlled regulation of gene expression and activity of
immune system.


A concept of photo-activated PT-ODNs is presented in Figure 1.
In the ‘caged’ PT-ODN sequence A is blocked by sequence B. The
loop of this compound contains a 1O2-sensitive linker. In the pres-
ence of a photosensitizer (PS) and upon illumination with light, 1O2
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.de (A. Mokhir).

is produced.8 It induces cleavage of the linker that leads to forma-
tion of an unstable intermolecular duplex. The latter duplex disso-
ciates forming the biologically active A strand.


We have used p-hydroquinone ether and 1,2-dithioethylene
fragments as linkers. These moieties were expected to be sensitive
to 1O2.4,9 They were introduced within PT-ODNs using phospho-
ramidites L1 and L2. L1 was synthesized in accordance with
Scheme 1. First, 4,40-dihydroxydiphenyl ether was alkylated by 3-
bromopropan-1-ol, K2CO3 mixture in acetone to obtain 4,40-(3-
hydroxypropan-1-oxy)diphenyl ether. One of the hydroxyl groups
of the latter compound was protected with 4,40-dimethoxytrityl
group and another one was phosphatylated to obtain phospho-
ramidite L1. Phosphoramidite L2 was prepared as described else-
where.4 PT-ODNs 1 and 2 were prepared on an automated DNA
synthesizer. Beaucage sulfurizing reagent was used in place of
the oxidizer solution.


ODNs attached to controlled pore glass (CPG) were cleaved from
the support and deprotected using aqueous ammonia (20%, 24 h,

Figure 1. A concept of red light-activated PT-ODNs: PS is a red light-absorbing
photosensitizer; L is a 1O2-sensitive linker; A is a biologically active sequence; B is a
blocker sequence.
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Scheme 1. Synthesis of phosphoramidite L1 and sequences of PT-ODNs and
complementary to them c_ODN; TAMRA – N,N,N0 ,N0-tetramethylrhodamine.
Reagents and conditions: (a) Br(CH2)3OH, K2CO3, acetone; (b) 1—DMT-Cl, pyridine,
2—ClP(OCH2CH2CN)N(i-Pr)2, DIEA; CNE: 2-cyanoethyl.


Figure 2. Purity of HPLC purified PT-ODN2; (A) MALDI-TOF mass spectrum; 2,4,6-
trihydroxyacetophenone (0.3 M in CH3CN), diammonium citrate (0.1 M in water),
2/1 (v/v) was used as a matrix, matrix/probe 2/1 (v/v) (B) HPLC profile; gradient and
other conditions are given in Ref. 10.


Figure 3. Photocleavage of PT-ODN2 in the presence of chlorine e6 monitored by
MALDI-TOF mass spectrometry; spectrum 1, irradiated probe; spectrum 2, probe
kept in the dark; a mixture of 6-aza-2-thiothymine (ATT, saturated solution in
CH3CN) with diammonium citrate (0.1 M in water), 2/1 (v/v) was used as a matrix,
matrix/probe 2/1 (v/v); IS is an internal standard, PT-ODN4. Other experimental
details are given in the text. Nature of fragments A and B is clear from Fig. 1.


Figure 4. Gel-electrophoresis (native conditions, 20% acrylamide); in all lanes:
acetate buffer 100 mM, pH 7, DTT 10 mM, NaCl 1 M. Lane 1, c_RNA (1 lM) –
negative control; lane 2, c_RNA (1 lM), PT-ODN3 (10 lM) – positive control; lane
3: c_RNA (1 lM), PT-ODN2 (10 lM); chlorine e6 (50 lM), kept in the dark for 1.5 h;
lane 4: c_RNA (1 lM), PT-ODN2 (10 lM); chlorine e6 (50 lM), irradiated with red
light for 1.5 h; lane 5, c_ODN (1 lM), PT-ODN2 (10 lM); chlorine e6 (50 lM), kept
in the dark for 1.5 h; lane 6, c_ODN (1 lM), PT-ODN2 (10 lM); chlorine e6 (50 lM),
irradiated with red light for 1.5 h; lane 7, c_ODN (1 lM), PT-ODN3 (10 lM) –
positive control; lane 8: c_ODN (1 lM) – negative control.
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25 �C) and then purified by HPLC. Fractions containing >90% pure
PT-ODNs were combined and lyophilized (Fig. 2).10


Photodecomposition of the linkers within the PT-ODNs was
studied by using MALDI-TOF mass spectrometry and HPLC. In the
typical assay a mixture of PT-ODN (5 lM) and chlorine e6 (1 equiv)
in ammonium acetate buffer (150 mM, pH 7), which contained PT-
ODN4 as an internal standard (IS), was exposed to red light (mer-
cury lamp, red filter) for 1.5 h. Then the sample was treated with
dithiotreitol (DTT) (10 mM) and analyzed by mass spectrometry
(Fig. 3). Chlorine e6 was selected since this photosensitizer is effi-
ciently excited by red light (kmax �410 and 650 nm), is soluble in
water and has good membrane permeability. The latter property
is important for cellular applications of ‘caged’ PT-ODNs. PT-
ODN1 containing the hydroquinone ether moiety is stable at these

conditions. Therefore, it was not further studied. In contrast, PT-
ODN2 containing 1,2-dithioethylene moiety is cleanly cleaved
forming expected fragments A and B (Figs. 1 and 3). Additional
peaks in the mass spectrum of the irradiated mixture correspond
to gas phase adducts of the PT-ODNs with ATT matrix (A-ATT, B-
ATT, Fig. 3). When PT-ODN2 is kept in the dark it is stable for at
least 48 h.


Length of the blocking sequence B was optimized to achieve
that (a) PT-ODN2 exists in solution in the hairpin form and (b)
products of PT-ODN2 photocleavage (compounds A and B) do
not bind to each other at 22 �C. PT-ODN2 with an 8-mer blocking
sequence exhibited the optimal properties. In particular, melting
point (Tm) of PT-ODN2 in phosphate buffer (10 mM) containing
NaCl (150 mM) is well above 22 �C: 65.0 ± 0.4 �C. Moreover, it is
not dependent on the concentration of the PT-ODN. The latter fact
excludes the possibility of formation of intermolecular associates
in the PT-ODN2 solution, while the former one indicates that
�100% of PT-ODN2 exists in the hairpin form at 22 �C. Furtheron,
products of PT-ODN2 photocleavage do not bind to each other at
room temperature, since the duplex formed between PT-ODN3
(sequence A) and PT-ODN4 (sequence B) melts below 20 �C. Thus,
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Scheme 2. A mechanism of singlet oxygen induced decomposition of ASCH@CHSA
group in PT-ODN2.
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compound A is expected to be in the single stranded, biologically
active form after photoactivation of PT-ODN2.


UV-melting data were corroborated by gel-electrophoresis
experiments (Fig. 4). One observes that sequence A in PT-ODN2
is blocked and can bind neither complementary RNA (c_RNA) nor
DNA (c_ODN), whereas the product of red light-induced PT-
ODN2 photocleavage forms a stable duplex with both RNA and
DNA targets.


The mechanism of L2 cleavage is illustrated in Scheme 2. 1O2 is
first produced in the result of red light-induced excitation of chlo-
rine e6 to the triplet state followed by its relaxation to the ground
state via energy transfer to 3O2. Singlet oxygen forms 2 + 2 addition
product with the ASCH@CHSA fragment of PT-ODN2. This product
is unstable. It decomposes to formic acid thioesters, which are
transformed in the presence of DTT or water into thiols.4 It has
been reported that singlet oxygen can be quenched by sulfur-
containing compounds.11 Therefore, photoactivation of ‘caged’
PT-ODNs could be slowed down due to interactions of the phosp-
horothioate groups with singlet oxygen. Fortunately, this effect
seems to be less important. For example, we observed that 1O2-in-
duced activation of ‘caged’ phosphorothioate ODNs is only 1.5
times slower than that of ‘caged’ natural ODNs.


In summary, we have prepared ‘caged’ phosphorothioate oligo-
deoxyribonucleotides. These compounds are inert in the dark,
whereas they are activated by red light in the presence of chlorine
e6. The ‘uncaged’ form of PT-ODNs is an efficient binder of single-
stranded nucleic acids. This is the first example of phosphorothio-
ate oligodeoxyribonucleotides, whose nucleic acid binding ability
is triggered by red light.


These compounds can potentially exhibit antisense activity. We
are currently testing them for red light-controlled gene expression
in HeLa cells.
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The human nuclear receptor superfamily consists of 48 mem- FXR is expressed in liver, gall bladder, intestine, kidney, and adre-


bers which regulate gene transcription.1 In addition to the classical
steroid hormone receptors with known ligands such as the estro-
gen receptor, the so-called orphan receptors, identified by gene
homology studies, have received considerable research focus with
many of these orphans becoming adopted with the discovery of
their natural ligands. The farnesoid X receptor (FXR, NR1H4, bile
acid receptor (BAR)) is one such member. Bile acids, such as cheno-
deoxycholic acid (CDCA), are its natural ligands, inducing gene
transcription typically through heterodimerization with the reti-
noid X receptors.2,3
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nal glands,4,5 where it serves as a key controller of bile acid homeo-
stasis through its regulation of bile acid synthesis, conjugation,
secretion, and absorption.6,7 FXR also plays a role in lipid regulation,
influencing triglyceride synthesis,8,9 as well as lipoprotein metabo-
lism and clearance.10 Furthermore, FXR helps maintain glucose
homeostasis, via its effects on gluconeogenesis,11 insulin sensitiza-
tion,12 and glycogen synthesis.13 Moreover, FXR helps prevent bacte-
rial overgrowth in the intestine14–16 and assists in regeneration of
damagedliver.17 With these diverse functions,FXR modulatorscould
have utility in cholestasis,18–20 liver fibrosis,21–23 liver cancer,24,25


atherosclerosis,26,27 diabetes,11 obesity, metabolic syndrome, cho-
lesterol gallstone disease,28 and inflammatory bowel disease.14,15


GlaxoSmithKline scientists have previously disclosed the dis-
covery of the potent FXR agonist GW 4064 1a.8 This compound,
along with other FXR ligands like 6-ethyl-CDCA29 and fexar-
amine,30 has played a key role in helping define the physiological
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functions of FXR. Although a useful tool compound, GW 4064 is
rapidly cleared in rats after oral administration, exhibiting a short
terminal half-life and limited oral exposure (F < 10%). Furthermore,
its stilbene functionality is a potentially toxic pharmacophore.31,32


Moreover, this functionality is responsible for its UV light instabil-
ity (vide infra). To address these issues, GSK researchers sought to
replace the stilbene group. Since the stilbene fragment provides
considerable conformational rigidity to the agonist, a simple
reduction of the double bond would likely lead to a decrease in
transcriptional activity. Therefore, the exploration of stilbene
replacements that maintained this limited flexibility was under-
taken. Since the carboxylic acid on the stilbene likely resides in
only one of its two predominant solution conformations in the
FXR ligand binding domain, a design strategy that converted the
stilbene to a naphthalene via cyclization from the benzoic acid aryl
ring onto the distal carbon of the alkene would provide two poten-
tial synthetic targets 1b and 1d as shown in Table 1. Since the
placement of the carboxylic acid group in GW 4064 1a may not
be optimal, it was decided to prepare all four possible naphthalene
derivatives 1b–1e with the acidic moiety distal to the middle aryl
ring. For synthetic ease, the analogs were prepared in the des-
chloro series.

Table 1
Activation of human FXR


R1


O


Cl


R2 1a-1e


# R1 R2 FXR FRET E


1a HO


O


Cl 59


1b


HO O


H 87


1c HO


O


H 100


1d HO


O


H 420


1e


HO O


H 2300


a FXR ligand-seeking assay measuring ligand-mediated interaction of the SRC-1 pepti
biotinylated FXR LBD coupled to 5 nM allophycocyanin-labeled streptavidin and 10 nM
10 mM DTT, 0.1 g/L BSA, 50 mM NaF, 50 mM MOPS, 1 mM EDTA, and 50 lM CHAPS, at


b Maximum percent efficacy of the test compound relative to FXR activation via GW
c FXR transient transfection assay measuring the ligand-mediated luminescense resul


reporter genes are transfected into African green monkey CV-1 kidney cells, then treate

1a


O N
O


Cl
Cl


Cl


HO


O


The naphthalene carboxylic acid analogs 1b–1e were prepared as
depicted in Scheme 1.33 The commercially available 6-hydroxy-1-
naphthoic acid 2a (X = OH) was converted to its methyl ester 3a
via acid catalysis. Then, the prepared phenol 3a and the known phe-
nols methyl 7-hydroxy-2-naphthalenecarboxylate 3c (X = OH)34,35


and methyl 7-hydroxy-1-naphthalenecarboxylate 3d36,37 (X = OH)
were reacted with trifluoromethanesulfonic anhydride to produce
the corresponding triflates. Palladium-mediated Suzuki coupling
of the triflates 3a, 3c–3d (X = OTf), or the commercially available
methyl 6-bromo-2-naphthoate 3b (X = Br) with boron derivatives
4a or 4b gave the phenols 5a–5d. Then, alkylation of the phenols
5a–5d with the chloride 6b, derived from the known alcohol 6a,8

N
O


Cl


C50nMa %Maxb FXR TT EC50 nMc %Maxb


100 65 100


134 68 104


90 45 87


69 500 90


52 3300 27


de (B-CPSSHSSLTERHKILHRLLQEGSPS-CONH2) with the FXR 237–472LBD, using 5 nM
biotinylated SRC-1 coupled to 5 nM Europium-labeled streptavidin as reagents in


pH 7.5. The EC50 values are the mean of at least two assays.
4064 1a.
ting from FXR-induced transcription of a luciferase reporter. FXR and the luciferase
d with test compound. The EC50 values are the mean of at least two assays.
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Scheme 1. Reagents and conditions: (a) X@OH, MeSO3H, MeOH, ;", 96%; (b) X@OH,
Tf2O, pyridine, CH2Cl2, 0 �C to rt, or X@OH, Tf2O, K3PO4, PhMe, H2O, 46–93%; (c)
X@OTf, 4a, Pd(PPh3)4, Na2CO3, DME, H2O, 65–70 �C, 78–95%; or X@Br, 4b,
PdCl2(dppf), Na2CO3, DME, H2O, 65–70 �C, 35%; (d) SOCl2, hydroxybenzotriazole,
CH2Cl2, 99%; (e) 6b, Cs2CO3 or K2CO3, DMF, 65–70 �C, 68–75%; (f) NaOH, THF, MeOH
or EtOH, H2O, 60 �C or microwave at 100 �C, 74–94%.


Figure 1. Ligand binding domain of the X-ray co-crystal structure of GW 4064 1a
complexed with FXR. The FXR carbons are colored cyan with agonist 1a carbons
colored green. The semi-transparent gray surface represents the molecular surface,
while hydrogen bonds are depicted as yellow dashed lines. The coordinates have
been deposited in the Brookhaven Protein Data Bank (PDB code 3DCT). This figure
was generated using PYMOL version 1.0 (Delano Scientific, www.pymol.org).


Figure 2. Ligand binding domain of the X-ray co-crystal structure of naphthoic acid
1b complexed with FXR. The FXR carbons are colored cyan with agonist 1b carbons
colored green. The semi-transparent gray surface represents the molecular surface,
while hydrogen bonds are depicted as yellow dashed lines. The coordinates have
been deposited in the Brookhaven Protein Data Bank (PDB code 3DCU). This figure
was generated using PYMOL version 1.00 (Delano Scientific, www.pymol.org).
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produced the ethers. Subsequent base-catalyzed hydrolysis of the
methyl esters afforded the naphthalene carboxylic acids 1b–1e.


The structure–activity relationships of the naphalene carboxylic
acid analogs are depicted in Table 1. The 1,6-disubstituted naph-
thalene derivative 1b and the 2,7-disubstituted naphthalene 1d
each mimic one of the two predominant solution conformations
of GW 4064 1a. The 6-substituted 1-naphthoic acid 1b is a full ago-
nist (%Max = 134% of GW 4064 1a) of FXR in the fluorescent reso-
nance energy transfer (FRET) assay8 for recruitment of the
coactivator peptide of SRC-1 with an EC50 = 87 nM, and is essen-
tially equipotent to GW 4064 1a. It is also a full agonist
(%Max = 104%) of FXR in the transient transfection (TT) assay8 with
an EC50 = 68 nM, and likely approximates the active conformation
of GW 4064 1a. In contrast, the 7-substituted 2-naphthoic acid 1d
is an approximately 5-fold less potent, partial agonist in the FRET
assay (EC50 = 420 nM, %Max = 69%). Although still a full agonist
(%Max = 90%) in the TT assay, it is still substantially less potent
than 1b.


Since it was not known if the orientation of the carboxylic acid
of GW 4064 1a was optimal, the 2,6-disubstituted naphthalene
derivative 1c and the 1,7-disubstituted naphthalene 1e were also
prepared. The 6-substituted 2-naphthoic acid 1c is also a full ago-
nist in both the FRET (EC50 = 100 nM, %Max = 90%) and TT (EC50 =
45 nM, %Max = 87%) assays with similar potency to GW 4064 1a.
Not surprisingly, based on the results from the other three naph-
thalene derivatives 1b-1d, the 7-substituted 1-naphthoic acid 1e
was a weak, partial agonist of FXR (FRET EC50 = 2,300 nM,
%Max = 52%; TT EC50 = 3,300 nM, %Max = 27%).


X-ray co-crystal structures of GW 4064 1a and naphthoic acid
1b with FXR were obtained and are depicted in Figs. 1 and 2,
respectively.38 They shed further light on the agonist recognition
elements of the FXR ligand binding domain as well as on the bind-
ing modes of GW 4064 derivatives. In both structures, the carbox-
ylic acid groups form electrostatic interactions with 331Arg in helix

5. This electrostatic interaction echoes the binding mode of the car-
boxylic acids of the bile acid natural ligands.39 The carboxylic acid
of GW 4064 1a is co-planar with its phenyl ring, with the two oxy-
gen atoms of the carboxylate coordinating with one NH2 and the e-
NH of the guanidine group of 331Arg. In contrast, the C-8 hydrogen
of the naphthalene of 1b causes the carboxylic acid to twist out-of-
the plane of the aryl ring, forcing a single oxygen of the carboxylate
to coordinate to the same NH2 and the e-NH of the guanidine group
of 331Arg. However, this single oxygen interaction for 1b is more
geometrically favored than the dual interaction of 1a. Furthermore,
the 3-phenyl isoxazole moiety rests up against 454Trp and 447His on
the C-terminal side of helix 10, with the isoxazole making an edge
to face stacking interaction with 469Trp located on helix 12 (AF2).
The 2,6-dichloro substitution of the phenyl ring causes an out of
plane twist relative to the isoxazole ring, biasing the ligand confor-
mation to a rotamer population that better fits the active binding
site of the ligand binding domain of FXR. In addition, the iso-propyl



http://www.pymol.org

http://www.pymol.org





Table 3
Pharmacokinetics of FXR agonist 1b


Species Dosea mg/kg t1/2
b min Cl


c mL/min/kg VSS
d mL/kg Fe %


Mouse 30 96 7.0 400 3.9
Rat 30 24 57 1000 7.7
Beagle Dog 5 250 2.0 480 56
Cynomolgus


Monkey
5 90 5.5 350 34


a Dose is the amount of 1b dissolved into the formulation solution for oral
administration.


b t1/2 is the i.v. terminal half-life dosed as a solution. All in vivo pharmacokinetic
values are the mean of two experiments.


c Cl is the i.v. total clearance.
d VSS is the i.v. steady state volume of distribution.
e F is the oral bioavailability.
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group occupies a pocket formed by 284Phe, 287Leu, 454Trp, and
461Phe, leading to further stabilization of a protein conformer capa-
ble of recruiting co-activator proteins for gene transcription.
Although the scaffoldings in between these two end fragments
likely pick up some hydrophobic binding interactions, they mostly
serve to appropriately display the terminal pharmacophores for
optimal binding interactions. All of these interactions help stabilize
the hydrophobic core of the receptor, which leads to an active con-
formation of the receptor capable of shedding co-repressors and
recruiting co-activators to induce gene transcription.


It can be deduced from these structures that the flexible side
chain guanidine of 331Arg can move to best interact with the neg-
ative charge of acid moieties on agonists like 1c. In contrast, as the
acidic group is displayed farther from the vicinity of the positively
charged guanidine, the electrostatic interaction with the negatively
charged acid moiety will decrease, reducing the overall binding en-
ergy of the ligands like 1d and 1e.


Like GW 4064 1a, the naphthoic acid 1b was quite selective for
FXR versus other closely homologous nuclear receptors as shown
in Table 2. It did exhibit modest interaction with the pregnane X
receptor (PXR) with a selectivity ratio of 35–50 for FXR versus PXR.


Since, the naphthoic acid 1b exhibited comparable efficacy and
selectivity to GW 4064 1a, it was selected for further study. In con-
trast to GW 4064 1a which degrades the equivalent of �10%/day as
a solid in sunlight, the naphthoic acid 1b exhibited minimal degra-
dation under similar exposure conditions. Furthermore, its Cyp 450
inhibition profile in pooled human liver microsomal assays was
acceptable (1A2 IC50 = 23,000 nM, 2C19 IC50 = 17,000 nM, 3A4
[midazolam] IC50 = 7200 nM, 3A4 [atorvastatin] IC50 = 4600 nM,
3A4 [nifedipine] IC50 = 8800 nM). In addition, it was also highly
permeable in the Madin-Darby canine kidney cell (MDCK) absorp-
tion assay with an apparent permeability factor PAPP = 190 nm/s. In
contrast to these encouraging developability parameters, 1b was
poorly soluble in fasted state-simulated intestinal fluid (FaS-SIF)
at pH 6.5 (Sol. = 1000 ng/mL). Consequently, if dissolution after
oral dosing was slow, the oral absorption might be poor.


The naphthoic acid 1b was profiled in four species to ascertain
its pharmacokinetic parameters. The agonist had low to moderate
steady state volume of distributions in all species as shown in Ta-
ble 3. The clearances in mouse (Cl = 7.0 mL/min/kg), dog (Cl


= 2.0 mL/min/kg), and monkey (Cl = 5.5 mL/min/kg) were low,
being less than one third of hepatic blood flow for each species,
respectively. In contrast, the rat clearance was very high (Cl


= 57 mL/min/kg), approaching hepatic blood flow for the rat. This
clearance coupled with the moderate volume (VSS = 1000 mL/kg)

Table 2
Nuclear receptor selectivity of naphthoic acid FXR agonist 1b


NR Assay typea 1b XC50 nM 1b %Maxb


ERa FP >20,000 —
ERb FP >20,000 —
GR FP >20,000 —
LRH FRET >10,000 —
LXRa FRET >20,000 —
LXRb TT >20,000 —
PPARa SPA >10,000 —
PPARc SPA >10,000 —
PPARd TT >10,000 —
PXR SPA 3100 63
RORa FRET >10,000 —
TRb FRET >20,000 —


a FP, fluorescence polarization assay; FRET, ligand-seeking assay measuring
ligand-mediated interaction of the NR LBD with a coactivator peptide; SPA, scin-
tillation proximity assay; TT, transient transfection assay. The XC50 values are the
mean of at least two assays.


b Maximum percent efficacy of the test compound relative to activation via a
standard.

resulted in a very short terminal half-life in the rat (t1/2


= 24 min). In contrast, the terminal half-life in the dog was greater
than 4 h, while the mouse and monkey half-lives were in between
(mouse t1/2 = 96 min, monkey t1/2 = 90 min) those of the dog and
rat.


The rodent oral bioavailabilities of 1b were poor (mouse
F = 3.9%, rat F = 7.7%). In contrast, in higher mammals, 1b exhibited
good oral exposure (dog F = 56%, monkey F = 34%). It is possible
that the increase in acidity when 1b reaches the stomach causes
precipitation of 1b as its free acid. With its even poorer solubility
at acidic pH (solubility in simulated gastric fluid at pH 1
SGF = <1 ng/mL) than as the carboxylate at neutral pH, a slow dis-
solution rate might explain the low oral bioavailability, despite its
high permeability. In higher mammals, a longer GI transit time
could account for the much improved oral absorption.


The liver, intestine, and kidneys can be key tissues for metab-
olizing xenobiotics, and orally administered drugs can obtain sig-
nificant concentrations in these tissues. Since FXR is expressed in
liver, intestine, and kidney, significant systemic exposure of FXR
modulators may not be necessary to realize a pharmacodynamic
response. Furthermore, since activated FXR can amplify its signal
via gene transcription, continuous exposure may not be neces-
sary for the realization of a therapeutic effect. Therefore, despite
its limited pharmacokinetics in rat, naphthoic acid 1b was pro-
filed in the a-naphthyl-isothiocyanate (ANIT) chemically induced
rat acute cholestasis model.18 Rats were dosed with ANIT
(50 mg/kg p.o.), then sacrificed 48 h later for analysis. The rats
received vehicle or the sodium salt of 1b bid p.o. for 4 days,
starting 2 days prior to ANIT administration. ANIT treatment sig-
nificantly elevated the liver function serum markers alkaline
phosphatase (AP), alanine aminotransferase (ALT), aspartate ami-
notransferase (AST), c-glutamyl transferase (GGT), total choles-
terol (TC), HDL-C, triglycerides (TG), and bile acids (BA), and
caused peribiliary inflammation, edema, bile duct necrosis, and
portal disorganization. FXR agonist 1b, at doses of 100 and
300 mg/kg, significantly reduced AP, ALT, AST, GGT, HDL-C, BA,
and direct bilirubin (DBIL). Furthermore, histological exams re-
vealed that 1b reduced peribiliary inflammation, edema, bile
duct necrosis, and portal disorganization.


In summary, a series of conformationally constrained GW 4064
1a analogs were synthesized as potential modulators of FXR. The 6-
substituted 1-naphthoic acid GSK8062 1b and the 6-substituted 2-
naphthoic acid 1c were equipotent full FXR agonists. Agonist 1b
was quite selective versus related nuclear receptors. It was also
well absorbed in dog and monkey. Despite poor oral exposure in
rodents, naphthoic acid 1b reduced the severity of cholestasis in
the ANIT acute cholestatic rat model. Information gained from
these studies should prove to be useful in the design of other
FXR modulators. Furthermore, these tools may prove useful in fur-
ther defining the physiological roles of FXR.
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We have discovered novel inhibitors of VEGFR-2 kinase with low nanomolar potency in both enzymatic
and cell-based assays. Active series are heteroaryl-ketone compounds containing a central aromatic ring
with either an indazolyl or indolyl keto group in the ortho orientation to the benzylic amine group (Fig. 1).
The best compounds were demonstrated to be inactive against a small select panel of tyrosine and serine/
threonine kinases with the exception of VEGFR-1 kinase, a close family member. In addition, the lead can-
didate 8 displayed acceptable exposure levels when administered orally to mice.


� 2008 Elsevier Ltd. All rights reserved.
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Angiogenesis, or formation of new blood vessels, is a highly
complex process that involves proliferation, migration, and tissue
infiltration by capillary endothelial cells from pre-existing blood
vessels. It is an important physiological process involved in embry-
onic development,1,2 follicular growth, and wound healing as well
as in pathological conditions such as tumor growth.3–6 Vascular
endothelial growth factor (VEGF),7,8 an endothelial cell-specific
mitogen, is the primary regulator of angiogenesis in vivo and it
mediates its biological effect through high-affinity VEGF tyrosine
kinase receptors, which are expressed on the surface of endothelial
cells.9 VEGF binds with high affinity to VEGFR-2 (also known as Ki-
nase Domain Region (KDR)7,10,11 to induce activation of the angio-
genic signaling pathway. Murine gene knockouts of VEGFR-2 pr
VEGF have led to embryonic lethality, a result of disorganized vas-
cular endothelial cells, indicating the pivotal role of VEGF in angi-
ogenesis.12–14 Additionally, several antagonists and inhibitors
currently in preclinical and clinical development have shown tu-
mor regression concomitantly with inhibited angiogenesis.15,16


Therefore, a direct inhibition of the kinase activity of VEGFR-2
should result in the reduction of angiogenesis and the subsequent
suppression of tumor growth.


During screening of the ImClone compound collection, we iden-
tified a heteroaryl-ketone compound 4 that demonstrated promis-
ing inhibition of VEGFR-2. We were encouraged to pursue the hit
by the precedent set by Manley et al. in which anthranilamide-

All rights reserved.


: +1 484 865 9399.
i Chekler).

based inhibitors recapitulated the potency and binding mode of
PTK787.17 Promising biological data for compound 4 prompted
us to proceed with the structure–activity analysis of the series,
the results of which are presented in this letter. The heteroaryl-ke-
tone series is a novel entry in this class of inhibitors which seek to
exploit a similar mode of binding to the kinase domain of VEGFR-2.
One of the key structural features of the heteroaryl-ketone series
was the ortho substitution of the central aromatic ring with a ke-
tone moiety and an anilinyl NH group (Fig. 1). We speculated that
the resulting intramolecular hydrogen bond would consequently
hold the shape of the molecule into a pseudo-bicyclic ring system.

VariableX = N or CH


Figure 1. Pharmacophore hypothesis for the mode of binding of heteroaryl-ketones
within the ATP-binding pocket of VEGFR-2.
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The general preparation of the heteroaryl-ketone analogs is de-
picted in Scheme 1.18 The initial strategy was to keep the top por-
tion of the molecule as an indazole moiety and vary only the
bottom portion in order to optimize the interactions in Region III.
Treatment of 2-nitro benzoylchloride 1 with trimethylsilyl diazo-
methane gave the diazo intermediate 2 that was further reacted
with anthranilic acid in the presence of isoamyl nitrite to give 2-ni-
tro ketoindazole 3. The amine moiety that was obtained via reduc-
tion of the nitro group was subjected to reductive amination with a
variety of aldehydes to provide the final compounds 4–15 (Table
1). For the indole derivatives, the synthetic route was modified
as shown in Schemes 2 and 3. A variety of Lewis acid based meth-
ods were pursued to introduce the 2-nitro acyl group in position 3
of indole ring system (Scheme 2). None of these methods produced
the desired product in appreciable yields and often gave complex
reaction mixtures. Reaction of the substituted indole 16 with the
acid chloride in the presence of the Grignard reagent gave a 1,3-

Table 1
Modification of Region III in Indazole series


Compound R1 R2 KDR-HTRF
(IC50 lM)a


Cell-based
phosphorylation
(IC50 lM)a


4 4-Pyridyl H 1.6 ± 0.4 0.87 ± 0.12
5 4-Pyrazolyl H >10 —
6 5-Indazolyl H 0.80 ± 0.1 0.12 ± 0.3
7 6-Indazolyl H 0.73 ± 0.19 0.074 ± 0.004
8 6-Quinolinyl H 0.23 ± 0.03 0.13 ± 0.3
9 6-Isoquinolinyl H 10.0 ± 2.0 —


10 4-Acetylaminophenyl H >10 —
11 piperonyl H >10 2.6 ± 0.3
12 5-Benzimidazolyl H 3.0 ± 0.1 0.31 ± 0.05
13 6-Quinolinyl CH3 8.5 ± 1.5 >10 b


14 6-Indazolyl 2-Methoxy
ethyl


0.56 ± 0.07 1.8 ± 0.5


15 6-Indazolyl CH3 0.25 ± 0.04 0.30 ± 0.08


a IC50 values were determined from the logarithmic concentration–inhibition
point (at least eight points). The important key values are given as the mean of at
least two duplicate experiments.


b Precipitation was observed for this compound under the assay conditions.

diacylated product which was subjected to mild hydrolysis condi-
tions to achieve a quantitative yield of the desired mono-acylated
product 17. The nitro group was then reduced and the resulting
amine moiety was subsequently subjected to reductive amination
conditions to produce a series of final target compounds 19–41
(Table 2).


Furthermore, two azaindole analogs were also synthesized to
explore heteroaromatic substitution patterns in Region I (Scheme
3). A modified Lewis-acid-catalyzed acylation worked well in this
case to produce intermediates 45 and 46.19 The nitro group in
the mono-acylated products was then reduced and subjected to
reductive amination resulting in the desired compounds 47 and 48.


The first stage of exploring the SAR of heteroaryl-ketones was to
modify Region III (Table 1). The pyridyl group in 4 gave an encour-
aging cell-based phosphorylation assay IC50 of 0.87 lM; however,
the corresponding pyrazole derivative 5 turned out to be inactive.
It was assumed that the nitrogen in a smaller group such as pyra-
zole was not within reach of the key interacting amino acid.20 This
hypothesis could also be confirmed via the presence of a larger
indazole group (e.g., 6 and 7) where the nitrogens in the indazole
moieties are most likely picking up the key interaction resulting







Table 2
Modifications of Region I and III in Indole series


Compound R1 R2 R3 KDR-HTRF
(IC50 lM) a


Cell-based phosphorylation
(IC50 lM) a


19 4-Pyridyl H H 9.0 ± 1.0 2.1 ± 0.7
20 5-Indazolyl H H 0.61b 0.24 ± 0.07
21 6-Indazolyl H H 0.14b 0.17 ± 0.01
22 6-Quinolinyl H H 2.0 ± 0.5 1.0 ± 0.3
23 6-Quinolinyl H 5-


CH3


1.9 ± 0.15 0.16 ± 0.02


24 6-Quinolinyl CH3 5-
CH3


0.54b 0.18 ± 0.03


25 6-Quinolinyl H 6-
CH3


0.94 ± 0.06 0.73 ± 0.15


26 6-Quinolinyl H 7-
CH3


2.0b 0.70 ± 0.01


27 6-Quinolinyl H 2-
CH3


>10 —


28 6-Quinolinyl H 4-
OCH3


>10 —


29 6-Quinolinyl H 5-
OCH3


1.9b 0.45 ± 0.15


30 6-Quinolinyl H 6-
OCH3


1.9 ± 0.3 0.66 ± 0.11


31 6-Quinolinyl H 5-F 5.9b 1.0 ± 0.2
32 6-Quinolinyl H 6-F 1.9b 0.81 ± 0.02
33 6-Quinolinyl H 5-Cl 3.9 ± 0.8 0.56 ± 0.03
34 6-Indazolyl H 5-


CH3


0.87 ± 0.13 0.052 ± 0.015


35 6-Indazolyl H 6-
CH3


0.25 ± 0.09 0.076 ± 0.005


36 6-Indazolyl H 7-
CH3


0.95 ± 0.6 0.355 ± 0.05


37 6-Indazolyl H 2-
CH3


>10 —


38 6-Indazolyl H 5-F 1.8 ± 0.7 0.25 ± 0.03
39 6-Indazolyl H 6-F 1.5 ± 0.5 0.25 ± 0.02
40 6-Indazolyl H 5-Cl 1.1 ± 0.3 0.83 ± 0.06
41 6-


Isoquinolinyl
H H >10 —


47 6-Quinolinyl H 5-(N) >10 —
48 6-Quinolinyl H 7-(N) 7.8 ± 0.3 >10


a IC50 values were determined from the logarithmic concentration–inhibition
point (at least eight points). The important values are given as the mean of at least
two duplicate experiments.


b Precipitation was observed for the compound under the enzymatic assay con-
ditions hence the data for n = 1 are depicted. However, the corresponding cellular
data are shown for n = 2.


Table 3
Correlation of VEGFR-1 and VEGFR-2-binding data


Compound VEGFR-2 (IC50 lM) VEGFR-1 (IC50 lM)


4 1.6 1.9
6 0.8 0.46
7 0.73 0.27
8 0.23 0.30
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in the observed activity. The substitution of these heterocyclic moi-
eties with a carbonyl group (10) resulted in a negative outcome.
The 6-Quinolynyl group as R1 would position the basic nitrogen
proximal to the 5- and 6-inadzolyl nitrogen atoms. Thus, the quin-
olinyl and indazolyl moieties were found to be optimized groups in
Region III that resulted in nanomolar activity. Incorporation of a
solubilizing chain (methoxyethyl group) into Region I led to enzy-
matically similarly potent compound 14, but a significant loss of
cellular potency was observed.


In the interest of synthetic tractability, we confined our explo-
ration of Region I SAR to the indole derivatives (Table 2). The quin-
olinyl and indazolyl groups were maintained in Region III as they
conferred superior potency compared to other moieties (Table 2).
With the quinolinyl group in Region III, the 5-methylindole deriv-
ative 23 was found to be the most active in the cell-based assay
with an IC50 = 0.16 lM. With the indazolyl in Region III, the 5-
and 6-methyl compounds showed comparable activity in cellular
assay (34 and 35). The loss of activity observed in analogs where
the indole was substituted in the 2 position with a methyl group
(27 and 37) could be attributed either to tight spacing in that re-
gion of the kinase active site or to dihedral angle alteration be-
tween the indole group and the central phenyl ring. However,
the substitution of the free NH group in indole with a methyl group

(e.g., 24) resulted in a smaller change in activity as compared to the
non-methylated compound 23 indicating that a small hydrophobic
group is tolerable at that site. This notion is reiterated by the 7-
methyl analogues 26 and 36 which retain activity. The azaindole
analogs 47 and 48 were found to be inactive, suggesting that a
nitrogen atom in the ring is not tolerated in the positions facing
hydrophobic regions of the protein backbone (Fig. 1).20 Overall,
the SAR trend was similar in both the indazole and indole cases,
where the 6-indazolyl group in Region III consistently gave slightly
better activity than the corresponding quinolinyl group.


Characterization of the heteroaryl-ketones indicates that this
series is highly selective for VEGF family receptors. When
compounds 4 and 6–8 were screened against a panel of several
tyrosine and serine/threonine kinases (EGFR, ErbB2, Raf-1, c-Met,
IGF1-R, InsR, CDK2, and PKB), the only kinase besides VEGR-2 that
was targeted was VEGFR-1, a close family member (Table 3). More-
over, inhibition of VEGFR-2 correlates well with that seen with
VEGFR-1, indicating that this series would target both receptors in-
volved in angiogenesis. ATP competition experiments demon-
strated that this series acts as a direct and reversible competitor
of ATP (data not shown). Representative compounds were not toxic
to a pool of human hepatocytes or cytotoxic to NIH3T3 fibroblast
cells (GI50 > 100 lM).


When 8 was administered to mice (interperitoneally, 30 mg/kg
in a solution of 5% ethanol, 5% Tween-80, 5% PEG400 and 85% PBS),
plasma concentration of 2.4 lM was present at 1 h post-injection;
however, at 4 h compound concentration was below detection lim-
its. Mass spectroscopy revealed that 8 was glucuronidated, pre-
sumably leading to its rapid elimination. Therefore, we explored
indole compound 24 with an N-methyl indole moiety that should
prevent the formation of glucuronidation adduct. When this com-
pound was also dosed interperitoneally, plasma levels at the 1 h
time point (2.9 lM) were similar to those seen with 8. Notably,
the plasma concentration of 24 was �1.1 lM at the 4-h time point
with no glucuronidation products detectable. Moreover, both ana-
logues 8 and 24 demonstrated plasma exposure (�1.8 lM at 1 h)
upon oral administration.


We have described the synthesis and biological activity of a no-
vel series of potent VEGFR-2 inhibitors based on a heteroaryl-ke-
tone scaffold. This series demonstrated potent cell-based
inhibition of KDR autophosphorylation and selectivity against a
group of tyrosine and serine/threonine kinases. Compounds bear-
ing the 6-indazolyl group in Region III were slightly more potent
compared to analogs with the corresponding quinolinyl group.
However, the quinolinyl analog 8 showed oral exposure in mice.
The most active compounds 7, 34, and 35 were comparable or
more inhibitory to VEGFR-2 receptor than the standard clinical
candidate ZD647421 (IC50 100 nM) in our cellular phosphorylation
assay.
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Novel non-nucleoside inhibitors of HIV-RT that contain pyridazinone isosteres were prepared, and a ser-
ies of triazolinones were found to be potent inhibitors of HIV replication. These compounds were active
against several NNRTI-resistant virus strains. Pharmacokinetic studies indicated that inhibitor 7e has
good bioavailability in rats. Several fragments of inhibitor 7c were prepared, and the binding of these
compounds to HIV-RT was analyzed by surface plasmon resonance spectroscopy.
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Table 1
Activity of 1 against wild-type and mutant virusesa


NH
NO


Cl
Cl


F
NC


O
CH31


WT G190A K103N/L100I K103N/Y181C


0.001 0.001 0.004 0.019


a EC50 in lM versus the wild-type virus or the indicated mutant.

The reverse transcriptase enzyme of the human immunodefi-
ciency virus (HIV-RT) transcribes the RNA viral genome into
DNA. This essential step in the viral replication cycle can be inhib-
ited by a class of drugs known as non-nucleoside reverse transcrip-
tase inhibitors (NNRTIs).1 There are four marketed NNRTIs for the
treatment of HIV infection, and several compounds that inhibit
the replication of commonly observed NNRTI-resistant viruses
are in development.2,3


In a previous letter,4 we described the discovery of a series of
pyridazinones that are potent inhibitors of viral replication in vitro.
Pyridazinone 1, was determined to have excellent activity against
the wild-type virus and several commonly observed resistant
viruses (Table 1). However, low aqueous solubility for a number
of these inhibitors appeared to limit oral bioavailability at higher
doses. In order to further optimize the potency and bioavailability
of this series of NNRTIs, we focused on modification of the pyridaz-
inone functionality. In this letter, we describe diaryl ether NNRTIs
that contain modified pyridazinones and heterocyclic pyridazinone
isosteres. This effort resulted in the discovery of a series of triazoli-
none inhibitors that have good oral bioavailability and excellent
activity against common NNRTI-resistant viruses.


Crystal structures of inhibitors similar to 1 bound to HIV-RT
demonstrated that the pyridazinones interact with the protein
backbone through a pair of hydrogen bonds between the amide
of the K103 amino acid and the N-NH acceptor–donor motif of
the pyridazinone. Inspection of the small molecule crystal struc-

All rights reserved.
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tures of the inhibitors themselves revealed that in the solid state
the pyridazinones were associated through extensive aromatic
stacking interactions. Therefore, our design strategy was to retain
the N-NH binding motif while introducing groups that might per-
turb intermolecular stacking interactions and improve the solubil-
ity of the inhibitors.


A simple scaffold that did not contain a fluorinated core ring
was initially used to investigate the activity of the new inhibitors.
Compounds were assessed only in terms of their ability to inhibit
the polymerase activity of wild-type reverse transcriptase, as our
experience with the pyridazinone compounds had suggested that
potency against NNRTI-resistant viruses was likely to be highly
dependent upon the substitution pattern of the phenyl rings. Se-
lected NNRTIs prepared in this initial series are shown in Table 2,
along with the corresponding activity in the polymerase enzyme
assay.5
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Table 3
Activity of inhibitors 5b, 7b, 10, and 11a


Heterocycle
O


Cl


NC


Cl


F


Compound Heterocycle WT IC50 WT EC50 K103N/Y181C EC50


5b


N


O
NH


O


R


CH3


0.013 0.005 0.034


7b N
NH


N


O


R


CH3


0.011 0.008 0.040


10


N
NH


O


R


CH3


0.017 0.032 na


11


N


NH
NH


O


R


CH3


0.011 0.008 0.072


a IC50 or EC50 in lM versus the wild-type virus and the K103N/Y181C mutant
virus.


Table 2
Potency of a series of NNRTIs


Heterocycle
O


Cl


Br


Compound Heterocycle IC50


2a


N
NH


CH3


O
0.13


3a


N
NH


O
N


CH3 CH3


0.23


4a


N


N
NH


O


CH3


0.33


5a


N


O
NH


O
CH3


0.05


6a


N


N


NH


O
CH3


0.15


7a N
NH


N


OCH3


0.69


8a S
NH


N


O


0.53


9a O
NH


N


O


5.80


IC50 in lM versus the wild-type virus.
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Almost all of the new compounds retained good potency in the
enzyme assay. Substitution of the pyridazinone methyl group with
the considerably larger dimethylamino group resulted in only a
moderate loss in activity. Introduction of an additional heteroatom
adjacent to the methylene bridge was also accommodated (i.e., tri-
azinone 4a). The non-aromatic oxadiazine 5a and 1,2,4-triazine 6a
were equipotent to pyridazinone 2a in this assay. Finally, good
inhibition of polymerase activity was observed with compounds
containing 5-membered heterocycles. For this series of inhibitors,
triazolinone 7a and thiadiazinone 8a were somewhat more potent
than oxadiazinone 9a.


In order to further investigate compounds that had promising
activity in the initial screen, inhibitors that contained more highly
substituted biaryl ethers were prepared. These efforts focused on

the evaluation of NNRTIs that feature a fluorinated central phenyl
ring and a 3-chloro, 5-cyano substituted terminal phenyl ring so
that the compounds could be easily compared to lead compound
1. The dihydropyridazinone 10 and the dihydrotriazinone 11 were
designed to project the methyl group out of the plane of the het-
erocycle, as it was thought that a similar orientation of the methyl
group of oxadiazinone 5a might be responsible for the potency of
this inhibitor. Selected examples of this group of compounds are
shown in Table 3. These NNRTIs again had excellent potency in
the polymerase assay. The nearly identical activity of these diverse
compounds suggests that the strength of the hydrogen bonding
interactions of the heterocycle with the protein backbone do not
strongly influence the thermodynamics of the protein–inhibitor
interaction. It was later demonstrated that these compounds de-
rive much of their potency from hydrophobic interactions of the
biaryl ether (vide infra). However, excision of the methyl group
from the heterocyclic ring of these inhibitors did result in a loss
of activity.


The potency of the new set of inhibitors against several NNRTI-
resistant viruses was good, and the EC50 of 5b, 7b, and 11 against
the K103N/Y181C mutant virus was less than 50 nM.6 Unfortu-
nately, compound 5b was determined to be a strong inhibitor of
CYP3A4 (IC50 = 0.27 lM). Strong CYP inhibition was also observed
with other 1,3,4-oxadiazin-5-ones, and this group of compounds
was not investigated further. Dihydropyridazinone 10 was less po-
tent than the other inhibitors in the cellular assay. Compound 11
and similar triazinones were rapidly metabolized in the presence
of rat microsomal protein (Cl = 130 lg/mL/mg), and the reduced
stability of compounds of this type was confirmed through in vivo
studies.


Triazolinone 7b showed good potency in the cell-based assay
and was only slowly metabolized in the presence of human liver
microsomes (Cl = 5 lg/mL/min). A set of triazolinones with







Table 6
Activity of fragments 8 and inhibitor 7c


N


N


NH


O
R


Compound R WT IC50 Kd


7h H >100 NB
7i Ph >100 NB
7j 4-Br-Ph >100 388
7k 2-F,4-Br-Ph >10 102
7l 2-F,3-OMe,-4-Br-Ph 34 4
7m 3-PhO-Ph 18 3
7c See Table 4 0.005 0.004


6


8


10


12


ca
l/


m
o


l)


Table 4
Activity of triazolinone inhibitors 7a


N
NH


NO


R


NC
F


Cl O
CH3


7


Compound R WT K103N/Y181C


7b Cl 0.011 0.039
7c Br 0.002 0.009
7e CH3 0.002 0.026
7f Et 0.002 0.004
7g c-Pro 0.002 0.011


a EC50 in lM versus the wild-type virus and the K103N/Y181C mutant virus.
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different substituents on the central phenyl ring was prepared in
an effort to further improve the potency of these compounds
against NNRTI-resistant viruses (Table 4). From the group of
triazolinones prepared, inhibitor 7c was selected for further
characterization.


As indicated by the data in Table 5, 7c was able to effectively re-
duce the replication of viruses containing mutations at positions
103, 181, 100, and 190 of the reverse transcriptase (Table 5). Sur-
face plasmon resonance (SPR) experiments7 showed that 7c bound
very tightly to an immobilized wild-type reverse transcriptase
enzyme, although binding was readily reversible. Under these
conditions, the dissociation constant (Kd) was calculated to be
4 � 10�9 M�1. Finally, 7e did not strongly inhibit the activity of
major cytochrome p450 enzymes (e.g., CYP3A4 IC50 = 12 lM).8


The solubility of the triazolinone inhibitors was significantly
improved relative to the analogous pyridazinone compounds. For
example, although the solubility of compound 7c (solubility in
pH 6.5 buffer = 2.4 lg/mL) is low, this inhibitor is more than 10-
fold more soluble than the pyridazinone lead 1.9 The permeability
of 7c as measured in CACO-2 experiments was high
(Papp = 15.1 cm2/s), and no indication of transporter-mediated ef-
flux was observed. Administration of an aqueous suspension of this
inhibitor to dogs (0.5 mg/kg iv, 2 mg/kg po) demonstrated that the
7c was metabolically stable and well absorbed (Cl = 1.5 mL/min/kg,
Cmax = 1.3 lM, AUC0–1 = 38.4 lM h, F% = 74).


Inhibitor deconstruction and fragment screening: Fragment
screening has emerged as a useful method for the discovery of
new templates for medicinal chemistry lead optimization pro-
grams.10 However, there have been few reports of the successful
application of fragment screening for the discovery of inhibitors
that bind to induced pockets such as the HIV-RT NNRTI binding
site. In order to gain insight into the size of fragments that would
have been required to identify triazolinones as templates for fur-
ther optimization, we synthesized various fragments of 7c and
studied their binding to immobilized HIV-RT using surface Plas-
mon resonance (SPR).11 These smaller compounds were also as-
sayed as inhibitors of the polymerase activity of HIV-RT. The Kd


determined in the SPR study and the IC50 calculated from the poly-
merase assay are listed in Table 6.


In general, there was good agreement between the inhibitory
IC50 derived from the functional polymerase assay and the bind-

Table 5
Activity of 7c against a set of NNRTI-resistant virusesa


Virus WT Y181C G190A L100I/K103N


EC50 0.002 0.005 0.001 0.002


a EC50 in lM against the indicated virus.

ing constant extracted from the SPR experiments. The smallest
fragments did not show any binding within the limits of detec-
tion of the SPR assay (�2 mM). Very weak binding was observed
with halogenated benzyl triazolinone compounds 7j and 7k in
the SPR assay, although this interaction still could not be de-
tected in the enzymatic assay. Only larger compounds 7l and
7m showed micromolar inhibition of the polymerase activity.
These molecules have more heavy atoms than the small com-
pounds commonly included in fragment screening libraries.


The results from these experiments confirm the utility of SPR
fragment screening for lead discovery. Fragment 7j, which has a
ligand efficiency (LE) of 0.3 kcal/mol/non-hydrogen atom, could
have been identified as a useful starting point for the design of
more potent triazolinone NNRTIs in a fragment screening ap-
proach to lead identification. It should be noted, however, that
this LE value had previously been suggested to be a minimum
value for a useful fragment lead.12 Figure 1 plots the free energy
of binding (DG) calculated from the SPR binding data versus the
number of heavy atoms for compounds 7j–m and 7c. As has
been observed in earlier work, there is a roughly linear correla-
tion between binding energy and mass.13 The slope of the plot
indicates that each heavy atom contributes, on average,
0.59 kcal/mol to the binding energy of the molecule. This num-
ber is substantially greater than the slopes observed in most ear-
lier deconstruction analyses for compounds that have between
15 and 25 heavy atoms, and might be explained by the hydro-
phobic nature of the NNRTI binding site. It is possible that a
molecule such as 7c, which has an excellent LE (0.43), may have
been discovered starting from a fragment hit with a substantially
worse binding efficiency. Such a finding may encourage optimi-
zation of even modestly efficient leads when the compound
binding site is already known to be highly druggable.
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Figure 1. DG binding versus number of heavy atoms for 7j–m and 7c.
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Scheme 1. Reagents: (a) KOtBu, ethyl (2, 3-difluoro-4-nitrophenyl)acetate, THF,
90%; (b) Fe, NH4Cl, EtOH, H2O, 91%; (c) tBuONO, CuBr2, LiBr, CH3CN, 50%; (d) N2H4,
EtOH; (e) OCNCH3, THF; (f) KOtBu, tBuOH, 74% for three steps.
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The synthesis of inhibitor 7c is outlined in Scheme 1.14 An aro-
matic substitution reaction of 3-cyano, 5-chlorophenol with a
difluoronitrophenyl acetate provided the diaryl ether in excellent
yield. Reduction of the nitro group with iron, followed by a Sand-
meyer reaction gave the chlorinated product. Sequential reaction
of the ester with hydrazine and methyl isocyanate provided a
semicarbazide that could be dehydrated with a catalytic amount
of KOtBu in tBuOH to form the triazolinone NNRTI.


In summary, a number of non-nucleoside inhibitors of HIV re-
verse transcriptase were prepared. Evaluation of the potency and
physical properties of these compounds led to the identification
of a series of triazolinones that strongly inhibited wild-type and
NNRTI-resistant viruses in vitro. These compounds had signifi-
cantly improved physical properties relative to their pyridazinone
analogs, and inhibitor 7c was determined to have excellent bio-
availability in animal studies. A deconstruction exercise was used
to determine the suitability of fragment-based approaches for lead
identification for the NNRTI binding site.
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also described.
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Table 1
Potency of lead compound 1a


NH
N


O O


O


Cl


1


Assay WT K103N Y181C

Chemotherapy for the treatment of HIV infection often includes
administration of an allosteric inhibitor of the viral reverse trans-
criptase (HIV-RT). These medicines, known collectively as non-
nucleoside reverse transcriptase inhibitors (NNRTIs), bind to the
transcriptase enzyme in a hydrophobic cavity adjacent to the poly-
merase catalytic site.1,2 Association of an NNRTI with the reverse
transcriptase is thought to inhibit chain elongation by altering
the motions of the protein residues that interact with the nucleic
acid chain.3 Some NNRTIs have also been found to influence dimer-
ization of the HIV-RT subunits,4 HIV-RT RNase activity,5–7 and the
effectiveness of chain termination by deoxynucleoside drugs.8


Currently marketed NNRTIs include efavirenz, nevirapine,
delavirdine, and etravirine. Efavirenz and nevirapine have good
pharmacokinetic profiles and effectively inhibit replication of the
wild-type virus,9 but they are less effective against several com-
monly observed mutant viruses.10 Etravirine shows improved
potency against many NNRTI-resistant viruses,11,12 but must be
administered twice daily and is approved for use only in patients
infected with HIV-1 strains resistant to an NNRTI and other antiret-
roviral agents. There is therefore a need for new NNRTIs that are

All rights reserved.
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active against virus strains resistant to current NNRTIs and have
pharmacokinetic properties suitable for once-daily dosing.13


Our search for novel NNRTIs commenced with a high-through-
put screen of the Roche compound library. From this screen, pyrid-
azinone 1 was discovered to inhibit the activity of wild-type HIV-1
reverse transcriptase in an isolated enzyme assay (Table 1).14 This
compound was also found to be active against HIV replication in
MT4 cells infected with wild-type HIV-1.15 Subsequent studies

IC50 0.40 0.26 0.36
EC50 0.08 0.07 0.21


a IC50 and EC50 in lM.
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Table 2
SAR of phenyl-benzofuran linkera


O


NH
NX


O


Cl


2


Compound X IC50 CYP3A4 IC50


2a CO 8.2 0.6
2b CH2 3.9 0.18
2c O 1.0 0.41


a IC50 (lM) versus the wild-type enzyme and for inhibition of recombinant
CYP3A4 using BFC as a fluorogenic substrate.


Table 3
SAR of central phenyl ring substitutiona


NH
NO


O


Cl


3


R1


R2


Compound R1 R2 IC50


3a H H 21
3b H Me 14
3c Me H 0.64
3d Cl H 0.10


a IC50 (lM) versus the wild type enzyme.


Table 4
Improvements in Potencya


NH
NO


OCl


R3


R4


Compound R3 R4 WT K103N Y181C


4a H H 0.52 3.35 5.49
4b H Me 0.36 0.92 2.13
4c F H 0.10 0.43 0.5
4d F Me 0.02 0.05 0.21


a WT, K103N, and Y181C refer to IC50 values in lM versus the indicated enzyme.


Figure 1. Inhibitor 4c bound to wild-type HIV-RT. Only key protein residues are
shown.
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indicated that 1 inhibited the replication of the clinically relevant
K103N and Y181C mutant viruses,16 and this compound was cho-
sen as a lead molecule for our discovery program.


Initial modifications focused on the influence of the linker be-
tween the terminal phenyl ring and the benzofuran portion of
the inhibitors. As shown in Table 2, diaryl ether compounds proved
to be somewhat more potent than their benzophenone analogs.
However, the benzofuran lead compounds were found to be uni-
formly strong inhibitors of CYP3A4. A series of diaryl ethers that
did not contain the benzofuran moiety were therefore prepared
in an effort to discover NNRTIs that would not inhibit cytochrome
p450 enzymes (Table 3). Excision of the furan hetereocycle (3a)
resulted in a severe loss in activity, but analogs with R1 = Cl or
Me (3c–d) maintained good potency. These compounds were also
relatively weak inhibitors of CYP3A4 (e.g., 3d, CYP3A4
IC50 = 4.0 lM).


As we had identified a series of compounds that did not strongly
interfere with CYP function, our attention turned to improving the
potency of the pyridazinone inhibitors. Substitution of the pyridaz-
inone ring revealed that addition of a methyl group in the 4-posi-
tion could improve activity against the mutant viruses (Table 4 4a
vs 4b). Fluorination of the central ring also improved potency (4c).
Compound 4d, which contains both fluorine and methyl substitu-
tions, was 25-fold more potent than precursor 4a in testing against
both the wild-type and mutant viruses.


Crystallographic studies of a complex of 4c with the wild-type
reverse transcriptase enzyme provided insight into the likely bind-
ing mode of this series of inhibitors (Fig. 1).17–19 A bidentate hydro-
gen-bonding interaction between the pyridazinone ring and the
K103 amide backbone anchors the compound to the NNRTI-bind-
ing pocket. The central ring of the inhibitor is positioned by the
bridging methylene group to be nearly perpendicular to the plane
of the pyridazinone ring, and the chlorine atom occupies a small

pocket defined by the side chains of V106 and V179. The terminal
phenyl ring engages in hydrophobic interactions with Y188, Y181,
and W229. The methyl group of 4d appears to interact with P225,
which is located on a flexible loop region.


In the course of our optimization program, it became apparent
that appropriate substitution of the terminal phenyl ring improved
the activity of the pyridazinone NNRTIs in the cellular assay. These
modifications also strongly affected the potency of the inhibitors
when they were tested against NNRTI-resistant mutant viruses.
Analogs containing a 3,5-disubstituted aromatic ring had low
nanomolar activity against the wild-type virus and a number of
resistant mutant viruses (Table 5). These compounds maintained
their potency in tests conducted in the presence of additional hu-
man serum.20


Inhibitor 5a was selected for further characterization. Surface
plasmon resonance experiments21 showed that binding of this
inhibitor to the wild-type reverse transcriptase and to the K103N
and Y181C mutant viruses was rapid and reversible. For the
wild-type enzyme, the dissociation constant (KD) was calculated
to be 8.4 � 10�9 M�1 (kon = 1.0 � 105 M�1 s�1, koff = 8.4 � 10�4 s�1).
None of the major cytochrome P450 enzyme isoforms were
strongly inhibited by this compound (Table 6).22 NNRTI 5a was
well absorbed when dosed orally in rats (5 mg/kg), with a Cmax


of 2.3 lM and an AUC of 22.4 lM h. Following intravenous







Table 5
Antiviral activity of pyridazinones 5a–c


NH
NO


O


F


Cl
R


NC


CH3


5


Compound R5 WT WT + serum K103N Y181C G190A K103N/L100I K103N/Y181C


Efavirenz — 0.001 0.019 0.034 0.002 0.006 >0.50 0.083
5a F 0.001 0.011 0.002 0.005 0.001 0.003 0.041
5b OMe 0.002 0.015 nt 0.009 0.001 0.002 0.031
5c CN 0.001 0.007 0.002 0.005 0.001 0.007 0.019


WT, K103N, Y181C, G190A, K103N/L100I, and K103N/Y81C refer to EC50 values in lM versus the wild-type virus and the 103, 181, 190, 103 + 100, and 103 + 181 mutant
viruses, respectively. WT + serum refers to experiments performed in the presence of 40% human serum.


Table 6
CYP inhibition and pharmacokinetics for 5a P450 inhibition (lM)


3A4 1A2 2D6 2C9 2C19
24 >50 >50 8 21
Pharmacokinetics Rat Dog


Cmax (l/mL) 2.3 1.47
AUC (lM h/mL) 22.4 8.8
t1/2 (h) 3.8 6.4
Vdss 1.73 2.06
F% 61 34
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administration (2.5 mg/kg), 5a demonstrated a reasonable half-life
(3.8 h), and the apparent bioavailability was determined to be 61%.
Similar experiments in dogs showed that the compound had good
stability and bioavailability in this species as well (Table 6).


The synthesis of inhibitor 5a is outlined in Scheme 1.23 Treat-
ment of difluoronitrophenyl acetate with the potassium salt of 3-
cyano, 5-fluorophenol provided the diaryl ether in excellent yield.
Reduction of the nitro group with iron was followed by a Sandmey-
er reaction to give the chlorinated intermediate. Addition of the
sodium enolate of the aryl acetate to 3,6-dichloro-4-methylpyrid-
azine formed the desired chloropyridazine adduct as a separable
2:1 mixture of regioisomers. Decarboxylation of the ester followed
by hydrolysis of the chloropyridazine in refluxing acetic acid gave
5a.


In summary, we have discovered a series of pyridazinones that
display excellent potency against a wild-type HIV-RT and several
NNRTI-resistant mutant viruses. These compounds have good bio-

OH


FNC


F


O2N


CO2Et
O


F


NC


F


Cl


CO2Et
O


F


NC


a


b, c


d
5a


Scheme 1. Reagents and conditions: (a) KOtBu, Ethyl (2, 3-difluoro-4-nitro-
phenyl)acetate, THF, 92%; (b) Fe, NH4Cl, EtOH, H2O, 93%; (c) tBuONO, CuCl2, CH3CN,
63%; (d) i—NaH, 3,6-dichloro-4-methylpyridazine, DMF; ii—LiOH, THF, H2O,
iii—NaOAc, HOAc, 30%.

availability and low clearance in animals, and do not inhibit major
CYP enzymes. Further optimization of these inhibitors is described
in the following letter.
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Derivatives of (3S)-N-(biphenyl-2-ylmethyl)pyrrolidin-3-amine are disclosed as a new series of nor-
adrenaline reuptake inhibitors (NRI). Carboxamide 9e, carbamate 11b and sulfonamide 13a were identi-
fied as potent NRIs with excellent selectivity over SRI and DRI, good in vitro metabolic stability and weak
CYP inhibition. Carbamate 11b demonstrated superior transit performance in MDCK-mdr1 cell lines with
minimal P-gp efflux which was attributed to reduced HBA capacity of the carbamate group. Evaluation in
vivo, in rat microdialysis experiments, showed 11b increased noradrenaline levels by 400% confirming
good CNS penetration.


� 2008 Elsevier Ltd. All rights reserved.

Selective inhibition of noradrenaline reuptake (NRI) has been
shown to be an attractive approach for the treatment of a number
of diseases.1,2 For example, atomoxetine (1) is a new therapy for
the treatment of attention deficit hyperactivity disorder (ADHD)3


and reboxetine (2) is used clinically for the treatment of
depression.4


O


Me


NHMe


O


NH


EtO


O


1: atomoxetine 2: (±)-reboxetine


We have reported several new templates that inhibit mono-
amine reuptake,5–11 and some of these compounds have now pro-
gressed to clinical trials.12,13 As part of our research efforts to
identify potential new NRI drug candidates, we adopted a strategy

ll rights reserved.
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of exploring multiple chemical templates in order to increase our
chances of having compounds survive to become advanced clinical
candidates.


N
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R2 O
R3 2


S
3


N
H


N


Cl
Me


Me


O
Cl 2


S
3


3
3a: R2 = R3 = Cl  


3b: R2 = Ph; R3 = H


4


In this Letter, we disclose derivatives of (3S)-N-(biphenyl-2-
ylmethyl)pyrrolidin-3-amine as potent NRIs with good selectivity
over serotonin (5-HT) and dopamine (DA) reuptake inhibition
(SRI and DRI, respectively). Furthermore, factors that influence
P-glycoprotein (P-gp) transporter mediated recognition and efflux
are discussed.


N-(Benzyl)pyrrolidin-3-amines 3 were first disclosed as selec-
tive dual serotonin/noradrenaline reuptake inhibitors (SNRI) (e.g.,
3a).7 As part of this study, during the exploration of the SAR of
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Table 1
In vitro inhibition of monoamine reuptake,a,b human liver microsomal stability and
CYP2D6 inhibition for compounds 3a, 3b and 4c


3a 3b 4


NRI, IC50 (nM) 5 12 23
SRI, IC50 (nM) 10 400 12
DRI, IC50 (nM) 89 >4000 1250
HLM, t1/2 (min)d 100 >120 >120
CYP2D6 inhib., IC50 (nM) 4800 100 >3000e


a See Ref. 7 for complete details of assay conditions.
b Monoamine reuptake IC50 values are geometric means of at least three exper-


iments. Differences of <2-fold should not be considered significant.
c See Ref. 15 for definitions of terms and assays.
d Maximum measured half-life was 120 min.
e <10% inhibition at 3 lM.
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the aryl ring, biphenyl compound 3b was identified as a potent NRI
with selectivity over SRI and DRI (>30-fold) (Table 1). However, in

Table 2
In vitro inhibition of monoamine reuptake,a,b human liver microsomal stability and CYP2D


N
H


N


R2


X


R2


8, 9, 11-14 15


Compound X R2 NA Ki (nM) 5-HT Ki (nM)


8 H Ph 271 1070


9a –COH Ph 118 869
9b –COMe Ph 124 5810
9c –COEt Ph 30 2680
9d –COn-Pr Ph 25 730
9e –COi-Pr Ph 6 960
9f –COi-Bu Ph 30 415
9g –COi-Pr i-Pr 70 544
9h –COi-Pr c-Pr 74 124
9i –COi-Pr CF3 63 133
9j –COi-Pr SMe 65 50
9k –COi-Pr OPh 34 229


11a –COOMe Ph 18 4440
11b –COOEt Ph 8 1110
11c –COOi-Pr Ph 14 787
11d –COOEt i-Pr 49 764
11e –COOEt CF3 46 427
11f –COOEt SMe 89 353
11g –COOEt OPh 23 444


12a –CONMe2 Ph 53 5010
12b –CON(CH2)4 Ph 27 NT


13a –SO2Me Ph 5 4120
13b –SO2Et Ph 5 5620
13c –SO2n-Pr Ph 7 5680
13d –SO2i-Pr Ph 10 4690
13e –SO2CF3 Ph 30 5280
13f –SO2Me CF3 86 2890
13g –SO2Me SMe 86 1250
13h –SO2Me OPh 96 2700


14 –SO2NMe2 Ph 8 3330


15a –SO2Me Ph 748 >10,000
15b –SO2Et Ph 466 >10,000


16a –COOEt Ph 16 410
16b –SO2Me Ph 29 5350


a See Ref. 9 for complete details of assay conditions.
b Monoamine reuptake Ki values are geometric means of at least three experiments. D
c NT denotes not tested.
d See Ref. 15 for definitions of terms and assays.

contrast to 3a, biphenyl 3b also possessed an unacceptable level of
CYP2D6 inhibition and so could potentially inhibit the metabolism
of CYP2D6 substrates.


Further modification of this 3-aminopyrrolidine template by
acylation of the (3S)-amino group gave amides, for example,
4, with dual SNRI activity and modest inhibition of CYP en-
zymes (For 4: CYP1A2/2C9/2D6/3A4, <40% inhibition at
3 lM).14 Hence, we elected to investigate replacing the 4-THP
group of 3b by amides and other amino derivatives with the
aim of retaining NRI activity whilst reducing the activity for
CYP2D6 inhibition.


Target compounds 8, 9, and 11–16 (Table 2) were prepared
using a short synthesis employing N-(benzyl)pyrrolidin-3-amines
7 as advanced intermediates (Scheme 1). This route allowed for
the selective functionalisation of the exocyclic sec-amine group
to afford a number of different amino derivatives viz. carboxam-
ides 9, carbamates 11, ureas 12, sulfonamides 13 and sulfonyl ur-
eas 14.

6 inhibition for compounds 8, 9, 11–16c,d


N


N
X


Me
N
H


N


R2


X


R


 16


DA Ki (nM) HLM Cli (lL/min/mg) CYP2D6-i IC50 (nM) clogP


2470 3.0


2130 2.5
NT <7 2.7
NT <7 3.2
2610 <7 3.8
3740 <7 1860 3.5
NT 9 4.2
3410 <7 3.3
2920 2.9
NT <7 2.8
1380 2.5
3500 10 4.1


3190 <7 10,600 3.7
3030 <7 1210 4.2
2010 4.5
3340 4.0
3210 3.5
NT
1900 21 420 4.7


2970 3.3
4190 4.1


2670 7 3100 2.6
2760 <7 1890 3.2
2070 12 185 3.7
2700 20 350 3.5
2080 3.7
2890 1.9
2950 <7 1.6
2550 3.1


2690 16 840 2.8


NT 3.2
NT 3.6


2910 <7 350 4.2
2390 <7 5360 2.6


ifferences of <2-fold should not be considered significant.
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Scheme 1. Synthesis of target compounds: amine 8, amides 9, carbamates 11, ureas 12, sulfonamides 13, sulfonyl urea 14, and N-methyl pyrrolidine derivatives 15. Reagents
and conditions: (a) MeOH, RT, then NaBH4, or NaBH(OAc)3, THF, RT; (b) TFA, CH2Cl2, RT; (c) RCOCl, NEt3, dioxane, RT; (d) ROCOCl, NEt3, dioxane, RT ? 70 �C; (e) triphosgene,
DMAP, NEt3, PhMe, RT; (f) ROH, NEt3, PhMe, RT ? 60 �C; (g) RR0NH, NEt3, PhMe, RT ? 60 �C; (h) RSO2Cl, NEt3, CH2Cl2, RT; (i) ArCH2Cl, NaOH, nBu4NHSO4, CH2Cl2–H2O, RT; (j)
R0RNSO2Cl, NEt3, CH2Cl2, RT; (k) ArCH2Br, NaOH, K2CO3, MeCN, reflux; (l) 37% aq HCHO, NaBH(OAc)3, CH2Cl2, RT.
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Reductive amination of N-BOC-(3S)-aminopyrrolidine (6) with
benzaldehydes 5 under standard conditions gave benzylamines 7
and deprotection of the pyrrolidine N-BOC group afforded sec-
amines 8. Acylation of 7 with acyl chlorides and deprotection gave
amides 9. Carbamates 11 were prepared either by reaction of 7
with the alkyl chloroformate or by conversion of 7 to the carbam-
oyl chloride 10 with triphosgene and then reaction with the alco-
hol. Treatment of 10 with amines gave ureas 12. Methyl
sulfonamides 13 (R = Me) were prepared by reaction of 7 with Me-
SO2Cl, whereas all other sulfonamides 13 (R 6¼Me) were prepared
by conversion of 6 to the sec-sulfonamide followed by N-benzyla-
tion under standard conditions. Sulfonyl ureas 14 were prepared
from 6 by a similar two-step sequence of sulfonylation and then
benzylation. A few preferred sec-amines (13a, 13b) were converted
by N-methylation of the pyrrolidine ring to the corresponding tert-
amines (15a, 15b) by reductive amination employing standard
conditions. The (R)-enantiomers 16 were prepared by an identical
sequence but starting with N-BOC-(3R)-aminopyrrolidine.


Target compounds (Table 2) were tested for their ability to inhi-
bit specific binding of selective radioligands at the human 5-HT, NA
and DA transporters utilising scintillation proximity assay (SPA)

technology and cellular membrane preparations generated from
recombinant HEK293 cells expressing a single monoamine trans-
porter.9 Selected compounds were then screened for metabolic sta-
bility in human liver microsomes (HLM) and for CYP2D6
inhibition.15


The sec-amine 8 had weak NRI activity showing that a second
N-substituent was required for activity. A series of carboxamides
9a–9f with alkyl groups of increasing size identified 9e with the
isopropyl group as the optimum N-substituent for NRI activity (Ki


6 nM). In addition, 9e had excellent selectivity over SRI and DRI,
good in vitro metabolic stability and weak CYP inhibition. Further
SAR was directed at improving NRI activity by exploring a broader
set of 2-substituents on the aryl ring 9g–9k. However, when com-
pared to 9e (i.e., R2 6¼ Ph), there was an erosion of NRI activity and
introduction of SRI activity leading to compounds with modest
dual SNRI activity (e.g., 9j). No compound demonstrated any signif-
icant DRI activity. The carboxamide group was successfully
exchanged for a carbamate 11a–11g with the Et group giving a
slight advantage in NRI activity and the preferred aryl substituent
was again the 2-Ph (11b). In contrast to the carbamates, the ureas
12a,b failed to yield a compound with potent NRI activity and were
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not pursued. The sulfonamide derivatives 13a–13e showed good
NRI activity, and this SAR was more tolerant of different alkyl
groups. However, as the alkyl group increased in size and lipophil-
icity, there was a decrease in metabolic stability and the introduc-
tion of potent CYP2D6 inhibition (13a,b vs 13c,d). Sulfonyl urea 14
was a potent NRI but exhibited CYP2D6 inhibition and was not
pursued. Additional noteworthy NRI SARs was that N-methylation
on the pyrrolidine ring significantly reduced NRI activity (13a,b vs
15a,b) and the (R)-stereochemistry was slightly inferior to the (S)
(16a vs 11b, 16b vs 13a). A plot of NRI activity versus clogP
showed that excellent NRI activity could be achieved over a range
of lipophilicity (Fig. 1) as reduction of compound lipophilicity was
an important selection criteria.16 In conclusion, the (3S)-amino
group of 8 proved to be a versatile site to prepare amino deriva-
tives with potent NRI activity, excellent selectivity over SRI and
DRI, good in vitro metabolic stability and weak CYP inhibition.


From these experiments, carboxamide 9e, carbamate 11b and
sulfonamide 13a emerged as having a superior combination of
NRI activity (Ki < 10 nM) combined with selectivity over SRI and
DRI (>100-fold).
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Figure 1. Plot of NRI activity versus clogP for all 34 compounds in Table 2.


Table 3
Physicochemical properties, ADME profiles and ion channel affinities of 9e, 11b and
13aa,b


9e 11b 13a


Physicochemical properties
mw 322 324 330
clogP 3.5 4.2 2.6
HBD/HBA count 1/3 1/4 1/4
logD7.4 0.8 1.1 0.6
pKa NTc 9.6 8.9
TPSA (Å2) 32 42 58


ADME profiles
HLM, Cli (lL/min/mg) <7 <7 7
h.heps, Cli (lL/min/mg) NT <5 <5
CYP1A2 inhib., IC50 (nM) >3000 >3000 >3000
CYP2C9 inhib., IC50 (nM) >3000 >3000 >3000
CYP2D6 inhib., IC50 (nM) 1860 1210 3100
CYP3A4 inhib., IC50 (nM) >3000 >3000 >3000
CaCO-2, AB/BA NT 27/28 NT
MDCK-mdr1, AB/BA 11/68 22/44 10/51
MDCK-mdr1, ER 6.1 2.0 5.1


Ion channel affinities
K+, hERG, Ki (nM) 2840 2830 >2700
Ca2+, L-type, Ki (nM) >10,000 1500 1900
Na+, site 2, Ki (nM) 1200 1100 1900


a See Ref. 15 for definitions of terms and assays.
b NT denotes not tested.
c pKa � 9.4 by analogy with the measured value for 4.

Additional screening of 9e, 11b and 13a in high throughput in
vitro ADME and safety screens showed all three compounds to
have excellent metabolic stability in HLM and human hepatocytes
consistent with low predicted clearance, weak CYP450 enzyme
inhibition and modest ion channel activity as measured by binding
to representative potassium, sodium and calcium channels (Table
3).15 An in vitro screen that clearly differentiated 9e, 11b and
13a was transit performance in the MDCK-mdr1 cell line which
is commonly used as a model to estimate CNS penetration.17 All
three compounds have good passive permeability but amide 9e
and sulfonamide 13a demonstrate efflux ratios (ER > 5) which
were consistent with recognition and efflux by the P-glycoprotein
(P-gp) transporter. Compounds with significant efflux by P-gp tend
to have poorer CNS penetration than compounds that are not.17


Performance in this assay proved to be decisive in selecting carba-
mate 11b for in vivo assessments of CNS penetration.


Compounds 9e, 11b and 13a had drug-like physicochemical
properties consistent with CNS target space (Table 3).17,18 Further-
more, many of these properties are quite similar and so the supe-
rior performance of 11b in the MDCK-mdr1 screen was not easy to
rationalise.19 We concluded that carbamate 11b offered the advan-
tage of slightly increased lipophilicity and lower H-bond acceptor
strength resulting in minimal recognition and efflux by the P-gp
transporter.20


H-bond donor and acceptor profiles are key properties when
designing potential CNS drug candidates. However, HBD and HBA
counts may be too simplistic to distinguish between close struc-
tural analogues as HBD and HBA strengths of different functional
groups are not equivalent. We found that H-bond strengths, as
measured by Abraham et al.21 and Laurence,22 proved to be a valu-
able guide in ranking the HBA capacity of functional groups and
target compounds (Table 4).


Compound 11b was screened for off-target pharmacology
against a panel of 110 receptors, enzymes and ion channels (CEREP,
Bioprint) and was found to have binding affinity for the muscarinic
(M3) and 5-HT2A/2B/2C receptors (>80% inhibition at 10 lM). Further
evaluation showed 11b to be 80-fold selective over M3 (Ki 635 nM)
and to have no confirmed functional activity at 5-HT2A/2B/2C


(EC50 > 10 lM).
Pharmacological evaluation in vivo, in microdialysis experi-


ments,23 showed 11b increased NA levels in interstitial fluid of
the prefrontal cortex of conscious rats by 400% above pre-drug
baseline levels confirming good CNS penetration (Fig. 2).24

Table 4
Correlation of MDCK-mdr1 transit properties with HBA strength of the N-substituent
(X) (pKHB) for 9e, 11b, 12b, 13a and 14a,b


N
H


N
X


Ph


Compound X logD7.4 MDCK-mdr1 pKHB
c


AB/BA ER


9e –COi-Pr 0.8 11/68 6.1 2.26
11b –COOEt 1.1 22/44 2.0 1.83
12b –CON(CH2)4 0.7 2/53 26 2.44
13a –SO2Me 0.6 10/51 5.1 1.30
14 –SO2NMe2 1.0 17/68 4.0 1.47


a See Ref. 15 for definitions of terms and assays.
b Compounds 12b and 14 have been included in this analysis to expand the


structural diversity of this data set.
c See Ref. 22 for the origin of the pKHB values.







Figure 2. Dose-dependent effects of 11b on NA levels in microdialysate from the
prefrontal cortex of conscious rats. Test compounds were administered sc at
time = 0 (n = 5–6). Atomoxetine (ATX, 1) was used as a positive control.
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In summary, derivatives of (3S)-N-(biphenyl-2-ylmethyl)pyrr-
olidin-3-amine are potent NRIs with good selectivity over SRI
and DRI. Carboxamide 9e, carbamate 11b and sulfonamide 13a
were identified as potent NRIs with excellent selectivity over SRI
and DRI, good in vitro metabolic stability and weak CYP inhibition.
Carbamate 11b demonstrated superior transit performance in
MDCK-mdr1 cell lines with minimal P-gp efflux which was attrib-
uted to reduced HBA capacity of the carbamate group. Evaluation
in vivo, in rat microdialysis experiments, showed 11b significantly
increased NA levels confirming good CNS penetration. Based on
this profile, 11b (PF-3609113)25 was selected as a candidate for
further evaluation in pre-clinical disease models.
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We report the synthesis and in vitro activity of a series of novel pyrrolidinyl pyridones and pyrazinones as
potent inhibitors of prolyl oligopeptidase (POP). Within this series, compound 39 was co-crystallized
within the catalytic site of a human chimeric POP protein which provided a more detailed understanding
of how these inhibitors interacted with the key residues within the catalytic pocket.
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Prolyl oligopeptidase (POP: E.C. 3.4.21.26) is a serine protease
first identified in 1971 in human uterus as an oxytocin-cleaving
enzyme.1 It has since been found to be widely expressed in various
tissues with the highest concentrations found in the brain.2 Three
different types of POP have been described in mammals: cytoplas-
mic,2c,e,3 serum,4 and membrane.5 Although POP has been thor-
oughly characterized enzymatically and structurally its exact
physiological role still remains obscure. However, due to its struc-
ture, which includes a b-propeller domain, POP catalysis is con-
trolled by a gating filter mechanism which only allows smaller
proteins to gain access to the catalytic site (30 amino acids or
less).6 POP has been shown to cleave internal proline containing
peptides at the C-terminus.7 A number of bioactive peptides which
contain an internal proline have been identified as potential sub-
strates for POP, although many of these have not been validated
in vivo. Interestingly, many of these are neuropeptides, such as
substance P, thyrotropin releasing hormone, arginine vasopressin
and oxytocin.8 It is not surprising then that studies have linked
POP to various neurodegenerative disorders like bipolar disorder,
amnesia, and Alzheimer’s and Parkinson’s disease.9 It has also been

All rights reserved.


: +1 919 315 0430.
er).
e.

shown to be involved in inositol-1,4,5-triphosphate signaling.8 Not
surprisingly this has led, since the late 1970s, to the search for spe-
cific potent inhibitors of POP. Indeed, many small molecule POP
inhibitors have now been reported,10 for example, Z-pro-prolinal,11


S-1709212 and JTP-481913 (Fig. 1).
We report herein our efforts to identify novel POP inhibitors.


The goal was to not only identify potent novel inhibitors, but at-
tempt to remove as much of the peptidic nature as possible from
these inhibitors. Many of the previously reported POP inhibitors

H
N


S
S-17092


Figure 1. Examples of known POP inhibitors.
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Scheme 1. Reagents and conditions: (a) (phenylsulfonyl)acetyl chloride, benzene,
reflux; (b) (phenylthio)acetyl chloride, benzene, reflux; (c) oxone, MeOH/H2O; (d)
4-acetamidobenzenesulfonyl azide, NEt3, CH3CN, 0 �C to rt; (e) Rh2(OAc)4, methyl
vinyl ketone or phenyl vinyl sulfone, benzene, reflux; (f) p-TsOH�H2O, benzene,
reflux; (g) R2Br, K2CO3, DMF, 105 �C; (h) LiOH�H2O, dioxane/water; (i) HATU, DIEA,
DMF, pyrrolidine or pyrazole; (j) Raney Ni 2800, ethanol, reflux.
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Scheme 3. Reagents and conditions: (a) Boc2O, DMAP, CH3CN, 0 �C to rt; (b)
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utilize an acyl-prolyl-pyrrolidine structure, although there are
reports where P2 prolyl mimetics have been used successfully to
identify potent inhibitors.10e,g Our initial synthetic efforts utilized
a structure based design (SBD) approach using the published
liganded porcine structure (1QFS) reported by Polgar et al.6a This
entailed inspection of this X-ray crystal structure, utilization of
reported SAR, and new chemotype generation followed by a dock-
ing calculation using the program MVP.14 Results of the docking
calculation were visually inspected, and ideas were docked
iteratively until a satisfactory solution was generated. One of the
chemotypes that was designed via this approach was the pyridone
template shown in Scheme 1. It was felt that this chemotype would
accomplish two things: (1) remove some of the peptidic nature of
the molecule and (2) lock the P2-P3 portion of the molecule there-
by rigidifying it and making it more drug-like.


The synthesis into these compounds utilized the prior work re-
ported by Padwa et al.15 Starting with the methyl ester of L-pyrro-
glutamic acid 1, acylation with (phenylthio)acetyl chloride
followed by sulfide oxidation to the sulfone via oxone provided
compound 2. It was later found that the commercially available
(phenylsulfonyl)acetic acid when converted to the acid chloride
(benzene, oxalyl chloride) followed by acylation as before provided
2 in very good yield (85% vs 45%), thus eliminating the oxone oxi-
dation step which proved to be somewhat capricious in our hands.
The diazoimide was then synthesized via a diazo transfer reaction
with 4-acetamidobenzenesulfonyl azide under basic conditions
yielding diazosulfone 3. The dipolar cycloaddition was carried
out as previously described15 using Rh2(OAc)4 in refluxing benzene
whereby the dipolarophile chosen was either methyl vinyl ketone
or phenyl vinyl sulfone. Interestingly, it was found that after sev-
eral hours of reflux, removal of the catalyst followed by the addi-
tion of a catalytic amount of pTsOH�H2O and additional reflux
provided more consistent yields of the desired pyridones 4 and 5.
The 3-hydroxypyridones were then alkylated (K2CO3, DMF,
105 �C) followed by ester hydrolysis and amide formation (HATU,
DMF, iPr2NEt) providing carboxamides 6–19. The phenylsulfone
moiety could then be removed under Raney nickel conditions gen-
erating the C-5 hydridopyridones 20–26. In order to gain access to
the C-3 carbon linked analogues, the 3-hydroxypyridone was tri-
flated and then reacted under Suzuki conditions to provide the
styrenyl products 27 and 28. The alkene was then hydrogenated
under an atmosphere of hydrogen yielding the phenethyl deriva-

tives 29 and 30. These were then converted to the pyrrolidinyl car-
boxamides 31 and 32, employing the same conditions as described
previously (Scheme 2).


Based on the modeling of the pyridone in the catalytic site, it
appeared that insertion of nitrogen at the 4 position of the pyri-
done ring would not be deleterious in regard to POP inhibitory
activity. In order to test this hypothesis the pyrazinone core was
synthesized utilizing the known procedure.16 The synthesis started
with the ethyl ester of L-pyrroglutamic acid which was protected
with di-tert-butyldicarbonate under basic conditions followed by
reduction with LiBEt3H in THF and methanolysis in the presence
of a catalytic amount of sulfuric acid to give BOC protected pyrrol-
idine 34. Pyrrolidine 34 was then treated with trimethylsilyl cya-
nide and BF3�Et2O followed by exposure to TFA removing the
BOC protecting group yielding cyanopyrrolidine 35. The crude
material was then condensed with oxalyl chloride in toluene at
85 �C providing 3,5-dichloropyrazinone 36. The resulting pyrazi-
none was then hydrolyzed (LiOH�H2O, dioxane, H2O) followed by
amide formation as described previously to generate pyrrolidinyl
carboxamide 37. Nucleophilic addition via alcohols or amines oc-
curred exclusively at the C-3 position of the pyrazinone ring pro-
ducing the desired 5-chloropyrazinones 38–54 (Scheme 3).







Table 1
Prolyl oligopeptidase inhibiton data for pyridones 6–26, 31 and 32


N


R3
O


R1


R2


O


Compound R1 R2 R3 IC50
a (nM) SEb (nM)


S-17092 — — — 2 0.3
6 C(O)Me OCH2CF3 Pyrrolidine 584 100
7 C(O)Me OCH2-4-F-Ph Pyrrolidine 53 10
8 C(O)Me OCH2-4-CF3-Ph Pyrrolidine 28 4.1
9 C(O)Me OCH2-4-OMe-Ph Pyrrolidine 140 10
10 C(O)Me OCH2-4-Cl-Ph Pyrrolidine 48 50
11 C(O)Me OCH2-4-CN-Ph Pyrrolidine 783 200
12 C(O)Me OCH2-3,5-F-Ph Pyrrolidine 22 4
13 C(O)Me OCH2-3,4-F-Ph Pyrrolidine 7 3
14 C(O)Me OCH2-3-Cl-4-F-Ph Pyrrolidine 8 3
15 C(O)Me OCH2-3,4-Cl-Ph pyrrolidine 28 6
16 SO2Ph OCH2-3,5-F-Ph Pyrrolidine 4 0.5
17 SO2Ph OCH2-4-CF3-Ph Pyrrolidine 11 2
18 SO2Ph OCH2-4-tBu-Ph Pyrrolidine 270 40
19 C(O)Me OCH2-4-F-Ph Pyrazole 343 60
20 H OCH2-4-F-Ph Pyrrolidine 22 6
21 H OCH2-3,5-F-Ph Pyrrolidine 22 5.8
22 H OCH2-3,4-F-Ph Pyrrolidine 18 2
23 H OCH2-2,5-F-Ph Pyrrolidine 64 7
24 H OCH2-4-CF3-Ph Pyrrolidine 34 5
25 H OCH2-4-tBu-Ph Pyrrolidine 60 10
26 H OCH2-2,4-F-Ph Pyrrolidine 31 6
31 C(O)Me (CH2)2Ph Pyrrolidine 2 0.5
32 C(O)Me (CH2)2-4-F-Ph Pyrrolidine 3 1


a A brief description of the conditions used to determine the IC50’s can be found
in Ref. 17.


b Standard error.


Table 2
Prolyl oligopeptidase inhibition data for pyrazinones 37–54


N
N


NO


Cl


R
O


Compound R IC50 (nM) SEa (nM)


37 Cl 3100 600
38 OPh 1000 300
39 OCH2-4-F-Ph 40 0.6
40 OCH2-3,4-Cl-Ph 34 5
41 OCH2-3,4-F-Ph 55 4
42 OCH2-3-Cl-4-F-Ph 43 3
43 OCH2-2-naphthalene 4000 1000
44 O(CH2)2-3,4-Cl-Ph 2200 300
45 OCH2-4-pyridyl 800 100
46 O(CH2)2-4-F-Ph 900 200
47 OCH2-Cyclohexyl 70 20
48 OCH2-4-CF3-Ph 250 10
49 OCH2-2,3,5-F-Ph 40 10
50 OCH2-3-Cl-Ph 30 5
51 NH(CH2)2Ph 80 10
52 NHCH2Ph 12 1
53 NHCH2-4-F-Ph 17 2
54 NHCH2-3,4-F-Ph 15 3


a Standard error.


Figure 2. X-ray co-crystal structure of pyrazinone 39 (carbons highlighted in
darker green) bound at the catalytic site of the human POP protein. POP carbons are
colored in lighter green with the catalytic triad residues highlighted in magenta.
The semi-transparent white surface represents the molecular surface while
hydrogen bonds are depicted as yellow dashed lines. The coordinates have been
deposited in the Brookhaven Protein Data Bank, accession number 3DDU. This
figure was generated using PyMOL version 1.02 (Delano Scientific, www.
pymol.org).
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The data shown in Table 1 compare the in vitro activity of the
pyridone analogues. Many of the compounds showed low nanomo-
lar potency against POP. The substituent at R1 tolerated bulk as can
be seen by comparing compounds 12 and 16 versus 21. In fact,
compound 16 which has the greatest bulk was 5-fold more active
than compound 21. We also found that replacing C for O at R2 in-
creased potency by 18-fold (compound 7 vs compound 32). Fur-
thermore, replacing the pyrrolidine ring in compound 7 with a
pyrrazole in compound 19 lowered activity by 6.5-fold. It does ap-
pear however that there are steric and electronic limitations within
the aryl groups substituted off the R2 position. Compounds 9 and
11 which contain either a 4-methoxy or 4-cyano moiety, respec-
tively, are less active than those analogues containing less polar
substituents such as the fluoro or trifluoromethyl groups. It was
also noted that compound 18 was 25-fold less active than com-
pound 17 suggesting possible steric limitations in this part of the
protein.


The data in Table 2 compare the in vitro activity of the pyrazi-
none analogues. As the R substituent increased in length the po-
tency increased as well as can be seen by comparing compounds
37, 38 and 39. However, as was seen in the pyridone series, there
were steric limitations as can be seen when comparing compounds
40 versus 44 and 39 versus 46 (65- and 23-fold difference, respec-
tively, in potency). The nitrogen linked analogues were also syn-
thesized and tested (compounds 51–54). All were quite potent,
but similar to that observed for the oxygen analogues, a drop in po-
tency was seen in the phenethyl derivative 51. There did appear to
be a small increase in potency when going from the O-linked to N-
linked compounds (54 vs 41 and 53 vs 39).


We were also able to solve a single X-ray crystal structure of
compound 39 bound to a human chimeric protein (Fig. 2). As can
be seen from the structure, the pyrrolidine ring fits into the small

hydrophobic S1 pocket presumably occupying the same space as
proline containing endogenous substrates. There also appear to
be hydrogen bond interactions between the carboxamide carbonyl
and Arg-643, and the pyrazinone carbonyl and Trp-595. The struc-
ture also shows the S3 portion of the protein to be quite hydropho-
bic, with the 4-fluorophenyl substituent appearing to fit nicely into
this hydrophobic pocket. The C-5 chloro substituent occupies the
large cavity extending away from the catalytic site. This presum-
ably is the same region occupied by both the methyl ketone and
phenyl sulfone from the pyridone series, perhaps explaining why
they were equally tolerated versus their hydrogen counterparts.
This also could be an area which lends itself to further modifica-
tions in the inhibitor to improve its overall drug properties as
needed.







C. D. Haffner et al. / Bioorg. Med. Chem. Lett. 18 (2008) 4360–4363 4363

In conclusion, we have utilized a SBD approach to identify novel
pyrrolidinyl pyridone and pyrazinone analogues, many of which
were highly potent inhibitors, of POP. We were also able to solve
a liganded crystal structure with compound 39 bound into the cat-
alytic site. This structure has assisted in the understanding of how
these compounds interact with the protein. Undoubtedly, this
structure will provide valuable insight into further inhibitor de-
sign. We also found that the in vivo PK properties of some of these
inhibitors provided higher plasma and brain levels than S-17092
(data not reported) which may provide better tool molecules for
further validation work.
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Novel phosphoramidates of acyclovir have been prepared and evaluated in vitro against acyclovir-sensi-
tive and -resistant herpes simplex virus (HSV) types 1 and 2 and varicella-zoster virus (VZV). Unlike the
parent nucleoside these novel phosphate prodrugs retain antiviral potency versus the ACV-resistant virus
strain, suggesting an efficient bypass of the viral thymidine kinase.
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Herpes simplex virus infection is often well managed by the use
of acyclovir, (ACV, 1), its prodrug valacyclovir, or related com-
pounds. The widespread use of (1) has led to the emergence of
HSV strains that are resistant to this drug.


Resistance appears uncommon in immunocompetent patients;
Morfin1 reports a prevalence below 1%. A more recent study in
the Netherlands reports a prevalence of 0.27% in this population.2


However, resistance is significantly more common in immunocom-
promised patients. Stranska et al.2 report 7% and Morfin cites 5%.
Notably, the proportion of resistant isolates rises to 30% in patients
receiving allogeneic bone marrow transplants. Three separate
mechanisms of resistance to (1) have been considered to occur; a
loss of viral thymidine kinase (TK) activity, an altered TK substrate
specificity and an alteration of viral DNA polymerase.3 Given the
non-essential nature of the viral TK and the importance of the viral
polymerase, it is unsurprising that the great majority of resistant
isolates correspond to deletion/inactivation of the TK gene.4 One
approach to manage TK-related resistance is to use agents not
requiring HSV TK for activation, such as cidofovir or foscarnet.
However, they may carry a risk of increased toxicity. Another ap-
proach would be to bypass the dependence of (1) on HSV TK by
using a suitable phosphate prodrug, or ProTide. Several such meth-
ods now exist, such as the cyclosal approach,5 ester-based methods
or SATE6 and phosphoramidate diesters.7 Our group has developed
an aryloxy phosphoramidate triester approach,8 which has been

008 Published by Elsevier Ltd. All
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recently successfully applied to abacavir for HIV9 and 40-substi-
tuted nucleosides for Hepatitis C Virus (HCV).10


We have previously reported the application of this method to
ACV (1) and the results indicated that the approach failed.11 Thus,
the ProTide (2) derived from (1) was found to be poorly active ver-
sus HSV2 (EC50 P 100 lM) unlike (1) itself. Compound (2) was
roughly equi-active as (1) versus VZV and slightly more active ver-
sus human cytomegalovirus (HCMV) but there was no clear thera-
peutic advantage. However we have recently reported a new
generation of phosphoramidate protides in which the aryl moiety
is a bicyclic system such as 1-naphthyl.12


We were keen to explore the application of the naphthyl
ProTide methodology to (1) for two reasons. Firstly the observation
that naphthyl for phenyl can give a potency boost and secondly
that these compounds may have a significant lipophilicity enhance-
ment over prior structures. This may be particularly important in
the case of (1) where the inherent lipophilicity is rather low, and
first generation protides may be insufficiently lipophilic for effi-
cient passive diffusion into cells. Indeed, C logP13 estimates on (2)
indicate a figure of ca. �0.8; although significantly more lipophilic
than (1) this is somewhat lower than what may be viewed as opti-
mal. Thus, in addition to examining naphthyl phosphates we also
sought more lipophilic esters than the methyl ester (2) previously
reported.


Compounds were prepared from (1) as shown in Scheme 1.
In order to improve the solubility of ACV we protected the


guanine base using N,N-dimethylformamide dimethyl acetal, to
give (7). The coupling with the appropriate phosphorochloridate
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was performed using tert-butyl magnesium chloride as a hydroxyl
activator, to give blocked compounds of type (8).14 The DMF-
protecting group was then removed by refluxing in 2-propanol
(40–72 h). Owing to the chirality of the phosphorus, all of these
compounds have been isolated and tested as a mixture of two dia-
stereoisomers. Their structures have been demonstrated by NMR
(31P, 1H and 13C), mass spectroscopy and elemental analysis.15


The target compounds were first evaluated by plaque assay for
their ability to inhibit the replication of ACV-sensitive and
ACV-resistant HSV2 in Vero cells (Table 1).16


As can be seen from Table 1, while the previously reported phe-
nyl methylalanine phosphate (2) is poorly active, being ca 7-fold
less active than (1), in marked contrast to (1) it does retain full po-
tency versus the resistant strain. This implies that (2) does function
as a monophosphate prodrug as intended, but with low efficiency,
particularly in the nucleoside-sensitive assay. By comparison, the
naphthyl phosphate (3) is roughly equi-active with (1) versus
TK-competent virus and notably retains full potency versus
ACV-resistant HSV-2. The simplest explanation of this is that the
ACV-resistant HSV-2 mutant is TK deficient and that (3) is TK-inde-
pendent, strongly implying a successful thymidine kinase bypass.
Notably, ClogP calculations on (3) indicate a significant enhance-
ment over (1) to a figure of ca. 2 which may be regarded as near
optimal. Indeed the ‘mixed’ compounds (4) and (5) have lower
C logP values and are less active in the HSV-2 TK+ assay, but retain
good activity in the HSV-2 TK� assay. In a further assay in HEL cells
we evaluated the samples against both TK+ and TK� HSV-1 and
HSV-2 with data shown in Table 2.

Table 1
Anti-HSV-2 activity of ProTides


Compound Ar R Amino acid C


1 — — — �
2 Ph Me Ala �
3 1-Nap Bn Ala
4 Ph Bn Ala
5 1-Nap Me Ala
6 Ph Bn Phe


a Values are means of three experiments, with standard deviations given, in Vero cells.

Similar data emerge here, with (3) being particularly active and
retaining significant activity in the TK�assay. In this case com-
pound (4) shows a similar profile, while (5) is less active. This im-
plies that the ester moiety (benzyl in (3) and (4), versus methyl in
(2) and (5)) is more important than the aryl moiety. Notably, the
amino acid-modified compound (6) which has Phe in place of
Ala, is poorly active in this assay, particularly versus the resistant
virus. This is despite what might be regarded as a near-optimal
lipophilicity for (6) (Table 1) and points to the importance of the
amino acid moiety for activity.


One concern with bypassing the HSV-TK might be of enhanced
cytotoxicity and loss of antiviral selectivity. However, the MCC
data on this series (Table 2) do not reveal a significant toxicity. If,
as appears likely, the viral TK is being bypassed, there must still
be some element of viral specificity at another stage, most likely
at the polymerase level.


In another assay we examined this family of prodrugs against
kinase-competent and kinase deficient VZV (in HEL cells) with data
shown in Table 3. As noted in this table, unlike ACV (1) several of
the agents retain good potency in the TK� VZV assays, notably
compound (4) which essentially retains full potency. Interestingly
(4) is also non-toxic while (3) does have some toxicity here.


Thus, compound (4) emerges as particularly active in a range of
assays. It retains full activity versus all resistant viral strains, HSV-
1, -2 and VZV, being low or sub-lM in most cases, and non-toxic.


In conclusion, we report the successful application of the Pro-
Tide approach to acyclovir. The naphthyl and phenyl benzyl ala-
nine ProTides are fully active in vitro against ACV—resistant

logP EC50
a (lM)


HSV2-HG32 (ECACC 158) HSV2-ACVR (ECACC 513)


2.42 6±1.3 >100
0.82 43.1±10.6 18.7±7.2
2.06 9.8±2.2 14.5±6.6
0.89 20.3±6.6 15.5±7.4
0.35 40.4±13.4 15±6.2
2.31 20.3±6.6 33.2±3.9







Table 2
Anti-HSV-1 and -2 activity of ProTides


Compound Ar R Amino acid EC50
a/lM MCC b (lM)


HSV-1 (Kos) HSV-2 (G) HSV-1 TK-Kos ACVR


1 — — — 0.4 0.2 50 >250
2 Ph Me Ala 20 15 80 >100
3 1-Nap Bn Ala 2 1.4 11 >100
4 Ph Bn Ala 0.9 1.4 8 >100
5 1-Nap Me Ala 16 10.4 80 >100
6 Ph Bn Phe 17 8 >100 >100


a EC50, 50% effective concentration that inhibits virus-induced cytopathicity by 50%, in HEL cells.
b MCC, minimal cytotoxic concentration that causes a microscopically visible alteration of cell morphology.


Table 3
Anti-VZV activity of ProTides


Compound EC50
a (lM) MCCb (lM) CC50


c (lM)


OKA TK+ YS TK+ 07/1TK� YS/RTK�


1 2.5 2.9 61 43 >500 1350
2 19 20 24 16 >100 162
3 7.2 3.3 6.9 ND >50 20
4 0.72 1.0 1.8 0.59 >50 >100
5 7.6 10.9 22 6.1 >50 >100
6 5.2 6.6 8.4 10.0 >50 86.9


a EC50, 50% effective concentration that inhibits virus-induced cytopathicity by 50%, in HEL cells.
b MCC, minimal cytotoxic concentration that causes a microscopically visible alteration of cell morphology.
c CC50, 50% cytostatic concentration that inhibits cell proliferation by 50%.
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viruses and appear to represent successful thymidine kinase by-
pass. Notably the ProTides do not in general suffer from significant
cytotoxicity.


The phenyl benzyl alanine compound (4) appears a particularly
promising lead for further development.


These data strongly support the notion that ProTide derivatives
are successful in the intracellular delivery of the monophosphate of
ACV and bypass the dependence of the nucleoside analogue on
(viral) thymidine kinase. Interestingly, the naphthyl phosphate is
not a pre-requisite for activity, and some phenyl phosphates dis-
play good potency, particularly in kinase-deficient cells. Modifica-
tion of the ester moiety or the aryl, or both, seems to be beneficial
to tune the ProTide for optimal activity. Although the overall lipo-
philicity may be an important feature for activity, it is not the only
determinant.


We are exploring further the limits of the technology on acyclic
nucleoside analogues and the opportunities that by-passing the
viral kinase may bring.
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of acyclovir-[1-naphthyl(benzoxy-L-alaninyl)]phosphate (3). A solution of the
protected protide (0.10 g, 0.16 mmol) in 2-propanol (5 mL) was stirred under
reflux for 2 days. The solvent was then removed under reduced pressure and
the residue was purified by column chromatography eluting with DCM/
MeOH = 96:4. The product was purified by preparative TLC (gradient elution of
DCM/MeOH = 99:1, then 98:2, then 96:4) to give a colourless solid (35%,
0.032 g). 31P NMR (MeOD, 202 MHz): d 4.13, 3.96. 1H NMR (MeOD, 500 MHz): d
8.01–7.99 (1H, m, H-8 Naph), 7.77–7.75 (1H, m, H-6 Naph), 7.67, 7.64 (1H, 2s,
H-8), 7.58–7.13 (10H, m, Naph, OCH2Ph), 5.28, 5.25 (2H, 2s, H-10), 4.99–4.94
(2H, m, OCH2Ph), 4.12–4.06 (2H, m, H-40), 3.97–3.93 (1H, m, CHCH3), 3.64–3.59
(2H, m, H-30), 1.24–1.20 (3H, m, CHCH3). 13C NMR (MeOD, 125 MHz): d 20.32
(d, CH3, JC–P = 7.63) 20.43 (d, CH3, JC–P = 6.61), 51.76, 51.81 (2s, CHCH3), 67.20
(d, C-40 , JC–P = 5.58), 67.28 (d, C-40 , JC–P = 4.91) 67.95, 67.98 (2s, OCH2Ph), 69.34
(d, C-30 , JC–P = 7.72), 69.40 (d, C-30 , JC–P = 8.14),73.65 (C-10), 116.26, 116.29,
116.35, 122.69, 122.80, 125.92, 126.51, 127.20, 127.42, 127.46, 127.74, 128.81,
128.83, 129.27, 129.33, 129.52, 129.57 (C-5, C-2 Naph, C-3 Naph, C-4 Naph, C-5
Naph, C-6 Naph, C-7 Naph, C-8 Naph, C-8a Naph, OCH2Ph), 136.26, 137.23 (C-
4a Naph, ‘ipso’ OCH2Ph), 139.69 (C-8), 147.98, 148.04 (‘ipso’ Naph, C-4), 152.44
(C-2), 159.39 (C-6), 174.61, 174.88 (COOCH2Ph). EI MS = 615.17 (M+Na).


16. Biological methods: Table 1. Vero cells (ECACC #84113001) were maintained
in Dulbecco’s modified Eagle medium (DMEM) containing 10% fetal bovine
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serum, 300 lg/ml L-glutamine, 105 IU/ml penicillin and 100 lg/ml
streptomycin and grown in 24-well plates to density. Appropriate wells were
preincubated for 30 minutes with drug (prediluted in DMEM without
additives), and kept growing in the appropriate amount of drug over the
course of the experiment. HSV 2 strain (100 pfu) HG32 (ECACC # 158) and HSV
2 ACR (ECACC # 513) were inoculated per well, adsorbed for 45 min and then
overlayed with 1.2% Avicel RC-591 (Camida Ltd.) suspended in DMEM. After 3
days the overlay was removed and the cells stained with crystal violet, the
plates were scanned and the plaques counted. All assays were run in
quadruplicate on each plate and plaques were counted as averages of four
assays. EC50 was expressed as averages with standard deviation of 3
experiments.Tables 2 and 3. The antiviral assays were based on inhibition of
virus-induced cytopathicity in human embryonic lung (HEL) fibroblasts

[herpes simplex virus type 1 (HSV-1) (KOS and KOS-R) and herpes simplex
virus type 2 (HSV-2) (G)]. Confluent HEL cell cultures in 96-well microtiter
plates were inoculated with 100 CCID50 of virus (1 CCID50 being the virus dose
to infect 50% of the cell cultures). After 1-hour virus adsorption period, residual
virus was removed, and the cells were incubated in the presence of serial
dilutions of the test compounds. Viral cytopathicity was recorded within 48 h.
For varicella-zoster virus [VZV (wild-type Oka and YS and TK� deficient 07/1
and YS-R)], the inhibition of plaque formation was recorded. Confluent HEL
cells in 96-well microtiter plates were infected with 20 plaque forming units
(PFU)/ well. After 2-hours incubation, residual virus was removed and the cells
were incubated in the presence of the compounds. Virus plaque formation was
recorded after 5 days.17.


17. Matrosovich, M.; Matrosovich, T.; Garten, W.; Klenk, H. D. Virol. J. 2006, 3, 63.
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Scheme 1. The role of glutamate racemase (MurI) in the peptidoglycan precursor
biosynthetic pathway.
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There has been a growing need for new antibacterials to fight
resistance, especially antibacterials with novel mechanism of
action (MOA) to combat ‘bad bugs’ such as MRSA and VRE.1,2 A
research program was initiated to develop a Gram-positive anti-
bacterial agent through inhibition of glutamate racemase (MurI),
an essential enzyme involved in bacterial peptidoglycan biosyn-
thesis (Scheme 1).3–5 The murI gene is conserved in all bacterial
species that synthesize peptidoglycan, and its essentiality has been
demonstrated in several bacterial species. In the literature, sub-
strate mimetic inhibitors have been designed.6 The rationale for
us to target this particular spectrum (Staphylococcus aureus, Entero-
coccus faecalis, Enterococcus faecium, etc.) was based on the high
degree of MurI sequence identity and biochemical similarity in
these selected Gram-positive pathogens. Phylogenic analyses dem-
onstrate that the MurI from Gram-positive bacteria cluster to a sin-
gle clade.7 High-throughput screening (HTS) of the AstraZeneca
compound collection identified several hit series with low micro-
molar potency against E. faecalis MurI. A 9-benzyl purine scaffold
was selected as one series to be advanced to the Lead Identification
phase. Here, we describe our Hit-to-Lead effort (Fig. 1).


Based on the biological profile of the hits such as compound 1,
our objectives during the Lead Identification phase were to in-
crease MurI enzyme inhibitory potency, improve physical proper-
ties, especially solubility, and to expand the Gram-positive
spectrum. Our strategy to achieve these goals was to systemati-

All rights reserved.


: +1 781 839 4230.
eng).

cally vary substituents on position 2, 6, and 9 of the purine scaffold,
followed by purine core modification.


The synthesis of 9-benzyl-2-butylthio purines of type I, listed in
Table 1, as shown in Scheme 2, was readily achieved by benzyla-

O2N
F


1 13


Figure 1. Representative HTS hit compound 1 and lead compound 13.
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Table 1
R9 Benzyl variations (Type I, R6 = H)


n R9 R2–Q E.faa,b


(lM)
E.fma,b


(lM)
S.aua,b,c


(lM)
Solu.
(lM)


1


NO2


n-Bu-S 9.4 17.7 >400 42


2


NO2


OMe


n-Bu-S 1.4 2.5 >400 25


3


F


F


n-Bu–S 4.1 6.0 >400 50


4


F


F
Cl


n-Bu-S 2.2 2.6 >400 25


5


F


F
Me


n-Bu-S 5.4 6.5 >400 25


a E.fa, Enterococcus faecalis; E.fm, Enterococcus faecium; S.au, Staphylococcus aur-
eus; solu., solubility (nephelometry).


b Activity against MurI isozymes from several bacterial species was assessed by
IC50 determination for assay protocol see Ref. 7.


c Four hundred micromolar is the highest no-effect concentration tested. Same in
Tables 2–4 where 400 lM was used.


Table 2
R2-Q chain variations (Type II, R6 = H)


n R9 R2–Q E.fa
(lM)


E.fm
(lM)


S.au
(lM)


Solu.
(lM)


5


F


F
Me


n-Bu-S 5. 4 6. 5 >400 25


6


F


F
Me


n-Bu-O 9.8 27 >400 50


7


F


F
Me


1-(C2F5)–n-Pr-O 4. 3 4.4 >400 25


8


F


F


n-Bu-NH 26.1 42.5 >400 100


9


F


F
Me


1-(AcNH)-Et-O 167 >400 >400 100
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tion of a 2-butylthio-purine intermediate.8,10 This 2-butylthio-pur-
ine intermediate was obtained through the following sequence:
treatment of 4,6-diamino pyrimidine-2-thiol with sodium hydrox-
ide in methanol was followed by solvent evaporation and the
resultant solid was reacted with 1-bromobutane in DMF. Introduc-
tion of the nitroso group was achieved using sodium nitrite in
water. Subsequent catalytic hydrogenation gave the 4,5,6-triamine
intermediate, which was cyclized by refluxing the triamine in
formamide.
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Scheme 3. General synthetic route. Reagents and conditions: (a) ammonia or R6NH2, m
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Scheme 2. General synthesis of 2-butylthio purines. Reagents and conditions: (a) NaOH,
(e) BnBr or other R9 electrophiles, Cs2CO3, DMF.

To diversify substitution on positions 2 and 6, a route using aro-
matic displacement 6-Cl of 2,6-dichloro purine, followed by N-
alkylation, then second displacement of 2-Cl with R2-QH reagents
(Q@O, alcohols; Q@NH, amines) was employed as shown in
Scheme 3.9 The order of steps b and c can be switched to ease
the purification. Using this sequence the compounds of type II
listed in Tables 2 and 3 were obtained.


Four purine core modifications were performed as shown in
Schemes 4–7. Alkylation of commercially available purinyl-2-thiol
followed by benzylation gave the 6-des amino derivatives (type
III).10 The purin-6-one analogs (type IV) were easily accessed by
diazotation–hydrolysis through the Sandmeyer reaction.11 The
triazolopyrimidine (aza-purine) derivatives (type V) were prepared
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Table 3
R6 variations (Type II, R2–Q = n-Bu-O)


n R9 R6 E.fa
(lM)


E.fm
(lM)


S.au
(lM)


Solu.
(lM)


6


F


F
Me


H 9.8 27 >400 50


10


F


F


Methyl 5.5 13.9 >400 100


11


F


F
Me


Benzyl >400 >400 >400 3.1


12


F


F
Cl


Pyridin-3-ylmethyl 2.0 2.7 >400 18


13


F


F


2-(4-Morpholino)ethyl 5.8 5.5 >400 200
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by reacting the product 4,5,6-triamine from step c in Scheme 212


with sodium nitrite. The 8-purinone analogs (type VI) were pre-
pared by hydrolysis of the corresponding 8-methoxy intermediate
according to literature.13


Data shown in Table 1 revealed the trend that ortho substitu-
ents on the benzyl ring tended to increase potency. However, vari-
ations of the substituent on the benzyl ring afforded, in general, no
significant potency improvements against E.fa and E.fm MurI en-
zyme and no inhibition of the S.au enzyme activity was observed.
Further benzyl replacement analogs containing small alkyl, bicyclic
heterocycles, and benzoyl substituents during an SAR expansion
study resulted in reduction of activity (data not shown). The fact
that the SAR at the 9-position is relatively unresponsive and that
only lipophilic groups were tolerated, meant that it would be diffi-
cult to obtain substantial improvements in physical properties
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Schemes 4–7. Purine core modifications. Reagents and conditions: (a) n-BuBr, Et3N, D
Ethanol; (e) NaOMe, Methanol; (f) HCl.

from modifications at this position. In subsequent rounds of opti-
mization, the 2,6-difluoro substituents on benzyl moiety at R9
were kept constant while more polar solubilizing groups were
introduced at R2-Q on the 2-position of the molecule to reduce
lipophilicity of the molecule (Table 2). It was gratifying to discover
that the simple S to O switch of linking atom Q at 2-position (com-
pound 6) not only retained the enzyme potency, but also gained a
twofold increase in solubility. Further optimization along this
direction did not yield potency improvement. Polar groups were
not tolerated as exemplified in compound 9. Here the introduction
of the acetamide at the end of the R2 chain resulted in more than
15-fold potency loss in E.fa MurI inhibitory activity and the com-
pound became completely inactive against E.fm MurI. An O to NH
switch (compound 8) was attempted based on the expectation of
additional solubility increases, but again this resulted in potency
losses. Further SAR expansion using branched alkyls, cyclic alkyls,
benzyls, and aromatics generated only compounds with reduced
activity (data not shown). Oxidizing the linking atom sulfur to sul-
fone destroyed inhibitory activity. These data suggest that enzyme
potency for linkage Q follows the order: S � O > NH� SO2. We
concluded that linear 4–5 carbon chains provided ideal shape, size,
and lipophilicity at R2 position and hypothesized that, similarly to
R9, hydrophobic residues must surround the R2 region in the en-
zyme-binding pocket.


The SAR of the 6-position was in sharp contrast to the 2- and 9-
position. Solubilizing groups were well tolerated. There is a striking
difference between benzylamino (compound 11) and pyridin-3-yl-
methyl amino (compound 12) analogs as shown in Table 3. The for-
mer compound was completely inactive and the latter was among
one of the most potent inhibitors of both E.fa and E.fm MurI. An
exciting example was the 2-(4-morpholino)ethyl amine group
(compound 13), as it not only retained all potency against both
E.fa and E.fm MurI enzymes, but also delivered a substantial boost
in solubility (equilibrium solubility 99 lM). This improved solubil-
ity allowed us to obtain an X-ray co-crystal structure using E.fa
MurI. This structure (1.65 Å) provided a working rationale for
understanding the potency discrepancy among MurI isozymes
studied, and laid the foundation for the project to potentially
advance to full Lead Optimization phase.


The inhibitor compound 1314 binds at each of two cryptic sym-
metrical allosteric hydrophobic pockets on the MurI homodimer
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MF; (b) BnBr or other R9 electrophiles, Cs2CO3, DMF; (c) NaNO2, H2O; (d) NaNO2,







Table 4
Core modifications (Type III–VI)


n Core structure E.fa
(lM)


E.fm
(lM)


S.au
(lM)


Solu.
(lM)


14
N


N


S


N


N
F


F Cl


1. 0 1. 8 >400 50


15 N


NH


S


N


N
F


F Me


O


11.5 3.75 >400 100


16 N


N


NH2


S


N
N


N
F


F


4. 3 6. 2 >400 50


17 N


N


NH2


O


N
H


N
O


F


F


38.1 97.8 >400 200


Picture 1. (Left) Compound 13 binds at each of two allosteric sites of E. faecalis
MurI dimer. (Right) Detailed view at one allosteric binding pocket. C-terminal Trp
254 was displaced. Magenta shows the original position of Trp 254 in apo MurI. Asn
155 (below purine core) and Glu 153 (close to benzyl ring) were also shown.
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(Picture 1). There seems to be a ‘hydrophobic collapse’,15 a term
often used in protein folding, between R2 and R9 to pre-organize
these two groups in the binding conformation (Picture 1, left and
right). Upon formation of the pocket, the R2 carbon chain displaced
the Trp254 indole ring out of original location and formed p hydro-
phobic interactions. In subsequent attempts to explore this hydro-
phobic region, we observed that double bonds on the R2 chain
were tolerated, consistent with improved p stacking interactions
with Trp254. As we expected, R9 benzyl interacts with hydropho-
bic side chains of Val14, Ile190, and Ile 250. One edge of the benzyl
group is solvent exposed and could be appropriately substituted to
improve interaction with Glu153. The region corresponding to R6
substituent pocket is close to the solvent front, which explained
its tolerance of polar groups and its intolerance of lipophilic sub-
stituents. Morpholino group is indeed positioned toward solvent
and is not forming significant interactions with the enzyme. A ten-
tative rationale for the striking E.fa and S.au isozyme potency pro-
file differences was proposed based on this co-crystal structure. By
comparing the binding pocket residues of apo enzyme of S.au and
above co-crystal structure of E.fa, it was observed that a key amino
acid at the binding site Asn155 present in the Enterococcus MurI

protein was replaced with Met153 in S.au. The Asn155 provides
weak polar interaction with purine core while Met153 certainly
does not.


Modification to the purine core gave varied results (Table 4).
The des-amino compound 14 showed an increase in enzyme po-
tency, while Type VI compound 8-Purinone 1713 was less active.
Compounds such as type IV 6-purinone 15 and type V triazolo-
pyrimidine (aza-purine) derivative 16 did not resulted in signif-
icant change in enzyme potency. Similar to the profiles observed
in the type I and type II scaffolds, all of these four core-modifi-
cation analogs still had the same spectrum issue. Finally, all of
the MurI inhibitors described in this Letter exhibit relatively
weak antibacterial activity (some compounds show MIC of 16–
64 lg/ml, data not shown) against selected Gram-positive
pathogens.


From our perspective, these compounds represent viable lead
series for further optimization, particularly given the potential
for enzyme:inhibitor structure-enabled scaffold design17 to
increase intrinsic potency and continued improvement of physi-
cal properties. Issues to address in further optimization cycles
include antibacterial potency and desired antibacterial spec-
trum,16 as well as improvement in physical properties. In this
regard, the type II analogs with a handle at 6-position may
provide further optimizing flexibility, especially for physical
property improvement to reduce plasma protein binding (PPB)
and to enhance cell penetration.


In conclusion, we discovered a novel series of MurI inhibitors
against selected Gram-positive MurI isozymes, which have the po-
tential to be further optimized into an anti-Gram positive bacteria
agent.
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Modification of the potent imidazole-based B-Raf inhibitor SB-590885 resulted in the identification of a
series of furan-based derivatives with enhanced CNS penetration. One such compound, SB-699393 (17),
was examined in vivo to challenge the hypothesis that selective B-Raf inhibitors may be of value in the
treatment of stroke.


� 2008 Elsevier Ltd. All rights reserved.

Mitogen-activated protein (MAP) kinase signalling cascades are of the potent and extremely selective triaryl imidazole


responsible for controlling numerous intracellular processes.1 Typ-
ically such cascades consist of three tiers of protein kinases that are
sequentially activated in response to appropriate extra-cellular
stimuli. This leads to signal transduction and allows for amplifica-
tion to occur at each step of the cascade. The RAF-MEK-ERK MAP
kinase cascade is intimately involved in the regulation of cell cycle
progression and apoptosis, and has been implicated in both prolif-
erative and degenerative disease states. Activating mutations in
B-Raf, one of the Raf family members, are reported to be present
in 66% of malignant melanomas,2 whereas increased activation of
ERK1/2 has also been reported in a number of in vitro and in vivo
models of neuronal cell death.3,4 Furthermore, inhibition of the
cascade at the MEK level has led to a reduction in infarct volume
in rodent models of stroke.4


We have previously reported our initial efforts to identify po-
tent inhibitors of B-Raf in order to assess their potential in the
treatment of stroke.5 These studies resulted in the identification

ll rights reserved.
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SB-590885 (1). Here, we wish to report the result of further studies
to identify inhibitors with enhanced CNS penetration.


N
H


N


N


N
OH


O


NMe2
N
H


N


N


Ph


Cl
OH


SB-590885 (1)
B-Raf Kd 0.3nM 


L-779,450 (2)
B-Raf Kd 2.4nM 


SB-590885 was initially assessed for its ability to inhibit B-Raf-
mediated ERK phosphorylation in rat pheochromocytoma (PC12)
cells following nerve growth-factor (NGF) stimulation, as a marker
of cellular pathway inhibition (Table 1). In this assay, SB-590885
showed a robust, dose-dependant inhibition of ERK phosphoryla-
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Table 1
Cell-based pathway inhibition and rat in vivo pharmacokinetic parameters for
SB-590885 (1) and L-779,450 (2)a7


Compound Pathway inhibition (% inhibition) Blood clearance
(ml/min/kg)


Brain:blood
ratio (BB)


1 lM 3 lM


1 99 101 45 0.14:1
2 — 100 77 <0.1:1


a The brain:blood (BB) ratio was calculated as the ratio of brain:blood concen-
trations following a constant rate (3.5–5 ml/kg/h) iv infusion to steady-state (6–
16 h) and at a target dose level of between 1 and 3 mg free base/kg/h. Blood
clearance was calculated as dose-rate/steady-state blood concentration.


Table 3
In vitro and in vivo activities of core modified B-Raf inhibitors


X


Y


N


N
OH


O


NMe2


Compound X Y B-Raf (FP)
Kd (nM)


Pathway inhibition
(% inhibition)


PSA (HBD) BB ratio


1 lM 3 lM


1 NH N 0.3 99 101 87 (2) 0.14:1
10 O CH 0.5 75 87 71 (1) 1.33:1
11 NH CH 0.7 66 74 74 (2) 0.27:1
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tion similar to that seen with the early lead molecule L-779,450
(2).6 However, due to the inter assay variability, all novel com-
pounds were assessed relative to the activity of a standard 3 lM
(micromolar) concentration of L-779,450 as an internal control
(i.e., 100% refers to equivalent inhibition to that produced by
3 lM of L-779,450 in that particular assay).7


Having demonstrated the ability of our tool compounds to inhi-
bit B-Raf-mediated signalling in a cellular context, we next exam-
ined their in vitro neuroprotective activity. Compounds were
tested for their ability to protect rat hippocampal slice cultures
from death induced by oxygen and glucose deprivation (OGD).8


We were encouraged to find that both compounds displayed po-
tent neuroprotective activity in this assay; L-779,450 showing
approximately 80% protection at 10 lM and SB-590885 showing
a comparable degree of protection at 0.1 lM.


Unfortunately, despite its encouraging in vitro profile,
SB-590885 showed moderate blood clearance and poor CNS pene-
tration in the rat (Table 1). Whilst the blood clearance rate was
acceptable, since any therapy would likely be administered by con-
tinuous intra venous (iv) infusion, the poor penetration of the CNS
(brain:blood ratio (BB) 0.14:1) was sub-optimal for this indication.


We thus set out to improve the CNS penetration of the series
(target BB P 0.5:1) whilst being mindful of the need to retain
solubility enhancing groups to meet the likely requirements of a
putative iv agent. Our initial approach was to modify the imidazole
C2 position since we had previously shown that B-Raf was tolerant
of a wide variety of substitutions at this position.5 Whilst potent
B-Raf binding was achieved with a number of aryl-, alkyl-, and

Table 2
In vitro and in vivo activities of C2 modified imidazolesa


N
H


N


N


R
1


N
OH


Compound R1 B-Raf (FP)
Kd (nM)


Pathway
inhibition


(% inhibition)


BB
ratio


1 lM 3 lM


3 4-[2-(2-Dimethylamino
propyloxy)]pyrimidine


0.5 88 100 0.1:1


4 C(Me2)CH2NH2 4.9 61 96
5 4-Piperidine 1.7 36 59
6 4-Piperidine-1-(CH2)2OMe 6.3 41 33 0.09:1
7 4-Morpholino-methyl 15.8 �10 �8
8 CONH(CH2)2-morpholine 1.4 61 59
9 CONHPh(3-CH2NMe2) 1.3 77 98 0.09:1


a Compound potency is expressed as a B-Raf binding affinity (Kd) derived from a
fluorescent ligand binding assay (FP). See Ref. 8 for details.

carboxamido-C2 substituents bearing solubilising basic amino
groups, the cellular activity of these derivatives was variable (Table
2). More disappointing was the finding that the CNS penetration of
this series of compounds was routinely poor.


In an effort to overcome the problem of inadequate CNS pene-
tration of this series of molecules, we turned our attention to mod-
ifying the core heterocycle and in so doing reducing the number of
H-bond donors (HBD) and the polar surface area (PSA) of the mol-
ecules (Table 3).9 We were pleased to find that replacement of the
central imidazole core by either isomeric furan (10 and 12) or pyr-
role (11 and 13) groups afforded molecules with potent B-Raf affin-
ity, demonstrable cellular activity and enhanced CNS penetration.
This was most notable for the furan derivatives, which benefited
from both reduced PSA and HBD count, and especially so for the
C2-(4-pyridyl)furan isomer (10).


Having identified this series of furan-based inhibitors with
intrinsically superior CNS penetration, we sought to tune the over-
all properties of the molecules through a re-investigation of the
SAR of the C5 position (equivalent to the C2 position of the imidaz-
ole core) of the C2-(4-pyridyl)furans (Table 4). The C5 position was
once again tolerant of a variety of diverse aryl (not shown), alkyl,
and carboxamido-substituents that retained potent B-Raf affinity
and good cellular activity. It was notable, however, that whilst im-

12 CH O 0.9 60 85 71 (1) 0.56:1
13 CH NH 2.4 17 66 74 (2) 0.33:1


Table 4
In vitro and in vivo activities of C5 substituted furans


O


N


N
OH


R


Compound R B-Raf (FP)
Kd (nM)


Pathway
inhibition


(% inhibition)


Blood
clearance
(ml/min/kg)


BB
ratio


1 lM 3 lM


14 4-Piperidine 2.4 93 100 78 0.24:1
15 4-Piperidine-


1-(CH2)2OMe
2.7 83 96 100 1.39:1


16 CONH(CH2)2-NMe2 0.5 93 NT 91 0.1:1
17 4-Morpholino-


methyl
7.2 91 95 54 0.8:1


NT, not tested.







Table 5
Selectivity profiling of SB-590885 (1) and SB-699393 (17)a


Compound AMPK Chk1 CK2 GSK3 b JNK1 Lck MAPK2 MAPKAP-K2 MEK1 MSK1 p70 S6K Phos.K PKA PKBa PKCa PRAK ROCK-II p38a p38b p38c p38d SGK


1 14 9 8 25 19 39 11 9 14 38 13 3 �2 8 10 18 26 46 9 10 10 17
17 6 7 9 �9 �2 3 7 4 12 7 �3 �8 �4 5 3 11 11 12 12 8 0 0


a Values are % inhibition at 10 lM drug concentration in kinase activity assays in the presence of 100 lM ATP (see Ref. 10 for details).


A. K. Takle et al. / Bioorg. Med. Chem. Lett. 18 (2008) 4373–4376 4375

proved CNS penetration was a general feature of the furan deriva-
tives, the incorporation substituents bearing additional HBDs, such
as the unsubtituted piperidine (14) or carboxamide derivative (16),
once again resulted in a reduction in the brain:blood ratio. It was
also notable that blood clearance rates could be modulated by
modification of the furan C5 position, although in this case SAR
was difficult to interpret. As a result of our efforts, the C5 morpho-
lino-methyl derivative 17 (SB-699393) was identified as a mole-
cule possessing the optimal balance of potency, cellular activity
and pharmacokinetic properties. When assessed against a panel
of 21 protein kinases, SB-699393 (17) also showed an excellent
selectivity profile comparable to that of the imidazole lead SB-
590885 (1) (Table 5).


With a potent, selective and CNS penetrant molecule in hand
(SB-699393), we next set out to assess its activity in vivo. As a

47.5


32.5


KDa


KDa
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Saline/
no swim


Saline/
swim


Swim/SB-699393-B
(3mg/kg iv)


• • • • • • • • • • • • • • • •• Treatment group


Saline/
no swim
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Figure 1. Inhibition of cold water stress-induced hippocampal ERK phosphoryla-
tion by SB-699393 (17). An equivalent loading of tissue samples is used in each
lane.
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Scheme 1. Preparation of SB-699393 (17).13 Reagents and conditions: (i) MeONH2 HCl, p
(58%); (iii) 4-pyridyl boronic acid, Pd(OAc)2, PPh3, K2CO3, 2:1 DME–water, reflux (54%);
�78 �C (56%); (vi) morpholine, polymer-bound trimethylammonium cyanoborohydride, m
NH2OH, ethanol, reflux (64% for two steps).

measure of pharmacodynamic activity in the brain, we chose to
assess the compounds ability to inhibit hippocampal ERK phos-
phorylation in rats subjected to cold water stress.11 We were
gratified to find that pretreatment with a 3 or 10 mg/kg iv bolus
of SB-699393, 5 min prior to cold water stress, was successful in
reducing the induced hippocampal ERK phosphorylation (Fig. 1).
In order to assess its neuroprotective activity, SB-699393 was
administered as a 5 h continuous iv infusion at doses ranging
from 0.3 to 10 mg/kg/h, starting 1 h post-insult, in a permanent
middle cerebral artery occlusion model of stroke in normotensive
rats.12 In this model, efficacy would be determined by an
improvement in neurological deficit and/or a reduction in infarct
lesion volume relative to vehicle. Unfortunately, SB-699393 failed
to demonstrate a significant improvement in either parameter
when assessed 24 h post-injury. These results, whilst apparently
at odds to earlier reports that link prolonged ERK activation to
neuronal cell death,4 suggest that selective inhibition of B-Raf
alone is not sufficient to elicit significant neuroprotection in ro-
dent models of stroke.


SB-699393 (17) was prepared as shown in Scheme 1.13 Thus,
commercially available 5-bromo-2,3-dihydro-1H-inden-1-one 18
was converted to the O-methyl oxime 19 then to the boronic acid
20 by treatment with n-butyl lithium followed by the addition of
trimethyl borate. Meanwhile, 2,3-dibromo furan was reacted with
4-pyridyl boronic acid under Suzuki cross-coupling conditions to
regioselectively generate the 2-(4-pyridyl)furan 22 in 54% yield.14


Suzuki coupling between the furan 22 and the boronic acid 20 fur-
nished the disubstituted furan 23 (74%) which was then formylat-
ed, by treatment with LDA followed by the addition of DMF, to
afford 24 in 56% yield. Reductive amination with morpholine and
polymer-bound trimethylammonium cyanoborohydride afforded
the trisubstituted precursor 25. Hydrolysis of the O-methyl oxime
with 5 M hydrochloric acid and acetone in dioxane formed the ke-
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(25)  X = NOMe
(26)  X = O
(17)  X = NOH


vii
viii


 iv
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yridine, ethanol (96%); (ii) nBuLi, trimethyl borate, THF �78 �C to room temperature
(iv) (20), Pd(OAc)2, PPh3, K2CO3, 2:1 DME–water, reflux (74%); (v) LDA, DMF, THF
ethanol, acetic acid (61%); (vii) 5 M HCl, acetone, dioxane 100 �C; (viii) 50% aqueous
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tone 26, which was converted to 17 by treatment with aqueous
hydroxylamine in 64% yield.


In conclusion, we have extended our understanding of the SAR
associated with this series of extremely potent and selective 2,3-
dihydro-1H-inden-1-one oxime substituted heterocyclic B-Raf
inhibitors. In so doing, we have identified the furan derivative
SB-699393 (17) which possesses enhanced CNS penetration; how-
ever, this molecule failed to show significant neuroprotective ef-
fects when evaluated in a rodent model of stroke.
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The refinement of our original five point pharmacophore model for the H3 receptor with the addition of a
new acceptor feature is presented. The importance of this new acceptor feature for the binding and the
selectivity against H1, H2 and H4 has been validated using a newly synthesized naphthalene series. With
the SAR deduced from several hundred naphthalene derivatives in various sub-classes the specific role of
each pharmacophoric feature, by varying the geometry, size and charge of the molecules, was elucidated.
This led to the discovery of a highly potent and selective new compounds series.
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To date four distinct histamine receptors are known.1 They be-
long to the family A of G-protein coupled receptors and are in-
volved in the regulation of various pharmacological processes.
The H1 and H2 receptors are clinically validated targets. H1 receptor
antagonists are used for the treatment of allergies and sleep disor-
ders,2 whereas H2 receptor antagonists serve as agents for the
treatment of the peptic ulcer disease.3 More recently, H3 ligands
have advanced to clinical phase trials for the treatment of CNS dis-
orders like migraine, narcolepsy, attention-deficit hyperactivity
disorder and Alzheimer’s dementia.4 However, H3 ligands might
also be useful to control food-intake and obesity.5 H4 receptor ago-
nists and antagonists are less well studied. Nevertheless, due to
their preferred expression in T-cells, dendritic cells, monocytes
and mast cells, it is likely that H4 receptors are involved in the reg-
ulation of the immune responses.6


Many of the first generation H3 receptor antagonists contained
an imidazole moiety which is structurally close to the natural li-
gand histamine but carry a potential liability towards cyto-
chrome-P450 interaction.7 The second generation H3 receptor
antagonists are devoid of an imidazole moiety, but contain one
or even two basic nitrogens, and several compounds of this class
are currently being developed and recently entered human clinical
trials.4


As part of our strategy to develop new and potent H3 receptor
inverse agonists, we refine and apply the five features pharmaco-
phore model that has been validated with the results of the de

ll rights reserved.
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novo initiative described previously.8 At the time, the model con-
sisted of two aromatics, two positively charged features and one
central electron rich features (Fig. 1a). The observation that many
ligands (Fig. 2) displayed an acceptor functionality in close vicinity
to the largest aromatic feature led to the refinement of our existing
model (Fig. 1b).


In parallel to this ligand-based approach, a homology model
has been built based on the bovine rhodopsin template using
the software MOE in order to discover the potential amino acids
interacting with our features (data not shown).11 From the spa-
tial distribution of our pharmacophore, we identified the same
residues than the ones described in the work of B. Schlegel. et
al., meaning an interaction between the distal basic nitrogen
and the conserved aspartate in helix 3 (ASP3.32),12 but more
interestingly, we also identified an interaction between the
new acceptor position and the Threonine 6.52, which is specific
to H3.13


This newly in-house established pharmacophore model served
for the prioritization of all proposals for new chemical series. From
the many ideas filtered by the pharmacophore model, naphthalene
derivatives were investigated first. Isomeric naphthalenes with an
oxygen-atom linker 3 and 4 were pursued. The pharmacophore
model predicted a much better fit for the 2-naphthoic amide deriv-
atives 3 than the respective 1-naphthoic amide derivatives 4. To
verify this hypothesis both compound series were synthesized.
Also, naphthalene derivatives with a nitrogen linker-atom 7 (of
which only the 4-amino-piperidine derivatives are shown as exam-
ple) have been synthesized to support the pharmacophore model
validation. For each naphthalene derivative 3, 4 and 7, a straight-
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Figure 1. (a) Pharmacophore model used with the de novo approach (b) New pharmacophore model used in this study with FUB 836 fitted.9
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Figure 2. Representative set of potent H3 receptor antagonists displaying the new acceptor feature (red circle).10
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forward two-step chemistry route was devised giving access to a
variety of compounds (Scheme 1).


The commercially available isomeric 6-hydroxy-naphthoic
acids 1 (6-hydroxy-1-naphthoic and 6-hydroxy-2-naphthoic) were
converted to their respective amides 2 by coupling with the appro-
priate amine and TBTU as the coupling reagent. Final conversion to
naphthalene derivatives 3 and 4 was achieved using a Mitsunobu
coupling protocol employing polymer-bound tri-phenyl phosphine
which allowed, after filtration, for easy purification by preparative
HPLC on reversed phase. Conversely, 6-amino-naphthoic acid 5
was first converted by reductive amination with 1-isopropyl-
piperidin-4-one and sodium tri-acetoxyborohydride to 6-(1-
isopropyl-piperidin-4-ylamino)-naphthalene-2-carboxylic acid
methyl ester 6, which was subsequently converted to naphthalene
derivatives 7 by saponification and coupling of the resulting acid
derivative with the appropriate amines under TBTU conditions.
Several hundred compounds in various sub-series have been syn-
thesized and tested for their binding activity towards the H3 recep-
tor.14 To illustrate the general structure activity trend, a few
compounds and their human binding affinity data are shown in
Figure 3.


Naphthalenes 3a–c showed the highest potency in binding to-
wards the H3 receptor (functionally characterized as inverse ago-
nists by GTPcS assay, exemplified with 3c; EC50 = 21 nM) in the
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nano-molar range, whereas in comparison the respective isomers
4a–4c were in general markedly less active. This was in agreement
with the prediction from the pharmacophore model and validated
our ligand-based approach. Also in comparison to compounds 3a–
3c, nitrogen-atom linked naphthalenes 7a–7c were generally
found to be only active in the micro-molar range. We could observe
here an important shift in activity between the oxygen-atom
linked naphthalene 3b and the nitrogen-atom linked naphthalene
7a. These two types of linkers have a small influence on the confor-
mation of the molecule and a moderate influence on the electronic
properties, but they interact quite differently with the receptor. In-
deed, knowing that the ether-oxygen is electron rich but a poor
acceptor, whereas the amine-nitrogen is a strong donor, and addi-
tionally looking at the homology model, it is very likely that this
ether oxygen has a positive interaction with the sulfur of
CYS3.36, which the nitrogen cannot have.15 As can be seen from
Figure 4, naphthalene derivative 3b, optimized with AM1 in
MOE, fits perfectly the pharmacophore model using the new accep-
tor position. Since the binding is strongly driven by the interaction
between the basic amine and ASP3.32, it restrains the number of
possible fits. Distance-wise, the carbonyl function of the naphtha-
lene can only match the new acceptor feature (THR6.52). More-
over, compound 3c shows a very nice selectivity against all the
other histamine subtypes by displaying less than 25% inhibition
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Figure 3. Selected compounds and their binding activity towards the human histamine H3 receptor.14


Figure 4. Molecules 3b and 4b in the pharmacophore model.
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at 3 lM against H1, H2 and H4.16 This selectivity was expected from
the model since THR6.52 is only present in the H3 receptor sub-
type. On the other hand, the fit of the isomeric naphthalene deriv-
ative 4b in Figure 4 is far less good, and that was confirmed by the
experimental values (3b: Ki: 57 nM, 4b: 61% inhibition at 3 lM),
and more broadly by the SAR of both sub-series.


In conclusion, we have refined our original five point pharmaco-
phore model for the H3 receptor with the addition of a new accep-
tor. The importance of this new acceptor feature for the binding
and the selectivity against H1, H2 and H4 has been validated using
a newly synthesized naphthalene series. With the SAR deduced
from several hundred naphthalene derivatives in various sub-clas-
ses, we have been able to elucidate the specific role of each phar-
macophoric feature by varying the geometry, size and charge of
the molecules. This led to the discovery of a highly potent and
selective new compound series.
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We have demonstrated the synthesis of regioisomerically pure unsymmetrical xanthene derivatives con-
sisting of three units which can be independently modified to control their physical properties. The pho-
tochemical properties of the synthetic unsymmetrical xanthene derivatives were investigated in solution
by UV–vis absorption and fluorescence measurements, and their cell imaging properties were examined
by confocal laser-scanning microscopy.


� 2008 Elsevier Ltd. All rights reserved.

Xanthene derivatives, such as fluoresceins and rhodamines, are
widely employed as molecular probes in chemical biology.1 We
have been interested in the synthesis of chromophores possessing
high potential use in sensing applications. Since the first prepara-
tion of fluorescein in 1871 by von Baeyer,2 many synthetic meth-
ods have been reported.3 However, free modification of the
xanthene skeleton as a chromophore having color diversity has
been little attempted. Unsymmetrical xanthenes, such as commer-
cially available rhodol derivatives, are typically prepared as
mixtures of 5- and 6-isomers with difficulty in their separation
by well-established condensation route.4 The conjugation of these
isomers to other molecules leads to differences in physical proper-
ties, including fluorescence polarity, internal fluorescence quench-
ing, and labeling specificity.5 To solve these problems, we assumed
that xanthene derivatives can be divided into three units—chromo-
phore, phenol, and aromatic—each of which can be independently
modified. The combination of these three units would allow us to
optimize the physical properties of xanthene derivatives for the
desired application. We propose herein a synthetic method for a
series of regioisomeric pure unsymmetrical xanthene derivatives,
which involves combining three different moieties, just like pieces
of a jigsaw puzzle.

All rights reserved.


: +81 72 690 1063.

Benzophenones are usually used as condensation partners of
phenols for the synthesis of xanthenes.6 This method is based on
the formation of a benzophenone via the Friedel–Crafts acylation
reaction of benzoyl chloride with methoxybenzene derivatives, fol-
lowed by condensation with phenol derivatives to afford the de-
sired unsymmetrical xanthenes. The photochemical properties of
synthesized unsymmetrical xanthene derivatives in ethanol solu-
tion were investigated by UV–vis absorption and fluorescence
measurements. We also prepared isomers of rhodol derivatives,
which are hybrid compounds of rhodamine and fluorescein, and
evaluated their photochemical properties by measuring absolute
fluorescence quantum yield (Uf) and molar extinction coefficient
(e) in ethanol solution. Cell imaging properties of the rhodol deriv-
atives were also tested using human lung carcinoma A549 cell line.


The Friedel–Crafts acylation of aromatic compounds is an
important transformation reaction in organic synthesis.7 However,
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there are few examples of the direct acylation of phenolic com-
pounds,8 in particular, polyphenols, owing to severe side reactions,
such as the Shotten–Baumann reaction.9 In fact, 1,2,4-trihydroxy-
benzene 1 reacted with benzoyl chloride 3 with coexisting AlCl3


to form 40-O-monoacyl derivative 510 in very high proportion with-
out C-acylation. Compound 5 was similarly obtained form the reac-
tion of acetylation compound of 1 with 3. Methylation of 1
selectively gave 1,2,4-trimethoxybenzophenone 6a, whose struc-
ture was supported by HSQC and HMBC analyses. Trimethoxybenz-
ophenone derivatives (6b and 6c) were similarly prepared. These
benzophenone derivatives were deprotected by BBr3 at �78 �C
and trihydroxybenzophenone derivatives (7a–c) were obtained
after recrystallization. Likewise, amine-conjugated benzophenones
(8 and 9) were similarly synthesized by acylation of 8-methoxyju-
lolidine or 1-(diethylamino)-3-methoxybenzene with benzoyl
chloride derivatives. Single crystals of 8b and 9c suitable for
X-ray diffraction analysis were grown by slow evaporation of eth-
anol and H2O solution.11 X-ray analysis supported the finding that
the acyl group was selectively introduced adjacent to the hydroxyl
group. b-Diketones as benzophenones can exist in keto–enol tauto-
merization. Structural data indicated that both 8b and 9c existed in
the enol form in the solid state. The acylation of 1,6-methoxynaph-
thalene with p-methylbenzoyl chloride gave 4-methylbenzoyl-1,6-
methoxynaphthalene 1012 that was not adequate for the synthesis
of xanthene derivatives. The introduction of 1,6-naphthalenediol
into xanthenes is key for synthesis of long-wave fluorescent com-
pound. Therefore, a selective synthesis involving 2-, 5-, or 7-acyla-
tion of 1,6-naphthalenediol has attracted considerable interest. The
chemistry is shown in Scheme 1. These benzophenone derivatives

Scheme 1. Synthesis of ben

would serve as precursors for the synthesis of regioisomerically
pure unsymmetrical xanthene derivatives.


The condensation reactions of synthesized benzophenone
derivatives with phenol analogues were subsequently carried out
(Table 1). Although many condensing agents have been reported,
CH3SO3H is the most popular since it acts as both condensing
and oxidizing agents at low temperature.3c Therefore, the reactions
were conducted in neat CH3SO3H. To synthesize unsymmetrical
xanthene derivatives having pyrocathecol sites, semi-fluorescein
compound 11 was prepared by condensation of 7b with resorcinol.
However, the condensation reactions of 7b–c with 8-hydroxyjulo-
lidine and/or 1-(diethylamino)-3-hydroxybenzene gave no semi-
rhodamine compounds due to the formation of inseparable side
products. We found that 8 and 9 are adequate for the synthesis
of a series of semi-rhodamine derivatives. Condensation at 80–
150�C proceeded smoothly in hot CH3SO3H to give the desired
semi-rhodamine derivatives. All compounds except those having
pyrocathecol sites 12 were simply purified by silica column chro-
matography using mixed CH3OH/CH2Cl2 solvent. However, we
were always bothered by the formation of side products. Lukhta-
nov and co-workers, for the first time, discussed the mechanism
of the reaction of benzophenone with resorcinol by retro-Friedel–
Crafts fragmentation, and developed an innovative two-step syn-
thesis of unsymmetrical 20-carboxyethyl-l-substituted fluoresceins
to solve the problem.6a Using their method, it is necessary for us to
characterize the side products and develop mild synthetic condi-
tions to increase the yield.


The UV–vis absorption and fluorescence emission spectra of
11–17 in ethanol solution were measured (see details in ESI). Uf

zophenone derivatives.







Table 1
Synthesis of unsymmetrical xanthene derivativesa


Reaction No. Phenol Benzophenone Product Yield (%)


1 Resorcinol 7b 10


2 1,2,4-Trihydroxybenzene 9c 12


3 Resorcinol 8c 11


4 Resorcinol 8b 52


5 Resorcinol 9a 9


6 Resorcinol 9b 75


7 Resorcinol 9c 43


a Reagents and conditions: CH3SO3H, 80–150 �C, 2–24 h. The detailed experimental procedure is described in ESI.
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Table 2
Photochemical properties of regioisomers of rhodol derivatives


Compound Yield Absorption
maximum (nm)a


e
(�104)a


Emission
maximum
(nm)a


Uf
a,b,c


15 9 523 8.5 555 0.706/0.708
16 75 523 8.4 557 0.592/0.602
17 43 523 9.4 556 0.599/0.613


a Measured in ethanol.
b Excited at 480 nm.
c Left values indicate Uf measured in ethanol solution and right values indicate


Uf after excluding O2 effect by bubbling N2 in ethanol solution.
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and e values of regioisomers of rhodol derivatives, 15–17, were
measured in ethanol solution, respectively (Table 2). The purity
of compound 15–17 was confirmed by 13C NMR and analytic
reversed-phase HPLC. Uf had no effects on singlet oxygen in eth-
anol solution. Uf values of 15 were higher than those of 16 and
17, as shown in Table 2. Urano et al. reported that the high
quantum yield of fluorescein was essential to keep the xanthene
moiety and the benzene moiety orthogonal to each other with
an ortho substituent.12 In this study, the fluorescence properties
of ortho-substituted rhodol were superior to those of the other
isomers. One possible explanation was that the increase of
radiationless transition probability due to steric rotation of the
aromatic unit around the linker led to a reduction of Uf of meta-
and para-substituted rhodols. However, drastic changes of Uf


were not observed compared to that of conventional fluorescein.13


Compound 15 was prepared in low yield due to steric effect. Fur-
ther examination of other rhodol derivatives is required to verify
the photochemical system.


Synthetic rhodol derivatives 14 and 17 were tested for their
ability to diffuse into human lung carcinoma A549 cells. The purity
of 14 and 17 was determined by analytic reversed-phase HPLC.

Figure 1. Top: Fluorescence images of live cells loaded with 1 lM 14. (a) Excited at 506 n
1 lM 17. (c) Excited at 488 nm and (d) excited at 543 nm.

Compound 14 and 17 at 1 lM were overlaid on the cells, and after
incubation at 37 �C for 30 min, intracellular localization was exam-
ined by confocal laser-scanning microscopy with irradiation at two
excitation wavelengths (Fig. 1). Compound 14 and 17 were easily
taken up by the cells and essentially accumulated in the cytoplasm,
and dual imaging colors of fluorescein (green) and rhodamine (red)
were observed.


In summary, we have developed the synthesis of regioisomeri-
cally pure unsymmetrical xanthene derivatives and investigated
their photochemical properties. We also observed the easy diffu-
sion of these compounds through live cell membrane and con-
firmed their localization in the cytoplasm. The advantage of this
method is the ease of modification of each unit and their combina-
tion for the desired application. Further efforts are ongoing to ex-
plore multifunctional tools for chemical biology by developing
the three units separately and then combining them.
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The synthesis and structure–activity relationships of zygosporamide, a known potent and selective cyto-
toxic natural product against SF-268 and RXF 393 cell lines, are described. The potencies of the synthetic
zygosporamide are similar to those reported for the natural product toward all cancer cell lines examined
with the exception of SF-268, the underlying cause of which remains to be elucidated.


� 2008 Elsevier Ltd. All rights reserved.
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Figure 1. Structure and bond-disconnections of zygosporamide.

Zygosporamide (1) is a cyclic depsipeptide that was isolated
from the seawater-based fermentation broth of a marine-derived
fungus identified as Zygosporium masonii (Fig. 1).1 It is composed
of four hydrophobic amino acids (D-Leu, L-Leu, and two L-Phe)
and one hydrophobic hydroxy acid ((S)-2-hydroxy-4-methylpenta-
noicacid; O-Leu). In the National Cancer Institute 60 cancer cell
lines screen, this compound displayed highly selective cytotoxicity
against CNS (central nervous system) cancer cell line SF-268 and
renal cancer cell line RXF 393, with GI50 values of 6.5 nM and less
than 5.0 nM, respectively. These values are at least 1000� lower
than most of the 54 (out of 60) cancer cell lines tested. The unusual
cell type selectivity displayed by this structurally simple com-
pound prompted us to initiate a synthetic and SAR program toward
zygosporamide. It is our long-term goal to explore the mode of ac-
tion by this natural product, particularly its selectivity toward dif-
ferent cancer cell lines.2


Since zygosporamide contains a D-leucine that is connected
with L-phenylalanine, we decided to carry out the macrocyclization
at this site (Fig. 1).3 The cyclization precursor could be assembled
via ester bond formation. Based on this analysis, we started the to-
tal synthesis by preparing tripeptide 4b as depicted in Scheme 1.
Condensation of N-Cbz-D-leucine with L-leucine methyl ester under
the action of EDC, HOBt, and DIPEA provided dipeptide 3 in 92%
yield. After hydrolysis of 3 with aqueous LiOH in THF and MeOH,
the resultant acid was condensed with L-phenylalanine methyl es-
ter to afford amide 4a, which was then hydrolyzed with LiOH to
give the tripeptide 4b.

ll rights reserved.

In a parallel procedure, acid 5 was condensed with the p-tolu-
enesulfonic acid salt of L-Phe-OBn to produce amide 6 in 90% yield.
Esterification of 4a with 6 under Yamaguchi conditions4 gave rise
to ester 7. After hydrogenolysis of 7, the macrocyclization precur-
sor was obtained. As we anticipated, the HATU-mediated macro-
lactamization of this amino acid proceeded smoothly in a
mixture of DMF and methylene chloride to furnish the cyclic dep-
sipeptide 15 in 50% yield. Its analytical data were identical to those
previously reported.1


Alanine-scan technique is a classical tool to study the struc-
ture–activity relationship of proteins as well as smaller polypep-
tides.6 Because the chirality of Ala is identical to that of the
corresponding residue in parent peptides, substitution of other
amino acids with Ala is not expected to cause significant confor-
mational changes. Following the above procedure, we synthesized
four Ala-substituted analogues of zygosporamide (8–11, Fig. 2) by
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replacing each amino acid residue with Ala, in order to determine
which residue(s) plays an important role in the interaction with
the putative cellular target. In addition, a L-lactic acid substituted
cyclodepsipeptide 12 and a cyclic pentapeptide 13 were elabo-
rated to see if the amide unit is important for antitumor activity.
Noteworthy is that the similar modification to cyclic depsipep-
tide, sansalvamide A, has resulted in some new potent antitumor
agents.7


Before testing the synthetic zygosporamide and its analogues
in cancer cell lines, we determined the IC50 values of paclitaxel
as a reference compound in our cell proliferation assay. As shown
in Table 1, the cytotoxicity of paclitaxel in five tested cancer cell
lines (SF-268, SF-295, A549, MDA-MB-231, and HCT-116) is com-
parable to that previously reported, which validated our assay
conditions.


Using the same assay, we next determined the cytotoxicity of
the synthetic zygosporamide and its analogues. The results for
inhibition of the growth of two CNS cancer cell lines (SF-268 and
SF-295), a lung cancer cell line (A549), a breast cancer cell line
(MDA-MB-231), and a colon cancer cell line (HCT-116) are summa-
rized in Table 2. The IC50 values for the synthetic zygosporamide
(1) against most cell lines including SF-295, A549, MDA-MB-231,
and HCT-116 are similar to those previously reported for the natu-
ral product.1 A notable exception, however, is the IC50 value of the
synthetic zygosporamide (1) against SF-268 (4.6 ± 0.7 lM), which
is about 700-fold higher than that previously reported. The under-
lying cause of the discrepancy in potencies against SF-268 cell line
between our synthetic sample and the natural product remains un-
known.8 It is possible that the SF-268 cells we received from ATCC
have undergone further changes upon passage in cell culture, los-
ing the unique genetic or epigenetic characteristics that conferred
its unusually high sensitivity to zygosporamide in the previous
study.


Taking advantage of our new synthetic route to zygospora-
mide, we made several analogues for a preliminary structure–
activity relationship study. Most synthetic analogues (8–13)
showed lower cytotoxicity toward SF-268, SF-295, and A549 in
comparison with the synthetic zygosporamide (1). However, ana-
logue 11 exhibited slightly higher cytotoxicity and analogues 8–9
showed similar cytotoxicity toward MDA-MB-231. In addition,
the cytotoxicity of analogues 9 and 11–13 was considerably high-
er than that of synthetic zygosporamide toward HCT-116. Thus,
Ala2-substituted analogues10 did not show significant cytotoxic-
ity at the highest concentration tested (50 lM), while Ala5-sub-
stitued analogues 8 only had limited cytotoxicity. This indicates
that L-Leu2 and L-Phe5 side-chain functional groups are indispens-
able for the cellular activity. The potencies of the L-lactic acid–
substituted cyclodepsipeptide 12 and the cyclic pentapeptide 13
were more than 8-fold and more than 4-fold lower than the com-
pound 1 (except for HCT-116), respectively, which suggests that
O-Leu side-chain and the ester linkage are preferred at this posi-
tion at least for cytotoxicity toward certain cancer cell lines. In
addition, substituted analogues 9 and 11 generally maintained

Table 1
In vitro cytotoxicity data for paclitaxel toward SF-268, SF-295, A549, MDA-MB-231,
and HCT-116 cell lines


Cell line IC50 (nM) Paclitaxel IC50 (nM)* NSC125973**


SF-268 15.3 ± 2.7 25
SF-295 290 ± 220 63
A549 23.1 ± 1.8 25
MDA-MB-231 40.5 ± 7.6 50
HCT-116 13.6 ± 2.4 6.3


* IC50 values in this column are from the data base of DTP NCI/NIH (http://
www.dtp.nci.nih.gov/).
** In DTP data base, compound NSC125973 is paclitaxel.
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Table 2
In vitro cytotoxicity data for synthetic zygosporamide and its analogues toward SF-268, SF-295, A549, MDA-MB-231 and HCT-116 cell lines


compound IC50 (lM) SF-268 IC50 (lM) SF-295 IC50 (lM) A549 IC50 (lM) MDA-MB-231 IC50 (lM) HCT-116


1 4.6 ± 0.7 4.2 ± 1.5 2.5 ± 0.5 5.7 ± 2.1 �22*


8 �35* 19.7 ± 8.8 �31* 7.5 ± 6.3 >50
9 10.4 ± 1.5 8.7 ± 0.9 >50 5.0 ± 1.8 2.1 ± 0.4
10 >50 >50 >50 >50 >50
11 8.8 ± 1.5 �6* >50 2.8 ± 2.1 2.7 ± 0.6
12 �31* �32* >50 >50 7.8 ± 6.0
13 20.5 ± 2.0 14.4 21.0 ± 5.9 >50 1.9 ± 1.3
Zygosporamide** 0.0065 15 7.4 8.5 11.5


* Those dose–response curves are not sigmoid curves.
** Values from Ref. 1.
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moderate activities. These data suggest that the hydrophobic
group of D-Leu1 and the phenyl group of L-Phe3 are not absolutely
required for activity. Hence, the preliminary analysis of structure–
activity relationships reveals that the hydrophobic group of
D-Leu1 may be a good target for further rational design, and the
phenyl group of L-Phe3 or L-Phe5 also could be further optimized
to generate new compounds with higher potency against prolifer-
ation of certain cancer cells.


In summary, we have achieved the first total synthesis of zygos-
poramide and found that the synthetic compound possessed
similar cytotoxicity toward SF-295, A549 and MDA-MB-231 and
HCT-116, but a significantly lower potency against SF-268 in com-
parison with that reported for natural zygosporamide. The preli-
minary SAR studies reported here should be helpful for further
development of more potent antitumor compounds. Investigation
in this direction is being actively pursued in this group and will
be reported elsewhere in due course.
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A structure–activity relationship study of dorsomorphin, a previously identified inhibitor of SMAD 1/5/8
phosphorylation by bone morphogenetic protein (BMP) type 1 receptors ALK2, 3, and 6, revealed that
increased inhibitory activity could be accomplished by replacing the pendent 4-pyridine ring with 4-
quinoline. The activity contributions of various nitrogen atoms in the core pyrazolo[1,5-a]pyrimidine ring
were also examined by preparing and evaluating pyrrolo[1,2-a]pyrimidine and pyrazolo[1,5-a]pyridine
derivatives. In addition, increased mouse liver microsome stability was achieved by replacing the ether
substituent on the pendent phenyl ring with piperazine. Finally, an optimized compound 13 (LDN-
193189 or DM-3189) demonstrated moderate pharmacokinetic characteristics (e.g., plasma t1/2 = 1.6 h)
following intraperitoneal administration in mice. These studies provide useful molecular probes for
examining the in vivo pharmacology of BMP signaling inhibition.


� 2008 Elsevier Ltd. All rights reserved.

Bone morphogenetic proteins (BMPs) are a group of >25 protein
ligands that comprise a subset of the transforming growth factor b
(TGF-b) family. BMPs modulate a multitude of biological processes,
including bone and cartilage formation during embryogenesis.1a


However, they are also intimately involved with numerous non-
osteogenic developmental and physiological processes throughout
adulthood as well as several pathological conditions.


BMPs bind to two classes of cell surface bone morphogenetic
protein receptors (BMPR-I and BMPR-II).1a The BMPR-I receptor
class consists of three receptor types, activin receptor-like ki-
nase-2 (ALK-2 or ActR-IA), ALK-3 (BMPR-IA) and ALK-6 (BMPR-
IB). The BMPR-II receptor class is comprised of three receptor
types, BMPR-II, ActR-IIA and ActR-IIB. Binding of BMPs results in
the formation of heterotetrameric complexes containing two type
I and two type II receptors. In addition to an extracellular binding
domain, each BMP receptor contains an intracellular serine/threo-
nine kinase domain. Following binding of BMPs, constitutively ac-
tive type II receptor kinases phosphorylate type I receptor kinase
domains that in turn phosphorylate BMP-responsive SMADs 1, 5,
and 8, which can enter the cell nucleus and function as transcrip-
tion factors.1b Phosphorylation of these specific SMADs results in
various cellular effects, including growth regulation and differenti-

All rights reserved.


: +1 617 768 8606.
Cuny).

ation. Signaling via BMP receptors may also activate other path-
ways, including mitogen activated protein kinase (MAPK).1c


Several diseases are known to arise from inborn defects in the
BMP signaling pathway, including idiopathic pulmonary arterial
hypertension,2 hereditary hemorrhagic telangiectasia syndrome
and juvenile familial polyposis syndrome,3 all of which involve
loss-of-function mutations in BMP receptors or co-receptors. Ac-
quired defects in the BMP signaling pathway are thought to con-
tribute to metastasis of prostate carcinoma4 and renal cell
carcinoma.5 Other disorders, such as fibrodysplasia ossificans pro-
gressiva (FOP)6 and anemia of chronic disease7 may result from in-
creased BMP signaling. For conditions where increased BMP
signaling contributes to disease pathogenesis, inhibitors may offer
therapeutic benefit.


Inhibition of BMP signal transduction could be envisioned to oc-
cur through various mechanisms, including antagonizing BMP
binding to BMPRs or inhibition of the intracellular BMP receptor ki-
nase activity.8 Numerous endogenous protein antagonists that
sequester BMP ligands preventing engagement with BMP receptors
are known, including noggin, follistatin, chordin and gremlin. Small
molecule antagonists of the BMP ligand-receptor interaction have
not been identified, possibly due to difficulties antagonizing this
protein–protein interaction.9 In addition, the structural diversity
of BMP receptors and ligands, and functional redundancy of both
systems might pose a challenge for effective blockade of extracel-
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lular domains. However, inhibition of SMAD phosphorylation by
BMPR-I intracellular kinase domains with small molecules may
provide more efficient signal transduction pathway inhibition. This
latter approach has been used to identify inhibitors (i.e., SB-
431542) of the TGF-b1 receptor kinase ALK5.10


Recently, dorsomorphin, 1,7a,11,12 was discovered as an inhibitor
of SMAD 1/5/8 phosphorylation by BMP type 1 receptors (ALK2, 3,
and 6) utilizing a phenotypic screen to identify compounds that
perturb embryonic dorsoventral axis formation (see Fig. 1). Fur-
thermore, this inhibition was shown to decrease BMP-regulated
hepatic hepcidin gene transcription, leading to increased iron lev-
els in vivo.7a However, 1 only demonstrated moderate inhibition of
SMAD 1/5/8 phosphorylation by BMPR-I with an IC50 � 0.5 lM and
lacks metabolic stability. Herein, we describe the results of a struc-
ture–activity relationship (SAR) study to optimize BMP signaling
inhibition of SMAD 1/5/8 phosphorylation. In addition, we ad-
dressed the metabolic stability of this compound series and report
a pharmacokinetic study for an optimized derivative.


The synthesis of substituted pyrazolo[1,5-a]pyrimidine deriva-
tives was initially accomplished according to Scheme 1 (Method
A). Arylacetonitriles, 2, were allowed to react with dimethyforma-
mide dimethylacetal (DMF-DMA) to give 3. In the case of pyridine
or quinoline acetonitrile salts, an equivalent of triethylamine was
also added. Cyclization of 3 in the presence of hydrazine hydrobro-
mide gave 2-amino-1H-pyrazoles 4a. Condensation of 4a–c with
various malondialdehydes in acetic acid and ethanol either under
conventional or microwave (MW)13 heating yielded pyrazolo[1,5-
a]pyrimidine derivatives 5a–c. In the case of 5c, palladium-medi-
ated cross-coupling with arylboronic acids also gave 5a. This reac-
tion was useful for preparing derivatives where the corresponding
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Figure 1. BMP signaling inhibitor of SMAD 1/5/8 phosphorylation.
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H2O, 110 �C, 6 h, 45–80%; (c) ArCH(CHO)2, AcOH, EtOH, 110 �C, 6 h (or MW, 170 �C,
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phenyl, K3PO4, n-BuOH, MW, 150 �C, 8 min, 84–90%; (e) HBr/HOAc, MW, 130 �C,
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NaI (cat), DMF, MW, 150 �C, 10 min, 30–60%.

arylacetonitriles were not readily available. Dealkylation of the 3-
or 4-methoxy ethers on the pendent phenyl rings was accom-
plished with hydrobromic acid in acetic acid with microwave heat-
ing to give 6. Finally, alkylation in one step with R2N(CH2)nCl or in
two steps with Cl(CH2)nCl followed by amine addition gave 7.


Two other routes were subsequently developed for the synthe-
sis of pyrazolo[1,5-a]pyrimidine derivative 1314 and other analogs
that contained an amine on the 3- or 4-position of the pendent
phenyl ring. The first alternate route, depicted in Scheme 2 (Meth-
od B), began in a similar manner as previously described starting
with 8,15 except that 2-(4-bromophenyl)malondialdehyde was
used to generate 11. Next, a palladium-mediated cross coupling
with N-Cbz-piperazine yielded 12. Removal of the benzyl carba-
mate by hydrogenation (1 atm) in the presence of 5% Pd/C gave 13.


The second alternate route to 13, depicted in Scheme 3 (Method
C), began with 2-amino-1H-pyrazole, 4b, which was allowed to re-
act with 2-bromomalondialdehyde to give 6-bromopyrazolo[1,5-
a]pyrimidine, 15a. A palladium-mediated cross-coupling with 4-
4-(tert-butoxycarbonyl) piperazin-1-ylphenylboronic acid pinacol
ester yielded 16. Next, a regioselective bromination of the C-3 car-
bon with N-bromosuccinimide (NBS) in dichloromethane at room
temperature gave 17a in 79% yield. Palladium-mediated cross-cou-
pling of this aryl bromide with quinoline-4-boronic acid produced
18a in a moderate 46% yield. Finally, deprotection of the tert-butyl
carbamate with 4N HCl in a mixture of 1,4-dioxane and methanol
gave 13 as the hydrochloride salt. This method was also used to
prepare several other derivatives, including 18c that contains a
C-2 substituent.


The synthesis of pyrrolo[1,2-a]pyrimidine derivatives is illus-
trated in Scheme 4 (Method D). 2-Trichloromethylketopyrrole,
19, was regioselectively brominated affording 20.16 Next, regiose-
lective nitration with concentrated nitric acid gave 21.17 This com-
pound was allowed to react with sodium methoxide in methanol
producing the methyl ester 22. Palladium-mediated cross-coupling
of this pyrrole bromide with quinoline-4-boronic acid generated
23 in 60% yield.12a Reduction of the nitro group with hydrogen (1
atm) in the presence of 10% Pd/C gave 24, which was used imme-
diately without purification. Condensation with 2-(4-methoxy-
phenyl)malondialdehyde in acetic acid and ethanol yielded
pyrrolo[1,2-a]pyrimidine derivative 25. Heating this material at
110 �C in aqueous sulfuric acid for 2 h gave 26 via ester hydrolysis
and subsequent decarboxylation.18 Prolonged heating of 25 for 2
days resulted in ether hydrolysis producing 27. Finally, alkylation
of the phenol afforded 28.
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The synthesis of pyrazolo[1,5-a]pyridine derivatives is outlined
in Scheme 5 (Method E). A palladium-mediated cross-coupling of
3-bromopyridine, 29, with 4-methoxyphenylboronic acid pro-
duced 30 in 58% yield.19 This pyridine derivative was converted
to the 1-aminopyridinium salt 31a utilizing O-(2,4-dinitro-
phenyl)hydroxylamine.20 Cyclization of 31a upon treatment with
methyl propiolate gave regioisomers 32a and 32b in a 1:2 ratio
and a combined yield of 33% over two steps.21 In a similar man-
ner, 29 was converted to 33a and 33b (1:2 ratio) in 37% yield, via
intermediate 31b. Compound 33a was further converted to 34 via
a palladium-mediated coupling. Then, 32a and 34 were hydro-
lyzed with aqueous sodium hydroxide and the resulting carbox-
ylic acids were subjected to metal-mediated decarboxylative
coupling22 with 4-bromoquinoline in the presence of Pd(acac)2


and CuI producing 35 and 36, respectively, albeit in low yields
(10–22%). Finally, exposure of 36 to 4 N HCl in 1,4-dioxane re-
sulted in removal of the tert-butyl carbamate yielding 37 as the
hydrochloride salt.


Evaluation of BMP4-induced phosphorylation of SMAD 1/5/8
was performed using a sensitive cytoblot cellular ELISA assay in
the presence of varying concentrations of test compounds.23a,b


Functional IC50 values were calculated for the inhibitory effects
of test compounds on phosphorylation of SMAD 1/5/8 and are
shown in Tables 1–3.23c


Introduction of an aminoether at the 4-position of the pendent
phenyl ring on the pyridine derivatives (e.g., 1 and 39–41 vs 38)
increased activity three to fifteen fold in addition to improving
aqueous solubility (Table 1). Introduction of a substituent on the
2-position of the pyrazolo[1,5-a]pyrimidine ring (43) abolished
activity. In addition, activity was dramatically affected by the nat-
ure of the substituent on the 3-position of the pyrazolo[1,5-
a]pyrimidine ring. Removal (44) or replacement of the 4-pyridyl

in 1 with 3-pyridyl (45) or phenyl (46) resulted in complete loss
of activity. Replacement of the pyridine ring with 3-fluoro-4-pyri-
dyl (47) likewise resulted in reduced activity.







Table 1
IC50 determinations for inhibition BMP4-induced phosphorylation of SMAD 1/5/8


N


N NR1


R2


R3


Compound R1 R2 R3 Method IC50 (lM)


1 Pip-CH2CH2O-4-Ph 4-Py H — 0.43
38 4-MeO-Ph 4-Py H A 6.5
39 Morph-CH2CH2O-4-Ph 4-Py H A 2.0
40 Et2N-CH2CH2O-4-Ph 4-Py H A 0.50
41 NMP-CH2CH2O-4-Ph 4-Py H A 0.45
42 NMP-CH2CH2O-3-Ph 4-Py H A 4.5
43 NMP-CH2CH2O-4-Ph 4-Py Me C >20
44 Pip-CH2CH2O-4-Ph H H A >20
45 Pip-CH2CH2O-4-Ph 3-Py H A >20
46 Pip-CH2CH2O-4-Ph Ph H A >20
47 NMP-CH2CH2O-4-Ph 3-F-4-Py H C 3.3


Pip, piperidinyl; Morph, morpholinyl; NMP, N-methylpiperazinyl; Py, pyridyl.


Table 2
IC50 determinations for inhibition BMP4-induced phosphorylation of SMAD 1/5/8


N


N NR1


N
2


5


R2


Compound R1 Position R2 Method IC50 (lM)


48 4-MeO-Ph 6 H C >20
49 4-MeO-Ph 8 H C >20
50 4-MeO-Ph 5 H C 3.0
51 4-MeO-Ph 3 H C >20
52 4-MeO-Ph 4 H C 0.055
53 NMP-CH2CH2O-4-Ph 4 H A 0.010
54 Pip-CH2CH2O-4-Ph 4 H A 0.090
55 H 4 H A 5.0
56 Ph 4 H A 0.75
57 HO-4-Ph 4 H A 0.25
13 Piperazinyl-4-Ph 4 H A,B,C 0.0049
58 Piperazinyl-3-Ph 4 H C 20
59 4-MeO-Ph 4 Cl C 0.50
60 Piperazinyl-4-Ph 4 Cl C 0.35


Pip, piperidinyl; NMP, N-methylpiperazinyl.


Table 3
IC50 determinations for inhibition BMP4-induced phosphorylation of SMAD 1/5/8


X


N Y


N


R1


Compound R1 X Y Method IC50 (lM)


25 MeO N CCO2Me D >20
26 MeO N CH D >20
28 Pip-CH2CH2O N CH D 2.6
35 MeO CH N E 0.15
37 Piperazinyl CH N E 0.005


Pip, piperidinyl.
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Due to these significant substituent effects on the 3-position of
the pyrazolo[1,5-a]pyrimidine ring and the demonstrated influ-
ence of heterocyclic substituents on other TGF-b receptor type
inhibitors,24 quinolines attached through various positions were
examined (Table 2). In compound 52, where the pyrazolo[1,5-
a]pyrimidine ring is connected to the 4-position of the quinoline,
a significant increase in activity was observed. Introduction of an
aminoether to the 4-position of the pendent phenyl ring (53) in-
creased potency as was previously observed for the pyridine deriv-
atives (vida supra). Replacing the aminoether with piperazine (13)
was also well tolerated. However, transposing this substituent to
the 3-position of the pendent phenyl (58) resulted in significant
loss of activity. Likewise, introduction of a chloride to the 7-posi-
tion of the quinoline ring (59 vs 52 and 60 vs 13) resulted in de-
creased activity.


Next, the contributions of the nitrogen atoms in the 1- and 4-
positions of the pyrazolo[1,5-a]pyrimidine ring were examined
(Table 3). The importance of the N-1, but not the N-4, nitrogen
atoms was previously demonstrated for KDR kinase inhibition by
pyrazolo[1,5-a]pyrimidine derivatives.25 Similarly, in the present
series of compounds the N-1 (28 vs 54) appears necessary for po-
tent inhibition of BMP4-induced phosphorylation of SMAD 1/5/8,
whereas the N-4 was not essential (37 vs 13).


Both the original lead compound 1 and a more potent derivative
53 demonstrated poor metabolic stability in mouse liver micro-
somes (1: half-life (t1/2) of 10.4 min and intrinsic clearance (CLint)
of 133 ± 6.6 lL/min/mg protein; 53: t1/2 of 13.3 min and CLint of
104 ± 3.4 lL/min/mg protein).23b,26 However, replacement of the
ether on the pendent phenyl ring with piperazine resulted in a sig-
nificant increase in mouse liver microsome stability. For example,
13 demonstrated a t1/2 of 82 min and CLint of 16.9 ± 5.6 lL/min/
mg protein. Based on the potency and metabolic stability of 13, it
was selected for in vivo pharmacokinetic analysis following a sin-
gle bolus intraperitoneal (ip) administration of 3 mg/kg in male
and female C57B16 mice.23b The results of this study are shown
in Table 4. The pharmacokinetics of 13 was similar in both male
and female mice. The average maximal plasma concentrations
were slightly higher in males (1.54 lM) than in females
(1.29 lM) and were reached quickly (<5 min) following adminis-
tration. The plasma half-life (1.6 h) and the average AUC1 values
(994 and 1030 ng h/mL) were similar in male and female mice.


In conclusion, a structure–activity relationship study of dorso-
morphin, 1, a previously identified inhibitor of SMAD 1/5/8 phos-
phorylation by BMP type 1 receptors ALK2, 3, and 6, revealed that
increased inhibitory activity could be accomplished by replacing
the pendent 4-pyridine ring with 4-quinoline. The nitrogen atom
in the 1-position of the pyrazolo[1,5-a]pyrimidine ring was deter-
mined to be necessary for inhibitory activity. However, the nitro-
gen atom in the 4-position was not vital. In addition, increased
mouse liver microsome stability was achieved by replacing the
ether substituent on the pendent phenyl ring with piperazine. Fi-
nally, an optimized compound 13 (LDN-193189 or DM-3189)
demonstrated moderate pharmacokinetic characteristics (e.g.,
plasma t1/2 = 1.6 h) following intraperitoneal administration in
mice. Evaluation of this inhibitor in various animal disease mod-
els in which BMP signaling has been hypothesized to play a role,
such as FOP and anemia of chronic disease, are currently on-
going.

Table 4
Pharmacokinetic analysis of 13 in plasma following bolus intraperitoneal adminis-
tration in mice (N = 3/sex)


Sex Dose (mg/kg) Cmax (lM) tmax (min) t1/2 (h) AUC1 ng h/mL


Male 3.0 1.54 <5 1.6 994
Female 3.0 1.29 <5 1.6 1030
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High-throughput screening revealed diaryl pyrazole 3 as a selective albeit modest cholecystokinin 1
receptor (CCK1R) agonist. SAR studies led to the discovery and optimization of a novel class of 1,2-diaryl
imidazole carboxamides. Compound 44, which was profiled extensively, showed good in vivo mouse gall-
bladder emptying (mGBE) and lean mouse overnight food intake (ONFI) reduction activities.
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Figure 1. CCK1R agonists GI181771X (1) and SR-146131 (2).
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Cholecystokinin (CCK) is a peptide hormone secreted by the
duodenum in response to intraluminal nutrients (particularly fat
and protein). There are two CCK receptors, CCK1R and CCK2R (also
known as CCKA and CCKB receptors, respectively), which belong to
the G-protein coupled receptor (GPCR) superfamily. CCK1R stimu-
lation causes decreased food intake, delayed gastric emptying, in-
creased gallbladder emptying and increased pancreatic exocrine
secretion. CCK2R is the stomach gastrin receptor, mediating gastric
acid secretion, and is also widely expressed and functional in the
CNS.1


Since Gibbs et al. first demonstrated the satiety actions of CCK
in rats,2 CCK has been shown to inhibit food intake in multiple spe-
cies, including humans.3 CCK1R agonists, including peptides, pep-
toids, and small molecules, have been studied as satiety agents
for the treatment of obesity.4 Both the 1,5-benzodiazepine-based
GI181771X (1) and the thiazole SR-146131 (2) reached clinical tri-
als (Fig. 1).4 Recent phase II studies revealed that GI181771X (1)
alone did not cause weight loss in overweight or obese patients
after 24 weeks, and it was suggested that combination therapy
should be assessed in future studies.5a Tolerability-limiting gastro-
intestinal events including vomiting and diarrhea were observed,5

ll rights reserved.
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which might prohibit dosing at a level sufficient to cause robust
weight loss.


Through a high-throughput screening campaign, 1,5-diaryl pyr-
azole carboxamide 3 (Fig. 2) was identified as a selective albeit
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Figure 2. CCK1R agonist hit from high-throughput screening.
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Table 1
Affects of D-ring modification Ar3


N


N
O


N


N
Ar3


OMe


Me


4, 8-18


Compound Ar3 = EC50
a,b (nM) IC50


c (nM)


4 3-ClPh 74 (89% act) 14
8 3,4-Cl2Ph 25 (99% act) 8.0
9 2-Naphthyl 9.6 (99% act) 2.5


10 1-Naphthyl 5371 (30% act) 630
11 1H-Benzimidazol-2-yl 9.1 (89% act) 17
12 Quinolin-2-yl 43 (89% act) 16
13 Isoquinolin-3-yl 8.4 (89% act) 1.9
14 Quinolin-3-yl 1.1 (92% act) 1.3
15 Quinolin-6-yl 9.3 (108% act) 8.6
16 Isoquinolin-6-yl 106 (86% act) 190
17 2-Naphthoic acid-3-yl 0.40 (92% act) 1.3
18 1-Naphthoic acid-3-yl 0.078 (85% act) 0.14


a CCK_IP3 (CCK1 human, NFAT) agonist data, values are mean of P3 experiments
except compound 18 (n = 2), standard deviations are 682% of the mean. % Activa-
tion at 10,000 nM is given in parentheses.6


b CCK2R inactive (% activations are 620% at 10,000 nM).6
c Mean of P3 experiments, standard deviations are 692% of the mean.
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modest CCK1R agonist.6,7 Herein, we describe the SAR studies
around this novel CCK1R agonist scaffold which led to the discov-
ery of a class of highly potent and selective CCK1R agonists.


SAR studies started with replacement of the central 1,5-diaryl
pyrazole core A with a variety of 5-membered heteroaromatic
rings. A series of isomeric pyrazoles, imidazoles, oxazoles, thia-
zoles, and triazoles were incorporated as cores in this system,
but only 1,2-diaryl imidazole 4 (Fig. 3) was found to have improved
potency relative to 3. All other heterocycles were less active
against CCK1R.


The synthesis of 1,2-diaryl imidazoles is outlined in Scheme 1.8


A variety of aryl groups Ar1 and Ar2 were incorporated into the
imidazole ring by condensing arylamidine 5 with 3-bromo-2-oxo-
propanoate in 1,4-dioxane or THF. After saponification, the result-
ing 1,2-diaryl-1H-imidazole carboxylic acid 6 was coupled with
aryl piperazine 7 either by EDC/HOBt or MsCl/1-methylimidazole
activation.9


Pd catalyzed C–N bond formation was utilized for the synthesis
of most non-commercially available aryl piperazines 7 (Scheme
2).10 For some aryl piperazines such as 2-piperazin-1-yl-1H-benz-
imidazole, direct nucleophilic aromatic substitution was utilized
(not shown).


The compounds synthesized were examined for their ability to
bind and activate CCK1R using a variety of in vitro assays.6 SAR
studies of Ar3 groups (Table 1) at the piperazine revealed that both
the agonist activity (EC50) and binding affinity (IC50) of 3,4-dichlo-
rophenyl 8 (EC50 = 25 nM, IC50 = 8.0 nM) were improved compared
with that of 4. Further improvements were noted with the 2-naph-
thyl piperazine derivative 9 (EC50 = 9.6 nM and IC50 = 2.5 nM)
while the 1-naphthyl derivative 10 was much less potent. Benz-
imidazole 11 had slightly reduced potency compared with the 2-
naphthyl derivative 9. For quinolines and isoquinolines 12–16,
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Figure 3. 1,2-Diaryl imidazole core with improved potency.


a c


N


N


Ar1


O


N


N
Ar3


Ar2


N


N


Ar1


O


OHAr2


N


N


Ar1


O


OEtAr2Ar2


d


Ar1NH2
CN+


HN


N
Ar3


+


Ar2


NH


NH


Ar1


b


5


6 7


Scheme 1. Synthesis of 1,2-diaryl imidazole carboxamides. Reagents and condi-
tions: (a) NaHMDS, THF; (b) ethyl 3-bromo-2-oxopropanoate, NaHCO3, 1,4-dioxane
or THF, D; (c) NaOH, THF/MeOH/H2O; (d) EDC, HOBt, i-Pr2NEt or MsCl, 1-
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HN


N
Ar3


7


BocN


NH
+ Ar3Br


a, b
ligand:


P(Cy)2


Me2N


Scheme 2. Synthesis of aryl piperazine 7. Reagents: (a) NaOt-Bu, Pd(dba)2, ligand;
(b) TFA, CH2Cl2.

the point of attachment had variable affects on CCK1R activities,
with quinoline 14 (EC50 = 1.1 nM, IC50 = 1.3 nM) being the most po-
tent. Carboxylic acid substitution on the naphthyl ring was next
explored. Acid 17 was found to possess improved potency
(EC50 = 0.40 nM, IC50 = 1.3 nM) relative to 9. Acid 18 afforded the
greatest improvement in both CCK1R functional and binding activ-
ities (EC50 = 0.078 nM, IC50 = 0.14 nM).


Since the 2-naphthyl compound 9 showed improved CCK1R
activities compared with the original 3-chlorophenyl derivative
4, SAR studies at the B and C rings were performed with 2-naph-
thylpiperazine derivatives (Tables 2 and 3). The crucial role of
the 3-alkoxy group on the B-ring is illustrated in Table 2 by com-
paring 9 (EC50 = 9.6 nM, IC50 = 2.5 nM) with the 3-ethyl analog 20

Table 2
Affects of B-ring modification Ar1


N


N


Ar1


O


N


N


Me


9, 19-28


Compound Ar1 = EC50
a,b (nM) IC50


c (nM)


9 3-MeOPh 9.6 (99% act) 2.5
19 4-MeOPh 20 (110% act) 6.9
20 3-EtPh 65 (101% act) 43
21 3-HOPh 82 (102% act) 22
22 3-EtOPh 6.6 (93% act) 2.3
23 3-n-PrOPh 962 (89% act) 160
24 3-i-PrOPh 53 (94% act) 30
25 3-CF3OPh 3152 (66% act) 130
26 3-CF3CH2OPh 1349 (95% act) 200
27 3,4-(OCH2CH2O)Ph 0.99 (89% act) 0.42
28 2,3-(OCH2CH2O)Ph 471(70% act) 140


a CCK_IP3 (CCK1 human, NFAT) agonist data, values are mean of P3 experiments,
standard deviations are 671% of the mean. % Activation at 10,000 nM is given in
parentheses.6


b CCK2R inactive (% activations are 621% at 10,000 nM).6
c Mean of P3 experiments, standard deviations are 686% of the mean.







Table 4
Quinolin-3-yl and 1-naphthoic acid-3-yl with optimized Ar1 and Ar2


N


N


Ar1


O


N


N
Ar3


Ar2


Ar3 =


N


38-43 44-50


CO2H


Compound Ar1 Ar2 EC50
a,b (nM) IC50


c,d (nM)


38 3-EtOPh 4-MePh 0.73 (105%) 0.45
39 3-EtOPh 4-FPh 0.25 (92%) 0.60
40 3-EtOPh 2-FPh 0.53 (89%) 0.57
41 3-EtOPh 2-F,4-MePh 0.13 (86%) 0.24
42 3,4-(OCH2CH2O)Ph 4-MePh 0.12 (94%) 0.20
43 3,4-(OCH2CH2O)Ph 4-FPh 0.26 (101%) 0.12
44 3-EtOPh 4-MePh 0.094 (105%) 0.12
45 3-EtOPh 4-FPh 0.048 (95%) 0.08
46 3-EtOPh 2-F,4-MePh 0.056 (73%) 0.06
47 3-EtOPh 2,4-F2Ph 0.053 (76%) 0.07
48 3,4-(OCH2CH2O)Ph 4-MePh 0.14 (107%) 0.14
49 3,4-(OCH2CH2O)Ph 4-FPh 0.093 (97%) 0.03
50 3,4-(OCH2CH2O)Ph 2-F,4-MePh 0.077 (71%) 0.03


a CCK_IP3 (CCK1 human, NFAT) agonist data, values are mean of P3 experiments,
standard deviations are 672% of the mean. % Activation at 10,000 nM is given in
parentheses.6


b CCK2R inactive (% activations are 636% at 10,000 nM).6
c Mean of P3 experiments, standard deviations are 688% of the mean.
d CCK2R IC50 are >10,000 nM; % inhibitions are 624% at 10,000 nM.


Table 3
Affects of C-ring modification Ar2


N


N
O


N


N


Ar2


OEt


22, 29-37


Compound Ar2 = EC50
a,b (nM) IC50


c (nM)


22 4-MePh 6.6 (93% act) 2.3
29 Ph 7.4 (100% act) 3.4
30 4-EtPh 175 (83% act) 43
31 4-FPh 2.9 (96% act) 1.9
32 4-ClPh 5.5 (119% act) 5.6
33 3-FPh 105 (106% act) 35
34 2-FPh 6.3 (110% act) 1.9
35 2,6-F2Ph 4.4 (109% act) 1.9
36 2,4-F2Ph 1.1 (103% act) 1.0
37 2-F,4-MePh 1.9 (116% act) 0.56


a CCK_IP3 (CCK1 human, NFAT) agonist data, values are mean of P3 experiments,
standard deviations are 666% of the mean. % Activation at 10,000 nM is given in
parentheses.6


b CCK2R inactive (% activations are 612% at 10,000 nM).6
c Mean of P3 experiments, standard deviations are 668% of the mean.


Table 5
In vivo mouse gallbladder emptying (mGBE) and lean mouse overnight food intake
(ONFI) reduction


Compounda mEC50
b


(nM)
mGBEc,d ONFI reductionc


po doses (mg/kg)
with >50% reduction


0.3 po at
mg/kg


3 po at
mg/kg


38 2.1 0.3 (59%) — —
44 1.3 0.001 (72%) 18% 82%
44a 0.78 — 29% 78%
45 1.5 0.001 (69%) ns 73%
46 0.30 0.001 (77%) 13% 86%
49 0.14 0.001 (88%) 16% 96%


a CF3COOH salts, except 44a which is sodium salt of 44.
b Mouse CCK_IP3 agonist data, values are mean of P3 experiments. Standard


deviations are less than 70% of the mean.
c Compared with vehicle (10% Tween� 80 in water), ns, not significant.
d Mouse gallbladder weight % reduction is given in parentheses.
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(EC50 = 65 nM, IC50 = 43 nM). Additionally, the 4-methoxy com-
pound 19 was �2-fold less potent than the 3-methoxy derivative
9. Methoxy and ethoxy appeared to be optimal at the 3-position
of the B-ring as the 3-hydroxy (21), the 3-propoxy (23), and the
3-isopropoxy (24) derivatives were less potent than 9 and 22. Elec-
tron withdrawing alkyl groups connected to the 3-alkoxy position
such as OCF3 (25) and OCH2CF3 (26) also reduced the potency. The
biggest improvement in binding and functional activity was ob-
served with 1,4-benzodioxane compound 27 (EC50 = 0.99 nM,
IC50 = 0.42 nM) while regioisomer 28 was much less potent.


Next, the effects of ring C modification (Ar2 groups, Table 3)
were investigated. Unlike the B-ring which required a 3-alkoxy-
phenyl group for good potency, several different sterically small
substituents such as hydrogen (29), methyl (22), fluorine (31),
and chlorine (32) were well tolerated at the 4-position of the ring
C phenyl group. The 4-fluorophenyl compound 31 (EC50 = 2.9 nM,
IC50 = 1.9 nM) had slightly improved CCK1R activities compared
to 4-methyl 22 (EC50 = 6.6 nM, IC50 = 2.3 nM). Additionally, fluorine
substitution was also tolerated at the 2-position (34 and 35). The
2,4-disubstituted compounds 36 (EC50 = 1.1 nM, IC50 = 1.0 nM)
and 37 (EC50 = 1.9 nM, IC50 = 0.56 nM) had the most improved po-
tency. In contrast, 3-fluoro substitution (33) and more sterically
demanding substituents such as 4-ethyl (30) reduced potency
against CCK1R.


After we discovered that quinolin-3-yl 14 and 1-naphthoic acid-
3-yl 18 (Table 1) improved CCK1R functional and binding activities
compared to 9, piperazines bearing these two aryl groups were
incorporated into the imidazole core with optimized B- and C-rings
(Table 4). Compounds 38–50 all possessed subnanomolar EC50 and
IC50 values. Furthermore, it was notable that they maintained
excellent selectivity over CCK2R.11 In general, the acid bearing
naphthalenes afforded superior in vitro profiles compared to the
quinoline derivatives, with 44–47, 49, and 50 all showing extre-
mely potent functional activity and binding at the CCK1 receptor.


One of the CCK1R agonist mediated physiological effects is the
stimulation of gallbladder emptying.1 Consequently, the in vivo
activities of CCK1R agonists presented here were first evaluated
in a mouse gallbladder emptying (mGBE) assay (see Supporting
Information). To facilitate interpretation of these data, mouse
CCK1R EC50 values of selected compounds were measured (Table

5). At an oral dose of 0.3 mg/kg, quinoline 38 reduced mouse gall-
bladder weight by 59% compared with vehicle (Table 5). However,
it was ineffective at an oral dose of 0.1 mg/kg. Much greater in vivo
mGBE activities were observed with the naphthoic acid derivatives
44, 45, 46, and 49 which all showed >50% reductions in gallbladder
weight at oral doses as low as 0.001 mg/kg (Table 5). Thus, carbox-
ylic acid substitution improved not only the in vitro CCK1R func-
tional and binding activities, but also the in vivo activities.
Compounds 44, sodium salt 44a (Fig. 4), 45, 46, and 49 also caused
robust overnight food intake (ONFI) reduction in lean mice at oral
doses of 3 mg/kg. Moreover, 44, 44a, 46, and 49 were effective at
oral doses of 0.3 mg/kg.12


At an oral dose of 10 mg/kg, compounds 44 and46 did not affect
overnight food intake in CCK1R�/�mice while inducing robust food
intake reduction in the wild type mice, indicating that the observed
food intake reduction with these compounds is CCK1R mechanism-
based.13 Although the food intake reduction observed in this
mouse model is CCK1R mediated, it is important to note that these
anorectic effects may not be solely attributed to an increased sati-
ety effect due to CCK1R activation.12 Nevertheless, the relative
magnitude of ONFI reduction provides a measurable method to
rank order CCK1R agonists’ effects in vivo.







N


N
O


N


N


OEt


Me


CO2R


44:    R = H
44a:   R = Na


Figure 4. Compound 44 (free acid) and sodium salt 44a.


Table 6
Active in vivo CCK1R agonists pharmacokinetic profilea


Compound Species Clp
(mL/min/kg)


Vd


(L/kg)
po AUCN


(lM h)
t1/2


(h)
F
(%)


Cmax


(lM)


44 Mouse 5.3 0.47 0.39 3.5 7 0.28
44a Mouse 3.1 0.56 4.2 3.4 43 4.9
45 Mouse 6.4 0.73 1.5 2.7 33 1.1
46 Mouse 10.4 0.59 0.61 1.7 22 0.82


aiv administration dosed at 1.0 mg/kg, po administration dosed at 10 mg/kg.


4396 C. Zhu et al. / Bioorg. Med. Chem. Lett. 18 (2008) 4393–4396

The mouse pharmacokinetic profiles of selected compounds are
shown in Table 6. Compound 45 had higher oral exposure and bio-
availability than 44, however, 45 was not more active in vivo to-
ward mouse ONFI reduction. It is notable that compounds 44
(mouse EC50 = 1.3 nM, % activity at 10 lM = 103%) and 45 (mouse
EC50 = 1.5 nM, % activity at 10 lM = 101%) had similar in vitro
mouse CCK1R activities (Table 5). The sodium salt form 44a in-
creased the plasma exposure after an oral dose relative to the tri-
fluoroacetic acid salt of 44. Additionally, Cmax and oral
bioavailability increased. Paradoxically, however, 44a exhibited
similar ONFI reduction as the corresponding acid form 44. These
results suggest that systemic exposure of the compound may not
play an important role for in vivo efficacy.14


In conclusion, optimization of the heterocyclic core of HTS hit
3 led to the identification of a novel series of 1,2-diaryl imidaz-
ole carboxamides. Further optimization of the B, C, and D rings
led to the discovery of a class of highly potent and selective
CCK1R agonists. Quinoline 38 showed only modest in vivo mGBE
activity in spite of potent in vitro CCK1R functional and binding
activities. Introduction of a carboxylic acid group at the 1-posi-
tion of the naphthyl ring not only further improved the in vitro
profile, but most importantly also improved the in vivo CCK1R
mediated activities in mice such as gallbladder emptying and
overnight food intake reduction. Compounds 44, 44a, 46, and
49 all exhibited excellent in vivo mouse gallbladder emptying
(mGBE) activity and lean mouse overnight food intake (ONFI)
reduction. Since 44/44a (Fig. 4) showed a superior in vitro, in
vivo, and pharmacokinetic profile, this compound was selected
for extensive in vivo testing, and those results will be reported
in due course.
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Fungal beauveriolide III (1b), discovered as an inhibitor of lipid droplet accumulation in mouse macro-
phages and showing antiatherogenic activity in mouse model, consists of L-Phe, L-Ala, D-allo-Ile, and
(3S, 4S)-3-hydroxy-4-methyloctanoic acid moieties. A combinatorial library of beauveriolide analogues
focusing on L-Ala and D-allo-Ile of 1b was synthesized by combinatorial synthesis. Among them, D-Ala
analogues consisting of A{2} improved their solubility, while those with 7{1,3,2},7{2,3,1}, and 7{2,3,2}
were 20 times more potent than 1b.


� 2008 Elsevier Ltd. All rights reserved.

N
H


NH


O


HN


O


OO


O


R


R


Beauveriolide III (1b)


Beauveriolide I (1a)


3


4


Figure 1. Structures of beauveriolides I and III.

Lipid droplet accumulation in macrophages is a critical stage for
plaque formation, which limits blood flow and rupture of blood
vessels, ultimately leading to the development of atherosclerosis
in the arterial wall. Thus, inhibitors for lipid droplet accumulation
in macrophages would be useful for the treatment of atherosclero-
sis.1 Beauveriolides are a family of cyclic depsipeptides isolated
from a culture broth of Beauveria sp. FO-6979 during the course
of our screening program for inhibitors of lipid droplet accumula-
tion in mouse macrophages. In particular, beauveriolides I (1a) and
III (1b) were found to dose-dependently reduce the number and
size of lipid droplets in mouse macrophages without cytotoxicity,
and to inhibit cholesteryl ester (CE) synthesis with IC50 values of
0.78 and 0.41 lM, respectively (Fig. 1).2a,b,3 In addition, beauverio-
lides decreased atherogenic lesions in the aorta and heart when
administrated orally to apoE and LDL receptor knockout mice. This
mode of action has been examined indicating that 1a and 1b inhi-
bit CE synthesis by blocking acyl-CoA:cholesterol acyltransferase
(ACAT) activity to suppress foam cell formation.2c


Synthetic ACAT inhibitors including amides, ureas, and imida-
zoles do not have structural similarity to beauveriolides, which
are expected to be promising lead compounds for the treatment
of atherosclerosis.4 We established a method for combinatorial
synthesis of beauveriolide analogues using a 2-chlorotrityl chloride
linker and evaluated their inhibitory activity against CE synthesis
in mouse macrophages to elucidate partial structure–activity rela-

ll rights reserved.


.


tionships.5a In the 3-hydroxy-4-methyloctanoic acid moiety, the
importance of stereochemistry of the 3-hydroxyl and 4-methyl
groups has been investigated. The configuration of the 3S hydroxyl
group is essential for the activity because isomers with an inverted
hydroxyl group at C-3 were inactive, while the stereochemistry of
the methyl group at C-4 did not affect the inhibition of CE synthe-
sis.5b Naturally occurring beauveriolides IV, V, and VI in which
L-Phe is replaced with L-Val show remarkably decreased activity.2d


With regard to the L-Phe moiety, p- and m-chloro substituents on
the phenyl ring enhanced the activity. Furthermore, the diphenyl
alanine analogue was 10-fold more potent than 1b.5 These results
indicate that the phenyl group can be replaced by aromatic rings to
increase the activity. To date, the effects of substituents on L-Ala
and D-Leu parts in 1a (or D-allo-Ile in 1b) are unclear. Herein, we
report on the synthesis of beauveriolide analogues focusing on
the L-Ala and D-Leu (or D-allo-Ile) parts and evaluation of their
ACAT inhibitory activity in cell- and enzyme-based assays.
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Figure 2. Building blocks A, B, and C for a combinatorial library of beauveriolides.
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To examine the effect of the L-Ala and D-Leu parts, we designed
a 48-member library of beauveriolides consisting of building
blocks A{1–4}, B{1–3}, and C{1–4} as shown in Figure 2. The library
includes 1a and 1b as standards. Building block C{1–4} was pre-
pared in good yield by condensation of a known benzyl ester 2
and Boc-D-amino acids under DCC-DMAP conditions followed by
the removal of the benzyl group (Scheme 1).6


Cyclic products 7 were prepared in the same way as the first
generation beauveriolide library (Scheme 2). Building block A
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C1 (R = (1S )-1-methylpropyl, 85%)
C2 (R = (1R )-1-methylpropyl, 90%)
C3 (R = 2-methylpropyl, 89%)
C4 (R = benzyl, 92%)


Scheme 1. Synthesis of building block C. Reagents and conditions: (a) Boc-D-amino
acid-OH, DCC, DMAP, CH2Cl2, 0 �C to rt, 22 h; (b) 10% Pd/C, H2, EtOH, rt, 12 h.
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Scheme 2. Synthesis of beauveriolide analogues. Reagents and conditions: (a) Block A{1
HOBt, CH2Cl2/DMF (4:1), rt, 2 h; (d) Block C{1–4}, PyBrop, i-Pr2NEt, CH2Cl2/DMF (4:1), rt

was loaded onto 2-chlorotrityl chloride resin. Next, deprotection
of the Fmoc group in 3, followed by coupling with building block
B afforded dipeptide 4. After subsequent deprotection, depsipep-
tide 5 was obtained by coupling of the resulting amine and build-
ing block C using PyBrop. Treatment of 5 with 4 M HCl in 1,4-
dioxane cleaved the C–O bond between the carboxylic acid and lin-
ker concomitantly with the removal of the Boc group to release
depsipeptide 6, which was subjected to cyclization with EDCI
and i-Pr2NEt under high dilution conditions to provide cyclic dep-
sipeptide 7. Each compound was identified by LCMS analysis and
purified by preparative reversed-phase HPLC.


We tested the effect of beauveriolide analogue 7 on ACAT activ-
ity by measuring the CE synthesis of lipid droplets in a cell-based
assay using mouse macrophages and in an enzyme assay using
mouse liver microsomes.2 These results are summarized in Table
1. Inhibition of ACAT activity in the macrophage assay was in good
agreement with that in the enzyme assay. In the building block A,
D-Ala analogues consisting of A{2} showed a similar activity com-
pared to L-Ala analogues consisting of A{1} and improved their sol-
ubility in assay media. Cyclic compounds from A{3} and A{4} tend
to decrease the inhibitory activity. However, 7{3,2,4}, 7{3,3,1},
7{3,3,2}, and 7{3,3,4} inhibited CE synthesis in macrophage at
IC50 values of 0.11–0.16 lM. These data indicate that fluorescent
or biotin labeled groups could be introduced via the hydroxyl
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–4}, i-Pr2NEt, CH2Cl2, rt, 2 h; (b) 20% piperidine/DMF, rt, 1 h; (c) Block B{1–3}, DIPCI,
, 1.5 h; (e) 4 M HCl in 1,4-dioxane, rt, 2 h; (f) EDCI�HCl, i-Pr2NEt, CH2Cl2, rt, 2 h.







Table 1
A combinatorial library of beauveriolide analogues 7


7{A,B,C} Yield
(%)a


Enzyme assayb % of
inhibition at 20 lM


Cell-based assayc


IC50 (lM)
Rt


(min)d
MS
(m/z)e


7{A,B,C} Yield
(%)a


Enzyme assayb % of
inhibition at 20 lM


Cell-based assayc


IC50 (lM)
Rt


(min)d
MS
(m/z)e


7{1,1,1}f 13 91 0.4 8.19 488 7{3,1,1} 10 78 12.0 7.67 504
7{1,1,2} 8 80 1.7 8.22 488 7{3,1,2} 10 99 7.6 7.69 504
7{1,1,3}g 24 95 0.6 8.29 488 7{3,1,3} 8 93 12.3 7.75 504
7{1,1,4} 18 76 7.5 8.21 522 7{3,1,4} 10 79 9.3 7.71 538
7{1,2,1} 16 20 >20 8.40 488 7{3,2,1} 14 12 >20 7.79 504
7{1,2,2} 20 70 >20 8.42 488 7{3,2,2} 6 64 >20 7.80 504
7{1,2,3} 15 87 >20 8.47 488 7{3,2,3} 12 40 >20 7.83 504
7{1,2,4} 13 47 >20 8.37 522 7{3,2,4} 9 95 0.11 7.83 538
7{1,3,1} 12 95 0.04 8.78 564 7{3,3,1} 19 98 0.11 8.28 580
7{1,3,2} 23 88 0.02 8.80 564 7{3,3,2} 20 99 0.11 8.35 580
7{1,3,3} 16 83 0.08 8.85 564 7{3,3,3} 17 70 >20 8.40 580
7{1,3,4} 12 71 0.08 8.75 598 7{3,3,4} 19 96 0.16 8.34 614
7{2,1,1} 12 94 0.8 8.13 488 7{4,1,1} 9 64 >20 7.28 531
7{2,1,2} 11 96 0.65 8.15 488 7{4,1,2} 8 52 >20 7.32 531
7{2,1,3} 12 98 0.48 8.22 488 7{4,1,3} 11 43 >20 7.39 531
7{2,1,4} 18 94 10.0 8.22 522 7{4,1,4} 8 11 >20 7.39 565
7{2,2,1} 11 99 0.9 7.59 488 7{4,2,1} 10 10 >20 7.43 531
7{2,2,2} 9 91 2.5 7.61 488 7{4,2,2} 8 27 >20 7.44 531
7{2,2,3} 7 96 1.0 7.69 488 7{4,2,3} 8 4 >20 7.50 531
7{2,2,4} 16 60 0.3 7.63 522 7{4,2,4} 6 8 >20 7.51 565
7{2,3,1} 16 91 0.02 8.74 564 7{4,3,1} 17 94 2.3 7.86 607
7{2,3,2} 21 97 0.02 8.77 564 7{4,3,2} 17 97 2.0 7.89 607
7{2,3,3} 21 93 0.07 8.83 564 7{4,3,3} 17 98 2.0 7.95 607
7{2,3,4} 14 75 0.24 8.74 598 7{4,3,4} 16 97 0.9 7.93 641


a Isolated yield by automated preparative HPLC (UV at 215 nm, Waters Symmetry C18 5 lm, 19 � 50 mm with a linear gradient of 10% acetonitrile containing 0.1% formic
acid/aqueous 0.1% formic acid to 100% acetonitrile containing 0.1% formic acid for over 20 min at a flow rate of 10 mL/min).


b Assay for ACAT activity in microsomes prepared from mouse liver microsomes.
c Assay for CE synthesis of lipid droplet accumulation in macrophages.
d Retention time (UV at 215 nm, Waters Symmetry C18 5 lm, 4.6 � 50 mm with a linear gradient of 10% acetonitrile containing 0.1% formic acid/aqueous 0.1% formic acid


to 100% acetonitrile containing 0.1% formic acid for over 12 min at a flow rate of 1.0 mL/min).
e Positive ion electrospray MS data, [M+H]+ were recorded.
f Beauveriolide III (1b).
g Beauveriolide I (1a).
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Figure 3. Structures of beauveriolide analogues 7{1,3,2}, 7{2,3,1}, and 7{2,3,2}.
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group of the serine without losing potency. Interestingly, D-Phe
analogues derived from B{2} were inactive except for 7{2,2,1},
7{2,2,2}, 7{2,2,3}, 7{2,2,4}, and 7{3,2,4} in the cell-based assay.
These results suggest that displacement of L-Phe with D-Phe might
cause a different conformation, thus decreasing the affinity for
ACAT. Diphenyl alanine analogues from B{3} enhanced the activity
as previously reported.5a It is considered that the diphenyl group
plays a critical role in inhibition of CE synthesis in macrophages.
Building block C had little impact on the activity. Among them,
7{1,3,2}, 7{2,3,1}, and 7{2,3,2} were the most potent inhibitors
with the same IC50 value of 0.020 lM (Fig. 3).


In conclusion, we have synthesized a second beauveriolide li-
brary focusing on the L-Ala and D-allo-Ile moieties using our
combinatorial strategy. Inhibitory activity of the combinatorial li-
brary was tested to elucidate structure–activity relationships.
Based on these results, further new analogues have been inves-
tigated. The in vivo biological activity will be reported
elsewhere.
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The cholecystokinin (CCK1) receptor is a G protein-coupled receptor important for nutrient homeostasis.
The molecular basis of CCK-receptor binding has been debated, with one prominent model suggesting
occupation of the same region of the intramembranous helical bundle as benzodiazepines. Here, we used
a specific assay of allosteric ligand interaction to probe the mode of binding of devazepide, a prototypic
benzodiazepine ligand. Devazepide elicited marked slowing of dissociation of pre-bound CCK, only pos-
sible through binding to a topographically distinct allosteric site. This effect was disrupted by chemical
modification of a cysteine in the benzodiazepine-binding pocket. Application of an allosteric model to
the equilibrium interaction between a series of benzodiazepine ligands and CCK yielded quantitative esti-
mates of each modulator’s affinity for the allosteric site, as well as the degree of negative cooperativity for
the interaction between occupied orthosteric and allosteric sites. The allosteric nature of benzodiazepine
binding to the CCK1 receptor provides new opportunities for small molecule drug development.


� 2008 Elsevier Ltd. All rights reserved.

The Type 1 cholecystokinin (CCK1) receptor is a Class I G pro-
tein-coupled receptor that is an important potential pharmacologic
target, being activated by its natural peptide hormonal ligand to
stimulate gallbladder contraction, pancreatic exocrine secretion,
enteric motility, and satiety. Binding of CCK, the natural (orthoster-
ic) ligand, to this receptor has been variably proposed to occur at
the extracellular surface, where it interacts with receptor loop
and tail domains,1 or as dipping into the helical bundle, where ben-
zodiazepine ligands have been proposed to act.2 This latter model
predicts a competitive interaction between CCK and small mole-
cule benzodiazepine ligands, whereas the former model predicts
distinct binding sites for the two ligands, allowing for allosteric
interaction to occur.


A sensitive assay for identification of allosteric interactions is
the analysis of ligand binding kinetics, in particular dissociation
kinetics.3 Since orthosteric ligands exhibit mutually exclusive
binding, the rate of dissociation of a pre-bound orthosteric ligand
cannot be altered by the presence of additional competitive li-
gands. In contrast, allosteric ligands occupy topographically dis-
tinct sites, allowing for simultaneous binding of both orthosteric
and allosteric ligands with potential for cooperative interactions
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to occur that may manifest as increases or decreases in the rate
of orthosteric ligand dissociation.4


The current project was designed to determine whether the
binding sites for peptide and benzodiazepine ligands are indeed
distinct or are overlapping, through analysis of the effect of the
prototypic benzodiazepine compound, devazepide, on the rate
of dissociation of radiolabeled CCK, and thus provide further evi-
dence for the evaluation of existing models of CCK-receptor
interaction. We demonstrate that the kinetics of dissociation of
CCK were significantly altered by devazepide, indicative of an
allosteric mode of binding. Furthermore, modification of Cys94,
postulated to reside within the intramembranous benzodiaze-
pine-binding pocket, with a thiol-reactive methanethiosulfonate
reagent, abolished the benzodiazepine effect on CCK dissociation.
Moreover, we have also applied an allosteric model of ligand-
receptor interaction to the analysis of the equilibrium binding
properties of a series of benzodiazepine ligands to derive for
the first time quantitative estimates of modulator affinity and
cooperativity with CCK. A molecular model consistent with this
distinct mode of peptide and small molecule compound binding
is proposed.


CCK receptor binding was performed on a membrane prepara-
tion from a Chinese hamster ovary cell line engineered to stably
express the rat CCK1 receptor (CHO-CCKR).5,6 The CCK-like radioli-
gand, 125I-D-Tyr-Gly-[(Nle28,31)CCK-26–33] ([125I]CCK) (approxi-
mately 10 pM), was allowed to bind to membranes representing
approximately 10 lg protein in Krebs–Ringers–Hepes (KRH) med-
ium (25 mM Hepes at pH 7.4, 104 mM NaCl, 5 mM KCl, 1 mM
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KH2PO4, 2 mM CaCl2, and 1.2 mM MgSO4, supplemented with
1 mM phenylmethylsulfonyl fluoride (PMSF), 0.01% soybean tryp-
sin inhibitor (STI) and 0.2% bovine serum albumin) for 60 min at
room temperature. Bound and free radioligand were separated by
centrifugation and washing with iced KRH medium, with the mem-
brane-bound radioactivity quantified. Non-saturable binding rep-
resented less than 15 percent of total cpm bound, as determined
in the presence of 1 lM non-radioactive CCK.


To explore whether a prototypic benzodiazepine ligand of the
CCK receptor, devazepide (Merck & Co.), bound to an allosteric site
or has overlapping determinants with the orthosteric site (as has
been postulated),7 we studied CCK radioligand dissociation from
the CCK receptor in the absence and presence of devazepide. After
radioligand binding reached equilibrium, a saturating concentra-
tion of non-radioactive CCK (10 nM) was added to compete for
the rebinding of dissociated radioligand. The amount of radioligand
bound to the membrane receptors was determined over time, and
the data were fitted to a single exponential decay equation using
Prism 5.01 (GraphPad Software, San Diego, CA) to derive estimates
of the radioligand dissociation rate constant, koff. In some experi-
ments, a second CCK receptor ligand (the benzodiazepine antago-
nist, devazepide, 10 nM) was introduced to determine its effect
on the rate of CCK dissociation. Indeed, in the presence of devazep-
ide, the dissociation of [125I]CCK was significantly slowed from
control (Fig. 1). The koff of the radioligand decreased from
0.41 ±0.14 min�1 to 0.10 ± 0.02 min�1 (n = 3, p < 0.05), supporting
an allosteric mode of binding of the benzodiazepine.


To further probe the site of devazepide binding, we employed a
strategy to modify a residue within the helical bundle that is be-
lieved to interact with the benzodiazepine7 and to thereby disrupt
its binding to this allosteric site. For this, we utilized the thiol-reac-
tive methanethiosulfonate reagent, Alexa568-MTSEA, to derivatize
the free cysteine in position 94 in the second transmembrane seg-
ment facing the center of the helical bundle, as we have previously
demonstrated.1,8 This reagent was prepared by acylation of the free
amino group of 2-aminoethyl-methanethiosulfonate hydrochlo-
ride with Alexa568-N-hydroxysuccinimide ester, purifying the
product to homogeneity using reversed-phase HPLC. The CHO-
CCKR cell membranes were allowed to react with this reagent (fi-
nal concentration 50 lM) in KRH medium for 30 min. The unre-
acted Alexa568-MTSEA reagent was then removed by two cycles
of centrifugation and washing. The CCK dissociation experiments
were subsequently performed under identical conditions to those
described above.


The kinetics of dissociation of the CCK radioligand from the
receptor that had been derivatized with Alexa568-MTSEA were dif-

Figure 1. Dissociation of CCK1 receptor-bound [125I]CCK in the absence (j) or
presence (d) of devazepide (10 nM) from CHO-CCKR cell membranes.

ferent from those observed with the non-derivatized receptor, per-
haps reflecting a conformational effect on the receptor (Fig. 2).
However, this was not further altered by addition of 10 nM devaz-
epide (dissociation rate koff of the radioligand was 0.08 ±
0.03 min�1 and 0.09 ± 0.03 min�1, respectively, n = 3, p > 0.05; Fig.
2). This was clearly quite distinct from the significant change ob-
served after devazepide treatment of the non-derivatized, wild
type receptor.


Equilibrium binding studies were also performed to quantify
the parameters describing the allosteric interaction between
devazepide and [125I]CCK. In addition, we also applied this analysis
to the interaction between [125I]CCK and two other benzodiaze-
pines developed by GlaxoSmithKline, compounds 6 and 8, which
we showed in a prior study to interact competitively with devazep-
ide,9 and thus likely utilize a common binding site. These equilib-
rium binding data were fitted either to a simple one-site
competitive-binding model ([125I]CCK vs CCK) or to an allosteric
ternary complex model3 ([125I]CCK vs devazepide) to derive esti-
mates of inhibitor KB (equilibrium dissociation constant) and, for
the allosteric model, the cooperativity factor, a, which is a measure
of the magnitude and direction of the allosteric effect that one li-
gand exerts on the binding affinity of the other; values of a greater
than 1 denote positive cooperativity, whereas values of a less than
1 (but greater than 0) denote negative cooperativity3; values of a
approaching 0 denote a high degree of negative cooperativity that
is difficult to distinguish from simple competition in an equilib-
rium binding assay. In all instances, ligand affinity and cooperativ-
ity values were estimated as logarithms; the concentration of
radioligand was 10 pM and the KD was 0.22 nM. Statistical analyses
were by Student’s t-test, with p < 0.05 taken as the level of
significance.


The results of this binding analysis are shown in Figure 3 and
are summarized in Table 1, where it can be seen that devazepide
displayed a high degree of negative cooperativity with the orthos-
teric radioligand; the a value for the allosteric interaction ap-
proached zero, making it difficult to distinguish from a simple
competitive interaction such as that observed with CCK. In con-
trast, both compounds 6 and 8 exhibited an inability to fully inhibit
the specific binding of the orthosteric radioligand, clearly indicat-
ing that a ternary complex of radioligand, receptor and benzodiaz-
epine persists at saturating concentrations of the modulator.
Application of an allosteric ternary complex model to these data
yielded the affinity and cooperativity estimates shown in Table
1; thus, compound 6 can only reduce orthosteric ligand affinity
by a factor of approximately 4.5 (a = 0.22), whereas compound 8

Figure 2. Dissociation of CCK1 receptor-bound [125I]CCK in the absence (j) or
presence (d) of devazepide (10 nM) from Alexa-MTSEA-derivatized CHO-CCKR cell
membranes.







Figure 3. Effect of CCK (�), devazepide (s), compound 6 (h) or compound 8 (M) on
the equilibrium binding of [125I]CCK. Data for compounds 6 and 8 have been re-
plotted from that presented in Ref. 9. Curves through the points represent the best
fit of a competitive model (CCK) or an allosteric ternary complex model (devaz-
epide, compounds 6 and 8).


Table 1
CCK1 receptor ligand equilibrium binding parameters


Parameter Inhibitor


CCK Devazepide Compound 6 Compound 8


LogKB
a 8.89 ± 0.04 8.35 ± 0.07 7.26 ± 0.11 6.39 ± 0.19


Logab n.a.c <�100 �0.65 ± 0.08 �0.23 ± 0.04
(a � 0) (a = 0.22) (a = 0.59)


a Negative logarithm of equilibrium dissociation constant for binding to the CCK1


receptor.
b Negative logarithm of cooperativity factor, describing interactions between


occupied orthosteric and allosteric sites; antilogarithm shown in parentheses.
c Not applicable.
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can only reduce orthosteric affinity by a factor of approximately
1.7 (a = 0.59). To our knowledge, this is the first application of an
allosteric model to quantify the binding properties of small mole-
cule modulators at the CCK1 receptor.

Figure 4. (A) CCK1 receptor residues proposed to interact with the carboxyl terminus of C
places the CCK carboxyl terminus at the extracellular face of the receptor; Phe218, Trp32


been used to alternatively place the CCK carboxyl terminus deep within the transmembra
(yellow) to the CCK1 receptor.

To illustrate the binding positions of the ligands utilized in the
current study to the CCK1 receptor, we utilized the Molsoft Internal
Coordinate Mechanics (ICM) software.10 We previously developed
a three-dimensional molecular model of the CCK1 receptor that
was based on homology with the structure of rhodopsin, in which
we had attempted to independently dock a CCK peptide analogue1


and a benzodiazepine ligand.9 It is noteworthy that another model
of this receptor has also previously been proposed that has a very
similar helical bundle structure and places the benzodiazepine-
binding site in a similar position within the helical bundle, but
places the CCK-binding site quite differently.2 In that model, the
carboxyl-terminal end of CCK is clearly shown to occupy the same
space as the benzodiazepine in the intramembranous helical
bundle.2


Devazepide was docked to our CCK1 receptor model using the
small molecule docking module of ICM, directed by the mutagen-
esis data in the literature.9 In this process the ligand molecule
was allowed to be fully flexible to search for the global minimum
of the energy function that includes five grid potentials to calculate
the interaction between the ligand and the receptor and the inter-
nal conformational energy of the ligand. The lowest energy confor-
mation from the predicted conformational stack was selected as
the docking orientation. Docking of CCK to the CCK receptor was
also achieved by using the protein-protein docking module of
ICM with rigid structure of CCK peptide in the docking, followed
by 10,000 steps of random sampling and energy minimization of
Monte Carlo simulation at 300 K to optimize the complex struc-
ture, with distance restraints from established spatial approxima-
tion constraints coming from published photoaffinity labeling
studies.11–14 All the computational work was done on a Linux
workstation with a Pentium IV Duo Core processor at 3.0 GHz
frequency.


Highlighted in Figure 4A are the critical residues that have been
reported to interact with the carboxyl terminus of CCK in the two
distinct molecular models that have been proposed.1,2 In the model
we have previously proposed, Trp39 (Fig. 4A, highlighted in cyan) is
situated adjacent to the CCK carboxyl terminus, based on photo-
affinity labeling studies.11 In the alternate model, the CCK carboxyl
terminus is proposed to be positioned deep within the transmem-

CK in two distinct models. Trp39 (cyan) was identified by photoaffinity labeling and
7, Ile330, and Phe331 (brown) are residues identified via mutagenesis data that have
ne helical bundle domain. (B) Computational docking of CCK (green) and devazepide
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brane helical bundle based on the effects of mutagenesis of Phe218,
Trp327, Ile330, and Phe331 (Fig. 4A, highlighted in brown). This re-
gion of the receptor overlaps with the proposed benzodiazepine
binding pocket.9 Figure 4B shows the simultaneous docking of
CCK and devazepide that is now proposed based on our findings,
reflecting the distinct sites of binding for these compounds. For
CCK, the binding site resides at the extracellular face of the lipid bi-
layer, between the amino-terminal tail and the three extracellular
loops. In contrast, devazepide binding occurs deep in the helical
bundle, surrounded by several key interacting residues that have
been identified by receptor mutagenesis, including Cys94, Met121,
Ser124, Val125, Ile330, Asn334, Leu357, and Ser364.9


To date, non-peptide ligands of the CCK1 receptor have been pre-
dominantly viewed as classic antagonists or agonists, presumably
acting at a site overlapping with the endogenous/orthosteric binding
site of the natural ligand, CCK. Over the past 5 years, however, there
has been an increasing recognition that G protein-coupled receptors
may also possess allosteric sites that are topographically distinct
from the orthosteric binding pocket. We now provide conclusive evi-
dence that such a site exists on the CCK1 receptor, and that this site is
recognized by small molecule benzodiazepines.


A large body of data exists concerning structure–function anal-
ysis of the CCK1 receptor and the potential mode of binding of both
peptide ligands and non-peptide small molecule compounds.
Although there is general agreement that the small molecule bind-
ing site resides deep within the transmembrane helical bundle,
two distinct models of the mode of CCK binding to the CCK1 recep-
tor have been proposed; one is based predominantly on photo-
affinity labeling and fluorescence resonance energy transfer
measurements of modified CCK peptides,1,11–13 while the other is
supported by extensive site-directed mutagenesis.2 The former
model, which has been proposed by our laboratory, places the
CCK peptide on the extracellular face of the receptor, with the pep-
tide in a configuration including a turn such that its carboxyl ter-
minus is in close proximity to Trp39 of the receptor amino
terminus. In contrast, the latter model places the peptide in an ex-
tended conformation with its carboxyl terminus deep within the
transmembrane bundle, such that it overlaps with the proposed
small molecule binding pocket.


Standard equilibrium binding assays have suggested that many
of the non-peptide compounds interact competitively with CCK,
with full inhibition of binding of radiolabelled CCK peptides. This
is true of the Sanofi series of compounds, such as SR146131,15


and also of the compound, devazepide, that is used in the current
study. Superficially, these data are consistent with the model of
CCK binding where the peptide carboxyl terminus and the non-
peptide compounds overlap. However, allosteric compounds with
high negative cooperativity can exhibit similar behavior to com-
petitive inhibitors, such that these two classes of compounds are
not readily distinguishable in equilibrium binding assays.3 This
has also been demonstrated in our current study with respect to
the equilibrium interaction between devazepide and [125I]CCK.
However, an examination of the interactive properties of com-
pounds 6 and 8, two benzodiazepines developed by GlaxoSmithK-
line, clearly revealed binding behavior that was inconsistent with
simple competition but could be reconciled with a simple allosteric
ternary complex model. Given that we have previously shown
devazepide to inhibit the ability of derivatives of compounds 6
and 8 to photoaffinity label the CCK1 receptor,9 we hypothesize
that all benzodiazepines that bind to this receptor utilize a com-
mon, allosteric site.


An allosteric mode of interaction would also favor the model of
CCK-receptor interaction proposed from biochemical and biophys-
ical interaction data. As such, the current study has exploited a spe-
cific assay for allosteric interaction, the ability to modify the
dissociation rate of a prebound orthosteric ligand, and probed

the mode of action of devazepide, which, as outlined above, is cur-
rently viewed as a competitive inhibitor of CCK binding on the ba-
sis of equilibrium binding data. Co-addition of devazepide caused a
marked slowing of the dissociation of the radioiodinated CCK,
which can only occur if it binds at a topographically distinct site
to that of the peptide ligand. Thus, we conclude that the equilib-
rium binding properties of devazepide reflect high negative coop-
erativity rather than orthosteric competition.


We further probed the nature of the devazepide interaction
through modification of Cys94, a residue that plays a key role in
non-peptide drug interaction.8 Derivatization of this residue with
Alexa568-MTSEA, completely abolished the ability of devazepide
to slow CCK dissociation, consistent with binding of the drug deep
within the transmembrane helical bundle. However, the chemical
modification also altered the control of CCK dissociation, poten-
tially via conformational modification of the receptor, making clear
interpretation of the effect on devazepide difficult. As outlined
above, however, an allosteric mode of binding for devazepide is
consistent with the ability of this compound to compete for bind-
ing of photoactive 1,5-benzodiazepine derivatives, whereas CCK
was unable to modify compound binding.9


Our data thus demonstrate that the prototypic benzodiazepine
antagonist, devazepide, is an allosteric inhibitor of CCK binding.
Moreover, our application of a quantitative model of allosteric inter-
action to the binding properties of devazepide and other benzodiaz-
epine modulators of the CCK1 receptor allowed for the
determination of modulator affinity estimates for the allosteric site,
as well as measure of the cooperativity with the orthosteric ligand.
These findings have significant implications for the development
of small molecule non-peptide drugs acting at the CCK1 receptor.
For example, in the case of inhibitors, the activity of competitive
antagonists is governed by affinity, whereas the behavior of alloste-
ric inhibitors is a composite of both affinity and cooperativity.3


Structure–activity development that does not take the allosteric nat-
ure of drug interaction into account may lead to suboptimal com-
pounds. The current study also provides additional evidence for
evaluation of the potential mode of CCK peptide interaction with
the receptor, and is consistent with the topographically distinct
mode of peptide and small molecule binding that we have proposed.
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An efficient synthesis of a series of carbosilane dendrimers uniformly functionalized with sialyl a(2 ? 3)
lactose (Neu5Aca(2 ? 3)Galb(1 ? 4)Glcb1?) moieties was accomplished. The results of a preliminary
study on biological responses against influenza virus hemagglutinin, using the sialyl lactose clusters
showed unique biological activities on the basis of the structure–activity relationship according to the
carbosilane scaffolds.


� 2008 Elsevier Ltd. All rights reserved.

Carbosilanes are hybrid materials and show unique characteris-
tics in view of the interdisciplinary region of organic chemistry and
inorganic chemistry.1 We have therefore selected carbosilanes as
supporting materials for constructing glycodendrimers including
bioactive carbohydrate moieties.2 The chemical and biological sta-
bilities of carbosilane dendrimers uniformly functionalized with
carbohydrate moieties have been verified using Shiga toxin–carbo-
hydrate interactions,3 Dengue virus–carbohydrate interactions,4


and influenza virus neuraminidase–thiosialoside cluster-type
inhibitor interactions.5


Influenza viruses are unique because each virus has two glyco-
proteins with different roles on the surfaces of viral particles.6


Hemagglutinin (HA) is one of the proteins and it shows lectin-like
activity against sialyl oligosaccharides as specific receptors on host
cells.7 The other protein is a glycosidase, which is referred to as
either sialidase or neuraminidase (NA), and it selectively creaves
sialic acid residues from sialoglycoproteins as well as gangliosides
on the surfaces of host cells.8 Therefore, the virus is significantly
attractive and the proteins on the surfaces of influenza viruses

ll rights reserved.


rt 9, see Ref. 5.


oka).

have completely different roles, such as adhesion to the host cell
and secession from the host cell.6 Many efforts have been made
to prepare multivalent-type glycomaterials as HA blockers for
inhibiting adhesion of the virus to a host cell.9 We have also estab-
lished a procedure for coupling between the carbosilane dendri-
mers and sialic acid derivatives including a sugar moiety of GM3
to afford corresponding glycodendrimers as multivalent-type HA
blockers. In this paper, we report a synthetic assembly of sialyl
a(2 ? 3) lactosyl (Neu5Aca(2 ? 3)Galb(1 ? 4)Glcb1?) moieties
using a series of carbosilane dendrimer scaffolds and the results
of biological evaluations of the glycodendrimers as potential candi-
dates for influenza virus hemagglutinin blockers.


Our synthetic target compounds having unique shapes, genera-
tions, and different numbers of saccharide residues are shown in
Figure 1. A compound 2 having zero generation and three sugar
moieties and 4 having first generation and six sugar moieties were
prepared by the method previously reported.10 A monomeric com-
pound 1� having a 4-pentenyl moiety as the aglycon was quantita-
tively prepared from a known compound 8 by a combination of
transesterification and saponification to remove all protections

� All new compounds with specific rotation data gave satisfactory results of
elemental analyses or high-resolution mass spectra.
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Figure 1. A series of multivalent-type synthetic substrates having sialyl a(2 ? 3) lactose.
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(Scheme 1), ½a�18
D � 3:4� (c 0.96, H2O), 1H NMR (D2O) d 4.40 (d, 1 H,


J10 ;20 ¼ 7:7 Hz, H-10), 4.35 (d, 1 H, J1,2 = 8.1 Hz, H-1), 2.63 (dd, 1 H,
J300ax;300eq ¼ 12:5 Hz, J300eq;400 ¼ 4:0 Hz, H-300eq) 1.77 (t, 1 H,
J300ax;400 ¼ 12:1 Hz, H-300ax). The other transformation of 8 was also
performed at the terminal C@C double bond by a radical addition
of thioacetic acid in the presence of AIBN as the radical initiator to
furnish thioacetate 9 in high yield.


A series of alkyl halide-type carbosilane compounds as support-
ing materials for carbohydrates are shown in Figure 2. Dumb-
bell(1)6-type 15 was additionally synthesized by the method
previously reported.11 In brief, a known carbosilane having six bro-
mine atoms at their terminal ends3e was converted into the azide,
which was then transformed into the amine in the presence of
Ph3P and water. The amine was further treated with 6-bromohexa-
noyl chloride to yield an amide 15 after chromatographic
purification.


A synthetic scheme for construction of a series of glycodendri-
mers is illustrated in Scheme 2. Coupling reaction between the car-
bosilane dendrimer scaffolds 10–15 and sialyl lactose derivative 9
was performed in a one-pot reaction in the presence of sodium
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Scheme 1. Reagents and conditions: (i) NaOMe, MeOH, rt, overnight, then 0.05 M
aq. NaOH, rt, 2 h, 84%; (ii) AIBN, HSAc, 1,4-dioxane, 50 ? 80 �C, 3 h, 99%.

methoxide in methanol–DMF solvent systems, followed by the
usual reacetylation to provide fully protected carbosilane dendri-
mers having sialyl lactose moieties at each terminal, Fan(0)3-type
16,10 Ball(0)4-type 17, integral ratio of the H atoms by 1H NMR:
SiCH2:H-1:H-10 = 8:4:4, Dumbbell(1)6-type 18,10 Fan(0)3-amide-
type 19, integral ratio of the H atoms by 1H NMR:
SiCH2:CH2SCH2:Ph:H-300eq = 6:12:5:3, Ball(0)4-amide-type 20,
integral ratio of the H atoms by 1H NMR: SiCH2:NCH2:H-
10 = 8:8:4, Dumbbell(1)6-amide-type 21, integral ratio of the H
atoms by 1H NMR not determined due to intramolecular lactoniza-
tion. Removal of all protective groups in the dendrimers was car-
ried out by the same two-step procedure as that described for
the preparation of 1 to give white powdery compounds after chro-
matographic purification, followed by lyophilization, Fan(0)3-type
2,10 Ball(0)4-type 3, integral ratio of the H atoms by 1H NMR:
SiCH2:H-1:H-10:H-300eq = 8:4:4:4, MALDI-TOF MS calcd for
[M+Na]+: 3158.4; found m/z: 3159.37, Dumbbell(1)6-type 4,10


Fan(0)3-amide-type 5, integral ratio of the H atoms by 1H NMR:
SiCH2:CH2SCH2:Ph:H-1:H-10:H-300eq = 6:12:5:3:3:3, MALDI-TOF
MS calcd for [M+Na]+: 2798.1; found m/z: 2799.26, Ball(0)4-
amide-type 6, integral ratio of the H atoms by 1H NMR:
SiCH2:NCH2:H-1:H-10:H-300eq = 8:8:4:4:4, MALDI-TOF MS calcd
for [M+Na]+: 3611.0; found m/z: 3610.44, Dumbbell(1)6-amide-
type 7, integral ratio of the H atoms by 1H NMR: CH3Si:H-1:H-
10:H-300eq = 6:6:6:6, MALDI-TOF MS calcd for [M+Na]+: 5561.4;
found m/z: 5562.36.


Since the systematic synthesis of glycoclusters having sialyl
a(2 ? 3) lactose (Neu5Aca(2 ? 3)Galb(1 ? 4)Glcb1?) moieties
1–7 was efficiently accomplished, our attention was directed to-
ward the structure–activity relationship (SAR) of the sialyl com-
pounds as HA blockers against influenza virus. Thus, the
hemagglutinin inhibition (HAI) assay12 was preliminarily per-
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formed using various virus strains, and the results are summarized
in Figure 3. The virus strains used in this study were human influ-
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Figure 3. Inhibitory activity of a series of glycodendrimers against hemagglutina-
tion of various human influenza viruses. Concentrations of glycodendrimers were
calculated on the basis of a sialyl a(2 ? 3) lactose unit.

enza viruses A/PR/8/34 (H1N1), A/Aich/2/68 (H3N2), and A/Mem-
phis/1/71 (H3N2). The strain A/PR/8/34 recognizes
Neu5Aca(2 ? 3)Gal residues in glycoconjugates and binds to
erythrocytes. A/Aich/2/68-type virus recognizes both Neu5A-
ca(2 ? 3)Gal and Neu5Aca(2 ? 6)Gal residues and A/Memphis/
1/71-type virus recognizes Neu5Aca(2 ? 6)Gal residues. Inhibitory
activity of the series of glycodendrimers against hemagglutination
of various human influenza viruses to erythrocytes was clearly ob-
served when A/PR/8/34 and A/Aich/2/68 were used. Inhibitory po-
tency of the glycodendrimers against A/Memphis/1/71 was weak
because of an unsuitable carbohydrate structure for the HA on
the virus strain. These results strongly suggested that oligosaccha-
ride chains of the glycoclusters were closely recognized by the cor-
responding HA on the virus surface. In addition, we found by using
SARs methodology that Dumbbell(1)6-amide 7 showed the highest
level of inhibitory activity in glycolibrary. These carbosilane den-
drimers uniformly functionalized with sialyl a(2 ? 3) lactose moi-
eties have unique characteristics, such as different numbers of
sugar moieties depending on the core structure, different degree
of freedom of the sugar moieties depending on the spacer length
and core shape, and different 3-D structures. This phenomenon is
useful for consideration of synthetic construction of other glyco-
dendrimers as well as expansion of the glycolibrary. Furthermore,
these glycodendrimers having Neu5Aca(2 ? 3)Gal residues at
their terminal ends are promising agents for prevention of
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infection with avian influenza (H5N1), since avian influenza virus
recognizes Neu5Aca(2 ? 3)Gal residues on host cells.13


In conclusion, an efficient synthesis of a series of glycoclusters
having sialyl a(2 ? 3) lactose moieties 1 � 7 was systematically
accomplished using various carbosilane dendrimers as supporters
for the oligosaccharides. Biological evaluations of these glycoden-
drimers against influenza virus were preliminarily carried out,
and the results showed that a glycodendrimer having longer
spacer-arms and most carbohydrate epitopes has the highest activ-
ity. The results suggested SARs in this biological response using the
glycolibrary was observed. Experimental details for the syntheses
of the series of glycodendrimers in this study and other biological
activities will be reported elsewhere in the near future.
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Abstract-Reaction of 6a–f individually with 2-methylsulfonyl-4,6-dimethoxypyrimidine yielded 7a–f in
excellent yield. The newly synthesized heterocycles were characterized by IR, 1H NMR, and mass spectral
data. Compounds 7a–f was screened for their anti-inflammatory activity and were compared with stan-
dard drugs. Of the compounds studied, the compound 7e showed more potent activity than the standard
drugs at all doses tested.


� 2008 Elsevier Ltd. All rights reserved.

The competence of benzophenone analogues as chemothera-
peutic agents, especially as anti-inflammatory, is well recog-
nized.1,2 Some of these analogues were synthesized by several
scientists of the world and have been reported as potent anti-
inflammatory agents.3–5 Recently Ottosen et al. have reported syn-
thesis and structure–activity relationship of benzophenones,
which are novel class of p38 MAP kinase inhibitors with high
anti-inflammatory activity.6


In our continuing work on benzophenones,7,8 we are interested
to incorporate a pyrimidine group in one of the phenyl rings. The
reason for this is that pyrimidine derivatives comprise a diverse
and interesting group of drugs.9 The subject has been discussed re-
cently.10 Earlier, a comprehensive review concerning pyrimidines
had been published by Brown.11 Pyrimidines in general are extre-
mely important for their biological activities. For example, some
are antiviral agents,12 the others are selective cholecystokinin sub-
type 1 (CCK1) receptor antagonists,13 and a few are anti-inflamma-
tory.14–16 In fact, there are so many pyrimidine derivatives with
pharmacological activities.


Since many benzophenone analogues have presented anti-
inflammatory activities,14 we perceived that when two moieties,
such as benzophenone and pyrimidine are joined the new mole-
cules might exhibit superior anti-inflammatory activity. With this
idea in mind the present work was undertaken.

ll rights reserved.


hikanth).

Condensation of thiourea 1 with diethylmalonate 2 generated
the starting material, 2-mercapto-pyrimidine-4,6-diol 3. Alkylation
with methyl iodide gave 2-methylmercapto-4,6-dimethoxypyrim-
idine 4, which further on perborate oxidation converted the meth-
ylmercapto group to a sulfone 5, a better leaving group for
displacement by nucleophiles. Reaction of 6a–f individually with
2-methylsulfonyl-4,6-dimethoxypyrimidine yielded 7a–f in good
to excellent yield. The newly synthesized compounds 7a–f17 were
characterized by IR, 1H NMR and mass spectrophotometer. The
synthetic maneuvering leading to 7a–f has been represented in
Scheme 1.


Anti-inflammatory activity: Albino rats were used to perform
paw edema inhibition test adopting Winter et al.18 method. Groups
of five rats (body weight 125–160 g), were given a dose of a test
compound. After 30 min, 0.2 mL of 1% carrageenan suspension in
0.9% sodium chloride solution was injected subcutaneously, into
planter aponeurosis of the hind paw and the paw volume was mea-
sured by a water plethysmometer socrel and then measured again
after a time span of 3 h. The mean increase of paw volume at each
time interval was compared with that of control group (five rats
treated with carrageenan, but not with test compounds at the
same time intervals). The percentage inhibition values were calcu-
lated using the formula


% anti-inflammatory activity ¼ ð1� Gt=GcÞ � 100


where Gt and Gc represent tested and control groups, respectively.
Ulcerogenic activity: Group of 10 rats (body weight 200–230 g),


fasted for 24 h. were treated with an oral dose of test compound,
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except the control group. All animals were sacrificed 5 h after the
completion of dosing. With the aid of a microscope, the stomach
and small intestine of the rats were examined to find incidence
of hyperaemia, shedding of epithelium, petechial, frank haemor-
rhages and erosion or discrete ulceration with or without perfora-
tion. The presence of any of these criteria was considered to be an
evidence of ulcerogenic activity.19


Acute toxicity study: Nearly 50% lethal dose (ALD50) of the com-
pounds was determined in albino mice (body weight 25–30 g). The
test compounds were injected intraperitoneally at different dose
levels in groups of 10 animals. After 24 h of drug administration,
percent mortality in each group was observed from the data ob-
tained. ALD50 was calculated by adopting Smith20 method.


Cyclooxygenase activity: The in vitro test on microsomal fraction
of mucosal preparation of rabbit distal colon was carried out in or-
der to search out the plausible mechanism of the compounds. By
adopting Calderano et al.21 procedure the preparation was carried
out. About 2-3 g of stripped colonic mucosa was minced and
homogenized in 3 vols of tris buffer 0.1, pH 8.0 and the homoge-
nized was centrifuged. The precipitate was suspended in tris buffer
0.1 M, pH 8.0, and recentrifuged. For enzyme assay cyclooxygenase
activity, the microsomal pellet was used immediately. By measur-
ing the rate of conversion of arachidonic acid to PGE2, cyclooxygen-
ase activity was assayed. About 50 mL of microsomal fractions was
incubated with test agents for 10 min at 37 �C in 30 lL Tris–HCl,
pH 8.0, containing 2 mM reduced glutathione, 5 mM L-trytophan,
1 lM hematin. The substrate, 20 lM arachidonic acid with trace
amount of [1- 14C] arachidonic acid [approximately 200 (xx)
cpm] was added, and the reaction proceeded for 5 min at 37 �C.
The reaction was stopped by addition of 0.2 mL of ether/metha-
nol/citric acid 0.2 M (30:4:1), which was precooled at �25 �C.
PGE2 was extracted twice into the same mixture. The solvent
was evaporated under nitrogen stream and radiolabeled arachi-
donic acid was separated, and from this radiolabeled PGE3 was sep-
arated by RP-HBLC with 2 nmol unlabeled PGE2 as an internal

standard. PG chromatographic profile was obtained by isocratic
elution with 150 mM H3PO4 in water, pH 3.5, containing 30% ace-
tonitrile, at a flow rate of 1 mL/min monitoring the UV absorption
at 214 nm. Radioactivity that co-eluted with authentic PGE2 was
quantified by liquid scintillation spectrometry. Test samples were
compared to paired control incubations. The percentage of inhibi-
tion was calculated as follows


½ðcpm control-cpm test=ðcpm controlÞÞ � 100�


Phospholipase A2 (PLA2) activity: Assayed with [14C] oleate-labeled
autoclaved Escherichia coli as the substrate.22 The reaction mixture,
350 ll, contained 100 mM Tris/HCl, pH 8.0, 5 mM Ca2+ and
3.15 � 109 autoclaved E. coli cells (corresponding to 10,000 c.p.m.
and 60 nmol of lipid phosphorous). The amount of enzyme protein
was chosen such that 10–15% hydrolysis of substrate was obtained
when incubated at 37 �C for 60 min. The reaction components were
mixed in the following order: buffer, calcium, water, and benzoyl
phenyl benzoates. Adding labeled E. coli substrate started the reac-
tion. The reaction was terminated by adding 100 ll of 2.0 N HCl and
100 ll of fatty acid free BSA (100 mg/ml). The tubes were vortex-
mixed and centrifuged at 20,000g for 5 min. Aliquot (140 ll) of
the supernatant containing released [14C] Oleic acid was mixed with
scintillation cocktail and counted in a Hewlett Packard liquid Scin-
tillation Analyzer TRI CARB 2100 TR.


All the 2-(2-aroylaroxy)-4,6-dimethoxy pyrimidines 7a–f have
shown superior anti-inflammatory activity in the range 21.5–
48.6% at a dose of 40 mg/kg po. Among 7a–f, the compound 7e
with chloro and fluoro groups at para position in benzoyl and
phenoxy moieties of benzophenone elicited maximum inhibition
of edema (48.6%). Compound 7a with two methyl groups at the
para position in benzoyl and phenoxy moieties of benzophenone
displayed more activity (45.8%) compared to 7f (33.2%) in which
para position of benzoyl and phenoxy moiety of benzophenone
carries chloro and bromo groups, respectively. Nevertheless com-
pound 7b having methyl and chloro substituents at para position







Table 1
Anti-inflammatroy, ulcerogenic, cyclooxygenase, PLA2, and toxicity data of compounds 7a–f


Compound Dose
(mg/kg po)


Anti-inflammatory
activity % edema
inhibition relative
to control


Dose
(mg/kg po)


Ulcerogenic Activity Cyclooxygenase activity
assay inhibitory action
of some selected
compound % inhibition
10 lM


ED50


(mg/kg po)
PLA2 activity
assay inhibitory
action % inhibition
10 lg


ALD50


(mg/kg po)% of animal
with hyperemia


% of animal
with ulcer


7a 20 20.2 100 50 20 >1000
40 45.8 200 70 30 87 60.2 10
80 55.3 400 100 40


7b 20 11.5 100 20 40 >1000
40 21.5 200 40 50 ni 77.5 80
80 45.5 400 60 80


7c 20 13.4 100 40 10 >1000
40 29.5 200 60 20 20 78.3 40
80 58.7 400 100 40


7d 20 19.4 100 70 10 >1000
40 29.1 200 90 20 40 62.5 20
80 58.2 400 100 40


7e 20 29.9 100 30 10 >1000
40 48.6 200 60 20 ni 51.2 60
80 88.6 400 90 12


7f 20 13.7 100 50 5 >1000
40 33.2 200 70 10 70 77.2 30
80 57.7 400 90 15


Aspirin 20 29.9 100 30 80 —
40 38.8 200 60 90 99 98.3 90
80 61.4 400 90 90


Phenyl
butazone


20 29.6 100 30 30 —


40 34.1 200 60 60 89 — 85
80 51.9 400 90 90


Control 20 – 30 — — —
40 60 ni — ni
80 90


ni, no inhibition.
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of phenoxy and benzoyl moieties, respectively, of benzophenone
displayed least activity (22.2%) at a dose of 40 mg/kg po. On the
contrary compounds 7c (29.5%) and 7d (29.1%) in which benzoyl
moiety carries chloro and methyl groups, respectively, and phen-
oxy moiety carries chloro and fluoro groups, respectively, have
shown less activity compared to compounds 7a, 7e and 7f. Based
on the above results, title compounds have been tested at three
graded doses (20, 40, and 80 mg/kg po) and compared with stan-
dard drugs aspirin and phenyl butazone. The comparison results
with standard drugs such as are listed in Table 1.


Ulcerogenic activity: The title compounds 7a–f exhibited low de-
gree of ulcer production activity (10–50%) at 200 mg/kg po. Among
7a–f, compound 7e with chloro and fluoro groups at para position
in benzophenone moiety exhibited lesser ulcerogenic activity
(20%) compared to standard drugs such as aspirin and
phenylbutazone.


Cyclooxygenase assay activity: Compounds 7a, 7c, 7d and 7f
showed good cyclooxygenase activity indicating that these com-
pounds reduce inflammatory response by inhibition of Prostaglan-
dins. The other compounds 7b and 7e do not inhibit the
cyclooxygenase activity. PLA2 assay activity: In addition, com-
pounds 7a–f were tested for PLA2 activity. The PLA2 class of en-
zymes catalyzes hydrolysis of the 2-acyl ester of 3-Sn
phosphoglycerides to yield arachidonic acid which is responsible
for the production of pro-inflammatory lipid mediators such as
PGs.23–25 Among compounds 7a–f, 7b and 7e have exhibited more
inhibition and compound 7c has exhibited moderate activity.


ALD50 studies: The toxicity study of these compounds indicates
their good safety margin.

From the results of the biological activities, it appears that
introduction of pyrimidine moiety in 6a–f is successful as it was
found that 7a–f showed good anti-inflammatory with reduced ul-
cer production activity.
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The quaternary b-carbolinium alkaloid nostocarboline from the cyanobacterium Nostoc 78-12A and 10
bis-cationic dimeric derivatives were evaluated against four protozoan parasites and low micromolar val-
ues against Trypanosoma brucei, submicromolar values against Leishmania donovani and low nanomolar
values against Plasmodium falciparum K1 were determined. Selectivity against rat myoblasts (L6 cells)
was found to be up to >2500-fold.


� 2008 Elsevier Ltd. All rights reserved.

Malaria remains a public health problem in large areas of the
developing world, with 40% of the earth’s population living in ma-
laria-endangered areas.1 As a direct consequence, over 1 million
humans die annually of this disease, with the number of clinical
cases estimated to be a hundred times higher.2 These public health
problems are accentuated by the rise of malaria cases in yet non-
endemic areas, and increasing resistance of Plasmodium to current
lines of therapy.3 These facts combined with the absence of a vac-
cine and the lack of systematic vector control strategies provides
the rationale for the development of novel drugs against this
disease.4


Natural products are extremely successful in providing man-
kind with substances to combat diseases, and today, roughly 50%
of all small molecule drugs on the market addressing infectious
diseases are natural products or derivatives thereof.5 With respect
to malaria, quinine and its derivatives are still in use today, and
new therapies based on artemisinin were recently introduced in
the clinic.4 Cyanobacteria have been shown to be an important
source for novel bioactive natural products, as these organisms
face large pressure from grazers or competing organisms requiring
them to develop chemical defense strategies.6 Several cyanobacte-
rial metabolites have been shown to possess antiplasmodial activ-
ity: Calothrixins A and B inhibited the FAF6 strain of Plasmodium
falciparum with IC50 values of roughly 60 and 180 nM, albeit with
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no or very little selectivity against HeLa human tumor cell lines.7a


Venturamide B displayed a low micromolar value against P. falcipa-
rum W2 with a selectivity >10 against green monkey Vero kidney
cells reported.7b Symplocamide A displayed an IC50 value of
0.95 lM against the same strain, but rather strong cytotoxicity.7c


We have recently isolated nostocarboline (1), an acetyl- and butyr-
yl-cholinesterase, and trypsin inhibitor from Nostoc 78-12A.8


Moreover, this compound class has been shown to possess strong
algicidal activity against both eukaryotic and prokaryotic photo-
trophs.9 The chemical ecology rationale for evaluating nostocarbo-
line against Plasmodium was based on a large body of research,
demonstrating that Plasmodium contains a plastid-like organelle,
which was suggested to be a relic of a photoautotrophic (cyanobac-
terial) endosymbiont.10 Targeting this apicoplast with algicidal
compounds has been suggested as a strategy for effective antiplas-
modial agents.11 In this letter, we demonstrate that nostocarboline
(1) inhibits Plasmodium with high selectivity in nanomolar concen-
trations. In addition, we demonstrate that dimerization of nosto-
carboline leads to very potent and selective antiplasmodial
agents. This latter route presents a strategic option for the chemi-
cal diversification of natural products12 and provides an entry into
bis-cationic compounds, a class of compounds known for strong
antiplasmodial activity.13


Nostocarboline (1) was synthesized according to published pro-
cedures starting from norharmane via chlorination at C-6 and
methylation (Scheme 1).8a 6-Cl-norharmane was also the starting
material for the synthesis of nostocarboline homo-dimers, which
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Table 2
Antiparasitic in vitro activities of 1–12 (values in lM)


T. b.a


IC50


T. c.b


IC50


L. d.c


IC50


P. f.d


IC50


Cytotoxicitye


IC50


Selectivity
P. f.f


1 70.5 >87.1 34.3 0.194 120.9 622
2 1.1 >56.6 9.6 0.113 61.1 540
3 6.4 10.6 34.7 0.738 28.5 39
4 1 >51.7 19.9 0.223 17.4 78
5 1.2 5.9 0.2 0.121 3.8 32
6 2.5 >45.7 68.4 0.056 23 408
7 1.2 51.1 8.6 0.018 47.9 2625
8 1.2 36.2 6.6 0.020 36.2 1810
9 0.9 31.4 2.3 0.018 7.5 423
10 1.1 36.6 0.9 0.014 8.2 575
11 1.2 10 0.6 0.023 4.3 186
12 92.5 >44.6 61.6 >7.4 121.3 n.d.g


a Trypanosoma brucei rhodesiense STIB 900.
b Trypanosoma cruzi Tulahuen C2C4.
c Leishmania donovani MHOM-ET-67/L82.
d Plasmodium falciparum K1.
e Rat myoblast L6 cells.
f The selectivity index is calculated by IC50(L6)/IC50(P.f.).
g Not determined.
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were prepared using symmetrical dihalogeno-linkers to afford the
desired bis-b-carbolinium homo-dimers 2–11 (Table 1). We were
able to employ alkenyl, alkynyl, aryl, and biaryl, as well as alkyl
linkers of various lengths for the corresponding dimers, which
were obtained in a two-step process and isolated in good to excel-
lent yields. It should be pointed out that cheap, short, and high-
yielding syntheses should be regarded as a requirement for suc-
cessful antimalarial agents, given the prevalence of this disease
in developing countries.


Nostocarboline (1) as well as its dimers 2–11 were evaluated
against four parasites, Trypanosoma brucei rhodesiense STIB 900,
Trypanosoma cruzi Tulahuen C2C4, Leishmania donovani MHOM-
ET-67/L82 axenic amastigotes, and P. falciparum K1 and the cor-
responding IC50 values are given in Table 2. Nostocarboline (1)
showed a pronounced activity against Plasmodium
(IC50 = 194 nM), while being inactive against the other parasites

Table 1
Structure of bis-b-carbolinium homodimers 2–11


Compounda Linker Time (h) Yield (%)


2 12 72


3 12 65


4 12 95


5 12 89


6 12 86


7 O 24 60


8 48 93


9 48 87


10 48 78


11 48 71


a For 2–7: X = Cl; for 8–11: X = Br.

tested. In addition, nostocarboline (1) showed very weak cyto-
toxicity (>0.1 mM), giving rise to a 600 fold selectivity of Plasmo-
dium over L6 cells. The results for the dimers 2–11 display a
consistent pattern of activity: while against T. brucei IC50 values
around 1 lM were determined, the dimers 2–11 were roughly by
a factor of 5–50 less active against T. cruzi. Interesting submi-
cromolar activity against L. donovani could be determined for
some dimers, in particular those incorporating a long, flexible
linker such as 7–11. In this series, higher activity nicely corre-
lates with longer linkers. Interestingly, the most active com-
pound was the dimer 5 with the meta substituted aryl linker
(0.2 lM), which was roughly 100-fold more active than dimer
4 with the corresponding para-substituted linker. This suggests
that relative orientation of the two nostocarboline units has an
impact on activity against L. donovani.


The best results were obtained against P. falciparum, where sub-
micromolar IC50 values were determined for all dimers 2–11. In
this series and against this parasite, long and flexible linkers are
preferred, with the corresponding compounds 6–11, all displaying
IC50 values below 100 nM. The most active compound 10 contain-
ing a (CH2)10 linker displayed an IC50 value of 14 nM against P. fal-
ciparum K1.


We also determined cytotoxicity against the L6 rat myoblast
cell line, and the values were generally dispersed in the 5- to 60-
lM range. While the effect of linker length on antiplasmodial activ-
ity residues for 7–11 was very small, its effect on cytotoxicity was
more pronounced. Clearly, cytotoxicity increased with linker
length, thus leading to decreased selectivity for longer linkers.
Compounds 7 and 8 with five and six atom linkers can thus be con-
sidered optimal in this series, as an example, 7 displayed high po-
tency (18 nM) and an excellent selectivity of >2500-fold against
the L6 cell line.


These results complement the interesting biological profile of
nostocarboline: while this compound strongly inhibits the growth
of cyanobacteria and eukaryotic chlorophytes,9 it is inactive
against bacterial pathogens and fungi,9 and very weakly toxic
against mammalian eukaryotic cells (Table 2) and crustaceans.8b


At the same time, activity against Plasmodium was observed. It is
tempting to speculate that this activity might be correlated with
the presence of plastids of cyanobacterial origin in Plasmodium,
where the actual targets of nostocarboline might be present.
Whether these targets are related to the known inhibitory action
of nostocarboline on hydrolytic enzymes such as esterases and
proteases must be validated. It is also unclear at present, whether
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nostocarboline and its dimers 2–11 act via the same mode of action
on Plasmodium: The increased cytotoxicity (and decreased selectiv-
ity) of some of the dimers suggests a competing non-selective
pathway for some dimers (e.g., 4 and 5).


An interesting compound to evaluate the mode of action, as
well as potential resistance mechanisms, is the hybrid 12 of
nostocarboline and ciprofloxacin (Fig. 1).9 Such dual-mode-of-
action hybrids combine the distinct bioactivity of two different
fragments leading to synergistic mode of action.14 We have
shown that 12 retains the activity of nostocarboline, with in-
creased properties against some bacteria.9 Interestingly, against
the parasites evaluated, compound 12 was found to be inactive
(Table 2).


The results obtained in this study also favorably compare to
other carbolinium natural products with antiplasmodial activity,
such as for example, normelinonine F,15a fascaplysin,15b and cry-
ptolepine.15a,c While the activities of these natural products against
P. falciparum are comparable, higher selectivity was observed for
nostocarboline (1). The tetra- and penta-cyclic framework of cry-
ptolepine and fascaplysine appear to increase DNA intercalation
properties resulting in increased unspecific cell toxicity.15 In addi-
tion, while natural dimeric cryptolepine alkaloids were inactive
against Plasmodium,15c synthetic nostocarboline dimers such as 7
resulted in significantly higher activity.


In conclusion, we have shown that nostocarboline (1) and its
symmetrical homodimers 2–11 are potent and selective inhibi-
tors of P. falciparum, and display also interesting activity against
L. donovani. The compound with the best profile was dimer 7,
with an IC50 against P. falciparum of 18 nM and a >2500-fold
selectivity against L6 cells. The benefits of the presented com-
pounds thus include (1) ease of synthesis in two steps from nor-
harmane; (2) potent activity down to 14 nM against P. falciparum
and (3) weak cytotoxicity resulting in selectivities of up to
>2500-fold. The elucidation of the mode of action as well as
evaluation in animal models is now being carried out in our
laboratories.
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Synthesis of fluorescent imidazole-based dicationic carbazolophanes incorporating various spacer units is
described. Interestingly, the cyclophanes 2a and 5a incorporating a pyridine moiety exhibited superior
antibacterial activity against most of the pathogenic bacteria in the tested concentrations as compared
to the other cyclophanes as well as the test control, benzalkonium chloride (BAC), cetylpyridinium chlo-
ride (CPC) and tetracycline.
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Supramolecular systems with a fluorescence tag play an impor-
tant role in biology.1 Carbazole-based fluorophoric receptors find
application as phosphate2 and fluoride ion sensors3 and as fluores-
cence markers for cancer cells.4 Cyclophanes have received much
attention in the areas of host–guest complexation, molecular
self-assembly and specific receptor activity. Imidazole-based dicat-
ionic cyclophanes have been used for the synthesis of carbenoid5


and silver complexes6 and these also exhibit interesting conforma-
tional behavior.7 Amphiphilic quaternary ammonium compounds
(QACs)8 are generally known to be antibacterial substances due
to their electrostatic and hydrophobic interactions with negatively
charged bacterial membranes. In medicine, QACs such as benzalko-
nium chloride (BAC) and cetylpyridinium chloride (CPC) are still
broadly used as antibiotics. The synthesis and antimicrobial activ-
ity of various QACs including imidazolium and pyrrolidinonium
salts,9 4,40-(a,x-polymethylenedithio)bis(1-alkylpyridinium io-
dide)s10 and fluorinated bis-ammonium salts11 are known in the
literature. Kawabata et al.12 have synthesized 30-(3-aminopyrazoli-
um)cephalosporins-based QACs which show good antibacterial
activity with Gram-positive and Gram-negative bacteria. Pernak
and Chwala et al.13 reported a quantitative relation between MIC
against bacteria and water–octanol partition coefficient (P) for cho-
line-like quaternary ammonium chlorides. Amphiphilc dendri-
mers14 and macrocyclic cavitand containing quaternary alkyl
ammonium groups at the periphery15 act as bactericidic agent with
high efficacy and good selectivity. Dicationic imidazolophanes with
various spacers like pyridine,16 m-terphenyl17 and chiral binaph-

All rights reserved.


: +91 44 22352494.
P. Rajakumar).

thol18 have been reported from our laboratory. However, to the
best of our knowledge, imidazole-based cationic macrocycles with
carbazole unit have not been reported. Herein, we wish to report
the synthesis and antibacterial activity of imidazole-based dicat-
ionic carbazolophanes 1–6.


The purpose of the synthesis of cationic carbazolophanes 1–6 is
to examine the antibacterial activity, due to their electrostatic and
hydrophobic interactions with negatively charged bacterial mem-
branes. Hence, antibacterial activity of the carbazolophanes 1–6b
was assayed against Proteus vulgaris, Proteus mirabilis, Pseudomonas
aeruginosa, Salmonella typhi and Staphylococcus aureus at different
concentrations.


The synthetic pathway leading to the synthesis of precyclo-
phane 10 and 11 is outlined in Scheme 1. Reaction of 1 equiv
of N-ethylcarbazole (7) with 2.1 equiv of p-toluoyl chloride in
the presence of AlCl3 in dry DCM at room temperature gave
the diketo compound 8 in 92% yield. NBS bromination of 8 in
the presence of Bz2O2 in dry CCl4 at reflux for 2 h gave the dibro-
mide 9 in 78% yield. The reaction of 2.1 equiv benzimidazole
with 1 equiv of dibromide 9 in 25% aq NaOH gave the precyclo-
phane 10 in 62% yield. Similarly the precyclophane 11 was also
obtained in 42% yield by the reaction of 2.1 equiv imidazole with
1 equiv of dibromide 9 in the presence of 25% aq NaOH. The
structure of precyclophanes 10 and 11 was also completely char-
acterized from spectral and analytical data.19,20 In the 1H NMR
spectrum of precyclophane 10, the –N–CH2– and –N@CH–N- pro-
tons of benzimidazole appeared as singlets at d 5.71 and d 9.32
and in the 13C NMR spectrum, the –N–CH2– carbon of benzimid-
azole and carbonyl carbon appeared at d 48.8 and d 195.2 in
addition to other carbons.
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Treatment of the precyclophane 10 with 1 equiv of dibromide
9 in CH3CN under reflux for 4 days afforded the carbazolophane
1 in 38% yield. The 1H NMR spectrum of carbazolophane 121 dis-
played two broad singlets at d 1.37 and d 4.57 for the methylene
and methyl protons of the N-Et unit, and a singlet at d 6.07 for
the –N–CH2– protons attached to the benzimidazole. The –N–
CH@N– protons appeared as a singlet at d 10.42 in addition to
the aromatic protons. In the 13C NMR spectrum, the N-Et car-
bons appeared at d 13.7 and d 38.1 and the –N–CH2– carbons
attached to the benzimidazole unit at d 49.7, a peak at d
194.7 for carbonyl carbon and in addition to the other aromatic
carbons.


In order to test the synthetic utility of precyclophane 10 for the
synthesis of various dicationic carbazolophanes, one equiv of
precyclophane 10 was coupled with each one equiv of 2,6-bis(bro-
momethyl)pyridine (12),22 1,4-bis(bromomethyl)-2,5-dimethoxy-
benzene (13),23 1,3-bis-(bromomethyl)-4-nitrophenol (14),24 and
m-terphenyl dibromides 15a–b25 to give the carbazolophanes 2a,
2b, 2c, 3a and 3b in 42%, 44%, 41%, 38% and 33% yields, respec-
tively, after usual purification (Scheme 2).


The 1H NMR spectrum of carbazolophane 2a26 showed two
singlets at d 5.93 and d 5.95 for CH2– protons attached to N atom
of benzimidazole units. The benzimidazole –N–CH@N– protons ap-
peared as singlet at d 10.25 in addition to other protons of carba-
zole and imidazole unit. In the 13C NMR spectrum, the –N–CH2–
carbon attached to the benzimidazole unit at d 49.7 and d 50.9
and the carbonyl carbon appeared at d 195.0 and in addition to

the other carbons. Similarly, the structure of other carbazolo-
phanes 2b–c, 3a–b was confirmed from spectral and analytical
data.27–29


By similar procedure, dicationic cyclophanes 4, 5a–c, 6a–b
were prepared in excellent yields by the reaction of 1 equiv of
the precyclophane 11 with one equiv of the dibromides 9, 12,
13, 14 and 15a–b in CH3CN under reflux for 4 days (Scheme
3). The structure of dicationic carbazolophanes 4, 5a–c and 6a–
b were completely characterized from spectral and analytical
data.30–34


Antibacterial activity: The antibacterial activity of the com-
pounds was evaluated against five human pathogenic bacteria
namely, P. vulgaris, P. mirabilis, P. aeruginosa, S. typhi and S. aur-
eus by the agar diffusion method. Among the carbazolophanes
1–6, the four cyclophanes namely, 2a, 2c, 5a and 5c exerted var-
ious levels of inhibitory effects against the pathogenic bacteria
(Table 1). Among 2a, 2c, 5a and 5c compound 2a exhibited sig-
nificant activity towards all the above mentioned bacteria fol-
lowed by compound 2c which also revealed remarkable
activity. The minimum inhibitory concentration (MIC) of com-
pound 2a was determined between 8 and 20 lg/ml as against
12 and 30 lg/ml for benzalkonium chloride (BAC), 18 and
42 lg/ml for CPC and 15 and 35 lg/ml for tetracycline. Carbazo-
lophane 5a and 5c also exhibited relatively better activity when
compare to the commercially available antibiotic like BAC, CPC
and tetracycline in inhibiting the growth of the above mentioned
bacteria. The antimicrobial activity35 of the test macrocycles was
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Table 1
Antibacterial activity (minimum inhibitory concentration lg/ml) of imidazolium
dicationic carbazolophanes


Dicationic
carbazolophanes


P.
vulgaris


P.
mirabilis


P.
aeruginosa


S.
typhi


S.
aureus


1 30 30 35 25 26
2a 15 10 20 15 8
2b 45 55 70 40 NI
2c 35 30 30 15 20
3a 50 50 65 45 45
3b 60 55 70 50 NI
4 40 35 55 25 25
5a 25 20 30 15 12
5b 60 55 80 50 75
5c 30 20 35 20 20
6a 70 75 75 55 75
6b 65 50 80 35 35
BAC 28 12 30 20 15
CPC 30 25 42 20 18
Tetracycline 35 20 35 15 20
Control NI NI NI NI NI


NI, no inhibition.
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dose-dependent and it was remarkable at higher concentrations.
Other cyclophanes 1, 2b, 3a, 3b, 4, 5b, 6a and 6b were less
effective than 2a, 2c, 5a and 5c. Overall analysis of the antibac-
terial activity revealed that cyclophanes 1, 2a, 2c, 4, 5a and 5c
remarkably inhibited the growth of all the pathogenic bacteria
in most of the tested concentrations as compared to other com-
pounds and the control (Table 1).


In conclusion, the dicationic carbazolophanes 2a, 2c, 5a and 5c
with pyridine and nitro phenol spacer unit exhibited good antibac-
terial activity against all five human pathogenic bacteria. The com-
pounds 2a and 5a may be developed further as antibiotic drugs as
these showed better activity against all the test pathogens than the
other compounds. However, further studies are required to deter-
mine their potential against a wide range of human pathogens and
its mode of action. Syntheses of other similar dicationic carbazolo-
phanes and their antibacterial activity as well as molecular recog-
nition towards various biologically important anions are under
investigation.
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1.36 (t, 3H, J = 7.1 Hz); 4.63 (q, 2H, J = 7.1 Hz); 5.62 (s, 4H); 5.66 (s, 4H); 7.56–
7.64 (m, 4H); 7.79–7.93 (m, 15H); 8.71 (s, 2H); 9.50 (s, 2H). 13C NMR (75 MHz,
DMSO-d6): d (ppm) 13.7, 37.7, 51.2, 51.3, 109.6, 120.3, 122.1, 122.2, 123.7,
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194.8; m/z (FAB-MS) 888 (M+). Elemental Anal. Calcd for C44H36Br2N6O5: C,
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34. Cyclophane 6a: Yield 35%; mp >300 �C; 1H NMR (300 MHz, DMSO-d6): d (ppm)
1.35 (br s, 3H); 4.54 (br s, 2H); 5.53 (s, 4H); 5.61 (s, 4H); 7.54–8.01 (m, 28H);
8.68 (s, 2H); 9.64 (s, 2H). 13C NMR (75 MHz, DMSO-d6): d (ppm) 13.7, 37.7,
51.7, 51.8, 109.7, 122.1, 122.8, 123.1, 125.1, 126.1, 127.0, 127.4, 128.3, 128.6,
129.1, 129.2, 129.6, 130.1, 130.2, 136.1, 138.4, 139.9, 140.4, 142.9, 194.7; m/z
(FAB-MS) 979 (M+). Elemental Anal. Calcd for C56H45Br2N5O2: C, 68.65; H, 4.63;
N, 7.15. Found: 68.78; H, 4.72; N, 7.28.


35. Antibacterial activity: The cultures of human pathogenic bacteria P. vulgaris, P.
mirabilis, P. aeruginosa, S. typhi and S. aureus used in this study were obtained
from the Culture Collections of Biocontrol and Microbial Metabolites
Laboratory, Centre for Advanced Studies in Botany, University of Madras and
maintained on Nutrient Agar (NA), consisting of the following [(g/L) Beef
extract 1.0; Yeast extract 2.0; Peptone 5.0; NaCl 5.0; Agar 15.0; Distilled H2O
1 L; pH 7.2.] in slants or Petriplates at room temperature (28 ± 2 �C). The
antibacterial activity of the compounds against human pathogens was
evaluated by the agar diffusion method. About 1 ml of inoculum of each test
pathogen was added to the molten Nutrient Agar (NA) medium and poured
into sterile Petriplates under aseptic conditions. After solidification, a 5-mm
well was made in the centre of each plate using a sterile cork borer. Each
compound was dissolved in 10% DMSO to get different concentrations and
filter was sterilized using 0.25 lm filter paper. Each well received 50 lL
solution of each compound and the plates were incubated at room
temperature. Sterile DMSO (10%) was used as control. After 48 h, the
appearance of inhibition zone around the well was observed.
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A series of 2-alkenyl thieno[2,3-b]pyridine inhibitors of PKCh were synthesized as potential inflammatory
modulators. This series led to the discovery of 2-alkenyl amides, which are exceptionally potent and
selective inhibitors of PKCh. Compound 8 has an IC50 of 3.8 nM against PKCh and shows excellent selec-
tivity over a variety of PKC isoforms.
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T cell receptor (TCR) activation is an essential step in the clearance.7,9 For these reasons, the inhibition of PKCh has recently


mounting of an effective immune response. The binding of an anti-
gen/major histocompatibility complex (MHC) to the TCR leads to
the formation of a supramolecular activation cluster (SMAC)
which, in conjunction with stimulation of CD28, begins a phos-
phorylation cascade that ultimately results in transcriptional acti-
vation of interleukin-2 (IL-2).1 Increased levels of IL-2, in turn,
promote T cell proliferation and differentiation, contributing to
an inflammatory response.2


Protein kinase C theta (PKCh) is a serine/threonine kinase ex-
pressed primarily in lymphocytes and mast cells. PKCh knockout
mice have been reported to have significant defects in their re-
sponse to T cell stimulation. PKCh plays an essential role in the
TCR-mediated activation of transcription factors which, in turn,
upregulate IL-2 gene expression.3 Specifically, PKCh knockout mice
have shown diminished responses in various T cell mediated dis-
ease models including the type II collagen-induced arthritis (CIA)
model,4 the experimental autoimmune encephalomyelitis (EAE)
model of multiple sclerosis,5,6 and the ovalbumin challenge
(OVA) model of asthma.7,8 Interestingly, in spite of their defective
T cell activation pathway, PKCh knockout mice have been shown
to have normal Th1 cell response in the lung and normal viral

All rights reserved.


: +1 845 602 5561.
an Tumey).

become an attractive target for treatment of autoimmune and
inflammatory diseases.10–13


We recently reported a series of 2-phenylthieno[2,3-b]pyridine-
5-carbonitrile inhibitors of PKCh.13 The previous work13,14 sug-
gested that the presence of a solubilizing amine tail and/or a
hydrogen-bond acceptor on the phenyl ring significantly improved
the inhibitory activity against PKCh. We reasoned that the phenyl
group may serve primarily as a ‘linker’ connecting the thieno[2,3-
b]pyridine core to the important hydrogen-bond accepting residue.
With this in mind, we studied variations of this linker. The present
work focuses on attachment of various alkenyl amides that connect
the core to the requisite polar side chain.


The initial synthesis of this class of compounds is illustrated in
Scheme 1. The previously reported thieno[2,3-b]pyridine 115 was
deprotonated with LDA at �78 �C and subsequently quenched with
DMF to give aldehyde 2. Wittig coupling with the appropriate
phosphorus ylid followed by introduction of the aminoindole
headpiece by nucleophilic aromatic substitution gave ester 3.
Saponification followed by amidation gave the desired pyrrolidine
amide 4.


Compound 4 proved to be a potent inhibitor of PKCh with an
IC50 of 130 nM, but more importantly showed approximately
140-fold selectivity over PKCd. Selectivity for PKCh is desirable con-
sidering reports that PKCd deficiency in mice results in B cell
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Table 1
PKCh and PKCd activities of various alkenyl amide substituted thieno[2,3-b]pyridines


NS


HN
CN


NH


O


X


Compound X PKCh IC50
a (nM) PKCd IC50


a (nM)
(PKCd/PKCh)


8 Pyrrolidine 3.8 1300 (340�)
9 (±) 3-Hydroxy pyrrolidine 41 450 (11�)


10
N


N 180 430 (2�)


11
N


N 170 340 (2�)


12 Piperidine 48 450 (9�)
13 Morpholine 53 4100 (78�)
14 Piperazine 88 200 (2�)
15 N–Me–piperazine 43 73 (2�)
16 H2N– 12 67 (6�)
17 Me2N– 1.6 2100 (1300�)
18 Et2N– 2.0 250 (120�)
19 EtNH– 15 500 (34�)
20 PhNH– 110 500 (4�)
21 MeO–(CH2)2–NH– 48 1800 (38�)
22 Me2N–CH2–CH2–N(Me)– 150 790 (5�)
23 Me2N–NH– 100 420 (4�)


24
HN
N 370 330 (1�)


a Values are means of two or more experiments.
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hyperproliferation.16,17 Due to the very high active-site sequence
identity with PKCh, selectivity over PKCd has been difficult to
achieve in the related 2-phenylthieno[2,3-b]pyridine series.13


Due to its potent activity and good selectivity, we desired a
more versatile synthesis of alkenyl amides related to compound
4. Therefore, a new synthesis was devised (Scheme 2) that short-
ened the prior sequence by one step and avoided the need for cryo-
genic lithiation. Based on our previous studies with the related 2-
phenylthieno[2,3-b]pyridine series,13 we decided to incorporate
the more active 4-methyl-5-aminoindole headpiece in place of
the 5-aminoindole headpiece in 4. The new synthetic sequence uti-
lized phosphite promoted Heck coupling18 of 513 with tert-butyl
acrylate to give compound 6. Acidic hydrolysis followed by carbo-
diimide coupling gave the various acrylamides shown in Table 1.


In agreement with our previous findings, incorporation of a 4-
Me group on the indole significantly improved inhibitory activity
against PKCh. We found that compound 8 was approximately 30-
fold more active against PKCh than compound 4 (3.8 nM vs
130 nM, respectively). More importantly, compound 8 retains
and even slightly improves upon the PKCd/PKCh ratio that was ob-
served for compound 4 (340-fold vs 140-fold, respectively).


Addition of a hydroxyl or tertiary amine solubilizing tail to the
pyrrolidine ring (9–11) resulted in a loss of over one log unit of
activity against PKCh (shown in Table 1). Furthermore, expansion
of the five-membered ring to a six-membered ring (12–15) also re-
sulted in a 10- to 15-fold loss in PKCh activity. Interestingly, most
of these examples proved to be more potent against PKCd than the
parent compound (8). This resulted in dramatic losses of selectivity
for most of these analogs. On the other hand, small dialkyl amides
such as 17 and 18 retained both the activity and selectivity of the
parent compound. Monosubstituted amides (19–21), however,
were approximately 4- to 15-fold less potent against PKCh than
the parent compound.
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In spite of the excellent activity and selectivity observed for
compounds 8, 17, and 18, these compounds suffered from very
poor aqueous solubility (data not shown). However, the incorpora-
tion of amine solubilizing groups (10–11, 14–15, and 22) resulted
in a significant loss of PKCh inhibitory activity and/or selectivity
against PKCd. Movement of the basic moiety closer to the carbonyl
via acyl hydrazines (23, 24) also resulted in compounds with poor
PKCh inhibition.


Having extensively explored the amino moiety (Table 1), we
next made variations of the carbonyl and alkene portion of amide
8 (Scheme 3). Alkene 8 could be catalytically reduced with hydro-
gen to give propanamide 25. Suzuki coupling of 5 with 3-(pyrroli-
dine-1-carbonyl)phenylboronic acid gave 26. Likewise, Suzuki
coupling of 5 with (E)-3-chloroprop-1-enylboronic acid in the pres-
ence of pyrrolidine gave allyl amine 27. Interestingly, this Suzuki
reaction requires the presence of the secondary amine. In the ab-
sence of an amine nucleophile, 5 was recovered unchanged. It is
believed that nucleophilic displacement of the allyl chloride frees
the palladium catalyst from the p-allyl complex that it forms with
(E)-3-chloroprop-1-enylboronic acid, thereby allowing the Suzuki
reaction to take place to give 27. This reaction has proven to be
rather general in scope and further examples will be reported else-
where (unpublished observations).


In addition to exploring the a,b-unsaturated carbonyl linker, we
were also interested in the effect of a methyl group on the thio-
phene core. The 3-methylthieno[2,3-b]pyridine skeleton was made
as illustrated in Scheme 4. The 2-aminothiophene 28 was formylat-
ed with DMF–DMA and treated with tert-butylcyanoacetate to give
enamine 29. Upon heating to 250 �C in diphenyl ether, compound
29 underwent a thermal elimination of isobutylene followed by
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Table 2
PKCh and PKCd activities of various pyrrolidinyl-thieno[2,3-b]pyridines


NS
L


HN
CN


NH


N
R


Compound L R PKCh IC50
a (nM) PKCd IC50


a (nM) (PKCd/PKCh)


8
O


H 3.8 1300 (340�)


25
O


H 250 1800 (7�)


26


O


H 58 180 (3�)


27 H 22 100 (5�)


33
O


Me 3.5 380 (110�)


a Values are means of two or more experiments.
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decarboxylation and concomitant cyclization to form thieno[2,3-
b]pyridone 30. Iodination followed by treatment with POCl3 gave
intermediate 31. This compound was converted in 4 steps to 33
by the previously described route.


As shown in Table 2, propanamide 25 lost nearly two log units
of inhibitory activity against PKCh as compared to the parent com-
pound 8. This suggested a significant structural role for the rigidity
provided by the alkene. Replacement of the alkene with a phenyl
(26) resulted in loss of both potency and selectivity. Replacement
of the carbonyl with a methylene (27) resulted in a loss of approx-
imately one log unit of activity suggesting that the carbonyl plays a
role in the binding to PKCh. However, the significant improvement
of PKCd inhibitory activity observed for this compound suggested
that the carbonyl is key for selectivity against this PKC isoform.
Addition of a methyl group to C-3 of the core thieno[2,3-b]pyridine
seemed to have little effect on potency and selectivity. Compound
33 retained the excellent potency of parent compound 8 (3.5 nM vs
3.8 nM) and the selectivity of the parent compound (110� vs
340�).


While extensive SAR was determined for compound 8, no sig-
nificant improvements were identified in potency (Tables 1 and
2) or in pharmaceutical profile (data not shown). We therefore sub-
jected compound 8 to further biological characterization in order
to determine if it was a suitable candidate for advancement. We
found that compound 8 inhibited the anti-CD3/anti-CD28 pro-
moted release of IL-2 from wild-type murine T cells, with an IC50


of 170 nM.12 As was expected based on the rather selective inhibi-
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tion of PKCh, the compound had a significantly reduced effect on
IL-2 release upon stimulation of T cells that were isolated from
PKCh knockout mice (IC50 > 1000 nM). Compound 8 had a T1/2


greater than 30 min in rat liver microsomes and had limited inhi-
bition of various cytochrome P450 isozymes at 3 lM (<50% inhibi-
tion of 2D6 and 2C9 and �60% inhibition of 3A4).


Table 3 illustrates the kinase selectivity profile for this com-
pound. Compound 8 is exceptionally selective over other PKC iso-
forms. However, significant inhibitory activity was observed
against Src family kinases. Due to their role in T cell activation,
the inhibition of certain Src family kinases such as Lck and Fyn
may actually be beneficial in a PKCh targeting therapeutic.19 How-
ever, inhibition of other Src family kinases such as Lyn may lead to
impaired B-cell response.20 The in vitro selectivity necessary for
safe clinical use is unknown at this time.


In spite of the promising overall profile of compound 8, its poor
aqueous solubility placed great limitations on our ability to obtain
meaningful pharmacokinetic (PK) results (data not shown). Addi-
tional work will be reported at a later time regarding efforts to im-
prove upon the PK profile and Src family selectivity of this family of
compounds.
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Table 3
Kinase selectivity panel for compound 8


Kinase IC50 (nM) Kinase IC50 (nM)


PKCh (target) 3.8 MK2 >50,000
PKCa >50,000 VEGFR2 >50,000
PKCb >100,000 ERK2 >50,000
PKCd 1300 P38a >50,000
PKCe 3000 IKKa >50,000
PKCg 51,000 IKKb >50,000
PKCf >100,000 MET >50,000
RSK1 >50,000 PDGFRa >50,000
Aurora B >50,000 ITK >20,000
CDK1/cyclin B >50,000 SRC 330
CHK1 >50,000 FYN 25
PKA >50,000 HCK 26
ROCK1 >50,000 LCK 46
CK1c1 >50,000 LYN 28
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In summary, we have described the synthesis and SAR of a
series of 2-alkenylthieno[2,3-b]pyridines as PKCh inhibitors.
Incorporation of the alkenylamide moiety resulted in the identi-
fication of several low nM compounds with >100-fold selectivity
over the closely related PKCd isoform. One of these compounds
(8) was more fully characterized biologically and found to have
good selectivity over other PKC isoforms and a reasonable phar-
maceutical profile. Compound 8 was shown to potently inhibit
the activation of wild-type murine T cells. Comparison of this
activity with that against T cells lacking PKCh strongly suggests
that this compound is exerting its activity by blockade of the
PKCh pathway.
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We have synthesized and evaluated a,a -disubstituted phenylacetate derivatives that were designed as
T-type calcium channel blockers. Among them, compound 10e (IC50 = 8.17 ± 0.48 nM) showed the most
potent T-type calcium current blocking activity and higher potency than Mibefradil (IC50 = 1.34 ±
0.49 lM). The PK profile and subtype selectivity over L-type calcium channel were satisfied for further
animal assay using disease model.


� 2008 Elsevier Ltd. All rights reserved.

Voltage-dependent calcium channels have crucial roles in trans-
lating electrical signals into biochemical events such as enzyme
activity, neurotransmitter release, neuronal excitability, neurite
outgrowth, and gene transcription.1 They are subdivided into two
major classes, high-voltage activated (HVA or L-type) and low-
voltage activated (LVA or T-type) calcium channels based on their
biophysical and pharmacological properties. Mibefradil (Posicor�,
Hoffman-La Roche) which was launched in 1998 for the treatment
of hypertension and angina pectoris,2–4 blocks T-type calcium
channels at concentration lower than that needed to block L-type
calcium channels.5,6 Unfortunately, the drug was withdrawn from
the market due to drug–drug interaction with antihistamine such
as astemizole, but this side effect is not related to T-type calcium
channel blockade.7,8 T-type calcium channels are involved in car-
diac pacemaking,9 regulation of vascular tone, and secretion of var-
ious types of hormones.10–13 Thus, T-type calcium channel is now
considered to be a novel therapeutic target for the treatment of
cardiovascular, neuronal, and endocrine systems.14 Currently
several compounds including Mibefradil analogues15 have been
reported to inhibit T-type calcium channels; however, none of
them have shown high potency and selectivity to this channels.
In this study, we designed and synthesized compounds with po-
tency and selectivity to T-type calcium channel using the 3D ligand
based pharmacophore model, which was generated by hypothesis
approach (HipHop) implemented in CATALYST program16,17


(Fig. 1). As a result of in vitro inhibition assay, most of compounds
showed higher inhibition activities than Mibefradil. Especially,

All rights reserved.


+82 2 958 5189.

compound 10e showed the most potent T-type calcium channel
blocking activity and good selectivity over L-type calcium channel.


10a–g and 11a–j were synthesized via a routine procedure
shown in Schemes 1 and 2. Aminobenzimidazole intermediates
5a–c were prepared from 4-methylaminobutyric acid 1.18 Protec-
tion of the secondary amine with benzyloxycarbonyl (Cbz) affor-
ded compound 2, which was then treated with isobutyl
chloroformate and o-phenylenediamines to provide compounds
3a–c in 59–94% yields. They were treated with p-toluenesulfonic
acid in toluene under reflux condition to give cyclized benzimidaz-
oles 4a–c in 33–77% yields. Deprotection of Cbz group from the
secondary amines with 10% Pd/C gave compounds 5a–c in
69–95% yields.


The methods for the preparation of the title compounds were
shown in Scheme 2. Starting from phenylacetic acids 6a–c, the car-
boxylic acids were esterified to make esters 7a–c in 90–95% yields,
which were alkylated with t-BuOK and isopropyl bromide to give
compounds 8a–c. Compounds 9a–c were obtained via treating
8a–c with LDA and dibromopropane in THF under anhydrous con-
dition. The coupling reaction of 9a–c with previously prepared
benzimidazole derivatives 5a–c and commercially available piper-
azine derivatives under basic condition (K2CO3, EtOH) produced
compounds 10a–g in 20–46% yields and compounds 11a–j in
47–69% yields, respectively.


In vitro calcium channel blocking activities of 10a–g and 11a–j
were tested with T-type calcium channels expressed in HEK293
cells (a1G). All the compounds exhibited promising activities on
a1G calcium channels expressed in HEK293 cells at 10 lM concen-
tration by the whole-cell patch-clamp method in a preliminary
assay.19,20 Then the molar concentrations needed to produce 50%
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Figure 1. Designed structures for T-type calcium channel blocker and mapping result of suggested pharmacophore with 10a.
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inhibition of peak currents (IC50) were measured and summarized
in Tables 1 and 2 with Mibefradil as a positive control for compar-

ison. According to the assay results, most of derivatives exhibited
significant inhibitory activities on HEK293 cells and numbers of







Table 4
Plasma and brain pharmacokinetic parameters in mouse obtained via a single oral
dose


10e


Brain Plasma B/Pa


Doseb (mg/kg) 50 50
Tmax (h) 1.0 1.0
Cmax (ng/ml) 274 1615 0.17
AUC0–t


c (h ng/ml) 973 3902 0.25


a B/P = AUCbrain/AUCplasma.
b The vehicle of PK experiment: DMA/Cremophor EL/PBS (10/10/80 v/v %).
c Area under curve (AUC) values were calculated by linear trapezoidal rule.


Table 2
In vitro calcium channel blocking effects of piperazine derivatives


N
N


R5


R3


O


OR4


11a-j


Compound R3 R4 R5 Patch-clamp HEK293 cell (T-type a1G, n = 3)21


% Inhibition (10 lM) IC50 (lM)


11a H Et 4-Methoxybenzyl 96.3 ± 1.7 0.34 ± 0.02
11b H Et 4-Fluorobenzyl 94.0 ± 2.5 0.26 ± 0.03
11c Br Me 2-Fluorobenzyl 90.4 ± 3.2 0.74 ± 0.02
11d Br Me 3-Fluorobenzyl 89.3 ± 1.6 0.98 ± 0.11
11e Br Me 4-Fluorobenzyl 96.5 ± 1.7 1.11 ± 0.05
11f Br Me 3-Trifluorobenzyl 93.0 ± 1.5 0.28 ± 0.02
11g Br Me 2-Methoxyphenyl 94.1 ± 1.5 95.04 ± 14.78 (nM)
11h Br Me 4-Methoxybenzyl 96.0 ± 1.7 0.48 ± 0.08
11i Br Me 2,3,4-Trimethoxybenzyl 95.1 ± 1.9 0.32 ± 0.01
11j Br Me 3-Methylbenzyl 94.9 ± 1.5 0.39 ± 0.03
Mibefradil 95.9 ± 1.7 1.34 ± 0.49


Table 1
In vitro calcium channel blocking effects of benzimidazole derivatives


N


R3


N
H


N


R1


R2O


OR4


10a-g


Compound R1 R2 R3 R4 Patch-clamp HEK293 cell (T-type a1G, n = 3)21


% Inhibition (10 lM) IC50 (lM)


10a H H H Et 98.3 ± 0.9 0.25 ± 0.005
10b Me Me H Et 91.4 ± 0.4 0.10 ± 0.01
10c H H OMe Me 93.5 ± 3.2 0.19 ± 0.001
10d OMe H OMe Me 91.7 ± 1.9 0.88 ± 0.07
10e H H Br Me 96.9 ± 0.5 8.17 ± 0.48 (nM)
10f OMe H Br Me 94.5 ± 1.2 0.25 ± 0.01
10g Me Me Br Me 94.2 ± 0.4 (1 lM) 53.02 ± 4.87 (nM)
Mibefradil 95.9 ± 1.7 1.34 ± 0.49
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compounds showed excellent blocking efficacy. Especially, com-
pounds 10e, 10g, and 11g had 14- to 160-fold higher potency than
Mibefradil.


Among them, 10e22 exhibited the most potent T-type calcium
current blocking activity (8.17 ± 0.48 nM). Thus, further evalua-
tions of 10e such as hERG inhibition, pharmacokinetic profile
assay, and selectivity test over L-type calcium channel were carried
out. According to the hERG inhibition assay, IC50 of 10e was
178 nM (Table 3).23 Although the absolute IC50 value of hERG inhi-
bition was low, the relative ratio over two channels was moder-
ately high (hERG IC50/T-type a1G IC50 = 21.8). Moreover, %
inhibition value against L-type calcium channel at 1 lM of 10e
was 0%. It means that 10e could distinguish T-type and L-type
calcium channel effectively and block T-type calcium channel

Table 3
Selectivity data of compound 10e against hERG and L-type calcium channel


Compound T-type IC50 (nM) hERG IC50 (lM) % Inhibition of L-type at 1 lM


10e 8.17 0.178 0

selectively (T-type/L-type > 1000). In order to examine in vivo
dynamics, 10e was subjected to pharmacokinetics analysis in
mouse. 10e was administered as single oral dose (50 mg/kg) and
evaluated in the plasma and brain. Based on the pharmacokinetic
data, compound 10e exhibited competitive pharmacokinetic pro-
files in plasma. It is inferred that 10e is metabolically stable in liver
enzymes (T1/2 = 1 h) and has comparable absorption in gastrointes-
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tinal system. Also, 10e could penetrate BBB and reach to brain in
25% ratio compared to plasma (Table 4).


In summary, 10a–g and 11a–j were designed and synthesized
based on pharmacophore mapping study and most of compounds
showed higher T-type calcium channel inhibition activities than
Mibefradil. Among them, compound 10e exhibited the most potent
T-type calcium current blocking activity and good pharmacokinetic
profiles. Furthermore, 10e showed excellent selectivity over L-type
calcium channel. Therefore, the series of title compounds were
suggested to elucidate the potential of new therapeutics for T-type
calcium channel associated disease such as hypertension, neuro-
pathic pain, and migraine based on the fundamental etiology.
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The biphenyl amides are a novel series of p38 MAP kinase inhib-
itor. Initial lead optimisation focused on optimisation of the amide
substituent and of the 1,3,4-oxadiazole moiety.1 Replacement of
the oxadiazole by other heterocycles led, in most cases, to lower
p38a activity. However, the 40-amide readily accommodated a
wide range of different groups which provided improved enzyme
and cellular potency and led to the discovery of 1.


X-ray crystallography of 1 bound to the ATP-site of p38a
showed that the oxadiazole occupied a mainly lipophilic pocket,
and that the nitrogen atoms on the oxadiazole formed hydrogen-
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bonds to the kinase backbone at Asp168 and Phe169 in the DFG-
motif.2 The oxadiazole oxygen was positioned near the acid of
the Glu71 sidechain. Modelling suggested that the isosteric
replacement of the oxadiazole by an amide would maintain the
hydrogen bond to Asp168 from the carbonyl oxygen, and in addi-
tion donate a hydrogen bond to Glu71 through the amide NH.
The amide functionality also offered potential for increasing
p38a potency by optimisation of the interactions with the lipo-
philic pocket.


The synthesis of the compounds concentrated on two coupling
reactions. The first connected amines to an acid core, to form benz-
amides A, while the second coupled acids to an amine core to give
anilides B (Fig. 1).


Substituents were chosen with two goals in mind. The first was
to probe the pocket filled by the oxadiazole in the X-ray complex of
1 using a range of similarly sized groups. The second was to try to
access the ‘‘DFG-out” conformation of p38a, first described in the
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Figure 1. Benzamides (A) and anilides (B) showing ring numbering and p38
interactions.
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Scheme 1. Reagents: (a) cyclopropylmethylamine, NEt3, THF, 74%; (b) bis(pinaco-
lato)diboron, PdCl2(dppf), KOAc, DMF 54%; (c) Pd(PPh3)4, 1 M Na2CO3 (aq), DME,
78%; (d) amide coupling, for example amine, HATU, DIPEA, DMF. (For 4 the order of
amide formations was reversed.)
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literature for the complex of BIRB-796.3 Discussion here will be
limited to biphenyl amides with the DFG-in binding mode: com-
pounds with the DFG-out binding mode will be reported
elsewhere.4


Appropriately substituted, both benzamides and anilides gave
rise to potent inhibitors. Table 1 shows p38a activity data for a
range of benzamides, prepared as in Scheme 1.


The cyclopropyl amide 3 (Ki 12 nM) is one of the most potent
inhibitors from the benzamide series. The X-ray structure of 3
complexed to p38a was solved and is shown (Fig. 2) superimposed
on that of 1 which has already been described.2,6 In the hinge re-
gion, the 40-amides of 1 and 3 make the same hydrogen bond to
Met109, and the substituents occupy the same region of the active
site.


The two toluene rings overlay very closely. As expected, the
oxygen of the 3-amide overlays closely with the N3 atom of the
oxadiazole. Both accept hydrogen bonds from the backbone NH
of Asp168. Compound 3 also donates an additional hydrogen bond
from the 3-amide NH to the sidechain of Glu71.


The cyclopropyl group fits tightly in a lipophilic pocket, whose
base is formed by the sidechains of Leu74 and Phe169, subtly rear-
ranged from their positions in the complex with 1. The sidechains
of Glu71, Leu75 and Leu171 form the pocket walls. Small groups,
such as the ethyl analogue (2), are less potent and would not fill
this lipophilic pocket completely. Cyclopropyl has the greatest
activity (3) which would indicate that it is a more optimal size.
Longer aliphatic groups (e.g. 4, 5) show decreasing activity which

Table 1
Activities against p38a of small benzamide analogues (nM)5


O
N
H


R


O


N
H


Me
O


N
H


N
N


O


Me


Me


1


Compound R IC50 Ki


1 Not applicable 3000 480
2 Ethyl 610 100
3 Cyclopropyl 75 12
4 Propyl 970 150
5 Cyclopropylmethyl 550 90
6 Isobutyl 11000 1600
7 Cyclopentyl 2700 430
8 Cyclohexyl 8800 1400
9 Isopropyl 2500 400
10 Cyclobutyl 850 130
11 Phenyl 460 70
12 1,3-Thiazol-2-yl 86 14
13 1,3,4-Thiadiazol-2-yl 150 20

may be as a result of a clash with Leu74 or Phe169 in the pocket
floor. Groups such as isobutyl, cyclopentyl and cyclohexyl (6–8)
are weakly active. Although they would penetrate the pocket to a
similar depth to 3, they are wider and may clash with Glu71,
Leu75 or Leu171 in the pocket walls. Groups of similar size to
cyclopropyl such as isopropyl and cyclobutyl (9, 10) are over 10-
fold weaker than 3, which further indicates the tight steric
requirements.


Aromatic groups (11–13) also show size-dependent trends. The
smaller 5-membered heteroaromatics (12, 13) are more potent
than phenyl (11).


Anilides B (Fig. 1) were also synthesized (Scheme 2). X-ray com-
plexes of several examples have been solved, and are very like the
structure of 3 (data not shown). Both of the hydrogen-bonding
interactions made between the amide linker and the protein are
maintained, even though its direction is reversed. There is a slight
shift in the position of the attached substituent resulting in differ-
ent SAR for the two series of amides (Table 2).


As with the benzamides, activity against p38a of compounds
with the anilide alkyl substituents increases with size until the
optimal size is reached, then rapidly decreases (14–22). Alkyl
amides are weaker in the anilide series than in the benzamides.
While the cyclopropyl substituted benzamide (3) is one of the most
active compounds in that series, the cyclopropyl substituted ani-
lide (16) is not particularly potent. Propyl (17) is the most active
alkyl amide but is still threefold lower in activity than 3. The ani-
lides show a clear preference for aromatic substituents (23–28)
which are more potent than their analogues in the benzamide ser-
ies (compare 23 to 11). Despite the good potency achieved in this
series, the benzamides were preferred due to the potential toxicity
risks associated with aniline formation during metabolism of the
anilides.7


Variation at the 40 amide position (29–37), Table 3, was intro-
duced into the benzamide series (Scheme 3). The 40-amide substi-
tuent points towards solvent in a similar way to that of the 40-
amide of oxadiazole 1 and the SAR trends at this position in the
amide series are very like those seen for the oxadiazoles.1 A wide
range of substitution on the 40-amide is tolerated. Aryl and benzyl
groups (29–33) show the greatest activity. Compounds from Table
3 were typically 50-fold more potent than the equivalent
oxadiazoles.1







Figure 2. X-ray structure of 3 compared to 1 showing the 3-amide superimposed on the oxadiazole.


Table 2
Activities against p38a of small anilide analogues (nM)5


NH
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Me


Compound R IC50 Ki


14 Methyl 4000 630
15 Ethyl 1100 170
16 Cyclopropyl 2300 350
17 Propyl 240 40
18 Cyclobutyl 1700 270
19 Cyclopropylmethyl 450 70
20 Isobutyl 2100 330
21 Cyclopentyl 7000 1100
22 Cyclohexyl 12000 1900
23 Phenyl 76 12
24 2-Furan 160 25
25 3-Furan 96 15
26 2-Thiophene 200 32
27 3-Thiophene 34 5
28 5-Isoxazole 40 6
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Table 3
Activities against p38a of small benzamide analogues (nM)5
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Me


Compound R IC50 Ki


3 Cyclopropylmethyl 75 12
29 3-Cyanophenyl 33 5
30 4-Methoxyphenyl 42 7
31 3-Methoxybenzyl 23 4
32 3-[(Methylsulfonyl) amino]benzyl 10 2
33 4-(N-Me)piperazinyl benzyl 21 3
34 NH2 610 97
35 Propanol 270 43
36 Propylmorpholine 650 100
37 Dimethyl propylamine 230 370
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H2O, ii—various amide coupling conditions, for example amine, HATU, DIPEA, DMF.
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The methyl on the toluene ring is one of the key requirements
for p38a activity in the series. As reported for the oxadiazole BPAs,
modification in this region (38–45, Scheme 4) usually led to loss of
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were on opposite Suzuki coupling partners.)


Table 5
Pharmacokinetic parameters of 3 measured in rat12


IV plasma clearance (ml/min/kg) 6
IV steady state volume of distribution (l/kg) 0.6
IV plasma terminal t1/2 (h) 1.3
Oral bioavailability 113%
Brain:plasma ratio 0.1–0.3
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activity as shown in Table 4.2 Only chlorine was able to adequately
replace methyl. When the methyl was replaced by smaller groups
such as hydrogen or fluorine (38, 41,42) the p38a activity de-
creased by about 100-fold. Slightly larger groups, such as methoxy
(40, 44), caused a similar loss of potency. This data can be rationa-
lised by studying the X-ray structure of 3. The methyl appears to be
the optimal size to fill the small lipophilic pocket formed by Ala51
and Thr106. Wedged against the beta sheet in the N-terminal lobe,
this part of the site has little freedom to move in response to
changes in the ligand. Compounds from Table 3 were typically
50-fold more potent than the equivalent oxadiazoles. This
improvement is consistent with that seen for compound 3 over
1, and can be rationalised in the same way.


Compounds from the bis-amide series had an improved profile
over the oxadiazole series.1 Compound 3 had a Ki of 12 nM,5 a sig-
nificant improvement over the value of 480 nM for 1. Compound 3
also inhibited the phosphorylation of ATF-2 by p38a with a Ki of
10 nM.8 Selectivity was assessed by screening against a panel of
56 protein kinases. Only p38a and p38b (Ki = 24 nM) were signifi-
cantly inhibited by 3. The compound was at least 100-fold selective

Table 4
Activities against p38a of methyl replacements (nM)5


R
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O NH


O
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H
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HN


O


N
H


O


O


Compound R1 IC50 Ki


3 Me 75 12
38 H >16,000 >2500
39 Cl 160 25
40 Methoxy 3300 520
41 Fluoro 2900 460


R2


25 Me 96 15
42 H 5900 940
43 Cl 63 10
44 Methoxy >16,000 >2500
45 Dimethylamine >16,000 >2500

against AKT1, Aurora A, EGFR, EphB4, GSK-3b, JNK3, Lck, ROCK1
and Syk. A similarly selective profile was observed for other mem-
bers of the series. In addition, 3 was submitted to the KinomeScan
assay panel, which measures binding against over 200 kinases or
kinase domains fused to T7 bacteriophage.9a Compound 3 only
showed significant ability to displace an immobilised ATP-site li-
gand from p38a and p38b. This compares favourably to literature
data for p38 inhibitors VX-745 and BIRB-796 which in a smaller
panel were reported to bind to a number of off-target kinases.9b


Compounds were profiled in a series of assays measuring the
inhibition of a panel of p450 enzymes.10 Compound 3 was not a po-
tent inhibitor of isoforms 1A2, 2C19, 2D6 or 3A4 (IC50 > 10 lM), but
it did inhibit p450 2C9 with IC50 of 4.4 lM.


Along with other potent examples from the series, 3 was pro-
filed in cellular assays. It was a very potent inhibitor of TNF-a re-
lease from peripheral blood mononuclear cells with IC50 of
250 nM, a considerable improvement over 1 (2.5 lM).11 In addi-
tion, 3 reduced the level of TNFa in response to LPS-stimulation
of whole blood with IC50 = 1 lM.11


Compound 3 had good pharmacokinetic properties in the rat
(Table 5).12 Oral bioavailability was excellent, with low clearance
and a moderate volume of distribution. The compound also
showed a low brain:plasma ratio, which would reduce any risk of
unwanted activity in the CNS.


Interestingly, the cyclopropylamide amide replacement (3) for
the methyl-oxadiazole (1) seemed to boost further the oral bio-
availability of 3, despite the additional hydrogen bond donor (1
showed oral bioavailability of 50% and similar clearance to 3).1


However, the substitution did not affect the brain penetration in
the rat, which was low for both compounds (brain:plasma ratio
for 1 was 0.3). A potential explanation for these findings is that
the complete oral bioavailability of 3 may have been driven by a
slightly improved solubility over 1, or may have been determined
by a different impact of active component of intestinal absorption,
rather than by simple passive transcellular absorption.


In addition, compound 3 showed excellent activity in a rat PG-
PS (peptidoglycan-polysaccharide) reactivation model, with
ED50 = 0.02 mg/kg.2 This compared favourably with 1
(ED50 = 15 mg/kg) and prednisolone (ED50 = 1 mg/kg). It was also
tested in a mouse collagen induced arthritis (CIA) model of rheu-
matoid arthritis,13 in which it totally prevented the progression
of arthritis at 15 mg/kg/day. At the higher dose of 30 mg/kg/day,
it had a beneficial effect on arthritis and reduced clinical score
compared to the level at the start of the dosing period. In this mod-
el 3 compared favourably with Enbrel, soluble recombinant TNF
receptor, dosed at 300 lg ip on alternate days, which reduced
inflammation but did not completely prevent disease progression.


In conclusion, replacement of the oxadiazole ring of the early
biphenyl amide p38a inhibitors led to a series of compounds with
greatly improved properties, including excellent cellular potency,
pharmacokinetic properties and oral activity. Future publications
will describe the continuing optimisation of the series to yield can-
didate quality molecules.
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fusion to T7 bacteriophage) to immobilized ATP-site probe ligands was
determined as previously described, see: (a) Fabian, M. A.; Biggs, W. H., III;
Treiber, D. K.; Atteridge, C. E.; Azimioara, M. D.; Benedetti, M. G.; Carter, T. A.;
Ciceri, P.; Edeen, P. T.; Floyd, M.; Ford, J. M.; Galvin, M.; Gerlach, J. L.; Grotzfeld,
R. M.; Herrgard, S.; Insko, D. E.; Insko, M. A.; Lai, A. G.; Lélias, J.-M.; Mehta, S. A.;
Milanov, Z. V.; Velasco, A. M.; Wodicka, L. M.; Patel, H. K.; Zarrinkar, P. P.;
Lockhart, D. J. Nat. Biotechnol. 2005, 23, 329. Compounds were screened at

10 lM and considered active if <10% of binding to immobilised probes
remained compared to DMSO control.; (b) Goldstein, David M.; Gabriel,
Tobias Curr. Topics Med. Chem. 2005, 5, 1017 .


10. The inhibition of recombinant CYP450 mediated O-dealkylase metabolism of
pro-fluorescent probe substrates were assessed in a fluorimetric assay with the
following recombinant human cytochrome P450s co-expressed in Escherichia
coli with human NADPH reductase (Bactosomes, CYPEX, UK); CYP2C9 with the
substrate 7-methoxy-4-trifluoromethylcoumarin-3-acetic acid (FCA); CYP1A2
with the substrate ethoxyresorufin (ER); CYP2D6 with the substrate 4-
methylaminomethyl-7-methoyxycoumarin (MMMC); CYP2C19 with the
substrate 3-butyryl-7-methoxycoumarin (BMC); and CYP3A4 with the
substrates 7-benzloxyquinolone (7BQ) and diethoxyfluorescein (DEF).
Compounds were prepared as 5 mM MeOH stock solutions with final
incubations containing <2% MeOH. The concentration range for the IC50


determination assay was 0.1–100 lM (spread over 9 points) and included a
0.2 mM NADPH regeneration system.


11. (a) Inhibition of LPS-stimulated TNFa release was measured in isolated
peripheral blood mononuclear cells as described in Ref. 1. (b) Inhibition of
TNFa release in response to LPS-stimulation was carried out in whole blood.
Heparinised blood drawn from normal volunteers was dispensed (100 ll) into
microtitre plate wells containing 0.5 or 1.0 ll of an appropriately diluted
compound solution. After 1 h incubation at 37 �C, 5% CO2, 25 ll LPS solution in
RPMI 1640 (containing 1% L-glutamine and 1% penicillin/streptomycin) was
added (50 ng/ml final). The samples were incubated at 37 �C, 5% CO2 for 20 h,
100–150 ll physiological saline (0.138% NaCl) was added and diluted plasma
was collected using a Platemate or Biomek FX liquid handling robot after
centrifugation at 1300g for 10 min. Plasma TNFa content was determined by
enzyme linked immunosorbant assay (ELISA) or using a multiplex bead
technology (Luminex).


12. Pharmacokinetic parameters in male Lewis rats were determined following
intravenous (iv) and oral (po) administration at 0.5 mg/kg and 1.5 mg/kg,
respectively. Compound was administered as a solution in 10% DMSO: 45%
SBE Cyclodextrin, 45% MSA (IV) or 5% DMSO, 40% vitE, 40% PEG200, 15%
Mannitol (po). Blood was collected over a 24-h time period. Plasma was
prepared following centrifugation and compound extracted from 50 ll
plasma using protein precipitation with acetonitrile. Samples were then
evaporated under nitrogen and re-suspended in 100 ll of 10:90
acetonitrile/water. Analysis was performed using LC–MSMS on the API365
with a 5 min fast gradient comprising 0.1% formic acid in water and 0.1%
formic acid in acetonitrile (mobile phases), 20 ll injection volume, flow
rate 4 ml/min and ODS3 Prodigy column (5 cm � 2.1 mm, 5 lm).
Pharmacokinetic data was generated using a non-compartmental
approach. The brain penetration was assessed in the Lewis rat, collecting
brains and terminal blood samples five minutes after an intravenous
administration at 1 mg/kg, using the same formulation as in the
intravenous PK study. Brains were homogenised in a water:methanol 1:1
solution and the homogenates analysed with a protein precipitation
method similar to the one detailed for plasma analysis.


13. CIA is a widely used animal model of arthritis in which the anti-
inflammatory and anti-rheumatic efficacy of drugs and novel compounds
predicted to have activity in RA are evaluated. This model is one of the more
widely used animal models of RA and shares many similarities with the
human disease, for example synovial hyperplasia, infiltration of
inflammatory cells, erosion of cartilage and bone and involvement of both
B and T lymphocytes. It has extensively been reported in the literature that
CIA can be inhibited by anti-cytokine reagents (IL-1b, IL-6 and to a lesser
extent TNFa). CIA was induced by sensitising DBA/1 mice against bovine
type II collagen + Freund’s Complete adjuvant injected intradermally at the
base of the tail followed 3 weeks later by an intraperitoneal booster
injection of bovine type II collagen. The activity of compound 3 in this
model was assessed by orally dosing mice twice daily for 14 days with 15 or
30 mg/kg starting when the mice were showing early signs of inflammation
in the paws. Enbrel (soluble TNFa receptor) was tested in the same study as
a comparator. Clinical scores were monitored throughout the dosing period
as a measure of anti-inflammatory effect and at the end of the study, ankle
joints were processed histologically to assess effects on structural damage.
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The biphenyl amides (BPAs) are a series of p38a MAP kinase inhibitors. Compounds are able to bind to
the kinase in either the DFG-in or DFG-out conformation, depending on substituents. X-ray, binding,
kinetic and cellular data are shown, providing the most detailed comparison to date between potent com-
pounds from the same chemical series that bind to different p38a conformations. DFG-out-binding com-
pounds could be made more potent than DFG-in-binding compounds by increasing their size.
Unexpectedly, compounds that bound to the DGF-out conformation showed diminished selectivity.
The kinetics of binding to the isolated enzyme and the effects of compounds on cells were largely unaf-
fected by the kinase conformation bound.


� 2008 Elsevier Ltd. All rights reserved.

The biphenyl amides (BPAs) are a novel series of p38a MAP ki-
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nase inhibitor.1 Replacing the oxadiazole moiety found in the ear-
liest examples (as in 1) with amides led to compounds with
improved enzyme, cellular and in vivo activity, for example, 2.2,3


An X-ray structure of p38a complexed with 2 showed binding to
the apo-like (or ‘DFG-in’) conformation.3
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Scheme 1. Intermediate A was prepared as previously described.3 Reagents: (a) 2-
chloropyridine-4-carbonyl chloride, NEt3, DCM, 33%. (b) Amine, heat.

Prior to the publication of the X-ray structure of p38a with
BIRB-796, and of Abl with Gleevec, compounds had been prepared
within GSK which revealed the possibility of binding to a rear-
ranged (‘DFG-out’) form of p38a.4–11 Large substituents were
attached to the BPA template with the aim of exploiting the
DFG-out pocket. Initial work focused on anilides (4–15), prepared
from the 50-aniline position (Scheme 1).
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amborough).
nia House, 7 Trinity Street,

The phenyl-substituted anilide 3, with p38a Ki of 12 nM, pro-
vides a benchmark for the activity of 4–15 (Table 1).3 4-Amido
pyridines with small 2-substituents such as 4 were weakly active.
Activity was increased by the introduction of moderate bulk at the
2-position (5). Many compounds with increased bulk at this posi-
tion, particularly aliphatic rings, gave greater activity (6–14), espe-
cially the cyclobutyl amide 13. Cationic charge in this region was
not tolerated (compare 15 to 9).
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Table 3
Ki (nM), MW and BEI of aryl benzamides12


N
H


ONC


O
N
H


Me


N
H


O


O
N
H


Me


R R


20-21 22-24


3
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Compound R Ki MW BEI


20 H 73 384 19
21 3-tBu 1.9 441 20
22 3-(2-Pyridyl) 11 509 16
23 3-(NHCOMe) 79 489 15
24 4-OMe 730 462 13


Table 1
Ki (nM), MW and BEI of pyridinyl anilides12


N


N
H


O


NH
O


R


Me


N
H


O


NH
O


Me


3 4-15


5'


2


Compound R Ki MW BEI


12 n/a 240 394 17
23 n/a 12 348 23
33 n/a 12 384 21
4 Cl 150 420 16
5 NMe2 14 429 18
6 1-Pyrrolidine 1.9 455 19
7 1-Piperidine 2.5 469 18
8 1-Morpholine 4.4 471 18
9 (4-Methyl)-1-piperidine 15 483 16
10 NH-cyclopropyl 5.2 441 19
11 NH-methylcyclopropyl 6.3 455 18
12 NH-isobutyl 4.6 457 18
13 NH-cyclobutyl 0.6 455 20
14 NH-cyclohexyl 3.0 483 18
15 (4N-methyl)-1-piperazine 300 484 13
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Substituted phenyls showed similar trends to the pyridines (Ta-
ble 2).13 Compared to the unsubstituted phenyl 3, and the furan 16,
even small 4-substituents led to reduced activity (17). Acids cho-
sen to introduce bulky groups meta to the amide (e.g., 18, 19) in-
creased the activity.


The same trends were seen in the benzamide series (Table 3).13


Although the phenyl 20 was less potent than the corresponding
anilide 3, introduction of bulky meta substituents (21) gave the
same increase in activity.


The 40-amide group could be varied using previously described
chemistry.13 The cyanophenyl was known to give good potency in
DFG-in binding BPAs.3 With the same 40-group, 22 showed good
activity (Table 3). The relatively poor inhibition of the 3-acetamide
analogue (23) illustrates again the importance of a meta group with
sufficient size and lipophilicity. As in the anilide series, para substi-
tution (24) reduced the potency.

Table 2
Ki (nM), MW and BEI of aryl anilides12


R


N
H


O


NH
O


Me


Compound R Ki MW BEI


33 Phenyl 12 384 21
163 3-Furan 15 374 21
17 4-Methyl phenyl 100 399 18


18 * N 2.1 478 18


19
O


* 1.6 451 20

The crystal structure of p38a complexed with 8 was solved and
found to adopt a rearranged DFG-out conformation.14 The back-
bone around the DFG motif reorganises in conjunction with the
activation loop. The Phe169 sidechain moves some 12 Å relative
to the complex with 2, to a new location around the ATP-site sugar
pocket. Figure 1 shows the binding site in the region of the DFG-
out pocket. The morpholine ring of 8 fills the lipophilic space that
is occupied by Phe169 in the complex with compound 2 (the DFG-
pocket). It makes direct contact with the sidechains of residues
including Leu74, Met78, Val83, Ile141 and Ile166. The motion of
Phe169 out of this pocket is accompanied by a small inward move-
ment of Met78 towards the inhibitor morpholine. Figure 1 also
shows the details of the hydrogen-bonding interactions between
the protein and 50-amide of 8. Two hydrogen-bonds are conserved
in 2 and 8, between the backbone NH of Asp168 and the amide car-
bonyl, and between the Glu71 sidechain and the amide NH.


The interactions of the hinge-binding parts of 8 and 2 with the
protein are similar, but the biphenyl amides of 8 and 2 are shifted
relative to one another (Fig. 2). The backbone around Met109 and
Gly110 in the complex with 8 has some features of the apo-like
conformation seen with 2 and some of the flipped conformation
seen with 1.1,3 In complex with 8, the carbonyl of Met109 points
towards the ATP-site as in the apo structure. However, the overall
shape of the hinge is more like that seen with 1 than that with 2.
The movement of the hinge-binding amide of 8 relative to 2 prob-

Figure 1. Overlaid p38a X-ray structures of 8 (green) and 2 (orange), focusing on
the part of the inhibitors around the DFG-pocket. H-bonds are shown as dotted
lines, in cyan from 8 and magenta from 2. The arrow shows the movement of
Phe169.







Figure 2. Overlaid X-ray structures of 8 (green) and 2 (orange), focusing on the part
of the inhibitors around the hinge region. H-bonds to the hinge are shown as dotted
lines.
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ably results from the DFG-out position of Phe169, which would
clash with 2 in the overlaid structures.


The binding modes of BIRB-796 and 8 are shown in Figure 3. The
binding interactions of 8 are comparable to this and other pub-
lished DFG-out crystal structures.4 The amide of 8 makes the same
interactions to Asp168 and Glu71 as the urea of BIRB-796, and the
morpholine occupies the same pocket as the tert-butyl group of
BIRB-796. The SAR in Tables 1–3 can be explained as follows.
Groups with small amide substituents (like 2, 3 and 16) are highly
potent and bind to p38a in the DFG-in conformation. Compounds
with large meta-substituted aryl amides (e.g. 8) would clash with
Phe169 in this conformation. Instead, they take advantage of the
alternative DFG-out conformation. Compounds such as 4 are of
intermediate size and are weaker inhibitors than smaller or larger
ones. In the DFG-in conformation, they are large enough to clash
with Phe169, but not large enough to fill the pocket vacated by
Phe169 in the DFG-out conformation. One interpretation is that
adopting the DFG-out conformation incurs an energetic penalty
which can only be overcome by making significant lipophilic inter-
actions with the Phe-out pocket.


As well as being competitive with the fluorescent ATP-site li-
gand used to generate the SAR reported here, compounds 2 and
8 were both competitive with ATP in an assay measuring the cata-
lytic activity of activated p38a, with Ki of 9 and 6 nM, respec-
tively.15 In the same assay, the Ki of BIRB-796 decreased 2.5-fold
from 46 to 19 nM after 90 min of compound preincubation, indi-
cating a slow on-rate, consistent with the literature.4,8 Compound
8 showed no time-dependence under the same conditions.

Figure 3. p38a X-ray structures of 8 (green) and BIRB-796 (orange).

It is difficult to obtain accurate Ki values for compounds with
very slow kinetics in the catalytic activity assay. Comparative di-
rect binding data for 2, 8 and BIRB-796 to immobilised unphos-
phorylated p38a were obtained using surface plasmon
resonance.16 Both on- and off-rates of 8 are slightly slower than
those of 2, but both are much faster than BIRB-796 (Fig. 4). The rate
constants (Table 4) are comparable to published values for the lit-
erature compounds.7,8,17


It has been suggested that the slow association is rate-limited
by structural reorganisation of p38a from DFG-in to DFG-out,
influenced by features of the inhibitor that hinder access to the
bioactive conformation.6,7 However, despite the similarity of the
protein structures in complex with 8 and BIRB-796, 8 shows a
much more rapid on-rate. This suggests that there may be a barrier
due to conformational changes in the protein, but this is relatively
minor compared to the effects of the characteristics of the inhibi-
tor. One possible explanation is that the ATP-site part of 8 is less
flexible, and so may spend more time in its bioactive conformation.


Whilst a slow on-rate is unlikely to be beneficial, a slow off-rate
may be. BIRB-796 has a very slow koff (Fig. 4). The off-rate of BIRB-
796 depends largely on the interactions between protein and
ligand in the bound state.7 For example, replacing the tolyl ring
of BIRB-796 with methyl led to a 400-fold increase in koff. This is
consistent with our results. 8 binds in the DFG-out mode but does
not fill the tolyl space (Fig. 3) and has a faster koff. More extensive
interactions with the site might decrease the dissociation rate.
Given the lipophilic nature of the p38a active site, this is likely
to require compounds with increased molecular weight.


In consequence, DFG-out BPA compounds can reach higher po-
tency than DFG-in compounds, but they are larger molecules, with
MW �500, regarded as disadvantageous for oral drugs.18 Molecular
weight and BEI, a measure of binding efficiency, are shown in
Tables1–3 and 5.12 DFG-out compounds do not gain enough activ-
ity from their extra mass to give them the efficiency of potent
DFG-in compounds (compare compound 2 to 13).

0 100 200 300


0


Time in seconds 


Figure 4. Normalised sensorgrams of compounds 2 (blue), 8 (red) and BIRB-796
(black) at 3.7 lM.16 Compounds were injected at 0 s. The traces from 0 to 90 s show
the association phase. Compound 2 shows the most rapid on-rate, closely followed
by 8, whilst BIRB-796 barely reached equilibrium during the 90 s. The traces from
90 to 300 s show the dissociation phase of these compounds and a similar hierarchy
in off-rates, 2 > 8� BIRB-796.


Table 4
On- and off-rates from SPR measurements16


Compound DFG kon (M�1 s�1) koff (s�1) koff/kon (nM)


SB-203580 In 1.1 � 106 0.016 15
2 In 5.8 � 106 0.023 4
8 Out 1.8 � 106 0.0084 5
BIRB-796 Out 3.5 � 104 <0.00001 <0.5
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All reported crystal structures of p38a have used inactive pro-
tein, unphosphorylated on T180 and Y182. The DFG-out conforma-
tion appears to be incompatible with phosphate transfer, and so
has been described as an ‘inactive conformation’.19 Nevertheless,
BIRB-796 binds to phosphorylated and unphosphorylated p38a,
suggesting that both states of the kinase sample the DFG-out con-
formation.8 The ability of compounds to bind to p38a and block its
activation has been reported in vitro and in cells.8,20–23 BIRB-796
has shown this activity in all studies. One interpretation is that
DFG-out compounds can lock p38a into a state that cannot be acti-
vated, giving them a potential advantage. However, results for
DFG-in compounds in the same studies have been inconsistent.


To investigate this, two DFG-in and two DFG-out BPAs were
tested in IL-1-stimulated HLF cells for their ability to inhibit phos-
phorylation of a downstream marker of the p38 pathway, Hsp27,
and of p38a itself.24 All compounds showed potent inhibition of
both readouts, as did two standards, BIRB-796 and SB-242235 (Ta-
ble 5).25 The ratio of the two readouts should normalise for com-
pounds with different cell permeability, and is comparable for all
compounds irrespective of their binding conformation. If anything,
for reasons that are unclear, the BPAs inhibit p38a phosphorylation
to a greater extent than Hsp27 phosphorylation. The effect on p38a
phosphorylation differs from some published data, perhaps be-
cause of different cell types, stimuli or incubation times, but others
have also found that DFG-in compounds can block p38a
phosphorylation.21,23


Ki values for binding to the p38a enzyme are compared to IC50


for inhibition of TNF-a production in PBMC cells in Table 5.12 The
ratio between enzyme and PBMC activities is comparable for all
four BPAs. Binding to different enzyme conformations does not af-
fect TNF-a production in LPS-stimulated PBMC cells over the time-
scales used in the assay (18–20 h). It is unclear why lower ratios
are seen for BIRB-796 and SB-242235. These clinical candidates
may simply have better cell permeability, but other causes may
be slow kinetics in the case of BIRB-796 or inhibition of off-target
kinases.


The selectivity profiles of exemplar DFG-in and DFG-out BPAs
are summarised in Table 6. Out of 35 protein kinases tested, 7
inhibited cRaf (80 nM), Lyn (4 lM) and murine Lck (5 lM). It had
IC50 > 10 lM against the others, including JNKs 1 and 3. In addition,
compounds were screened in the KinomeScan binding assay panel
of 203 kinases.26 7 displaced ATP-site ligands from several kinases
(Table 6). Some of these overlap with published activities of BIRB-
796 against a smaller panel of 116 kinases, which did not include

Table 5
DFG-in and DFG-out compounds behaviour in cells


Compound DFG mode p38a bindinga MW Binding BEIb p38a activityc HLF


SB-242235 In 36 353 21 N.T. 160
2 In 12 348 23 9 53
16 In 15 374 21 6 88
7 Out 2.5 469 18 9 6
8 Out 4.4 471 18 6 27
BIRB-796 Out 6.4 528 16 <46 58


(a) Ki (nM) for binding to isolated enzyme.12 (b) BEI (from Ki, not including preincubat
activity.15 IC50 (nM) for inhibition in IL-1-stimulated HLF cells of phosphorylation of (d)
TNF-a inhibition in PBMC cells.12 (h) The ratio between TNF-a IC50 in LPS-stimulated PB


Table 6
Kinases inhibited by DFG-in and DFG-out compounds, and the literature results for BIRB-


Compound DFG <1 lM


2 In p38b
7 Out cRAF, p38b
BIRB-796 Out JNK24

LOK or RAF1. BIRB-796 reportedly inhibited STK10, the JNKs,
p38c, SLK, TEK and TNIK with sub-micromolar Kd.26 Whilst signif-
icant activity against Lck and JNK was not seen with 7, some other
DFG-out BPAs did show these activities. This complex profile con-
trasts with that of the selective DFG-in p38a/b inhibitor 2, which
has shown no significant inhibition of any other kinase.3


It is sometimes stated that binding to a DFG-out kinase confor-
mation can be used to gain improved selectivity. This assertion was
supported by screening data from relatively small numbers of
kinases, and relied on comparisons between different chemical
series. This made it difficult to distinguish between differences
caused by the binding mode and those due to the compound clas-
ses. Incorporating a DFG-out binding group into a DFG-in template
changes its selectivity, as was found by others studying Abl inhib-
itors with DFG-in and DFG-out binding modes.19 However, these
changes are not always for the better. DFG-out BPAs were less
selective than DFG-in compounds when tested against an exten-
sive panel of kinases (Table 6).


In conclusion, potent biphenyl amides have been prepared.
Crystallography has been used to determine their binding mode
and to rationalise the activity in terms of protein conformational
flexibility. Minor changes in substitution determine whether
p38a is bound in the DFG-in or DFG-out conformation.


The DFG-out binding modes of BIRB-796 to p38a and Gleevec
to Abl provoked much interest in this conformation. Compari-
sons between these molecules and DFG-in inhibitors from differ-
ent series have revealed differences in selectivity, kinetic and
cellular properties. Whilst these may arise from their binding
modes, they could simply be properties of the different com-
pound classes. A cleaner comparison can be made between
DFG-in and DFG-out compounds from within one series, such
as the BPAs presented here. Both DFG-in and DFG-out biphenyl
amides are potent ATP-competitive inhibitors of active p38a that
bind with similar affinity to inactive p38a. DFG-out binding-
mode BPAs achieve greater potency at the expense of higher
molecular weight, lower binding efficiency and lower selectivity.
The kinetic behaviour of compounds is more complex than ‘DFG-
in quick, DFG-out slow’, depending greatly on the compounds
themselves. BPA compounds inhibit the cellular p38a pathway,
activation of p38a itself, and cytokine release to a similar extent
regardless of their binding conformation. This suggests that some
of the perceived advantages of targeting the DFG-out binding
mode based on measurements with isolated p38a are not rele-
vant in cells.

Hsp27d HLF p38ae HLF Hsp27/p38af PBMC TNF-ag PBMC TNF-a/enzymeh


130 1.2 170 5
18 2.9 250 21
16 5.5 650 43


2 3.0 90 36
6 4.5 270 61


47 1.2 30 >5


ion, which may be significant for BIRB-796).12 (c) Ki (nM) for inhibition of enzyme
Hsp27 and (e) p38a.24 (f) The ratio between the two HLF readouts. (g) IC50 (nM) for
MC cells and enzyme binding Ki.


7964,26


P1 lM KinomeScan26


— Only p38b
mLCK, LYN KIT, LCK, LOK, p38b/c, PDGFRa/b, RAF1, STK10
cRAF, FYN, LCK4 JNKs, p38b/c, SLK, STK10, TEK, TNIK26
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arginine methyltransferase (CARM1). Compound 7b is a potent, selective inhibitor of CARM1.
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Members of the protein arginine methyl transferase (PRMT) fam-
ily have been implicated in a wide variety of cellular processes
including nuclear hormone receptor (NHR) mediated signaling, pro-
tein–protein interactions, protein trafficking, mRNA splicing and
processing, and transcriptional regulation.1 The family, which con-
sists of at least 9 members (PRMTs 1–9), catalyzes the generation
of asymmetric (type I) or symmetric (type II) di-methyl arginine res-
idues on substrate proteins using S-adenosyl methionine (SAM) as
the methyl donor.2 CARM1 (or PRMT4), a type I enzyme, has been
shown to methylate a wide variety of substrate proteins that can
be roughly classified into three categories. In the first category,
CARM1 methylates histone H3 and p300/CBP, thereby altering chro-
matin architecture and impacting transcriptional initiation.3 Thus,
the recruitment of CARM1 to the promoter regions of genes regu-
lated by transcription factors such as nuclear hormone receptors,
NF-jB, p53, etc. and the subsequent methylation of histone H3 re-
sult in increased gene expression by making the chromatin more
accessible to the transcriptional machinery. In the second category,
methylation by CARM1 of proteins involved in splicing such as SmB,
U1C, SAP49, and CA150 implicates CARM1 in regulating alternative
splicing.4 Finally, methylation of RNA-binding proteins such as HuR,
HuD, and PABP indicates a role for CARM1 in mRNA processing and
stabilization.5 Taken together, these observations point to a crucial
role for CARM1 in modulating gene expression at multiple critical
levels. More recently, CARM1 has been shown to be up-regulated
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urandare).

during the progression of prostate cancer.6 Over-expression of
CARM1 is seen in both androgen-stimulated and castration-resis-
tant prostate cancer tumors. A convincing argument can therefore
be made to support the hypothesis that targeting CARM1 would
be a viable approach for anti-cancer therapy.


To date, there have been only a few publications describing
small molecule chemical modulators of the PRMTs,7 and none of
these report selectivity toward inhibition of CARM1. For instance,
Bedford and colleagues have identified compounds that inhibit
arginine, but not lysine methylation by multiple PRMTs in vitro,
and do not interfere with Ado-Met binding. The exact mechanism
of inhibition by these compounds is unclear especially since some
of the compounds can inhibit the methylation of some substrates,
but not others. Therefore, the identification of selective CARM1
inhibitors as tools to interrogate its function in cells would be of
significant interest. Herein, we report Hits to Lead SAR studies that
led to the identification of a selective potent pyrazole inhibitor (7b)
of CARM1.


From a high throughput screening effort, a pyrazole amide
derivative (1) and closely related analogs were identified as ‘hits’
with modest activity in the CARM1 mediated methylation assay
(Fig. 1).8 Based on these hits, we initiated Hits to Lead efforts to fur-
ther improve the in vitro potency of this series (see Table 1).


First, we embarked on exploration of the pyrazole amide (East
end of core). The required scaffold was synthesized using the re-
ported intermediate 2.9,10 SAR from this exercise indicated that
truncation of the biphenyl moiety was permitted (5d) whereas
small alkyl amides were not tolerated (5a–b) (see Scheme 1).
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Table 1
Preliminary SAR for East end
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Compound #10 R CARM1 IC50 (lM)8


5a –NHCH3 10.6
5b –N(CH3)2 29.8
5c –NH-Ph 7.7
5d –NH-(3-SO2Me)-Ph 0.23
5e –NH-(4-biphenyl) 1.42
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Scheme 2. Reagents: (a) 3-fluoro-20-(methylsulfonyl)biphenyl-4-amine, EDCI,
HOAt, Hunig’s base, CH2Cl2, 90%; (b) H2, Pd/C (10%), TFA (cat), MeOH, 80%; (c)
HCO2(CR1R2)n NHBoc.


Table 2
SAR for South end
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We then examined the glycinamide portion (South end of core)
of 1. The synthesis of these analogs was readily achieved using the
approach outlined in Scheme 2. As shown in Table 2, a-amino acids
at the South end were found to be preferred over either b or a, a0


di-substituted amino acid amides. Within the subset of analogs
prepared from a-amino acids, the (S)-enantiomer (6b) was about
150-fold more active than the corresponding (R)-enantiomer (6c)
(only data for alanine are shown). Additionally, neither bulky sub-
stituents on the a-carbon nor methylation of the terminal amino
group were tolerated (see Table 2).
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Scheme 1. Reagents: (a) MeOH, SOCl2, 92%; (b) H2, 10% Pd/C, MeOH, 78%; (c) N-
Boc-Gly-OSu, Et3N, CH2Cl2, 95%; (d) 1 N aq KOH, MeOH, 90%; (e) R1R2NH, DIC, HOAt,
DMF, 60–80%; (f) TFA–CH2Cl2 (1:1), 90–100%.

Next we evaluated the amide portion (East end of core) of the lead
while retaining the (S)-alanine benzylamide at the South end. New
analogs were assembled using the approach outlined in Scheme 3.
Among the various amines tried (only partial data shown), benzyl
amines were found to be superior to aniline and aliphatic amines.
Within the set of a-methyl benzyl amines, the (R)-enantiomer was
�60-fold more active than the (S)-enantiomer (Table 3).


Next, we evaluated alternative linkages for the alanine amide
side chain, including positional isomers. These analogs were pre-
pared as per Schemes 4 and 5, respectively. An approach identical
to Scheme 5 was also used to prepare the ortho-benzylamide reg-
ioisomer (16).


The data from this exercise indicated that none of these modi-
fications were tolerated. We also examined other pyrazole amide
alternatives (East end of core), such as the benzyl carbamate (17)
(Scheme 6). Among the various substitutes (data not shown for
others), the carbamate was tolerated the best, and displayed only
an 8-fold loss of potency compared to 7b.


In order to assess the selectivity of this series versus various clo-
sely related PRMT’s, we evaluated the most active compound (7b)
for its ability to inhibit PRMT1 and PRMT3.11 Compound 7b was
found to be significantly less active against these enzymes
(IC50 > 25 lM) suggesting selectivity in binding and inhibition.
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Table 3
SAR for East end
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In summary, through a Hits to Lead approach, we have identi-
fied pyrazole amide 7b as a potent and selective inhibitor of
CARM1. Further work related to the optimization of this class of
inhibitors will be reported in due course.


Supplementary data


Supplementary data associated with this article can be found, in
the online version, at doi:10.1016/j.bmcl.2008.06.026.
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A piperazine series of cyclin-dependent kinase (CDK) inhibitors have been identified. The compounds
exhibit excellent physiochemical properties and a novel binding mode, whereby a bridging interaction
via a water molecule with Asp 86 of CDK2, leads to selectivity for the CDK family of enzymes over other
kinases. Piperazines 2e and 2i were subsequently shown to inhibit tumour growth when dosed orally in a
nude mouse xenograft study. Additional chemical series that exploit this unexpected interaction with Asp
86 are also described.


� 2008 Elsevier Ltd. All rights reserved.

Table 1
Structures and in vitro activity for imidazoles 1 and 2


N N
N


N
H


N X


N N
N


N
H


N N
N X


Compound X CDK2 IC50 (lM) MCF-7 proliferation
IC50 (lM)


1a CN <0.003 0.07
1b NMe2 0.024 0.068
1c OMe 0.008 —
1d F 0.003 0.100
1e Cl <0.003 —
1f SO2NHCH2CH2OMe <0.003 0.045
2a SO2CH3 0.032 0.072
2b COCH3 <0.003 0.145

In a previous letter,1 we described the development of a series
of novel imidazole-substituted CDK inhibitors. To further explore
SAR within this area, we decided to examine alternative substitu-
ents to the previously described sulfonamides and sulfones at the
4-position of the aniline ring (Table 1).


Whilst these changes led to the identification of a number of po-
tent CDK2 inhibitors (i.e., 1a and 1e), these compounds demon-
strated a number of suboptimal properties during initial
screening. These included cytochrome P450 inhibition, high levels
of serum protein-binding and affinity for the hERG ion channel
(data not shown). Acquired long-QT syndrome causes significant
cardiac side effects and represents a major problem in clinical
studies of drug candidates. One of the reasons for development
of arrhythmias related to long QT is inhibition of the human
ether-a-go-go-related-gene (hERG) potassium channel.2 Therefore,
early identification of hERG affinity is becoming increasingly
important. We thus chose to profile the compounds early in the
cascade using a high-throughput patch-clamp hERG assay.3 In
addition, P450 inhibition by a CDK inhibitor raises the concern of
possible drug interactions resulting from abrogation of the P450
pathway(s) of metabolism, and causing toxicity due to elevated
exposures to other drugs metabolized by these pathways.

All rights reserved.


ymond V. Finlay).

Most of the properties described above could be attributed to
the relatively high lipophilicity of these compounds. The less lipo-
philic piperazine series (2), however, appeared to be potent and
devoid of the above issues, and we elected to further explore this
class of inhibitor.
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Scheme 1. Synthesis of piperazine intermediate 8. Reagents and conditions:
(a) K2CO3, NMP, 120 �C, 2 h, 80%; (b) H2 gas, 10% Pd/C, EtOH, 99%; (c) NCNH2,
HCl, Dioxane, EtOH, 90 �C, 30 h, 70%; (d) 2-Methoxyethanol, 110 �C, 75%; (e) concd
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The piperazines were prepared using a modification to the route
described by us previously1 (Scheme 1).


Thus, 4-fluoro-nitrobenzene (3) was coupled with 1-acetyl-
piperazine (4) under basic conditions. Following reduction of the
nitro group, the resulting aniline 5 was reacted with cyanamide
to produce guanidine 6 as the bicarbonate salt. Cyclisation with
the known aminopropenone 7 followed by hydrolysis gave the
piperazine 8. Further reaction with 2-chloro-1-ethanesulfonyl
chloride followed by in situ elimination gave the vinyl sulfon-
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Scheme 3. Synthesis of piperazine 2a. Reagents and conditions: (a) Guanidine hydrochl
tertbutylphosphino)biphenyl, NaOtBu, 1,4-dioxane, 15%.

amide. This could undergo conjugate addition with both sodium
methoxide and dimethylamine to give 2c and 2d, respectively
(Scheme 2).


Methyl sulfonamide 2a was prepared in a slightly different way
as shown in Scheme 3. Reaction of guanidine with aminoprope-
none 7 gave the amino pyrimidine 9. Buchwald coupling4 with bro-
mo compound 11 (derived from sulfonylation of commercial
piperazine 10) then provided the required compound 2a.


Although the piperazine sulfonamides displayed good cell and
enzyme potency6 (Table 2), the aqueous solubility of the neutral
sulfonamides was less than 20 lM, possibly driven by their moder-
ate lipophilicity (LogD between 2 and 3), and we elected to explore
the piperazinyl amide series to see if this property could be
modulated.


Mindful of the solubility properties of the sulfonamides, a
number of basic and hydrophilic amides were targeted. The lat-
ter were prepared by coupling with activated carboxylic acids
(e.g., glycolic acid or S-lactic acid) leading to amides 2e5 and
2f (Scheme 2).


Basic amides (2g and 2h) were accessed by reaction with
chloro-acetyl chloride followed by displacement with dimethyl-
amine or diethylamine. We were pleased to observe that once
more the compounds displayed good levels of enzyme and cell po-
tency (Table 2), and in general manifested acceptable physical
properties.


Clearly, a reduction in LogD benefits aqueous solubility (cf. 2a
and 2e) although in the case of 2e (LogD = 1.7 and solubility = 160)
and 2f (LogD = 2.2 and solubility = 370), we anticipate that the
presence of the chiral methyl group assists solubility (despite the
lipophilicity increase), due to disruption of crystal packing. Moving
from sulfonamide to amide derivatives also enhanced the hERG
properties of the compounds (again, cf. 2a, 2c and 2e). This finding
was in accordance with the general trend for the piperazine series,
that increased LogD led to a greater affinity for the hERG ion chan-
nel (Fig. 1).


Whilst introduction of a basic side chain in the amide series sig-
nificantly increased solubility (cf. 2e and 2g), the compounds dem-
onstrated low levels of exposure following oral dosing in rats and
were not pursued further. In a related series of basic inhibitors, ef-
flux had been shown to be the cause (data not shown). In contrast,
the hydroxylated amides showed low levels of serum protein bind-
ing, and excellent oral exposure. To more fully understand the rea-
sons behind the observed enzyme potency, we undertook
structural studies to investigate the binding mode of the pipera-
zines when bound to CDK2. The crystal structure of CDK2 com-
plexed with 2e is shown in Figure 2.


The hydrogen bonding interactions in the hinge region of CDK2
between Leu83 NH and the pyrimidine N, and between Leu 83 O
and the aniline NH are preserved. However, a number of additional
key features are visible. The tertiary amine nitrogen of the pipera-
zine overlays on the sulfur atom of the corresponding sulfonamide
analogues,1 and interacts via a water molecule with the backbone
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Table 2
Structures and in vitro activity for piperazines 2 and morpholines 12
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Compound X Y CDK2 IC50 (lM) MCF-7 IC50 (lM) % Free (Rat) hERG Mean
IC50 (lM)


Solubility pH
7.4 (lM)


LogD pH 7.4 Oral DMPK AUC
(lM h)18


2a SO2Me H <0.003 0.145 8 5.5 9 2.6 0.08
2c SO2(CH2)2NMe2 H 0.003 <0.039 — 18 — 2.5 —
2d SO2(CH2)2OMe H <0.003 0.093 — 8.4 14 2.8 —
2e COCH2OH H 0.017 0.17 22 >24 160 1.7 0.4
2f COCH(S-CH3)OH H 0.017 0.22 — >24 370 2.2 0.16
2g COCH2NMe2 H 0.016 <0.027 40 >32 >3400 3.3 —
2h COCH2NEt2 H - <0.022 — — >3700 — 0.0
2i COCH2OH F 0.006 0.075 — 18 160 2.2 0.17
12a — H 0.009 0.29 — — 56 2.9 0.16
12b — F 0.008 0.11 — 11 120 3.0 0.19
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Scheme 4. Synthesis of 5-fluoro piperazines and morpholines 2i and 12b. Reagents
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Figure 2. Crystal structure of CDK2 complexed with 2e.7 Selected nearby protein
residues are shown. Hydrogen bonding interactions with the protein are indicated
as dashed red lines. The figure was prepared using Bobscript and Raster3D.8,9
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and side chain of Asp 86. This same interaction was observed in the
crystal structure of an analogous imidazole sulfonamide com-
plexed with CDK2, and helps to rationalise the selectivity that
the piperazine series displays for this enzyme compared to other
kinases. This is in accord with our previous observations that inter-
actions with Asp86 confer an increase in CDK selectivity, and has
been supported by selectivity testing in kinase screens (data not
shown).16 To explore further the nature and generality of this
water-mediated contact, we elected to prepare further analogues
that could potentially exploit a similar binding mode. Towards this
goal, we targeted the morpholine 12a (Table 2), prepared in an
analogous fashion to intermediate 8. Morpholine 12a displayed cell
activity and good physiochemical properties, in combination with
higher in vivo clearance, higher lipophilicity and lower CDK po-
tency than displayed by the piperazinyl amides. In an attempt to
further investigate the SAR of the piperazinyl series, we next
looked at substitution at the 5-position of the central pyrimidine
ring. Whilst some substituents (not shown) proved beneficial from
a potency and DMPK point of view, the effect on physical proper-
ties was, on the whole, significant with a reduction of aqueous sol-
ubility and an increase in plasma protein binding due to increased







Table 3
Structures and in vitro activity for azetidine 14, pyrrolidine 15 and proline amide 16
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Compound CDK2 IC50 (lM) MCF-7 IC50 (lM) % Free (Rat) Solubility (lM) pH 7.4 LogD pH 7.4


14 0.0005 — 5 120 2.8
15 >0.0003 0.14 — 9 3.3
16 0.046 — — — —


Table 4
Structures and DMPK properties for piperazines 2e, 2i and morpholine 12b
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Compound Rat Vdss (L/Kg) Rat Clp (ml/min/kg) Rat bioavailability (%) Dog Vdss (L/Kg) Dog Clp (ml/min/Kg) Dog bioavailability (%)


2e 2.5 15 59 3.4 19 79
2i 1.0 16 67 3.5 24 31
12b 1.3 26 34 2.9 140 3
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Figure 3. Inhibition of SW620 tumour xenografts in the nude mouse for
compounds 2e and 2i. Compounds were dosed orally once a day for 28 days.
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LogD. Fluorination, in contrast, provides excellent gains in potency
without the impact displayed by more lipophilic moieties. Fluori-
nation of aminopropenone 7 was achieved using SelectFluor17 in
acetonitrile ( Scheme 4) to give the product 13 as a golden crystal-
line solid.


Cyclisation as described above with a suitable guanidine deliv-
ered the fluorinated pyrimidine that could be further elaborated in
an analogous fashion to the hydrogen pyrimidines (vide supra).
The beneficial potency effect of the fluorinated compounds can
be rationalised by the electronegative fluorine atom acidifying
the aniline NH, and thereby increasing its hydrogen-bond donor
strength to the hinge region of the protein. Gratifyingly, applica-
tion of this SAR learning to the morpholine scaffold 12a also led
to noticeably more potent CDK inhibitors (e.g., 12b, Table 2). A
crystal structure of 12b in complex with CDK2 confirmed the bind-
ing mode (data not shown), including retention of the water med-
iated contact. The results obtained for azetidine (14), pyrrolidine
(15) and proline amide (16) templates (Table 3) are also consistent
with the fluoro SAR leading to increased potency, and the water-
mediated nitrogen contact giving CDK selectivity.


Encouraged by the evidence of oral exposure from rat cassette
work, pleasing anti-proliferative cell potency and good physical
properties of compounds 2e, 2i and 12b, we next elected to under-
take discrete rat and dog PK studies with these compounds. The re-
sults from this work are shown below in Table 4.


Whilst the two piperazine compounds 2e and 2i showed oral
exposure in both rat and dog, it was apparent that the bioavailabil-
ity of morpholine compound 12b in the dog was limited by in-
creased clearance relative to the rat. In view of these data,
compounds 2e and 2i were subsequently evaluated for their ability
to inhibit the growth of human SW620 xenografts in nude mice.
Pleasingly, both compounds were shown to be active in this dis-
ease model with 2e showing 80% tumour growth inhibition when
dosed orally once a day at 7.5 mg/kg for 28 days. Compound 2i
showed 89% tumour growth inhibition when dosed orally once a
day at 12.5 mg/kg for 28 days ( Fig. 3).

In summary, we have described a series of CDK inhibitors with a
novel binding mode that exploits an unexpected interaction with
Asp86, in an analogous but subtly different way to that displayed
by the previously described sulfonamides. Two of these com-
pounds have also been shown to inhibit in vivo tumour growth
in clinically relevant disease models.
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Reexamination of the NMR data indicates that the authors did not prepare compounds 7b, 12b, and 13b. The actual products were 7a,
12a, and 13a, respectively, as shown by a diaxial coupling constant in the H-2 multiplets. Therefore, all references to 7b, 12b, and 13b
should be corrected to 7a, 12a, and 13a, respectively.


However, the 1H NMR data for azides 28a and 28b (direct precursors of 7a and 7b, respectively) confirm the original structure assign-
ments and suggest that epimerization occurred at C-2 during the Staudinger reaction (see Scheme 2, steps e and f).


Compound 28a: 1H NMR (CDCl3) d 1.12 (s, 3H), 1.47 (s, 3H), 1.52–1.80 (m, 4H), 2.05–2.23 (m, 4H), 2.34 (ddd, J = 3.5, 7.4, 13.7 Hz, 1H), 2.59
(dd, J = 5.1, 13.2 Hz, 1H), 2.71 (dd, J = 3.5, 13.4 Hz, 1H), 3.73 (s, 3H), 3.92 (dd, J = 7.3, 12.8 Hz, 1H), 5.56 (dd, J = 5.1, 11.7 Hz, 1H), 6.38–6.39
(m, 1H), 7.40–7.43 (m, 2H).


Compound 28b: 1H NMR (CDCl3) d 1.10 (s, 3H), 1.43 (s, 3H), 1.55–1.76 (m, 4H), 2.01–2.18 (m, 3H), 2.38 (ddd, J = 4.2, 13.2, 15.0 Hz, 1H),
2.56 (dd, J = 5.6, 13.3 Hz, 1H), 2.61 (s, 1H), 2.87 (dd, J = 3.3, 13.2 Hz, 1H), 3.71 (s, 3H), 3.96 (dd, J = 2.4, 3.9 Hz, 1H), 5.55 (dd, J = 5.4, 11.4 Hz,
1H), 6.40 (br s, 1H), 7.40–7.43 (m, 2H).

0960-894X/$ - see front matter � 2008 Elsevier Ltd. All rights reserved.
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