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ARTICLES


5-Hydroxyindole-type alkaloids, as Candida albicans isocitrate lyase inhibitors,
from the tropical sponge Hyrtios sp.


pp 1051–1053


Hyi-Seung Lee, Kyung-Mi Yoon, Yu-Ri Han, Kyung Jin Lee, Soon-Chun Chung, Tae-Im Kim, So-Hyoung Lee,
Jongheon Shin *, Ki-Bong Oh *
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Isolation and structure elucidation of new compound 1 and isocitrate lyase inhibitory activity of compounds 1–7 are described.


Bioorganic & Medicinal Chemistry Letters Vol. 19, No. 4, 2009


Contents


Elucidation of the mechanism producing menaquinone-4 in osteoblastic cells pp 1054–1057


Yoshitomo Suhara, Akimori Wada, Toshio Okano *
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Bis(hetero)aryl derivatives as unique kinesin spindle protein inhibitors pp 1058–1061


Kenji Matsuno, Jun-ichi Sawada, Mina Sugimoto, Naohisa Ogo, Akira Asai *
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Synthesis of 4-(4-tert-butylphenyl)pyridine (1) analogues as KSP inhibitor, SAR, cytotoxicity and mitotic arrest in HeLa cells are described. Distinct KSP distribution by
different chemotypes of KSP inhibitor is also reported.


Bioorganic & Medicinal Chemistry Letters 19 (2009) 1037–1050
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Novel 1,4-diarylpiperidine-4-methylureas as anti-hyperlipidemic agents: Dual effectors on
acyl-CoA:cholesterol O-acyltransferase and low-density lipoprotein receptor expression


pp 1062–1065


Shigehiro Asano *, Hitoshi Ban, Kouichi Kino, Katsuhisa Ioriya, Masami Muraoka
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Non-urea functionality as the primary pharmacophore in soluble epoxide hydrolase inhibitors pp 1066–1070


Sampath-Kumar Anandan *, Zung N. Do, Heather K. Webb, Dinesh V. Patel, Richard D. Gless
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Inhibition of soluble epoxide hydrolase (sEH) has been proposed as a promising new pharmaceutical target for diseases involving hypertension and vascular inflammation.
We evaluated a number of non-urea primary pharmacophores based on the test scaffold 1 (P1 = NHCONH) which led to the discovery of hydroxyamide analog 19d as a
novel and potent sEH inhibitor.


Time-dependent inactivation of human phenylethanolamine N-methyltransferase
by 7-isothiocyanatotetrahydroisoquinoline


pp 1071–1074


Qian Wu, Joanne M. Caine, Stuart A. Thomson, Meri Slavica, Gary L. Grunewald, Michael J. McLeish *


1-Amido-1-phenyl-3-piperidinylbutanes — CCR5 antagonists for the treatment of HIV. Part 1 pp 1075–1079


Christopher G. Barber *, David C. Blakemore, Jean-Yves Chiva, Rachel L. Eastwood, Donald S. Middleton,
Kerry A. Paradowski
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The development of a new class of CCR5 antagonist replacing the tropane core of maraviroc by piperidine with a branched N-substituent is described. Compound 15h shows
good whole cell antiviral activity together with microsomal stability and only weak activity at the hERG ion channel.
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Synthesis and structure-function analysis of Fe(II)-form-selective antibacterial inhibitors
of Escherichia coli methionine aminopeptidase


pp 1080–1083


Wen-Long Wang, Sergio C. Chai, Qi-Zhuang Ye *


The design and discovery of novel amide CCR5 antagonists pp 1084–1088


David C. Pryde *, Martin Corless, David R. Fenwick, Helen J. Mason, Blanda C. Stammen, Peter T. Stephenson, David Ellis,
David Bachelor, David Gordon, Christopher G. Barber, Anthony Wood, Donald S. Middleton, David C. Blakemore,
Gemma C. Parsons, Rachel Eastwood, Michelle Y. Platts, Keith Statham,
Kerry A. Paradowski, Catherine Burt, Wolfgang Klute
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5-Aryl-4-(5-substituted-2,4-dihydroxyphenyl)-1,2,3-thiadiazoles as inhibitors of Hsp90 chaperone pp 1089–1092


Inga Cikotiene, Egidijus Kazlauskas, Jurgita Matuliene, Vilma Michailoviene, Jolanta Torresan, Jelena Jachno,
Daumantas Matulis *
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The synthesis and in vitro binding of the thiadiazole inhibitors of Hsp90 with Kds up to 5 nM.


Synthesis and antimicrobial activity of some new pyrazole derivatives containing a ferrocene unit pp 1093–1096


Ivan Damljanović, Mirjana Vukićević, Niko Radulović, Radosav Palić, Ernst Ellmerer,
Zoran Ratković, Milan D. Joksović, Rastko D. Vukićević *


Nine imines and the corresponding amines were synthesized and screened for their in vitro antimicrobial activity against 11 bacteria and
three fungal/yeast strains. One of amines (R = tert-butyl) showed the higher activity in comparison with widely used tetracycline.
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Synthesis and SAR of potent LXR agonists containing an indole pharmacophore pp 1097–1100


David G. Washburn *, Tram H. Hoang, Nino Campobasso, Angela Smallwood, Derek J. Parks, Christine L. Webb,
Kelly A. Frank, Melanie Nord, Chaya Duraiswami, Christopher Evans, Michael Jaye, Scott K. Thompson
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A novel series of 1H-indol-1-yl tertiary amine LXR agonists has been designed. This manuscript will describe optimization of this series of LXR agonists using a structure-
based design strategy. In addition, the SAR of this novel series and a crystal structure of a selected ligand bound to the LXRa LBD will be disclosed.


Discovery and SAR of para-alkylthiophenoxyacetic acids as potent and selective PPARd agonists pp 1101–1104


Rui Zhang *, Alan DeAngelis, Aihua Wang, Ellen Sieber-McMaster, Xun Li, Ronald Russell, Patricia Pelton,
Jun Xu, Peifang Zhu, Lubing Zhou, Keith Demarest, William V. Murray, Gee-Hong Kuo
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Synthesis and SAR of potent and selective PPARd agonists is described.


Novel potent inhibitors of hepatitis C virus (HCV) NS3 protease with cyclic sulfonyl P3 cappings pp 1105–1109


Kevin X. Chen *, Bancha Vibulbhan, Weiying Yang, Latha G. Nair, Xiao Tong, Kuo-Chi Cheng, F. George Njoroge
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Ki* = 5 nM
EC90 = 80 nM
HNE/HCV = 6100


Stieglitz rearrangement of N,N-dichloro-b,b-disubstituted taurines under mild aqueous conditions pp 1110–1114


Timothy P. Shiau *, Ashley Houchin, Satheesh Nair, Ping Xu, Eddy Low, Ramin (Ron) Najafi, Rakesh Jain *
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The structure–stability relationship (SSR) of alkyl and cycloalkyl b-substitutions on N,N-dichlorotaurines reveals order-of-magnitude changes in their aqueous (pH 4–7, 20–
40 �C) stabilities. Stieglitz rearrangement is one of the mechanisms of decomposition and produces b-ketosulfonic acids and chlorinated derivatives thereof.
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Identification of a series of benzoxazoles as potent 5-HT6 ligands pp 1115–1117


Kevin G. Liu *, Jennifer R. Lo, Thomas A. Comery, Guo Ming Zhang, Jean Y. Zhang, Dianne M. Kowal,
Deborah L. Smith, Li Di, Edward H. Kerns, Lee E. Schechter, Albert J. Robichaud
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Identification and detailed SAR of a novel series of benzoxazole derivatives as potent 5-HT6 ligands are reported.


Synthesis and 5-lipoxygenase inhibitory activity of new cinnamoyl and caffeoylclusters pp 1118–1121


Jérémie Doiron, Luc H. Boudreau, Nadia Picot, Benoît Villebonet, Marc E. Surette, Mohamed Touaibia *
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Novel cinnamoyl and caffeoyl clusters were synthesized by multiple Cu(I)-catalyzed [1,3]-dipolar cycloadditions and their anti-5-lipoxygenase inhibitory activity was
tested. Caffeoyl cluster showed an improved 5-lipoxygenase inhibitory activity compared to caffeic acid, with caffeoyl trimer 16 and tetramer 19 showing the best 5-
lipoxygenase inhibitory activity.


Biosynthetic studies of spiroleptosphol pp 1122–1125


Takanori Murakami, Noboru Takada, Masaru Hashimoto *


Synthesis of 5-isoxazol-5-yl-20-deoxyuridines exhibiting antiviral activity against HSV and several RNA viruses pp 1126–1128


Yoon-Suk Lee, Sun Min Park, Byeang Hyean Kim *
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Novel nucleosides were designed and synthesized by [3+2] cycloaddition, and showed moderate antiviral activities. The nucleosides were tested against 12 different
viruses.
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Use of whole cell culture of Aeromonas sp. as enantioselective scavenger: A facile preparation of L-amino acid
derivatives in high enantiomeric excess


pp 1129–1131


Zizhang Zhang *
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The bacterium Aeromonas sp. (CGMCC 2226) can enantioselectively scavenge D-isomer, making LL-AADs in high ee. Eleven LL-AADs were produced in high ee from
corresponding racemates.


Identification of 4-hydroxyquinolines inhibitors of p300/CBP histone acetyltransferases pp 1132–1135


Antonello Mai *, Dante Rotili, Domenico Tarantino, Angela Nebbioso, Sabrina Castellano,
Gianluca Sbardella, Marc Tini, Lucia Altucci *
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6 (R = OH; R1 = C10H21)
7 (R = OC2H5; R1 = C15 H31)
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A simple in vitro assay for assessing the reactivity of nitrile containing compounds pp 1136–1138


Philip A. MacFaul *, Andrew D. Morley, James J. Crawford
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The reactivity of various nitriles towards glutathione has been used as an in-vitro risk assessment tool. This method provides a level of ranking for analogues and
benchmarking against a marketed drug.


Synthesis of hydroxycoumarins and hydroxybenzo[f]- or [h]coumarins as lipid peroxidation inhibitors pp 1139–1142


Theodoros Symeonidis, Michael Chamilos, Dimitra J. Hadjipavlou-Litina *, Michael Kallitsakis, Konstantinos E. Litinas *
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The synthesized compounds
act as lipid peroxidation
inhibitors.


OH


Malic acid, H2SO4, MW


or CO2Et, ZnCl2, dioxan, reflux
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Discovery of small molecule human C5a receptor antagonists pp 1143–1147


Hitesh J. Sanganee *, Andrew Baxter, Simon Barber, Alastair J. H. Brown, Denise Grice, Fraser Hunt,
Sarah King, David Laughton, Garry Pairaudeau, Bob Thong, Richard Weaver, John Unitt
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A novel series of small molecule C5a antagonists is reported.


Synthesis, biological activity and tubulin binding poses of 1-deoxy-9-(R)-dihydrotaxane analogs pp 1148–1151


Tian-Hai Yuan, Yi Jiang, Xiao-Hong Wang, Dian-Long Wang, Abhijit Bannerjee,
Susan Bane, James P. Snyder, Hai-Xia Lin *


1-Deoxy-9a-dihydrotaxane analogs 9 and 10 were semi-synthesized from 1-deoxybaccatin VI, isolated from Taxus mairei, and tested for cytotoxic
activity. Taxane 9 is 10-fold less cytotoxic than paclitaxel, while 10 is equally active. In the tubulin polymerization assay (ED50 values), 10 is 4-fold less
effective than paclitaxel, but 3-fold superior to 9. These observations can be explained by analysis of the corresponding taxane/b-tubulin complexes.


5-Nitrofuran-2-yl derivatives: Synthesis and inhibitory activities against growing
and dormant mycobacterium species


pp 1152–1154


Dharmarajan Sriram *, Perumal Yogeeswari, Prathiba Dhakla, Palaniappan Senthilkumar,
Debjani Banerjee, Thimmappa H. Manjashetty
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Eighteen 5-nitrofuran-2-yl derivatives were prepared and tested for their in vitro activity against tubercular and various non-tubercular mycobacterium species in log-
phase and 6-week-starved cultures.


Carbonic anhydrase inhibitors: The membrane-associated isoform XV is highly inhibited by inorganic anions pp 1155–1158


Alessio Innocenti, Mika Hilvo, Seppo Parkkila, Andrea Scozzafava, Claudiu T. Supuran *
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Synthesis and pharmacological evaluation of aminopyrimidine series of 5-HT1A partial agonists pp 1159–1163


Amy B. Dounay *, Nancy S. Barta, Jack A. Bikker, Susan A. Borosky, Brian M. Campbell, Terry Crawford, Lynne Denny,
Lori M. Evans, David L. Gray, Pil Lee, Edward A. Lenoir, Wenjian Xu
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Synthesis and structure–activity relationships of N-substituted spiropiperidines as nociceptin receptor
ligands: Part 2


pp 1164–1167


John P. Caldwell *, Julius J. Matasi, Xiomara Fernandez, Robbie L. McLeod, Hongtao Zhang,
Ahmad Fawzi, Deen B. Tulshian
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A series of N-8 substituted analogs based upon the spiropiper-
idine core of the original lead compound 1 was synthesized. This
lead has been elaborated to compounds to give compounds 2 and
3 (R = H) that exhibited high NOP binding affinity as well as
selectivity against other known opioid receptors. These two
series have been further functionalized at the amido nitrogen.
The synthesis and structure–activity relationship (SAR) of these
and related compounds are discussed.


Parallel medicinal chemistry approaches to selective HDAC1/HDAC2 inhibitor (SHI-1:2) optimization pp 1168–1172


Solomon D. Kattar *, Laura M. Surdi, Anna Zabierek, Joey L. Methot, Richard E. Middleton,
Bethany Hughes, Alexander A. Szewczak, William K. Dahlberg, Astrid M. Kral,
Nicole Ozerova, Judith C. Fleming, Hongmei Wang, Paul Secrist, Andreas Harsch,
Julie E. Hamill, Jonathan C. Cruz, Candia M. Kenific, Melissa Chenard,
Thomas A. Miller, Scott C. Berk, Paul Tempest
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Most Potent Compound: 348nM
Number of Compounds: 26
Liabilities: Biochemical Potency, Selectivity


Most Potent Compound: 10nM
Number of Compounds: 81
Liabilities: Selectivity, Cell Potency


Most Potent Compound: 7 nM
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Medicinal Chemistry Optimization Starting Point
Approved by the FDA for the treatment of CTCL


Design, solid phase synthesis and evaluation of cationic ferrocenoyl peptide bioconjugates
as potential antioxidant enzyme mimics


pp 1173–1176


Laurent Soulère *, Julien Bernard


C-terminal amidated cationic ferrocenoyl peptide bioconjugates Fc-Orn-Orn-Orn (1), Fc-Tyr-Orn-Orn-Orn (2) were synthesised and evaluated as
superoxide dismutase mimics and for their ability to inhibit peroxynitrite-mediated tyrosine nitration.
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Anthranilimide based glycogen phosphorylase inhibitors for the treatment of type 2 diabetes. Part 3:
X-ray crystallographic characterization, core and urea optimization and in vivo efficacy


pp 1177–1182


Stephen A. Thomson *, Pierette Banker, D. Mark Bickett, Joyce A. Boucheron, H. Luke Carter, Daphne C. Clancy,
Joel P. Cooper, Scott H. Dickerson, Dulce M. Garrido, Robert T. Nolte, Andrew J. Peat, Lauren R. Sheckler,
Steven M. Sparks, Francis X. Tavares, Liping Wang, Tony Y. Wang, James E. Weiel
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Use of an X-ray crystal structure allowed for the
optimization of the anthranilimide-based glycogen
phosphorylase inhibitors to give compound 23 which
displayed both in vitro potency versus GPa and in vivo
efficacy in a mouse model of type 2 diabetes.


Syntheses and potential anti-prostate cancer activities of ionone-based chalcones pp 1183–1186


Jinming Zhou, Guoyan Geng, Gerald Batist, Jian Hui Wu *


Tricyclic HIV integrase inhibitors: VI. SAR studies of ‘benzyl flipped’ C3-substituted pyrroloquinolines pp 1187–1190


Sammy Metobo, Michael Mish *, Haolun Jin, Salman Jabri, Rachael Lansdown, Xiaowu Chen, Manuel Tsiang,
Matthew Wright, Choung U. Kim
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A series of C3-halobenzyl-substituted tricyclic integrase inhibitors was prepared. Excellent cell-based inhibitor potency was observed, and selected leads in this new series
showed good bioavailability and long t1/2 in animal PK studies.


Discovery of novel small molecule cell type-specific enhancers of NF-jB nuclear translocation pp 1191–1194


Gangli Gong, Yuli Xie, Yidong Liu, Alison Rinderspacher, Shi-Xian Deng, Yan Feng, Zhengxiang Zhu, Yufei Tang,
Michael Wyler, Nathalie Aulner, Udo Toebben, Deborah H. Smith, Lars Branden, Caty Chung,
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An IKKb inhibitor, reported to inhibit NF-jB transcriptional activities in Jurkat T cells, was found to enhance NF-jB translocation in HUVEC cells. These studies suggested a
noncanonical NF-jB signaling pathway independent of IKKb in HUVEC cells.
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3,4-Disubstituted isothiazoles: Novel potent inhibitors of VEGF receptors 1 and 2 pp 1195–1198


Alexander S. Kiselyov *, Marina Semenova, Victor V. Semenov
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Novel derivatives of isothiazoles are described as potent ATP-competitive inhibitors of vascular endothelial growth factor receptors I and II (VEGFR-1/2). Several derivatives
featuring bulky meta-substituents in the amide portion of the molecule displayed both good potency (27–41 nM) and 4- to 8-fold specificity for VEGFR-2 versus VEGFR-1.


Investigation on the role of the tetrazole in the binding of thiotetrazolylacetanilides
with HIV-1 wild type and K103N/Y181C double mutant reverse transcriptases


pp 1199–1205


Alexandre Gagnon *, Serge Landry, René Coulombe, Araz Jakalian, Ingrid Guse, Bounkham Thavonekham,
Pierre R. Bonneau, Christiane Yoakim, Bruno Simoneau
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Different acyclic, cyclic and heterocyclic tetrazole replacements were investigated in order to evaluate the conformational and electronic contribution of the linker in the
binding of the tetrazolylacetanilides inhibitors in the NNRTI pocket.


Discovery of 2-(a-methylbenzylamino) pyrazines as potent Type II inhibitors of FMS pp 1206–1209


Christopher J. Burns, Michael F. Harte *, Xianyong Bu, Emmanuelle Fantino, Marilena Giarrusso,
Max Joffe, Margarita Kurek, Fiona S. Legge, Pasquale Razzino, Stephen Su, Herbert Treutlein,
Soo San Wan, Jun Zeng, Andrew F. Wilks
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A novel series of 2-(a-methylbenzylamino) pyrazines have been synthesized and shown to be potent inhibitors of the FMS tyrosine receptor kinase.


Synthesis and evaluation of a cyclic imine derivative conjugated to a fluorescent molecule for labeling of proteins pp 1210–1213


Hai-Ming Guo, Maki Minakawa, Lynn Ueno, Fujie Tanaka *
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Reactivation potency of fluorinated pyridinium oximes for acetylcholinesterases inhibited
by paraoxon organophosphorus agent


pp 1214–1217


Hee Chun Jeong, Nam Sook Kang, No-Joong Park, Eul Kyun Yum, Young-Sik Jung *
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We have designed and synthesized the fluorinated oxime derivatives, which quantum mechanical calculations suggest should have a greater lipophilicity and BBB
permeability than their non-fluorinated analogs.


N-Benzyl-1-heteroaryl-3-(trifluoromethyl)-1H-pyrazole-5-carboxamides as inhibitors of co-activator
associated arginine methyltransferase 1 (CARM1)


pp 1218–1223


Martin Allan, Sukhdev Manku, Eric Therrien, Natalie Nguyen, Sylvia Styhler, Marie-France Robert,
Anne-Christine Goulet, Andrea J. Petschner, Gabi Rahil, A. Robert MacLeod,
Robert Déziel, Jeffrey M. Besterman, Hannah Nguyen, Amal Wahhab *
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A series of N-benzyl-1-heteroaryl-3-(trifluoromethyl)-1H-pyrazole-5-carboxamides targeting
co-activator associated arginine methyltransferase 1 (CARM1) have been designed and
synthesized. The potency of these inhibitors was influenced by the nature of the heteroaryl
fragment with the thiophene analogues being superior to thiazole, pyridine, isoindoline and
benzofuran based.


Isolation and structure elucidation of parnafungins C and D, isoxazolidinone-containing
antifungal natural products


pp 1224–1227


David Overy, Kathleen Calati, Jennifer Nielsen Kahn, Ming-Jo Hsu, Jesús Martín, Javier Collado,
Terry Roemer, Guy Harris, Craig A. Parish *
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Discovery of l-opioid selective ligands derived from 1-aminotetralin scaffolds made
via metal-catalyzed ring-opening reactions


pp 1228–1232


Chris Dockendorff, Shujuan Jin, Madeline Olsen, Mark Lautens *, Martin Coupal, Lejla Hodzic, Nathan Spear,
Kemal Payza, Christopher Walpole, Mirosław J. Tomaszewski *
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Nonactin biosynthesis: Setting limits on what can be achieved with precursor-directed biosynthesis pp 1233–1235


Brian R. Kusche, Joshua B. Phillips, Nigel D. Priestley *
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Vancomycin resistance: Modeling backbone variants with D-Ala-D-Ala and D-Ala-D-Lac peptides pp 1236–1239


Siegfried S. F. Leung, Julian Tirado-Rives, William L. Jorgensen *


Development of thioquinazolinones, allosteric Chk1 kinase inhibitors pp 1240–1244


Antonella Converso *, Timothy Hartingh, Robert M. Garbaccio, Edward Tasber, Keith Rickert, Mark E. Fraley,
Youwei Yan, Constantine Kreatsoulas, Steve Stirdivant, Bob Drakas, Eileen S. Walsh, Kelly Hamilton, Carolyn A. Buser,
Xianzhi Mao, Marc T. Abrams, Stephen C. Beck, Weikang Tao, Rob Lobell, Laura Sepp-Lorenzino, Joan Zugay-Murphy,
Vinod Sardana, Sanjeev K. Munshi, Sylvie Marie Jezequel-Sur, Paul D. Zuck, George D. Hartman
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Novel thioquinazolinone 38 was identified as allosteric Chk1 kinase inhibitor. An X-ray crystal
structure of the first allosteric inhibitor–enzyme complex was solved for this target.


Synthesis and SAR of vinca alkaloid analogues pp 1245–1249


Matthew E. Voss *, Jeffery M. Ralph, Dejian Xie, David D. Manning, Xinchao Chen, Anthony J. Frank, Andrew J. Leyhane,
Lei Liu, Jason M. Stevens, Cheryl Budde, Matthew D. Surman, Thomas Friedrich, Denise Peace,
Ian L. Scott, Mark Wolf, Randall Johnson


N
H


N


N
H3CO2C


N


H3C CO2CH3


OAc


HO
HH3CO


H


Vinorelbine


N
H


N


N
H3CO2C


N


H3C CO2CH3


OAc


HO
HH3CO


OH


H
N
H


N


N
H3CO2C


N


CO2CH3


OAc


HO
HH3CO


OH


H


O
VincristineVinblastine


R R R12' 12' 11'


The development of selective iodination conditions for the dimeric vinca alkaloids vinblastine, vincristine, and semisynthetic derivative vinorelbine led to the preparation of
new analogues of these important antitumor agents.


1048 Contents / Bioorg. Med. Chem. Lett. 19 (2009) 1037–1050







Deconstructing estradiol: Removal of B-ring generates compounds which are potent and
subtype-selective estrogen receptor agonists


pp 1250–1253


Mohammud Asim, Mohamed El-Salfiti, Yiming Qian, Christine Choueiri, Samira Salari, James Cheng, Hooman Shadnia,
Manpartap Bal, M. A. Christine Pratt, Kathryn E. Carlson, John A. Katzenellenbogen, James S. Wright *, Tony Durst *


A novel class of allosteric modulators of AMPA/Kainate receptors pp 1254–1257


Giuseppe Cannazza *, Krzysztof Jozwiak, Carlo Parenti, Daniela Braghiroli, Marina M. Carrozzo, Giulia Puia,
Gabriele Losi, Mario Baraldi, Wolfgang Lindner, Irving W. Wainer
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IDRA21 is one of the most potent cognitive enhancers. We have demonstrated that in vivo
IDRA21 (1) was quickly hydrolyzed to 2-amino-5-chlobenzensulfonamide that posses in vitro
a biological activity similar to that of IDRA21 itself. Taking 2-amino-5-chlobenzensulfonamide
as the lead compound, a novel class of AMPAR positive allosteric modulators has been
prepared.


A rapid method for generation of selective Sox-based chemosensors of Ser/Thr kinases using
combinatorial peptide libraries


pp 1258–1260


Juan A. González-Vera, Elvedin Luković, Barbara Imperiali *
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Design and synthesis of a b-lactamase activated 5-fluorouracil prodrug pp 1261–1263


Ryan M. Phelan, Marc Ostermeier, Craig A. Townsend *
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Synthesis and promotion angiogenesis effect of chrysin derivatives coupled to NO donors pp 1264–1266


Sheng-Ming Peng, Xiao-Qing Zou, Hua-Lan Ding, Yong-Lan Ding, Yuan-Bin Lin *
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Two types of new chrysin derivatives were prepared by coupling NO donors of alkyl nitrate and furazan derivatives. These compounds were tested in human umbilical vein
endothelial cells and all the compounds exhibited cell proliferation. Notable effects of promoting angiogenesis were observed for all the modified compounds using chick
chorioallantoic membrane (CAM) assay.
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Chemical investigations of the tropical marine sponge Hyrtios sp. have resulted in the isolation of a new
alkaloid, 1-carboxy-6-hydroxy-3,4-dihydro-b-carboline (1) together with the known metabolites, 6-
hydroxy-3,4-dihydro-1-oxo-b-carboline (2), 5-hydroxy-1H-indole-3-carboxylic acid methyl ester (3),
serotonin (4), hyrtiosin A (5), 5-hydroxyindole-3-carbaldehyde (6), and hyrtiosin B (7). Their structures
were elucidated on the basis of mass spectrometry and detailed 2D NMR spectroscopic data. Hyrtiosin
B (7) displayed a potent inhibitory activity against isocitrate lyase (ICL) of Candida albicans with an
IC50 value of 89.0 lM.


� 2009 Elsevier Ltd. All rights reserved.

Candida albicans is a commensal flora and considered to be an
opportunistic fungal pathogen. It is the leading cause of fungal
infections especially in immunosuppressed patients.1 In tissues,
an invading C. albicans can be detected and phagocytosed by mac-
rophages and neutrophils.2 It has been reported that the genes of
the glyoxylate cycle are highly induced when C. albicans is phago-
cytosed by macrophage.3 The inside environment of phagolyso-
some, abundant in fatty acids or their breakdown products as
carbon sources, makes C. albicans utilize the enzymes of the gly-
oxylate cycle to permit to use C2 carbon sources in this environ-
ment. This is achieved through the activity of two unique
enzymes, isocitrate lyase (ICL) and malate synthase (MLS). The
C. albicans mutant strain lacking the glyoxylate cycle enzyme ICL
is markedly less virulent in a mouse model of systemic candidiasis
and less persistent in internal organs than is the wild-type strain.3,4


ICL and the glyoxylate cycle, therefore, are envisaged as attractive
drug targets for the development of antimicrobial agents effective
against a wide range of pathogens, including both fungi and bacte-
ria. Moreover, ICL inhibition drugs would be predicted to have less

ll rights reserved.
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host toxicity because the enzymes of the glyoxylate cycle are not
found in mammals.


Only several ICL inhibitors are reported to date; these include
3-nitropropionate,5 3-bromopyruvate,6 3-phosphoglycerate,7


mycenon,8 oxalate,9 and itaconate.9 However, these are not phar-
macologically suitable for testing in vivo because of their toxicity
and low activity. The development of selective ICL inhibitors with
suitable pharmacological properties would definitively open the
door to testing in animal models to establish both the importance
of the glyoxylate cycle in disease and the proof of concept for the
therapeutic potential of ICL inhibition. As part of our efforts to dis-
cover ICL inhibitors, we have recently reported the isolation and
evaluation of ICL inhibitory activities of some bromophenols and
sesterterpene sulfates from marine sponges.10,11 Bromophenols
compounds exhibited potent ICL inhibitory activity and protected
rice plants from the rice blast fungus Magnaporthe grisea infec-
tion.10 Sesterterpene sulfates isolated from the tropical sponge
Dysidea sp. showed inhibitory activity against ICL of C. albicans.11


In the course of our research to discover novel ICL inhibitors, we
encountered the marine sponge Hyrtios sp. collected in Chuuk
State, Federated States of Micronesia whose crude extract exhib-
ited moderate inhibitory activity (48% inhibition at 50 lg/ml)
against ICL of C. albicans. Bioassay-guided separation of the crude
extract using various chromatographic techniques yielded a new
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Table 1
NMR data for compound 1 in DMSO-d6 (d in ppm)


Position dH dC HMBC (dH to dC)


1 158.64a s
3 3.83 (t, J = 8.1 Hz) 41.6 t 1, 4, 4a
4 3.08 (t, J = 8.1 Hz) 18.8 t 3, 4a, 9a
4a 122.8 s
4b 124.5 s
5 6.86 (br s) 102.5 d 4a, 6, 7, 8a
6 151.9 s
7 6.96 (br d, J = 8.8 Hz) 120.7 d 5, 8a
8 7.47 (d, J = 8.8 Hz) 114.9 d 4b, 6
8a 136.6 s
9a 125.0 s
COOH 11.65 (br s) 158.69a s


a Interchangeable signals.


Table 2
Inhibitory effect of compounds 1–7 on the activity of ICL enzyme and fungal growth
of Candida albicans ATCC 10231a


Compound ICL IC50 (lM) (lg/ml) MIC (lM) (lg/ml)


1 379.6 (87.4) >868.7 (200)
2 >989.1 (200) >989.1 (200)
3 799.77 (152.9) >1046.1 (200)
4 301.3 (53.1) >1134.9 (200)
5 318.0 (60.8) >1046.1 (200)
6 247.0 (39.8) >1024.0 (200)
7 89.0 (28.5) >624.4 (200)
3-Nitropropinate 50.7 (6.0) >1690.0 (200)
Amphotericin B NDb 1.7 (1.6)


a 3-Nitropropinate and amphotericin B inhibitors of ICL and fungus, respectively,
were used as positive controls.


b ND, not determined.
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b-carboline alkaloid together with known related alkaloids. Herein,
we describe the isolation and biological activities of these
compounds.


The specimens of Hyrtios sp. (Thorectidae family)12 were col-
lected from Federated States of Micronesia in 2003 and 2007.
The freeze-dried sponge (329 g) was sliced and repeatedly ex-
tracted with MeOH (1 L �2) and CH2Cl2 (1 L �1). The extract was
filtered and concentrated under reduced pressure to afford 55.3 g
of crude extract. The residue was partitioned between H2O
(41.4 g) and n-BuOH (13.4 g), then the organic layer was dried
and re-partitioned between 15% aqueous MeOH (10.0 g) and n-
hexane (3.41 g). An aliqout of aqueous MeOH layer (7.82 g) was
subjected to C18 reversed-phase flash chromatography using gradi-
ent mixtures of MeOH and H2O (elution order: 50%, 40%, 30%, 20%,
10% aq. MeOH, and 100% MeOH). The fraction eluted with 50%
aqueous MeOH (2.31 g) was dried and separated by reversed-
phase HPLC (YMC-ODS-A C18 column, 250 � 10 mm; 80% aqueous
MeOH) to yield 16.1, 1.3, 72.2, and 2.2 mg of compounds 1, 4, 5,
and 6, respectively. The fraction eluted with 40% aqueous MeOH
(192.3 mg) was purified on a semipreparative HPLC (YMC-ODS-A
C18 column, 250 � 10 mm; 65% aq. MeOH) to afford 39.5, 9.3, 3.7,
and 1.0 mg of compounds 1, 2, 3, and 7, respectively (Fig. 1).


Compound 1 was obtained as reddish-yellow solid.13 The
molecular formula of compound 1 was deduced to be
C12H10O3N2 by HRFABMS. The 1H NMR spectrum (Table 1) of 1
measured in DMSO-d6 exhibited three aromatic protones at d
7.47 (d), 6.96 (br d) and 6.86 (br s) engaged in a 1,2,4-trisubstituted
benzene ring and two vicinal methylenes at d 3.83 (t) and 3.08 (t).
The 13C NMR spectrum (Table 1) of 1 displayed resonance for 12
carbons including seven quaternary carbons. A combination of
the HSQC and HMBC data allowed assignment of the characteristic
13C NMR signals, and the HMBC correlations from H-3 to C-1, C-4
and C-4a, from H-4 to C-3, C-4a and C-9a, and from H-5 to C-4a,
C-6, C-7 and C-8a supported the presence of 6-hydroxy-dihydro-
b-carboline moiety. Considering the molecular formular and unas-
signed NMR signals for dH11.65 and dC 158.69, it was suggested
that the remaining part was COOH. Compound 1 is therefore 1-car-
boxy-6-hydroxy-3,4-dihydro-b-carboline, which is a new
compound.


Compound 2 was determined to be 6-hydroxy-3,4-dihydro-1-
oxo-b-carboline by combined spectroscopic analyses and compar-
ison of NMR data with those reported previously.14,15 The 1H and
13C NMR spectra of compounds 3–7 were closely related to each
other and all of them possess a 5-hydroxyindole moiety. Structures
of these compounds were readily identified by the comparison of
the reported14,16 spectral data as being 5-hydroxy-1H-indole-3-
carboxylic acid methyl ester (3), serotonin (4), hyrtiosin A (5), 5-
hydroxyindole-3-carbaldehyde (6), and hyrtiosin B (7).
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Figure 1. Structure of the isolated compounds f

The cloning, expression, and purification of ICL from the geno-
mic DNA of C. albicans (ATCC 10231) were carried out as described
previously.9 The compounds 1–7 were evaluated for their inhibi-
tory activities against ICL of C. albicans according to a previously
documented procedure.9,17,18 The inhibitory potencies, expressed
as IC50 values, of the tested compounds are shown in Table 1 and
are compared to that of a known ICL inhibitor, 3-nitropropinate
(IC50: 50.7 lM).19 Among the compounds tested, compound 7
was found to be a strong ICL inhibitor (IC50: 89.0 lM). However,
compound 2 was inactive and the other alkaloid compounds 1
and 3–6 revealed only moderate to weak activity against C. albicans
ICL (Table 2). By comparing chemical structures of compounds 3–6,
it was found that the ICL inhibitory activities of these 5-hydroxyin-
dole-type alkaloids are markedly affected by a substitution of func-
tional group at the C-3 position. A substitution by a hydrophilic
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group at the C-3 position results in an increase of the ICL inhibitory
activity. The order of ICL inhibitory activity was 5-hydroxy-1H-in-
dole-3-carboxylic acid methyl ester (3) < hyrtiosin A (5) 6 seroto-
nin (4) < 5-hydroxyindole-3-carbaldehyde (6). The in vitro
antimicrobial activities of compounds 1–7 were also assessed
against medically important pathogenic fungi including C. albicans
(Table 1) and bacteria.20 All of these compounds were inactive
against tested microorganisms at 200 lg/ml (data not shown).


Marine sponges of the genus Hyrtios (Thorectidae family) have
proven to be a rich source of structurally diverse metabolites
including alkaloids, mainly sesterterpenes, sesquiterpene qui-
nones, and macrolides.21 Many of them possess important biolog-
ical activities as illustrated with the promising anticancer
altohyrtins.22 In this study, we have shown that specimen of the
marine sponge Hyrtios sp. collected from Federated States of
Micronesia contain 5-hydroxyindole-type alkaloids, as ICL inhibi-
tors. The alkaloidal content of the Micronesian Hyrtios sp. we have
studied is similar to that of the Indonesian Hyrtios erectus studied
by Salmoun et al.,14 as both samples contained 6-hydroxy-3,4-
dihydro-1-oxo-b-carboline, serotonin, 5-hydroxyindole-3-carbal-
dehyde, and hyrtiosin B. Interestingly, several tryptamine
derivatives and trisindoline were found to be produced by a fungus
Aspergillus niger (separated from Hyrtios proteus)23,24 and a bacte-
rium of the genus Vibrio (separated from Hyrtios altum),25 respec-
tively. This suggests that the 5-hydroxyindole-type alkaloids
found in Hyrtios sp. could be of symbiotic origin.


In conclusion, biological and chemical investigations of the
crude extract of the Micronesian marine sponge Hyrtios sp. led to
the isolation of a new 5-hydroxyindole-type alkaloid, 1-carboxy-
6-hydroxy-3,4-dihydro-b-carboline, together with six known re-
lated alkaloids. Their structures were elucidated on the basis of
mass spectrometry and detailed 2D NMR spectroscopic data.
Among the isolated alkaloids, hyrtiosin B displayed a potent inhib-
itory activity against isocitrate lyase (ICL) of C. albicans. It was also
found that the ICL inhibitory activities of 5-hydroxyindole-type
alkaloids are markedly affected by a substitution of functional
group at the C-3 position. Since the enzymes of the glyoxylate cycle
are not found in mammals, the isolated alkaloid compounds are
good starting candidates for ICL inhibitor design.
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Vitamin K is an essential nutrient and a cofactor for the carboxylation of specific glutamyl residues of pro-
teins to c-glutamyl residues, which activates osteocalcin related to bone formation. Among vitamin K
homologues, menaquinone-4 (MK-4) is the most active biologically, up-regulating the gene expression
of bone markers, and thus has been clinically used in the treatment of osteoporosis in Japan. Recently,
we confirmed that MK-4 was converted from dietary phylloquinone (PK), and then accumulated in var-
ious tissues at high concentrations. This system should play an important role in biological functions
including bone formation, however, the pathway by which MK-4 is converted remains unclear. In this
study, we studied the mechanism of MK-4’s conversion with chemical techniques using deuterated
analogues.


� 2009 Elsevier Ltd. All rights reserved.
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Figure 1. Structure of vitamin K homologues: phylloquinone (A) and menaqui-
nones (B).

Vitamin K is a well-known cofactor for the vitamin K-dependent
c-carboxylative reaction that converts specific glutamic acid resi-
dues to c-carboxyglutamic acid residues in certain proteins related
to blood coagulation and bone formation.1 Vitamin K has two ma-
jor homologues, the plant-derived vitamin K1 (A) (phylloquinone:
PK) and the bacterium-derived vitamin K2 (B) (menaquinone-n:
MK-n) (Fig. 1).2 It has been revealed that menaquinone-4 (MK-4),
one of the menaquinone homologues, has additional biological ac-
tions related to gene transcription through steroid and xenobiotic
receptor (SXR),3 and suppression of cancer cell proliferation.4 Fur-
thermore, MK-4 as well as PK was shown to protect oligodendro-
cyte precursors and immature fetal cortical neurons from
oxidative injury, independent of the vitamin K-dependent c-car-
boxylation reaction.5 There is consistent evidence the MK-4 is con-
verted from other dietary vitamin K homologues.6 We recently
confirmed that MK-4 was converted from dietary phylloquinone
(PK), and then accumulated in various tissues at high concentra-
tions.7 In certain tissues, such as brain tissue, containing high con-
centrations of lipids, MK-4 would be a preferable form of vitamin
K. Although this system should play an important role in biological
functions, the pathway of MK-4 synthesis remains unclear. As a
first step toward clarifying the biological importance of MK-4, we
investigated the mechanism by which dietary PK is converted to
MK-4 using chemical techniques.

All rights reserved.


: +81 78 441 7565.
kano).

A mechanism for the conversion of dietary PK to MK-4 is pro-
posed in Figure 2. After a quinone moiety of dietary PK is reduced
to hydroquinone with a reductase such as NAD(P)H dehydrogenase,
quinone (NQO) 1, NQO2, or glutathione reductase, the side chain
moiety is cleaved by a specific enzyme. The resulting intermediate,
vitamin K3 (menadione) hydroquinone, is subsequently converted
to MK-4 hydroquinone by a bond-forming reaction with geranylger-
anylpyrophosphate (GGPP) derived from the mevalonate pathway.
Finally, MK-4 hydroquinone is changed to MK-4 with oxidation un-
der atmospheric conditions. Although this mechanism seems plausi-
ble, it has not been clarified whether the conversion of PK to MK-4
proceeds directly, or through an ‘‘intermediate” menadione. On this
background, we first elucidated the conversion reaction using deu-
terated menadione (K3-d8) and geranylgeranylpyrophosphate
(GGPP-d5) with LC–APCI–MS/MS.8 We used deuterated compounds
so as to distinguish them from the native MK-4, menadione, and
GGPP originally contained in the cells and to observe the synthetic
reaction itself.



mailto:t-okano@kobepharma-u.ac.jp

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

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





O


O 3


OH


OH 3


OH


OH


OH


OH 3


O


O 3


O
P


O


O-


O
P


-O


O-


O


3


PK PK Hydroquinone


Reduction
3


GGPP


Elimination of  Side Chain


MK-4 Hydroquinone MK-4


Figure 2. Proposed mechanism of conversion of PK to MK-4.
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Scheme 1. Synthesis of geranylgeraniol-d5. Reagents and conditions: (a) KHMDS, N-phenyl-bis(trifluoromethane-sulfonimide), THF, 58%; (b) CD3Li, CuI, ether, 94%; (c) LiAlD4,
ether, quant.; (d) pyridine, PBr3, ether; (e) NaH, ethyl acetoacetate, ether, 60% in two steps; (f) 10% KOH aq, 10% HCl, 89%; (g) NaH, triethylphosphonoacetate, THF, 93%; (h)
DIBAL-H, hexane, 87%; (i) LiCl, collidine, CH3SO2Cl, DMF; (j) HOPP(NBu4)3, CH3CN, 33%; (k) ion-exchanger, lyophilization, 20%.
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The aim of our study is to confirm the synthesis of MK-4 in cells
using deuterated menadione and GGPP. The method of producing
GGPP-d5 is shown in Scheme 1. A b-ketoester (3)9 as a starting
material was converted to a triflate (4) with potassium bis(tri-
methylsilyl)amide (KHMDS) and N-phenyl-bis(trifluoromethane-
sulfonimide) at �78 �C.10 To introduce a deuterium, 4 was treated
with CD3Li and CuI at 0 �C to obtain deuterated 5 in 94% yield. The
introduction of an additional deuterium into 5 by reduction with
LiAlD4 gave farnesol-d5 (6) in quantitative yield. The formation of
a C–C bond for elongation of the alkyl chain was achieved using
PBr3 and ethyl acetoacetate to obtain an ethyl ester (7) in 60% yield
in two steps. Compound 7 was converted to a ketone (8) with 10%
NaOH aq and 10% HCl in good yield. A conventional Horner–Em-
mons reaction using NaH and triethylphosphonoacetate gave an
unsaturated alkyl compound (9, E:Z = 10:1) in 93% yield. Reduction

of the E-form with DIBAL-H led to geranylgeraniol-d5 (10) in 87%
yield. The introduction of a methanesulfonyl group into the hydro-
xyl group of 10 with methanesulfonyl chloride and collidine in
CH2Cl2, followed by phosphorylation with HOPP(NBu4)3, gave a
tetrabutylammonium pyrophosphate derivative (11) in 33% yield
in two steps.11 Finally, the tetrabutylammonium salt of 11 was
converted to an ammonium salt using ion-exchange resin and
the lyophilization of the resulting solution gave GGPP-d5 ammo-
nium salt (1) in 20% yield.12


Meanwhile, MK-4-d12 (2) was synthesized from a deuterated
vitamin K3 analogue (K3-d8) available commercially, and geranylg-
eraniol-d5 was synthesized as shown in Scheme 2. K3-d8 was vigor-
ously stirred with a 10% sodium hydrosulfite aq solution and Et2O
to form K3-d8 hydroquinone, to which geranylgeraniol-d5 was then
coupled in the presence of a catalytic amount of BF3 � Et2O. Finally,







Figure 3. Result of the conversion of K3-d8 and GGPP-d5 into MK-4-d12. Columns,
means obtained from three independent experiments; bars, SD. Significant differ-
ence: ***P < 0.001, compared with cells untreated with ligands.
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Scheme 2. Synthesis of the deuterated vitamin K analogue (MK-4-d12). Reagents and conditions: (a) 10% NaS2O4 aq ether, quant.; (b) 1, BF3 � OEt2, dioxane/AcOEt, 55%.
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K3-d8 hydroquinone was oxidized to K3-d8 under atmospheric con-
ditions.13 Thus the desired MK-4-d12 (2)14 was obtained in 55%
yield.


To evaluate the synthesis of MK-4 from these synthetic ligands,
we used a human osteoblastic cell line, MG-63. Briefly, MG-63 cells
were seeded in 6-well plates at 2 � 105 cells/well and incubated for
2 days with DMEM. After confirmation of confluency, an ethanol
solution of each ligand was added to the cells. The cells were incu-
bated for 24 h, then collected from the 6-well plates. Vitamin K
analogues were extracted from the cells and the concentrations
of MK-4-d12 and its epoxide analogue were measured with LC–
APCI–MS/MS to obtain the rate of conversion to MK-4 in MG-63
cells.


Figure 3 shows a concentration of MK-4-d12 converted from
synthesized ligands in cells. In case of addition of ethanol, K3-
d8, and GGPP-d5 alone, MK-4-d12 was not detected at all. When
1 lM or 10 lM of K3-d8 and GGPP-d5 were added at the same
time, MK-4-d12 was produced with the dose-dependent manner.
This result indicates that MK-4 could be converted through men-
adione, followed by a prenylation with GGPP.


Next we evaluated whether MK-4 would be indeed synthe-
sized through a pathway involving hydroquinone derivatives
when converted from other vitamin K homologues. The com-
monly accepted notion about the conversion of MK-4 in living

OAc


OH


OMe


OH


OMe


OMe


14 15 16


Figure 4. Chemically synthesized compounds used to form

body is that the side chain moiety is exchanged after dietary
vitamin K is reduced to hydroquinone derivatives. However,
the ‘‘intermediate” hydroquinone derivatives have not been
detected so far. To prove that hydroquinone is an intermedi-
ate in the conversion, we tried to detect hydroquinone deriv-
atives using chemically synthesized compounds as shown in
Figure 4. Regarding these compounds, one or both phenol
groups of the naphthoquinone moiety was protected to main-
tain the hydroquinone form. For example, we used 1-acet-
oxy15 or 1-methoxy 2-methyl-1,4-naphthalenediol15 and 1,4-
dimethoxy-2-methyl-1,4-naphthalenediol as substrates for the
conversion.


We added these compounds to cells in the same manner as
GGPP-d5, and investigated the conversion to MK-4 using a
HPLC-fluorescent method,16 however, the desired intermediates
17–19 were not obtained at all. Both the mono acetate 14 and
mono methyl ether 15 were converted to MK-4 in cells because
the amount of MK-4 was remarkably increased in comparison to
the control. Presumably, the acetyl group of 14 was hydrolyzed
to produce menadione. Meanwhile, 15 was oxygen-sensitive,
therefore, methyl groups would be easily removed and oxidized
to produce menadione in culture medium. The dimethyl ether 16
was not converted to MK-4. This result indicates that a C-4
‘‘free” phenol group was important for the interaction with ger-
anylgeranylpyrophosphate and conversion to MK-4. There is
much evidence that hydroquinone is involved in the transfer of
electrons.


In this study, we studied the mechanism by which MK-4 is con-
verted in osteoblastic cells using deuterated compounds and vita-
min K derivatives. The results indicated that MK-4 was synthesized
from vitamin K3 generated from dietary vitamin K homologues and
GGPP biosynthesized in the mevalonate pathway. Furthermore, the
hydroxyl group of the vitamin K3 hydroquinone was important for
the conversion to MK-4. These findings should be useful in helping
to clarify the biosynthetic mechanism in vivo and the essential bio-
logical role of MK-4.
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Synthesis of 4-(4-tert-butylphenyl)pyridine analogues as kinesin spindle protein (KSP) inhibitors, SAR,
cytotoxicity and mitotic arrest in HeLa cells are described. Interestingly, PVZB1194 showed potent KSP
inhibition only in the presence of microtubules and distinct KSP localization from a known KSP inhibitor
S-trytylcysteine analogue in mitosis. The observations would have resulted from a different molecular
mechanism of KSP inhibition and suggest a novel biological regulation for KSP in mitosis.


� 2009 Elsevier Ltd. All rights reserved.

N


N
H


NH


S


EtOOC


Me


OH


Monastrol 1


S


OMe


COOHH2N
A


Chart 1. Structure of known KSP inhibitors and compound 1.


A
X


Y
Z


R2


R1


A B(OR)2


R2


R1


Y
Z


A L


R2


R1


Y
Z


a a
+ +

The kinesin spindle protein (KSP), also known as homo sapiens
Eg5, is a member of the kinesin-5 family in motor proteins.1 In mi-
totic cells, KSP localizes at spindle poles and along interpolar spin-
dle microtubules.2 The spindle-bound KSP plays an essential role
during the early stage of mitosis, separating the duplicated centro-
some and thus encouraging assembly of the bipolar mitotic spindle
array.3 Failure of centrosome separation through KSP dysfunction
results in the activation of the mitotic checkpoint and prolonged
mitotic arrest, followed by apoptosis.4 As KSP is absent in postmi-
totic neurons and is likely to act only in dividing cells, its inhibitors
might provide better clinical therapy in the treatment of human
malignancies than microtubule inhibitors such as paclitaxel or
the vinca alkaloids.5


Since the discovery of monastrol,6 a large number of KSP inhib-
itors (e.g., compound A)7 and a KSP modulator KSPA-18 have been
reported, some of which have shown preclinical proof of concept as
anticancer drugs (Chart 1)9; many bind to the same allosteric loop
5 (L5) region of the motor domain in KSP as monastrol. The follow-
ing five KSP inhibitors are currently undergoing clinical studies:
ispinesib mesylate,10 SB-743921,11 MK-0731,12 ARRY-520,13 and
EMD-534085.14


We have found that 4-(4-tert-butylphenyl)pyridine (1) exhibits
KSP ATPase inhibition (IC50 = 1.00 lmol/L) and cytotoxicity to HeLa
cells (IC50 = 88 lmol/L) by our screening campaign. Further struc-
tural modification was conducted and the detailed biological eval-
uations revealed significant insights into multiple and strict KSP
regulations. Related compounds were disclosed recently15 and this

All rights reserved.


ai).

prompts us to disclose herein our own results with unique biolog-
ical effects.


We were inspired that the nitrogen atom might have an essen-
tial role for KSP ATPase inhibition from the simple structure of
compound 1. Based on our hypothesis, bis(hetero)aryl analogues
with various substituents characterizing hydrogen donors or
acceptors were synthesized. Alongside these modifications,
replacement of the 4-tert-butyl group with a related substituent
was also investigated. The synthetic procedure is summarized in

L X (RO)2B X


(L = I, Br, OTf) (R = H, -CMe2CMe2-)


Scheme 1. Reagents and conditions: (a) PdCl2(dppf)CH2Cl2, K3PO4, 1,4-dioxane,
DMF, heat.
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Schemes 1 and 2. Fundamentally, Suzuki–Miyaura coupling for the
corresponding arylhalide/triflate and arylboronic acid/ester pro-
vided target molecules. Compounds 22–26 were synthesized by
sulfamoylation of the corresponding amines with tert-butyl chloro-
sulfonylcarbamate, followed by TFA treatment (method A), or ex-
cess sulfamide directly (method B) (Scheme 2). The practical
synthetic methods were also used to obtain some analogues.


The inhibitory activity on KSP ATPase7 and cytotoxicity to HeLa
cells7 are summarized in Table 1. With regard to compounds
responsible for exchanging the position of the tert-butyl group or
nitrogen atom on pyridine (compounds 1–5), 2-tert-butyl (3) or
2-pyridyl (5) was completely devoid of activity. These results indi-
cate that the orientation of the tert-butyl group and N atom and/or
the conformation of both (hetero)aryl rings are important for inter-
action with KSP. Among them, the combination of 3-tert-butyl and
4-pyridyl (e.g., compound 2) demonstrated slightly improved
activity. Movement of the nitrogen atom outside of the ring,
namely, 4-cyanophenyl analogue (6) retained activity. Here, we ex-
changed the tert-butyl group for the related groups. Analogue of 4-
CF3 (7) reduced activity; however, incorporation of a 3-F atom

Table 1
Inhibitory activity on KSP ATPase and HeLa cell proliferation


A


R2


R1


Compound A R1 R2 X


1 CH H t-Bu CH
2 CH t-Bu H CH
3 C-t-Bu H H CH
4 CH H t-Bu CH
5 CH H t-Bu N
6 CH H t-Bu CH
7 CH H CF3 CH
8 CH F CF3 CH
9 CH F CF3 CH
10 CH F CF3 CH
11 CH F CF3 CH
12 CH F CF3 CH
13 CH F CF3 CH
14 CH F CF3 CH
15 CH F CF3 CH
16 (PVZB1194) CH F CF3 CH
17 CH F CF3 CH
18 CH F CF3 CH
19 CH F CF3 CH
20 CH F CF3 CH
21 CH F CF3 CH
22 CH F CF3 CH
23 CH F CF3 CH
24 CH F CF3 CH
25 CH F CF3 CH
26 (PVZB1084) N H CF3 CH


a IC50 values were derived from dose–response curves generated from triplicate data
b Not tested.

(compound 8) recovered KSP ATPase inhibitory activity equipotent
to parent compound 6. The cytotoxicity of compound 8
(IC50 = 13 lmol/L) was more potent than that of compound 6
(IC50 = 63 lmol/L); therefore, we selected 3-F-4-CF3 as substituents
on the left phenyl ring for further exploration.


Next, various substituents with a feature of a hydrogen donor or
acceptor were introduced at the 4-position on the right phenyl ring
(9–16). Analogues with 4-OH (9), 4-NH2 (10), and 4-CHO (13) were
equipotent, while 4-CH2OH (11) and 4-COCH3 (14) were weaker
than compound 6. In addition, 4-CH2NH2 (12) and 4-COOCH3


(15) were completely inactive. On the other hand, incorporation
of 4-SO2NH2 (16; PVZB1194) enhanced KSP ATPase inhibition
(IC50 = 0.12 lmol/L) and cytotoxicity (IC50 = 5.5 lmol/L). Thus, we
focused on the synthesis of the related analogues (17–24) of
PVZB1194. Sequential methylation (17 and 18) on the sulfonamide
moiety gradually decreased activity. Analogues of 4-SO2CH3 (20),
(DL)-4-SOCH3 (19), and 4-NHSO2CH3 (22) showed reduced activity
(but 20 and 22 were almost equipotent to parent compounds 1
and 6), and extension to 4-SO2CH2CH3 (21) abolished activity. Fur-
thermore, compounds with sulfamide (23) showed potent KSP
ATPase inhibition (IC50 = 0.02 lmol/L), and insertion of methylene
(compound 24) reduced activity. Disfavorably, compound 23
showed >30-fold discrepancy for the cytotoxicity. We thought that
the very high lipophilicity should be reduced to improve solubility,
cell permeability and protein binding issues. Based on this assump-
tion, we prepared compounds 25 and 26, whose pyridine rings
were replaced from phenyl rings. Compound 25 showed potent
KSP ATPase inhibition (IC50 = 0.04 lmol/L); however, the cytotoxic-
ity was dramatically decreased (IC50 = 30 lmol/L). The expanded
discrepancy might be due to the physicochemical property of pyr-

X
Y
Z


Y Z IC50
a (lmol/L)


KSP ATPase Cytotoxicity


CH N 1.00 88
CH N 0.42 32
CH N >20 NTb


N CH 6.80 >100
CH CH >20 NTb


CH C-CN 1.47 63
CH C-CN 5.49 NTb


CH C-CN 1.40 13
CH C-OH 2.14 <100
CH C-NH2 2.47 NTb


CH C-CH2OH 3.63 33
CH C-CH2NH2 >20 NTb


CH C-CHO 1.47 68
CH C-COCH3 7.14 NTb


CH C-COOCH3 >20 NTb


CH C-SO2NH2 0.12 5.5
CH C-SO2NHCH3 4.61 42
CH C-SO2N(CH3)2 >20 NTb


CH C-(DL)-SOCH3 3.70 91
CH C-SO2CH3 0.86 23
CH C-SO2CH2CH3 >20 NTb


CH C-NHSO2CH3 2.78 9.9
CH C-NHSO2NH2 0.02 0.69
CH C-CH2NHSO2NH2 3.06 63
N C-NHSO2NH2 0.04 30
CH C-NHSO2NH2 0.70 1.9


points.







Table 2
Mitotic arrest in HeLa cells induced by selected analogues


Compound MIa
50 (lmol/L)


8 9.9
PVZB1194 9.4
25 30
PVZB1084 11


aMI50 values were derived from dose–response curves generated from triplicate
data points.


Figure 2. HeLa cells with monoasters after treatment with PVZB1194 (left:
36 lmol/L, right: 18 lmol/L). Chromosomes are colored in blue, a-tubulin in red
and Ser10 phosphorylated histone H3 in green.


Figure 3. KSP localization in HeLa cells by treatment with PVZB1194 (16 lmol/L;
left) and compound A (0.5 lmol/L; right). a-Tubulin is colored in red, chromosome
in blue and KSP in green.
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idylsulfamide. In contrast, compound 26 (PVZB1084) demon-
strated well-balanced properties, namely, equipotent activity both
for KSP ATPase inhibition (IC50 = 0.70 lmol/L) and cytotoxicity
(IC50 = 1.89 lmol/L), as we expected.


The observed SAR indicates that the hydrogen bond at the 4-po-
sition of the right (hetero)aryl moiety plays a critical role in KSP
inhibition. We speculate that a hydrogen bond acceptor, such as
CN and a pyridine-N atom, interacts via a water molecule, while di-
rect interaction occurs for a hydrogen bond donor, such as
NHSO2NH2 and SO2NH2.


To understand KSP inhibition and the consequent cytotoxicity
induced by synthesized analogues in cellular molecular biology,
we evaluated the mechanism of action of KSP inhibition, mitotic
arrest and the molecular dynamics of essential players in mitosis.
Figure 1 shows KSP ATPase inhibition with/without microtubules
by PVZB1194 and compound A, which is believed to bind to the
L5 region in KSP.16 PVZB1194 demonstrated weaker KSP ATPase
inhibition in the absence of microtubules, unlike compound A. In
addition, the inhibiting property of PVZB1194 is the same as that
of a new ATP competitive KSP inhibitor, GSK-1.17 PVZB1194 did
not bind to microtubules directly (data not shown). A group from
GlaxoSmithKline and Cytokinetics reported in an in silico docking
study that GSK-1 might bind to a novel allosteric site that is dis-
tinct from the allosteric L5 region.16 Therefore, we believe that
the binding domain of PVZB1194 is different from that of known
L5 allosteric KSP inhibitors. We are now conducting X-ray crystal-
lographic analysis of the KSP/PVZB1194 complex to confirm the
binding site, and results will be published elsewhere in the near
future.


Next, we evaluated the effects of several cytotoxic KSP inhibi-
tors on mitosis. All compounds arrested HeLa cells in the M-phase
and the 50% mitotic index induction (MI50s)7 concentration was
similar to the IC50 of cytotoxicity (Table 2). Since these compounds
did not inhibit ATPase activity of another four structurally and
functionally related mitotic kinesins, namely, CENP-E, kid, MKLP1
and KIF4 (data not shown),7 cytotoxicity would be due to specific
inhibition of KSP.


Finally, we investigated the dynamics of chromosomes, micro-
tubules and KSP in HeLa cells by treatment with PVZB1194 or com-
pound A.18 As we expected, PVZB1194 induced the ‘monoastral’
phenotype, which is typically observed under KSP suppression
(Fig. 2). Surprisingly, KSP distribution in mitotic arrested HeLa cells
was quite different between PVZB1194 and compound A, despite
the same localization of chromosomes and microtubules for both
KSP inhibitors (Fig. 3). In the early mitotic phase, centrosomal
KSP localization is normally observed and treatment with both
KSP inhibitors disturbed it (this indicates endogenous KSP inhibi-
tion); PVZB1194 restricted KSP localization into the central portion
of the cells, whereas compound A forced diffused KSP localization
over the cells at almost the same concentration of MI50. PVZB1194
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Figure 1. KSP ATPase inhibition with (black square) or without (gray t

is a specific KSP inhibitor (vide supra) and it inhibits KSP in a
microtubule-dependent manner (Fig. 1). KSP is recruited around
centrosomes and moves to plus end of microtubules in mitosis3;
therefore, the restricted localization might suggest that PVZB1194
inhibits KSP moving immediately after KSP recruitment. As another
possibility, KSP might be regulated by an unknown molecular
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mechanism in mitosis, and KSP inhibitors with different molecular
mechanisms could possibly distinguish it. Elucidation of the mode
of action of PVZB1194 is now ongoing.


In conclusion, structural modification of KSP inhibitor 4-(4-tert-
butylphenyl)pyridine (1) provided PVZB1194, and well-balanced
PVZB1084. PVZB1194 potently inhibited KSP in a microruble-
dependent manner and induced a monoastral phenotype to arrest
mitotic progression as expected, while surprisingly, abnormal KSP
localization was distinct from that induced by the known KSP
inhibitor A. We suggest that KSP inhibitors with different mecha-
nisms of action represented herein contribute to further elucida-
tion of the cellular function of KSP in mitosis.
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A family of 1,4-diarylpiperidine-4-methylureas were designed and synthesized as novel dual effectors on
ACAT and LDL receptor expression. We examined SAR of the synthesized compounds focusing on substi-
tution at the three aromatic parts of the starting compound 1 and succeeded in identifying essential sub-
stituents for inhibition of ACAT and up-regulation of hepatic LDL receptor expression. Especially, we
found that compound 12f, which can easily be prepared, has biological properties comparable to those
of SMP-797, a promising ACAT inhibitor. In addition, the in vitro effects of 12f on lipid metabolism were
substantially superior to those of a known ACAT inhibitor, Avasimibe.


� 2009 Elsevier Ltd. All rights reserved.
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Hyperlipidemia and related cardiovascular diseases, such as
atherosclerosis, are risk factors for stroke and coronary heart dis-
eases, which are among the leading causes of death in many indus-
trialized countries. Acyl-coenzyme A:cholesterol acyltransferase
(ACAT), which catalyzes intracellular cholesterol esterification,1


plays important roles in several physiological processes, such as
absorption of dietary and biliary cholesterol in the small intestine,2


secretion of very low-density lipoprotein (VLDL) in the liver,3 and
accumulation of cholesteryl esters in macrophages in the arterial
wall.4 It is therefore believed that inhibition of ACAT may lower
plasma cholesterol level and help prevent atherosclerosis.


It is known that expression of hepatic low-density lipoprotein
(LDL) receptor is extremely important for lipid homeostasis. Stat-
ins, which are HMG-CoA reductase inhibitors that increase hepatic
LDL receptor expression, are known to be effective in lowering to-
tal cholesterol and LDL cholesterol levels in hyperlipidemic pa-
tients.5 From these findings, it is believed that dual effectors on
ACAT and LDL receptor expression may be promising agents in
the treatment of hyperlipidemia and related cardiovascular
diseases.


We have previously reported a novel ACAT inhibitor, SMP-797
(Fig. 1), with potent cholesterol-lowering activity and direct
regressive effect on atherosclerotic lesions.6 We have also shown
that SMP-797 up-regulate hepatic LDL receptor expression, an ef-
fect not reported with known ACAT inhibitors. Furthermore,

All rights reserved.


: +81 6 6466 5287.
(S. Asano).

SMP-797 at a concentration much higher than that needed for
LDL receptor up-regulation, that is, 1 lM, had no effect on choles-
terol synthesis in HepG2 cells. From these findings, we expect
SMP-797 to be a next generation anti-hyperlipidemic agent.


Although SMP-797 is a promising compound, its preparation re-
quires eight reaction steps.7 Our aim is therefore to find back-up
compounds with different mother templates and easy synthetic
routes. Based on previous studies of SMP-797 (Fig. 1), the 2,6-diiso-
propylphenylurea part is essential for ACAT inhibitory activity.
Therefore we examined replacement of the 1,8-naphthyridine moi-
ety with other hydrophilic groups and succeeded in finding com-

1


Figure 1. Structures of SMP-797 and compound 1.
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Scheme 1. Synthesis of Nitriles 5a–j and 6a–e. Reagents and conditions: (a) 1—NaH, BrCH2CH2OTHP, DMF, 0 �C ? rt; 2—p-TsOH�H2O, MeOH, rt, 74%; (b) 1—triflic anhydride,
DIPEA, EtOAc, �30 �C; 2—R2NH2 4, DIPEA, �30 �C ? rt, 26–89%; (c) 7, CH3(CH2)15P+Bu3�Br�, 50% NaOHaq, 100 �C, 52–68%.
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pound 1 as a potent ACAT inhibitor. The IC50 of 1 toward ACAT
(IC50 = 35 nM) was comparable to that of SMP-797 (IC50 = 31 nM).
Herein, we reported the design, synthesis, and biological activity
of a novel series of 1,4-diarylpiperidine-4-methylureas as anti-
hyperlipidemic agents.


We initially synthesized the precursor nitriles 5 and 6 to afford
the ureas 11 and 12. These nitriles were prepared by two synthetic
methods using different functional groups (Scheme 1). The first
synthetic method was conversion of the N-substituted piperidines
in part A, Figure 1. The diol 3 was prepared by common dialkylation
of the 3-methoxyphenylacetonitrile with the commercially avail-
able 2-(2-bromoethoxyl)tetrahydro-2H-pyran followed by meth-
anolysis. The diol 3 thus obtained was converted to the nitriles
5a–j by one-pot preparation via bis-triflate with the appropriate
amines 4 (R2NH2).8 The second synthetic method was conversion
of the substituent on the phenyl ring in part B, Figure 1. The nitriles
6a–e were prepared in moderate yields by dialkylation of the com-
mercially available phenylaceto-nitriles 2 with N,N-bis(2-chloro-
ethyl)anisidine9 7 in the presence of a catalytic amount of
phosphonium bromide.10


The p-nitrophenylcarbamates 10a–c were obtained as illus-
trated in Scheme 2. The carbamates were synthesized in a few
reaction steps from the 2,6-diisopropylanilines 8a, 9a,11 and 9b,7b

H2N
aR3
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Scheme 2. Synthesis of phenylcarbamates 10a–c. Reagents and conditions: (a)
1—H2, 10% Pd/C, MeOH, rt; 2—Boc2O, 2 N NaOHaq, THF, rt, 75–87%; (b)
p-NO2C6H4OCOCl, THF, rt, 78–95%.

which were either commercially available or synthesized by
known literature procedures. The stable key intermediates 9a
and 9b were prepared by catalytic hydrogenation of the corre-
sponding 8b and 8c followed by selective protection of the less
hindered amino group by tert-butylcarbonyl group (Boc). Thus,
the desired p-nitrophenylcarbamates 10a–c could be obtained in
excellent yields.


The ureas 1, 11, and 12 were achieved as illustrated in Scheme
3. These ureas were prepared in excellent yields by coupling reac-
tion of the primary amines with the corresponding phenylcarba-
mates 10a–c. The primary amines provided by reduction of the
nitrile moiety were used following the coupling reaction without
purification because of their polarity. In the case of compound
11b, the benzohydryl group of compound 11a was removed by pal-
ladium-catalyzed hydrogen transfer reaction with ammonium for-
mate. In the case of urea 12, Boc group was removed by 10%
methanolic HCl in the final step to give the desired compounds
as HCl salts.


Compounds 1, 11b–e, and 12a–e inhibitory activity for ACAT
and up-regulation of LDL receptor expression are shown in Table
1. As compared to 1 or 11e, the inhibitory activity of 11b, 11c, or
11d for ACAT decreased more than 10-fold. These findings suggest
that the aryl substituent on the nitrogen of the piperidine (A-part)
is important for ACAT inhibition. Compounds 1, 11e, and 12a–e
inhibited ACAT with similar IC50 values, however, only 12c up-reg-
ulated LDL receptor expression. From these results it is assumed
that the 2-methoxyphenyl group in A-part (Fig. 1) and the 4-ami-
no-2,6-diisopropylphenyl group in C-part are essential for the dual
inhibition of ACAT and up-regulation of LDL receptor expression.


Next, we turned our attention to the effects of a substitution on
the phenyl ring of B-part (Fig. 1). The inhibitory activity for ACAT of
compounds 12c and 12i–m and their up-regulation of LDL receptor
expression are summarized in Table 2. Substitution on the phenyl
ring of B-part was well tolerated for ACAT inhibitory activity. How-
ever, for up-regulation of LDL receptor expression, electron donat-
ing groups, such as a methoxy group, were preferred to electron-
withdrawing groups.


Finally, in order to improve both the inhibitory activity for ACAT
and the up-regulatory effect on LDL receptor expression, we car-
ried out SAR studies on the 2-alkoxy groups of A-part. As shown
in Table 3, 2-alkoxyl substituents on the phenyl ring were well tol-
erated with IC50 values for inhibition of ACAT ranging from 32 to
68 nM. Interestingly, the up-regulatory effect on LDL receptor
expression was improved in the case of n-butoxy (12f)12 and fluor-
oalkoxy (12g and 12h) as compared to that of compound 12c.
These findings indicate that an increase in compounds hydropho-
bicity is effective in improving both the inhibitory activity for ACAT







a


11a
11b
11c
11d
1
11e


CNN


R1


R2


2
3


4


N


R1


R2


2
3


4


NH2


N
R2


H
N


H
N


O


R2=CHPh2
R2=H
R2=Me
R2=nPr
R2=Ph
R2=2-OMe-C6H4


5a-j, 6a-e


b


d, e


12a
12b
12c
12d
12e
12f
12g
12h
12i
12j
12k
12l
12m


N


R1


R2


2
3


4


H
N


H
N


O


R3


3'


4'


2HCl


R1=3-OMe
R1=3-OMe
R1=3-OMe
R1=3-OMe
R1=3-OMe
R1=3-OMe
R1=3-OMe
R1=3-OMe
R1=H
R1=3-F
R1=3-CF3
R1=2-OMe
R1=4-OMe


R2=Ph
R2=2-OMe-C6H4
R2=2-OMe-C6H4
R2=3-OMe-C6H4
R2=4-OMe-C6H4
R2=2-OnBu-C6H4
R2=2-OCF3-C6H4
R2=2-OCH2CF3-C6H4
R2=2-OMe-C6H4
R2=2-OMe-C6H4
R2=2-OMe-C6H4
R2=2-OMe-C6H4
R2=2-OMe-C6H4


R3=4'-NH2
R3=3'-NH2
R3=4'-NH2
R3=4'-NH2
R3=4'-NH2
R3=4'-NH2
R3=4'-NH2
R3=4'-NH2
R3=4'-NH2
R3=4'-NH2
R3=4'-NH2
R3=4'-NH2
R3=4'-NH2


MeO
c


Scheme 3. Synthesis of ureas 1, 11a–e and 12a–m. Reagents and conditions: (a) LiAlH4, THF, reflux; (b) 10a, THF, rt, 85–92%; (c) 10% Pd/C, HCO2NH4, EtOH, reflux, 36%; (d)
10b or 10c, THF, rt; (e) 10% HCl/MeOH, rt, 70–91%.


1064 S. Asano et al. / Bioorg. Med. Chem. Lett. 19 (2009) 1062–1065

and the up-regulatory effect on LDL receptor expression. Particu-
larly, compound 12f demonstrated biological properties compara-
ble to those of SMP-797.


In summary, we disclose here a new class of piperidine-based
ACAT inhibitors. These compounds, which like SMP-797 show po-

Table 1
Effects of a substitution on the nitrogen of piperidine (A-part) and 2,6-diisopropyl-
phenyl (C-part) on biological activity


N


H
N


H
N


O


R3


MeO


R2
3'
4'A


C


Compound R2 R3 ACAT inhibition
IC50


a (nM)
LDL receptor expressionb


(100 nM)


11b H H >1000 ntc


11c Me H 664 ntc


11d nPr H 547 ntc


1 Ph H 35 �d


11e 2-OMe-C6H4 H 47 �
12ae Ph 40-NH2 40 �d


12be 2-OMe-C6H4 30-NH2 81 �
12ce 2-OMe-C6H4 40-NH2 37 +
12de 3-OMe-C6H4 40-NH2 48 �
12ee 4-OMe-C6H4 40-NH2 142 �
SMP-797 31 ++


a Compounds inhibitory activity for ACAT in HepG2.
b Effect of compounds on expression of LDL receptor in HepG2.
c Not tested.
d 10 lM.
e 2HCl salts.

tent ACAT inhibitory activity and remarkable up-regulation of he-
patic LDL receptor expression, can easily be synthesized in three to
five reaction steps. Furthermore, these compounds in vitro activity
on lipid metabolism was substantially superior to that of a known
ACAT inhibitor, Avasimibe (IC50 = 479 nM, in house data).6,13 How-
ever, the solubility of these compounds, including the selected 12f
was not high enough (e.g., 12f; 0.0003 mg/mL, at pH 7.4). In order
to improve the solubility further optimization studies are neces-
sary. In addition, studies to unveil the mechanism by which the
synthesized compounds up-regulate hepatic LDL receptor expres-
sion are underway.

Table 2
Effects of a substitution on the phenyl ring (B-part) on biological activity


2HCl


B


N


R1
2
3


4


H
N


H
N


O


MeO NH2


Compound R1 ACAT inhibition
IC50


a (nM)
LDL receptor
expressionb (100 nM)


12i H 82 �
12j 3-F 77 �
12k 3-CF3 32 �
12l 2-OMe 43 +
12c 3-OMe 37 +
12m 4-OMe 49 +
SMP-797 31 ++


a Compounds inhibitory activity for ACAT in HepG2.
b Effect of compounds on expression of LDL receptor in HepG2.







Table 3
Effects of the 2-alkoxy substituent on the phenyl ring (A-part) on biological activity


N
R2


H
N


H
N


O
2HCl


MeO


NH2


A


Compound R2 ACAT inhibition
IC50


a (nM)
LDL receptor
expressionb (100 nM)


12c 2-OMe-C6H4 37 +
12f 2-OnBu-C6H4 32 ++
12g 2-OCF3-C6H4 68 ++
12h 2-OCH2CF3-C6H4 48 ++
SMP-797 31 ++
Avasimibe 479c �


a Compounds inhibitory activity for ACAT in HepG2.
b Effect of compounds on expression of LDL receptor in HepG2.
c In-house data.
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Inhibition of soluble epoxide hydrolase has been proposed as a promising new pharmaceutical target for
diseases involving hypertension and vascular inflammation. The most potent sEH inhibitors reported to
date contain a urea or amide moiety as the central or ‘primary’ pharmacophore. We evaluated replacing
the urea pharmacophore with other functional groups such as thiourea, sulfonamide, sulfonylurea, ami-
nomethylene amide, hydroxyamide, and ketoamide to identify novel and potent inhibitors. The hydrox-
yamide moiety was identified as a novel pharmacophore affording potency comparable to urea.


� 2009 Elsevier Ltd. All rights reserved.

Linker Linker


L1


P2


L2R


P1 P3

Soluble epoxide hydrolase (sEH) has been proposed as a poten-
tial pharmaceutical target in a number of disease indications
including hypertension,1 stroke,2 inflammatory disease,3 and met-
abolic syndrome.4 The sEH enzyme is found in a variety of mam-
malian tissues, with the highest activity in liver, kidney,
intestinal and vascular tissue.5 sEH metabolizes endogenously pro-
duced epoxides of arachidonic acid, epoxyeicosatrienoic acids
(EETs), to the corresponding dihydroxyeicosatrienoic acids
(DHETs), by catalyzing the addition of water to the epoxide moi-
ety.6 EETs produce vasodilation in various vascular beds such as
renal, mesenteric, cerebral, pulmonary and coronary arteries.7


Hydrolysis of EETs by sEH to the corresponding DHETs significantly
diminishes this activity,8 suggesting that inhibition of sEH may be
a promising new therapy in the treatment of diseases involving
hypertension and vascular inflammation.


sEH inhibitors based on epoxide,9 urea,10 carbamate,10 amide,11


and acyl hydrazone,12 scaffolds have been reported. The most
potent sEH inhibitors reported to date for which enzyme IC50 data
have been reported contain a urea or amide as the central or ‘pri-
mary’ pharmacophore (Fig. 1).13 Early epoxide based inhibitors
that were designed based on the endogenous substrate proved to
be of limited use for in vivo studies prompting research that led
to the discovery of dicyclohexyl urea (DCU), a potent inhibitor of
the sEH enzyme.10 Evaluation of structural analogs of DCU includ-
ing amide, thiourea, guanidine, carbamate, thiocarbamate, ketone,
ester, and carbonate indicated that urea, amide, and carbamate
showed the greatest potential as the required functionality for

All rights reserved.


: +1 510 785 7061.
.-K. Anandan).

sEH inhibition. Subsequent attempts to improve solubility proper-
ties of such prototype molecules as dicyclohexyl urea (DCU), cyclo-
hexyl dodecyl urea (CDU), and adamantyl dodecyl urea (ADU) led
to incorporation of a solubilizing group at the end of the extended
alkyl chain to afford molecules like 12-[3-adamantane-1-yl-ure-
ido]-dodecanoic acid (AUDA). Additional studies targeting
improved solubility and pharmacokinetic properties showed that
polar functionality such as ether, ester, and amide moieties, desig-
nated as the ‘secondary’ pharmacophore,13 could be incorporated
into the alkyl chain ca. 7.5 Å distant from the ‘primary’ urea phar-
macophore without loss in potency.14 In some cases appropriate
selection of the secondary pharmacophore and other structural
features in the molecule could afford amide based scaffolds of
comparable potency to urea based scaffolds.11 Recent reports
describe potent sEH inhibitors, which have improved pharmacoki-
netic profiles, containing conformationally restricted ligands such
as a cyclohexane or piperidine ring linking the urea and the sec-
ondary pharmacophore.15


The ether scaffold 1 was chosen as a test scaffold for varying the
primary pharmacophore P1 based on relative ease of synthesis,

Primary
Pharmacophore


Secondary
Pharmacophore


Tertiary
Pharmacophore


Figure 1. Pharmacophore model.
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excellent potency of such compounds in the urea series
(P1 = NHCONH),14 improved solubility, and potential for drugability.

1


O N


O


P1
R


On the basis of the X-ray crystal structure, the urea based inhibitors


are postulated to establish hydrogen bonds between the urea moi-
ety and residues of the sEH enzyme mimicking features of the tran-
sition state of epoxide ring opening.16 Based on this rationale we
decided to explore other functionality that could have a similar
binding motif to that of urea. We first explored common urea mod-
ifications such as thiourea and sulfonyl urea followed by sulfon-
amide and amide as well as aminomethylene amide. We also
prepared hydroxyamide and ketoamide modifications that have
additional hydrogen binding possibilities.


The general synthetic route for the preparation of compounds
with urea, amide and sulfonamide as the primary pharmacophore
is shown in Scheme 1. Alkylation of morpholine with 1-bromo-3-
chloropropane afforded N-(3-chloropropyl)-morpholine 2.17


Reaction of 2 with m-nitrophenol gave nitroether 3 which upon
reduction yielded aniline intermediate 4. Treatment of intermedi-
ate aniline 4 with the corresponding isocyanates resulted in urea
analogs 5. Treatment of intermediate 4 with various acids or sulfo-
nyl chlorides afforded the desired amides 6 or sulfonamides 7.


Thiourea analog 8 was prepared by reacting adamantyl isothio-
cyanate with aniline intermediate 4 under reflux. Sulfonyl urea 9
(P1 = NHSO2NH) was prepared by sequential reaction of the requi-
site amine with sulfuryl chloride followed by treatment with inter-
mediate 4 (Scheme 2).


The aminomethylene amide analogs 11 were prepared by treat-
ing aniline intermediate 4 with chloroacetyl chloride followed by
alkylation with the desired amine (Scheme 3).


The synthesis of hydroxyamides 16 and ketoamides 17 is
presented in Scheme 4. Adamantanol 12 was oxidized using
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Scheme 1. General synthetic scheme for the preparation of ureas, amides, and sulfonam
(c) Fe, HCO2NH4, toluene, 12 h, 91%; (d) THF, reflux, 12 h, 58–73%; (e) Et3N, DCM, 12 h,

Dess–Martin periodinane to the corresponding aldehyde 13 which
on treatment with trimethylsilylcyanide gave cyanohydrin 14.
Intermediate 14 on treatment with hydrochloric acid in the pres-
ence of methanol resulted in methyl ester which upon treatment
with aqueous lithium hydroxide yielded the hydroxy acid 15. Cou-
pling amine 4 with hydroxy acid 15 gave hydroxyamide 16. Oxida-
tion of hydroxyamide 16 with Dess–Martin periodinane afforded
the desired ketoamide 17.


A further series of hydroxyamides and ketoamides (19 and 20)
with a more lipophilic benzyl ether on the right hand side and
incorporating different spacer lengths on either side of the P1


hydroxyamide or ketoamide were prepared (Scheme 5). Coupling
of hydroxy acid 15 with 4-benzyloxyphenyl amine 18 afforded
hydroxyamide 19, which on further oxidation with Dess–Martin
reagent yielded ketoamide 20. Intermediate 15 was prepared from
the corresponding adamantanol by sequential oxidation to alde-
hyde and cyanide addition followed by hydrolysis of nitrile to
the corresponding acid. The amine intermediate 18 was prepared
from the corresponding 4-benzyloxybenzyl alcohol by sequential
mesylation, displacement with sodium azide and reduction to
the corresponding amine.


Comparison of sEH enzyme inhibitor potency for selected R
groups in the amide series with the corresponding urea series is
shown in Table 1. Amide analogs 6 in general were less potent than
the corresponding urea 5 in a fluorescence-based enzyme assay.18


While adamantyl urea analog 5a was found to be very potent, the
corresponding amide analog 6a was found to be ca. two orders of
magnitude less active. However, the potency could be improved
in the amide series by inserting a methylene between the adaman-
tyl group and the amide, essentially replacing the urea NH with a
CH2 (e.g., 6b), maintaining a similar distance between the carbonyl
and the left hand substituent as in the urea. A similar improvement
was noted with the cyclohexylmethyl analogs 6d and 6c as well as
with the 4-trifluoromethylphenylmethyl analogs 6f and 6e. Inser-
tion of a methylene group between the urea NH and the urea car-
bonyl to afford the corresponding aminomethylene amide analog
11 resulted in diminished potency.
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ides. Reagents and conditions: (a) K2CO3, DMF, rt, 12 h, 83%; (b) NaH, THF, 4 h, 75%;
60–83%; (f) EDCI, HOBT, DIEA, DMF, 4 h, 50–65%.
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Scheme 2. Preparation of thioureas and sulfonylureas. Reagents and conditions: (a) THF, reflux, 12 h, 68%; (b) Et3N, DCM, rt, 12 h, 65%; (c) Et3N, DCM, rt, 16 h, 72%.
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Scheme 3. Preparation of aminomethylene amides. Reagents and conditions: (a) Et3N, DCM, rt, 12 h, 84% ; (b) Et3N, DCM, rt, 16 h, 65–79%.


16


4


17


12 13 14


15


a) b)


c, d)


e)


f)


OH O


OH


CN


OH


OH


O


OH


O


O N


O
H
N


O


O


O N


O
H
N


n n n


n n


n


Scheme 4. Preparation of hydroxyamides and ketoamides. Reagents and conditions: (a) Dess–Martin periodinane, DCM, rt, 4 h, 52–84%; (b) TMSCN, THF, rt, 12 h, 58–83%; (c)
HCl, MeOH, reflux, 12 h, 63–72%; (d) LiOH, MeOH, rt, 12 h, 56–79%; (e) EDCI, HOBT, DIEA, DCM, rt, 12 h, 60–75%; (f) Dess–Martin periodinane, DCM, rt, 6 h, 65%.


1068 S.-K. Anandan et al. / Bioorg. Med. Chem. Lett. 19 (2009) 1066–1070







19


15


+
a)


18


b)


20


OH


OH


O


H
N


O


O


H2N


O


O


H
N


O


n


m n


m n


m


O


OH


Scheme 5. Preparation of hydroxyamides and ketoamides. Reagents and conditions: (a) EDCI, HOBT, DIEA, DCM, rt, 12 h, 58–73%; (b) Dess–Martin periodinane, DCM, rt, 6 h,
54–68%.


Table 1
Enzyme IC50 values for urea, amide, and sulfonamides.


Compound R Group P1 IC50 (nM)a


5a Adamantyl Urea 0.8
5b Cyclohexyl Urea 3.9
5c 4-Trifluoromethylphenyl Urea 1.2
5d 4-Trifluoromethoxyphenyl Urea 8.2
6a Adamantyl Amide 88
6b Adamantylmethyl Amide 2.5
6c Cyclohexyl Amide 390
6d Cyclohexylmethyl Amide 28
6e 4-Trifluoromethylphenyl Amide 93
6f 4-Trifluoromethylphenylmethyl Amide 55
7 4-Trifluoromethylphenyl Sulfonamide 15,000
8 Adamantyl Thio urea 22
9 Adamantyl Sulfonyl urea 3600
11 Adamantyl Aminomethylene amide 110


a IC50 values for all s-EH inhibitors were determined using a fluorescence assay.18


Table 2
Enzyme IC50 values for hydroxyamides and ketoamides.


Compound n R Group P1 IC50 (nM)a


16a 0 Adamantyl Hydroxyamide >2000
16b 1 Adamantyl Hydroxyamide 23
16c 2 Adamantyl Hydroxyamide 530
17a 0 Adamantyl Ketoamide >2000
17b 1 Adamantyl Ketoamide 49
17c 2 Adamantyl Ketoamide 48


a IC50 values for all sEH inhibitors were determined using a fluorescence assay.18


Table 3
Enzyme IC50 values for hydroxyamides and ketoamides.


Compound m n P1 IC50 (nM)a


19a 0 0 Hydroxyamide 310
19b 1 0 Hydroxyamide 270
19c 1 2 Hydroxyamide 185
19d 2 2 Hydroxyamide 11
20a 0 0 Ketoamide 210
20b 1 0 Ketoamide 1110
20c 1 2 Ketoamide 1540
20d 2 2 Ketoamide 685


a IC50 values for all sEH inhibitors were determined using a fluorescence assay.18


S.-K. Anandan et al. / Bioorg. Med. Chem. Lett. 19 (2009) 1066–1070 1069

Substitution of common replacements for urea and amide such
as thiourea and sulfonamide led to less potent compounds. Thio-
urea analog 8 was found to be about 10-fold less potent than the
corresponding urea analog 5a. Sulfonamide analog 7 was found
to have substantially less potency in comparison to the corre-
sponding amide analog 6e or urea analog 5c. Replacing the sulfon-
amide with sulfonyl urea (e.g., 9) as the primary pharmacophore
afforded improved potency relative to the sulfonamide, but the
sulfonyl derivatives, in general, exhibited greatly diminished sEH
enzyme activity compared to the urea and amide analogs.


Hydroxyamides 16 and ketoamides 17 were found to be less
potent sEH inhibitors compared to urea analogs (Table 2). Based
on the observation that improved potency was obtained with the
insertion of a methylene group between the amide primary phar-
macophore and the R group in compounds 6a and 6b, hydroxya-
mide 16b with one methylene spacer between the adamantyl
group and the hydroxyamide moiety was prepared and found to

exhibit improved potency in the enzyme assay. This analog proved
to be the most potent within the hydroxyamide series. Ketoamide
analogs with one or two methylene spacers (17b or 17c) afforded
substantially improved and equally potent sEH enzyme inhibition.


While hydroxyamides 16 and ketoamides 17 are novel sEH
inhibitors, their in vitro potencies were somewhat inferior to the
corresponding urea or amide analogs. In an attempt to improve
the in vitro potency for the hydroxy- and ketoamide series, we pre-
pared a further set of compounds containing a benzyl moiety on
the right hand side. Incorporation of such a lipophilic group has
been reported to afford improved potency in a series of benzamide
sEH inhibitors.19 sEH enzyme IC50 values for hydroxyamides 19
and ketoamides 20 are presented in Table 3.
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In this series the hydroxyamide analogs 19 were found to be
generally more potent than the corresponding ketoamides 20.
Increasing the distance between the hydroxyamide pharmaco-
phore and the adamantyl and benzyloxyphenyl group afforded
improved sEH potency in the hydroxyamide series (19a–d), but
no such trend was observed in the ketoamide series (20a–d).
Hydroxyamide 19d with two methylene spacer on both sides of
the hydroxyamide primary pharmacophore was found to be the
most potent sEH inhibitor in the series, exhibiting potency compa-
rable to urea analog 21 (IC50 = 15 nM). The corresponding ketoa-
mide 20d was found to be ca. 60-fold less potent.

21 (m, n = 2)


H
N


O


H
N


O


m n


In conclusion, we have identified the hydroxyamide moiety as a


potent replacement for the urea primary pharmacophore in sEH
inhibitors. The hydroxyamide analog 19d was found to be the most
potent sEH inhibitors in the benzyloxyphenyl series. Work is in pro-
gress to evaluate pharmacokinetic properties of these materials as
well as incorporating other left and right hand side structural
variations.
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Inhibitors of phenylethanolamine N-methyltransferase [PNMT, the enzyme that catalyzes the final step in
the biosynthesis of epinephrine (Epi)] may be of use in determining the role of Epi in the central nervous
system. Here we describe the synthesis and characterization of 7-SCN tetrahydroisoquinoline as an affin-
ity label for human PNMT.


� 2009 Elsevier Ltd. All rights reserved.
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Figure 1. Structures of PNMT inhibitors described in the text.

Phenylethanolamine N-methyltransferase (PNMT; EC 2.1.1.28)
catalyzes the terminal step in catecholamine biosynthesis, i.e.,
the S-adenosyl-L-methionine (AdoMet)-dependent conversion of
norepinephrine to epinephrine (adrenaline).1,2


PNMT has been found in high levels in the chromaffin cells of
the adrenal medulla1 where epinephrine is secreted as a hormone,
particularly during periods of stress. The enzyme has also been
found in the medulla oblongata and the hypothalamus,3,4 and in
the sensory nuclei of the vagus nerve,5 where epinephrine is pro-
posed to function as a neurotransmitter. It has been suggested that
central nervous system (CNS) epinephrine may be involved in a
wide range of activities including central control of blood pressure
and respiration,4,6 the secretion of hormones from the pituitary,7


and the control of exercise tolerance.8 More recently it has been
suggested that CNS epinephrine may be responsible for some of
the neurodegeneration found in Alzheimer’s disease.9–11


It has been shown that CNS-active PNMT inhibitors such as
SK&F 64139 (1, Fig. 1) provide a decrease in brain epinephrine con-
tent and peripheral blood pressure when administered to hyper-
tensive rats.12 By contrast, PNMT inhibitors such as SK&F 29661
(2, Fig. 1) that do not cross the blood–brain barrier, are ineffective
in lowering blood pressure.6 However, interpretation of these re-
sults is complicated by the fact that most PNMT inhibitors also
interact with central a2-adrenoceptors.13 Thus, it is not clear
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whether the observed decrease in blood pressure upon administra-
tion of CNS-active PNMT inhibitors is caused by a reduction in lev-
els of brain epinephrine due to PNMT inhibition, or as a result of
the interaction of the inhibitors with a2-adrenoceptors. Taken to-
gether these observations suggest that it will be difficult to assess
the role of CNS epinephrine without developing specific inhibitors
of PNMT that have the ability to cross the blood–brain barrier but
do not react with a2-adrenoceptors. As a consequence there have
been numerous studies aimed at developing potent and specific
PNMT inhibitors. While many of these inhibitors have been benzyl-
amine derivatives,14,15 the majority have contained the tetrahydro-
isoquinoline (THIQ) nucleus.16–18


Recently, the X-ray structure of hPNMT in complex with both 2
and S-adenosyl-L-homocysteine was determined.19 The structure
shows that a lysine residue, Lys57, interacts with the sulfonamide
oxygens of 2 (Fig. 2). This suggested to us that it may be possible to
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Figure 2. Active site of human PNMT (hPNMT) highlighting interactions with SK&F
29661 (2). Data from PDB ID 1HNN.
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Figure 3. Reaction time course for PNMT activity in the absence (d) and presence
of 100 nM (s), 200 nM (.) and 500 nM (r) 3. After appropriate time intervals the
reaction was quenched and the extent of product formation was measured.31
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Figure 4. Irreversible inactivation of hPNMT with 3. hPNMT (1 lM) was incubated
in the absence of inhibitor (j), with 2.5 lM 2 (r), or with 2.5 lM 3 (d). At the
indicated times aliquots were diluted 1:50 into the standard assay mixture and the
PNMT activity determined.
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target this residue with an affinity label designed to cross the
blood–brain barrier yet have greater specificity for PNMT than 1.
Isothiocyanates have been successfully used as affinity labels as
they react readily with lysine residues to form stable N,N0-dial-
kylthioureas.20,21 Fluorescein isothiocyanate (FITC), for example,
is commonly used to label lysine residues in the active site of en-
zymes such as H+,K+-ATPases,22–24 while benzyl isothiocyanates
are used to label cytochrome P450 enzymes.25–27 Given the prox-
imity of the 7-aminosulfonyl group to Lys57 and the fact that 2
binds to hPNMT with sub-micromolar affinity,28 it appeared that
7-isothiocyanato THIQ (3) may act as an efficient affinity label
for the enzyme. Here we describe the synthesis of 3 and its reaction
with hPNMT.


Compound 3 was synthesized by reaction of 429 with thiophos-
gene in acetone at 0 �C.30 In a preliminary experiment the IC50 va-
lue for 3 was determined at a phenylethanolamine (PEA)
concentration of 100 lM (�Km, Table 1) using standard assay con-
ditions.31 A value of 80 ± 8 nM was obtained, which increased to
260 ± 20 nM when the PEA concentration was increased to
500 lM (5 � Km). These results confirmed that 3 was an excellent
inhibitor of hPNMT and suggested that inhibition was competitive
with phenylethanolamine with a Ki of ca. 40 nM.


Figure 3 shows that, in the absence of inhibitor, the hPNMT-cat-
alyzed methylation of phenylethanolamine proceeds in a linear
fashion. By contrast, in the presence of 3, the rate of methylation
decreases in a time-dependent manner. In these experiments there
is no pre-incubation of enzyme and inhibitor and the reaction time
course can be described by a slow-onset inhibition equation (Eq.
(1)), where vs is the terminal steady-state velocity, vo is the initial
velocity, and kobs is a pseudo first order rate constant for the onset
of inactivation.32,33


½P� ¼ mst þ ½mo � m=kobs�ð1� e�kobst Þ ð1Þ


The best fits of the data in Figure 1 were obtained by fixing vs = 0.
This result is consistent with 3 acting as an affinity label for, if

Table 1
Kinetic parameters (±SEM) for WT and K57A hPNMT


WT K57A


kcat (min�1) 2.8 ± 0.1a 4.0 ± 0. 7a


Km PEA (lM) 100 ± 4a 1300 ± 10a


Km AdoMet (lM) 3.9 ± 0.2a 12 ± 2a


Ki 2 (lM) 0.12 ± 0.02a 6.9 ± 0.1a


Ki (app) 3 (lM) 0.05 ± 0.01b 2.6 ± 0.5b


a Data from Ref. 28.
b Ki (app) values determined under standard assay conditions without regard to


any inactivation occurring.

the enzyme was totally inactivated, the terminal velocity (vs) would
be zero.


To explore this possibility we then carried out a dilution exper-
iment with the results shown in Figure 4. When hPNMT was incu-
bated with 2.5 lM 3 at pH 7.5 and 30 �C, the enzyme was
progressively inactivated. The loss of activity occurred according
to a single-exponential decay function (kobs = 0.12 ± 0.01 min�1),
and resulted in almost totally inactivated enzyme (<0.5% residual
activity in most cases). Conversely, there was virtually no change
in activity when the enzyme was incubated at 30 �C in the absence
of inhibitor. In an additional control reaction, the enzyme was
incubated with 2 under the same conditions. Upon dilution the en-
zyme recovered essentially full activity, a clear indication that inhi-
bition by 2 is reversible, in direct contrast to the loss of activity
observed upon incubation with 3.


To determine the extent of incorporation of label into hPNMT
the enzyme was incubated for 1 h with varying concentrations of
3. After that time the residual activity was measured. Figure 5
shows that labeling is stoichiometric with 0.95 ± 0.2 molecules of
3 per active site.


The experiments described thus far cannot conclusively distin-
guish between a covalently bound inhibitor and a slow onset,
tight-binding inhibitor.34 However, it is unlikely that a noncovalent
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Figure 5. Stoichiometry of inactivation of hPNMT.
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complex will survive the conditions employed in a LC–MS experi-
ment.35 Accordingly, LC–MS was used to obtain the molecular
weights of the wild-type and the 3-inactivated hPNMT. Reaction
of 3 with a single lysine residue would result in the addition of
190 to the molecular weight of the enzyme.


The deconvoluted mass spectrum of WT hPNMT provides a
molecular weight of 30,725 Da which is consistent with the en-
zyme lacking its N-terminal methionine.36 By contrast the spec-
trum of the labeled enzyme provides a molecular weight of
30,916 Da (Fig. 6). The mass difference of 191 suggests that the
reaction is indeed irreversible, and is consistent with the data in
Figure 5 indicating that a single residue is labeled.


In an attempt to identify the residue labeled by 3 a sample of
labeled enzyme was subjected to trypsin digest and analyzed by
LC–MS. An identical treatment of unlabeled hPNMT provided a
control. Tryptic digest of the wild-type enzyme is expected to pro-
vide 27 fragments arising from cleavage at 7 lysine and 19 arginine
residues. Of these we were able to detect 21 individual peptides by
LC–MS. These included four of the peptides arising from cleavage
at lysine, each of which was also seen in the digest of the labeled
enzyme. In an attempt to increase coverage of the digest we turned
to MALDI TOF analysis of the digestion mixture. This enabled us to
see an additional 5 peptides, including 2 arising from cleavage at
lysine, only one of which was present in the digest of the labeled
enzyme. Overall, this left us with two candidate residues, Lys57
and Lys143.

Figure 6. Multiply charged mass spectrum of hPNMT labeled with 3. The inset
shows the Maxent deconvolution. The theoretical Mr are 30,724 Da and 30,914 Da
for unlabeled and labeled hPNMT, respectively.

A further digestion was carried out, this time using LysC pro-
teinase which cleaves solely at lysine residues. In this instance,
only 3 recognizable peptides were observed in the MALDI mass
spectrum. These peptides spanned hPNMT residues 136–151,
249–269 and 270–278. Fortuitously, the covered region included
Lys143 and, as all three peptides were observed in LysC digests
of both labeled and unlabeled enzyme, it was concluded that
Lys57 was the labeled residue. Details of the mass spectrometry
analyses are provided as Supplementary Material.


Another way to confirm that Lys57 is the residue being labeled
by 3 is to examine the extent of labeling in the absence of any pos-
sible interaction. Towards this end we utilized the his6-tagged
hPNMT K57A mutant.28 A kinetic analysis, detailed in Table 1,
showed that the kcat for the reaction was largely unaffected, as
was the Km for AdoMet. However, the Km for PEA increased about
13-fold suggesting most of the effect of this mutation was on the
binding of this substrate. Both 2 and 3 were found to be competi-
tive inhibitors of hPNMT K57A. As might be expected given the
interaction shown in Figure 2, the affinity of this variant for 2 de-
creased 60-fold, while the affinity for 3 decreased 50-fold. Most
importantly the interaction between the K57A mutant and 3 was
found to be reversible in a dilution experiment such as that in
Figure 4, and by LC–MS analysis where a Mr of 31,614 was ob-
tained for both labeled and unlabeled enzyme (data not shown).
Taken together, the results suggest that 3 is an efficient and selec-
tive affinity label for hPNMT.
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The development of a new class of CCR5 antagonist replacing the tropane core of maraviroc by piperidine
with a branched N-substituent is described. Compound 15h shows good whole cell antiviral activity
together with microsomal stability and only weak activity at the hERG ion channel.


� 2009 Elsevier Ltd. All rights reserved.

The retrovirus HIV (human immunodeficiency virus) can lead to
acquired immunodeficiency syndrome (AIDS), a potentially fatal
condition resulting from the failure of the immune system. Since
its recognition as a disease in 1981,1 efforts to identify treatments
have been frustrated by the rapidity with which mutations which
confer resistance can arise, leading to the drive to identify alterna-
tive points of intervention in the viral cycle. Maraviroc is the first of
a number of CCR5 antagonists that have been developed to block
viral entry into cells and was approved by the FDA for the treat-
ment of HIV in 2007.2,3


Following the discovery of maraviroc and related tropane-based
CCR5 antagonists,4 we wished to identify a novel chemotype that
could capitalise upon different interactions and thereby potentially
offer us a different resistance profile.5 We were particularly inter-
ested in replacing the central tropane core since this had been a
common feature of all our previous candidates. However, our expe-
rience suggested this would be a significant challenge since the
tropane offered several key advantages. It had initially been
designed to reduce the ability of the central N atom to bind to
Asp301 of CYP2D6—activity against this could bring unwanted
drug–drug interactions.6 However, the tropane bridge had also
often given a potency increase in our cell-based gp160 fusion
assay, and at times, had also proven beneficial for antiviral activ-
ity.7 For example, antiviral activity was lost when this bridge was
removed from maraviroc (1) to give 2 (Table 1). While the mecha-

ll rights reserved.
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nisms for increased fusion potency or for the disproportionate
increase in antiviral activity resulting from the incorporation of
the tropane bridge are unknown, it is clear that such a modification
increases steric hindrance around the central basic centre and
restricts the conformational flexibility of the molecule. We pro-
posed that similar steric and conformational effects could also be
achieved through the addition of an alpha methyl branch onto
the 3-amino-3-phenyl-propyl side chain (Fig. 1). Initially we pre-
pared a series of 4-amido-piperidines as these were readily acces-
sible and previous SAR had demonstrated that these would provide
a reasonable level of potency. For example, 3, a tropane with a sim-
ple phenylacetic amide substituent, showed good potency in our
cell fusion assay. Removal of the tropane bridge and the ethyl sub-
stituent gave 4 which showed a loss of fourfold in potency but still
retained some antiviral activity. However, the a-methyl derivative
5 showed a two- to threefold increase in potency in our gp160
fusion assay over the equivalent tropane (3) supporting further
exploration of this novel core.


Our initial synthesis did not offer any stereochemical control at
the newly formed centre in the reductive amination step and com-
pounds were tested as an approximately 1:1 mixture of diastereo-
mers (Scheme 1). The b-amino ester 6 was converted to the
cyclobutyl amide by treatment with cyclobutyl carboxylic acid
chloride. Direct conversion of the ester to Weinreb amide 88 was
followed by reaction with methyl magnesium bromide to afford
methyl ketone 9.


The central fragment was prepared from 10 by reductive amina-
tion with ethylamine followed by N-Boc protection to give 12. This
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Table 1
Cell fusion and antiviral activities for maraviroc and related analogues


Compound Structure Fusion IC50
a AV IC90


b logD7.4 pKa HLM Clc hERG inhibition d


1
N


N
N


N


N


O
F


F 0.2 nM 0.7 nM 2.0 7.7 22 0% @ 300 nM


29


N
N
N


N


N


O


F


F 7.5 nM Inactive 1.7 7.2 <8 0% @ 300 nM


3 N


N


N


O


O


O
14 nM — 2.9 8.7 183 IC50 = 248 nM


410


N


N


N


O


O


O 48 nM 310 nM 2.2 8.2 — Not tested


5 N


N


N


O


O


O 5 nM — — 7.8 137 Not tested


a Cell fusion assay.7
b Antiviral activity—concentration required to inhibit replication of HIVBal in PM-1 cells by 90%.
c Human liver microsome stability (ll/min/mg of microsomal protein).
d The concentration required to inhibit [3H]dofetilide binding to hERG stably expressed on HEK-293 cells.
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was reductively coupled to ketone 9 in the presence of Ti(OiPr)4


providing 13 as a mixture of isomers. Deprotection and acylation
gave analogues 14 as an approximate 1:1 mixture of isomers.


A series of analogues were prepared (Table 2). Changes in the
aryl substituent of phenyl acetic acid moiety (examples 14a–14j)
gave a 3-log unit spread in activity in our cell fusion assay. While
substitution at the 2-position was less favoured, potency increased
with lipophilicity in the 3 or 4-position and also with electron
withdrawing substituents in the 4-position. A similar trend was
observed in a related series by Burrows.11 In particular 3,4-diCl
(14a) and 4-CF3 (14c) showed particularly high potencies that

Figure 1. Low energy conformations of 1 and 5.

translated into excellent levels of activity in our whole cell antivi-
ral assay with IC90’s of 0.20 and 0.24 nM, respectively. Substitution
at the benzylic carbon (14k) was not tolerated, however the amide
could be replaced with a urea, and to a lesser extent with a carba-
mate. Urea 14l showed pM activity in our cell fusion assay, but this
10-fold increase over the activity seen with 14a did not translate
into higher efficacy in the antiviral assay. Such a non-linear rela-
tionship between cell fusion-based assays and whole cell antiviral
assays has previously been reported.12 Additional substitution to
give a tetrasubstituted urea was not tolerated (14n). Benzyl or phe-
nyl carbamates 14o and 14q showed equivalent potency in the cell
fusion assay, although again the antiviral activities were signifi-
cantly different with only 14o showing good activity.


While good levels of antiviral activity were observed, we felt
that this series was flawed. With the notable exception of sul-
phone 14e, we appeared to be locked into relatively lipophilic
series with significant metabolic vulnerability. Even 14e with a
modest logD7.4 of 1.8 was rapidly turned over in HLM
(Cl = 379 ll/min/mg microsomal protein) which we propose is
as a result of N-de-ethylation since the dealkylated derivative
showed considerably better microsomal stability (data not
shown). While potency was not significantly reduced when the
N-ethyl group was removed, previous experience had suggested
that the removal of the ethyl group would expose a second
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Scheme 1. Preparation of 1-amido-1-phenyl-3-piperidinylbutanes. Reagents and conditions: i—cBuCOCl, Et3N, CH2Cl2, 0 �C, 98%; ii—MeNHOMe.HCl, iPrMgCl, THF, <4 �C, 77%;
iii—MeMgBr, THF, �68 �C, 74%; iv—(a) EtNH2, THF; (b) Na(OAc)3BH, RT, 100%; v—(a) Boc2O, CH2Cl2, RT, 100%; (b) 10% Pd/C, H2 50 psi, 50 �C, EtOH, 97%; vi—9, Ti(OiPr)4,
NaBH3CN, CH2Cl2, MeOH, 67%; vii—HCl, Et2O; viii—X = CH2 or CMe2: phenylacetic acid, CDI, Et3N, CH2Cl2, 87–100%; X = NCH2: ArNCO, CH2Cl2, 59–95%; X = NHMe: (a)
PhNHMe, triphosgene, Et3N, CH2Cl2; (b) Et3N, THF, 13, reflux, 78%; X = OCH2 or O: carbamoyl chloride, Et3N, CH2Cl2, RT, 51–84%; X = bond: benzoic acid, HOBT, Et3N, CH2Cl2,
45–65%.


Table 3
Percentage of compounds with caco-2 flux (apical–basal) Papp >2 � 10�6 cm/s
(supportive of good oral absorption13)


No. of H-bond donors 0 1 > 2


c logP > 2.5 86%, n = 35 35%, n = 60 20%, n = 5
c logP < 2.5 33%, n = 49 7%, n = 61 0%, n = 5
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H-bond acceptor which would limit the potential for oral
absorption. An analysis of 215 project compounds with similar
molecular weights and numbers of H-bond acceptors and for
which caco-2 flux had been measured, showed the probability
of good caco-2 flux decreased significantly with increasing num-
ber of H-bond donors (Table 3). With 2 or more H-bond donors,
the probability of a level of caco-2 flux predictive for good oral
absorption was reduced to 10%. Removal of the amidic proton
on the propyl side chain was not tolerated. For example N-meth-
ylation of 1 resulted in a >1000-fold fall-of in activity. Conse-

Table 2
Activity of 1-amido-1-phenyl-3-piperidinylbutanes


NH


O


N


N


O


X R


Compound R X Fusion IC50, nM c logP AV IC90, nM


14a 3,4-diCl CH2 0.05 5.17 0.20
14b 4-Cl CH2 0.34 4.58
14c 4-CF3 CH2 0.48 4.75 0.24
14d 4-F CH2 0.94 4.01 2.81
14e 4-SO2Me CH2 0.07 2.22
14f 3-Cl CH2 1.54 4.58
14g 2,4-diCl CH2 2.33 5.29
14h 4-Me CH2 3.76 4.36
14i H CH2 13.4 3.78
14j 2-OMe CH2 17.9 3.86
14k H CMe2 >25,000 4.57
14l 3,4-diCl NHCH2 0.003 5.24 0.236
14m H NHCH2 0.16 3.93
14n H NMe 6,430 4.16
14o H OCH2 3.16 5.1 0.322
14p 4-Cl O 3.4 5.18
14q 4-F O 3.63 4.61 61.4
14r 4-F — 4.83 3.72 1630
14s 4-Cl — 25.3 4.29
14t 3,4-diCl — 33.7 4.91
14u 4-OMe — 64.4 3.72
14v H — 73.5 3.50

quently we wished to identify alternative structures that would
avoid N-dealkylation but not introduce a second H-bond donor
(see Table 4).


Heterocycles have been investigated as bioisosteres of amides
and with some success against the CCR5 receptor.14


The 4-heterocycle substituted piperidines 15 were prepared by
reductive amination of imines formed via Ti(OiPr)4-mediated dehy-
dration of ketone 9 and the appropriate piperidine as shown in
Scheme 2.


While our first example, 15a, a cyclic analogue of the open-
chained urea 14i showed little activity, further examples without
the additional phenyl ring were more encouraging. Pyrazole 15b
showed modest levels of activity with improved metabolic stabil-
ity. The 1,3,4-oxadiazoles 15c and 15d retained some cell fusion
activity, exhibited no observable turnover in human liver micro-
somes and also benefited from a significant drop in hERG activity.
The latter gave us confidence that we would be able to design out
this unwanted activity. Isomeric 1,2,4-oxadiazole 15e although
more potent than 15d was significantly more lipophilic and rein-
troduced metabolic vulnerability. Switching to the 1,3,4-triazoles
15g and 15h gave us potency, metabolic stability and, in the case
of 15h, only weak activity against the hERG ion channel.


Since these 4-heterocyclic piperidines were still un-resolved at
the a-methyl stereocentre, the diastereomeric isomers of 15h were
separated by column chromatography. As expected, both isomers
showed no measurable turnover in HLM. There was a 15-fold split
in their relative activities in the cell fusion assay (IC50 = 4.3 and
60 nM). The more active isomer showed the higher level of activity
at the hERG channel (IC50 = 2.1 vs 7.1 lM) but was still sufficiently
weak to give us confidence that this series merited further investi-
gation. This work will be described in a subsequent paper along
with the stereochemical assignment of the more active species.







Table 4
Activity of key 4-heterocyclic piperidines


N


NH


R1


O


Compounda R1 Fusion IC50, nM logD7.4 HLMb hERG IC50, nM


15a15 N N


O


Ph


2310 3.5 35 4.7


15b


N N


N


382 2.4 38 117


15c16


N N


O


N


540 1.1 <7 3100


15d17


N N


O
1849 1.3 <7 <5280


15e18


O N


N
21.4 2.1 56 Not tested


15f19


O N


N 94.6 3.2 204 1650


15g9 N


N
N 37.5 1.2 <7 849


15h9
N


N
N


2.0 1.9 <7 4000


a Precursor 4-heterocyclepiperidine.
b (ll/min/mg of microsomal protein).
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Scheme 2. Preparation of 4-heterocyclic piperidines. Reagents: i—4-substituted
piperidine, Ti(OiPr)4, CH2Cl2; ii—NaBH3CN, MeOH, 8–41%.
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We have developed a replacement to the tropane core which is
a key feature to the profile exhibited by maraviroc. Sterically
encumbering the central nitrogen with an a-methyl group gave a
series with good whole cell antiviral activity, metabolic stability
and a significant window over activity at the hERG ion channel.
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Methionine aminopeptidase (MetAP) is a promising target for the development of novel antibacterial,
antifungal and anticancer therapy. Based on our previous results, catechol derivatives coupled with a thi-
azole or thiophene moiety showed high potency and selectivity toward the Fe(II)-form of Escherichia coli
MetAP, and some of them clearly showed antibacterial activity, indicating that Fe(II) is likely the physi-
ologically relevant metal for MetAP in E. coli and other bacterial cells. To further understand the struc-
ture-function relationship of these Fe(II)-form selective MetAP inhibitors, a series of catechol
derivatives was designed and synthesized by replacement of the thiazole or thiophene moiety with dif-
ferent five-membered and six-membered heterocycles. Inhibitory activities of these newly synthesized
MetAP inhibitors indicate that many five- and six-membered rings can be accommodated by MetAP
and potency on the Fe(II)-form can be improved by introducing substitutions on the heterocyles to
explore additional interactions with the enzyme. The furan-containing catechols 11–13 showed the high-
est potency at 1 lM on the Fe(II)-form MetAP, and they were also among the best inhibitors for growth
inhibition against E. coli AS19 strain. These findings provide useful information for the design and discov-
ery of more effective MetAP inhibitors for therapeutic applications.


� 2009 Elsevier Ltd. All rights reserved.

Methionine aminopeptidase (MetAP) plays an important role in
removing the N-terminal methionine from nascent proteins in all
types of cells and is one of the essential enzymes required for bac-
terial survival.1–3 Inhibitors of MetAPs are of considerable interest
as potential antibacterial, antifungal and anticancer agents.4,5 All
MetAPs require a divalent metal ion for activation, such as Co
(II), Mn (II), Ni (II), Zn(II), or Fe (II), but it is uncertain which of
these ions is the most important in vivo.6–8 Most of current MetAP
inhibitors show potent activity in vitro but often fail to show po-
tency in vivo .9–11 Although other factors, such as difficulty in
cell-wall penetration, should be considered, it is possible that the
lack of cellular efficacy for MetAP inhibitors may be partly due to
a disparity between the metalloform of MetAP tested in vitro and
the one that is physiologically important in cells. For developing
MetAP inhibitors as therapeutics, it is critical to clarify the divalent
metal ion that activates MetAP in a cellular environment and make
sure that the MetAP inhibitors are effective in inhibiting the phys-
iologically relevant metalloform of MetAP.


Our own work in this field has been focused on discovering un-
ique MetAP inhibitors that can distinguish different metalloforms
of MetAP as research tools for the clarification and developing these
inhibitors as early leads for antibacterial compounds.11–14 By high

All rights reserved.


: +1 317 274 4686.

throughput screening of a large diverse chemical library of small or-
ganic compounds, we have identified several MetAP inhibitors with
high potency and superb selectivity toward either the Co(II)-form or
the Mn(II)-form of Escherichia coli MetAP.12 Recently, we discovered
additional inhibitors with selectivity for the Fe(II)-form of E. coli Me-
tAP.13,14 A unique structural feature for these Fe(II)-form selective
inhibitors is the requirement of a catechol moiety for their inhibitory
activity. Initial structure-function studies with a series of thiazole
and thiophene derivatives lead to the conclusion that Fe(II) is the
likely metal used by MetAP in bacterial cellular environment.14 We
also obtained an X-ray structure of E. coli MetAP in complex with
one of the inhibitors and confirmed that these inhibitors directly
interact with MetAP at the active site with the catechol moiety che-
lating with the catalytic metal ions.14 In this paper, we report our ex-
tended structure-function studies, in which we kept the essential
catechol moiety but included additional five- and six-membered
heterocyles in place of the thiazole and thiophene moieties. We ob-
served that some of these derivatives showed improved potency on
the Fe(II)-form of purified MetAP and displayed considerable anti-
bacterial activity.


Synthesis of compound 1 is outlined in Scheme 1. The commer-
cially available 2,3- dihydroxybenzoic acid 14 was coupled with
Gly-OMe in the presence of HOBt and EDCI to yield compound
15, followed by dehydration in the presence of POCl3 to produce
compound 1 in 30% yield.
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Scheme 1. Reagents and conditions: (a) EDCI, HOBt, Gly-OMe, DMF, 70%; (b) POCl3, 90 �C, 30%.
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Scheme 2. Reagents and conditions: (a) BnBr, K2CO3, Acetone, reflux overnight, 90%; then NaOH, H2O, MeOH, reflux, 2 h, 90%; (b) oxalyl chloride, DMF, DCM; (c) Ethyl a-
isocyanoacetate, Et3N, THF, 70%; (d) H2, Pd/C, MeOH, 90%; (e) LiOH, MeOH, H2O, 100%; (f) EDCI, amine, DMAP, DCM, 50–60%; (g) BCl3, DCM, �78 �C–rt, 40–50%.
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Compounds 2–4 were synthesized by the route illustrated in
Scheme 2. The acid 14 was first bis-benzylated with three equiva-
lents of benzyl bromide in acetone to obtain free carboxylic acid
1615, followed by treatment of oxalyl chloride with DMF as catalyst
to form compound 17. Compound 18 was obtained by the reaction
of methyl a-isocyanoacetate with compound 17 in the presence of
triethylamine.16 Hydrogenolysis of compound 18 produced com-
pound 2. Further basic hydrolysis of 18 gave compound 19, fol-
lowed by condensation with appropriate amine in the presence
of EDC in DMF, afforded 3a–4a, which were transferred into com-
pounds 3–4, respectively.


Compound 5 was produced by the route shown in Scheme 3.
The preparation commenced with the reaction of catechol with
benzyl bromide and potassium carbonate in acetone, providing
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Scheme 3. Reagents and conditions: (a) BnBr, K2CO3, Acetone, 80%; (b) I2, HgO, DCM, rt, 1
(d) K2CO3, MeOH, 80%; (e) BnBr, NaN3, 0.1 mol% CuI, H2O, 65 �C, 85%; (f) H2, 10% Pd/C, M
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Scheme 4. Reagents and conditions: (a) Pd(PPh3)4, 2 N Na2 CO3, RB

1,2-dibenzyloxybenzene 20 in 80% yield, followed by iodination
in the presence of iodine activated by mercuric oxide to yield
21.17 Subsequent standard Sonogashira coupling reaction employ-
ing TMS-Acetylene (TMS = trimethylsilyl) led to the formation of
TMS-protected alkyne 22 in 70% yield.18 The desired building block
23 was obtained in 80% yield by deprotection of 22 with K2CO3 in
methanol at room temperature.19 Then the mixture of benzyl bro-
mide, sodium azide and phenylacetylene 23 in distilled water in
the presence of CuI was heated at 65 �C (oil bath) to form com-
pound 24 in 85% yield, followed by hydrogenolysis to yield final
compound 5 in 80% yield.20


Synthesis of compounds 6–13 was outlined in Scheme 4. Suzuki
coupling of 3,4-dimethoxyphenylboronic acid with appropriate hal-
ogenated compounds with a five-membered or six-membered het-
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Table 1
Inhibition of different metalloforms of purified E. coli MetAP and inhibition of growth of E. coli AS19 cells by catechol-containing MetAP inhibitorsa


Compound Structure Inhibition of metal-activated MetAP enzymes, IC50, lM Inhibition of E. coli cell growth, IC50
b (lM)


Co(II) Mn(II) Fe(II)


1 HO


HO


N


O


OMe


>100 >100 11.2 228 (164)


2
HO


HO


N
O


O OEt


>100 >100 14.0 120 (99)


3
HO


HO


N
O


O N
H


>100 >100 11.0 165 (199)


4
HO


HO


N
O


O N
H


>100 >100 13.4 97.2 (99)


5 HO


HO


N
NN


Bn
24.6 19.5 16.1 97.7 (79)


6 HO


HO


N


N


>100 >100 25.5 >250


7 HO


HO


N


N
F


52.6 >100 10.6 206 (80)


8 HO


HO


N


>100 >100 19.3 211 (106)


9 HO


HO


N


N


>100 >100 >100 >250


10
HO


HO


O


O
NH


>100 >100 14.8 55.0 (26)


11
HO


HO


O


O
NH


22.5 7.9 1.2 43.9 (29)
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Table 1 (continued)


Compound Structure Inhibition of metal-activated MetAP enzymes, IC50, lM Inhibition of E. coli cell growth, IC50
b (lM)


Co(II) Mn(II) Fe(II)


12
HO


HO


O


O
NH


30.1 11.8 0.9 23.4 (19)


13
HO


HO


O


O
NH


21.2 6.7 1.0 50.8 (39)


a Relative standard derivations are <20% in all values.
b Numbers in parenthesis are MIC values in lg/mL.
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erocycle yielded compound 6a–13a (40–85% yield).21 Demethyla-
tion in the presence of BCl3 yielded compounds 6–13 (30–60% yield).


Evaluation of inhibitory activity of these compounds (Table 1)
was performed by using purified apoenzyme of E. coli MetAP that
was activated by Co(II), Mn(II) or Fe(II) during activity assays.14


Previously, we coupled thiazole or thiophene moieties to the cate-
chol moiety14, and here we present findings on other catechol
derivatives with different five- or six-membered heterocyclic rings.
It is clear that when the catechol moiety is intact, different hetero-
cyclic rings can be substituted to maintain or improve potency and
selectivity on MetAP. The four five-membered oxazole analogs (1–
4) maintained the potency and selectivity on the Fe(II)-form of
E. coli MetAP, so were the three six-membered pyridine and pyrim-
idine analogs (6–8). The outliers were the triazole derivative 5 and
the imidazole derivative 9. The former (5) maintained potency on
the Fe(II)-form but gained activity on the Co(II)- and Mn(II)-forms,
and therefore it lost selectivity. The latter (9) did not show activity
on all three metalloforms tested. The reason for the inactivity of 9
is not clear, because it is small enough, comparing with 2–4, to fit
into the active site pocket. For 5, the addition of benzyl group may
introduce extra binding interaction to tilt the catechol moiety
slightly, affecting its interaction with the metal ions. The four fur-
an-containing compounds 10–13 with an amide group attached to
the furan ring are very interesting. By changing substitution on the
amide nitrogen, the potency on the Fe(II)-form increased from
14.8 lM for 10 to around 1 lM for 11–13. This potency is better
than thiazoles or thiophenes we reported previously.14 Compounds
11–13 also showed considerable potency on the Co(II)- and Mn(II)-
forms. Likely, the side chain groups found additional binding inter-
actions at or near the active site.


MetAP is an essential enzyme in bacteria, and gene knockout
experiments showed lethal phenotype when the functional MetAP
gene was absent.2,3 Conceivably, inhibition of MetAP will lead to
growth inhibition of bacterial cells. To minimize complications of
cell penetration by these inhibitors, we used E. coli strain AS19 to
test our MetAP inhibitors, which has unspecified mutations on its
cell membrane that make it more permeable to small organic com-
pounds.22 Consistent with the data from enzyme inhibition, the
better inhibitors of the Fe(II)-form MetAP showed better growth
inhibition of the E. coli cells, and the best inhibitors for both the en-
zyme activity and cell growth are 11–13. Previous experiments by
monitoring N-terminal processing of a recombinant GST protein

showed that the growth inhibition correlates with MetAP
inhibition.13


In conclusion, the structure-function analysis of derivatives of
initial inhibitors of the Fe(II)-form of E. coli MetAP clearly indicates
that various five- and six-membered rings can be accommodated
by MetAP and potency on the Fe(II)-form, which is the physiolog-
ically relevant metalloform13, can be enhanced by introducing
additional groups to the heterocyclic rings. These findings provide
a new starting point for the design and discovery of more potent
antibacterial MetAP inhibitors.
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Chemokines are a large family of pro-inflammatory peptides
which exert their effects through a range of at least 17 G-protein
coupled receptors (GPCR’s) leading to downstream chemotaxis,
angiogenesis, cell differentiation and other biological activities.1


Recently, antagonism of the CCR5 receptor has been targeted as a
potential treatment for HIV infection, based on the finding that
CCR5 antibodies can block infection of macrophages by M-tropic
HIV.2 Further, CCR5D32 homozygotes are highly resistant to R5-
tropic HIV infection, while heterozygotes do become infected, but
progress more slowly to AIDS and respond better to treatment. It
has become apparent that CCR5 is the coreceptor for the most com-
monly transmitted HIV-1 strains which predominate during the
early stages of infection and remain the dominant form in >50%
of late stage HIV-1 infected patients.3 Blockade of the CCR5 recep-
tor appears not to be associated with any mechanism-related side
effects, making this a highly compelling target for drug discovery.4


Over the past several years, there has been intensive research
interest in small molecule antagonists of the CCR5 receptor result-
ing in the disclosure of several distinct chemical series.5 This has
led to the first launched CCR5 antagonist, maraviroc (1),6 and a
range of other agents at various stages of development (Fig. 1).
As the work described within this paper was being carried out, lit-

All rights reserved.
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erature examples of CCR5 antagonists such as E-913 (2),7 SCH-C
(3),8 and TAK-7799 (4) were all being reported to share potent anti-
viral activity within a range of chemotypes. Despite the diversity of
structures represented in Fig. 1, a common feature of all of these
series is the presence of a basic nitrogen atom which is believed
to ‘anchor’ the ligand to E283 within the transmembrane region
of the CCR5 receptor,10 and a proximal lipophilic group, which
likely lies in close contact with a tyrosine residue, Y108.


Structural overlays of all 4 structures are at best imperfect, and it
is clear that the structures can occupy distinct, but partially over-
lapping regions of the CCR5 receptor. Literature reports suggest that
the TAK series, exemplified by TAK-779 binds in a cavity formed by
transmembrane helices 1, 2, 3 and 7 near the extracellular surface
of CCR5.11 A similar binding cavity has been reported for SCH-C
based on an alanine scan method.12 This site only partially overlaps
with a putative binding site, proximal to the extracellular side of
helices 2, 3, 6 and 7, of a distinct series of compounds reported by
the Merck group, based on a homology model constructed from
the crystal structure of bovine rhodopsin.13 The E913 series of com-
pounds is reported to additionally make contacts with the second
extracellular loop.14 Finally, site directed mutagenesis studies have
supported the maraviroc series binding in a distinct region of the
receptor to SCH-C.10 These data demonstrate that a range of struc-
turally distinct chemotypes can be accommodated by the CCR5
receptor and retain potent antagonism.
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Scheme 1. Reagents and conditions: (a) MsCl, Et3N, DCM, 0 �C, 100%. (b) 1-BOC-4-
methylaminopiperidine, Na2CO3, MeCN, rt, 53%. (c) TFA, DCM, rt, 100%. (d) 2,4-
dimethyl-nicotinic acid, WSCDI, HOBt, Hunigs base, DMAP, DMF, rt, 76%.
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Figure 1. Literature examples of potent CCR5 antagonists taken from the time of
the work described within this paper.
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Following our extensive investigations around piperidine and
tropane amide series of CCR5 antagonists, we were seeking a com-
plementary series of novel structures with high antiviral potency,
good metabolic stability and high oral absorption, primarily to pro-
vide agents with an orthogonal structure and potential resistance
profile to that of maraviroc. One arm of these investigations in-
volved the syntheses of a number of variant heterocyclic core tem-
plates based around the piperidine amide function as represented
in SCH-C,15 but incorporating maraviroc-like amide functionality
which had been shown to impart favourable properties on the
maraviroc series.6b Inspiration for the heterocyclic cores was taken
from the extensive literature which exists around other peptidic
GPCR antagonists,16 with structural templates built around a cen-
tral basic core. For synthetic expedience, it was decided to target
only right hand side amides which would introduce both synthetic
flexibility and the potential for late stage parallel chemistry into
our syntheses. This basic strategy is shown in Figure 2.


For example, the targeted core structures featured mono- and
bicyclic amine groups, with linking groups of variant length, func-
tionality and number of rotatable bonds to cast our net as wide as
possible. Examples of these groups are shown in the below tables.


The synthesis of these compounds was straightforward and lar-
gely derivative. The central linker group was constructed by a com-
bination of reductive amination or alkylation chemistry, from
which the final compounds were synthesised by simple amide for-
mation. A typical synthetic scheme is shown in Scheme 1 below for
the azetidine 8.


All other targets represented in the data tables below were ac-
cessed using analogous chemistry, starting from amine/carbonyl
combinations. In the cases where the amine component was not
commercially or easily available, the synthesis of that component
is detailed in the Supplementary Information section.


Table 1 shows the initial examples made in this investigation,
all based on a left hand side benzhydryl group and a 2,6-dimethyl
pyridyl amide on the right hand side.17 The linking groups exam-
ined included monocycles and bicycles, contained bridging hetero-
cycles and contained both monobasic or dibasic amines where the

N
O


NN


heterocyclic amine
containing templates


amide right hand side;
heterocycle or amide


phenyl containing
left hand side


various
substituents


target structures
central amine pKa 6-9


MWt. <500


R1 R1


R2


R2


Figure 2. Design strategy for a novel series of CCR5 antagonists.

basic group is either part of a ring or acyclic. Initial targets covered
a relatively wide range of calculated pKa values (calculated pKas of
approximately 6–9), although it should be stressed that very few of
these calculated values were confirmed by measurement. The
activity measurements in Table 1 reflect the inhibition of cell–cell
fusion between HIV-1 gp160-expressing CHO cells and CD4/CCR5-
expressing HeLa-P4 cells which has been shown to offer an excel-
lent correlation with anti-HIV activity.6,18 Also detailed in Table 1
are cLogP values for these initial targets. While relatively high,
our strategy relied on simple chemistry to rapidly identify suitable
core templates, which we could then return to and optimise phys-
icochemical properties. Monocyclic linkers such as those contained
in compounds 5–7 showed very little activity, although the incor-
poration of a piperidine ring in the centre of a linking group in 16
gave a 56 nM inhibitor of cellular fusion. The azetidine 8 showed
very encouraging 24 nM fusion IC50, and the isomeric analogue
15 showed a similarly encouraging 102 nM.


Structures in which a piperazine, tropane or azatropane formed
bicyclic core templates such as those in 11–14 largely ablated
activity, although isomeric analogues 9 and 10 had significantly
improved activity, and highlighted the need to hit upon just the
right template and functional substituents to ensure CCR5 potency.


Having established several lead compounds within new tem-
plates which possessed encouraging activity, we set about reduc-
ing the relatively high LogP of these leads primarily through the
incorporation of an amide group in the left hand side portion of
the molecules, initially via small alkyl or cycloalkyl amides which
we knew had precedented antiviral potency in the maraviroc ser-
ies. These structures are shown in Table 2 and incorporate both
pyridyl and phenyl right hand side amides. The monocyclic struc-
ture of 16 was reproduced in the amide 17, but this resulted in sig-
nificant loss of potency. The azetidine structure of 8 was
incorporated into the amides 21 and 22, albeit with the addition
of an extra methylene group to avoid the introduction of an unsta-
ble aminal functional group, and again this resulted in a loss of fu-
sion potency. Building upon the finding that some bicyclic
structures in Table 1 were potent, we set about incorporating sev-
eral bicyclic core templates into the basic target structures using
combinations of azetidine, pyrrolidine and piperidine rings. This
was largely an unsuccessful exercise viz 19–20, 23–25 and 27–
29, until the bis-piperidine 30 was made, and showed to have very
encouraging potency and moderate lipophilicity (IC50 145 nM,
cLogP 3.5). These results showed the importance of suitably ori-
enting the left hand side functionality to achieve good primary po-
tency, and that presumably very few of our test structures
achieved a correct orientation. The only other compound in Table
2 which had an IC50 below 3 lM in the fusion assay was the azeti-
dine analogue 26 albeit some 20 fold weaker.







Table 2
Left-hand side amide analogues of compounds from Table 1


Compound Structurea gp160 fusion IC50,
nMb


cLogP
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N N
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N
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50% @10 lM 3.5
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N N
N
H


O


O


20% @10 lM 4.2


24c


N
N


O


N
H


O
18% @1 lM 2.1


25c


N
N


O


N
H


O
0% @ 10 lM 2.1


Table 1
Initial examples of linking groups in a benzhydryl–pyridyl amide series


O


N


linker


Compound # Linker gp160 fusion IC50, nMa cpkab (cLogP)


5 N N 0%@10 lM 6.5 (5.0)


6
N N


N
H 15%@100 nM 6.1 (4.4)


7
N
Me


N
13%@100 nM 8.7 (4.3)


8 NN N 24 8.0 (4.4)


9 N N N 313 7.8 (4.4)


10 N N N 41 8.9 (4.4)


11d N NN 25%@10 lM 9.4 (4.5)


12 N NN 12%@100 nM 7.7 (4.5)


13 NNN 21%@10 lM 7.3 (4.4)


14 NNN 6%@100 nM 7.3 (4.4)


15
NN
Me


N
102 nM 8.2 (4.9)


16c


N
N
H


56 8.5 (5.9)


a The concentration of test compound required to inhibit the cell–cell fusion of
HeLa-P4 cells expressing recombinant human CCR5 and CD4 at the cell surface and
encoding an HIV-1 long terminal repeat regulated B-Gal reporter gene with CHO
cells expressing cell surface Tat and HIV-1 gp160 by 50%. IC50 determinations were
the mean of at least two replicates.18


b Calculated using the ACD Labs pKa prediction software.
c Racemic mixture.
d Mixture of diastereoisomers.
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Our efforts now focussed entirely around the lead structure 30,
summarised in Table 3. These designs kept the rightmost piperi-
dine ring invariant (either as a simple piperidine or a tropane
equivalent), and sought to alter the remainder of the structure.
The most successful design feature identified was a benzyl amino
group appended to the amide N atom, which provided all of the
most active compounds, and importantly simplified any synthesis
and stereochemistry issues significantly. Compounds 32, 33, 34, 36
and 38 all possessed very similar structures and shared modest to
excellent activity. A 3-linked piperidine 35 was significantly poorer
than its 4-linked equivalent, as was a left hand ring tropane in 31
and it was notable that rigidifying the central region of the bis-
piperidine system in 37 gave a further potency enhancement.







Table 2 (continued)


Compound Structurea gp160
fusion IC50,
nMb


cLogP


26
N


N


O


NH


O


2490 1.5


27 N
N


O


NNH


O


20%
@10 lM


1.1


28
N


N


O


N
N
H


O


18% @1 lM 1.9


29 N
N


O


N
NH


O 20%
@10 lM


2.7


30
N


N


O


N
H


O


145 3.5


a Compounds 17–23, 26 and 29 were all tested as racemates.
b The concentration of test compound required to inhibit the cell–cell fusion o


HeLa-P4 cells expressing recombinant human CCR5 and CD4 at the cell surface and
encoding an HIV-1 long terminal repeat regulated B-Gal reporter gene with CHO
cells expressing cell surface Tat and HIV-1 gp160 by 50%. IC50 determinations were
the mean of at least two replicates.18


c Single, unassigned diastereoisomer.
d Mixture of diastereoisomers.


Table 3
Analogues designed around compound 30


Compound Structure gp160
fusionIC50, nMa


cLogP


31
N


NO


N


O


10%@1 lM 3.3


32


N


O


N


N
O


1 3.9


33


N
N


N
O


O


1 3.4


34


N
N


N
O


O


1230 3.4


35b


N
N


O


N


O


19%@10 lM 4.2


36
N


N


O


NO 3 3.3


37
N


NO


N


O


0.5 3.5
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f


38 N
N


O


NO 5800 4.6


a The concentration of test compound required to inhibit the cell–cell fusion of
HeLa-P4 cells expressing recombinant human CCR5 and CD4 at the cell surface and
encoding an HIV-1 long terminal repeat regulated B-Gal reporter gene with CHO
cells expressing cell surface Tat and HIV-1 gp160 by 50%. IC50 determinations were
the mean of at least two replicates.18


b Compound 35 was tested as a racemate.

It is interesting to note the difference in potency between the
very similar structures represented by 3-linked piperidine 35, 4-
linked piperidine 36, pyrrolidine 33 and the related architecture
of 25 which may have been difficult to fully elucidate had we not
set out with a flexible design approach to synthesising a wide
range of targets.


The result of these investigations was the identification of sev-
eral highly potent and promising novel agents. Physicochemical
and in vitro ADME data was obtained on two compounds, 33 and
36, along with confirmation of competitive antagonism by 33 of
the CCR5 receptor using a MIP-1b displacement binding assay (Ta-
ble 4).


Both compounds were moderately lipophilic, which partly ex-
plained their very poor metabolic stability in hepatic microsomes.
Examination of the route by which compound 33 was metabo-
lised20 revealed that a facile oxidation of the benzylic methylene

of the N-benzyl group was responsible for the very short micro-
somal half-life. This was mirrored in the predominant metabolic
route of compound 36.







Table 4
Selected properties of compounds 33 and 36


Compound 33 36
MWt. 460 487
aLogD 2.6 3.5
bHLM Clint lL/min/mg 195 205
cBaL IC90, nM 2 40
dMIP-1b IC50, nM 8 ND
ehERG IC50, nM 9800 3410
Caco-2 AB/BA 23/26 ND
TPSA19 44 44


a Partition coefficient measured in 1-octano/aqueous buffer at pH 7.4
b Determined using pooled liver microsomes in phosphate buffer at pH7.4 and


1 lM substrate concentration, with sampling made at the 30min timepoint.
c The concentration at which replication of the R5 HIV-1 viral strain Ba-L is 90%


inhibited by test compounds in the PM-1 cell line as measured by p24 antigen
output.


d The concentration of test compound required to inhibit binding of [125I]-
labelled MIP-1b to CCR5 stably expressed on MIP34.10 cells by 50%.


e The concentration of test compound required to inhibit binding of [3H]dofeti-
lide to HERG stably expressed on HEK293 cells by 50%.
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Nonetheless, the series represented by compounds 33 and 36
offered the potential for high permeability, relatively weak binding
to the hERG ion channel,21 and highly promising levels of antiviral
activity. They therefore represented excellent starting points for a
lead development programme with the aims of further driving
down antiviral potency and increasing metabolic stability, the re-
sults of which will be disclosed elsewhere.


Supplementary data


Supplementary data associated with this article can be found, in
the online version, at doi:10.1016/j.bmcl.2009.01.012.
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A series of 5-aryl-4-(5-substituted-2,4-dihydroxyphenyl)-1,2,3-thiadiazoles were synthesized and their
binding to several constructs of human Hsp90 chaperone measured by isothermal titration calorimetry
(ITC). The most potent compound bound Hsp90 with the dissociation constant of about 5 nM.


� 2009 Elsevier Ltd. All rights reserved.

Heat shock protein 90 (Hsp90), originally identified as one of
several conserved heat shock proteins, exhibits general protective
chaperone property—prevention of the unspecific aggregation of
misfolded proteins.1 Hsp90 constitutes about 1–2% of total cellular
proteins. This protein is responsible for ATP-depended folding, sta-
bility and functioning of many ‘‘client” proteins. Hsp90 functions
are essential for development and progression of various cancers.
Hsp90 inhibition leads to destabilization and degradation of many
oncogenic proteins. Hsp90 is a promising anticancer drug target, as
cancerous cells are more susceptible to Hsp90 inhibition than nor-
mal cells.2–7


The ATPase activity of Hsp90 can be inhibited by natural prod-
ucts such as geldanamycin and radicicol (Fig. 1). Both of these com-
pounds bind to the N-terminal domain of Hsp90 and inhibit the
intrinsic ATPase activity.8 Geldanamycin showed activity in human
tumor xenograft models but this compound proved to be too hepa-
totoxic for clinical development. However, the modified versions of
geldanamycin, 17-(allylamino)-17-demethoxygeldanamycin (17-
AAG) and 17-demethoxy-17-[[2-(dimethylamino)ethyl]amino]gel-
danamycin (17-DMAG) retain the property of Hsp90 inhibition and
have significantly less hepatotoxicity than geldanamycin.9 Phase 1
clinical trials of 17-AAG showed evidence of biological and clinical
activities, including prolonged stable disease in two patients with
melanoma.10 However, a second generation of Hsp90 inhibitors is
being sought to overcome some of the undesirable features of

ll rights reserved.

17-AAG, such as limited oral bioavailability, potential toxicity and
poor aqueous solubility.11,12


Radicicol is macrocyclic antibiotic isolated from Monosporium
bonorden. Radicicol is more potent inhibitor of Hsp90 ATPase activ-
ity than geldanamycin or 17-AAG.13 Radicicol oximes have shown
activity in animal models.14 However, no radicicol derivative has
progressed to the clinic.


The first synthetic small molecule inhibitors of Hsp90 were
based on the purine scaffold, for example, PU3 and PU24FCl
(Fig. 1).15 Amongst other compounds, novobiocin and cisplatin
have been reported to inhibit Hsp90 in these cases by binding at
the C-terminal site.16


Various 3,4-diarylpyrazole17 (Fig. 1) as well as 4,5-diarylisoxaz-
ole18 derivatives bearing resorcinol moiety have been selected by
high throughput screening. These compounds showed high
Hsp90 binding affinity and inhibitory effect on human cancerous
cell line growth.19


Despite the fact that a large number of different Hsp90 inhibitors
have been synthesized to date20, only few of them are clinically
tested. There still remains a great need of new potent Hsp90 inhib-
itors which offer one or more following advantages: improved
activity, selectivity, solubility, reduced toxicity and side-effects,
and reduced cost of synthesis.


Herein we report on a high-yielding synthesis of 5-aryl-4-
(5-substituted-2,4-dihydroxyphenyl)-1,2,3-thiadiazoles and the
results of in vitro binding to Hsp90 studies.


The chemistry employed for the design of the new compounds
reported here is shown in Scheme 1. Synthesis of the starting
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Figure 1. Schematic representation of some known Hsp90 binders.
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materials 1a–e was accomplished as previously described.19 Com-
pounds 1a–e reacted with hydrazine hydrate in boiling ethanol
and formed the corresponding hydrazones 2a–e.21 Latter five deriv-
atives underwent smoothly Hurd–Mori22 cyclization with thionyl
chloride at room temperature to form 5-aryl-4-(5-substituted-
2,4-dihydroxyphenyl)-1,2,3-thiadiazoles 3a–e in high yields.23,24


It is noteworthy that Hurd-Mori reaction usually proceeded succes-
fully when N-acyl- or N-tozylhydrazones bearing an adjacent meth-
ylene group were used. In our case, we observed smooth cyclization
of unactivated hydrazones 2a–e.


When compounds 2a and 2e were cyclized with thionyl chloride
at reflux temperature, the formation of chlorinated side-products 4
and 5 together with 3a,e was observed (Fig. 2).


The binding affinity of 5-aryl-4-(5-substituted-2,4-dihydroxy-
phenyl)-1,2,3-thiadiazoles to the full-length human Hsp90 protein

N
N


S


Ar


ROH


OH


Cl


4,5


4: R = Cl, Ar = 4-MeOC6H4;
5: R = Et, Ar = 4-EtOC6H4


Figure 2. Structures of compounds 4 and 5.

(Hsp90F) and the N-terminal domain of human Hsp90 (Hsp90N)25


were determined by isothermal titration calorimetry (ITC).26 Figure
3 shows representative isothermal titration calorimetry curves of
3b binding to the Hsp90 N (50 mM Hepes buffer, 100 mM NaCl,
pH 7.5, 37 �C). Protein concentration in the VP-ITC calorimeter
(Microcal, Inc.) cell was 6 lM. Ligand concentration in the syringe
was 120 lM. The binding constant was determined to be 1.6 �
108 M�1 with the stoichiometry of 0.97. This is equivalent to the
dissociation constant of 6.3 nM. The steep transition of the ITC
curve shows tight binding of 5-aryl-4-(5-substituted-2,4-dihy-
droxyphenyl)-1,2,3-thiadiazole to Hsp90 (see Fig. 4).


The strongest binder to both the Hsp90 N-terminal domain and
the full-length Hsp90 was compound 3b with the observed Kd of
about 6.3 nM and 4.8 nM, respectively. Compounds 3a, c–e also
tightly bound to Hsp90. Compounds 4, 5 bearing chloro-substituent

Figure 3. Isothermal titration calorimetry curve of 3b binding to Hsp90N. The
upper panel shows raw data and the lower panel-integrated data.







Figure 4. Normalized U2OS cancer cell line survival as a function of compound 3b,
3e, and 5 concentration.


Table 1
Dissociation constants of compounds 3a–e, 4, and 5 binding to both protein
constructs (Hsp90N and Hsp90F) as determined by ITC at 37 �C


Compound Hsp90N Kd lM Hsp90F Kd lM


3a 0.013 0.0075
3b 0.0063 0.0048
3c 0.017 0.011
3d 0.034 0.039
3e 0.042 0.037
4 >20 >20
5 >20 >20
17-AAG 0.20 0.24


Values are means of multiple experiments.
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in position 3 of the dihydroxyphenyl moiety practically did not bind
to Hsp90. These compounds could not form the extensive H-bond-
ing network involving both resorcinol hydroxyls due to the chloro-
substituent, resulting in the lack of activity.19


The dissociation constants of compounds 3a–e, 4, and 5 with
both protein constructs, obtained at 37 �C, are listed in Table 1.


Compound effect on cancer cells was tested by determining cell
growth, death and survival as a function of compound concentra-
tion for two selected cancer cell lines, U2OS (osteosarcoma) and
HeLa (cervical carcinoma)27, using tetrazolium/formazan assay.28


The strongest inhibitor of cancer cell growth was compound 3e
with the observed GI50 of 0.69 lM for U2OS cells and 0.70 lM for
HeLa cells (Table 2, Fig. 4). Compound 5 was a relatively weak
inhibitor of cancer cell lines. This property correlates well with
its weak binding to Hsp90 (Table 2). Other compounds exhibited
average potency of cancer cell growth inhibition. The compound
series has potential to become candidates for therapeutic antican-
cer treatment.


In conclusion, a new group of compounds, similar to previously
described diaryl pyrazoles19, was shown to be effective binders of

Table 2
U2OS and HeLa cancer cell line survival (growth inhibition, GI50) by compounds
3a–e, 5


Compound U2OS, GI50, lM HeLa, GI50, lM


3a 6.0 2.5
3b 6.9 3.6
3c 7.1 3.3
3d 9.9 4.2
3e 0.69 0.70
5 28 19


Values are means of multiple experiments.

Hsp90 protein target and potent inhibitors of cancer cell survival
and growth. A simple novel route has been employed for the com-
pound synthesis.
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A series of new imines and amines have been synthesized by condensation of 1H-3-ferrocenyl-1-phenyl-
pyrazole-4-carboxaldehyde with the corresponding amines, followed by reduction with sodium borohy-
dride. The synthesized compounds have been screened for their in vitro antimicrobial activity against 11
bacteria and three fungal/yeast strains, using disc diffusion and broth microdilution susceptibility assays.
They have shown a wide range of activities, from completely inactive to the highly active compounds.
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There are only a few groups of compounds that have captured
the attention of chemists so intensively as ferrocenes. Since the
discovery of this sandwich complex in 1951,1,2 a plethora of its
derivatives has been synthesized and characterized following clas-
sical methods of organic chemistry. They are very appreciated for
their outstanding stability, and have been applied in many fields
of chemistry.3 Thus, bioconjugates containing this metallocene
represent new class of biomaterials, with the organometallic unit
serving as a molecular scaffold, a sensitive probe, a chromophore,
a biological marker, a redox-active site, a catalytic site, etc.4 Substi-
tution of the aromatic nucleus of a certain organic compound with
a ferrocene unit can lead to the products possessing an unexpected
biological activity which is absent or less manifest in the parent
molecule.5 Despite the fact that early attempts to apply ferrocene
derivatives in medicine were not promising,6,7 many ferrocenes
have been synthesized until present and studied in that regard.8–


12 Since many heterocyclic compounds exhibit different biological
activities—ferrocene containing heterocycles are of a particular
interest, and a plenty of such compounds have been synthesized
so far. The pyrazole motif makes up the core structure of numerous
biologically active compounds.13 Thus, some representatives of
this heterocycle have affinity for the human CRF-1 receptor,14


exhibit anti-viral/anti-tumor,15–18 antibacterial,19–23 anti-para-
sitic,24,25 antipyretic,26 anti-inflamatory,23,26–28 analgesic,28 fungi-
static,29 fungicidal,30 and anti-hyperglycemic activity.31,32

ll rights reserved.

Nevertheless, it did not motivate chemists to invest too much labor
into the synthesis of pyrazole containing ferrocenes, and only a
limited number of publications devoted to this problem have ap-
peared until present.33,34


Recently, we reported on the condensation of acetylferrocene (1)
with phenylhydrazine (2) followed by intramolecular cyclization of
the intermediate hydrazone 3 under Vilsmeier–Haack conditions
leading to 1H-3-ferrocenyl-1-phenylpyrazole-4-carboxaldehyde
(4, Scheme 1).35

4


Scheme 1. Synthesis of aldehyde 4.
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In continuation of our interest in this chemistry, herein we wish
to describe the synthesis, full spectral characterization and antimi-
crobial activity of several imines and amines obtained by conden-
sation of this aldehyde with some primary amines, followed by
reduction of the obtained imines into the corresponding secondary
amines.


The studies have been started by synthesis of 1H-3-ferrocenyl-
1-phenylpyrazole-4-carboxaldehyde (4), by previously described
procedure.35,36 This aldehyde was refluxed with amines 5a–i in
methanol in the presence of one drop of glacial acetic acid, giving
imines 6a–i in 70–97% isolated yields, the structures of which were
confirmed by spectroscopic data.36 The dried imines were, then,
submitted to reduction with an excess of sodium borohydride,
giving amines 7a–i in 72–96% yields.36


The synthesized imines 6a-i and amines 7a-i were screened for
their in vitro antimicrobial activity against 11 bacteria and three
fungal/yeast strains using disc diffusion and broth microdilution
susceptibility assays. In the disc diffusion assay,37,38 the com-
pounds were tested at the dose of 250 lg per disc (applied as a
dimethyl sulfoxide solution), and the diameters of the growth inhi-
bition zones were measured to the nearest mm. Measured suscep-
tibility zones were the clear zones around the disc inhibiting the
microbial growth. The obtained results are listed in Table 1. As it
can be seen, the prepared compounds have shown a wide range
of activities—from completely inactive compounds, through med-
ium active to the highly active ones. The compounds 7g, 7h, and
7i were shown to be totally inactive towards all the tested micro-
organisms at the mentioned dose. The most active compounds
were the amines 7a and 7b, showing reduction of bacterial and
fungal growth comparable or higher than that exhibited by the
standards used as positive controls (tetracycline, 8 and nistatine,
9), especially against medically important pathogens. On the other
hand, the most resistant strain was K. pneumoniae being com-
pletely unsusceptible to most of the tested compounds. It also
seems that the Gram-positive and Gram-negative bacteria were
equally resistant to all compounds, although it is recognized that
the presence of certain cell-wall lipopolysaccharides is to be con-
sidered responsible for the greater resistance of Gram-negative
strains,39 corroborating the documented fact that ferrocene is
capable to cross cell membranes.40

Table 1
The antimicrobial activity (diameters of growth inhibition zonesa of ferrocene containing


Compound Mic


B. subtilis Cl. pyogenes Enterococcus sp. M. flavus S. lutea S. aureus E. coli K


6a 17 15 15 n.a. 16 16 17 1
6b 15 17 16 n.a. 16 n.a. 17 n
6c n.a. n.a. n.a. n.a. n.a. n.a. n.a. n
6d 17 16 16 15 18 14 n.a. n
6e 15 15 14 n.a. 16 15 16 n
6f 17 16 16 15 15 15 15 n
6g 19 17 16 17 18 16 18 n
6h 19 17 15 16 19 17 16 n
6i n.a. 16 15 n.a. 14 n.a. 14 n
7a 28 28 26 32 30 26 28 2
7b 23 23 25 24 23 23 21 2
7c 18 18 18 17 18 16 16 n
7d 16 16 15 16 17 n.a. n.a. n
7e 20 18 22 20 17 17 17 n
7f n.a. n.a. 15 n.a. n.a. n.a. n.a. n
7g n.a. n.a. n.a. n.a. n.a. n.a. n.a. n
7h n.a. n.a. n.a. n.a. n.a. n.a. n.a. n
7i n.a. n.a. n.a. n.a. n.a. n.a. n.a. n
Tetracycline 27 27 28 31 27 25 27 2
Nistatine n.t. n.t. n.t. n.t. n.t. n.t. n.t. n


n.a., not active; n.t., not tested.
a Mean values (in mm) of 5 experiments, including the disc diameter (12.7 nm).

The imines have shown a more pronounced activity against the
fungal organisms A. niger, and C. albicans compared to the bacteria
tested and the yeast S. cerevisiae. Except in a few cases, this general
moderate activity of imines, aside from 6c, seems to be non-selec-
tive in respect to the bacteria tested. However, the situation is
quite different in the case of amines, where a clear distinction be-
tween aliphatic, alicyclic and benzyl-type amines (7a, 7b, and 7c–f,
respectively) from one, and aromatic amines (7g–i) from the other
side does exist. The lower basicity and chelating ability of aromatic
amines compared to the other ones might, perhaps, cause their
lower antimicrobial properties. For example, the growth of Candida
sp. is inhibited by iron deprivation,40 thus, the chelating ability of
the tested compounds could perhaps be acknowledged as the rea-
son for the observed candidicidal activity. Furthermore, by cou-
pling a pyrazole containing molecule (already known as the
carriers of antimicrobial activity) to ferrocene (which interacts
with the cytochrome P-450)41 it might be possible to increase
the pyrazoles incorporation and targeting toward cytochrome
P-450 as proposed in the previous case of fluconazole.40 It is known
that the replacement of an aromatic group by the ferrocenyl moi-
ety in penicillin and cephalosporines was improved their antibiotic
activity.42,43 However, a more recent publication by Biot et al.40


reporting the synthesis and evaluation of a ferrocene-fluconazole
analogue for antifungal activity against Candida sp. revealed a
slight increase in fungal growth and a reversal of the effect of fluco-
nazole at minimal inhibitory concentration.


It is interesting to note the almost complete lack of activity for
amine 7f possessing a thiophene moiety, while the imine analogue
6f still showed significant activity. Generally, it seems that no cor-
relation between the imine and amine activities can be drawn,
supported by the fact that the most susceptible strains to the
amines were the most resistant to the imines, and vice versa, and
suggesting a probably different mode of activity for the two groups
of compounds.


In order to make the discussion more easy to follow and the
conclusions statistically supported, we performed agglomerative
hierarchical clustering (AHC) on the mentioned samples (Table 1),
using the Excel program plug-in XLSTAT version 2008.6.07. The
method was applied utilizing the values of diameters of growth
inhibition zones as original variables without any recalculation.

imines 6a–i and amines 7a–i in a disc diffusion assay at a 250 lg per disc dose


roorganism


. pneumoniae S. enteritidis P. vulgaris P. aeruginosa A. niger C. albicans S. cerevisiae


5 18 17 16 17 20 n.a.
.a. 17 17 17 n.a. n.a. n.a.
.a. n.a. n.a. n.a. 17 n.a. n.a.
.a. 16 15 17 16 17 18
.a. 17 14 16 18 16 n.a.
.a. 15 18 16 18 20 n.a.
.a. 17 15 16 18 17 n.a.
.a. 16 17 18 17 16 n.a.
.a. n.a. n.a. n.a. 16 19 n.a.
7 28 28 26 26 25 21
4 24 23 24 22 21 25
.a. 17 16 17 17 n.a. 23
.a. 15 15 16 16 15 18
.a. 17 19 17 20 17 21
.a. 18 n.a. n.a. n.a. n.a. 19
.a. n.a. n.a. n.a. n.a. n.a. n.a.
.a. n.a. n.a. n.a. n.a. n.a. n.a.
.a. n.a. n.a. n.a. n.a. n.a. n.a.
3 26 26 26 n.t. n.t. n.t.
.t. n.t. n.t. n.t. 18 19 17
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Figure. 1. Dendrogram (AHC analysis) representing antimicrobial activity (vari-
ables-diameters of growth inhibition zones) dissimilarity relationships of the
synthesized compounds (observations) obtained by Euclidean distance dissimilar-
ity (dissimilarity within the interval [0,5500]), using aggregation criterion-Ward’s
method. Three groups of the compounds were found C1–C3 (from left to right).
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The results of AHC are presented in Figure 1. AHC was performed
using Pearson dissimilarity (as aggregation criteria simple linkage,
unweighted pair-group average and complete linkage were used)
and Euclidean distance (aggregation criterion: weighted pair-group
average, unweighted pair-group average and Ward’s method). The
definition of the groups was based on Pearson correlation, using
complete linkage and unweighted pair-group average method.
AHC analysis has clearly indicated the existence of three groups
of compounds under study (designations of the compounds were
given in Scheme 2).
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Scheme 2. Synthesis of imine

Compounds from the first group C1, 6c, 6i, and 7f, in addition to
those that showed no activity at all (7g, 7h, and 7i), and that were
not included in the AHC analysis, are distinguished from the rest of
the samples by the very low susceptibility of all tested microorgan-
isms towards them. At the same time, the two most active com-
pounds 7a and 7b (the aliphatic amines) formed an independent
clade C2 more related to each other then to the rest of the samples
(class C3). Further subdivision of the tested compounds that fell
into C3 is worthy of mentioning. The grouping of 6d and 7d sug-
gests that the 3-picolyl moiety that is in common for the molecules
might be responsible for the observed activity (especially against
the fungi) of those compounds. Related to this subclade the group
consisting of 7c and 7e further stresses the assumed importance of
the amine type (benzyl and furyl) as the possible carrier of activity.
On the other hand, the placement of 10 compounds into a single
clade (C3) clearly points out to the non-selective antimicrobial nat-
ure of the synthesized compounds.


In order to make the antimicrobial data more reproducible we
determined the minimal inhibitory concentrations (MIC) for the
most active amines (7a, 7b, and 7e) and their respective imines
(6a, 6b, and 6e). The results obtained in a microdilution broth
susceptibility assay44,45 (Table 2) confirmed the findings of the disk
diffusion technique (Table 1). The MIC values of the selected com-
pounds ranged from 46 to 225 lg/ml, suggesting a strong to med-
ium antimicrobial activity, being, in some cases, of the same order
of magnitude or greater compared to the positive controls used
(Amikacin and Bifonazole). Again the compounds were almost
completely non-selective in their antibacterial and antifungal
effect. Specially worth noticing are the cases of some of the most
resistant pathogenic bacteria B. subtilis, Enterococcus sp. and
P. aeruginosa, where Amikacin was either less efficient then or
comparable in action to compound 7a. Compound 7a is coming
close to the 10 lg/ml MIC limit set for the efficient antimicrobial
compounds.
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Table 2
Minimal inhibitory concentration (MIC, lg/ml) of selected imines (6a, 6b, and 6e) and amines (7a, 7b, and 7e)


Microorganism 6a 6b 6e 7a 7b 7e Amikacin Bifonazole


Sample
B. subtilis 225 167 92 52 78 113 42 n.t.
Cl. pyogenes 155 167 86 53 83 74 15 n.t.
Enterococcus sp. 191 161 124 50 65 73 65 n.t.
M. flavus 158 191 145 46 69 84 2 n.t.
S. lutea 149 101 92 49 61 85 2 n.t.
S. aureus 161 168 99 53 78 132 11 n.t.
E. coli 168 145 129 53 71 93 5 n.t.
K. pneumoniae 158 78 103 55 66 70 8 n.t.
S. enteritidis 179 161 96 51 61 83 8 n.t.
P. vulgaris 191 167 130 53 77 95 7 n.t.
P. aeruginosa 141 168 130 53 77 124 50 n.t.
A. niger 167 87 82 53 61 85 n.t. 9
C. albicans 168 101 73 66 64 92 n.t. 32
S. cerevisiae 118 158 194 97 98 86 n.t. 6


n.t., not tested.
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The presented results on the antimicrobial properties of these
ferrocene containing molecules urge further investigations in this
direction with compounds 7a and 7b as the leads. Such a non-
selective and strong activity promises a possible use in the combat
against antibiotic-resistant strains of microorganisms as demon-
strated for a ferrocene derivative against the chloroquine-resistant
Plasmodium berghei N and P. yoelii NS in vivo.5,46
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35. Joksović, M.; Ratković, Z.; Vukićević, M.; Vukićević, R. D. Synlett 2006, 2581.
36. For the detailed experimental procedures and spectral characterization of the


new compounds see Supplementary data. Here we give the complete analytical
data for compound 7a. Yield: 0.88 g (87%). Dark red oil. 1H NMR (200 MHz,
CDCl3): d = 1.27, s (9H, CH3); 3.89, s (2H, CH2); 1.43, br s (1H, NH); 4.11, s (5H,
Fc); 4.31, t (2H, J = 1.96 Hz, Fc) 4.83, t (2H, J = 1.96 Hz, Fc); 7.18–7.26, m (1H, p-
phenyl); 7.40, t (2H, J = 8.40 Hz, m-phenyl); 7.70, dd (2H, J = 8.44 and 1.36 Hz,
o-phenyl); 7.89, s (1H, Pz); 13C NMR (200 MHz, CDCl3): 29.16, 37.37, 50.69,
67.28, 68.53, 69.28, 78.38, 118.46, 120.67, 125.62, 126.50, 129.28, 140.13,
149.51. 15 IR (cm�1, KBr pellets): 509, 762, 1209, 1366, 1401, 1504, 1563, 1598,
2958, 3229. Anal. Calcd for C24H27FeN3 (413.13): C, 69.74; H, 6.58; N, 10.12.
Found: C, 69.63; H, 6.56; N, 10.10.


37. NCCLS (National Committee for Clinical Laboratory Standards). Performance
Standards for Antimicrobial Disk Susceptibility Test, 6th ed. Approved Standard
M2-A6, 1997.
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A novel series of 1H-indol-1-yl tertiary amine LXR agonists has been designed. Compounds from this ser-
ies were potent agonists with good rat pharmacokinetic parameters. In addition, the crystal structure of
an LXR agonist bound to LXRa will be disclosed.


� 2009 Elsevier Ltd. All rights reserved.

Liver X receptors (LXRa and LXRb) are members of the type 2
family of the nuclear hormone receptors and function as transcrip-
tion factors that mediate cholesterol and lipid metabolism.1 LXRb
is ubiquitously expressed in a variety of different tissues, while
LXRa is primarily expressed in the liver, adipose tissue, and macro-
phage.1 These ligand-activated transcription factors form heterodi-
mers with retinoid X receptors (RXR) and regulate the expression
of a number of genes involved in reverse cholesterol transport,
fatty acid and glucose metabolism.2 In addition, LXRs inhibit lipo-
polysaccharide-induced macrophage expression of inflammatory
mediators such as inducible nitric oxide synthase, cyclooxygenase
2 and interleukin-6 and inhibit inflammation in vivo.3 Conse-
quently, LXR agonists have been studied as a potential therapy
for pulmonary inflammation, diabetes, and atherosclerosis.2


Recently, a number of structurally distinct LXR agonists have
been reported. These are highlighted by 24(S),25-epoxycholesterol
(1) and the synthetic ligand GW3965A (2) (Chart 1).4–6 Compound
2, identified from array synthesis, was described as a potent LXR ab
agonist. This compound showed good potency and full agonist
activity in the LXRb FRET (EC50 = 25 nM) and mouse macrophage

ll rights reserved.


ashburn).

cholesterol efflux assays (EC50 = 50 nM); however, it was less
potent in the LXRa FRET assay (EC50 = 175 nM).4–6


As part of an effort to identify LXR agonists with improved
potency, a structure-based design strategy centering around 2
was initiated. Analysis of the X-ray crystal structure of compound
2 and other LXR agonists revealed an unoccupied hydrophobic
pocket adjacent to the phenyl acetic acid region of 2.6,7 Toward this
end, we set out to explore suitable replacements for the phenyl
acetic acid moiety of 2.


Synthesis of the analogs of 2 is outlined in Scheme 1. Reductive
amination of benzaldehyde 4 with 2,2-diphenylethanamine 3
yielded the secondary amine 5. Subsequent treatment of 5 with
base and 3-bromo-1-propanol or 1,3-dibromopropane yielded the
desired alcohol 6 or bromide 7, respectively. Intermediates 6 and
7 served as important building blocks for exploration of replace-
ments for the phenyl acetic acid group. Target heteroaromatic
ethers 8–15 were then prepared by either Mitsunobu coupling of
6 or nucleophilic displacement of alkyl bromide 7.


Analogs 8–15 all displayed potencies in the LXRab FRET assay
comparable to the lead 2 (Table 1); however, only 15 displayed full
agonism (>80% compared to the reference agonist 2). In addition,
compound 15 showed improved potency in the mouse macro-
phage cholesterol efflux assay compared to 2. Due to these results,
we focused our attention on modifying compound 15.
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Chart 1. Structures of 24(S),25-epoxycholesterol (1) and GW3965A (2).
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Scheme 1. Reagents and conditions: (a) NaB(OAc)3H, (2,2-diphenylethyl)amine,
AcOH, CH2Cl2,; (b) 3-bromo-1-propanol, NaI, K2CO3, CH3CN or 1,3 dibromopropane,
K2CO3, CH3CN; (c) ROH, DIAD, THF or ROH, K2CO3, CH3CN.


Table 1
LXRab FRET assay data for compounds 2 and 8–18a


RO N


Cl
CF3


Compound R LXRa EC50,
nM (% eff.)


LXRb EC50,
nM (% eff.)


MM-Efflux
EC50, nM


2


OH


O
175 (100%) 25 (100%) 50


8


N
NH


23 (25%) 15 (30%) ND


9


NO


O


O
63 (65%) 26 (68%) ND


10
NN


H


110 (17%) 60 (44%) ND


11 N
NN


H


>3000 510 (25%) ND


12


NN
N


N
790 (25%) 560 (33%) ND


13


N
H


O


O


630 (19%) 288 (36%) ND


14
N
H


226 (36%) 23 (78%) ND
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A docked pose of 15 overlaid with the crystal structure of 2
bound to LXRb suggested that while the indole was predicted to
better fill the hydrophobic pockets, key hydrogen bonding to
Leu330 and Arg319 were likely not be exploited as observed with
2 (Fig. 1).7,8


With this in mind, efforts to extend the reach of the indole
nitrogen of 15 were initiated. Reaction of 15 with base and electro-
philes produced compounds 16–18 (Table 1).9 While these com-
pounds were all equipotent to 15 in the LXRb FRET assay, they
all showed improved LXRa potency. Furthermore, while 16 and
17 displayed only partial LXRa agonist activity, 18 demonstrated
full agonism against both isoforms. In addition, 18 exhibited
excellent cellular activity in a mouse macrophage cholesterol
efflux assay (Scheme 2).


The crystal structures determined for 2 (bound to LXRb) and 18
(bound to LXRa) show clear distinctions between the two com-
pounds (Fig. 2).7,10 The indole ring of compound 18 but not the
phenyl ring of 2 appears to fill the leucine rich hydrophobic pocket.
There is also a hydrogen binding interaction (2.8 Å) between one of
the carboxylate oxygens of 18 and the NH backbone of Leu314
(LXRa). In addition, there is a stronger salt bridge interaction be-
tween Arg303 (LXRa) and one of the carboxylate oxygens of com-
pound 18 with the distances being 3.1 Å and 3.2 Å while the
corresponding interactions for compound 2 with Arg319 (LXRb)
are 3.6 and 3.8 Å, respectively.


Having prepared a compound with target in vitro characteris-
tics, we next evaluated its rat pharmacokinetic properties (Table
2). In general, compound 18 displayed attractive PK properties
including low clearance, small Vdss, moderate half-life, and good
oral bioavailability.







Table 1 (continued)


Compound R LXRa EC50,
nM (% eff.)


LXRb EC50,
nM (% eff.)


MM-Efflux
EC50, nM


15
NH


60 (90%) 15 (104%) 5.0


16
CH3N


39 (57%) 12 (86%) ND


17
CH3SO2N


20 (50%) 7 (72%) ND


18
N


OH
O


14 (132%) 4 (105%) 15


EC50 = concentration of compound that leads to half-maximal activity.
% efficacy (eff. = efficacy) normalized to 2. ND = no data available.


Figure 1. Overlay of the crystal structure of 2 (cyan) bound to the LBD of LXRb and
15 (green).


NH O N


Cl
CF3


N O N


Cl
CF3


R2a


15 16-18


Scheme 2. (a) NaH, electrophile, DMF.


Figure 2. Superposition of crystal structures of 18 (green) bound to the LXRa-LBD &
2 (cyan) bound to the LXRb-LBD. Enzyme backbone and key backbone residues are
shown in the color of the ligand to which they correspond.


Table 2
In vivo rat pharmacokinetic data for compound 18a,b


Parameter Compound
18a


Dose (iv, p.o., mg/kg) 1.1, 2.1
CLp (mL/min/kg) 14.6 (1.7)
Vdss (L/kg) 1.15 (0.29)
t½, i.v. (h) 1.35 (.5)
Oral Cmax (ng/mL) 1808 (134)
t½, p.o. (h) 2.9 (1.2)
Oral%F 45.4 (5.8)


a Values are means of three experiments, standard deviation is given in
parentheses.


b Male Sprague–Dawley rats (<1 year old) were used.
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In summary, replacement of the phenyl acetic acid head group
of the lead compound 2 with 1H-indol-1-yl acetic acid group led to
a novel orally bioavailable LXR agonist 18. Compared to 2, 18

showed much improved potency and efficacy in the LXRa FRET,
and potencies in the LXRb FRET and in mouse macrophage choles-
terol efflux assays were also improved. In addition, this indole-
based LXR agonist described has properties suitable for in vivo
testing, the results of which are to be described in a further
publication.
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The peroxisome proliferator-activated receptors (PPARs) are li-
gand-activated transcription factors acting as metabolic sensors
regulating the expression of genes involved in glucose and lipid
homeostasis. Agonists of the PPARa subtype,1,2 such as LOPID�


(gemfibrozil) and TRICOR� (fenofibrate), and agonists of the PPARc
subtype,3,4 such as AVANDIA� (rosiglitazone maleate) and ACTOS�


(pioglitazone HCl), are used for the treatment of dyslipidemia and
diabetes, respectively. PPARd, involved in lipid metabolism is
unlike the other two PPAR receptors, ubiquitously expressed, but
the highest expression levels are found in tissues with high lipid
metabolism including adipose, skeletal muscle, developing brain,
intestine and heart.5 PPARd has both distinct and overlapping
functions, particularly with PPARa, as there are many common
target genes.6 PPARd may also act in a regulatory or complimentary
manner to PPARa or PPARc activities based on in vitro and knock-
out mice studies.7,8


The synthesis and development of a potent and selective PPARd
agonist, GW501516, has provided a greater understanding of the
role of PPARd and the potential clinical utility of selective agonists.9


In obese, dyslipidemic, and hyperinsulinemic rhesus monkeys
treatment with GW501516 resulted in an increase in high density
lipoprotein cholesterol (HDL-C), a decrease in triglycerides, an
improvement in the atherogenic profile (decreases in small dense
LDL particles) with little effect on glucose (although insulin levels
were decreased in monkeys).9 The increase in HDL-C was attrib-
uted to gene induction by PPARd activation of the ABC-A1 trans-
porter, a key gene involved in reverse cholesterol transport and

ll rights reserved.
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HDL-C metabolism. There was also an increase in cholesterol efflux
in lipid-loaded macrophages, further implicating a role for PPARd
in modulating HDL-C levels and reverse cholesterol transport. In
early clinical studies with normal male volunteers, GW501516
increased circulating HDL-C and decreased triglycerides, although
the decrease in triglycerides was not statistically significant.10 On
the other hand, in overweight, dyslipidemic males with the meta-
bolic syndrome, treatment with GW501516 had no marked effect
on HDL-C but rather significantly decreased plasma total choles-
terol, apolipoprotein B levels and improved remnant particle clear-
ance.11 These data indicate that PPARd agonists may have clinical
utility in the treatment of dyslipidemia, obesity and diabetes and
may complement the actions of existing therapies such as the
widely used statins.


While the structure of GW501516 is shown in Figure 1,12 there
are only a few PPARd selective agonists reported recently in litera-
ture.13 We previously identified the Y-shaped molecules 1 as po-
tent and selective PPARd agonists, and the chirality at the Y
intersection is pivotal to PPARd agonist activity.14 To reduce the
‘cost of goods’, we now report that certain achiral analogs of 1
may also maintain the high PPARd agonist potency and selectivity.


PPAR agonists generally consist of three parts: a lipophilic tail
moiety, a linker and a head moiety bearing a carboxylate functional-
ity. We started with the SAR study of the substitutions on the lipo-
philic tail moiety, and the results were summarized in Table 1.
Following the Topliss tree principle,15 olefin compounds 2–10 were
made, and their straight forward synthesis was shown in Scheme 1.
The key intermediate 14, a differentially activated olefin, was ob-
tained by treatment of 2-methylene-1,3-propanediol with methyl-
sulfonyl chloride and triethylamine in 58% yield. Phenoxide
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Figure 1. Structures of selective PPARd agonists.


Table 1
In vitro human PPARd potency of compounds 2–13a


OHO2C


S X
R


Compound X R PPARd
EC50


b (nM)
Compound X R PPARd


EC50
b (nM)


2 O H 711 8 O 4-
NMe2


238


3 O 4-Cl 65.5 9 O 2,4-
Cl2


138


4 O 3,4-Cl2 49.8 10 O 4-
OCF3


28.4


5 O 4-CF3 17.1 11 NH 4-CF3 >500
6 O 3-


CF3,4-
Cl


>500 12 S 4-CF3 54.3


7 O 4-OMe 216 13 CH2 4-CF3 26.8


a EC50 of all the compounds are >1 lM in PPARa and PPARc assays.
b Values are means of at least two experiments.


Table 2
In vitro human PPARd potency of compounds 18–22a


CF3


OX
Ar


Compound Ar–X Human PPARd EC50
b (nM)


18


Cl
OHO2C


S


46.7


19


CF3
OHO2C


S


>1000


20


OMe
OHO2C


S


>1000


21


OHO2C


S


Cl
>500


22
OHO2C


O


249


a EC50 of all the compounds are >1 lM in PPARa and PPARc assays.
b Values are means of at least two experiments.
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selectively replaced the more reactive methyl sulfonyl group of ole-
fin 14, giving the allylic chloride 15 in very good yields. Subsequent
replacement of the allylic chloro group with thiol afforded esters 17,
which gave acids after hydrolysis. With the successful Topliss tree
approach, we were able to efficiently identify the potent 4-CF3-ana-
log 5 (EC50 = 17.1 nM, Table 1) within nine molecules. We then ex-
plored three bioisosteres of 5 at X position. The NH isostere 1116


(EC50 > 500 nM) reduced the potency dramatically whereas the
hydrophobic sulfur isostere 12 (EC50 = 54.3 nM) and CH2 isostere
1316 (EC50 = 26.8 nM) displayed slightly lower potencies.


We then turned our attention to optimize the head moiety, and
compounds 18–22 were synthesized and evaluated (Table 2). The
synthetic route is similar to Scheme 1. The various thiophenols
were obtained in a similar manner described for the synthesis of
thiophenol 16.14 Among the new analogs prepared, 18
(EC50 = 46.7 nM) showed good potency although it was about
2.7-fold lower than that of 5. To our surprise, replacement of Cl
with CF3 (19, EC50 > 1000 nM) or OMe (20, EC50 > 1000 nM) totally
abolished the PPARd activity. Moving the Cl from meta- to ortho-

OEtO2C


S O


HO OH Cl OMsa


14


17


b


c R


Scheme 1. Reagents and conditions: (a) MsCl, Et3N, 58%; (b) NaH, correspo

position (relative to sulfur) also decreased the potency dramati-
cally (21, EC50 > 500 nM). When the sulfur atom of 5 was replaced
by the more hydrophilic oxygen atom as in 22 (EC50 = 249 nM), the
potency was reduced �15-fold.

Cl O
Ar OEtO


O


SH
+


OHO2C


S O


15 16


2-10


d R


nding phenols, 80-90%; (c) Cs2CO3, CH3CN, 75–86%; (d) LiOH, 90–95%.
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Scheme 2. Reagents and conditions: (a) DMSO, Ac2O, 83%; (b) i—Br2CF2, HMPT, THF, 78%; ii—LiOH, 91%; (c) i—Ph3P+CH2Ph Cl�, NaHMDS, 44%; ii—LiOH, 90%;
(d) i—Ph3P@CHCN, 90%; ii—LiOH, 85%; (e) i—(MeOCH2)2NSF3, 92%; ii—LiOH, 91%; (f) i—HO(CH2)3OH, PPTS, 83%; ii—LiOH, 90%.


Table 3
In vitro human PPARd activity of compounds 25–32


Compound Human PPARd EC50 (nM) Compound Human PPARd EC50 (nM)


25 69.6 29 45.6
26 45.5 30 22.4
27 35.4 31 23.3
28 147 32 8.6


R. Zhang et al. / Bioorg. Med. Chem. Lett. 19 (2009) 1101–1104 1103

Finally, we explored the SAR on the central portion of the mol-
ecules. Scheme 2 shows the synthesis of compounds 25–29. The
common intermediate 24 was produced by oxidation of alcohol
2314 with DMSO and acetic anhydride. The ketone 24 was
smoothly converted to olefinic compounds 25,17 26, and 27 by Wit-
tig-type reactions. Treatment of the ketone with Deoxo-Fluor re-
agent18 afforded gem-difluorinated compound 28. The
preparations of compounds 30–32 were achieved by a similar
route as outlined in Scheme 1.

OHO2C


S O


CF3


OHO2C


S O


CF3


OHO2C


S O


CF3


31


30


32

Compared with compound 5, incorporation of difluoro (25,
69.6 nM), phenyl (26, 45.4 nM), or cyano group (27, 35.4 nM)

on the double bond did not improve the potency (Table 3). How-
ever, gem-dimethyl substitution on the double bond (30,
22.4 nM) is better than gem-difluoro substitution (25, 69.6 nM).
When the double bond of 5 was replaced with its cyclopropyl
bioisostere (31, 23.3 nM), the potency is comparable. On the
other hand, if the double bond was replaced with less bulkier di-
fluoro group (28, 147 nM), the potency decreased �9-fold. The
best potency was achieved with the di-n-propyl substitution
(32, 8.6 nM).


In summary, to reduce the ‘cost of goods’, beginning with achi-
ral 2 (711 nM) possessing moderate PPARd agonist potency, we
identified several potent agonists (5, 10, and 13) based on the To-
pliss Tree study on the aromatic system. The further SAR study at
the X position, left head moiety, and the central portion of the
Y-shaped molecules led to the identification of achiral potent and
selective PPARd agonists (30, 31, and 32), which show favorable
pharmacokinetic profiles.
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Extensive SAR studies of the P3 capping group led to the discovery of a series of potent inhibitors with
sultam and cyclic sulfonyl urea moieties as the P3 capping. The bicyclic thiophene-sultam or phenyl-sul-
tam cappings were selected for further SAR development. Modification at the P3 side chain determined
that the tert-butyl group was the best choice at that position. Optimization of P1 residue significantly
improved potency and selectivity. The combination of optimal moieties at all positions led to the discov-
ery of compound 33. This compound had the best overall profile in potency and PK profile: excellent Ki


* of
5.3 nM and activity in replicon (EC90) of 80 nM, extremely high selectivity of 6100, and a good rat PO AUC
of 1.43 lM h.


� 2009 Elsevier Ltd. All rights reserved.
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Hepatitis C virus (HCV) infection is a principle cause of chronic
liver disease that leading to cirrhosis, hepatocellular carcinoma or
liver failure in humans.1 HCV has infected more than 170 million
people worldwide and it has emerged as a major global health
problem. Currently available therapy is a-interferon, either alone
or in combination with ribavirin. The latest combination therapy
with pegylated a-interferon and ribavirin generates sustained viro-
logical response in only 50% of infected patients.2 These existing
therapies are also associated with considerable side effects. The
limited efficacy and adverse side effects of the current therapies
has clearly demonstrated that there is a dire need to develop more
effective antiviral agents, and has stimulated intensive research in
finding potent and orally bioavailable small molecule drug
candidates.3


The HCV viral RNA genome encodes a polyprotein which con-
sists of structural and nonstructural (NS) proteins. The chymotryp-
sin-like serine protease located at N-terminal of NS3 nonstructural
protein is essential for viral replication.4 It has been a valuable tar-
get for which a number of inhibitors have been reported in litera-
ture.5 Several drug candidates have or are being progressed into
clinical trials in human beings. The earliest entry, BILN-2061,6 an
NS3 protease inhibitor from Boehringer–Ingelheim, failed in phase
I clinical trials due to toxicity. Currently, the most advanced candi-
dates are Telaprevir (VX-950)7 from Vertex and Boceprevir (SCH

ll rights reserved.


: +1 908 740 7152.
).

503034)8 from Schering–Plough. Both are in late stage (phase III)
clinical trials.


Our first generation HCV NS3 protease inhibitor, compound 1
(Boceprevir, Fig. 1), is a potent inhibitor of the NS3 protease with
activity in enzyme assay (Ki


*) of 14 nM and replicon assay (EC90)
of 350 nM.8 It has a favorable pharmacokinetic (PK) profile in rats
and dogs (26% and 34% bioavailability, respectively) but low bio-
availability in monkeys (4–11%). Our goal for a next generation
inhibitor was to improve the potency by at least fivefold while

EC90 = 350 nM
Ratb ioavail. 26 %
Monkey bioavail. 4-11%
Dog bioavail. 30%


Figure 1. Boceprevir: the HCV protease inhibitor that is in phase III clinical trials.
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Scheme 2. Reagents and conditions: (a) Et3N, CH2Cl2; (b) NaH, DMF; (c) DIBAL-H,
toluene; (d) MsCl, Et3N, CH2Cl2; (e) Cs2CO3, DMF; (f) 3-bromopropanol, DIAD, PPh3,
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maintain or improve upon PK profile. Modeling studies based on X-
ray crystal structure of compound 1 revealed that there was ample
room for the P3 cap to be extended beyond current tert-butyl
group. The Cys159 amino acid residue of the protein backbone in
the S4 region provided an opportunity for additional hydrogen
bonding interaction. We envisioned that an extended P3 cap hav-
ing sulfonyl or carbonyl groups at right position could engage in
a hydrogen bonding with Cys159. In the course of our extensive
search for the optimal functionality to establish the hydrogen
bond, we discovered that sultams and cyclic sulfonyl ureas derived
from tert-leucinol provided potent P3 capped inhibitors. Thus, a
number of mono-cyclic and bicyclic sultams and sulfonyl ureas
were studied. We also systematically investigated SAR at other
sites of the inhibitor, namely P3, P1 and P0 residues. The combina-
tion of the best moieties at all positions gave rise to a potent inhib-
itor with favorable PK profile. Herein, we report our SAR
development and the identification of a novel potent sultam-based
HCV NS3 protease inhibitor.


The general synthesis of the inhibitors is outlined in Scheme 1.
It has been described in details in our previous publications.8,9


Starting from our unique gem-dimethylcyclopropylproline P2 core
2 and a Boc-protected P3 amino acid, dipeptide 3 was obtained
through a standard EDC mediated coupling. Removal of the Boc
protecting group and subsequent reaction with a capping isocya-
nate afforded compound 4. Hydrolysis of the methyl ester to a car-
boxylic acid 5 and its coupling to a P1 a-hydroxy-b-aminoamide
gave rise to a tripeptide. Dess–Martin periodinane10 oxidation of
the hydroxyamide furnished the desired a-ketoamide 6. Since
our early research indicated the difficulty in obtaining acceptable
PK from primary ketoamides (R0 = H), we decided to perform all
SAR studies on secondary ketoamides. Among various R0 groups
investigated, allyl group was one of the best moieties for potency
and PK. Thus, R0 was fixed as allyl group for current study.


Synthesis of the capping group, the focus of the current SAR
development, is shown in Scheme 2. Thus, the amino acid derived
a,b-di-amine (8), which could be obtained from commercial pro-
tected amino acid through a reduction to amino alcohol, a Mitsun-
obu reaction11 with phthalimide and subsequent removal of the
phthaloyl group with hydrazine, was treated with chloroalkyl sul-
fonyl chloride (7) in the presence of triethylamine. Sulfonylation of
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Scheme 1. Reagents and conditions: (a) Boc-tert-leucine, EDC, HOOBt, DMF/CH2Cl2;
(b) 4 M HCl; p-dioxane; (c) appropriate isocyanate, i-Pr2NEt, CH2Cl2; (d) LiOH, THF/
MeOH/H2O; (e) P1-a-hydroxy-b-aminoamide, EDC, HOOBt, DMF/CH2Cl2; (f) Dess–
Martin periodinane, CH2Cl2.

the amine was followed by an in-situ intra-molecular cyclization to
form the desired sultam 9. Similarly, o-aromatic sulfonyl chloride
carboxylic esters were reacted with 8 to give sulfonamides. The es-
ters were reduced to alcohols which were then converted to mesy-
lates or chlorides. Finally, intra-molecular cyclization afforded
bicyclic aromatic sultams 11. To gain access to the cyclic sulfonyl
urea of type 14, amine 8 was first treated with Cbz-amino sulfonyl
chloride to give sulfonyl urea 12, which was then alkylated with 3-
bromopropanol under Mitsunobu reaction conditions to give 13,
cyclized, and finally hydrogenated to remove Cbz-protecting
group. The intermediate sultams 9, 11 and cyclic sulfonyl urea 14
were treated with 4 M HCl to remove the Boc group and then re-
acted with phosgene to provide key isocyanate intermediates of
type 15, which were used to make final targets 6 (Scheme 1). All
compounds were isolated as mixture of two diastereomers at P1
a-center. The ratio of two isomers varied between 2:1 and 1:2.


All inhibitors synthesized were tested in HCV continuous as-
say12 using the NS4A-tethered single chain NS3 serine protease.13


The Ki
* values in the assay reflected the equilibrium constant deter-


mined by the reversible covalent bond formed between the ketone
and serine and other interactions between the inhibitors and the
enzyme.14 Compounds with good potency were then evaluated in
a replicon assay.15 EC90, the concentration required for inhibition
of 90% of replicon replication, was obtained as a measure of activity
in replicon. To address the issue of selectivity among serine prote-
ases, all inhibitors were assayed against human neutrophil elastase
(HNE), a serine protease with most structural similarity to HCV
NS3 serine protease. The ratio of activity in these two proteases
(HNE/HCV) was used as a measure of the selectivity. Previously,
a multiplex Taqman RT reaction was done to measure both HCV
and endogenous GAPDH RNA levels for analogous compounds.
GAPDH RNA level did not change when measured up to a maxi-
mum concentration of 5 lM. Thus, cytotoxicity was never an issue
for this class of inhibitors, and GAPDH was not measured for most
recent compounds.
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P3 capping SAR: Discovery of sultam and sulfonyl urea as potent
capping moiety. As demonstrated by X-ray structure of compound
1 bound to the protein, the S4 pocket and Cys159 were potential
targets for additional interactions. After extensive exploration with
the moieties that could both reach into the S4 pocket and form
hydrogen bonding with Cys159, compounds with sulfonyl func-
tionality were proved to be promising. Among them, cyclic sulfon-
amides (sultams) and sulfonyl ureas were found to be more
interesting. Thus, a set of inhibitors with these types of P3 capping
were prepared and evaluated (Table 1). The P1 side chain was fixed
as n-propyl for this study.


A number of structure variations were incorporated into the P3
capping group as shown in Table 1. The caps in compounds 16–20
were mono-cyclic alkyl sultams or sulfonyl ureas, while those in
compounds 21–25 were bicyclic fused aromatic sultams. Most of
the caps were derived from tert-leucine amine (8, R0 = H,
R00 = tert-butyl), except those in compounds 18/24 and 22, where

Table 1
P3 capping SAR development
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a 3 mg/kg, 0.4% MC.

amine 8 was prepared from cyclohexyl glycinol and 1-amino-1-
cyclohexylmethanol, respectively. We started with compound 16
which had a tert-leucine derived 5-membered sultam P3 cap. It
had good potency in both enzyme assay (Ki


* = 11 nM) and replicon
assay (EC90 = 200 nM), but had a moderate selectivity against hu-
man neutrophil elastase (HNE/HCV = 230). This compound had
poor rat PK with oral area-under-curve (PO AUC) of only
0.09 lM h. Expanding the sultam ring size to six led to compound
17. Enzyme potency, selectivity and oral PK AUC were improved
significantly over that of 16, while activity in replicon remained
the same at 200 nM. Replacement of the tert-butyl side chain of
the P3 cap with a cyclohexyl gave group compound 18 which re-
sulted in a loss in both enzyme and activity in replicon (20 and
250 nM, respectively), lower selectivity (50) and rat PO AUC
(0.18 lM h). It was hoped that addition of more heteroatoms to
the P3 cap rings might increase the opportunity of additional
hydrogen bonding, thus improving potency. Initial result from a

O


O H
N


HNE/HCV EC90 (nM) Rat PO AUCa (lM h)


230 200 0.09


650 200 0.67


50 250 0.18


80 350 —


490 150 0.20


150 150 0.43


130 400 —


650 150 0.37


55 NA —


310 230 —







Table 2
P3 side chain modifications
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Compound P3 P3 Ki
* (nM) HNE/HCV EC90 (nM)


21 N
H
N


O


S
O O


S
10 150 150


26 14 10 100


27 3 68 100


23 N
H
N


O


S
O O


3 650 150


28 7 19 150


29 5 50 150
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6-membered sulfonyl urea ring (compound 19) was not encourag-
ing (Ki


* = 59 nM, EC90 = 350 nM).
However, methylation of the nitrogen gave compound 20 with


enhanced potency and selectivity. It had one of the best activity
in replicon among all mono-cyclic alkyl sulfonyl capped inhibitors
in Table 1.


The fused bicyclic aromatic sulfonyl moieties were of great
interest because of their potential to improve PK properties. Thus,
bicyclic thiophene-sultam analog of 16 was synthesized. Com-
pound 21 maintained enzyme activity (Ki


* = 10 nM) but lost some
selectivity (HNE/HCV = 150). However, it had better activity in rep-
licon (EC90 = 150 nM) than 16. The same bicyclic thiophene sultam
did not work well with the 1,1-disubstituted-cyclohexyl moiety in
compound 22, as evidenced by the drop in potency and selectivity.
Changing from 5,5- to 6,5-ring system resulted in the fused bicyclic
phenyl-sultam analog 23. This compound had the best overall pro-
file among all the inhibitors discussed so far. It was the most po-
tent in both enzyme and replicon assays (3 and 150 nM,
respectively) and it had the highest selectivity of 650. It also had
moderate rat PK AUC (0.34 lM h). When this phenyl-sultam moi-
ety was combined with cyclohexyl glycine amine as in compound
24, significant loss of potency and selectivity were observed. We
also investigated inhibitors with bicyclic phenyl acyl sulfonamide
capping (25). Compared to 23, this compound was inferior in both
potency and selectivity.


Based on these results, we decided that tert-leucine amine-de-
rived thiophene- and phenyl-sultam P3 capping groups (in com-
pounds 21 and 23, respectively) were most interesting for further
SAR development. Optimization at other positions was thus per-
formed with these two capping moieties.


P3 side chain modifications. Both X-ray structures16 and our ear-
lier SAR studies indicated that the S3 pocket of HCV NS3 protease
was highly lipophilic and the P3 moiety bound to the enzyme
mainly through hydrophobic interactions. As a result, possible
modifications to the P3 side chain was very limited. Branched alkyl
or carbocyclic groups were among the best options. In the current
study, three P3 residues were incorporated: tert-leucine, cyclo-
hexyl glycine and b-methyl cyclohexyl glycine. They were com-
bined with either thiophene or phenyl-sultam P3 cappings. The
results are summarized in Table 2.


In the series with thiophene-sultam P3 cap, compounds having
cyclohexyl and b-methylcyclohexyl P3 side chains (26 and 27)
achieved better activity in replicon (EC90 = 100 nM). Compound
27 had better enzyme potency as well (Ki


* = 3 nM). However, both
of these compounds were less selective against elastase with HNE/
HCV of 10 and 68, respectively. When phenyl-sultam P3 cap was
incorporated, all three compounds (23, 28, 29) had good activity
in replicon (EC90 = 150 nM) and excellent Ki


* (3–7 nM). However,
the selectivity against elastase decreased significantly for com-
pounds 28 and 29 (HNE/HCV = 19 and 50, respectively). Based on
the results from these two series, cyclohexyl and b-methyl cyclo-
hexyl P3 side chains did not provide much improvement in activity
in both enzyme and replicon assays, but resulted substantial loss in
elastase selectivity. Judging from the overall profile of these com-
pounds, inhibitor 23 appeared to the most interesting. A decision
was tentatively made to perform further SAR studies using com-
pound 23 as a template, with P3 cap as phenyl-sultam and P3 side
chain as tert-butyl group.


P1 residue optimization. The X-ray structure of the HCV NS3 pro-
tease revealed that the S1 pocket was small and narrow.16 The pre-
ferred P1 side chain is either a short linear alkyl chain or a small
ring attached to a short alkyl chain. Compound 1 had a cyclobutyl
methyl P1 side chain, which was one of the largest group the S1
pocket could accommodate. Compound 23 had a smaller n-propyl
side chain. It could serve as the starting point for further modifica-
tions. The results of this study are listed in Table 3. The first two

compounds had small ring side chains. Compound 30 had the same
cyclobutylalanine P1 residue as compound 1. Unfortunately, in the
enzyme assay it was substantially less potent (Ki


* = 30 nM) than
similar analogs in Table 2, even though its selectivity (HNE/
HCV = 1500) was much higher than that of compound 23. The
smaller ring analog, compound 31, however, had very good en-
zyme potency of 7 nM, along with good activity in replicon
(150 nM). The profile of 31 was comparable to that of 23, except
that selectivity was more than twofold higher. We then investi-
gated terminal alkyne P1 side chain as shown in compound 32. It
definitely improved enzymatic activity by several fold, but selec-
tivity and activity in replicon decreased. Finally, inhibitor with nor-
leucine as P1 residue was prepared (33). The side chain was one
carbon longer than that of 23. We were delighted that compound
had excellent potency in enzyme assay (Ki


* = 5 nM) and extremely
high selectivity (HNE/HCV = 6100). More importantly, it achieved
the best activity in replicon (EC90 = 80 nM). This compound (33)
clearly had the best overall profile in potency and selectivity.


Besides a compound’s biological activity, equally important is
its pharmacokinetic properties. PK profile determines whether a
chemical entity has the desired characteristics of a drug. Along
our SAR development, selected promising compounds were evalu-
ated in PK studies. The oral AUC in rats for three most interesting
compounds is listed in Table 3. Both compounds 31 and 23 had
rat PO AUC below 1.0 lM h. Fortunately, compound 33, the most
potent of the series, demonstrated good rat PO AUC of 1.43 lM h.
Thus, through the combination of the novel phenyl-sultam P3
cap, tert-butyl P3 side chain and norleucine P1 residue, a potent
HCV NS3 protease inhibitor with good PK was discovered. It had
best overall profile: Ki


* of 5 nM, EC90 of 80 nM, excellent selectivity
HNE/HCV of 6100, and a favorable rat PK of 1.43 lM h PO AUC. This







Table 3
Modifications on P1 side chains


NH
N O


H
N


H
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P1O
H
N


O
NS


OO


Compound P1 Ki
* (nM) HNE/HCV EC90 (nM) Rat PO AUCa (lM h)


30 30 1500 NA NA


31 7 1600 150 0.705


23 3 650 150 0.373


32 0.9 380 250 NA


33 5 6100 80 1.43


a 3 mg/kg, 0.4% MC.
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compound is under further evaluation and will serve as the lead
compound for future SAR development.


In summary, a number of novel and potent HCV protease inhib-
itors with various sultam or sulfonyl urea P3 capping groups were
synthesized and investigated. The tert-leucine amine-derived thio-
phene-sultam or phenyl-sultam cappings were the most interest-
ing. The capping group SAR study identified compound 23 as a
starting point for further optimization. Modification on the P3 side
chain established that the tert-butyl group was the best moiety for
that position. With the optimum combination of the phenyl-sul-
tam P3 cap and tert-butyl P3 side chain, an SAR investigation on
the P1 residues significantly improved potency and selectivity fur-
ther. The combination of optimal moieties at all positions led to the
discovery of compound 33, which had the best overall profile in
potency and PK properties: excellent Ki


* (5 nM) and activity in rep-
licon (EC90 = 80 nM), extremely high selectivity against elastase
(HNE/HCV = 6100), and a good rat oral PK AUC of 1.43 lM h.
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New topical anti-infectives comprised of N,N-dichloro-b,b-disubstituted taurines [Tetrahedron Lett. 2008,
49, 2193; Biorg. Med. Chem. Lett. 2009, 19, 196] have been examined for structure–stability relationships
(SSR) based upon various alkyl, heteroalkyl and cycloalkyl b-substitutions. These substitutions affect
order-of-magnitude changes in the aqueous stability of these N,N-dichloroamines which can undergo
Stieglitz rearrangement of alkyl groups under extremely mild conditions (H2O, pH 4–7, 0–20 mM acetate
or phosphate buffer, 20–40 �C). This process produces b-ketosulfonic acids which function as substrates
for chlorination by the N-chlorotaurines which leads to their further degradation.


� 2009 Elsevier Ltd. All rights reserved.

Halogens and halogenating agents have long been used as disin-
fectants,2 antiseptics,3 and antimicrobials.4 While effectively kill-
ing bacteria,4 fungi,4f,5 and viruses,6 many of these chlorinating
agents are also toxic to mammalian cells,7 which limits their appli-
cation as therapeutics for sensitive topical applications such as
wounds and ocular infections.


In particular, chloramine8 and organic N-chloramines4f,9 have
been used as mild antimicrobials and as CNS drugs.10 These exhibit
lower mammalian cytotoxicity versus chlorine and chloramides
while maintaining their antimicrobial activities. In the body, the
generation of hypochlorous acid in neutrophils which contain high
concentration of taurine11 leads to N-chlorinated taurines.12 Due to
their nonspecific mechanism of action, these compounds have low
potential for the development of spontaneous resistance.


While chloroamides are more active at higher pH,13 the antimi-
crobial9a,3a and chlorinating activity14 of organic N-chloramines in-
creases in mildly acidic solution. Unfortunately, N-chloramines
readily disproportionate to give amines and N,N-dichloram-
ines.9a,15 Because N,N-dichloramines themselves are antimicrobial
agents,4f it is difficult to separate the contribution to the antimicro-
bial activity of N-chloramines at neutral or acidic pH from the

All rights reserved.
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activity of the N,N-dichloramines that are generated under these
conditions.


The N,N-dichloramines, which are the dominant species at the
more desirable low pH region,9a,15 undergo dehydrochlorination
if hydrogens are present on the carbon adjacent to the dichloro-
amine in the molecule.16 With the b,b-disubstitution of the N,N-
dichlorotaurines, this decomposition pathway is prevented.1 We
expected that these derivatives would retain their antimicrobial
activity and exhibit greater stability than N,N-dichlorotaurine or
N-chlorotaurine. Moreover, this substitution would increase the
lipophilicity of the derivatives which is critical for many topical
therapeutic agents. In the present study, we report the synthesis
of a number of novel b,b-disubstituted N,N-dichlorotaurines (1a–
k) examining their stabilities to assess their suitability as antimi-
crobial agents (see Fig. 1).


Synthesis of N,N-dichloro-b,b-disubstituted taurines (1). The syn-
thesis of b,b-disubstituted taurines (5) was accomplished by one
of two general synthetic schemes based upon the commercial
availability of the required starting materials. In the first approach,
we developed a route in which a sulfur atom, either as sulfite17 or
sulfide,18 opens an aziridine generated in situ from a suitably deriv-
atized b,b-disubstituted b-amino alcohol (Scheme 1). These, in
turn, are readily prepared by the reduction of the corresponding
amino acids. The aminosulfonates 5a–c, 5f–h, and 5k were pre-
pared through this protocol (Table 1).


Our second synthetic approach to 5 involves the nucleophilic
addition of ethoxysulfonylmethyl anions to imines to provide the
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>>>>
Methyl Substituents
1a: t1/2 > 2 yr @ 40oC


Primary Substituents
1b: t1/2 = 1 d @ 40oC
1c: t1/2 = 0.5 d @ 40oC
1f: t1/2 = 5 d @ 40oC
1g: t1/2 = 7 d@ 40oC
1h: t1/2 = 2 d @ 40oC
1i: t1/2 = 1 d @ 40oC


Secondary Substituents
1d: t1/2 < 10 min @ 25oC


Primary Substituents with Ring Strain
1e: t1/2 = 6 h @ 25oC


Cation-Stabilizing Substituents
1j: t1/2 = 1.5 d @ 25oC
1k: t1/2 < 1 d @ 25oC


increasing decomposition rate


Figure 1. Summary for the relative stabilities of 1.
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Scheme 1. Reagents and conditions: (a) 1—Boc2O, NaHCO3, THF/H2O, 0 �C, 2–18 h;
2—TMSCHN2, MeOH/THF, 0–20 �C, 2–4 h; (b) LiBH4, THF/EtOH, 0–20 �C, 18–24 h;
(c) MsCl, NEt3, CH2Cl2, 0 �C, 1–3 h; (d) 1—HCl, 1,4-dioxane, 25 �C, 1 h; 2—Na2SO3,
H2O, 20–50 �C, 2–18 h.


Table 1
Synthesis of b,b-disubstituted taurines 5


R1, R2 Series 2 (%) 3 (%) 4 (%) 5 (%)


Me, Me a NA 90a 82 50
Et, Et b 96 86 85 61
Pr, Pr c 56 86 55 41
(CH2)4 f NA 83a 95 93
(CH2)5 g NAb 79b 96 71
(CH2)6 h 94 88 65 36
(CH2)2OCH2 k 42 88 79 32


a Yield given for Boc-protection of corresponding amino alcohol (Boc2O, NEt3,
CH2Cl2, 0 �C, 2 h) rather than reduction of methyl ester.


b Yield over two steps.
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Scheme 2. Reagents and conditions: (a) t-BuSONH2, Ti(OEt)4, 50–70 �C, 2–18 h; (b)
MeSO3Et, n-BuLi, THF, HMPA, �78 �C, 4 h; (c) 1—LiOH, THF/MeOH/H2O, 25 �C, 4–
18 h; 2—HCl, MeOH, 1,4-dioxane, 25 �C, 15 min.


Table 2
Alternative synthesis of b,b-disubstituted taurines 5


R1, R2 Series 6 (%) 7 (%) 5 (%)


Me, Me a 37 21 NAa


i-Pr, i-Pr d 19 41 35
(CH2)3 e 64 30 NAa


(CH2CMe2)2CH2 i 78 15 7
Me, CH2OMe j 26b 42c 100


a Not isolated.
b Formed as a 2:1 E/Z mixture.
c Formed as a 2:1 mixture of diastereomers.
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5
(where R2 = R3-CH2)


8 (X1=X2=X3=H)
9 (X1=Cl, X2=X3=H)
10 (X1=X2=Cl, X3=H)
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5 12 (X1=X2=X3=H)
13 (X1=Cl, X2=X3=H)
14 (X1=X2=Cl, X3=H)
15 (X1=X2=X3=Cl)
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Scheme 3.
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b-aminosulfonate skeleton. Anion additions to imines are well-
precedented for carbanions,19 cyanide,20 enolates,21 diethyl-
methylphosphonate anions,22 fluorosulfonate,23 and phenylsulfo-
nyl-(difluoro)methyl anions.24 We reasoned that the addition of
ethoxysulfonylmethides to N-sulfinyl ketimines would also occur
to provide an alternative route to 5 for cases where the amino acid
or amino alcohol precursors were either unavailable or prohibi-
tively expensive.


Condensation of a variety of ketones with tert-butanesulfina-
mide under the conditions developed by Ellman provided the cor-
responding N-sulfinyl imines 6.25 A variety of bases and co-
solvents were screened to find the best conditions for the forma-
tion of ethoxysulfonylmethide and its addition to 6a (MeSO3Et,
n-BuLi, THF, HMPA, �78 �C, 4 h). While the results for the optimi-
zation were disappointing, these conditions did provide an alterna-
tive entry to 5 which was employed for the synthesis of several b,b-
disubstituted taurines 5 (Scheme 2 and Table 2). The intermediate
adducts 7 were hydrolyzed, first under basic conditions and the
sulfinyl protecting group removed with acidic methanol to give
the corresponding b-aminosulfonates 5a, 5d–e, and 5i–j. (Scheme
3).

The N-chlorinations of 5 were performed using one of three
methods: A (trichloroisocyanuric acid (TCI) in water), B (HOCl, pre-
pared in situ by the acidification with 6 M HCl of commercial







Table 3
Compound 1 from the chlorination of 5


SO3
-


+H3N


R1R2


SO3NaCl2N


R1 R2


5 1


[Cl+]


Series R1, R2 Methoda 1 (%)


a Me, Me A 28
b Et, Et C 76b


c Pr, Pr B 60
d i-Pr, i-Pr B NAc


e (CH2)3 B NAc


f (CH2)4 B 34
g (CH2)5 A 24
h (CH2)6 C 43b


i (CH2CMe2)2CH2 C 51b


j Me, CH2OMe B 61
k (CH2)2OCH2 B NAc


a A (trichloroisocyanuric acid (TCI) in water), B (HOCl, prepared in situ by the
acidification with 6 M HCl of commercial bleach to pH 4–5), or C (t-BuOCl in
methanol).


b Chlorination by tert-butylhypochlorite gives the sulfonic acid.
c Unstable compound, not isolated in pure form.


Table 4
Summary of stability data for 1


Compound Conditions t1/2


1a pH 4, 40 �C >2 y
1b pH 4, 40 �C 1 d
1b pH 7 buffer, 40 �C 0.5 d
1c pH 4, 40 �C 0.5 d
1c pH 7 buffer, 40 �C 2 d
1d pH 4, 25 �C <10 min
1e pH 4, 25 �C 6 h
1f pH 4 buffer, 40 �C 5 d
1f pH 7 buffer, 40 �C 1 d
1g pH 4 buffer, 40 �C 7 d
1h pH 4 buffer, 40 �C 2 d
1i pH 4, 40 �C 1 d
1j pH 4, 25 �C 1.5 d
1k pH 4, 25 �C <1 d


1112 T. P. Shiau et al. / Bioorg. Med. Chem. Lett. 19 (2009) 1110–1114

bleach to pH 4–5), or C (t-BuOCl in methanol). The resulting N,N-
dichlorotaurines 1 appear to be stable to either silica gel chroma-
tography or preparative-scale reverse-phase HPLC. Compounds
1a–1c and 1f–1j were stored as purified powders for several
months at �20 �C. However, the inherent instability of the other
derivatives prevented their isolation in pure form and their charac-
terization could only be accomplished through LC–MS (Table 3).


Results and discussion. Solution stabilities of 1–4 mM com-
pounds 1a–1k were evaluated at a variety of pH values (4–7) and
buffer concentrations (4–20 mM). The samples were incubated at
25 or 40 �C and quantified either by the UV signature of the dichlo-
roamine chromophore (A300–310) or by HPLC (Table 4).


Surprisingly, the stabilities of 1 varied by several orders of mag-
nitude for the examples studied. Thus, some decomposed at room
temperature in minutes, while others were stable for years at ele-
vated temperatures. Since only small differences were found for
compounds at different pH values and buffers, the large variations
in stabilities with seemingly small structural changes were
puzzling.


Fully degraded samples were analyzed by LC–MS (see Support-
ing Information) employing a H2O/MeOH gradient. Detection and
analysis was performed by ELSD and MS (ESI-APCI dual ionization,
negative mode). These data are presented in Table 5. The degrada-
tion products were identified by MS and NMR as either de-N-chlo-
rinated taurines 5 or b-ketoalkanesulfonates (8 or 12) which we
view as arising from a Stieglitz rearrangement,26 together with

their chlorinated derivatives. (Scheme 3). Stieglitz rearrangements
have been reported in organic solvents for aryl and stabilized alkyl
migrating groups, but not under mild aqueous conditions with
unstabilized alkyl groups.27


Several aspects of the data presented in Table 5 warrant further
discussion. As noted above, the de-N-chlorinated taurines 5 were
always observed in the decomposition process. The b-ketosulfo-
nates were also observed together with their chlorinated counter-
parts which each successively increasing by 34 mass units
corresponding to the replacement of one hydrogen atom with a
chlorine atom. The characteristic isotopic distributions for one,
two or three chlorine atoms are observed in the MS of each of these
products. In the acyclic cases, the b-ketosulfonates 8 are lower in
mass than 5, while in the cyclic cases, these b-ketosulfonates 12
are higher in mass than their taurine counterparts 5. Moreover,
in the acyclic cases, the b-ketosulfonates have masses which are
a different odd–even parity than 5 consistent with the loss of a
nitrogen atom. Also, by comparing the diethyl and dipropyl deriv-
atives, we can observe that the difference in mass between the
degradants 8 is only 14 amu (1� CH2), while the difference be-
tween the 5b and 5c is 28 amu (2� CH2) indicating that only one
side chain is retained in 8. This data is wholly consistent with
the assigned structures.


Through preparative-scale HPLC, analytically pure fractions of
many of these decomposition products (see Table 5) were isolated
and 1H NMR was employed to confirm the assigned structures
(D2O, 400 MHz).


Proposed mechanism. Our proposed mechanism is shown in
Scheme 4. It involves an initial Stieglitz rearrangement of the alkyl
and cycloalkyl derivatives to generate an intermediate N-chloroi-
minium species, which is readily hydrolyzed to the ketone and
the N-chloroalkylamine (Scheme 4). Acyclic derivatives produce 8
(Scheme 4a). However, the formation of the nitrile moiety in
12f–h from the cyclic derivatives 1f–h suggests that the corre-
sponding hydrolysis of A giving B may be reversible, stabilizing B
until it is further chlorinated to C through transchlorination
(Scheme 4b). The double dehydrochlorination of C could then pro-
vide the observed nitrile 12. Any free imine originating from the
dehydrochlorination of B would be expected to be readily hydro-
lyzed to the corresponding aldehyde which was not observed.
Chlorination of the enolic forms of the b-ketosulfonates leads to
the observed mono- (9b–c, 13f–h), di- (10b–c, 14f–h) and tri-
chloro- (11b–c, 15f–h) derivatives (Scheme 4c).


Previous studies on the migratory aptitudes for the Lewis acid-
mediated Stieglitz rearrangement support the assertion that the
instability of a compound should be proportional to the cation-sta-
bilizing ability of the migrating side chain.28 This is wholly consis-
tent with our observations in that there are dramatic differences in
the stabilities of 1 which follow the order Me > 1� > 2� for the b-al-
kyl substituents.


Derivatives 1j and 1k, which contain a c-oxygen capable of sta-
bilizing a cation at the b-position, also show accelerated decompo-
sition relative to their respective non-oxygenated counterparts, 1c
and 1f. The mechanistic pathways proposed are also consistent
with the observed accelerated rate of decomposition of 1e, which
undergoes the Stieglitz rearrangement to relieve ring strain, form-
ing the corresponding N-chloro cyclic iminium ions (see Scheme
5). These intermediates can hydrolyze and be further chlorinated
with dehydrochlorination providing nitrile derivatives of the b-
ketosulfonates (e.g., 12).


The decomposition of two other cycloalkyl derivatives, 1e
(cyclobutyl) and 1i (tetramethylcyclohexyl), did not follow the ex-
pected pathway, but rather led to products consistent with x-ami-
no-b-ketosufonates 16 and cyclic imines 17, which are chlorinated
products corresponding to intermediates A and B in Scheme 4b (in
addition to 5e and 5i). While it is not definitively known why the







Table 5
Analysis of degraded samples of 1a


Parent compound 1b 1c 1f 1g 1h
R1 = R2 = Et R1 = R2 = Pr R1, R2 = (CH2)4 R1, R2 = (CH2)5 R1, R2 = (CH2)6


Degradants 8b 1.0 (151) 8c 1.4 (165) — 12g 1.4 (204) 12h 1.9 (218)
5b 1.4 (180) 9c 2.3 (199*) 5f 1.2 (178) 5g 1.6 (192) 5h 2.1 (206)
9b 1.5 (185*) 5c 2.7 (208) 13f 1.6 (224*) 13g 1.9 (238*) 13h 2.5 (252*)


10b 2.5 (219**) 10c 3.2 (233**) 14f 2.2 (258**) 14g 2.6 (272**) 14h 3.1 (286**)
11b 3.3 (253***) 11c 3.7 (267***) 15f 2.7 (292***) — 15h 3.8 (320***)


a Degradants (bold), with their ELSD retention times (min) and mass-to-charge ratios (in parentheses). Asterisks (*) indicate the presence of chlorine(s) as evidenced by the
isotopic ratio in the mass spectrum (e.g., 200* indicates a 3:1 ratio of m/z 200 to m/z 202, while 286** indicates a 9:6:1 ratio of m/z 286 to m/z 288 to m/z 290). Italicized
entries were isolated by preparative-scale HPLC.
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x-amines are not oxidized to the corresponding nitriles, we
hypothesize that the equilibrium between A and B is shifted in fa-
vor of the cyclic imines in some cases. Evidence for the precise
mechanism by which these products are formed is underway and
will be disclosed in a separate report.
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As part of our continuing efforts to identify therapeutics for CNS diseases such as schizophrenia and Alz-
heimer’s disease (AD), we have been focused on the 5-HT6 receptor in order to identify potent and selec-
tive ligands as a potential treatment for cognitive dysfunction. Herein we report the identification of a
novel series of benzoxazole derivatives as potent 5-HT6 ligands. The synthesis and detailed SAR of this
class of compounds are reported. The compounds have been shown to be full antagonists in a cyclic
AMP functional assay.
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Cognitive dysfunction is a characteristic of various forms of
dementia such as Alzheimer’s disease (AD) and a core feature of
schizophrenia.1–4 Numerous therapeutic targets have been pursued
in order to develop agents for cognitive enhancement in these CNS
diseases.5 As one of these emerging therapeutic targets, the 5-HT6


receptor was first cloned in 19936,7 and is one of the most recently
discovered 5-HT receptor subtypes. It is a member of the G-protein
superfamily, and is positively coupled to adenylate cyclase. It is
localized almost exclusively in the brain, including areas important
for learning and memory, such as the cerebral cortex and hippo-
campus. This brain-selective localization together with the noted
high affinity of therapeutically important atypical antipsychotics
and tricyclic antidepressants for this receptor have stimulated sig-
nificant interest in its pathophysiological function and potential
therapeutic utilities in CNS diseases.8 Numerous in vivo studies
have shown that blockade of 5-HT6 receptor function improves cog-
nition in a number of rodent behavioral models. In addition, in vivo
microdialysis studies have shown that 5-HT6 receptor antagonism
enhances neurotransmission at cholinergic and glutamatergic neu-
rons, as well as in other pathways. Therefore, it can be proffered
that antagonism of the 5-HT6 receptor can potentially provide an
effective treatment for cognitive impairment in AD and schizophre-
nia and has been the subject of intense research.9


In the last decade, a great number of 5-HT6 ligands of both ago-
nists and antagonists have been reported,10–13 and many are com-

ll rights reserved.

prised of an indole or other heterocyclic core with a basic amine
and an arylsulfonyl moiety (e.g., 114–16 in Fig. 1). It was rather
apparent to us that the basic amine and arylsulfonyl moieties are
the necessary receptor pharmacophores and the indole core serves
merely as a template to hold these pharmacophores in the neces-
sary orientation that effectively interact with the 5-HT6 receptor
active site residues. As part of our continued efforts in identifying
novel 5-HT6 ligands as potential treatments for CNS diseases,17 we
explored other heterocyclic templates as replacement of the indole
core in an effort to expand our compound diversity and identify
scaffolds with unique and perhaps improved drug like properties.
Herein, we report identification of a novel series of benzoxazoles
3 (Fig. 1) as potent 5-HT6 ligands.


The general synthesis of 4–7—substituted arylsulfonylbenzox-
azole 3 is depicted in Scheme 1. Diazotization of aniline 4 (vide in-
fra) followed by reaction with KI provided iodide 5. The
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Figure 1. Design of novel 5-HT6 ligands.
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Scheme 1. Reagents and conditions: (a) i—NaNO2, HCl, MeOH; ii—KI, 50–60%; (b)
ArSH, CuI, (CH2OH)2, i-PrOH, 60–90%; (c) mCPBA, CHCl3, 90–100%; (d) HBr in HOAc,
70–95%; (e) R0CHO, NaBH(OAc)3, 40–95%.
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Scheme 3. Reagents and conditions: (a) benzyl 1-piperazinecarboxylate, K2CO3,
DMF, 77%; (b) ICl, HOAc, 65%.


Table 1
5-HT6 binding affinity of benzoxazole derivativesa
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Compound Position Ar R Ki (nM)


3a 4 Ph H 41
3b 4 3-F-Ph H 54
3c 4 4-F-Ph H 64
3d 4 3-Cl-Ph H 31
3e 4 4-iPr-Ph H 22
3f 4 3-CF3-Ph H 22
3g 4 4-CF3-Ph H 33
3h 4 3-MeO-Ph H 25
3i 4 2,5-diCl-Ph H 13
3j 4 1-Naph H 3.1
3k 5 1-Naph H 52
3l 6 1-Naph H 196
3m 7 1-Naph H 7.1
3n 4 1-Naph Me 9.7
3o 4 1-Naph Et 12
3p 4 1-Naph n-Pr 36
3q 4 1-Naph i-Pr 13
3r 4 1-Naph n-Bu 88
3s 4 1-Naph i-Bu 176
3t 4 1-Naph Ph(CH2)3 127
3u 4 1-Naph c-Bu 72
3v 4 1-Naph c-Pen 79


a Displacement of [3H]-LSD binding to cloned human 5-HT6 receptors stably
expressed in HeLa cells.16 Ki values were determined in triplicate.
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arylsulfonyl group was then introduced to the molecule by first
coupling of 5 with a thiol, using a procedure reported by Buch-
wald,18 followed by oxidation with mCPBA. The Cbz protecting
group of 7 was then removed by treatment with HBr in HOAc to
furnish the benzoxazole core ligands 3 (R = H), which were further
alkylated on the piperazine nitrogen via reductive amination under
standard conditions.


Synthesis of aniline intermediates 4 is depicted in Scheme 2. For
4–6 substituted analogs, the commercially available nitro substi-
tuted 2-aminophenols 8 were employed as starting materials.
Reaction of these aminophenols with CS2 in the presence of KOH
provided benzoxazol-2-thiones 9. Subsequent nucleophilic substi-
tution with Cbz-protected piperazine followed by reduction with
SnCl2 provided 4a–c. For 7-substituted analogs, commercially
available 10 was employed as the starting material and a similar
synthetic sequence was followed to provide 4d.


Alternatively, the iodo intermediate 5b, for synthesis of the 5-
sulfonylbenzoxazoles 3, can be more efficiently synthesized from
commercially available 2-chlorobenzoxazole 13. Aromatic nucleo-
philic substitution with Cbz-protected piperazine followed by di-
rect iodination at the 5-position affords the desired intermediate
(Scheme 3).


The final products, 3, were evaluated for their binding affinity to
human 5-HT6 receptor16 and the results are summarized in Table 1.
For the range of 4-arylsulfonyl N-unsubstituted benzoxazole deriv-
atives (3a–j, R = H) synthesized, the optimal sulfonyl group identi-
fied was the 1-naphthalenesulfonyl group (3j). Analogs with this 1-
naphthalenesulfonyl group at the alternate positions (3k–m) were
prepared in order to identify the optimal position for this moiety.
While the 7-(1-naphthalenesulfonyl) derivative 3m (Ki = 7.1 nM)
was comparable in potency to its 4-substituted counterpart 3j,
alternates were significantly less potent (6-substitution in particu-
lar) with a 15- to 60-fold reduction in affinity. This underscores our
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Scheme 2. Reagents and conditions: (a) CS2, KOH, 35–79%; (b) i—benzyl 1-
piperazinecarboxylate, xylenes, reflux; ii—SnCl2, HCl, EtOH, 24–50%; (c) H2, Pd/C,
89%; (d) CS2, KOH; (e) benzyl 1-piperazinecarboxylate, xylenes, reflux.

hypothesis that the relative positions of the key basic amine and
the arylsulfonyl pharmacophores for effective interaction with
the 5-HT6 receptor site are paramount. The ‘symmetry’ of affinity
between the 4- and 7-positions (Ki = 3.1 and 7.1 nM, respectively)
and between the 5- and 6-positions (Ki = 52 and 196 nM, respec-
tively) further supports this and is the basis of the design of this
class of compounds as 5-HT6 ligands. One should not ignore the
need for the proper heterocyclic core and its ability to positively
interact with the receptor site. However, our experience with these
and other 5-HT6 specific ligands supports the notion that the core
heterocycle serves as a template to hold the pharmacophores in
the required positions for effective interaction with the receptor
in order to achieve optimal affinity.


With that in mind, and maintaining the 1-naphthalenesulfonyl
group in the optimal 4-position, a number of N-substituted benz-
oxazole derivatives (3n–v, Table 1) were then prepared in order
to further explore the SAR of this series. While small alkyl substi-
tutions (R = Me, Et, i-Pr) are tolerated, larger alkyl groups signifi-
cantly reduce the potency. This tread is consistent with the SAR
of the azepinoindole 5-HT6 ligands we recently reported.13 The rea-
son for this, although unclear, is possibly that the conformational
rigidity of both the benzoxazoles and azepinoindoles and the
change of pKa of the basic amine upon alkylation contribute to this
SAR.


Selected compounds were further evaluated for their functional
activity in a 5-HT6 receptor cyclase assay.16 All of the benzoxazole
derivatives 3 evaluated showed full antagonism as determined by
blockage of 5-HT induced cyclic AMP (cAMP) formation. The data is
summarized in Table 2.







Table 2
Cyclase functional activity of selected benzoxazole derivativesa


Compound IC50 (nM) Imax (%)


3f 120 96
3h 100 92
3i 117 92
3j 96 97
3m 77 96
3n 105 83
3o 248 89


a Antagonism of 5-HT stimulated cAMP formation in HeLa cells stably transfected
with human 5-HT6 receptors.16 IC50 and Imax values were determined in triplicate.
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In summary, we have identified a novel series of benzoxazole
derivatives as potent 5-HT6 ligands. Synthesis and detailed SAR
of this class of compounds have been reported. The compounds
were shown to be full antagonists in a cyclic AMP functional assay.
Further profiling of this class of compounds will be detailed in sub-
sequent reports.
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Novel cinnamoyl and caffeoyl clusters were synthesized by multiple Cu(I)-catalyzed [1,3]-dipolar cyc-
loadditions and their anti-5-lipoxygenase inhibitory activity was tested. Caffeoyl cluster showed an
improved 5-lipoxygenase inhibitory activity compared to caffeic acid, with caffeoyl trimer 16 and tetra-
mer 19 showing the best 5-lipoxygenase inhibitory activity.


� 2008 Elsevier Ltd. All rights reserved.

5-Lipoxygenase (5-LO) is the key enzyme in the metabolism of
arachidonic acid (AA) to leukotriene A4 (LTA4).1 Further metabo-
lism of LTA4 produces LTB4, a potent chemotactic agent for leuko-
cytes that is thought to be a key component in a variety of
diseases,2 including inflammatory bowel disease and atherosclero-
sis. LTA4 can also be converted to the peptidoleukotrienes LTC4,
LTD4, and LTE4,3 which are implicated in allergic hyper reactivity
disorders such as asthma.2b Elevated levels of these LTs, associated
with several inflammatory and allergic disorders, have been found
in various pathologic tissues.1


In search of pharmacological strategies that intervene with LTs,
a large number of different types of low molecular weight inhibi-
tors that potently suppress LTs synthesis have been developed in
the past 20 years.4 Among the known inhibitors of the 5-LO are a
variety of polyhydroxylated natural products such as caffeic acid,5


and flavonoids.6 The rational design of efficient inhibitors requires
perfect knowledge about the target itself. In the case of 5-LO, much
of our knowledge is based upon studies on soybean lipoxygenase.7


Caffeic and cinnamic acid derivatives are widely distributed in
plants and exhibit a broad spectrum of biological activities includ-
ing anti-oxidative,8 anti-inflammatory,9 antiviral,10 and anti-can-
cer effects.11


Several modified caffeic acid amides were recently demon-
strated for anti-lipoxidation and exhibited more stable characteris-
tics.12 Furthermore, some caffeic acid amide analogs, such as
N-caffeoyl-b-phenethylamine were reported to have inhibitory ef-

All rights reserved.


: +1 506 858 4541.
(M. Touaibia).

fects on prostaglandin H synthase and have potential for the inhi-
bition of 5-LO.13 However, despite the large number of therapeutic
indications and the strong need for efficient and safe drugs that
target the 5-LO pathway, zileuton is the only 5-LO inhibitor mar-
keted for the therapy of human subjects.1


Multivalent interactions have several advantages over mono-
meric ones and are often used by nature to control a wide variety
of cellular processes.14 Consequently, multivalent arrangements of
ligands generally favor the formation of physiologically relevant
associations.14


Thus, the development of novel multivalent macromolecules or
dendrimers bearing caffeoyl or cinnamoyl moieties that inhibit 5-
LO is an important challenge. To the best of our knowledge, clus-
ters having peripheral covalently-bound caffeoyl or cinnamoyl
units have not been described. Such inhibitors may provide thera-
peutic benefit for the pharmacological treatment of inflammatory
and allergic disorders, cardiovascular diseases, and cancer.


Here we present the design and synthesis of novel caffeoyl clus-
ters that proved to be potent inhibitors of 5-LO. Since the hydroxyl
groups within the caffeic acid catechol moiety may also play an
important role in the inhibitory activity, we also examined the ef-
fect of the presence of these groups by the synthesis of the cinnam-
oyl cluster analogs. A simple approach to the synthesis of
multivalent caffeoyl- or cinnamoyl-bearing clusters is the attach-
ment of acid moieties to structurally simple hyper-branched mol-
ecules. Taking advantage of the click ligation technique, we were
able to use terminal alkyne- or azide-functionalized cores to intro-
duce caffeoyl or cinnamoyl units into dendrimers in a ‘‘clicked”
divergent fashion.
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Click chemistry has attracted much attention recently because
of its high specificity, quantitative yield, and tolerance to various
groups. Several reports have described the synthesis of clusters
or dendrimers through the click reaction in either a convergent
or a divergent manner.15 The synthetic route to the mono and biva-
lent derivatives is outlined in Scheme 1. The novel propargyl 1, 3
and azido 2, 4 esters and were prepared from propargyl alcohol
or azidoethanol16 with cinnamic or acetylated caffeic acid in pyri-
dine in quantitative yields. Using the combination of caffeic/cin-
namic propargyl esters 1, 3 and the azido analogs 2, 4 as starting
materials, we carried out the 1,3-dipolar cycloaddition15 under
standards conditions (CuSO4, ascorbic acid, THF: H2O, rt) to give,
after hydrolysis, the corresponding triazole linked derivatives 5,
7, 9, and 11 in 69%, 74%, 78%, and 82% yields, respectively (Scheme
1).


The pentaerythrityl core acts as a versatile building block that
has been employed in dendrimer syntheses. To the best of our
knowledge, no pentaerythritol-based cinnamoyl or caffeoyl clus-
ters have been reported. Using pentaerythritol-based azide plat-
forms functionalized with three 12 and four 13 azide groups,17


click chemistry provided, as expected, tris and tetrameric clusters
14, 15, 17, and 1818 according to Scheme 2. Finally, complete
hydrolysis of the acetyl ester protecting groups in 15 and 18 to af-
ford 16 and 1918 was accomplished under catalytic trans-esterifi-
cation conditions using K2CO3 in CH2Cl2: MeOH (16: 69%, 19: 72%).


A retrosynthetic analysis reveals two possibilities for the syn-
thesis of new clusters bearing 1,2,3-triazole linkages, the azide or

R2


R2
ON3


R1
O


O O


R2


R2
O


R1


R1


O


O O


N N
N


+


i


5 (1 + 2) R1 = R2 = H
6 (1 + 4) R1 = H; R2 = OAc
7 R1 = H; R2 = OH
8 (3 + 2) R1 = OAc; R2 = H
9 R1 = OH; R 2 = H
10 (3 + 4) R1 = R 2 = OAc
11 R1 = R2 = OH


ii


ii


ii


R1 1  R1 = H
3  R1 = OAc


2  R2 = H
4  R2 = OAc


Scheme 1. Reagents and conditions: (i) CuSO4, ascorbic acid, THF: H2O, rt, 12 h, 5
(69%), 6 (80%), 8 (76%), 10 (78%); (ii) K2CO3 in CH2Cl2/MeOH (1:1, v/v), rt, 4 h, 7
(74%), 9 (78%), 11 (82%).


N3 N3


N3
N3


HO
N3


N3
N3


R1


R1


O


O


1 or 3 N


N


N


N
N


N


N
N


N
N


N
N


R1


R1O


O


R1


R1


O
O


R1


R1


O


O


R1


R1 O


O


HO


N


N


N
N


N


N
N


N
N


R1


R1
O


O


R1


R1


O
OR1


R1


O


O


i


i


12


13


14  R1 = H
15  R1 = OAc
16  R1 = OHii


17  R1 = H
18  R1 = OAc
19  R1 = OHii


Scheme 2. Reagents and conditions: (i) CuSO4, ascorbic acid, THF: H2O, rt, 12 h, 14
(80%), 15 (78%), 17 (82%), 18 (79%); (ii) K2CO3 in CH2Cl2/MeOH (1:1, v/v), rt, 4 h, 16
(69%), 19 (72%).

the alkyne functions can be located on either the pentaerythritol
core or on the cinnamoyl or the caffeoyl moieties. According to
Scheme 3, nitrogen linked caffeic and cinnamic moieties were ob-
tained this time with the tetra alkyne 2019 and the corresponding
azide 2 or 4 under the same click reaction conditions. Thus, acetyl
hydrolysis (K2CO3, CH2Cl2: MeOH) provided the extended cluster
analogs.


For the next higher member of the family, the same synthetic
strategy was used. Under the same conditions described above,
cinnamoyl and caffeoyl hexamers could be obtained starting from
the hexa-azide 2415,20 and the corresponding alkynes 1 and 3.
(Scheme 4).


In all cases, analysis of the 1H, 13C NMR spectra of our clusters
revealed calculated integrations for the triazole protons respective
to the vinylic protons and complete disappearance of the acety-
lenic signals, thus confirming, together with MS and IR data, com-
pletion of the multivalent Cu(I)-catalyzed azide–alkyne
cycloadditions.


The unprecedented clusters prepared in this study displayed
some structural differences that are governed by the pentaerythri-
tol and bis-pentaerythritol scaffolds as well as by the number of
cinnamoyl/caffeoyl units and their relative orientation. These dis-
parities offer a unique opportunity to estimate their 5-LO inhibi-
tory activities. The inhibitory activity of our compounds, with
valencies ranging from 1 to 6 U, was measured in cell lysates of
HEK 293 cells stably transfected with a pcDNA3.1 vector express-

R2


R2


O


O


2 or 4


O O


OO


O
O


O
O


N
N


N
NN


N


N
N


N
N N


N


R2


R2
O


O


R2


R2
O


O


R2


R2


O


O


R2


R2


O


O


N3 +


i 20


21  R2 = H
22  R2 = OAc
23  R2 = OHii


Scheme 3. Reagents and conditions: (i) CuSO4, ascorbic acid, THF: H2O, rt, 12 h, 21
(82%), 22 (75%); (ii) K2CO3 in CH2Cl2/MeOH (1:1, v/v), rt, 4 h, 23 (69%).


O
N3


N3N3


N3N3


N3


O
N


N
N


N
N


N


N
N


N
N


N
N


N
N


N
N N


N


R1


R1
O


OR1


R1


O
O


R1


R1


O
O


R1


R1


O


O


R1


R1


O
O


R1


R1


O


O


i


24


25  R1 = H
26  R1 = OAc
27  R1 = OHii


R1


R1


O


O


1 or 3 +


Scheme 4. Reagents and conditions: (i) 1 or 3, CuSO4, ascorbic acid, THF: H2O, rt,
12 h, 25 (82%), 26 (78%); (ii) K2CO3 in CH2Cl2/MeOH (1:1, v/v), rt, 4 h, 27 (69%).







Table 1
Determination of IC50 values of selected inhibitors


Compound IC50 (lM) IC50 (lM) per Caf. Ac.a R IC50
b


7 0.68 0.68 36.7
11 0.74 1.48 16.8
16 0.79 2.37 10.5
19 0.66 2.46 10.1
Caf. Ac. 25 25 1


a IC50 on a per caffeoyl residue basis.
b Relative IC50 values based on caffeic acid as standard.
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ing human 5-LO. Measurement of 5-LO activity in cell lysates was
performed as previously described with modifications.21


From the structure-activity point of view, all of the clusters
bearing the cinnamic acid moiety 5, 14, 17, 21, and 25, showed less
inhibitory activity than the corresponding clusters bearing the caf-
feic acid moiety 7, 9, 11, 16, 19, 23, and 27 (Fig. 1), reinforcing the
pharmacophoric contribution of the catechol entity to the mecha-
nism of action against 5-LO activity.


As shown in Figure 1, compounds exhibiting one (7,9), two (11),
three (16) or four (19) caffeic acid entities were equivalent and po-
tent inhibitors of 5-LO activity compared to caffeic acid itself. The
trimer 16 and tetramer 19 showed the most potent inhibition of
the 5-LO activity (91% and 92%, respectively, Fig. 1). The inhibitory
activity of tetramer 19 is more pronounced than that of tetramer
23 suggesting that the position of the triazole may be important
with regard to modulating the inhibitory activity since these two
compounds differ by the relative positioning of the triazole ring.


The noticeable activity enhancement observed for 16 and 19
must be ascribed to the special geometry arrangement and thus
can accommodate the clustering of a few trimeric or tetrameric
targets. The incorporation of additional caffeoyl units in hexamer
27 resulted in a less potent inhibition of 5-LO. This result would
be consistent with a loss of activity due to enthalpy-entropy com-
pensation for higher valency compounds.


Although the 5-LO activity shown in Figure 1 represents the
sum of all 5-LO products detected (5-hydroxyeicosatetraenoic acid,
LTB4 and its trans isomers), similar results were observed for each
of these 5-LO products separately (data not shown).


To better determine the potency of the compounds that demon-
strated significant inhibitory activities against 5-LO at 1 lM, four
promising inhibitors were selected (7, 11, 16, and 19) for further
investigation in concentration-response studies, and the results
are summarized in Table 1.


The inhibitory activities of selected compounds were compared
based on the number of caffeic acid moieties they contained (IC50


per Caf. Ac. in Table 1). All these compounds concentration-depen-
dently inhibited 5-LO products synthesis and showed prominent
inhibitory activities with IC50 values ranging from 0.66 to
0.79 lM, which were comparable to the inhibitory activity of zileu-
ton (IC50 = 0.5–1 lM22). On the basis of corrected values on a per
caffeoyl residue, dimer 11, trimer 16, and tetramer 19, readily sur-
passed the activity of caffeic acid by more than 10-fold.


In conclusion, an alkyne-azide cycloaddition based route to var-
ious cinnamoyl and caffeoyl clusters featuring 1,2,3-triazole rings
has been achieved. The results demonstrate that caffeoyl clusters

C
on


tr
ol


C
af


. A
c


C
in


. A
c. 5 7 9 11 14 16 17 19 21 23 25 27


0


20


40


60


80


100 Cinnamic acid series
Control 
Caffeic acid series


5-
L


O
 A


ct
iv


it
y


(p
er


ce
n


t 
o


f 
co


n
tr


o
l)


Figure 1. 5-LO Activity in cell lysates preincubated with the different test
compounds (1 lM).

are good lead compounds in the design and synthesis of more po-
tent 5-LO inhibitors.
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Studies of the biosynthesis of spiroleptosphol (1) revealed that 1 comprised a heptaketide (C1, C5–C10,
and C12–C18 moiety), two methyl carbons (C19 and C20) from methionine, and a C3 unit (C3, C4, and
C11 moiety) derived through the TCA cycle.


� 2009 Elsevier Ltd. All rights reserved.
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We recently isolated spiroleptosphol1 (1, Fig. 1) as a cytotoxic
substance from the saprophytic ascomycete Leptosphaeria doliolum
collected from mugwort stems.2 Our structural studies revealed
that 1 is a novel member of the 3-methylidene-2-oxaspiro[4.5]
decan-1-one family containing oxaspirol,3 arthropsolide A,4 oxa-
spirodion,5 paecilospirone,6 massarigenin A,7 mycosporulone,8 6-
epi-50-hydroxymycosporulone,9 and rosigenin.10 These exhibited
various biological activities. The stereochemistries of the 3-meth-
ylidene-2-oxaspiro[4.5]decan-1-one unit in these compounds are
quite diverse.


Camarda et al. proposed the biosynthesis of rosigenin that
involves rearrangement of a hydrated isocoumarin derivative,10


but their mechanism was based only on its structure and not
experimental evidence. Ayer et al. discussed the biosynthesis of
arthropsadiol based on 13C labeling patterns of the related com-
pounds11, however, they failed to obtain 13C-labeled arthropsolide
A even though it was the main metabolite in regular cultivation.
These histories and the unique framework prompted us to study
the biosynthesis of the 3-methylidene-2-oxaspiro[4.5]decan-1-
one unit employing L. doliolum. We found that L. doliolum effec-
tively incorporated isotope-labeled acetic acids, methionine, and
succinic acid into 1, which enabled analyses of the labeling pattern
to lead the outline of the biosynthetic pathway.


After L. doliolum was cultured at 25 �C in regular potato-sucrose
medium (1.0 L) on a rotary shaker (110 rpm) for 5 days, 13C-labeled
sodium acetate, methionine, sodium propionate, or citric acid
(each 30 mg), were added separately. The resulting culture med-
ium was further cultured under identical conditions for 3 days,

All rights reserved.


ashimoto).

and the following established chromatographic purification
yielded labeled 1 (ca 30 mg).


Specific incorporations of 13C singly labeled acetic acid into 1
were first investigated by signal enhancements in 1H-decoupled
13C NMR spectra.12,13 (Fig. 2). When sodium [1-13C]acetate was
added, increments of seven 13C resonances, C1, C6, C8, C10, C13,
C15, and C17 were observed at a similar level (0.9–1.3% incorpora-
tion) whereas these carbon atoms were not labeled by sodium
[2-13C]acetate. An experiment using sodium [2-13C]acetate com-
plementarily enriched 13C ratio at seven carbons (C5, C7, C9, C12,
C14, C16, and C18) at a similar level (1.1–1.6% incorporation).
We assumed a heptaketide 2 as the biosynthetic intermediate
(Scheme 1) because carbons labeled by sodium [1-13C] acetate
and sodium [2-13C]acetate were alternately arranged.


Although incorporation levels were lower, C3 and C11 signals
were considerably enhanced by sodium [2-13C]acetate (0.7% and
0.3%, respectively). Due to very low increment in the13C NMR spec-
tra, it was difficult to discuss 13C incorporation for C4 and C20 in

8 15


1817


Figure 1. Structure of spiroleptosphol (1).
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Scheme 1. Proposed biosynthetic pathway.


Figure 3. Some signals of the 13C NMR spectrum of 1 prepared with sodium
[1,2-13C2]acetate.
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experiments with sodium [1-13C]acetate or sodium [2-13C]acetate.
At this stage, we could not judge whether these were considerable
enhancements or something else caused by experimental errors.
Neither of the labeled acetates was incorporated into C19.


The branched side chain implied that propionic acid was the
biosynthetic precursor for the C13C14C19 and C15C16C20 units,
but 13C-labeled propionate was not incorporated at all. It was
found that L-methionine-methyl-13C remarkably enhanced the
C19 and C20 methyl carbon signals in the 13C NMR spectrum.
Incorporation levels for these carbons reached to 17% and 21%,
respectively. These data suggested that the C19 and C20 methyl
groups were introduced by methylations with methionines.


Feeding experiments with [1,2-13C2]acetate were next per-
formed in order to confirm the distribution of the acetate units.14


Doubly labeled acetate was successfully introduced as expected
to provide labeled 1 in a similar yield as above.


Incorporation of a [1,2-13C2]acetate unit introduced 13C into the
two neighboring carbons simultaneously to result flanking satellite
signals in the proton decoupled 13C NMR spectrum. For example,
the coupling constants of C6 and C7 signals for the labeled isotopo-
mer were both 42.2 Hz (Fig. 3), indicating that the C6 and C7 car-
bons were derived from the same acetic acid. Further analysis
revealed reasonable distribution of all acetate units (Table 1). Sig-
nals for C11, C19, and C20 were observed as singlets in this exper-
iment. Notably, signals due to C3 and C4 carbons carried small but
distinct satellite peaks. The coupling constants for these satellites
were both 52.3 Hz. These results suggested that the acetate unit







Table 1
Coupling constants of 1 labeled with sodium [1,2-13C]acetate


Position 1JCC (Hz) Position 1JCC (Hz)


C1–C5 51.7 C13–C14 42.4
C6–C7 42.2 C15–C16 35.2
C8–C9 68.0 C17–C18 34.9
C10–C12 42.8 C3–C4 52.3 (low incorporation)


Figure 4. The 13C NMR signal for C3 of the labeled 1 prepared with
[1,2,3,4-13C4]succinic acid.
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was also introduced into the C3C4. Lower incorporation level for
this acetate unit than for other acetate units suggested that the
ingredient acetate was utilized indirectly by C3C4 moiety.


Incorporation of TCA metabolites was examined next, because
the TCA cycle is responsible for the transformation and regenera-
tion of acetic acid.15 We presumed that the acetate unit was intro-
duced into the C3C4 positions through the TCA cycle by taking
account of relatively lower incorporation than those for other ace-
tate units. Although the TCA cycle derives succinic acid, succinyl-
CoA, fumaric acid, malic acid, and oxalacetic acid, incorporation
of only [1,2,3,4-13C4]succinic acid was examined due to economic
factors. It may not be possible to disclose the direct precursor from
them by feeding experiments because of their quick interconver-
sion in the TCA cycle.


Labeled succinic acid was successfully incorporated into 1 to
show a characteristic C3 resonance in the proton-decoupled 13C
NMR spectrum (Fig. 4). This resonance comprised four types of sig-
nals: (i) a central singlet due to the naturally abundant isotopomer;
(ii) a doubled-doublet (J = 52.3 and 88.3 Hz) due to the isotopomer
in which all of C3, C4, and C11 were simultaneously labeled
(isotopomer A); (iii) a doublet (J = 52.3 Hz) due to the isotopomer
in which C3 and C4 were simultaneously labeled, but C11 was not
(isotopomer B); and (iv) another doublet (J = 88.3 Hz) due to the
isotopomer in which C3 and C11 were simultaneously labeled
but C4 was not (isotopomer C). Obvious isotope shift
(Dd = 0.025 ppm, 2.5 Hz in the 100 MHz spectrometer) was also
observed for isotopomer A.16 Our previous feeding experiment
with singly labeled sodium acetate have yielded isotopomer B,
but isotopomers A and C were newly discovered in this experi-
ment. Isotopmer A utilized three carbons of the 13C-labeled
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succinic acid, which provide evidence that one of the C4 TCA prod-
ucts (succinyl CoA, succinic acid, fumaric acid, malic acid, or oxal-
acetic acid) was responsible for the biosynthesis of C11C3C4.
Decarboxylation must be involved in this process.


Formation of isotopomers B and C could be explained by the
function of the TCA cycle. Once [1,2,3,4-13C4]succinic acid is intro-
duced in the TCA cycle, it readily combines with de novo acetic acid
to produce partially labeled citrate15 (Fig. 5). This labeled citrate is
then converted into succinic acid again by the TCA cycle. This pro-
cess afforded the two isotopomers [1,2-13C2]succinic acid and
[1,2,3-13C3]succinic acid in similar amounts because citric acid
has a symmetric structure. These succinic acid isotopomers lead
isotopomer B and isotopomer C, respectively .


We would propose pyruvic acid (or its equivalent) as the other
candidate precursor because the TCA cycle readily transforms succi-
nic acid into pyruvic acid (or phosphoenolpyruvic acid) via oxaloac-
etate.15 The 1,2,3,4-13C4-labeled succinic acid was biologically
converted to [1,2,3-13C3]pyruvate which would result isotopomer
A. Decarboxylation at the C1 position of [1,2,3-13C3]succinic acid
would yield [2,3-13C2]pyruvic acid (or its equivalent), which afforded
isotopomer C. The 1,2-13C2-labeled pyrivic acid (or its equivalent)
could be generated by C4 decarboxylation of [1,2-13C2]succinic acid,
and the following the similar process produced isotopomer B.
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Signals due to C1, C5–C17 were accompanied by small flanking
satellites in the 13C NMR spectrum. These were labeled in a similar
level (about 0.5% incorporation) when judged on the basis of their
peak intensities. These were assumed to be caused by incorpora-
tion of [1,2-13C2]acetate derived from [1,2,3,4-13C4]succinic acid
because all the coupling constants in this sample were identical
with those of the sample prepared with sodium [1,2-13C2]acetate.
It has been well established that the 1,2,3-13C3-labeled pyruvic acid
gives [1,2-13C2]acetyl-CoA on oxidative decarboxylation.


These studies revealed the outline of the biosynthetic route of 1
(Scheme 1). Seven acetic acids first constructed heptaketide 2. Two
methyl groups (C19 and C20) were introduced into 2 with methio-
nines. Aldol-type cyclization between C5 and C10 furnished the cyclo-
hexene ring. Further functional transformations (oxidation of C7,
C8C9 and C12C13 double-bond formations, and reductions of C15
and C17) afforded 3. The order of these processes remained unclear.
Our experiments indicated that succinic acid was a candidate as the
precursor of the C11C3C4 unit (path I). Coupling with succinic acid
would give 4. Because the TCA cycle readily converts succinic acid
to succinyl CoA, fumaric acid, malic acid, or oxalacetic acid from suc-
cinic acid, they should be regarded as equivalents. Cyclization of thec-
exomethylene-c-lactone ring involving decarboxylation should be
the final step in path I. We propose two mechanisms for this transfor-
mation: (i) 1,4-addition cyclization of fumarate type 5 and successive
decarboxyration and (ii) decarboxylative enol formation of oxalacetic
acid type 6 and subsequent cyclization of the resulting enol. Our label-
ing experiments did not provide sufficient information to choose the
actual route from these candidates. We proposed pyruvic acid (or its
equivalent) was another candidate as the precursor. Pyruvic acid (or
its equivalent) derived through the TCA cycle was coupled with C5
of 3 and the subsequent dehydrative cyclization produced 1 (path II).

As described, we successfully proposed the outline of the bio-
synthetic mechanism for 1 on the basis of labeling experiments.
This is the first example explaining biosynthetic mechanism of
the 2-oxaspiro[4.5]decan-1-one framework found in fungal metab-
olites based on experimental evidences. Although our labeling
experiments with [1,2,3,4-13C4]succinic acid gave complicated sig-
nal profile for C3 in the proton-decoupled 13C NMR spectrum, de-
tailed analysis of the signals as well as consideration of the
transformation scheme in the TCA cycle enabled assignment of
all peaks. These afforded information that succinic acid is respon-
sible for the C11C3C4 unit of 1.
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This paper describes a simple method for synthesizing a small library of 5-isoxazol-5-yl-2 -deoxyuridines
from 5-iodo-20-deoxyuridine. Nitrile oxides were generated in situ from oximes using a commercial
bleaching agent; their cycloaddition with 5-ethynyl-20-deoxyuridine yielded isoxazoles possessing activ-
ity against herpes simplex viruses 1 and 2, Encephalomyocarditis virus, Coxsackie B3, and vesicular sto-
matitis virus; these isoxazoles were, however, inactive against corona virus, influenza virus, and HIV.


� 2009 Published by Elsevier Ltd.
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Herpes simplex viruses (HSVs) are among the most widespread
viruses on Earth. HSV-1 and HSV-2 are two common strains of the
herpes virus family, Herpesviridae. About 50–70% of young adults
have HSV-1 antibodies in their blood. The persistent nature of her-
pes infection is the reason for the high probability of infection.1


HSVs cause oral and facial lesions in humans, beginning on the skin
or mucosal epithelium. Because the resistance of HSV toward anti-
viral drugs is increasing, the development of new drugs possessing
potent antiviral activity is very important. Acyclic nucleosides,
including Acyclovir (ACV), Penciclovir, and Ganciclovir, are the
largest class of compounds used as anti-herpes drugs.2 Another
nucleoside drug class is the C5-modified pyrimidine nucleosides,
including C5-iodo-20-deoxyuridine (IdU) and Brivudine (BVDU),3


which inhibits the action of DNA polymerases after its incorpora-
tion into the viral DNA, thereby preventing viral replication. Herd-
ewijn’s group synthesized, from 5-iodo-20-deoxyuridine, a large
number of C5-heteroaromatic-substituted 20-deoxyuridines
posses- sing anti-HSV activity. In 1993, they synthesized 5-iso-
xazol-5-yl-20-deoxyuridine 1 from 5-(3-oxo-propyn-l-yl)-20-
deoxy-uridine (Fig. 1) and hydroxylamine-O-sulfonic acid.4 The
[3+2] cycloaddition is a very powerful reaction for synthesizing a
diverse range of heteroaromatic five-membered rings.5

Elsevier Ltd.


: +82 54 279 3399.

Previously, we reported the use of [3+2] cycloadditions to effi-
ciently synthesize sugar-modified isoxazole nucleosides and back-
bone-modified DNA.6 In this paper, we describe the synthesis of
novel C5-modified nucleosides 2 through [3+2] cycloadditions.


We performed [3+2] cycloadditions using a commercial bleach-
ing agent (containing ca. 4% NaOCl) as a practical reagent for gen-
erating the nitrile oxide. As the key intermediate and dipolarophile,
we synthesized the acetyl-protected 5-ethynyl-20-deoxyuridine 5
through Sonogashira coupling (87% yield) of 5-iodo-20-deoxyuri-
dine and TMS-acetylene (See Scheme 1).7,8 The oximes 6 were ob-
tained from the reactions of several aldehydes with hydroxylamine
(see Scheme 2). For the [3+2] cycloadditions, we employed previ-
ously established reaction conditions.6 Dropwise addition of the
commercial bleaching agent provided higher yields—ranging from
59% to 77%—than did the use of reagent-grade 30% NaOCl (see
Fig. 2 and Scheme 3).
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Figure 1. C-5 isoxazole nucleosides.
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Figure 2. Compounds tested for their antiviral properties against 12 different
viruses.


Table 1
In vitro EC50 data for HSV-1 and HSV-2 assays


Toxicity Antiviral activity (EC50) Selectivity index


CC50 HSV-1 HSV-2 HSV-1 HSV-2


7c 0.15 0.08 0.07 0.07 2.03
7d 0.06 >0.06 0.03 <1.0 1.81
8c 0.26 0.09 0.09 2.88 2.83
ACV> >10.00 0.18 0.36 55.76 >27.78
Ara-C> >10.00 0.20 0.52 49.13 >19.38


EC50 (lg/mL): Concentration of test compound required to inhibit virus-induced
cytopaticity by 50%; CC50 (lg/mL): concentration of test compound that causes 50%
cytotoxicity to uninfected cells; selectivity index: CC50/EC50.
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Scheme 1. Synthesis of 3–5. Reagents and conditions: (a) Ac2O, pyridine, rt, 8 h;
yield 92%. (b) TMS-acetylene, Pd(PPh3)4, Et3N, DMF, 40 �C, 8 h; yield 87%. (c) KF, 10%
MeOH in CH2Cl2; yield 80%.


Table 2
In vitro EC data for EMCV, Cox. B3, and VSV assays


Toxicity Antiviral activity (EC50) Selectivity index


CC50 EMCV Cox. B3 VSV BMCV Cox. B3 VSV


7c 0.05 0.01 0.01 0.03 4.91 5.38 1.65
7d 0.04 0.01 0.01 0.03 5.94 5.30 1.50
8c 0.07 0.02 0.03 >0.07 3.30 2.76 <1
Rib. 0.30 0.02 0.04 0.08 >13.91 >7.69 >35.22


EC50 (lg/mL): Concentration of test compound required to inhibit virus-induced
cytopaticity by 50%; CC50 (lg/mL): concentration of test compound that causes 50%
cytotoxicity to uninfected cells; selectivity index: CC50/EC50.
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We investigated the antiviral activities for the various com-
pounds against 12 different viruses, namely HSV-1, HSV-2, HIV-1,
HIV-2, EMCV, Cox. B3, VSV, three different influenza viruses (Tai-
wan, Seoul, and Panama), and two corona viruses. The isoxazole
nucleosides all exhibited anti-HSV activity. The nucleoside ana-
logues presenting bulky R0 0 groups possessed anti-herpes activity
(Table 1). On the other hand, compound 7d9 exhibits only HSV-2
activity. The antiviral activity for HSV-1 of 7d couldn’t be deter-
mined due to the high toxicity (CC50 = 0.06 lg/mL). The anti-herpes
activities of the isoxazole nucleoside analogues are better than
those of the reference drugs ACV and Cytarabine (Ara-C); for exam-
ple, 8c9 and the acetylated prodrug 7c9 are ca. twice as active
against HSV-1, and ca. 4-fold more active than ACV and 6- to 7-fold
more active than Ara-C against HSV-2. Normally the acetyl groups
increase the liphophilicity and support the cell penetration due to
the cleavage of the acetyl groups by carboxyesterase in the cell.
The 7d, one of isoxazole nucleoside analogues exhibited the best
anti-HSV-2 activity: 12- and 17-fold more active than ACV and
Ara-C, respectively.


The isoxazole nucleosides displayed anti-RNA virus activities
(Table 2) against Coxsackie B3 (Cox. B3), vesicular stomatitis virus
(VSV), and Encephalomyocarditis virus (EMCV). In the RNA virus
assay, compound 8c exhibited almost the same anti-EMCV and
anti-Cox. B3 potencies as that of the reference, ribavirin (Rib);
compounds 7c and 7d, however, possessed 2- to 4-fold better anti-
viral activities against the three RNA viruses. Although some of the
isoxazole nucleosides are more active than the reference drug, the
bioassay results were disappointing in terms of their cytotoxicity.
The selectivity indexes for the isoxazole nucleosides were lower
than those of the reference drugs. None of the compounds exhib-
ited antiviral activity against HIV, influenza, or corona viruses. In
future studies, we will use the [3+2] cycloaddition strategy to syn-
thesize different C5-triazole-substituted nucleosides from azides,
rather than oximes.
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The bacterium Aeromonas sp. (CGMCC 2226) can enantioselectively scavenge D-isomer, making L-amino
acid derivatives (AADs) in high ee. The enantioselective scavenger (ES) has shown a broad substrate
scope. Eleven L-AADs, Phe derivatives substituted with methyl-, mono- and dichloro-, bromo-, and
nitro-group, were produced in high ee from corresponding racemates.
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Inspired by Pasteur’s early work in 1858, Penicillium glaucum
was found to have specifically scavenged the D form of ammonium
tartrate, leaving the L form unaffected,1 we recently explored a
strategy using enantioselective scavengers (ES) as means to dis-
cover new biocatalytic processes, biocatalysts (enzymes or strains),
and their corresponding reaction types with respect to substrate
specificity and enantioselectivity.2 Ultimately, the ES strategy is
expected to provide us with the tools necessary to get more insight
into nature’s rich realm of enzymatic catalysis, addressing funda-
mental questions such as the scope and usefulness of the radical
mechanism in enzymes—a topic revitalized by the recent findings
from Kim et al.3


In the course of our study, we found that the homogenate made
from the yeast Rhodotorula graminis (R. graminis) was able to
enantioselectively scavenge the L-enantiomer of a series of racemic
(rac) mixture of non-proteinogenic amino acid derivatives. The ES
contained a series of L-selective enzymes. Among these, some were
redox enzymes that can smoothly use molecular oxygen in vitro
under mild conditions. The L-ES demonstrated a broad substrate
scope. It appears that the ES strategy can be used as an efficient
method for the preparation of D-AADs in high ee. A series of D-AADs
were obtained in enantiomerically pure form by removing L-isomer
from their racemic substrates.2

ll rights reserved.

In this letter, we wish to report, complementarily, a D-ES system
comprised of D-selective enzymes with opposite enantioselectivity
as compared to R. graminis. The D-ES also had a broad substrate
scope and appeared to be an efficient method for preparation of
L-AADs in high ee. A series of L-AADs were produced in enantiome-
rically pure form by removing D-isomer from their racemic
substrates.


L-AAs are predominantly nature’s choice for protein biosynthe-
sis but D-AAs are present in small amounts practically in all living
systems.4 Thus, the AAs from natural sources contain inevitably a
small amount of D-AAs as ‘contaminants’, either from the source
organisms or by the racemization of their L-counterparts during
the preparation process. Similarly, synthetic AAs and their deriva-
tives (AADs) also contain more or less the undesired enantiomer
‘contaminants’. They are either carried from precedent chiral pools
and/or synthetic methods that (with a few exceptions) seldom
reach enantiopure form.5–9 In both cases, practical methods facili-
tating the removal of D-isomers from racemic or non-racemic mix-
tures in order to enrich the ee of L-AADs are in high demand.


In accordance with the predominance of L-AAs over D-AAs in
nature, the number of L-selective enzymes predominate that of
their D-selective counterparts. A few enzymes known to be D-selec-
tive include D-amino acid oxidase (D-AAO, EC 1.4.3.3), hydantoin-
ase (EC 3.5.2.2),10 N-carbamoyl-D-amino acid amidohydrolase (EC
3.5.1.77), and aminotransferase of Escherichia coli (E. coli).11,12


Among these, D-AAO, a flavin dependant enzyme, has been the
most studied prototype since its discovery by Krebs.13 Even though
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Table 1
ES of D-AADs in rac-AADs by A. sp.a,b


NH2


OHO O2


NH2


OHO


degraded
products+


ES
R R


Entry Substrate Product Time (h) Yield (%) Ee (%)


1 Rac-Phe L-Phe 24 44 >99
2 Rac-4-chloro-Phe L-4-Chloro-Phe 22 49 >99
3 Rac-4-bromo-Phe L-4-Bromo-Phe 22 43 >99
4 Rac-2-bromo-Phe L-2-Bromo-Phe 46 37 >99
5 Rac-4-methyl-Phe L-4-Methyl-Phe 43 46 99
6 Rac-2,4-dichloro-Phe L-2,4-Dichloro-Phe 22 46 >99
7 Rac-3,4-dichloro-Phe L-3,4-Dichloro-Phe 22 50 >99
8 Rac-4-nitro-Phe L-4-Nitro-Phe 42 51 95
9 Rac-2-chloro-Phe L-2-Chloro-Phe 43 48 92
10 Rac-4-fluoro-Phe L-4-Fluoro-Phe 53 41 72
11 Rac-(Tyr) L-Tyr 53 60 40


a Ees are from HPLC analysis of the last sample.
b E values which describe the enantioselectivity of kinetic resolution were not calculated because the exact measure of conversions could not be performed in this range to


meet the sensitivity of Sih’s equation.
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D-AAO is not as ubiquitous in nature, their presence is highly signif-
icant in biological systems. For example, D-AAO has high expres-
sion in human brain and it has been speculated to play a role in
neurotransmission and aging,14 Alzheimer disease,15 etc. However,
much of its biological role remains to be discovered.


Biocatalytically, D-AAO catalyzes the oxidative deamination of
D-AAs to a-keto acids. The substrate scope of D-AAO is limited to
the AAs with small hydrophobic side chains and polar, aromatic
and basic group, excluding those with acidic group. For those acidic
AAs, there exists a specific enzyme, D-aspartate oxidase (EC
1.4.3.1), which has a 50% identity in sequence with D-AAO. A micro-
bial D-AAO from Rhodotorula gracilis was manipulated by rational
design to have new and broader substrate specificity.16 A nicotin-
amide cofactor dependant D-AAO from E. coli has been evolved
through five rounds of directed evolution to accept a broader scope
of substrates.17 In all these cases, the enzymes exhibit high enan-
tiospecificity toward the D-isomer of a limited number of sub-
strates. Such features might find potential applications as
biosensors and simple analytical tools used in the quantification
of D-AAs.18


Generally, the enzyme functions may differ depending on their
origin, structure, and homogeneity. More and more enzymes have
recently been shown to be promiscuous with respect to their cat-
alytic activity and substrate specificity.19,20 Thus, with powerful
enhancing technologies such as directed evolution, D-AAO may
be expected to be a new addition in toolbox of biocatalysis.


In the course of our study of ES, we found that the bacterium
Aeromonas sp. (A. sp. CGMCC 2226) (Note 1),21 an isolate of soil
sample from the Hangzhou area in China exhibited the D-selectiv-
ity in transforming rac-Phe, exactly opposite to that of yeast R. gra-
minis. When incubated with rac-Phe under aerobic conditions, the
bacterium selectively scavenged the D-Phe from rac-Phe. The trans-
formation progressed until the D-Phe was completely scavenged
beyond the detection limit, leaving the L-Phe in enantiopure form.
We conducted a literature search and did not find any information
related to this strain and the D-selective enzymes. We noticed that
the system required aerobic conditions. Unlike R. graminis, how-
ever, when the cells of A. sp. were broken through ultra-sonication,
the homogenate no longer functioned properly. The reactions
stopped in less than 2 h. Therefore, the whole cell culture, which
can remain active for more than two days, was employed as D-ES
in all experiments in this study. We further explored the potential
use of this microorganism as D-ES toward a range of non-proteino-
genic amino acid derivative substrates. The experiments were car-
ried out in parallel and repeatedly as to compare the differences

between the substrates and to minimize the variations of repro-
ducibility (Note 2).22 The results are shown in Table 1.


The ES system showed excellent enantioselectivity toward a
series of AADs, Phe derivatives substituted with methyl-, mono-
and dichloro-, bromo-, and nitro-group. It selectively scavenged
D-isomer of AADs from the corresponding racemate, leaving the
remaining L-AADs (37–50%) in high ee (>99%) (entry 1–7). The
slower conversion and lower ee of 4-nitro-Phe and 2-chloro-Phe
(entry 8 and 9) may be due to the lower solubility of the substrate.
The A. sp. cells remained active for about two days, after which
point the enzyme activity decreased gradually. For the case of 4-
fluoro-Phe (entry 10), the enzyme activity was lost before the con-
version was completed. Exceptionally, for the case of Tyr (entry
11), the transformation of D-isomer of this natural AA was unex-
pectedly slow. An L-selective enzyme was involved which con-
sumed the L-isomer, and decreased the ee. As both enzymes lost
their activity before the completion of the conversion, this resulted
in a non-racemic mixture of 40% ee (L). A typical set of chromato-
grams from our experiments with rac-AADs are shown in Figure 1.


The consumption of air indicated the organism’s intake and use
of molecular oxygen. Like all typical biooxygenation processes, it
did not proceed in vitro without supplements or alternative meth-
od for regeneration of cofactors because the mechanisms for cofac-
tor regeneration are lost once the cells are broken. At this stage it is
still not known what cofactors are used in this system.


It was argued that the enrichment of ee of the resulting L-AADs
might involve a D to L conversion. This possibility was excluded by
experiments using single enantiomer of D-Phe and D-4-nitro-Phe as
the sole substrates in the reaction. No D to L conversion was ob-
served. However, the D-ES contains multiple enzymes. In case of
Tyr, it was clearly seen that an L-selective enzyme was involved
in the process, which consumed the L-isomer and caused the de-
crease of ee. Structurally, the substrates used in this study differ
from Phe only by one or two substitutions on the aromatic ring.
It was thus postulated that they would share the same scavenging
pathways. Apparently, it seemed to be true in most cases in this
study. However, the surprising behavior of Tyr indicated that the
system might be more complex than it appears.


It would be desirable to know the exact enzymes that are
responsible for the D-scavenging process, what their cofactor(s)
are, if they are known enzymes in a different host, what is the se-
quence similarity between them and other known enzymes, and
whether they are promiscuous in terms of catalytic activity and
substrate specificity. To this end, the genome sequencing of the
strains, purification of the enzymes, replication of our experiments







Figure 1. Depicted are chromatograms of the D-ES scavenging process corresponding to entry 2, 3, 5, 6, 7, and 10. The black, red, and blue lines are of the samples at the
beginning, the middle, and the end of the reaction, respectively. The retention times (min) varies from one substrate to another. The D-enantiomer which elutes first was
consumed.


Z. Zhang / Bioorg. Med. Chem. Lett. 19 (2009) 1129–1131 1131

using purified enzymes, and the isolation and determination of the
products formed from these enzymes would certainly help in
understanding the ES process. Nevertheless, this work uncovers a
rich realm of discoveries. The practical usefulness of this work pro-
vides a valuable target for sequencing, cloning, expression, genetic
engineering, biochemical study, biocatalytic exploration, as well as
biomedical studies, etc.


In conclusion, the whole cell culture of the A. sp. containing
multiple enzymes can be used as D-ES to remove the D-AADs in
the rac-AADs, affording a series of L-AAD in high ee. This work pre-
sents a simple and efficient synthetic method that uses no solvents
and requires no derivatization steps. Besides being immediately
useful as a new purification method, this work opens doors to
many new possibilities in the area of biocatalysis. We anticipate
that the concept of ES can be applied to a broader range of uses
in a variety of fields.


Ongoing work is being done in getting more insight on the pro-
cess. They include mainly (1) the identification of the enzymes
responsible for the reaction in this ES system; (2) the investigation
of its mechanism and the scope of its application.
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harvested, centrifuged, washed twice with ice water, and the supernatant was
decanted. The culture cake was put back into a shaking flask. The substrate
(50 mg) was put into the flask after being dissolved in dilute sodium
hydroxide. The pH was quickly adjusted to 7.3, and the total volume was
adjusted to 50 mL by tris buffer. The flask was aerated before being closed by
an air permeable stopper. The flask was then set in the shaker with a controlled
speed (200 r/min) and temperature (30 �C). The progress of the bioconversion
was monitored by regular sampling and HPLC analysis. The reaction mixture
was allowed to react for 24–48 h and extended to 53 h in some cases
depending on the conversion. For the samplings, 1 mL of reaction mixture was
removed to an Eppendorff vial and centrifuged. The cell debris was decanted,
and the supernatant was filtered. The filtrate was diluted by distilled water and
used for injection into HPLC column for analysis. The HPLC system was
equipped with a chiral column Crownpak CR (+) (Daicel, Japan). The standard
conditions of elution for rac-Phe suggested by the column supplier were
modified by adding 10% of methanol to isocratically elute all the AADs. In all
cases, the clear (or baseline) separation of the two enantiomers was achieved.
The detection wavelength was set at 200 nm. For the isolation of products, the
experiment was carried out in duplicates (maximum in parallel with 28 flasks).
At the end of transformation, the mixture was collected and centrifuged. The
cell debris was decanted, and the supernatant was loaded onto Resin column
and eluted by buffer. The elution conditions differ from one substrate to
another with no optimization. The fractions were also analyzed by HPLC. L-
AADs were collected in high purity after concentration.
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We identified a series of 4-hydroxyquinolines bearing a C1 to C15 alkyl chain at the C2 position and a
carbethoxy/carboxy group at the C3 position of the quinoline nucleus (MC compounds), endowed with
selective inhibitory activity against the p300/CBP HAT enzymes. Enzyme inhibition was investigated
using in vitro HAT assays and by western blot analysis of cellular lysates to examine the acetylation levels
of histone H3 and a-tubulin. When tested in U937 cells, some compounds displayed pro-apoptotic or
cytodifferentiating properties.


� 2009 Elsevier Ltd. All rights reserved.

In the nucleus of eukaryotic cells, DNA is highly compacted and
organized into chromatin by both histone and non-histone pro-
teins. The fundamental repeating unit of chromatin is the nucleo-
some, which consists of 147 base pairs of DNA wrapped 1.6
times around an octamer of core histone proteins H2A, H2B, H3,
and H4.1,2


Histones undergo extensive post translational modification at
specific amino acids within the histone tails. These modifications
include acetylation, phosphorylation, methylation, ubiquitynation,
sumoylation, and ADP-ribosylation.3,4


The functional implications of reversible acetylation–deacetyla-
tion have been most widely studied. Histone acetylation occurring
at the e-amino group of lysine residues in the N-terminal tails of
core histones mediates conformational changes in nucleosomes.
Two superfamilies of enzymes are involved in this process: histone
acetyltransferase (HAT) and histone deacetylase (HDAC), which

All rights reserved.
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ai), lucia.altucci@unina2.it (L.

catalyze respectively the addition to and removal of acetyl units
of histones.5,6


The HAT enzymes may be classified into two categories depend-
ing upon their cellular localization: type A or nuclear and type B or
cytosolic enzymes. The nuclear HATs can be grouped into several
families based on sequence similarity, including the GNAT
(GCN5-related N-acetyltransferase) family, the MYST (named after
its founding members, in particular MOZ, YBF2/SAS3, SAS2, and
TIP60) family, the p300/CBP family, some nuclear receptor coacti-
vators (like SRC-1, ACTR, TIF2), and other general transcription fac-
tors (such as TAFII-p250, the TFIIIC family, and others).7,8


In addition to histones, over 40 trascription factors and 30 other
nuclear, cytoplasmic, and viral proteins have been shown to be
acetylated in vivo.


Similarly to HDACs, HATs are typically found in cells in large
multiprotein complexes, but unlike HDACs they exhibit robust cat-
alytic activity as purified proteins. Each HAT complex may regulate
a distinct set of genes and thereby specific cellular functions. For
example, the members of GNAT family (including transcriptional
coactivators, GCN5 and p300/CREB-binding protein-associated fac-
tor (PCAF)) regulate cellular growth and development. The MYST
HATs are involved in a wide range of regulatory functions including
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transcriptional activation, and are important for cell growth and
cell cycle regulation. The ubiquitously expressed members of the
p300/CBP family are considered as global transcriptional coactiva-
tors, and have a critical role in cell cycle regulation, cellular differ-
entiation and apoptosis.9


Dysfunction of HAT enzymes is often associated with several
diseases, including cancer. Nevertheless, the role of HATs in cancer
is not straightforward as these enzymes can act either as tumor
suppressors or activators depending on the type and development
stage of tumors. A global loss of H4K16 acetylation has been linked
to tumorigenesis,10 and gene targeting in mice revealed that MOZ
is essential for the generation and maintenance of hematopoietic
stem cells and for the appropriate development of myeloid, ery-
throid, and B lineage cell progenitors.11 p300 and CBP are consid-
ered to be tumor suppressors: indeed, their expression decreases
in hepatocarcinogenesis.12 p300/CBP mutations have been found
in several human leukemias, and missense or truncating mutations
in p300 have been reported in colorectal, gastric, breast, and epi-
thelial carcinomas.13–15 On the other hand, MOZ can generate fu-
sion genes with other HAT proteins, such as MOZ-TIF2, MOZ-CBP,
and MOZ-p300, in acute myeloid leukemia (AML) by chromosomal
translocation.11,16–18


Mistargeted and deregulated HAT activities of GCN5/PCAF and
p300 have also been reported to play an important role in genetic
diseases and in human colorectal, breast, and pancreatic can-
cers.13,14,19 Reduced cellular levels of p300 or activity has been pro-
posed to diminish stress-induced cardiac hypertrophy and
development of heart failure.20 Thus, small chemical inhibitors of
HAT enzymes (HAT inhibitors, HATi) represent novel candidates
for drug development.


In comparison to the great number of known inhibitors of
HDACs,21,22 a limited number of HATi has been described to date
(Fig. 1), with various degrees of selectivity and cell permeability.
They can be grouped into three different classes: (i) the synthetic
peptide-CoA-based bisubstrate inhibitors (Lys-CoA, specific for
p300, and H3-CoA-20, specific for PCAF),23 and their cell permeable
versions LysCoA-SS-R10 and H3-CoA-20-TAT,24 (ii) the natural
products anacardic acid (AA),25 garcinol,26 and curcumin27,28 that
were described as potent p300/PCAF (AA and garcinol) or p300-
selective (curcumin) inhibitors, (iii) some small molecules, such
as the GCN5 inhibitor butyrolactone MB-3,29 a group of isothiazol-
ones that act as p300/PCAF inhibitors with interesting anticancer
properties,30 as well as some AA31,32 and garcinol analogues (LTK
compounds).33


We have undertaken a series of studies involving the design,
synthesis, and biological validation of small molecule modulators
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Figure 1. Known HAT inhibitors.

of epigenetic targets;34–38 we have recently employed a pheno-
typic screening assay in yeast to identify two quinolines, namely
MC1626 and MC1752 (Fig. 2), which are active at submillimolar/
millimolar range.39–41


In order to improve their HAT inhibiting activity, we introduced
some chemical features typical of AA and MB-3 into the quinoline
nucleus, obtaining the 3-carboxy-4-hydroxy-2-pentylquinoline
MC1823 (4, Fig. 2) with 10/20-fold increased human HAT inhibi-
tory activity with respect to the prototypes MC1626 and
MC1752.40


Since 4 in human HAT inhibitory assay (U937 cell nuclear ex-
tracts) proved to be more potent than AA (% of inhibition at
50 lM: 30 (4) and 15 (AA)) and a few less active than MB-3 (44%
of inhibition at 50 lM), used as reference drugs,40 we re-examined
two 4-related quinolines (1 and 7, cited as compounds 15 and 8 in
ref.40 respectively) previously found inactive in the phenotypic
screening in Saccharomyces cerevisiae. In addition, we prepared
additional 4-hydroxyquinolines with 3-carboxy/3-carbethoxy
functions at the C3 position, and differently sized alkyl chains
(C1 to C15 carbon units) at the C2 position (Fig. 2), for testing them
against several human HAT enzymes.


The 3-carbethoxy-4-hydroxyquinolines 1, 3, 5, and 7 were ob-
tained by reaction of the appropriate ethyl b-oxoester with isatoic
anhydride in presence of sodium hydroxide as catalyst, according
to the method described in Ref. 40. Alkaline hydrolysis of the above
esters with 4 N KOH afforded the 4-hydroxy-3-quinolincarboxylic
acids 2, 4, 6, and 8 (Scheme 1).40


The new compounds have been tested on human HAT enzymes
belonging to the p300/CBP (p300 and CBP) and GNAT (GCN5 and
PCAF) families, in comparison with AA and MB-3 as reference
drugs (Table 1) using in vitro HAT assays. Moreover, compounds
1–8 have been validated in living cells by examining the effects
on histone H3 and a-tubulin acetylation both in human leukemia
U937 and HEK-TE cells (Fig. 3). Finally, the effects of 1–8 on cell cy-
cle, apoptosis induction, and granulocytic differentiation in U937
cell line have been determined (Fig. S1 in Supplementary material,
Figs. 4 and 5).


When tested at 50 lM against immunoprecipitated p300 HAT
from U937 cell nuclear extracts, all the compounds 1–8 showed
high inhibitory activity, regardless of the presence of carbethoxy
or carboxy group at C3, and of C1, C5, C10, or C15 carbon unit chain
at C2. The most potent compounds were the 2-methylquinolines 1
and 2, which displayed approximately 3-fold higher inhibition
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Figure 2. Novel quinoline-based HAT inhibitors.
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Table 1
Effects of MC compounds (50 lM) on four different human HAT enzymesa


Compound R R1 % HAT remaining activity


p300-IP CBP-GST GCN5 PCAF-GST


Control (DMSO) 100 100 100 100
1 OC2H5 CH3 16.4 13.4 97.4 81.7
2 OH CH3 11.4 20.5 97.4 104.2
3 OC2H5 C5H11 47.7 91.2 101.8 100.0
4 OH C5H11 82.0 19.0 98.0 102.8
5 OC2H5 C10H21 39.1 93.4 93.4 90.1
6 OH C10H21 53.9 13.2 95.4 91.5
7 OC2H5 C15H31 39.8 116.5 96.8 82.4
8 OH C15H31 46.9 14.4 103.3 62.7
AA 53.1 44.0 112.6 52.1
MB-3 58.6 45.9 54.5 76.8


a Values are means ± SD determined from at least three experiments.


Figure 3. (A) Effects of compounds 1–8 (100 lM) on histone H3 and a-tubulin
acetylation in SAHA-pretreated U937 cells. (B) Effects of compounds 1–8 (100 lM)
on histone H3 acetylation level in HEK-TE cells.


Figure 4. Apoptosis induction of 5 and 7 at 20 and 100 lM in U937 cells (Annexin
V/PI method).


Figure 5. Granulocytic differentiation induced by compounds 1–8 (20 lM) in U937
cells (CD11c method).
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compared to AA and MB-3. The other quinolines showed a p300
inhibitory activity comparable to those of the reference drugs, with
the exception of 4 which was less active. When we carried out as-
says with the recombinant GST-CBP fusion protein, at 50 lM high
inhibitory activity was registered with the carboxylic acid deriva-
tives (2, 4, 6, and 8), whereas the corresponding ethyl esters were
inactive. An important exception was the 3-carbethoxy-4-hydro-
xy-2-methylquinoline 1, which was as active as (if not more than)
the related carboxylic acid 2. When tested against GCN5 and PCAF
HAT enzymes, at 50 lM all compounds 1–8 displayed low (1, 5–7
against PCAF-GST) or no activity, the only active quinoline being
compound 8, which showed 37.3% of PCAF-GST inhibitory activity
at 50 lM.

Western blot analyses were performed on U937 cell lines to
study the effects of 1–8 on the acetylation levels of histone H3 as
well as of the non-histone substrate a-tubulin (Fig. 3A). Since the
U937 cells show only weak basal acetylation levels for both the
substrates, we pre-treated the cells with the well-known HDAC
inhibitor SAHA (suberoylanilide hydroxamic acid, 2 h, 5 lM, ‘+’ in
Fig. 3A)42,43 to increase the acetylation amounts of histone H3
and a-tubulin. After wash out, we determined the effects of 1-8,
used at 100 lM, on acetylation levels after 4 h of treatment. AA,
curcumin, and MB-3 (all at 100 lM) were used as reference drugs.
As depicted in Figure 3A, the tested quinolines induced hypoacet-
ylation on both the histone and non-histone substrates. In the acet-
yl-H3 assay, the majority of the tested compounds showed high
hypoacetylating activity comparable to that of curcumin and MB-
3. In contrast, 7 had no detectable effects, while 2 and AA caused
moderate reduction in H3 acetylation (Fig. 3A).


In acetyl-a-tubulin assay, all the tested compounds effectively
decreased the acetylation levels of the substrate, with the excep-
tion of 1 and 5, which produced only marginal decreases in tubulin
acetylation, and curcumin was practically inactive using our exper-
imental conditions (Fig. 3A).
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Further western blot analyses were performed to investigate
the effects compounds 1–8 at 100 lM in human immortalized kid-
ney epithelial cells (HEK-TE), which are transformed but not
tumorigenic. These cells show higher basal acetylation of histone
H3 compared to U937 cells. Data reported in Fig. 3B confirmed
the high hypoacetylating effects of most of our quinoline deriva-
tives in this cell system following a 3-h of treatment.


Finally, the quinoline compounds 1–8 and the reference com-
pounds, AA and MB-3, were tested on U937 cells to evaluate their
effects on cell cycle, apoptosis induction, and granulocytic differen-
tiation. When tested at 20 lM for 24 h, only 5 and 7 caused cell cy-
cle arrest at the G1/S phase, with the total loss of cells in G2 phase
(Fig. S1 in Supplementary material). The other compounds dis-
played no effects on cell cycle progression (data not shown). In
the Annexin V/propidium iodide (PI) double staining apoptotic as-
say, again the only significant results were obtained with 5 and 7 at
concentrations of 20 and 100 lM for 24 h. In particular, at 20 lM 5
and 7 were 1.4- to 18.3-fold more potent than AA and MB-3 in
inducing apoptosis, whereas at 100 lM they were more efficient
than MB-3 and 1.9- to 5.7-fold less active than AA.


Granulocytic differentiation was evaluated through the CD11c
method, by treatment of the U937 cells with 1–8 (20 lM) for
24 h. Subsequently, the number of the CD11c positive/PI negative
cells was determined. In this assay, some compounds (3, 6) showed
a cytodifferentiating activity similar to those of the reference
drugs, whereas 8 was more efficient.


In conclusion, we identified a series of 4-hydroxyquinolines
(compounds 1–8) with differently sized (from C1 to C15 methylene
units) alkyl chains at C2 and a carbethoxy/carboxy group at C3,
that function as HAT inhibitors. Moreover, we tested the MC com-
pounds in human leukemia U937 cell line to study their effects on
apoptosis induction and granulocytic differentiation. When tested
against four different HAT enzymes (p300, CBP, GCN5, and PCAF),
compounds 1–8 displayed selective inhibition towards the mem-
bers of the p300/CBP family of HATs. In particular, the 3-carbeth-
oxy- and 3-carboxy-4-hydroxy-2-methylquinolines 1 and 2 were
the most potent inhibitors of p300 and CBP, and 4- to 5-fold
(p300 assay) or 2- to 3-fold (CBP assay) more effective than AA
and MB-3 reference drugs. In the p300 assay the other compounds
showed almost the same potency as the reference drugs, with the
exception of 4 which was less effective. In contrast, in the CBP as-
say only the other 3-carboxy derivatives 4, 6, and 8 displayed high
enzyme inhibition, whereas the corresponding ethyl esters were
totally inactive. Despite the fact that the 2-methylquinoline com-
pounds were the most potent in inhibiting the p300/CBP HATs, in
human leukemia U937 cells the 2-decyl- and 2-pentadecylquino-
line ethyl esters 5 and 7 showed the highest apoptosis induction,
and the corresponding carboxylic acids 6 and 8 produced the high-
est fraction of CD11c positive/PI negative cells, perhaps due to bet-
ter cell permeability resulting from the presence of a highly
lipophylic alkyl chain at the C2 position of the quinoline nucleus.
Studies are in progress to gain insights on structure-activity rela-
tionship of these novel p300/CBP-selective HAT inhibitors.
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A quantitative assay involving the reaction of nitriles with glutathione and cysteine has been used as a
simple in vitro screen to assess potential toxicity risk of candidate compounds in drug discovery. Studies
have indicated that, when benchmarked with selected compounds, the reaction of the nitriles with glu-
tathione can provide a useful tool for deciding whether or not to progress compounds in the absence of
radiolabelling studies.


� 2009 Elsevier Ltd. All rights reserved.

R
N


R S-Enzyme


NHEnzyme-SH


Figure 1. Reversible covalent interaction of a nitrile containing compound with an
active site cysteine.
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Compounds containing electrophilic moieties have been found
to be inhibitors of several cysteine proteases.1 The mechanism of
action involves the formation of a covalent reversible bond
between the electrophile and the active site thiol.2 In order to limit
potential undesirable side effects, non-specific interactions with
thiols need to be minimised. If not, toxicity could arise either from
increased oxidative stress due to glutathione depletion or adverse
drug related reactions, such as irreversible binding of the nitriles to
proteins or DNA.3 Nitriles have been identified as a useful warhead
for cysteine protease inhibition and unlike a number of electro-
philic motifs show good DMPK properties (see Fig. 1).


Glutathione, a thiol containing tripeptide, plays a major role in
protecting cells from oxidative stress via reaction with free radi-
cals, hydrogen peroxide or reactive electrophiles which are inad-
vertently formed during metabolism of xenobiotics by
cytochrome P-450s.4 It is present in cells at concentrations ranging
from 1 to 10 mM, and exists mainly as the reduced form at physi-
ological pH. Conjugation can be catalysed by glutathione-S-trans-
ferases,5 although these enzymes were not employed in this
study. Reaction with glutathione, either catalysed or un-catalysed,
could also play a key role in understanding pharmacokinetic pro-
files via an increased appreciation of clearance mechanisms and
kinetics. Cysteine, although only present at micromolar levels in
cells in its native form,6 can also play a key role in physiological
processes and was therefore included in this study alongside gluta-
thione to broaden the assessment of the reactivity. The structures
of both thiols are shown in Figure 2.
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Because covalent attachment of the nitrile significantly contrib-
utes to overall potency, an in vitro risk assessment tool was
required by the project to monitor the inherent reactivity of the
warhead. An assay was subsequently employed based on the
method employed by Clarke et al.7 Reactions were initiated by
the addition of 50 lM of the nitrile to 5 mM thiol in pH 7.4 phos-
phate buffer containing 1 mM ethylene diamine tetra-acetic acid
(EDTA), at 37 �C. The reaction mixture was incubated in a sealed
vial, samples taken at regular intervals and analysed by LC-UV. In
order to quantify the reaction, the kinetics were monitored
through the loss of the parent compound, as studied by UV spec-
troscopy. If the chromophore was extremely weak, single-ion mon-
itoring mass spectrometry was used. Reaction with p-nitrobenzyl

3
 Glutathione Cysteine 


Figure 2. The two thiols used in this study.
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Figure 3. Comparison of the rate of reaction for various nitriles with glutathione
and cysteine. The dashed line represents a slope of 1, but where the intercept was
fitted and was found to equal �1.2.


Table 1
Typical half-lives for the reaction of various types of nitrile with glutathione and
cysteinea


N


N
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CN


R1 R2


N N


CN


R1 R3
R2


CNN
R2


R1


1 2 3


Nitrile Typical half-life with
glutathione


Typical half-life with
cysteine


Calculated reaction
energiesb


1 2 h <12 min �10 kcal/mol
2 20 h 2 h �8.1 kcal/mol
3 >100 h >10 h �3.4 kcal/mol


a Values are quoted from the reaction of 50 lM nitrile with 5 mM thiol in pH 7.4
phosphate buffer containing 1 mM EDTA at 37 �C.


b Estimated theoretical reaction energies for reaction of nitrile with
methanethiol.12
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Figure 4. Structure of the cathepsin K inhibitor 4.
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chloride (pNBC) was employed as a control. Incubation times var-
ied up to 72 h depending on the reactivity of the nitrile. The thiols
were found to be still viable under all the experimental conditions
that were employed.8


Although the reaction has been shown to be reversible,9 our
studies were found to follow pseudo first order reaction kinetics.
Figure 3 illustrates the comparison of the first order rate constants
for various nitriles with both thiols. The dashed line represents a
slope of 1. The RMSE is 0.29, indicating a reasonable link for the
reactivity of the two thiols. Extrapolation of the line intercepts
the cysteine axis at �1.2 indicating an �15-fold difference in reac-
tivity between the two thiols. In part, this reactivity difference can
be explained by the difference in pKa values of the two thiols; glu-
tathione 9.3 vs cysteine 8.33.10 Interestingly, it has also been found
that cysteine is superior to glutathione in its ability to protect DNA
from radiation induced damage, however this effect was attributed
to the increased electrostatic interactions between cysteine and
DNA resulting in higher localised concentrations of the radical
scavenger.11 There are several examples where reactivity does
not correlate well between the two thiols.


We believe glutathione is the more physiologically relevant
thiol and therefore the more pertinent marker for non-specific
thiol reactivity. Nevertheless, due to its greater reactivity, cysteine
is useful for characterizing more accurately the reactivity of less
reactive nitriles. In general, the nitriles were found to react with
glutathione and cysteine in accordance with their expected elec-
trophilicities as described by Oballa et al.,12 although the nature
of the substituents R1, R2, and R3 were observed to have a dra-
matic effect on the level of reactivity. Typical half-lives for three
different types of compounds are illustrated in Table 1 together
with the estimated theoretical reaction energies as calculated for
the reaction with methanethiol. 13C NMR studies were also per-
formed to examine if the chemical shift of the nitrile carbon atom
could be used as a direct measurement of electrophilicity. A selec-
tion of the above compounds with half-lives for the reaction with
glutathione lying between 2 and 100 h, possess 13C NMR chemical
shift lying between 117.8 and 113.5 ppm. However, no correlation
with the rate of reactivity was observed.13


Although the mechanism of action involves the formation of a
reversible bond between the nitrile warhead and the active site
cysteine, it must be noted that potency against cysteine protease
targets does not necessarily correlate with general thiol reactivity.
Amino-acetonitrile analogues (3) are potent inhibitors of cysteine
proteases, even though they display low reactivity towards small
molecule thiols: compound 4 (see Fig. 4), a 1.4 nM inhibitor of

cathepsin K,14 having a half-life of 97 h with glutathione and just
less than 10 h with cysteine. It is known that the pH at the active
site of enzymes such as cathepsin K is in the region of pH 5.5–
6.2,15 and although not measured in this study, the reactivity of
the nitriles towards thiols will be reduced at lower pH due a re-
duced fraction of the thiolate anion, and that the magnitude of this
reduction in rate will depend on the pKa of thiol concerned.7


In order to understand the risks associated with compounds of
this type in more detail, non-specific binding studies would need
be performed using radiolabels, to allow quantification of the
amount of drug–protein adduct formed.16 Incubation of radiola-
belled compound with liver proteins in the absence of any meta-
bolic activation, followed by analysis, determines the level of
material bound to these proteins due to the reactivity of the parent
compound itself, rather than that of a reactive metabolite. The level
of binding is typically expressed in terms of pmol drug equivalent
bound per mg of total protein after a 1-h incubation. It has been
proposed that a target value of less than 50 pmol adduct/mg of
protein should be considered an acceptable level.17 These experi-
ments are conducted in the absence of added NADPH so bioactiva-
tion is not induced, hence observed reactivity is due solely to the
nature of the parent molecule. This approach is complex and not
feasible to run routinely in the early stages of discovery. Therefore,
it was decided that an appropriate benchmark needed to be iden-
tified to act as a point of reference and determine an acceptable
level of chemical reactivity. Testing a series of marketed nitrile
containing drugs identified Nilvadipine (Fig. 5) as a suitable mar-
ker. The compound is a Calcium channel antagonist that has been
on the market since 1991 and has a good safety record.18 It pos-
sesses a half-life of 40 h for the reaction with glutathione, and
2 h with cysteine.19 Nilvadipine provides a simple benchmark
when assessing the reactivity of novel compounds. This approach
may be over cautious as the extent of covalent binding to liver pro-
tein for 5 was determined to be 70 pmol drug equivalent per mg of
protein,12 and from work carried out in this study it is known that
the half-life of the reaction of this compound with glutathione is
7.3 h. Therefore, it could be that the use of Nilvadipine as a bench-
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Figure 5. Structures of selected compounds used for benchmarking nitrile reactiv-
ity with thiols.
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mark is still a conservative approach to assessing the potential tox-
icity risks. The rate of reaction of compounds with radiolabelled
glutathione in vivo has been shown to correlate extremely well
with the extent of covalent binding to proteins.20 Further work is
required to understand if the in vitro reactivity of nitriles towards
glutathione correlates with the extent of non-specific covalent
binding due to the potentially reversible nature of the interaction
of the nitrile with the protein thiol.


In summary, the reaction of nitriles with protein thiols can be
reversible as seen with enzyme targets, whereas nitriles reacting
with cysteine or small cysteine containing peptides can do so in
an irreversible fashion. The work described here indicates that
the reaction rates of nitriles with small molecule thiols can eas-
ily be quantified, and that the reaction rates differ depending on
the nature of the thiol. In general, the extent of reactivity is
related to the electrophilicity of the nitrile. However, in the ab-
sence of an alternative applicable measure of electrophilicity,
this assay provides a simple route to rank the inherent reactivity
of such nitriles. The reaction sequence with cysteine is much fas-
ter than with glutathione, and although there is a general corre-
lation of the rates of reaction, they are not always a good
indicator of how a compound will behave in the presence of
other thiols. We therefore believe that as glutathione is more
physiologically relevant, its rate of reaction should be used pref-
erentially for in vitro assessment. Very rapid reaction of com-
pounds with glutathione may highlight a potential toxicity risk
either via depletion of the glutathione or via the irreversible
covalent binding of these compounds to proteins. Additionally,
this high level of reactivity may also explain the lack of cellular
activity for certain compounds.


It is acknowledged that in order to more fully understand the
potential for toxic events to be induced by the presence of these
compounds, the dose and pharmacokinetic properties need to be
taken into account. In the absence of additional radiolabelling
studies, the above assay can be used as a simple way of assessing
the potential toxicity risk associated with nitrile containing com-
pounds. Based on the reactivity of Nilvadipine, a target half-life

of 40 h, or greater, is proposed as a safe guideline for nitriles under
the assay conditions described above.
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Substituted hydroxycoumarins and 7- or 8-hydroxybenzo[f]coumarins were prepared by the treatment of
phenols and naphthalenediols, respectively, with malic acid and H2SO4 under microwave irradiation. 7-
or 8-Hydroxybenzo[f]coumarins and 6-hydroxybenzo[h]coumarin were synthesized by the reaction of
naphthalenediols with ethylpropiolate in the presence of ZnCl2 in refluxing dioxane. The compounds
were tested in vitro for their ability: (i) to interact with 1,1-diphenyl-2-picryl-hydrazyl (DPPH) stable free
radical, (ii) to inhibit lipid peroxidation, (iii) to scavenge the superoxide anion, (iv) to inhibit the activity
of soybean lipoxygenase and (v) to inhibit in vivo the carrageenin-induced rat paw edema. Most of them
are potent superoxide anion scavengers and inhibit in vitro lipid peroxidation. The majority of the com-
pounds did not show high lipoxygenase inhibitory activity. No differences were observed between bio-
logical responses of hydroxycoumarins and hydroxybenzocoumarins. Compound 3i was found to
present a promising antioxidant profile.


� 2008 Elsevier Ltd. All rights reserved.
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Coumarin derivatives exhibit a broad range of biological
activities1–7 including anticoagulation, antibiotic, antifungal, anti-
psoriasis, cytotoxic, anti-HIV, anti-inflammatory. Especially 7-
hydroxycoumarin has antioxidant3,4,7 properties and cytostatic,5,6


antibacterial,4 antiviral,4 xanthine oxidase inhibitor,4 antihypergly-
cemic,8 casein kinase 2 inhibitor9 activities. There have been
reported many synthetic routes3,4 to coumarins including the
Pechmann, Perkin, Knoevenagel, Reformatsky and Wittig reactions.
One of the most attractive methods is the Pechmann condensa-
tion,10 which starts from phenols and b-ketoesters or malic acid
or alkynoates11,12 in the presence mainly of concentrated H2SO4


or Lewis acids. The main drawbacks of this method stem from
the requirement for excess of acids, the high temperature and
the long reaction time. For these reasons, there have been at-
tempts4 to replace acids with solid acid catalysts13,14 (in high tem-
perature) or to use microwave (MW)15–18 irradiation of the
reactants (phenols and b-ketoesters15,18 or malic acid17 or propiolic
acid15,16,19) on solid support15,16 or H2SO4.17–19 From the above
methods only malic acid,17 propiolic acid15,19 and propiolate12


resulted to unsubstituted (in the pyrone ring) 7-hydroxycouma-
rins. In the course of our interest on the synthesis20,21 of coumarin
derivatives and the study3,22,23 of their biological activities we wish

ll rights reserved.


: +30 2310997679 (K.E.L.).
. Hadjipavlou-Litina), kliti-

to report here the synthesis of hydroxycoumarins or hydroxy-
benzo[f]coumarins from phenols or naphthalenediols and malic
acid in the presence of small amount of H2SO4 under microwave
irradiation. We wish also to refer to the synthesis of hydroxy-
benzo[f]- or [h]coumarins by the reaction of naphthalenediols with
ethylpropiolate in the presence of ZnCl2.
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Scheme 1. Reagent and condition: (i) concd H2SO4, MW, 80 W, 0.5–4 min.
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Scheme 2. Reagents and conditions: (i) ZnCl2, dioxane, reflux, 4 d; (ii) ZnCl2, dioxane, reflux, 7 d; (iii) ZnCl2, dioxane, reflux, 9 d.


Table 1
Reduction % of 1,1-diphenyl-2-picrylhydrazyl (DPPH %). Final concentrations of the
tested compounds 0.05 mM and 0.1 mM


Compound DPPH %
20 min
0.05 mM


DPPH %
60 min
0.05 mM


DPPH %
20 min
0.1 mM


DPPH %
60 min
0.1 mM


ClogP31


3a No No 2 2 1.61
3b 31 30 33 32 1.61
3c 22 20 51 51 2.11
3d 43 43 31 54 2.11
3e 14 15 26 27 2.11
3f 28 31 55 51 2.79
3g 22 20 46 54 2.79
3h 35 38 44 40 1.94
3i 65 72 77 89 2.79
NDGA 68 72 81 83
Coumarin No No 5 21
7-CH3-coumarin No No 2 2


NDGA, nordihydroguaiaretic acid; No, no results under the reported experimental
conditions; each experiment was performed at least in triplicate and the standard
deviation of absorbance was less than 10% of the mean.
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The reactions studied and the prepared compounds are
depicted in Schemes 1 and 2. The synthesis of hydroxycoumarins
was achieved by modifying slightly (�3 equiv and not 1 equiv of
H2SO4) the earlier17 reported synthesis of 7-hydroxycoumarin
(3a). A mixture of equimolar amounts of phenol 1 and malic acid
(2) with a small amount of concentrated H2SO4 (�3 equiv) was
exposed to MW irradiation (80 W) for a few minutes.24 The addi-
tion of this mixture after cooling into crushed ice and scratching
resulted to the precipitation as solids of the hydroxycoumarin
derivatives24 3 in good yields in most of the cases (Scheme 1).
Compound 3a was prepared in 92% yield [much better from the
former17 preparation (57%) or the preparation15 from propiolic acid
and Dowex (69%)], while compound 3e was received in 72% yield
(37% yield from propiolic19 acid, H2SO4, heating at 120 �C). Naph-
thalene-2,3-diol (1g) gave too low yield, as expected10 for b-naph-
thol and pyrocatechol.


The 5-hydroxy-3H-benzo[f]chromen-3-one (3g)24 was obtained
in 31% yield by refluxing 1g, ethylpropiolate (4) and ZnCl2 in diox-
ane12 (Scheme 2). Analogous reactions of naphthalene-1,3-diol (1f)
or naphthalene-1,4-diol (5) with 4 in the presence of ZnCl2 in diox-
ane gave 6-hydroxy-3H-benzo[f]chromen-3-one (3f)24 (83%) or 6-
hydroxy-2H-benzo[h]chromen-2-one (3i)24 (26%).


Oxidation is one of the most important processes, which pro-
duces free radicals in food, chemicals and in living systems. Anti-
oxidants are defined as substances that even at low concentration
significantly delay or prevent oxidation of easy oxidizable sub-
strates. There is an increased interest of using antioxidants for
medical purposes in the recent years. Several methods are used
for the estimation of efficiency of synthetic/natural antioxidants,
like the 2,20-azobis(2-amidinopropane) dihydrochloride (AAPH)/
linoleic acid assay,29 1,1-diphenyl-2-picrylhydrazyl (DPPH)
assay.30 DPPH assay is one of the best-known, frequently
employed, and accurate methods. DPPH is a stable free radical
because of its spare electron delocalization over the whole
molecule. The delocalization causes a deep violet color with kmax


around 520 nm. Compounds with antioxidant properties could be
expected to offer protection in rheumatoid arthritis and inflam-
mation and to lead to potentially effective drugs. Reduction of
DPPH stable free radical by the examined compounds was studied
by the use of the latter at 0.05 mM and 0.1 mM after 20 and
60 min (Table 1), [the percentage of DPPH reduction DPPH
% = (Astandard � Asample/Astandard) � 100]. The results indicate their
radical scavenging ability in an iron-free system and they are
time and concentration independent with the exception of com-
pounds 3c, 3d, 3f, 3g and 3i. We tested the new derivatives with

regard to their antioxidant ability and in comparison to a well
known antioxidant agent, for example, nordihydroguaiaretic acid
(NDGA). The presented % values are low compared to NDGA with
the exception of compounds 3d, 3f and 3h (Table 1). Compound
3a did not present any activity.7 No significant differences are ob-
served among hydroxycoumarins and hydroxybenzo[f]- or [h]cou-
marins with the exception of 3i. Free coumarin as well as 7-CH3-
coumarin presented very low reducing abilities. Phenolic com-
pounds present antioxidant activity. The presence of the phenolic
hydroxyl group (6-, 7- or 8-) seems to support the antioxidant
activity. The results are independent of the position of hydroxyl
group. Lipophilicity also influences reducing ability (calculated
logP values).31 It seems that the benzo derivative 3i is more po-
tent than the cyclohexyl 3h.


Azo compounds generating free radicals through spontaneous
thermal decomposition are useful for free radical production
studies in vitro. The water soluble azo compound AAPH has been
extensively used as a clean and controllable source of alkylper-
oxyl free radicals. In our studies AAPH was used as a free radical
initiator to follow oxidative changes of linoleic acid to conju-
gated diene hydroperoxide.29 In our experiments compounds
3a, 3g, 3f and 3i showed excellent inhibition on lipid peroxida-
tion at 100 lM (Table 2) compared to trolox, used as a standard
(73%), whereas compounds 3b, 3c and 3d were found to present
low inhibition. Compound 3e was inactive. No differences were







Table 2
Inhibition of lipid peroxidation at 100 lM (LP %); superoxide radical scavenging
activity (O2


�� %) at 100 lM; in vitro inhibition of soybean lipoxygenase (LO) % at
100 lM; inhibition % of induced carrageenin rat paw edema (CPE %) at 0.01 mmol/kg
body weight


No LP % at 100 lM O2
�� % at 100 lM LO % at 100 lM CPE %a


3a 83 65 IC50 = 43 lM No
3b 28 56 37% 18*


3c 24 54 3%
3d 30 61 27%
3e No 60 25%
3f 57 No 38% 15*


3g 100 79 No 18*


3h 42 68 12%
3i 100 61 IC50 = 100 lM 39*


Coumarin nt nt 15% 30*


7-CH3-coumarin nt nt 89% 55*


CA 71 IC50 = 600 lM
Trolox 73
IMA 47*


CA, caffeic acid; IMA, indomethacin; No, no result under the experimental condi-
tions; each experiment was performed at least in triplicate and the standard
deviation of absorbance was less than 10% of the mean.


a Statistical studies were done with student’s t-test.
* p < 0.01.
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observed between the hydroxycoumarins and the hydroxy-
benzocoumarins.


It is consistent that rates of reactive oxygen species (ROS) produc-
tion are increased in most diseases.32 Cytotoxicity of O2


�� and H2O2


in living organisms is mainly due to their transformation into �OH,
reactive radical metal complexes and 1O2. During the inflammatory
process, phagocytes generate the superoxide anion radical at the in-
flamed site. Enzymatic superoxide anion radicals were generated by
a hypoxanthine and xanthine oxidase (XOD) reaction system.33 At
pH 7.4 superoxide anion reduces the tetrazolium blue into formasan
blue (kmax = 560 nm). The production of superoxide was estimated
by the nitroblue tetrazolium method. The majority of the com-
pounds present high scavenging activity at 100 lM (54–79%) com-
pared to caffeic acid used as a standard (71%) (Table 2), with the
exception of compound 3f which does not show any activity.


Compounds were further evaluated for inhibition of soybean
lipoxygenase LO by the UV absorbance based enzyme assay.22 Lip-
oxygenases oxidize certain fatty acids at specific positions to
hydroperoxides that are the precursors of leukotrienes, which con-
tain a conjugated triene structure. It is known that soybean lipoxy-
genase, which converts linoleic to 13-hydroperoxylinoleic acid, is
inhibited by nonsteroidal anti-inflammatory drugs (NSAIDs)34,35


in a qualitatively similar way to that of the rat mast cell lipoxyge-
nase and may be used in a reliable screen35 for such activity. For
compounds 3a and 3i the IC50 values were determined. Compound
3a is the most potent derivative. The most of the LO inhibitors are
antioxidants or free radical scavengers,36 since lipoxygenation
occurs via a carbon-centered radical. Some studies suggest a rela-
tionship between LO inhibition and the ability of the inhibitors
to reduce Fe3+ at the active site to the catalytically inactive Fe2+.
LOs contain a ‘‘non-heme” iron per molecule in the enzyme active
site as high-spin Fe2+ in the native state and the high-spin Fe3+ in
the activated state. Several LO inhibitors are excellent ligands for
Fe3+. Many flavonoids and other phenolics such as hydroxycouma-
rin derivatives inhibit soybean lipoxygenase. 7-Hydroxycoumarin
also inhibits the activity of LO.3 This inhibition is related to their
ability to be reduced from the iron species in the active site to
the catalytically inactive ferrous form.36 Thus the presence of a free
hydroxyl group could explain the inhibition results of the exam-
ined compounds. Compounds 3b and 3f present equipotent inhibi-
tion. The majority of the derivatives did not show high inhibitory

activity. No differences were observed between the hydrox-
ycoumarins and the hydroxybenzocoumarins.


Compounds 3a,b,f,g and 3i were tested for their anti-inflamma-
tory activity in vivo (dose ip 0.01 mmol/kg body weight). The
in vivo anti-inflammatory effects of the tested coumarins were
assessed by using the functional model of carrageenin-induced
rat paw edema (CPE)22 and are presented in Table 2, as percent
inhibition of induced rat paw edema. After 3.5 h, compounds 3b,
3f and 3g induced very low protection (15–18%) against carra-
geenin-induced paw edema while the reference drug indometha-
cin (IMA) induced 47% protection at an equivalent dose.
Compound 3a did not inhibit carrageenin-induced rat paw edema
whereas compound 3i (a hydroxyl benzocoumarin) presents the
higher inhibition among the tested compounds (39%). The side of
ring’s condensation seems to influence the biological response
[f] < [h] (compounds 3f, 3g < 3i).


In conclusion, the broad spectrum of the observed antioxidant
activity of the majority of the examined coumarins allows us to
propose them as templates in the design of compounds useful in
treating human diseases that involves reactive oxygen species
(ROS). Their synthesis is almost simple with moderate to high
yields. Most of them are potent superoxide anion scavengers and
inhibit in vitro lipid peroxidation. Antioxidant power might be
important in the inhibition of lipid peroxidation. Compound 3i pre-
senting higher LO inhibitory activity among the tested hydrox-
ybenzocoumarins, was found to present a promising antioxidant
profile and 39% inhibition on carrageenin-induced rat paw edema.
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A novel series of small molecule C5a antagonists is reported. In particular, in vitro metabolic studies and
solution based combinatorial synthesis are demonstrated as useful tools for the rapid identification of
antagonists with low in vitro clearance. Members of this series specifically inhibited the binding of
125I-labeled C5a to human recombinant C5a receptor (C5aR). In functional cell assays these compounds
displayed surmountable antagonism against C5a and did not demonstrate any detectable agonist activity.
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The complement system is comprised of a cascade of interre-
lated proteases that are activated in response to immunoglobins
binding to a foreign antigen. Activation of the complement systems
leads to a stepwise hierarchy of proteolytic cleavage events ulti-
mately leading to the release of bioactive fragments (C3a, C4a
and C5a) known as anaphylatoxins. C5a is recognized as a promi-
nent mediator of inflammation through recruitment of inflamma-
tory cells to the site of injury or infection.


The functional effects of C5a are mediated by specific interac-
tion with the G-protein coupled receptor C5aR, expressed on a
variety of cells including mast cells and neutrophils.1 Consistent
with its proinflammatory properties, C5a has been implicated in
the pathology of a wide range of disorders, including rheumatoid
arthritis, asthma, respiratory distress syndrome, sepsis and inflam-
matory bowel disease.2 Significant progress has been made in re-
cent years on the understanding of the complement system and
several non-peptidic C5a antagonists have been recently reported
in the literature (Fig. 1).3


Interest in this area is driven by the potential therapeutic appli-
cation of a C5aR antagonist in the treatment of inflammatory dis-
eases such as arthritis, asthma and COPD. We report in this
paper the discovery of a novel series of small molecule C5aR
antagonists.


High throughput screening of the AstraZeneca compound col-
lection followed by a hit to lead (HtL) program identified a number
of chemical series with clear structure activity relationships (SAR).

ll rights reserved.


(H.J. Sanganee).

The most promising of these was the bisamide series, as exempli-
fied by compounds 1 and 2.


The bisamide series was identified following an HTS using a
whole cell binding Fluorescent Microvolume Assay Technology
(FMATTM) assay,6,10 which measured the inhibition of Alexa-647 la-
beled C5a binding to human recombinant C5aR (hrC5aR) expressed
in HEK-293 cells with G-protein Ga16.10 The compounds were
subsequently confirmed as potent functional C5aR antagonists by
determining their inhibition of C5a-stimulated intracellular cal-
cium mobilization in the hrC5aR HEK cells (see Table 1). Activity
against the native receptor was also confirmed by measuring com-
pound mediated inhibition of C5a-stimulated calcium mobilization
in human neutrophils.16 For example, Compound (2) had a pA2 va-
lue of 7.4 in this neutrophil assay. Activity against the related C5a
binding receptor C5L2 was determined using an FMAT binding as-
say10 and the series was found to be selective. For example com-
pound (2) tested up to 30 lM displayed no inhibition of Alexa-
647 labeled C5a binding to C5L2. In additional selectivity profiling,
compound (2) was inactive at GPCRs FPR, CXCR2, CXCR4 and CCR3,
when tested up to 10 lM (data not shown). Species selectivity of
the bisamide series was examined in recombinant receptor cell cal-
cium mobilization assays and was demonstrated to have apparent
selectivity for the human C5aR (see Table 2), similar to previous re-
ports on small molecule C5aR antagonists.7


In order to further characterize the functional antagonism of the
bisamide series we measured the ability of exemplars from this
series to inhibit C5a stimulated GTPcS binding in HEK cell mem-
branes expressing the hrC5aR.10 Concentration response curves
to C5a were performed following pre-treatment of membranes
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Table 1
Table of bisamides
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Compound MW Log D (pH 7.4) C5aa R pIC50 Human micsb Rat hepsc


1 467 3.1 6.9 >150 >150
2 477 3.9 7.6 >150 >150


a Human C5a receptor HEK calcium mobilization antagonist assay. Values are
means of at least two experiments.


b Human microsome metabolism intrinsic clearance (lL/min/mg).4
c Rat Sprague–Dawley hepatocyte metabolism (lL/min/106 cells).5


Table 2
Compound species selectivity


Compound Human rC5aa R
pIC50


Mouse rC5ab R
pIC50


Rat rC5ac R
pIC50


Dog rC5ad R
pIC50


1 6.9 NA NA NA
2 7.5 NA NA NA


Inhibition of C5a-stimulated intracellular calcium mobilization in HEK cells trans-
fected with recombinant bmouse, crat and ddog C5a receptors. Values are means of
at least two experiments. NA: not active at 30 lM.
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Figure 1. A selection of literature C5a receptor antagonists.
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with increasing concentrations of the antagonists (see Fig. 2 for
example). The results demonstrated that all C5a antagonists tested
inhibited C5a in an apparent surmountable fashion.


The two-state model of GPCR activation assumes that the recep-
tors exist in an equilibrium between inactive, R and active, R*
states.8 Previous studies using functional [35S]GTPcS binding as-
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Figure 2. Inhibition of rhC5a-stimulated [35S]GTPcS binding by compound 2.
Values are the means of at least two independent experiments.

says have demonstrated a role for Na+ in stabilizing the inactive
form of the receptor.9 Consistent with these studies we found that
by removing Na+ from the buffer we were able to detect significant
levels of constitutive activity of the hrC5aR.


Analysis of 2 in this system demonstrated a clear reduction in
basal [35S]GTPcS binding by 63% with a pEC50 of 6.91 (Fig. 3). In
contrast rhC5a, a full agonist, increased basal [35S]GTPcS binding
by 50% with a pEC50 of 8.7. These data are consistent with 2 having
inverse agonist activity. Furthermore, while whole cell binding and
functional (intracellular calcium mobilization) potencies were
broadly equivalent for this series, the bisamide compounds dis-
played only partial inhibition of hrC5a in hrC5aR membrane-bind-
ing assays,10 with relatively low potencies in comparison to whole
cell binding. Full inhibition and increased potencies were subse-
quently obtained when the membrane-binding assay was supple-
mented with 10 lM GTPcS. (see Table 3). These data are
consistent with the two-state model of GPCR activation whereby
the inclusion of GTPcS in the system would be expected to favor
the dissociation of G-protein from the receptor complex (i.e., form
the inactive, R state) thereby increasing the apparent affinity of
rhC5a receptor for inverse agonists.


The bisamide compounds 7 were obtained using a choice of two
synthetic routes, dependent upon the availability of commercial
starting reagents. Scheme 1 involved a one-pot synthesis via an
Ugi multicomponent reaction, where a mixture of a carboxylic acid
3, aniline 4, isonitrile 5 and aldehyde 6 were stirred together in
methanol.11 Where the isonitrile component was unavailable
(Scheme 2) the amide bond was constructed using a conventional
coupling reaction with an appropriate amine and the carboxylic
acid intermediate 8. The acid 812 was in turn prepared from a 4
component Ugi reaction using the convertible isonitrile 5.13


Although a number of potent bisamides were identified, issues
relating to their metabolic instability had to be addressed. It is
likely that these DMPK issues arise from high lipophilicity, leading
to high measured intrinsic clearances in rat hepatocytes and hu-
man liver microsomes. The main objective of this HtL programme
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Figure 3. Compound 2 and rhC5a effects on basal [35S]GTPcS binding activity in
rhC5a-HEK cell membranes. Values are the means of at least two independent
experiments.







Figure 4. Plot of % Maximal inhibition of C5aR in the calcium mobilization assay
using 10 lM compound versus calculated ACD log D (pH 7.4).


Table 5
SAR of compounds marked A and B


N N
H


O
O


O


O F


R


Compound R C5a R
pIC50


Human
mics


Rat
heps


Log D (pH
7.4)


13 (A)
OH


7.2 104 >150 2.55


14
OH


<7 — — —


15 (B) N 6.0 135 33 —


Table 3
Compound biological activities


Compound C5aa R whole
cell binding
pIC50


C5ab R
Ca2+


pIC50


C5ac R
membrane-
binding pIC50


C5ad R membrane-
binding + GTPcS
pIC50


1 7.1 6.9 5.5 6.6
2 7.4 7.5 6.1 7.5


Values are means of at least two experiments.
a Human C5a receptor HEK whole cell [Alexa647]C5a competition binding assay.
b Human C5a receptor HEK calcium mobilization antagonist assay.
c Human C5a receptor HEK membrane 125I-labeled C5a competition binding


assay.
d Human C5a receptor HEK membrane 125I-labeled C5a competition binding


assay in presence of 10 lM GTPcS.10
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was to address the key issues of maintaining potency while reduc-
ing lipophilicity and thereby hopefully increasing metabolic stabil-
ity. Metabolite identification was also used to find the key sites of

Table 4
Compound biological activities


N


R2


R1


O


O


R3


R4


Compound R1 R2 R3 R4 C5a R Ca2+ pIC50


9 Ph CH3 o-Fluoro Phenyl
NH


<5


10 Ph 2,4 dimethoxy phenyl CH3


NH
<5


11 CH3 2,4 dimethoxy phenyl o-Fluoro Phenyl
NH


6.1


12 Ph 2,4 dimethoxy phenyl o-Fluoro Phenyl OH <5
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metabolism of the bisamides. This approach is in line with our lead
criteria outlined in previous HtL publications.14


Initial efforts were focused on the SAR of the three-aryl rings
(R1–R3) (Table 4), replacing each in turn with a methyl group.
Replacement at centers R2 or R3 with methyl was not tolerated
and led to complete loss of activity (9, 10). However replacement
of R1 (11) did retain some potency (pIC50 6.1). Replacement of
the cyclopentylamide by its parent carboxylic acid (12) also re-
sulted in complete loss of activity.


Metabolite analysis highlighted the cyclopentyl motif as the
main area of metabolic liability. To address this finding a focused
library of cyclopentyl replacements was synthesised. The data from
this library is illustrated (Fig. 4) as plot of % maximal inhibition of
the C5a receptor in the recombinant HEK calcium mobilization as-
say10 against calculated ACDLog D7.4


15 for compounds spot tested
at 10 lM. Two key compounds emerged as having lower log D
and good inhibition (marked as A and B Fig. 4) and these com-
pounds were chosen for further biological analysis (Table 5, 13,
15). The diastereomer 13 (A) prepared from the chiral alcohol
was found to have a pIC50 7.2 and lower measured log D (relative
to cyclopentyl amide) although still had a high intrinsic clearance.
Furthermore, the diastereomer 14 prepared from the chiral alcohol
of opposite stereochemistry was lower potency.


Maintaining the alcohol side chain but addressing the log D fur-
ther by varying the aryl amide, proved rewarding. Key compounds
synthesized following this strategy are highlighted in Table 6. It

Table 6
SAR table for aryl amide replacements


N
O


O
R


O


O


Compound R C5a R Ca2+ pIC50 Human m


13 7.2 104


16


O
7.7 126


17
O


7.4 134


18


O


MeO
7.0 76


19


O


Cl


6.7 148


20
O


Cl
6.5 48


21


O


Me2N
5.5 12


22


O


OH
NA 12


a ACD log D7.4 calculations15 are approximately 1 log unit lower than measured.

was demonstrated that the phenyl amide could be replaced by a
series of substituted heterocycles. The 2- and 3-furan analogs with
a substituent next to the point of attachment (16,17) were among
the most potent but other five membered heterocycles (thienyl,
thiazolyl, oxazolyl and isoxazolyl) also had good activity. These
compounds had slightly reduced lipophilicity but were still rapidly
metabolised in vitro. Metabolite identification on 16 showed the
major site of metabolism was oxidation of the methyl substituent
on the furan ring. Replacement with other groups either gave good
potency and poor metabolic stability (methoxymethyl 18, chloro
19, 20) or good metabolic stability and poor potency (dimethyl-
aminomethyl 21 hydroxymethyl 22). The diasteromeric mixture
of the methoxymethylfuran 18 was separated by HPLC into the
two single isomers. All activity resided in one diastereomer of un-
known absolute configuration but in vitro clearance was similar for
both isomers.


We discovered a series of C5aR antagonists through an FMAT-
based C5a binding HTS and characterized them as human C5aR
selective inverse agonists. SAR at the four variable positions of
the bisamides 1 and 2 was determined rapidly using library syn-
thesis. A large number of compounds with ‘lead-like’ potency were
prepared but these all had poor metabolic stability. Metabolic sta-
bility is possible in this series as shown by compounds 20 and 21
but these had poor C5a potency. Other factors that were taken into
account when considering this series as potential leads were the
high molecular weight and low solubility, as well as lack of species

N
H


F OH


ics Rat heps Log D (pH 7.4) ACD Log D (pH 7.4)a


> 150 2.6 1.9


87 2.0 1.5


75 — 1.5


35 2.0 0.8


59 2.2 1.2


33 2.4 1.3


<3 — 0.8


8 1.4 �0.2
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cross over. On the evidence available this series was not progressed
into Lead Optimisation.
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1-Deoxy-9a-dihydrotaxane analogs 9 and 10 were semi-synthesized from 1-deoxybaccatin VI, isolated
from Taxus mairei, and tested for cytotoxic activity. Taxane 9 is 10-fold less cytotoxic than paclitaxel,
while 10 is equally active. In the tubulin polymerization assay (ED50 values), 10 is 4-fold less effective
than paclitaxel, but 3-fold superior to 9. These observations can be explained by analysis of the corre-
sponding taxane/b-tubulin complexes.


� 2008 Elsevier Ltd. All rights reserved.

In spite of the clinical application of paclitaxel 1 and doce-


taxel 2 as anticancer agents,1,2 taxoids remain a subject of re-
search for the design of novel anticancer drugs and a more
complete knowledge of their interaction with microtubules. Re-
cently, one aspect of taxane study has focused on the treat-
ment of multidrug-resistance (MDR) in cancer cells, largely a
manifestation of the overexpression of P-glycoprotein (P-gp).3


It has been proposed that the ability of C-10 taxane analogs
to overcome MDR in vitro is the result of reduced binding
affinity for P-glycoprotein.4 Structure–activity relationship
(SAR) studies performed by a number of different groups have
demonstrated that the C7�C10 region is quite tolerant to mod-
ifications, probably due to the fact that these centers do not
interact directly with tublin.5 Of particular significance, the
cytotoxicities of 7-dexoy-9a-dihydro-9,10-isopropylidenedocet-
axel 3 and 9b-dihydro-9,10-acetal taxoid 4 were reported to
be similar to6 and more potent7 than docetaxel, respectively.
These reports demonstrate clearly that acetal groups installed
at the C-9, C-10 positions of the taxane skeleton promote
effective bioactivity.

All rights reserved.


: +86 21 66132797.
in).

1-Deoxybaccatin VI 5 that possesses the typical tetracyclic taxoid


core while lacking the C-1 hydroxy group is readily available from
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Table 1
Cytotoxicities and tubulin polymerization IC50 values for paclitaxel and analogs 9 and
10


Compound Cytotoxic activity
IC50


a (ng/mL)
Tubulin polymerization
ED50


b (lM)


A 2780 A 549


Paclitaxel 0.13 0.29 0.52 ± 0.02
9 1.54 2.87 5.2 ± 0.4
10 0.11 0.18 1.9 ± 0.3


a IC50 is described as the concentration of agent required to inhibit cell prolif-
eration to 50% versus untreated cells (incubated at 37 �C for 72 h) determined by
the MTT colorimetric microtiter assay.


b GTP-tubulin concentration, 10 lM.
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T. mairei.8 Deoxygenation of the hydroxy group for baccatin III or
paclitaxel had been reported to be a difficult procedure.9 Thus,
the development of a method using 1-deoxybaccatin VI as the start-
ing point for preparation of new active taxoids will be of value.
Moreover, SAR studies have revealed that the C-1 hydroxy group
is not necessary for the activity of paclitaxel.10 Herein, we report
the synthesis and antitumor activities of 1-dexoy-9a-dihydrotax-
ane analogs. Importantly, we also explore the correlation between
the single-crystal X-ray structure of 9 and its binding affinity to
microtubules.


As depicted in Scheme 1, the natural taxoid 5 was transformed
to 6 upon treatment with hydrazine hydrate in ethanol.11 The 9,10-
dihydroxy moiety of the latter compound was selectively protected
with 2,2-dimethoxypropane catalyzed by montmorillonite K10 to
give 7 in 97% yield.11 The next step in the synthesis was introduc-
tion of a phenylisoserine side chain selectively at C-13. Treatment
of 7 with (4S,5R)-2,4-diphenyloxazoline-5-carboxylic acid 11 in the
presence of DCC-DMAP afforded a good yield of the desired cou-
pling product 8.11 The result revealed the reactivity difference
between the 7-hydroxyl and 13-hydroxyl groups, contrary to the
reaction of 9b-dihydrobaccatin-9,10-acetals with b-lactams in the
presence of NaHMDS.7 Hydrolysis of the cyclic ester 8 with
0.04 N HCl yielded N-benzoylphenylisoserinate 911 in good yield.
Although 9b-dihydro-30-furyldocetaxel was not obtained from
9b-dihydro-9,10-isopropylidene-30-furyldocetaxel by acidic depro-
tection of the acetal group,7 we synthesized 1011 from 9 by depro-
tection of the acetonide under acidic conditions using somewhat
different from those reported in the literature. Analogs 9 and 10
along with paclitaxel were subsequently evaluated in cytotoxicity
assays employing the A 2780 (ovarian carcinoma) and A 549
(human lung carcinoma) cell lines. As reported in Table 1, analog

Scheme 1. Reagents and conditions: (a) NH2NH2�H2O, EtOH, rt, 87%; (b) 2,2-
dimethoxypropane, montmorillonite K10, CH2Cl2, rt, 97%; (c) 11, DCC/DMAP,
toluene, 83%; (d) 0.04 N HCl, CH3OH/H2O, 60–70 �C 67%; (e) 0.04 N HCl, CH3OH/
H2O, 80–90 �C 95%.

10 shows activity comparable to that of paclitaxel, while analog
9 possesses a 10-fold reduced cytotoxicity contrary to what has
been previously reported for 7-dexoy-9a-dihydro-9,10-isopropyli-
dene-docetaxel (3) and 9b-dihydro-9,10-acetal (4) taxoids.6,7 Con-
sistent with the cytotoxicity data, 10 is 3-fold more potent than 9
in the tubulin polymerization assay, although it is 4-fold less
potent than paclitaxel.


Structure–activity studies have shown that minor structural
modifications of paclitaxel can lead to significant differences in
binding affinity to microtubules. In order to explain the diminished
activity of 9, we have compared its conformational features in the
solid state and at the tubulin binding site, the latter a result of
computational docking. In the crystal, 9 exists as a 1:1 complex
with methanol, the solvent from which the crystal was grown. In
the solid state, 9 adopts a conformation (Fig. 1) resulting from
intramolecular (10C@O���H–O20, O7���H–O6) and intermolecular
(O4���H–O6, O2���H–N1, O50���H–OCH3) hydrogen bonds along with
other weak hydrogen bonds and normal van der Waals interac-
tions. Consequently, the C-30 phenyl ring is projected away from
the taxane core, while the C-30 benzamide moiety is directed
toward the C-2 benzoate group. This orientation is reminiscent of
the nonpolar conformer found in the crystal structure of doce-
taxel12 and the T-Taxol conformer of b-tubulin-bound paclitaxel.13


For a more detailed comparison of the C-13 side chain conforma-
tions, Table 2 lists selected torsion angles for 9, docetaxel, paclitaxel

Figure 1. (a) X-ray structure of 9. One methanol molecule in the unit cell is omitted
for the sake of clarity. (b) Superposition of the crystal structure of 9 (cyan) and
T-Taxol (yellow). (c) Labeling scheme of selected atoms of 9.







Table 2
Selected torsion angles (�) for C-13 side chains of 9, docetaxel, conformer A and B of paclitaxel, and T-Taxol


Torsion angle 9 Docetaxel Paclitaxel A14 Paclitaxel B14 T-Taxol


C13–O9–C10–O10 5.0 �6.6 2 4 0.6
C13–O9–C10–C20 �177.4 168.0 180 �177 �178.7
O9–C10–C20–C30 68.0 60.2 159 103 55.7
O10–C10-C20–O11 8.1 �2.2 93 41 �1.2
C10–C20–C30–N 74.0 56.4 176 179 52.4
O11–C20–C30–C40 78.7 59.5 180 �175 58.5
O11–C20–C30–N �47.6 �64.6 60 61 �67.0
C50–N–C30–C20 �88.9 �141.4 �118 �155 �153.4
C50–N–C30–C40 142.5 97.4 120 83 82.8
C30–N–C50–O12 �4.7 12.8 1 �1 �1.0
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and T-Taxol. As suggested by the torsion angles, the variations in
torsion angles around the C10–C20 and C20–C30 bonds seem to dom-
inate changes in the orientation of the side chain relative to the
core. Comparison of the torsion angles shows that 9 adopts a sig-
nificantly different conformation of the C-13 side chain relative
to the solid state conformers of paclitaxel (PTX), but quite similar
to that of docetaxel (DTX) and T-Taxol. The conformation of the
C-13 side chain is also characterized by the value of the torsion an-
gle H20–C20–C30–H30. In the H-atom enhanced crystal structure of
9, this angle is 77.1�, slightly larger than the 55.4� and 57.3� values
in the latter two molecules, respectively. Another significant indi-
cator concerns the distances between the centroids of the C-2 ben-
zoyl phenyl ring and the C-30 phenyl and benzamido phenyl rings.
As revealed by Table 3, these distances for 9 resemble more those
of DTX and T-Taxol rather than those found in the solid state for
the conformers of PTX. To make a fuller comparison, Figure 1b also
depicts superposition of the crystal conformers of 9 and T-Taxol
when the baccatin cores are matched. In accordance with the sim-
ilarity of the ring-to-ring distances, the placements of the C-13 side
chains of the two molecules are closely overlapped. Among other
things, the comparison suggests that 9 and PTX might be expected
to exhibit similar bio-actions. The deviations as represented by
Table 1 are discussed below.


In an attempt to examine the possible conformational role of
the acetonide functionality in 9 versus its absence in 10, the struc-
tural features of 6 and 7 been also been investigated using single-
crystal X-ray diffraction methods.15 The taxane ring conformation
of 7 is nearly identical to that of 6. Comparison of various torsion
angles (C5–C6–C7–C8, C6–C7–C8–C9, C8–C9–C10–C11, C9–C10–
C11–C15, C11–C12–C13–C14, C15–C1–C14–C13) show them to
differ by no more than 8�. Similarly, the distance between C-5
and C-13 is virtually the same in the two structures (7, 5.7; 6,
5.6 Å). Accordingly, it appears that the acetonide group in 7 does
not impart any significant alteration to the baccatin core relative
to 6.


In the context of protein enclosure, we have optimized the
geometries of 9 and 10 (MMFF/GBSA/H2O)16 and flexibly docked
the corresponding conformers with the closest likeness to T-Taxol
into the b-tubulin pocket of an M-loop modified protein model
1JFF17 with the Glide docking program (Fig. 2).18

Table 3
The distances between the centroids of the C-2 benzoyl phenyl ring and the C-30


phenyl and benzamide phenyl rings (Å) for 9, docetaxel, and paclitaxel X-ray
structures and T-Taxol


Distancesa 9 Docetaxel Paclitaxel T-Taxol


A B


d1 7.1 10.7 8.9 5.7 9.4
d2 10.5 7.2 13.0 11.6 10.0


a d1: the distances between the centroids of the C-2 benzoyl phenyl ring and the
C-30 phenyl ring; d2: the distances between the centroids of the C-2 benzoyl phenyl
ring and the benzamido phenyl ring or t-butyl group.

A striking difference between the structures of T-Taxol and 9 in
the taxane binding pocket is that the baccatin core of the latter
shifts away from the M-loop relative to T-Taxol during the model-
ing exercise. It appears that one of the 9,10-acetonide methyl
groups engages in a steric clash with Arg284 that leads to ligand
translation within the binding pocket. One consequence is that
the oxetane ring in 9 is separated from Thr276 resulting in loss
of hydrogen bonding between the oxygen atom of the oxetane ring
and HN-Thr276, while simultaneously causing the compound to sit
a bit higher in the binding pocket (Fig. 2). By contrast, the baccatin
core of 10 matches that of T-Taxol and retains the H-bond to
Thr276. As a result, the docking poses are qualitatively consistent
with the results of both cytotoxicity and tubulin polymerization
assays as reported in Table 1.


In summary, we have synthesized 1-deoxy-9a-dihydro taxane
analogs from 1-deoxybaccatin VI and found that analog 9 based
on the 9,10-acetonide taxane skeleton exhibits a 10-fold drop in
cytotoxicity in two cell-based assays relative to paclitaxel. On the
other hand, the 9,10-diol 10 exhibits activity equal to paclitaxel
in the same assays. Tubulin polymerization activities of the two
analogs are qualitatively consistent with the observed cytotoxici-
ties. To understand these activity profiles, we solved the crystal
structure of 9 and show that it adopts a conformation very close
that of T-Taxol, the b-tubulin-bound form of paclitaxel. However,
the acetonide appears to cause an unfavorable relocation of 9 in
the tubulin binding cleft, disfavoring the compound’s binding
affinity relative to 10. The T-Taxol conformation has proven to be

Figure 2. Docking poses of Taxol (yellow), 9 (cyan) and 10 (blue) within the
taxane–tubulin binding pocket.
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a good predictor for the tubulin binding and bioactivity of taxanes.
The results obtained in the present work offer an additional exam-
ple of its utility and effectiveness.
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Eighteen 5-nitrofuran-2-yl derivatives were prepared by reacting 5-nitro-2-furfural with various (sub)-
phenyl/pyridyl thiosemicarbazide using microwave irradiation. The compounds were tested for their
in vitro activity against tubercular and various non-tubercular mycobacterium species in log-phase
and 6-week-starved cultures. Compound N-(3,5-dibromopyridin-2-yl)-2-((5-nitrofuran-2-yl)methy-
lene)hydrazinecarbothioamide (4r) was found to be the most potent compound (MIC: 0.22 lM) and
was 3 times more active than standard isoniazid (INH) and equally active as rifampicin (RIF) in log-phase
culture of Mycobacterium tuberculosis H37Rv. In starved M. tuberculosis H37Rv, 4r inhibited with MIC of
13.9 lM and was found to be 50 times more active than INH and slightly more active than RIF.


� 2008 Elsevier Ltd. All rights reserved.

Mycobacterium tuberculosis (MTB) causes more human deaths
than any other single infectious organism with an estimated eight
million new tuberculosis (TB) cases and two million fatalities each
year.1 MTB has two features that render it the deadliest infectious
disease to date: its high infectivity or virulence and its ability to
enter latency for subsequent reactivation, a phenomenon that
leads to deadliest synergy with acquired immune deficiency syn-
drome (AIDS).2 As a result TB is also the leading cause of death
for AIDS patients. Furthermore, the emergence of multi-drug resis-
tance TB (MDR-TB) is severely hampering TB treatment,3 and
therefore is an urgent need to develop novel TB chemotherapeutics.
A new TB treatment should offer at least one of three improve-
ments over the existing regimens: (a) shorten the total duration
of effective treatment and/or significantly reduce the total number
of doses needed to be taken under DOTS supervision; (b) improve
the treatment of MDR-TB, which cannot be treated with isoniazid
(INH) and rifampin (RIF) and/or (c) provide more effective treat-
ment of latent/dormant TB infection, which is essential for elimi-
nating TB. Earlier 5-nitrofuranayl-2-amide derivative was
reported for activity against MTB with minimum inhibitory con-
centration (MIC)4 of 0.0002 lg/mL; and we have also reported var-
ious thiosemicarbazones with lowest MIC of 0.05 lg/mL.5,6 Given
the promising biological profile of 5-nitrofuranayl-2-amide deriva-
tive and thiosemicarbazones, we decided to design new derivatives
by combining both the pharmacophores. In the present study, we

All rights reserved.


.


report synthesis of eighteen 5-nitrofuran-2-yl derivatives and its
in vitro activity against tubercular and various non-tubercular
mycobacterium species in log-phase and 6-week-starved cultures.


The synthesis of 5-nitrofuran-2-yl derivatives was carried out in
three steps, as shown in Scheme 1. First, to a solution of (sub)ani-
lines/(sub)2-aminopyridines (1a–r) (0.01 mol) in ethanol (10 mL)
was added potassium hydroxide (0.01 mol) and carbon disulfide
(0.75 mL), and the mixture was stirred at 15–20 �C for 1 h to form
a potassium salt of dithiocarbamate (2a–r). To the stirred mixture
was added hydrazine hydrate (0.01 mol), and the stirring was con-
tinued at 80 �C for 1 h to obtain corresponding (sub)phenyl/pyridyl
thiosemicarbazide (3a–r) in 90% yield. Thiosemicarbazide deriva-
tives on condensation with 5-nitro-2-furfural in the presence of
glacial acetic acid afforded various thiosemicarbazones (4a–r) (Ta-
ble 1) in 62–86% yields. The reaction utilizes the micro wave irra-
diation in an unmodified domestic microwave oven at 80%
intensity with 30 s/cycle for 3 min. The resultant solid was washed
with dilute ethanol dried and recrystallized from ethanol–chloro-
form mixture. The purity of the compounds was checked by TLC
and elemental analyses, and the compounds of this study were
identified by spectral data. In the 1H NMR spectra the signals of
the respective protons of the prepared derivatives were verified
on the basis of their chemical shifts, multiplicities, and coupling
constants. The spectra of all the compounds showed a double dou-
blets in the range of 7.55–7.56 d ppm and 7.59–7.60 d ppm corre-
sponding to third and fourth position protons of the furan ring, a
singlet at 7.43 d ppm corresponding to methylene proton and a
D2O exchangeable singlet at 7.26 d ppm corresponding to NH pro-



mailto:drdsriram@yahoo.com

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

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





X
R


NH2
CS2


KOH
X


R


NH C


S


SK
NH2NH2.H2O


X
R


NH C


S


NHNH2
5-Nitro-2-furfural


CH3COOH


1a-r 2a-r


3a-r


X
R


NH C


S


NHN


H


O


NO2
4a-r


MWI


Scheme 1. Synthetic protocol of compounds 4a–r.


Table 1
Physical constants and antimycobacterial activity


X
R


NHC


S


NHN


O
NO2


H


Compound R X Yield (%) MP (�C) IC50
a (lM) MIC in lM


MTBb MSc MMd MFe MPf MVg MKh


4a H H 59.8 138–140 >215.2 10.7 172.2 86.1 43.0 10.7 43.0 5.3
4b 4-CH3 H 33.1 152–154 >205.4 5.1 41.0 20.5 41.0 2.5 41.0 20.5
4c 4-OCH3 H 45.6 179–180 >195.1 9.7 39.0 78.0 39.0 4.85 78.0 39.0
4d 2-Br H 87.9 160–162 >169.2 0.54 33.8 67.1 33.8 16.9 16.9 8.4
4e 4-Cl H 90.9 152–155 >192.4 1.23 19.1 38.4 38.4 9.6 9.6 38.4
4f 4-SO2 NH2 H 88.6 154–155 <169.2 2.1 8.4 67.6 33.8 16.8 2.1 33.8
4g 2,4-(CH3)2 H 41.0 146–147 >196.3 2.45 314.1 78.5 39.2 4.9 39.2 9.8
4h 2,6-(CH3)2 H 76.9 185–186 >196.3 4.9 39.2 78.5 39.2 9.8 39.2 39.2
4i 2,5-(CH3)2 H 90.5 134–135 >196.3 1.2 157.0 157.0 78.5 4.8 2.4 78.5
4j 2,6-(C2H5)2 H 53.8 150–151 >180.4 1.1 36.0 72.1 72.1 36.0 72.1 36.0
4k 2,4-(OCH3)2 H 83.7 197–200 >178.3 4.4 35.6 17.8 35.6 4.4 71.1 35.6
4l 2,4-(NO2)2 H 91.1 125–127 <164.3 0.52 16.4 32.8 65.1 32.8 65.1 32.8
4m H N 65.1 178–179 214.5 12.1 48.4 48.4 48.4 6.0 24.2 12.1
4n 3-CH3 N 78.7 200–201 <204.7 5.1 20.5 10.2 10.2 10.2 20.5 5.1
4o 4-CH3 N 78.9 195–197 <204.7 2.6 20.5 20.5 5.1 5.1 2.6 5.1
4p 5-Cl N 83.6 204–205 191.8 1.2 2.4 38.3 38.3 38.3 4.8 4.8
4q 4,6-(CH3)2 N 91.8 199–200 <195.7 2.4 4.8 39.1 39.1 39.1 39.1 39.1
4r 3,5-Br2 N 60.3 185–186 139.1 0.22 6.9 6.9 3.4 6.9 3.4 1.7


Isoniazid >455.8 0.66 45.57 22.82 22.82 91.15 182.3 182.3
Rifampicin >75.9 0.23 1.89 30.38 1.89 30.38 3.80 7.59


Ciprofloxacin >188.5 4.71 2.35 2.35 4.71 4.71 4.71 9.45


a Cytotoxicity in mammalian Vero cell lines.
b M. tuberculosis.
c M. smegmatis.
d M. microti.
e M. fortuitum.
f M. phlei.
g M. vaccae.
h M. kansasii.
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tons. The elemental analysis results were within (0.4%) of the the-
oretical values.


The compounds were screened for their in vitro antimycobacte-
rial activity against MTB, and non-tubercular mycobacterial (NTM)
species like M. smegmatis ATCC 14468, M. microti MTCC 1727, M.
vaccae MTCC 997, M. phlei MTCC 1724, M. fortuitum MTCC 951,
and M. kansasii MTCC 3058 by agar dilution method similar to that
recommended by the National Committee for Clinical Laboratory
Standards7 for the determination of MIC in triplicate. The mini-
mum inhibitory concentration (MIC) is defined as the minimum
concentration of compound required to give complete inhibition

of bacterial growth. MICs of the synthesized compounds along
with the standard drugs for comparison are reported (Table 1).


In the initial log-phase culture screening against MTB, the com-
pounds showed good activity with MICs ranging from 0.22 to
12.1 lM. Three compounds (4d, 4l, and 4r) showed excellent activ-
ity with MIC of <1 lM and were found to be more active than INH
(MIC: 0.66 lM). One compound 4r with MIC of 0.22 lM was found
to be more active than rifampicin (RIF) (MIC: 0.23 lM). Twelve
compounds were more potent than ciprofloxacin (MIC of
4.71 lM). Compound N-(3,5-dibromopyridin-2-yl)-2-((5-nitrofu-
ran-2-yl)methylene)hydrazinecarbothioamide (4r) was found to







Table 2
Inhibitory activities of selected compounds against log-phase and 6-week-starved
mycobacterial cultures


Compound MIC in lM against MTBa Compound MIC in lM against MSb


Log-phase
cells


Six-week-
starved cells


Log-phase
cells


Six-week-
starved cells


4d 0.54 33.8 4e 19.1 133.7
4i 1.1 153.9 4f 8.4 75.6
4j 1.2 36.0 4l 16.4 213.2
4l 0.52 32.8 4p 2.4 43.2
4p 1.2 38.3 4q 4.8 91.2
4r 0.22 13.9 4r 6.9 124.2
INH 0.66 729.1 INH 45.57 >729.1
Rifampin 0.23 15.2 Rifampin 1.89 22.6


a M. tuberculosis.
b M. smegmatis.
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be the most active compound in vitro with MICs of 0.22 lM against
MTB. With respect to structure–MTB activity relationships, pyr-
idylthiosemicarbazones were found to be more active than phenyl-
thiosemicarbazones. Among the phenyl or pyridyl ring
substituents, electron-withdrawing groups like nitro (4l), and hal-
ogen (4d, 4e, 4p, and 4r) enhanced the activity. Compounds with
electron-donating groups decreased the activity considerably (4b,
4c, 4g–k, 4n, 4o, and 4q). Among the methyl substituted phenyl-
and pyridylthiosemicarbazones derivatives, the di-substituted
compounds (4g–j and 4q) showed enhanced activity compared
with the mono-substituted derivative (4b, 4n, and 4o). All the
compounds were also screened for atypical mycobacteria (AM),
AM infection8 an illness caused by a type of mycobacterium other
than tuberculosis which cause a wide variety of infections such as
abscesses, septic arthritis, and osteomyelitis. They can also infect
the lungs, lymph nodes, gastrointestinal tract, skin, and soft tis-
sues. The rate of AM infections is rare, but it is increasing as the
AIDS population grows. Populations at risk include individuals
who have lung disease and weakened immune systems. The syn-
thesized compounds inhibited M. smegmatis (MS) with MICs rang-
ing from 2.4 to 172.2 lM and 13 compounds were more potent
than INH (MIC: 45.57 lM). With regard to activity against M. micr-
iotii the compounds showed activity with MICs ranging from 6.9 to
157.0 lM and four compounds were more potent than INH (MIC:
22.82 lM). M. vaccae was inhibited by the synthesized compounds
with MICs ranging from 2.1 to 78.0 lM and all 18 compounds were
more potent than INH (MIC: 182.3 lM). All the compounds also
inhibited M. phlei (MP) with MICs ranging from 2.5 to 39.1 lM
and were more potent than INH (MIC: 91.15 lM). Against M. fortu-
itum the compounds showed activity with MICs ranging from 3.4
to 78.5 lM and three compounds were more potent than INH
(MIC: 22.82 lM). The compounds were also screened against M.
kansasi and were inhibited with MICs ranging from 1.7 to
39.2 lM and all compounds were more potent than INH (MIC:
182.3 lM). Compound 4r inhibited all the eight mycobacterium
species with MIC ranging from 0.22 to 6.9 lM and was more potent
than INH.


The compounds which showed good activity against log-phase
culture of MTB and MS were further screened against 6-week-
starved cells of MTB and MS according to the literature procedure.9


Against MTB, six compounds were tested and they inhibited
starved culture of MTB with MICs ranging from 13.9 to 153.9 lM
(Table 2). INH had poor activity against starved cells with MIC of
729.1 lM. As previously observed9 RIF retained activity, although

it is considerably less active against non-growing than against
log-phase cells. All the six tested compounds were more potent
than INH and one compound (4r) was found to be more potent
(with MIC of 13.9 lM) than RIF (MIC: 15.2 lM). The presence of
persistent and dormant MTB is thought to be the cause for the
lengthy TB chemotherapy, since the current TB drugs are not effec-
tive in eliminating persistent or dormant bacilli. This study re-
vealed that, these molecules active against slowly growing or
non-growing persistent bacilli are thought to be important to
achieve a shortened therapy. In the case of starved MS culture,
the tested compounds inhibited with MIC values ranging from
43.2 to 213.2 lM and were more potent than INH (MIC:
729.1 lM). Compound N-(5-chloropyridin-2-yl)-2-((5-nitrofuran-
2-yl)methylene)hydrazinecarbothioamide (4p) was found to be
most active compound with MIC of 43.2 lM.


The compounds were further examined for toxicity (IC50) in a
mammalian Vero cell line till 62.5 lg/mL concentrations.10 After
72 h of exposure, viability was assessed on the basis of cellular
conversion of MTT into a formazan product and the results are re-
ported in Table 1. Eighteen compounds when tested showed IC50


values ranging from 139.1 to >215.2 lM. These results are impor-
tant as these compounds with their increased cytoliability, are
much less attractive in the development of a compounds for the
treatment of TB. This is primarily due to the fact that the eradica-
tion of TB requires a lengthy course of treatment, and the need for
an agent with a high margin of safety becomes a primary concern.
The IC50 values of compound 4r was found to be 139.1 lM and
showed selectivity index (IC50/MIC) of 632.2.


Screening of the antimycobacterial activity of these 5-nitrofu-
ran-2-yl derivatives, identified N-(3,5-dibromopyridin-2-yl)-2-
((5-nitrofuran-2-yl)methylene)hydrazinecarbothioamide (4r) as a
new lead endowed with high activity towards log-phase and
starved MTB, and NTM. The present study reveals the importance
of these compounds effective for the treatment of TB, and NTM
infections. In conclusion, it has been shown that the potency, selec-
tivity, and low cytotoxicity of these compounds make them valid
leads for synthesizing new compounds that possess better activity
with low cytotoxicity. Further structure–activity and mechanistic
studies should prove fruitful.
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The membrane-associated mouse isozyme of carbonic anhydrase XV (mCA XV), has been investigated for
its interaction with anion inhibitors. mCA XV is an isoforms possessing a very particular inhibition profile
by anions, dissimilar to that of all other mammalian CAs investigated earlier. Many simple inorganic
anions (thiocyanate, cyanide, azide, bicarbonate, hydrogen sulfide, bisulfite and sulfate) showed low
micromolar inhibition constants against mCA XV (KIs of 8.2–10.1 lM), whereas they acted as much
weaker (usually millimolar) inhibitors of other isoforms. Halides, nitrate, nitrite, carbonate, sulfamate,
sulfamide and phenylboronic/arsonic acid were weaker inhibitors, with inhibition constants in the range
of 27.6–288 lM. Our data may be useful for the design of more potent inhibitors of mCA XV (considering
various zinc binding groups present in the anions investigated here, e.g., the sulfonate one) and for under-
standing some physiologic/pharmacologic consequences of mCA XV inhibition by anions such as bicar-
bonate or sulfate which show quite high affinity for it.


� 2008 Elsevier Ltd. All rights reserved.

In earlier contributions from our group, the inhibition of the
carbonic anhydrase (CA, EC 4.2.1.1) isoforms I–XIV with simple,
inorganic anions has been investigated in detail.1,2 Indeed, both
metal-complexing anions (such as cyanide, thiocyanate, hydrogen
sulfide, etc.) as well as anions showing less affinity for metal ions in
solution (such as nitrate, perchlorate, sulfate, etc.) are known to in-
hibit these metalloenzymes possessing a catalytically critical Zn(II)
ion at the active site, which is involved in the interconversion be-
tween carbon dioxide and bicarbonate (the physiologic reaction
catalyzed by CAs).3,4 Interaction of various CAs with anions seems
to be crucial for several physiologic processes, since CAs participate
in metabolons (functional and physical associations with other
proteins) with anion transporters (such as the anion exchangers
AE1, AE2, AE3, which exchange bicarbonate for chloride), the so-
dium bicarbonate cotransporter (NBC) family of proteins,5,6 and
probably other anion transporters which have been less investi-
gated up until now. Thus, physiologic anions (such as chloride,
bicarbonate, carbonate, sulfate, etc.) may greatly influence the cat-
alytic activity of the CA isoforms (due to the diverse inhibition pro-
file of the 16 CA isozymes known up to now in mammals),3,4 but
investigation of their inhibitory activity may also give some hints
regarding their physiologic function. For example, we have ob-
served1,2 that CA II and XIII are rather resistant to inhibition by
bicarbonate (KIs in the range of 85–150 mM) and chloride (KIs in

ll rights reserved.
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ran).

the range of 138–200 mM) probably because they interact with
various anion exchangers which shuttle these anions across the
plasma membranes.1c A strong inhibition by chloride and/or bicar-
bonate could compromise the catalytic function of these CAs in the
metabolon with anion exchangers or other transporters. Another
example is constituted by CA IX which is resistant to inhibition
by lactate (although structurally related monocarboxylates show
a rather effective inhibitory activity)2f which is probably due to
the fact that this tumor-associated isoform is mainly present in
hypoxic tumors where a rather high amount of lactic acid is pro-
duced due to the anaerobic glycolysis.7


The latest member of the mammalian CA family was character-
ized in 2005, when the isozyme XV was reported by Hilvo et al.8 CA
XV appeared to be an exceptional member of this family because it
is expressed in several species in many vertebrates all over the
phylogenetic tree, whereas in primates, such as humans and chim-
panzees, it has become a non-functional pseudogene. CA XV is a
glycosylphosphatidylinositol (GPI)-anchored enzyme, similarly to
CA IV,9 possessing an extracellular active site, and it is plausible
that the highly abundant CA IV has taken the functional role of
CA XV in primates. Nevertheless, CA XV has a high relevance for
the biomedical research, because it is expressed8 in widely used
model organisms, such as rodents (mice and rats). This issue has
to be taken into particular account when the results from these
organisms are inferred to the human physiology/pharmacology.
In the first publication on this enzyme,8 the activity of mouse CA
XV (mCA XV) was measured for a recombinant protein form
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produced in a bacterial expression system, and it appeared to be
very low. The data showed only low enzymatic activity, which
seems to result from defective processing of the recombinant pro-
tein in prokaryotic cells. Recently, we have determined the enzy-
matic activity of mCA XV produced in an eukaryotic expression
system, and observed that it possesses a significant catalytic activ-
ity (for the physiologic, CO2 hydration reaction), comparable to
those of the physiologically relevant human isoforms hCA XII and
XIV, with kcat of 4.7 � 105 s�1 and kcat/KM of 3.3 � 107 M�1 s�1.10


Since mCA XV inhibition with inorganic anions is totally unex-
plored, we report here an detailed such study, including both phys-
iological anions (such as chloride, bicarbonate, sulfate) as well as
‘‘metal poisons” (cyanide, cyanate, thiocyanate, azide, etc.) were
included in this study, together with sulfamide and sulfamate (as
sodium salt), the two simplest anions incorporating the sulfon-
amide moiety present in the other class of potent CA inhibitors
with clinical applications, that is, the aromatic/heterocyclic sulfon-
amides.3,4 Inhibition data with a boronic acids and an arsonic acid
are also presented here, as these compounds show an inhibition
profile similar to that of inorganic anions against other mammalian
CAs investigated earlier, such as CA I–XIV.1,2


Inhibition data against four CA isozymes, that is, hCA I, II, IV, and
XV, with anions as well as sulfamic acid, sulfamide, phenylboronic
and phenylarsonic acids are shown in Table 1. Data of hCA I, II and
IV have been published previously,1,2 and are presented here be-
cause they are useful for the discussion.


As seen from the data of Table 1, the membrane-associated iso-
zyme mCA XV is highly inhibited by anions, with affinities for this
class of inhibitors which are quite different from those of hCA I (an
isozyme susceptible to this class of inhibitors) and hCA II or hCA IV
(which are generally more resistant to inhibition by anions, but
very susceptible to be inhibited by sulfonamides).1,2 The following
behavior of anion inhibitors against mCA XV has been observed:11


(i) Some of the investigated anions, such as thiocyanate, cya-
nide, azide, bicarbonate, hydrogen sulfide, bisulfite and to our
greatest surprise, sulfate, showed very efficient mCA XV inhibitory
properties with inhibition constants in the range of 8.2–10.1 lM.
Some of these anions are well-known for their ability to complex
metal ions present in metalloenzymes,1,2 and for their strong inhi-

Table 1
Inhibition constants of anionic inhibitors against human isozymes hCA I, II, IV and
mCA XV, for the CO2 hydration reaction, at 20 �C12


Inhibitor KI
a


hCAI (mM) hCAII (mM) hCAIV (mM) mCAXV (lM)


F� >300 >300 0.07 54.4
Cl� 6 200 0.09 85.3
Br� 4 63 0.09 104
I� 0.3 26 0.08 288
CNO� 0.0007 0.03 0.61 27.6
SCN� 0.2 1.6 39.0 10.1
CN� 0.0005 0.02 0.77 9.4
N3
� 0.0012 1.5 65.1 8.5


HCO3
� 12 85 6.6 8.2


CO3
2� 15 73 5.7 106


NO3
� 7 35 58.7 68.7


NO2
� 8.4 63 30.8 61.2


HS� 0.0006 0.04 3.9 9.2
HSO3


� 18 89 13.2 9.7
SO4


2� 63 >200 9.0 9.5
BF4


� >200 >200 >200 >200,000
H2NSO3Hb 0.021 0.39 0.00093 98.6
H2NSO2NH2 0.31 1.13 0.00088 37.4
PhB(OH)2 58.6 23.1 0.00088 67.8
PhAsO3H2


b 31.7 49.2 0.00087 68.2


a Errors were in the range of 3–5% of the reported values, from three different
assays.


b As sodium salt.

bition of hCA I (KIs of 0.5–1.2 lM for azide, cyanide and hydrogen
sulfide, Table 1).1 However, most of them are much weaker (milli-
molar) inhibitors of other CA isozymes, such as CA II and IV (Table
1). A special mentions should be made regarding the bicarbonate
inhibition data against mCA XV. Indeed, bicarbonate, one of the
CA substrates, is the most potent anion inhibitor detected in this
work (KI of 8.2 lM), which strongly indicates that this enzyme
might be an inefficient catalyst for the bicarbonate dehydration
reaction (due to its too high affinity for this substrate/inhibitor),
whereas being an efficient one for the CO2 hydration reaction (a
turnover number of 3.3 � 107 M�1 s�1 has been measured in a pre-
vious study by this group).10 Thus, our inhibition data indicate that
mCA XV catalytic function may have been evolved in such a way as
to act as an efficient catalyst for CO2 hydration (and an inefficient
one for bicarbonate dehydration) in the acidic environment pres-
ent in the renal collecting ducts (where mCA XV is abundant,
unpublished observations),8 and in which bicarbonate is obviously
not present due to the acidic pH. It may be also remarked that
bicarbonate is several orders of magnitude a weaker inhibitor of
other CA isoforms, such as CA I, II and IV (KIs of 6.6–85 mM). In-
deed, these enzymes show a good catalytic efficiency both for
CO2 hydration as well as bicarbonate dehydration to CO2.1–4


A second very surprising finding of this study is the fact that
sulfate acts as a very potent inhibitor of mCA XV (KI of 9.5 lM),
although this anions is usually a very ineffective inhibitor of most
other CAs,1,2,13 being in fact used (as sodium sulfate at a concentra-
tion of 10–20 mM) in the assay buffer for maintaining constant the
ionic strength.12 In the case of mCA XV this was obviously not pos-
sible and we found that only tetrafluoroborate has very weak
inhibitory activity against this (and other) isozyme (Table 1), being
thus possible to replace sodium sulfate by sodium tetrafluorobo-
rate in the kinetic assay. Thus, mCA XV is thus unique in its very
high affinity for this anion as well as the related bisulfite and
hydrogen sulfide, although the three anions contain S(VI), S(IV)
and S(II), respectively, and their binding to the enzyme should pre-
sumably be very different. It is impossible to rationalize these data
at the moment, as the X-ray crystal structure of mCA XV is un-
known, but we may infer that the weak activity of mCA XV origi-
nally reported by Hilvo et al.8 may partially be due to the fact
that the enzyme has been purified and stored in the presence of
a rather high amount of Tris sulfate as buffer, and the sulfate
was probably bound to the enzyme, inhibiting substantially its cat-
alytic activity.


(ii) Another group of anions, including fluoride, chloride, cya-
nate, nitrate, nitrite, sulfamide, phenylboronic acid and phenylar-
sonic acid, showed slightly less effective inhibitory activity
against mCA XV as compared to the anions discussed above, with
inhibition constants in the range of 27.6–85.3 lM (Table 1). Again
all these anions (except cyanate against hCA I and sulfamide, phen-
ylboronic and phenylarsonic acid against hCA IV) are much weaker,
usually millimolar inhibitors of other mammalian CAs, such as hCA
I, II or IV. It is interesting to note that cyanate is a much better
inhibitor than thiocyanate against CA I, II and IV, whereas the re-
verse is true for the inhibition of mCA XV.


(iii) Except for tetrafluoroborate mentioned earlier, which does
not significantly inhibit mCA XV, the least effective anion inhibi-
tors investigated here were bromide, iodide, carbonate and sulfa-
mate, which showed inhibition constants in the range of 98.6–
288 lM (Table 1). It is worth noting the huge difference in inhibi-
tory activity between the isostructural anions sulfate and sulfa-
mate, with the last one being roughly a 10-times weaker
inhibitor than the first one.


How can we explain the anion inhibition data shown in Table
1, and the differences observed between mCA XV and other CA
isoforms, such as for example the cytosolic hCA II (that has high
affinity for sulfonamides), the cytosolic hCA I (that has low affin-
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ity for sulfonamides), and the extracellular one CA IV? As mCA
XV X-ray crystal structure is not yet available, we shall only con-
sider an alignment of the amino acid sequence of these four iso-
zymes (Fig. 1), as well as the extensive X-ray crystal data of
many adducts of inhibitors with isozyme hCA II.1,15–18 Thus,
from Figure 1 it may be observed that the amino acid residues
which are critical in the CA catalytic cycle are conserved in all
these isozymes: (i) the three zinc ligands, His94, His96 and
His119 (hCA II numbering system);1 (ii) the ‘‘gate-keeping” resi-
dues Thr199 (which is not conserved only in hCA I, being a His
for this isoform) and Glu106, which orient the substrate in the
right position to be attacked by the zinc-bound hydroxide ion;
and (iii) His64 (hCA II numbering system), the proton shuttle
residue, which transfers protons from the zinc-bound water mol-
ecule towards the external medium, leading to the generation of
the active form of the enzyme with hydroxide as the fourth zinc
ligand (this is the rate-determining step for the entire catalytic
cycle).1–4 Thus, mCA XV has all the requisites to show a catalytic
activity comparable to that of human isozymes I, II, or IV inves-
tigated in great detail earlier,1 as mentioned above. There are
however several amino acid residues which are characteristic
only to CA XV among the a-CA isozymes, such as among others
those in position 67 and 130 (corresponding to 130 in the hCA II
numbering system), which have been shown earlier to be criti-
cally important for the binding of inhibitors and activators to
several CA isozyme active sites.15–18 In fact, in hCA II, the best
investigated isoforms from the crystallographic point of view,
the residue 67 is an Asn and the residue 130 is a Phe, and they
were shown to participate to strong interactions (H-bonds for
Asn67 and p-stacking for Phe130) with many inhibitors/activa-
tors for which the X-ray crystal structures in adducts with this
isozyme have been resolved.15–18 From data of Figure 1, it may
be observed that in mCA XV there is a leucine in position 67,
whereas in the other investigated isozymes the corresponding

                             1        *   
hCAI                        MASPDWGYDDKN--
hCAII                        MSHHWGYGKHN--
hCAIV  MRMLLALLALSAARPSAS    AESHWCYEVQA--
mCAXV  MWALDFLLSFLLIQLAAQ  VDSSGTWCYDSQDPK


                *          60         *   
hCAI   TSLKPISV-SYNPAT--AKEIINVGHSFHVNFEDN
hCAII  PSLKPLSV-SYDQAT--SLRILNNGHAFNVEFDDS
hCAIV  KKLGRFFFSGYDKKQ--TWTVQNNGHSVMMLLE--
mCAXV  YTLKPFIFQGYDSAPQDPWVLENDGHTVLLRVNSC


         *                    *       14
hCAI  TVDGVKYSAELHVAHWNSAKYS--SLAEAASKADG
hCAII TVDKKKYAAELHLVHWNT-KYG--DFGKAVQQPDG
hCAIV SLDGEHFAMEMHIVHEKE-KGTSRNVKEAQDPEDE
mCAXV SLDEKHGSMEMHMVHMNT-KYQ--SMEDARSQPDG


           180            *       200     
hCAI   FTN-FDPSTLLPSSL---DFWTYPGSLTHPPLYES
hCAII  FTN-FDPRGLLPESL---DYWTYPGSLTTPPLLEC
hCAIV  MAE-SSLLDLLPKEEKLRHYFRYLGSLTTPTCDEK
mCAXV  LTSTFALASLLPSALRLLRYYRYSGSLTTPGCEPA


                * 
hCAI   QHNNRPTQPLKGRTVRASF 
hCAII  VDNWRPAQPLKNRQIKASF K 
hCAIV  KDNVRPLQQLGQRTVIKSG APGRPLPWALPALLG
mCAXV  TSNFRPQQPLGGRRISASP EASVRSSVSTLPCLH


Figure 1. Alignment of human CAs I, II and IV and mouse CA XV. The alignment for the s
the alignment was visualized with Genedoc 2.6.02. The numbering is according to hum
isozymes, and those positions that have similar residues at least in three isozymes are sh
catalytic activity are pointed out by the j symbol.

amino acid is not hydrophobic, namely His (CA I), Asn (CA II)
and Met (CA IV). Also for the amino acid in the position 130,
which is a Met in mCA XV, there is a great variability for the
other isoforms (Leu in CA I, Phe in CA II, Val in CA IV, see
Fig. 1). It may be hypothesized that also for mCA XV, these
two amino acids may play an important role for the binding of
inhibitors, and this may explain the completely different inhibi-
tion profile observed with the investigated anions (Table 1). We
do not think that only these two amino acid residues are in-
volved in the binding of inhibitors to the CA active site but, as
they show a rather great variability between the different iso-
zymes, their contribution to the selectivity profiles of inhibitors
may be quite relevant.


In conclusion, mCA XV is an isoforms possessing a very partic-
ular inhibition profile by anions, dissimilar of that of all other
mammalian CAs investigated earlier. Many simple inorganic an-
ions (thiocyanate, cyanide, azide, bicarbonate, hydrogen sulfide,
bisulfite and sulfate) show low micromolar inhibition constants
against mCA XV (KIs of 8.2–10.1 lM), but act as much weaker (usu-
ally millimolar) inhibitors of other isoforms. Halides, nitrate, ni-
trite, carbonate, sulfamate, sulfamide and phenylboronic/arsonic
acid are weaker inhibitors, with inhibition constants in the range
of 27.6–288 lM. Our data may be useful for the design of more po-
tent inhibitors of CA XV (considering various zinc binding groups
present in the anions investigated here, e.g., the sulfonate one)
and for understanding some physiologic/pharmacologic conse-
quences of CA XV inhibition by anions such as bicarbonate or sul-
fate which show quite high affinity for it.
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        20              *        40
-GPEQWSKLYPIAN-----GNNQSPVDIKTSETKHD
-GPEHWHKDFPIAK-----GERQSPVDIDTHTAKYD
-ESSNYPCLVPVKWGGNCQKDRQSPINIVTTKAKVD
CGPAHWKELAPACG-----GPTQSPINIDLRLVQRD


      80          *   100
-DNRSVLKGGPFS-DSYRLFQFHFHWGSTNEHGSEH
-QDKAVLKGGPLD-GTYRLIQFHFHWGSLDGQGSEH
--NKASISGGGLP-APYQAKQLHLHWSDLPYKGSEH
QQNCPAIRGAGLPSPEYRLLQLHFHWGSPGHQGSEH


0         *        160         *     
LAVIGVLMKVG-EANPKLQKVLDALQAIKTKGKRAP 
LAVLGIFLKVG-SAKPGLQKVVDVLDSIKTKGKSAD 
IAVLAFLVEAGTQVNEGFQPLVEALSNIPKPEMSTT 
FAILAVLLVEEDRDNTNFSAIVSGLKNLSSPGVAVN 


    *       220         *        240
VTWIICKESISVSSEQLAQFRSLLSN-VEGDNAVPM
VTWIVLKEPISVSSEQVLKFRKLNFN-GEGEPEELM
VVWTVFREPIQLHREQILAFSQKLYYD--KEQTVSM
VLWTVFENTVPIGHAQVVQFQAVLQTGPPGLHPRPL


PMLACLLAGFL 
LALVGLGVGLRLWQGP 


equence of the CA domains was performed with TCoffee with regular settings,14 and
an CA II. The positions shaded with black color have identical residues in all four
aded with gray. The histidine residues that bind zinc ion and are crucial for the CA
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Aminopyrimidine 2 (4-(1-(2-(1H-indol-3-yl)ethyl)piperidin-3-yl)-N-cyclopropylpyrimidin-2-amine)
emerged from a high throughput screen as a novel 5-HT1A agonist. This compound showed moderate
potency for 5-HT1A in binding and functional assays, as well as moderate metabolic stability. Implemen-
tation of a strategy for improving metabolic stability by lowering the lipophilicity (cLogD) led to
identification of methyl ether 31 (4-(1-(2-(1H-indol-3-yl)ethyl)piperidin-3-yl)-N-(2-methoxyethyl)pyr-
imidin-2-amine) as a substantially improved compound within the series.
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Serotonin (5-hydroxytryptamine, 5-HT) is an important neuro-
transmitter that is known to play a role in regulating numerous
physiological functions, including thermoregulation, vasoconstric-
tion, sexual behavior, appetite, and sleep. Additionally, alterations
in 5-HT-mediated mechanisms are associated with a range of neu-
ropsychiatric conditions, such as anxiety, depression, and bipolar
disorder. Among the various 5-HT receptors, the 5-HT1A subtype
has been most extensively studied.1,2 5-HT1A agonists and partial
agonists have demonstrated clinical effectiveness in the treatment
of anxiety3 and depression.4,5 Recent preclinical and clinical stud-
ies also suggest that 5-HT1A agonists may be useful in treating
dementia,6 Parkinson’s disease,7 pain associated with spinal cord
injuries,8 ischemia,9 and ADHD.10 To date, buspirone (1, Fig. 1) is
the only 5-HT1A agonist marketed in the US. Its market potential
has been limited by side effects, a short half-life (2–3 h) that neces-
sitates three-times a day (tid) dosing,11 and formation of a metab-
olite, 2-(piperazin-1-yl)pyrimidine, which is a potent a2-
adrenergic receptor antagonist.12 As part of an effort to identify no-
vel 5-HT1A agonists, compound 2 (Fig. 1) emerged as a lead com-
pound following a high throughput screen of the Pfizer
compound collection. Whereas the activity of the 3-(2-(piperidin-
1-yl) ethyl) indole moiety at 5-HT receptors is known,13 compound
2 represents a novel template against this receptor class. This com-
pound showed moderate potency for 5-HT1A in binding and func-
tional assays, as well as moderate stability in an in vitro human
liver microsome (HLM) assay. Lead optimization efforts around

ll rights reserved.


nay).

this compound focused on improving 5-HT1A binding potency,
functional activity, and metabolic stability.


The synthesis of novel analogs of 2 was accomplished using the
versatile chloropyrimidine intermediate 8 (Scheme 1). The synthe-
sis of 8 began with piperidine 3-carboxylic acid (3), which was pro-
tected as the tert-butyl carbamate 4. Subsequent Weinreb amide
formation and methyl Grignard addition afforded ketone 5, which
was further elaborated to vinylogous amide 6 using Bredereck’s
reagent. Cyclocondensation with guanidine provided 2-aminopy-
rimidine 7, and diazotization in the presence of CuCl2 yielded 2-
chloropyrimidine 8. Although the conversion of 7–8 proceeded in
modest yield, 8 was readily accessible on 100 g scale for use in
medicinal chemistry studies.


Chloropyrimidine 8, which presents potential points of diversi-
fication at both the 2-pyrimidyl position and at the piperidine
nitrogen, served as a useful template for parallel synthesis of a ser-

5-HT1A Ki = 75 nM


H
21


5-HT1A Ki = 15 nM


Figure 1. Buspirone and 5-HT1A agonist 2.
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Scheme 1. Reagents and conditions: (a) Boc2O (1.2 equiv), NaOH (2.1 equiv), dioxane/water, 3 �C—rt (88%); (b) HN(Me)(OMe) (1.2 equiv), EDCI (1.2 equiv), Et3N (3.0 equiv),
HOBt (0.2 equiv), CH2Cl2, 3 �C—rt (92%); (c) MeMgCl (2.0 equiv), MTBE, �10 �C—rt; (d) tert-butoxy-bis(dimethyamino)-methane, reflux; (e) NaOMe (2.0 equiv), MeOH,
guanidine (1.5 equiv), 3 �C—rt (87%, three steps); (f) isoamyl nitrite (1.3 equiv), CuCl2 (1.2 equiv), CH3CN, 65 �C (20%).
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ies of 2-alkylaminopyrimidines (11–28). Treatment of 8 at 65 �C
with a variety of primary amines (see Tables 1–3) afforded amino-
pyrimidines 9 (see Scheme 2). Liberation of the piperidine amine
functionality using 4 N HCl followed by N-alkylation of primary al-
kyl bromides14 under microwave heating conditions provided the
array of diverse 2-alkylaminopyrimidines (11–28).15.


One aspect of the SAR studies on lead compound 2 focused on
the effect of minor modifications of the alkylamino group at the
2-pyrimidyl position. Our preliminary studies showed that higher
5-HT1A binding affinity and intrinsic activity could be achieved
by replacement of the cyclopropyl group with slightly longer or

Table 1
Binding, functional activity, and microsomal stability of 2-alkylamino pyrimidines


N


N


N


R


NH


Compound R Ent 5-HT1A Ki


(nM)a
FLIPR
IA (%)b


FLIPR
EC50


(nM)


HLM Clintc


(mL/min/kg)


1 — — 15 72 41 148


2 HN ± 75.3 38 138 35


11
HN


± 21.3 82 147 94


12
HN


± 7.4 88 140 134


13 HN ± 32 — — 135


14 HN ± 5.2 — — 138


15 n-PrNH — 11.2 50 302 81
16 n-PrNH + 16.3 90 78 178


a Serotonin1A scintillation proximity assay (SPA) binding assay; IC50 values are
the mean of at least two experiments carried out in duplicate.16


b FLIPR assay for agonism at serontonin1A receptors; EC50 and IA values are the
mean of at least two experiments carried out in duplicate.17


c Human Liver Microsome Incubation assay.18

bulkier alkyl groups (Table 1). However, these improvements in
5-HT1A binding and functional activities were accompanied by a
significant decrease in HLM stability. Although racemates were
used for the majority of our early SAR work in this series, the effect
of the stereocenter at the 3-piperidyl position was examined using
single enantiomers 15 and 16, which were resolved using chiral
HPLC. Our study of 15 and 16 shows no significant difference in
5-HT1A binding affinities between the two enantiomers, but the
(�)-enantiomer, 15, was shown to be a weaker partial agonist than
the (+)-enantiomer, 16.


In optimizing lead compound 2, we also investigated modifica-
tion of the 3-ethylindole portion of the molecule. Recognizing the
potential metabolic soft spots presented by the indole motif, a
blocking approach toward improving HLM stability was under-
taken. Compounds 17–21 were prepared in order to study the
effect of blocking the C2, C5, C6, and C7 positions of the indole
nucleus (Table 2). Although 5-HT1A binding potency improved
somewhat with the addition of fluoro or chloro substituents at
the C5 and C7 positions of the indole (Table 2, compounds 17–
21), the HLM stability was generally reduced in these compounds
compared to lead compound 2 (compounds 17–19; 21). Likewise,
replacement of the indole system with alternate fused bicyclic het-
erocycles or carbocycles, including benzodioxane, benzothiophene,
or indane systems (compounds 22–24) led to a modest improve-
ment in 5-HT1A binding affinity and a significant decrease in
HLM stability. Analysis of 2 using the MetaSite software19 for pre-
diction of metabolic soft spots suggested that the observed cyto-
chrome P450-mediated metabolism in this series has a high
probability of occurring at the position on the ethyl tether adjacent
to the piperidine nitrogen. Compound 25 was prepared to test
whether increased steric bulk at this position would interfere with
metabolic degradation. However, this change had little effect on
either 5-HT1A binding or HLM stability. In vitro metabolite identi-
fication studies in this series showed that one major metabolite re-
sulted from oxidation of the pseudobenzylic position on the
ethylene tether. Ketone 26 was prepared in order to test the effect
of blocking this site. Unfortunately, this modification led to com-
plete loss of 5-HT1A binding potency and also did not improve
HLM stability.


Due to the failure of our blocking strategy to produce metabol-
ically stable analogs, compounds 27 and 28 were prepared to test
the hypothesis that polar, monocyclic heterocycles might serve
as suitable substitutes for the indole. These compounds did indeed
show significant improvement in HLM stability; however, 5-HT1A


binding affinity was dramatically reduced. Not surprisingly, in
our studies of compounds 2–28 (Tables 1 and 2), a strong correla-
tion between cLogD20 and HLM stability was observed. Whereas
modification of the size of the alkyl groups on the alkyl amino sub-
stituent was well tolerated by 5-HT1A (Table 1), replacement of the







Table 2
Binding, functional activity, and microsomal stability of modified heterocyclic analogs


N


N
H


N


N


R


Compound R 5HT1A Ki
a (nM) FLIPR IA (%) FLIPR EC50


b (nM) cLogDc HLM Clintd (mL/min/kg)


2


N
H


75.3 38 138 1.7 35


17


N
H


F 23.6 28 169 2.1 40


18


N
H


Cl 10.4 – – 2.8 49


19


N
H


Cl 26.6 – – 3.1 135


20


N
H


F


35.1 29 216 2.1 28


21


N
HF


64.5 – – 2.0 65


22


O


O
37.8 – – 2.5 60


23


S


38.5 – – 4.2 143


24 42.5 10 290 3.1 106


25


N
H


40.2 – – 1.6 60


26


N
H


O


3420 – – 3.1 36


(continued on next page)
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Table 2 (continued)


Compound R 5HT1A Ki
a (nM) FLIPR IA (%) FLIPR EC50


b (nM) cLogDc HLM Clintd (mL/min/kg)


27 N


S


780 – – 0.8 15


28


N N
H


4450 – – 0.3 <7.6


a IC50 values are the mean of at least two experiments carried out in duplicate.
b EC50 and IA values are the mean of at least two experiments carried out in duplicate.
c Calculated logD value (pH 7.4).
d Human Liver Microsome Incubation assay.16


Table 3
LogD modification via alkyl amino side chain modification


N


N


N


R


NH


Compound R 5HT1A Ki
a,b (nM) FLIPR IA (%) FLIPR EC50


c (nM) cLogD HLM Clintd (mL/min/kg)


2 HN 75.3 38 138 1.7 35


29 HN OH 175 91 51.4 0.8 12.3


30 HN OMe 78.3 91 65 1.4 34.4


31 HN
OMe 66.3 94 40.7 1.2 9.6


a Calculated LogD value (pH 7.4).
b IC50 values are the mean of at least two experiments carried out in duplicate.
c EC50 and IA values are the mean of at least two experiments carried out in duplicate.
d Human Liver Microsome Incubation assay.16
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Scheme 2. Reagents and conditions: (a) R1NH2, 65 �C; (b) 4 N HCl in dioxane, rt; (c)
R2Br, CH3CN/H2O, Et3N or NaOH, 150 �C (microwave), 45 min.
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indole core with smaller, less lipophilic heterocycles was not well
tolerated (Table 2, compounds 27–28). These findings suggested
that modulating cLogD by modification of the alkyl amino group
might be a fruitful approach toward improving HLM stability while
maintaining 5-HT1A binding affinity and functional activity.


To test the effect of adding polar groups to the alkyl amino
terminus, compounds 29–31 were prepared (Table 3). As expected,
reduction of LogD by the addition of a terminal hydroxyl group

improved HLM stability (29); however, 5-HT1A binding affinity
was reduced somewhat by this modification. Capping of the alkyl
amino group with a methyl ether proved to be a better solution
to the problem. Although no improvement in metabolic stability
was observed with compound 30, 5-HT1A binding was not
adversely affected by this modification, and functional activity
was significantly improved over that of the simple alkyl amino
derivatives. Ultimately, the best balance of potency and stability
was achieved with methyl ether 31. As predicted, the reduction
of cLogD in compound 31 relative to lead compound 2 afforded a
significant improvement in HLM stability. Furthermore, this mod-
ification did not affect 5-HT1A binding potency and led to improved
5-HT1A functional activity, and the compound showed good in vivo
brain exposure in rat.21


Identification of aminopyrimidine 2 as a lead compound repre-
sented an important first step toward discovery of a novel 5-HT1A


agonist with a superior pharmacokinetic profile to buspirone. As
part of our lead optimization efforts, several strategies toward
improving the pharmacological and pharmacokinetic profile for
aminopyrimidine 2 were investigated. The initial approach of
blocking potential metabolic soft spots was ineffective. One plausi-
ble explanation for this finding is that as single positions were
blocked on the relatively lipophilic analogs, a compensatory
increase in the rate of P450-mediated formation of alternate
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metabolites resulted in no net improvement in clearance.22 A more
effective strategy utilized lowering the lipophilicity (cLogD) by
addition of a methyl ether at the alkyl amino terminus of the lead
molecule. Using this approach, methyl ether 31 emerged as a
substantially improved compound within the series. Additional
studies required for further advancement of 31 will include study
of the single enantiomers of the compound in both in vitro and
in vivo pharmacological and pharmacokinetic studies.
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A series of N-8 substituted analogs based upon the spiropiperidine core of the original lead compound 1
was synthesized. This lead has been elaborated to compounds to give compounds 2 and 3 (R = H) that
exhibited high NOP binding affinity as well as selectivity against other known opioid receptors. These
two series have been further functionalized at the amido nitrogen. The synthesis and structure–activity
relationship (SAR) of these and related compounds are discussed.


� 2009 Elsevier Ltd. All rights reserved.

From high-throughput screening of our chemical library, com-
pound 1 was identified as a lead showing moderate affinity for
NOP with a Ki of 500 nM. Our previous paper1a detailed the initial
efforts to explore modifications at the piperidine nitrogen resulting
in compounds such as 2 and 3 which exhibited high NOP binding
affinity as well as selectivity against the other known opioid recep-
tors. It is worth noting that others have incorporated this spiropi-
peridine motif in similar efforts exploring NOP agonism.1b


However, despite the treasure trove of data focused around sub-
stitution of the piperidine nitrogen, it was apparent that explora-
tion was rather limited with respect to substitution on the amido
nitrogen. Capitalizing on this opportunity, we set forth to investi-
gate the SAR focusing on substitution at the amido nitrogen of
the spiropiperidine core of 1 using the optimized moieties we have
previously discussed.1a


As summarized in Scheme 1, the commercially available 1-phe-
nyl-1,3,8-triazaspiro-[4,5]deacan-4-one, 4, was either alkylated in
the presence of various benzyl halides or treated under reductive
amination conditions with benzyl aldehydes to produce 5, where
R1 consists of primarily benzhydryl, benzyl, and tetralinyl analogs.
The amido nitrogen of 5 was further functionalized under phase-
transfer alkylation conditions to produce derivatives such as 6.2


When 5 is subjected under the phase-transfer alkylation conditions
using 1,2-bromochloroethane as the alkylating agent, the resultant

All rights reserved.
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product is 7. The chloride of 7 may be readily displaced by second-
ary or primary amines to produce compounds such as 8.
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Scheme 1. Reagents and conditions: (a) R1Br, K2CO3, CH3CN, reflux or R1Cl, K2CO3,
KI, CH3CN, reflux or R1CHO, Na(OAc)3BH, CH2Cl2; (b) R2Br, NaOH, K2CO3, Bu4NHSO4,
toluene, 70 �C; (c) Cl(CH2)2Br, NaOH, K2CO3, Bu4NHSO4, toluene, 70 �C; (d) NR3R4,
EtOH, reflux.
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The compounds described were evaluated in radioligand binding
assays. Ki values against the human NOP receptor were determined


from competition binding assays using [125I]nociceptin and h-NOP

Table 1
Binding affinities of spiropiperidine analogs


Cl


Cl


A


C


where R1 =


N
N


O


R2


Compound R1 R2


9 A H–
10 A Me
11 A Et
12 A Pr
13 A Bu
14 A i-Pr
15 A c-PrCH2–
16 A c-BuCH2–
17 A c-HexylCH2–
18 A Propargyl
19 A Allyl
2 B H–
20 B Bu–
21 B i-Amyl
22 B CH3OC(O)CH2–

receptor expressing Chinese hamster ovary (CHO) cell membranes
as described.3a Ki values for human l-, j-, and d-opioid receptors
were determined using [3H]diprenorphine and CHO cell mem-
branes expressing the opioid receptors as described.3b In cases
where the products yielded an enantiomeric mixture, the resultant
mixture was screened as such.


The SAR of the spiropiperidine analogs are shown in Table 1.
The SAR exploration began using the unsubstituted benzhydryl


moiety at the piperdinyl nitrogen (R1 = A). In general, alkylation at
the amido nitrogen (10–19) decreased potency at the NOP receptor
while retaining good selectivity over DOP and only marginal selec-
tivities over KOP and MOP throughout the series.


We turned to the 1,10-bischlorobenzhydryl substituent (R1 = B)
which was proven to provide excellent potency at NOP with high
selectivity over the opioid receptors (2). Substitution at the amido
nitrogen with simple alkyl (20, 21) as well as oxygen containing
derivatives (22–24) displayed a decrease in NOP potency. How-
ever, potency at NOP was regained by introduction of an alkylami-
noalkyl side chain (26–39) while maintaining an acceptable
selectivity profile.


In light of this finding, the 2,6-dichlorobenzyl substituted coun-
terparts (R1 = C) were explored. The incorporation of the alkylami-
noethyl units resulted in numerous examples (41–49) of
subnanomolar potency at NOP; yet, these compounds were also
highly potent at KOP.

Cl


H3C CH3


Cl


B


D


NR1


Ki (nM)


NOP DOP KOP MOP


23 37,890 137 489
31 33,095 150 692
84 23,175 506 2283
34 15,325 1342 11,755
57 59,420 773 8438
66 9111 543 4042
83 5412 633 5279
53 8210 1846 nt
89 187,050 2316 nt


234 44,025 1268 4314
203 45,335 694 63,020


6.8 150,385 5887 5945
48.7 192,050 81,010 33,120
56 60,980 46,515 13,000
19.5 122,080 2274 683


(continued on next page)







Table 1 (continued)


Compound R1 R2 Ki (nM)


NOP DOP KOP MOP


23 B HO(CH2)2– 18.5 5612 1747 483
24 B MeO(CH2)2– 26 28,990 1830 726
25 B NH2(CH2)2– 47.8 32 852 886
26 B CH3NH(CH2)2– 4.05 578 871 1069
27 B EtNH(CH2)2– 2.1 868 497 776
28 B i-PrNH(CH2)2– 2.55 955 469 745
29 B c-PentylNH(CH2)2– 8.65 1525 247 625
30 B c-HexylNH(CH2)2– 5 759 224 400
31 B (CH3)2N(CH2)2– 3.5 933 320 421
32 B c-PrNH(CH2)2– 3.7 1136 1014 978
33 B (i-Pr)2N(CH2)2– 12.1 4758 674 1921
34 B BuNH(CH2)2– 2.15 1033 165 2546
35 B i-BuNH(CH2)2– 2.75 878 238 1376
36 B c-HexylCH2NH(CH2)2– 3.8 1535 271 1800


37 B N (CH2)2- 2.25 906 254 436


38 B N (CH2)3- 3.2 2381 64 436


39 B N (CH2)2- 8 3176 279 683


40 C H– 2.3 1633 52 29
41 C CH3NH(CH2)2– 0.8 2270 68 146
42 C EtNH(CH2)2– 0.7 1676 54 167
43 C i-PrNH(CH2)2– 0.7 1080 40 136
44 C c-PrCH2NH(CH2)2– 0.5 445 25 89
45 C c-BuNH(CH2)2– 0.5 370 29 112
46 C PrNH(CH2)2– 0.6 516 13 28
47 C i-BuNH(CH2)2– 0.5 376 8 26
48 C BuNH(CH2)2– 0.4 867 10 36
49 C Et2N(CH2)2– 1.0 379 56 122


50 C N (CH2)2- 2.3 538 15 37


3 D H– 1.3 1790 540 48
51 D Pr– 5.4 3103 1392 142
52 D CH3C(O)CH2– 4.5 795 56 14
53 D HO(CH2)2– 1.7 2639 655 59
54 D CH3NH(CH2)2– 2.1 1298 48 35
55 D EtNH(CH2)2– 1.6 2064 39 37
56 D i-PrNH(CH2)2– 1.4 5016 68 69
57 D c-PentylNH(CH2)2– 0.9 1615 49 96
58 D c-HexylNH(CH2)2– 0.9 1951 33 120
59 D PrNH(CH2)2– 1.0 2340 45 43
60 D CH2@CHCH2NH(CH2)2– 0.9 2515 208 198
61 D c-BuNH(CH2)2– 1.5 2096 45 64
62 D c-PrCH2NH(CH2)2– 0.8 2879 174 239
63 D i-BuNH(CH2)2– 0.5 1802 65 61
64 D (i-Pr)2NH(CH2)2– 6.7 2980 86 82


65 D N (CH2)2- 1.4 1224 169 69


66 D BuNH(CH2)2– 0.5 3948 138 66
67 D i-AmylNH(CH2)2– 0.4 2600 82 204
68 D c-HexylCH2NH(CH2)2– 0.7 1693 26 102
69 D BnNH(CH2)2– 3.6 1279 151 139


Values are means of 2–3 experiments. nt, not tested.
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Additionally, we pursued the SAR of the gem-dimethyltetralinyl
analogs (R1 = D). In this SAR, single-digit nanomolar potency was
achieved at NOP regardless of the amido substitution. Indeed, the
alkylaminoalkyl side chain could be replaced by other amido mod-
ifications which were tolerated, as well (51–53). Several examples
in this series displayed subnanomolar potency at NOP while exhib-
iting tremendous selectivity over the other opioids (60, 62, 66, and
67).


The SAR of various tetralinyl analogs was explored where the
amido nitrogen was substituted with the butylaminoethyl side
chain as in compound 66. The results are shown in Table 2.

Although NOP potency ranged from subnanomolar (72) to low
double digit nanomolar (70 and 73), the selectivity against KOP
for all compounds in this series decreased markedly relative to
compound 66.


Compound 66 was selected for further profiling. Compound 66
increases [35S]GTPcS binding thereby acting as a full agonist in the
h-NOP functional assay as shown in Table 3. Compound 66 pos-
sessed an acceptable pharmacokinetic profile at a 10 mpk oral dose
in rat with an AUC(0–6 h) of 1165 nM h and a Cmax at 6 h = 279 nM.
Moreover, compound 66 had improved solubility compared to
the parent compound 3 (data not shown). Additionally, compound







Table 2
Binding affinities of tetralinyl analogs


NR1
N


N


O
BuHN


Compound R1 Ki (nM)


NOP DOP KOP MOP


70
Cl


15.9 1062 11 297


71


Cl


1.8 1316 14 141


72


Cl


0.6 883 25 50


73


Cl


Cl
12.2 5022 158 306


Values are means of 2–3 experiments.


Table 3
Functional activity of compound 66


% stimulation of [35S]GTPcS At [lM]


119 10
92 1
60 0.1
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66 was efficacious in a pharmacological model of cough, namely
the capsaicin-induced guinea pig model,4a,b and displayed antitus-
sive activity with an ED50 < 3 mg/kg, po at 2 h. Furthermore, com-
pound 66 was tested in a hERG rubidium efflux FLIPR assay and
exhibited modest activity of 40% inhibition at a concentration of
5 lg/ml.


In summary, we have developed several small-molecule NOP
agonists through two-point modification which display excellent
selectivity over the other opiate receptors. Furthermore, com-
pound 66 was identified as a compound displaying in vivo efficacy
in the guinea pig model of capsaicin-induced cough.


Compound 32: 1H NMR (CDCl3, 400 MHz) d 7.63 (t, 2H); 7.30–
7.37 (m, 4H); 7.24 (t, 2H); 7.14 (t, 2H); 6.98 (d, 2H); 6.90 (t, 1H);
7.63 (t, 2H); 5.49 (s, 1H); 7.63 (t, 2H); 4.69 (s, 2H); 3.52 (t, 2H);
3.04 (t, 2H); 7.63 (t, 2H); 2.95 (t, 2H); 2.69 (d, 2H); 7.63 (t, 2H);
2.58 (t, 2H); 2.17 (m, 1H); 1.63 (br s, 1H); 0.43 (dt, 2H); 0.29 (dt,
2H). Mass Spec. ESI (M+1) = 549.1 (100), 315.1 (52).


Compound 66: 1H NMR (CDCl3, 400 MHz) d 7.87 (t, 1H); 7.33 (m,
4H); 7.19 (m,1H); 7.01 (d, 2H); 6.88 (t, 1H); 4.77 (q, 2H); 3.84 (t,
1H); 3.55 (t, 2H); 3.52 (t, 2H); 2.88 (t, 2H); 2.85 (m, 3H); 2.64 (t,
2H); 2.44 (m, 1H); 1.93 (m, 2H); 1.76 (d, 2H); 1.63 (m, 1H); 1.58
(d,1H); 1.45 (t, 2H); 1.35 (m, 2H); 1.32 (s, 3H); 1.24 (s, 3H); 0.89
(t, 3H). Mass Spec. ESI (M+1) = 489.1 (92), 331.1 (100).
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The successful application of both solid and solution phase library synthesis, combined with tight inte-
gration into the medicinal chemistry effort, resulted in the efficient optimization of a novel structural ser-
ies of selective HDAC1/HDAC2 inhibitors by the MRL-Boston Parallel Medicinal Chemistry group. An
initial lead from a small parallel library was found to be potent and selective in biochemical assays.
Advanced compounds were the culmination of iterative library design and possess excellent biochemical
and cellular potency, as well as acceptable PK and efficacy in animal models.


� 2008 Elsevier Ltd. All rights reserved.
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Figure 1. Common pharmacophore of HDAC inhibitors, as exemplified by ZolinzaTM.

Histone deacetylases (HDACs) are a family of enzymes that cat-
alyze the deacetylation of lysine residues located on the N-termi-
nal tails of histone proteins.1 HDACs are divided into four distinct
classes.2 The chosen targets, HDAC1 and HDAC2, are class 1 en-
zymes involved in chromatin-modifying activities, that are thought
to play a role in carcinogenesis.3,5–9 As shown in Figure 1, the struc-
tural characteristics of HDAC inhibitors contain three pharmaco-
phores: a surface recognition domain, a linker region, and metal
binding region.4,5,7,10–13


ZolinzaTM, is Merck’s first-in-class HDAC 1, 2, 3, and 6 inhibitor
for the treatment of cutaneous manifestations of T-cell lym-
phoma.5 Following the success of ZolinzaTM, efforts were initiated
to improve the efficacy and tolerability of this clinical agent. 16,17,21


The Parallel Medicinal Chemistry Group at MRL-Boston is
charged with assisting project teams using parallel/technology en-
abled chemistry wherever applicable in order to solve issues of po-
tency, selectivity, pharmacokinetics, etc. Towards this end,
members of the group are ‘embedded’ within a project team with
a mission of identifying areas where library synthesis is both appli-
cable and useful. Use of automated systems and databases allows
us to generate SAR quickly in order to push projects forward in a
useful and rapid manner. Embedded within the HDAC1/HDAC2

All rights reserved.


: +1 617 992 2043.
ar).

project team, we made small focused libraries to quickly generate
information in order to advance the project.


At the start of our efforts in the HDAC1/HDAC2 program, the
team’s goal was to identify new lead series, which would show im-
proved tolerability and selectivity over HDAC3 as compared to
ZolinzaTM.


Keeping the metal binding domain constant, we initially var-
ied both the surface recognition and linker domains in a library
format to identify novel active lead series and establish SAR for
these regions. Bi-functional linker scaffolds were coupled with a
diverse amine surface recognition set to generate 16 libraries
totaling approximately 500 compounds. Nine of these diverse
linker scaffolds exhibited an IC50 of <1 lM in the HDAC1 assay
(see Fig. 2).16


Due to its low molecular weight, chemical tractability, and
activity in the HDAC1 biochemical assay (see Table 1), we chose
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Figure 2. Summary of various linkers used in the initial library synthesis.


Table 1
HDAC1 inhibition from Library A


H
N


N
H


O
OH


R1


Compound R1-NH2 HDAC1 inhibition IC50 (nM)


1
Cl


348


2
O


477


3 Cl 1006


4
Cl


1620


5 24,060


Table 2
Aminophenol SAR


H
N


N
H


O


OH


R1


R2


Compound R1 R2-NH2 HDAC1 inhibition
IC50 (nM)


HCT-116-96
h (nM)


6 Ph 972 n/a


7 Ph 112 n/a


8 Ph
N


32 1357


9 Ph
N


13 1825


10 Ph
N


10 1735


11 Me
N


20,570 n/a


12 CI
N


5032 n/a


13 F
N


2013 n/a


14 Br
N


5223 n/a


15 H
N


1568 n/a


16 OMe
N


7964 n/a
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to follow-up on Scaffold 1.18 Our first follow-up library of 48 com-
pounds around Scaffold 1 was synthesized in two steps using com-
mercially available methyl 4-formylbenzoate as the linker scaffold
(see Fig. 3).


SAR for this initial series indicated that benzyl amines were fa-
vored over their phenethyl or aniline counterparts. It was also
shown that aromatically substituted amines were more potent
than allylic building blocks. See Table 2.


In addition to gaining potency, replacement of the hydroxamate
moiety became a priority. Based on an HTS hit, 2-aminophenols
were chosen as a potential replacement for the hydroxamate
groups used in the previous library (see Fig. 4). For our next itera-
tion, we devised a rapid solid phase synthetic route to incorporate
this new Zn binding motif.


Preliminary SAR suggested that having an aromatic group at R1


is optimal for binding (this theory was further substantiated by

H


O


O


O


R1NH2


a


N
H


O


R1


Figure 3. Synthetic scheme for Library A derived from Scaf

compounds 22–26 (see Table 4). Based on the hypothesis that
the phenol group limited cellular activity, our next library replaced
the hydroxyl group of the aminophenol moiety with the primary

OH
N
H


H
N


O
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b


fold 1. (a) PS-NaBH(OAc)3, DMF; (b) NH2OH (aq), DMF.
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Figure 4. Synthetic scheme of 2-aminophenol derived libraries. (a) Cs2CO3, DMF, microwave at 40 �C; (b) SnCl2, DMF; (c) DIPEA, DMAP, DCM; (d) NaI, proton sponge, DMF; (e)
1:1 TFA:DCM.
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Figure 5. Synthetic scheme of libraries derived from diamino-based zinc binders. (a) NaBH(OAc)3, 5% AcOH/DCE; (b) DIPEA, DCM; (c) NaI, proton sponge, DMF; (d) TFA:DCM.


Table 3
Biphenyl diamine SAR


R2
N
H


O


NH2


R1


Compound R1 R2-NH2 HDAC1
inhibition
IC50 (nM)


HDAC3
inhibition
IC50 (nM)


HCT-116-72
ha (nM)


17 Ph
N


NH2 10 6390 1745


18 Ph
N


H
N 10 5384 3609


19 Ph
N
N NH2


13 19,320 670


20 Ph N


HN
33 6928 309


21 Ph NH
N 8 16,480 118


a HCT-116-96 cellular assay was changed to a 72 h assay.


Table 4
Biphenyl diamine SAR


R2
N
H


O


NH2


R1


Compound R1 R2-NH2 HDAC1
inhibition
IC50 (nM)


HDAC3
inhibition
IC50 (nM)


HCT-
116-72 h
IC50 (nM)


hERG
activity
IC50 (nM)


22 S N H
N 4 9617 82 1597


23
S N H


N 8 8706 73 1492


24
F


N H
N 16 17,390 470 183


25


F
N H


N 47 5727 1067 167


26


F
N H


N 13 4803 276 237
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amine (Fig. 5).14,15 It was only after transitioning to this group that
we began to see smaller shifts in the biochemical to cell assay po-
tency (Table 3).19
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SAR in the R2 portion of the scaffold was consistent from the
aminophenol to the diamine based libraries (see Table 3). Amino
spirocyclic building blocks like those in compounds 20–21 were
identified as potent inhibitors of HDAC1. Inhibitor 21 showed
excellent enzymatic and cellular potency, with approximately
2000-fold selectivity against HDAC3 (Table 3). Pharmacokinetic
properties of compound 21 in rat plasma include excellent bio-
availability (70%), a half life of 8 h, but a moderately high clearance
and volume of distribution of 45 mL/min/kg and 22 L/kg,
respectively.


Introduction of various other Zn binding elements such as 4-(2-
thienyl)benzene-1,2-diamine and 4-(3-thienyl)benzene-1,2-dia-
mine) improved selectivity against HDAC3, however, these com-
pounds exhibited IC50’s of 1.6 lM and 1.5 lM, respectively, in the
biochemical hERG binding assays, indicating the potential for car-
diovascular toxicity.

Table 5
Terephthalamide SAR


N
N
H


O


NH2


R1


O


NH


Compound R1 HDAC1
inhibition
IC50 (nM)


HDAC3
inhibition
IC50 (nM)


HCT-116-72 h
IC50 (nM)


hERG activity
IC50 (nM)


27 S 11 4330 70 25,090


28
F


11 >50,000 290 —


29


F


12 3202 138 —


30 8 5102 103 12,390


a


HN
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O
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Figure 6. Synthetic scheme of terephthalamide based library. (

Incorporation of terephthalamide linkers (Table 5) proved to be
a successful way of mitigating hERG liabilities. A library of 26
members was synthesized using the synthetic route outlined in
Figure 6.


Enzymatic and cellular potencies, as well as the low serum shift
of 3 and selectivity were maintained in this set of compounds.
Compound 30 was identified as a potent and selective inhibitor
of HDAC1. Ancillary pharmacology showed it to be inactive, at
<10 lM, against hERG and Ca+ ion channels as well as the Cyto-
chrome P450 isozymes (CYP’s). Pharmacokinetic studies in rat
and dog revealed good drug-like properties, but with low oral bio-
availability (Table 6).


In spite of having low bioavailability values of 4% and 17% in
dog and rat, respectively, the molecule was advanced into
in vivo pharmacodynamic (PD) studies. Compound 30 proved
efficacious, as the 25 mg/kg dose IP gave a threefold increase
in Ac H2B/Total H2B in the acute PD HCT-116 xenograft model
study.20


Figure 7 shows how linear library synthesis with embedded par-
allel chemists rapidly improved chemical properties and aided in
the development of an HDAC1 inhibitor.


Through tight integration with the HDAC1/HDAC2 project
chemists and the synthesis of parallel libraries, a Parallel
Medicinal Chemistry group was able to identify and explore
a novel class of HDAC-selective inhibitors. Compound 30 pos-
sessed excellent biochemical and cellular potency, acceptable
PK profile and off-target activity profiles that exhibit selectivity
distinct from that of ZolinzaTM, which has been shown to be a
broad spectrum HDAC inhibitor; equipotent against HDAC’s 1,
2, 3 and 6. Compound 30 also proved to be efficacious in
the acute pharmacodynamic (PD) HCT-116 xenograft model
study.
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a) PS-CDI, HOBt, DMF; (b) NaOH, MeOH; (c) 1:1 TFA:DCM.


Table 6
Phamacokinetic properties of Compound 30


Rat Dog


IV dose (mg/kg) 2.0 0.5
Cl (ml/min/kg) 26 8.2
Vdss (L/kg) 14 5.1
t1/2 (h) 7.0 8.5
PO dose (mg/kg) 4.0 1.0
AUCN (lM h kg/mg) 0.25 0.17
F (%) 17 4
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Synthetic C-terminal amidated cationic ferrocenoyl peptide bioconjugates Fc-Orn-Orn-Orn (1) and Fc-
Tyr-Orn-Orn-Orn (2) were rationally designed as superoxide dismutase (SOD) mimics based on the struc-
ture of the iron SOD from Escherichia coli. Ferrocenoyl peptide bioconjugates 1, 2 and ferrrocenecarboxylic
acid (4) were subsequently evaluated as SOD mimics and as inhibitors of peroxynitrite-mediated tyrosine
nitration. Due to their cationic character, ferrocenoyl peptide bioconjugates 1 and 2 exerted an acceptable
SOD activity (EC50 = 575 lM and 310 lM, respectively) in comparison with 4 (EC50 = 1.4 mM). The C-ter-
minal amidated cationic peptide Ac-Tyr-Orn-Orn-Orn (3), designed as marker of peroxynitrite, was used
to evaluate the inhibitory activity of 1 and 4 towards peroxynitrite-mediated tyrosine nitration. Both
compounds proved to inhibit the nitration especially the cationic ferrocenoyl peptide bioconjugates 1.
The ferrocene moiety of conjugate 2 displayed a strong inhibitory activity of peroxynitrite-mediated
nitration of the neighboring tyrosine.


� 2008 Elsevier Ltd. All rights reserved.

Scheme 1. Mechanism of formation of NO2
� and OH� from the combination of nitric


oxide and superoxide.

The combination of superoxide anion (O2
��) and nitric oxide


(NO�) at diffusion-controlled rates results in the formation of per-
oxynitrite (ONOO�), a toxic and powerful oxidant that provokes
cellular damages.1,2 Indeed, the peroxynitrous acid, the conjugate
acid of ONOO� (pKa = 6.8) leads to the release of NO2


� and OH� rad-
icals through homolytic cleavage (Scheme 1).3–5 These radicals are
particularly involved in the oxidation and the nitration of DNA,
proteins and lipids.6 The main effects of peroxynitrite on proteins
are the nitration and the hydroxylation of tyrosine and trypto-
phane residues, the formation of dityrosine and the modification
of sulfur containing residues.7,8


During the last decade, antioxidant enzymes such as peroxidase,
reductase and selenoproteins9–11 have emerged as relevant species
preventing the oxidative action of peroxynitrite. Among these spe-
cies, metallo-enzymes superoxide dismutases (SODs) that inhibit
the peroxynitrite formation by detoxifying cells from O2


�� and thus
subtracting the radical to its reaction with nitric oxide12 have been
extensively studied. These enzymes are dimeric or tetrameric and

ll rights reserved.
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exhibit in their active site a coordinated metal atom involved in the
dismutation catalysis of O2


�� into water and molecular oxygen
according to a cyclic mechanism (Scheme 2).13,14 In addition, SODs
are also known as peroxynitrite scavengers because they catalyze
the decomposition of peroxynitrite by nitrating their own tyrosine
residues, or tyrosine residues of other proteins.15–17


The defensive role of SODs is now well established in several
pathologies such as degenerative diseases or ischemia–reperfusion
injury.10,11 Therefore, the design, the synthesis and the evaluation

Figure 1. (A) Tri-dimensional structure of Fe-SOD with a-helixes and b-sheets
forming a funnel as access to the metal of the active site with positively charged
residues (in green) and residues coordinated with the metal (in blue). (B) Overview
of the electrostatic funnel as access to the metal.


Scheme 3. Structures of ferrocenoyl peptide conjugates

of antioxidant enzyme mimics for potential therapeutic applica-
tions has recently received a significant interest.18–21 Among the
potential SOD mimics, metalloporphyrin derived compounds and
nitrogenated metalloheterocycle complexes have been particularly
studied.22–24 Some of these metallocomplexes have also been
shown to inhibit the peroxynitrite-mediated tyrosine nitration.9,25


Polyphenols such as gallic acid and catechin have been reported to
exhibit this activity.26–28


Ferrocene-derived compounds display a broad range of biologi-
cal activities.29,30 Particularly, ferrocene containing peptide
conjugates have been synthesised and evaluated for their antiprolif-
erative activity against human leukemia cells.31 The design and the
synthesis of cationic ferrocenoyl peptide bioconjugates have been
reported as antibacterial agents.32 However, although metallocenes
have been suggested as SOD mimics,33 to the best of our knowledge,
no study has been reported so far. Aiming at the development of new
antioxidant enzyme mimics based on the structure of the iron SOD
(Fe-SOD) from Escherichia coli (pdb code 1ISA) (Fig. 1), the synthesis
of ferrocenoyl peptide bioconjugates and their evaluation as SOD
mimics and inhibitors of peroxynitrite-mediated tyrosine nitration
were investigated.


Fe-SOD is a homodimeric protein with predominant a-helices.
The interface between the two subunits forms a funnel like access
to the active site constituted by the metal center, an atom of iron
coordinated by three histidine residues and a molecule of water
(colored in blue in Figure 1). This funnel embodies positively
charged residues (histidine, arginine and lysine residues colored
in green in Figure 1) responsible for the electrostatic guidance of
the substrate. The tyrosine residue Tyr34 (colored in pink in
Figure 1) has also been identified as an important residue due to
its strong reactivity with the peroxynitrite anion leading to the cor-
responding nitrated tyrosine.


Based on these observations, cationic ferrocene-peptide biocon-
jugates Fc-Orn-Orn-Orn (1) and Fc-Tyr-Orn-Orn-Orn (2) were de-
signed (Scheme 3). In order to exert an attractive effect towards
the two anions O2


�� and ONOO�, a cationic tripeptide sequence
Orn-Orn-Orn was introduced on bioconjugates 1 and 2. Ornithine
(pKa d-NH2 � 10.5) was preferred over other natural cationic amino
acids to prevent biodegradation during potential in vivo applica-
tions. A tyrosine residue was introduced on peptide 2 as potential
nitration site and a ferrocene moiety was placed next to the tyro-
sine residue to evaluate the effect of the metallocene moiety on
the peroxynitrite-mediated tyrosine nitration. In both cases, the
ferrocene moiety was anchored to the N-terminal via an amide

1 and 2, peptide 3 and ferrocenecarboxylic acid 4.
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bond by using ferrocenecarboxylic acid. In order to evaluate the
activity towards peroxynitrite-mediated tyrosine nitration, the
peptide Ac-Tyr-Orn-Orn-Orn 3 (Scheme 3) was designed to be used
as peroxynitrite marker with the same cationic character of bio-
conjugates 1 and 2 and with a tyrosine residue as potential site
of nitration.


The synthesis of peptides 1–3 was achieved using Fmoc strategy
by solid phase peptide synthesis (SPPS) on Rink-amide resin in or-
der to obtain an amidated C-terminal and thus mask the negative
charge of the carboxylate group. Amino acids (4 equivalents) were
coupled using the HBTU/DIEA method for 1 h. As previously de-
scribed,31 the ferrocenecarboxylic acid was reluctant to couple to
N-terminal peptide anchored on resin. Consequently, a double cou-
pling procedure was performed with a mixture HBTU/HOBt/DIEA
and the reaction time was extended to 3 h. After standard cleavage
procedures, peptides 1–2 were isolated as orange solids.


Peptides 1, 2 and ferrocenecarboxylic acid (4) were first tested
as potential SOD mimics using the SOD assay based on pyrogallol
autooxidation.34 They were thus evaluated for their ability to inhi-
bit the O2


��-mediated reaction of autooxidation. The SOD assay
was slightly modified compared with the initial assay by measur-
ing the autooxidation rate at 325 nm35 (instead of 420 nm) with
a concentration of 0.4 mM of pyrogallol instead of 0.2 mM to in-
crease the autooxidation rate.36 All tested ferrocene-derived com-
pounds exerted a moderate SOD activity with IC50 values of
1.4 mM, 575 lM and 310 lM for compounds 4, 1 and 2, respec-
tively. In the same conditions the enzyme Fe-SOD from E. coli
exhibited a high activity with an IC50 of 0.1 nM (Fig. 2). In compar-
ison, Durot et al.37 reported literature data for porphyrin or other
nitrogenated ligand metal complexes with SOD activity ranging
from 6.5 nM for [MnIIICl4 TE-2-PyP]5+ to 270 lM for [FeIII(IPG)Cl2]
(non-exhaustive data). However the comparison of SOD activities

Figure 2. SOD activity (%) based on the inhibition of the O2
��-mediated autooxi-


dation of pyrogallol with increasing concentrations of ferrocenoyl peptide biocon-
jugate 1 (�), 2 (j), ferrocenecarboxylic acid 4 (N) and Fe-SOD from E. coli (.).38

between compounds 1, 2 and 4 clearly indicates an enhancement
which can be attributed to the attractive effect of the cationic pep-
tide moiety.


In order to evaluate how the presence of ferrocenoyl moieties or
cationic (Orn-Orn-Orn) motifs impacts the peroxynitrite-mediated
nitration of tyrosine groups, we compared the nitration of tyrosine
groups of 2, 3 and L-tyrosine. For this purpose, the nitration of pep-
tide 3 and L-tyrosine at 100 lM was first explored (Fig. 3). While
peptide 3 appeared to be highly sensitive to the addition of perox-
ynitrite, lower yields of nitrotyrosine were obtained from L-tyro-
sine (74% vs 33%, respectively, with 375 lM of cumulative doses
of peroxynitrite). These results are probably the consequence of
the attractive effect of the positively charged moiety of peptide 3
towards peroxynitrite and underline the potential of peptide 3 to
serve as peroxynitrite marker.


The nitration of the ferrocenoyl peptide bioconjugate 2 and of
(ferrocenoyl-free) peptide 3 were subsequently compared
(Fig. 3). The presence of the ferrocenoyl moiety on 2 strongly re-
duced the nitration of the neighboring tyrosine. Indeed, only 20%
of tyrosine were nitrated with 375 lM of cumulative doses of per-
oxynitrite whereas in the case of 3, 74% of this residue were ni-
trated in the same conditions.


The ability of ferrocene-derived compounds to modulate the
peroxynitrite-mediated tyrosine nitration was further investigated
in the presence of peptide 3 used as a marker. Exposure of 3
(100 lM) to 75 lM and 300 lM of peroxynitrite led, respectively,
to 32% and 67% of the corresponding nitro-tyrosinyl peptide
(Fig. 4). The same experiments were then performed in the pres-
ence of ferrocenecarboxylic acid 4 or ferrocenoyl peptide bioconju-
gate 1 (100 lM). In contrast or in comparison with either, other
metal complexes9,16,39,40 or superoxide dismutases,41,42 both com-
pounds inhibited the peroxynitrite-mediated tyrosine nitration of
3. Indeed, in this range of peroxynitrite concentrations, a drastic de-
crease of the nitration yield was observed in the presence of the
ferrocenoyl peptide bioconjugate 1 or compound 4. Exposure to
725 lM of peroxynitrite led to almost quantitative tyrosine nitra-
tion of peptide 3 whereas only 42% and 23% of the corresponding
nitro-tyrosinyl peptide were obtained, respectively, in the presence
of compounds 4 and 1. Considering the high reactivity of peptide 3
towards peroxynitrite, these results confirm the ability of ferroce-
noyl derivatives to inhibit peroxynitrite-mediated nitration espe-
cially in the case of the ferrocenoyl peptide bioconjugate 1.


To further examine the influence of ferrocenoyl derivatives on
the inhibition of peroxynitrite-mediated tyrosine nitration, the

Figure 3. Nitration of peptide 3 (100 lM, d), of L-tyrosine (100 lM, N) and of
ferrocenoyl peptide bioconjugate 2 (100 lM, j) induced by cumulative doses of
peroxynitrite.38







Figure 5. (A) Yield of tyrosine nitration of peptide 3 (100 lM) induced by
cumulative doses of peroxynitrite without (d) or in the presence ferrocenoyl
peptide bioconjugate 1 [50 lM (.) or 100 lM (N)].38


Figure 4. Yield of peroxynitrite-mediated nitration of peptide 3 (100 lM) obtained
in the presence and in the absence of ferrocenecarboxylic acid 4 or ferrocenoyl
peptide bioconjugate 1 (100 lM).
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nitration of peptide 3 (100 lM) was subsequently carried out with
increasing doses of peroxynitrite in the presence of ferrocenoyl
peptide bioconjugate 1 (100 or 50 lM see Fig. 5). As expected,
the increase of the concentration of 1 strongly affected the reaction
of nitration of peptide 3. Indeed, after the cumulative addition of
375 lM of peroxynitrite, the yield of nitration of peptide 3 de-
creased from 68% to 36% and 25% in the presence of, respectively,
50 and 100 lM of 1.


In conclusion, the rational design and the solid phase synthesis
of ferrocenoyl peptide bioconjugates were achieved. In vitro evalu-
ation of ferrocenoyl peptide bioconjugates 1 and 2 as SOD mimics
revealed that these compounds exerted an acceptable SOD activity.
Moreover, examination of the ability of the ferrocenoyl moiety to
modulate peroxynitrite-mediated nitration showed the potent
activity of the metallocene to inhibit nitration of peptide 3, a highly
reactive peptide or of a tyrosine located at its vicinity. Ferrocenoyl
substituents should be thus considered as potent inhibitor of per-
oxynitrite-mediated nitration with potential SOD activity and

should be useful for the development of antioxidant enzyme
mimics.
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Key binding interactions of the anthranilimide based glycogen phosphorylase a (GPa) inhibitor 2 from
X-ray crystallography studies are described. This series of compounds bind to the AMP site of GP. Using
the binding information the core and the phenyl urea moieties were optimized. This work culminated in
the identification of compounds with single nanomolar potency as well as in vivo efficacy in a diabetic
model.


� 2009 Elsevier Ltd. All rights reserved.

Type 2 diabetes has reached near epidemic proportions in most
of the developed world and results in acute and chronic complica-
tions, disability, and death. The degree of this problem is exempli-
fied in the fact that type 2 diabetes is now becoming prevalent in
children and adolescents.1 An increase in the prevalence and de-
gree of obesity in children is a likely driver of the increase in type
2 diabetes in this population.2 Although there are several treat-
ment options for type 2 diabetes, long term efficacy of oral anti-
diabetic agents has been limited. It has recently been reported that
21% of patients will fail on metformin treatment within 5 years.3


Therefore new treatment options are needed that can either be
used as mono-therapy or in combination with other agents. Exces-
sive hepatic glucose production is a major component of hypergly-
cemia and consists of both glycogenolysis and gluconeogenesis. In
the postprandial state glycogenolysis was increased more than
twofold in diabetic subjects compared to non-diabetics. In addition
diabetics have a 55% reduction in liver glycogen content compared
to normal subjects.4 The enzyme glycogen phosphorylase a (GPa) is
responsible for the release of glucose-1-phosphate from glycogen
and is the rate determining step in glycogenolysis. GPa has there-

ll rights reserved.
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fore become a target for glucose lowering in type 2 diabetes.
Although several groups have reported small molecule inhibitors
of GPa, definitive clinical results have not been communicated.5


In previous papers, we have outlined some of the properties and
SAR of a novel anthranilimide series of GPa inhibitors exemplified
by compound 1.6


O


NH
O


OH


NH


O N
H


Cl


1
IC50  = 73 nM 


IC50 (cell) =600 nM 
CYP2C9 IC50 = 1000 nM 
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We have reported on the SAR of the amino-acid head group and
how modification at this position can affect the potency of CYP450
inhibition.7 Overall low nanomolar potency for GPa inhibition and
decreased P450 inhibition can be obtained by replacement of the
cyclohexyl containing amino-acid head group with a t-butyl thre-
onine head group. In addition replacement of the 2-methyl-6-
chloro phenyl group of 1 with a 2,4,6-trimethylphenyl group im-
proved potency as well, giving compound 2.


O


NH
O


OH


NH


O N
H


O


2
IC50  = 7 nM 


IC50 (cell) =139 nM 
CYP2C9 IC50 = 10000 nM 


One concern with compound 2 is the potential to form reactive
metabolites via the known pathway of epoxidation across the 5,6
or 7,8 positions of the naphthalene ring system.8 Indeed incubation
of compound 2 with human liver microsomes in the presence of
glutathione and analysis by LC/MS/MS gave ions consistent with
such a process occurring.9 In light of this result and the desire to
further understand the SAR of this series of compounds, we inves-
tigated replacements to the naphthalene ring system and explored
the SAR of the phenyl urea. To aid in this effort we were able to ob-
tain an X-ray crystal structure of compound 2 bound to GPa. Herein
we report the general binding interactions observed in the crystal
structure, additional SAR of this series, as well as in vivo efficacy of
these GPa inhibitors.


The X-ray crystal structure of compound 2 bound to GPa is
shown in Figure 1 (view from solvent).10 Compound 2 binds to
GPa at the AMP regulatory site. Binding at this site can result in en-
zyme inhibition either by competing with the allosteric activator,
AMP, or by stabilizing the inactive T conformation of the enzyme.
The AMP binding site is partially solvent exposed at the dimer
interface and lies along one of the protein’s twofold axes of sym-
metry. This axis is the one on which the protein pivots as it shifts

Figure 1. X-ray crystal structure of compound 2 bound to GP at the AMP site.

between the T (inactive) and R (active) state. Therefore binding at
this site could be envisioned to block the shift between the T and R
states.


The molecule forms a number of important hydrogen bonds to
the protein as shown in Figure 2. The carboxylate of the amino-acid
moiety forms a bidentate interaction with Arg310 of the phos-
phate-recognition site. The amide carbonyl forms a hydrogen bond
with the NH2 of Gln71. The urea moiety forms two hydrogen
bonds with the main-chain of the symmetry-related subunit (of
the homo-dimer); (1) the urea NH with the carbonyl of Val400


and (2) the urea carbonyl with the NH of Asp420 (where the prime
refers to residues from the symmetry-related subunit). These later
interactions are similar to those observed for the acyl urea inhibi-
tors previously reported.11 More than a dozen other residues con-
tribute to binding through van der Waals interactions. The
lipophilic regions of the amino-acid moiety are surrounded by
Phe196, the alkyl chain of Arg309 and Ala313. The polar end of
Arg309 is flipped away from the binding site and is not participat-
ing in hydrogen bonding interactions with the ligand as is often ob-
served in other crystal structures.12 The naphthalene moiety is
surrounded by residues Asp420, Asn440 and Val450 as well as
Ile68, Gln71, Gln72 and Tyr75. The urea phenyl ring is situated
the deepest in the binding site and forms interactions with
Trp67, Gln71, Thr240, Arg242, Asp227, Phe196, Lys41 and
Arg193. Arg193 appears to be forming pi-stacking interactions
with the ring and is in a conformation relative to the inhibitor that
is different than that observed for the other reported AMP site
binders.11,12


Examination of the ligand (compound 2) in the crystal structure
illustrates two interesting features of the binding confirmation.
First is the potential for an internal hydrogen bond between the
internal NH of the urea with the carbonyl of the amide. Second is
the s-cis confirmation of the 2,4,6-dimethylphenylurea. In order
to understand the low energy confirmation of the ligand we stud-
ied the model system shown in Figure 3 (shown in the s-cis config-
uration) with molecular mechanics (MacroModel, Schrodinger LLC)
using the OPLS2005 force field and a constant dielectric of 4.0. The
low energy conformation of this model includes an intra-molecular
hydrogen bond between the amide carbonyl and the internal NH of
the urea moiety. While the difference in energy between the s-
trans and s-cis conformations of the un-substituted phenylurea
analog was �2.7 kcal/mol, the difference for the 2,6-dimethylphe-
nylurea analog was �0.5 kcal/mol. This significant difference is
predicted to allow the 2,6-dimethyl substituted analogs to readily
adopt the s-cis conformation and to bind to the protein with a min-
imal amount of strain. These features aid in the understanding of

Figure 2. X-ray crystal structure of compound 2 bound to GP, showing key binding
interactions. Prime residues reside on the symmetry-related subunit shown in blue.
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Figure 4. Crystal structure of compound 12, showing the view of the lipophilic
pocket off the 4 position on the phenyl urea.


Figure 3. Model system used to study the effects of 2,6-dimethyl substitution on
the stability of the s-cis conformation (shown). The s-cis configuration orients the
urea carbonyl and NH toward the main-chain carbonyl and NH of Val400 and
Asp420 .
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previously reported SAR for this series of compounds in which the
2,6-dimethylphenyl urea was greater than 100 times more potent
than the 2-methylphenyl urea.6


From the crystal structure one can see that the naphthalene
group binds in a narrow lipophilic channel, nearly ending at the
solvent front. This interaction contributes significantly to the activ-
ity of this series of compounds since replacement of the naphthyl
group with a phenyl results in a large loss of activity in at the en-
zyme assay (see Table 1).13 From this structure one could envisage
replacing the naphthyl group with a bi-aryl group, which would al-
low for easier introduction of diversity in this region of the
molecule.


The general synthesis of these bi-aryl anthranilimides is shown
in Scheme 1.14 This synthetic pathway allows for easy variation of
the outboard phenyl ring by employing various phenylboronic
acids. As shown in Table 1 the naphthalene group can be replaced
with substituted bi-phenyl groups with little change in activity.
Unlike compound 2, incubation of compound 9 with human liver
microsomes in the presence of glutathione showed no evidence
of formation of reactive metabolites via oxidation and addition to
the bi-aryl ring system.9 In addition to the enzyme inhibition assay
the compounds were evaluated in a cell based assay to inhibit for-

Table 1
SAR of naphthyl replacements


O


NH
O


OH


NH


O N
H


O


R


Compound R GPa inhibition IC50
a (nM) GPa (cell)IC50 (nM)


3 H 542 (96) 1680
4 F 506 (25) 1820
5 Phenyl 10 (7) 126 (49)
6 4-MeOphenyl 3 (2) 34 (14)
7 3-MeOphenyl 8 (3) 109
8 2-MeOphenyl 28 (16) 353 (56)
9 3-Fluorophenyl 15 (4) 104 (19)


10 4-Fluorophenyl 7 (3) 88 (21)
11 3,4-Difluorophenyl 13 (6) 171 (24)


a Values are means of three experiments, standard error is given in parentheses.

skolin stimulated glycogenolysis.15 Although potency in the cell as-
say does not track directly with enzyme inhibition potency, in
general the more potent a compound is at the enzyme the more
potent it will be in the cell assay. It is important to note that sev-
eral of these compounds are reaching the lower limit of the en-
zyme assay and could be more potent than reported.13


We next turned to the SAR of the phenyl urea. In our previous
paper, we reported improved potency of the 2,4,6-trimethylphenyl
versus 2,6-dimethylphenyl urea.7 The reason for this improvement
is clear upon closer examination of the crystal structure (see Fig. 4).
Off of the 4 position of the phenyl urea there appears to be a nar-
row pocket defined by residues Tyr155, Thr240, Arg242 and
Arg310, which can accommodate the 4-methyl group. We wished
to explore the boundaries of this pocket and therefore prepared
the compounds listed in Table 2. Here we selected the less active
4-flourophenyl core as the test case so that the SAR of the 4 posi-
tion of the phenyl urea ring can be delineated without reaching
the lower limit of the assay. The general route to these compounds
is shown in Scheme 2, in which the key bromide intermediate can
be functionalized to give various sized alkyl groups via a palladium
mediated coupling reaction and subsequent hydrogenation. For
compound 16 the cyclopropyl ring was constructed via palladium
mediated addition of diazomethane to the olefin of the allyl
intermediate.16







Table 2
SAR of 4-alkyl phenyl urea


O


NH
O


OH


NH


O N
H


R


F


Compound R GPa inhibition IC50
a (nM) GPa (cell) IC50 (nM)


12 H 1067 (230) 8260
13 Me 143 (23) 1026 (244)
14 Et 87 (23) 513
15 n-Pr 19 (10) 229
16 Cyclopropylmethyl 13 (7) 384
17 n-Butyl 49 (21) 716


a Values are means of three experiments, standard error is given in parentheses.
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Scheme 2. General syntheses of compounds 14–17. Reagents and conditions: (a)
HATU, iPrNEt2, DMF, rt, (b) H2, 10% Pd/C, ethyl acetate; (c) 2,6-Me2-4-BrPhNCO, pyr,
rt; (d) vinyltributyltin, Pd(Ph3P)4, CH3CN, 150 �C, 30 min, microwave; (e) H2, Pd/C,
ethyl acetate; (g) LiOH, H2O, MeOH, THF; (h) allyltributyltin, Pd(Ph3P)4, CH3CN,
150 C, 30 min, microwave; (i) CH2N2, Pd(acac)2, Et2O, CH2Cl2, �5 �C; (j) 2-[(1E)-1-
buten-1-yl]-1,3,2-benzodioxaborole, Pd(Cy3P)2Cl2, CsF, CH3CN, H2O, 150 C, 7 min,
microwave.


Table 3
SAR of 4-alkyl phenyl urea with t-butyl threonine head group


O


NH
O


OH


NH


O N
H


R


F


O


Compound R GPa inhibition IC50
a (nM) GPa (cell) IC50 (nM)


4 Me 506 (25) 1820
18 n-Pr 10 (2) 147 (42)
19 Cyclopropylmethyl 4 (1) 133 (28)


a Values are means of three experiments, standard error is given in parentheses.


Table 4
Biphenyl compounds with 4-alkyl phenyl urea substitutions


O


NH
O


OH


NH


O N
H


R2


O


R1


Compound R1 R2 GPa inhibition IC50
a


(nM)
GPa (cell) IC50


(nM)


20 3,4-F n-Pr 7 (10) 181 (27)
21 4-


OMe
n-Pr 4 (1) 135 (17)


22 3-F n-Pr 4 (1) 156 (15)
23 3-F Cyclopropylmethyl 3 (1) 145 (18)


a Values are means of three experiments, standard error is given in parentheses.
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As can be seen in Table 2 increasing the size of R from H to n-
propyl results in an improvement in potency both at the enzyme
as well as in the cell based assay. In this case there is a good corre-
lation between enzyme potency and cell potency. When R is n-bu-
tyl there appears to be some loss of activity and this maybe
approaching the limit of the pocket size. Incorporation of n-propyl
and cyclopropylmethyl at the 4 position of the phenyl urea was
also carried out with the t-butyl threonine head group in place as
shown in Table 3 (synthetic scheme equivalent to Scheme 2 in
which t-butyl threonine is used). Again in this series increased size
at the 4 position of the urea results in improved potency in both
the enzyme and cell assays. As reported earlier7 the t-butyl threo-
nine head group decreases CYP2C9 inhibition and this trend holds
true when comparing the CYP2C9 activity of compounds 16 and 19
(data not shown).

From Table 1 we know that replacement of the fluoro group of
compound 4 with a phenyl group (compound 5) results in a large
increase in potency. Therefore we wished to prepare bi-phenyl
compounds like 5–11 which also contain n-propyl and cyclopro-
pylmethyl substitutions at the 4 position of the phenyl urea (com-
pounds of Table 4). The synthesis of these compounds utilizes
reactions shown in Schemes 1 and 2. Using a reaction sequence
equivalent to that shown in Scheme 1, but employing 5-bromo-
2-isocyanato-1,3-dimethylbenzene instead of the 2-isocyanato-
1,3,5-trimethylbenzene gives the key bromo intermediate which
can then be functionalized at the 4 position of the urea in a manner
equivalent to that outlined in Scheme 2. As shown in Table 4 this
gives compounds that are all within the limit of the enzyme inhi-
bition assay,13 but somewhat surprising is that these compounds
do not show an increase in potency in the cell based assay com-
pared to compounds 5–11. It is possible that a lower limit in po-
tency exist in this cellular assay due to cellular enzyme levels,
although compound 6 (Table 1) would suggest it to be lower than
50 nM.


To further understand and differentiate the activity of these
compounds we examined their ability to inhibit the glucose rise in-
duced by iv administered glucagon in an in vivo rat model.17 Com-
pounds were dosed orally 2 h prior to the glucagon challenge and
the data is reported as the % reduction (%R) in the glucose AUC







Table 5
Inhibition of glucagon induced glucose AUC in rats (n = 4)


Compound GPa inhibition IC50
a


(nM)
GPa (cell) IC50


(nM)
%R @ 5 mg/
kgb


%R @ 2 mg/
kgb


2 7 (2) 139 (41) 25 ND
9 15 (4) 104 (19) 32 10


19 4 (1) 133 (28) 36 22
23 3 (1) 145 (18) 65 62


Compounds were dose orally 2 h prior to the glucagon challenge.
a Values are means of three experiments, standard error is given in parentheses.


ND = not determined.
b p < 0.005 for all.
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Figure 5. Effect on blood glucose in ob/ob mice by compound 23 dosed at 15 mg/kg
compared to vehicle 3 h postdosing (n = 10).
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for 20 min post glucagon treatment. As can be seen in Table 5 these
compounds are able to inhibit the effect of glucagon, which is pre-
sumed to be via the inhibition of GP in the liver. It is of interest that
although these compounds do not differ appreciably in their
in vitro cell activity compound 23 which we would predict to be
the most active based on the herein reported SAR is significantly
more active in vivo. This could be due to a variety of factors, such
as differences in pharmacokinetics,18 tissue distribution (liver
exposure) and enzyme inhibition in the in vivo system.


To further investigate the anti-diabetic effect of this series of
compounds we evaluated the glucose lowering ability of com-
pound 23 in a diabetic mouse model (ob/ob).19 In this model fed
ob/ob mice were orally dosed either with compound 23 (15 mg/
kg) or vehicle and blood glucose was measured before dosing
and 3 h later. As shown in Figure 5 compound 23 gave a robust re-
sponse, lowering glucose levels 103 + 12 mg/dL whereas in the
vehicle treated mice the glucose levels increase 47 + 17 mg/dL over
the 3 h period (p < 0.000001).


In summary, we have described the key binding interactions
and conformation of this series of anthranilamide based GPa inhib-
itors and by using the knowledge gained from the crystal structure
we have expanded the SAR to deliver extremely potent molecules.
Combining the best features of the SAR has yielded inhibitors
which are able to inhibit GP in vivo at low doses as measured by
a glucagon challenge test. In addition we have shown that a com-

pound in this series can acutely lower glucose levels in a diabetic
mouse model (ob/ob). In future publications, we will delineate
the PK properties of these compounds as well as describe addi-
tional in vivo efficacy studies of this series of compounds.
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We report the SAR studies of 43 ionone-based chalcones that demonstrate substantial in vitro anti-pro-
liferative activities in LNCaP, MDA-PCa-2b, 22Rv1, C4-2B and PC-3 prostate cancer cell lines. Compound
25 with an IC50 value of 0.74 lM in LNCaP cells potently antagonizes DHT-induced transactivation of the
wild type and the clinically relevant T877A, W741C and H874Y mutated androgen receptors, represent-
ing a novel chalcone as pan-antagonist of androgen receptor.
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Androgen receptor (AR) is a critical mediator of prostate can-
cer.1,2 Androgen ablation by chemical/surgical castration to sup-
press testicular androgen secretion and antiandrogens to
antagonize the action of residual androgen causes cancer regres-
sion. However, many men eventually failed this hormonal therapy
as initial response was almost always followed by a relapse to a
lethal hormone-refractory state, which is also referred to as castra-
tion-resistant prostate cancer (CRPC).3 Once prostate cancer be-
comes castration-resistant, further treatment is palliative and
patients eventually die of the disease. It has been established that
AR remains a critical target for therapeutic intervention in CRPC.2


The b-ionone is a phytochemical present in many fruits, vegeta-
bles and grains. It was found to exert anti-carcinogenic and antitu-
mor activities in melanoma4 and cancers of the colon,5 breast6 and
prostate.7 On the other hand, curcumin, the major pigment in the
dietary spice turmeric, was found to possess anti-inflammatory,
anti-oxidant, antiangiogenic and anticancer activities.8 Numerous
curcumin analogues have been synthesized and several of them
possess antiandrogenic activity.8,9 One widely used strategy for
structural modification in curcumin involves truncation of the cen-
tral conjugated b-diketone into a mono-carbonyl dienone, obtain-
ing better bioavailability.9 In our effort to develop natural
product-based anticancer agents, we have synthesized 43 io-
none-based chalcones by incorporating ionone and mono-carbonyl

ll rights reserved.


: +1 514 340 8717.

dienone into one chemical entity and evaluated them for in vitro
cytotoxicity in a panel of prostate cancer cell lines, including
LNCaP, MDA-PCa-2b, 22Rv1, C4-2B and PC-3, as well as a nontu-
morigenic prostate epithelial cell line (RWPE-1). The most potent
compound has been evaluated for its anti-androgenic activity by
AR-dependent reporter assays.


Three series of ionone-based chalcones (compounds 1–43) were
synthesized by condensing commercial available substituted benz-
aldehyde with a-ionone, b-ionone and 4,5-epoxy-b-ionone, respec-
tively (Tables 1–3). Compounds 1, 2 and 12 which contain phenolic
hydroxyl were synthesized by acid-catalyzed Adol condensation.10


We found H2SO4-catalyzed reactions at room temperature gave 1,
2 and 12 in good yields, but AcOH-catalyzed reactions gave little
products. Chalcones 3–11 and 13–15 were obtained by facile Adol
condensation catalyzed by sodium hydroxide in ethanol (Scheme
1).11 Compounds 16–22 were obtained by Adol condensation cata-
lyzed by sodium hydroxide in water in the presence of cetyltrim-
ethyl ammonium bromide.12 Compounds 23–43 were
synthesized by Adol condensation catalyzed by sodium hydroxide
pellet in methanol. The epoxide ring opening of the 4,5-epoxy-b-
ionone during the reactions furnished 4-hydroxyl-a-ionone deriv-
atives 23–43 (Scheme 1), which was confirmed by the formation of
the 5,6-double bond as indicated by the proton NMR analyses.
Purification of the crude products were achieved by silica gel CC
(elutant: n-Hexane and EtOAc).


Cytotoxicity of chalcones 1–43 in a panel of prostate cancer cell
lines were evaluated by MTT assays.13 It should be noted that com-



mailto:jian.h.wu@mcgill.ca

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

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





Table 1
Cytotoxicity of b-ionone-based chalcones in LNCaP and PC-3 cells


R2


R3


R4


R5
R6


O


Compound Substituent Cytotoxicity, IC50
a (lM)


R2 R3 R4 R5 R6 LNCaP PC-3


1 H OCH3 OH H H 9.5 21.3
2 H OH OCH3 H H 9.9 37.4
3 H OCH3 OCH3 H H 9.5 42.0
4 H OC2H5 OC2H5 H H 8.2 >50
5 H CF3 H H H 2.8 7.7
6 H H CF3 H H 9.1 12.0
7 H CF3 H CF3 H 8.7 7.2
8 F H H H H 10.7 22.1
9 H F H H H 12.9 18.7


10 H H F H H 7.3 25.8
11 H NO2 H H H 2.7 10.0
12 H NO2 OH H H 26.8 > 50
13 H NO2 H H Cl 4.2 18.9
14 H CH3 H H H 17.8 35.0
15 H H Ph H H 14.8 47.8
b-Ionone 151.0 Inactiveb


a IC50 is the concentration of compounds which causes a 50% inhibition as
compared to the control (0.5% DMSO).


b Maximum tested concentration is 150 lM.
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Scheme 1. Preparation of ionone-based chalcones 1–43, where RCHO is a substi-
tuted benzaldehyde. Reagents and conditions: (a) H2SO4, MeOH, room temperature
(for compounds 1–2 and 12); and (b) NaOH, EtOH, room temperature (for
compounds 3–11 and 13–15).


Table 2
Cytotoxicity of a-ionone-based chalcones in five prostate cancer cell lines


R2


R3


R4


R5
R6


O


Compound Substituents Cytotoxicity, IC50 (lM)


R2 R3 R4 R5 R6 LNCaP PCa
2b


22Rv1 C4-
2B


PC-
3


16 CF3 H H H H 22.6 N.D.a 18.4 11.7 19.0
17 H CF3 H H H 1.0 4.4 2.9 4.4 5.2
18 H H CF3 H H 4.7 7.0 3.3 5.2 7.9
19 F H H H H 1.6 8.3 9.4 6.0 4.8
20 F H H CF3 H 1.7 3.0 3.5 4.7 3.1
21 H NO2 H H H 3.3 5.9 4.7 4.0 2.9
22 H CH3 H H H 12.2 N.D. 15.2 6.2 5.9


a N.D., not determined.


Table 3
Cytotoxicity of 4-hydroxy-b-ionone-based chalcones in five prostate cancer cell lines
and a normal prostate epithelial cell line (RWPE-1)


R2


R3


R4


R5
R6


O


OH


Compound Substituents Cytotoxicity, IC50 (lM)


R2 R3 R4 R5 R6 LNCaP PCa-2b 22Rv1 C4-2B PC-3 RWPE-1


23 H H H H H 5.8 12.6 8.0 1.8 15.5 N.D.
24 CF3 H H H H 2.9 2.9 2.3 N.D.a 3.7 N.D.
25 H CF3 H H H 0.74 2.6 1.7 1.4 3.5 0.73
26 H H CF3 H H 3.0 9.3 3.2 N.D. 10.2 N.D.
27 CF3 H H CF3 H 3.2 4.0 N.D. N.D. 1.9 N.D.
28 H CF3 H CF3 H 2.1 3.5 2.2 N.D. 7.0 N.D.
29 F H H H H 2.9 N.D. 3.3 N.D. 10.4 N.D.
30 H F H H H 4.4 N.D. 5.6 N.D. 16.0 N.D.
31 H H F H H 3.9 N.D. 7.5 4.0 6.2 N.D.
32 H CF3 F H H 2.2 10.0 3.2 7.3 7.3 N.D.
33 H CF3 H F H 1.1 N.D. 2.4 N.D. 3.0 N.D.
34 F CF3 H H H 1.1 N.D. N.D. N.D. 2.1 N.D.
35 F H CF3 H H 2.6 N.D. 3.8 N.D. 4.6 N.D.
36 F H H CF3 H 1.7 N.D. 2.0 N.D. 3.6 N.D.
37 F H H H CF3 4.9 N.D. 8.9 N.D. 8.8 N.D.
38 H CH3 H H H 4.1 19.0 4.4 N.D. 6.2 N.D.
39 H CN H H H 1.8 N.D. 2.2 N.D. 7.2 1.9
40 H NO2 H H H 2.0 6.0 1.9 N.D. 5.8 1.9
41 H H NO2 H H 4.2 N.D. 4.1 N.D. 15.0 N.D.
42 H OCH3 H H H 4.9 N.D. N.D. N.D. 6.5 N.D.
43 H CH(OEt)2 H H H 1.8 N.D. N.D. N.D. 4.7 N.D.


a N.D., not determined.
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pounds 3, 10 and 21 are known compounds, but their cytotoxicity
in prostate cancer cell lines have not been evaluated.12,14 The IC50


values were determined from cell survival curves and reported in
Tables 1–3.


The b-ionone-based chalcones 1–15 show considerable cytotox-
icity in LNCaP cell line and modest activity in PC-3 cells (Table 1).
Compound 5 and 11, both of which have electron-withdrawing
group at the meta position, are the two most potent b-ionone-
based chalcones. Moving trifluomethyl group (–CF3) from the meta
position to the para position or substituting –CF3 with –CH3 group
have substantially weakened the cytotoxicity in prostate cancer
cells (compare 5, 6 and 14). Substitution of meta-CF3 with meta flu-
oro (-F) decreases the cytotoxicity in LNCaP cells (compare 5 and
9). This indicates the electron-withdrawing –CF3 or –NO2 at the
meta position is critical for the cytotoxicity of b-ionone-based chal-
cones in LNCaP cell line. However, we found some b-ionone-based
chalcones are not stable enough. We have therefore focused the
studies on the other two series (Tables 2 and 3). Among the

a-ionone-based chalcones 16–22 (Table 2), compound 17 with a
meta-CF3 is the most potent compound in the series and replace-
ment of the meta-CF3 group with a meta-CH3 has severely reduced
its activity. Chalcones 19 and 20, which contain an ortho-F substi-
tution and the ortho-F and meta-CF3 double substitutions, respec-
tively, demonstrated dose-dependent cytotoxicity in LNCaP cells
with an IC50 value similar to that of compound 17. The importance
of an electron-withdrawing group at the meta position has also
been observed among the 4-hydroxy-b-ionone-based chalcones
23–43 (Table 3). In particular, compounds 25, 33, 34, 36, 39 and
40, which contain an electron-withdrawing group at the meta po-
sition, such as meta-CF3, –CN or –NO2, are much more potent than
compounds 23, 38 and 42, which contain –H, –CH3 and –OCH3 at
the meta position, respectively. Interestingly, compound 43 with
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a meta-CH(OEt)2 group, which has hydrogen bond acceptors and
possesses weak electron-withdrawing capability, shows potent
activity in LNCaP cells. This underscores the important role of the
hydrogen bond acceptors in the meta-CF3, –CN and –NO2 groups.
In addition, we have tested compounds 25, 39 and 40 in a nontu-
morigenic androgen-dependent prostate epithelial cell line
(RWPE-1) (Table 3). Compounds 25, 39 and 40 showed similar
cytotoxicity in both RWPE-1 and LNCaP cell lines.


Among the 43 chalcones, compound 25 demonstrated sub-
micromolar or low micromolar IC50 values in LNCaP, MDA-PCa-
2b, 22Rv1, C4-2B and PC-3 cell lines (Table 3). Both LNCaP and
MDA-PCa-2b cell lines are androgen-dependent and express mu-
tated ARs, with the T877A mutated AR in LNCaP and the T877A
and L701H double mutated AR in MDA-PCa-2b cells. The 22Rv1
cells express the H874Y mutated AR, and the growth of this cell
line is weakly stimulated by dihydrotestosterone (DHT). The C4-
2B cells are androgen-independent, and express the T877A mu-
tated AR. PC-3 cells, which lack endogenous AR, are androgen-
independent. Therefore, compound 25 has demonstrated potent
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Figure 1. Effect of bicalutamide (1.0 lM) and compound 25 (0.1 and 1.0 lM) on
DHT-induced transactivation of the wild type and the mutated ARs (a–d). PC-3 cells
were transiently transfected with pCMV-MMTV-Luc, Renilla null luciferase and AR
expressing plasmids. The cells were treated with 0.1 nM DHT with and without test
compound for 24 h. Relative luciferase activity was determined by dual luciferase
assay kit (Promega), standardized to Renilla luciferase control and normalized to
0.1 nM DHT without test compound (100%). Bic, bicalutamide; RLU, relative
luciferase unit.

cytotoxicity in both androgen-dependent and androgen-indepen-
dent prostate cancer cells (Table 3).


To characterize antiandrogenic activity of chalcone 25, we
have investigated effect of 25 on the DHT-stimulated transacti-
vation of the wild type and the T877A, W741C and H874Y mu-
tated AR in transient transfection experiments, using PC-3 cells
(Fig. 1).15,16 We have included bicalutamide, an antiandrogen
used in the clinics, as a control. In consistent with previous stud-
ies,17 our reporter assays revealed that W741C mutation confers
resistance to bicalutamide (Fig. 1c). As shown in Figure 1, com-
pound 25 shows dose-dependent activity in suppressing 0.1 nM
DHT-induced transactivation of the T877A, W741C and H874Y
mutated ARs as well as modest antiandrogenic activity against
wild type AR. This indicates that chalcone 25 is a novel pan-anti-
androgen effective against the wild type and multiple mutated
ARs. Importantly, the AR W741C, T877A and H874Y mutations
have been characterized from patients with advanced prostate
cancer.18,19 The W741C and T877A mutations actually result in
paradoxical activation by bicalutamide17 and hydroxyfluta-
mide,18 respectively. Bicalutamide has been found to promote
tumor growth in a novel androgen-dependent prostate xenograft
model derived from a bicalutamide-treated patient.19 The T877A
mutant AR promotes prostate cancer cell growth and cell sur-
vival.20 Consequently, compound 25 represents a novel antian-
drogen that is simultaneously effective against multiple AR
mutants that confer resistance to antiandrogens currently used
in the clinics.


In summary, by condensing dietary ionones and substituted
benzaldhydes, 43 ionone-based chalcones have been synthesized
and evaluated in a panel of prostate cancer cell lines, including
LNCaP, MDA-PCa-2b, 22Rv1, C4-2B and PC-3. Among the com-
pounds synthesized, chalcone 25 shows the most potent
in vitro cytotoxic activities in prostate cancer cells. However,
compound 25 also shows potent cytotoxicity in an androgen-
dependent normal prostate cell line (RWPE-1). The AR-depen-
dent reporter assays revealed compound 25 is a novel antiandro-
gen for the wild type as well as the clinically relevant T877A,
W741C and H874Y AR mutants. In addition to its antiandrogenic
activity, the substantial cytotoxicity of 25 in AR-negative PC-3
cells indicates this lead compound is a multi-targeting agent.
The work to identify possible additional targets for 25 is in pro-
gress in our laboratory.
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A series of C3 halobenzyl-substituted tricyclic HIV integrase inhibitors was prepared. Improvement in
cell-based inhibitor potency was observed in comparison to previously disclosed tricyclic pyrroloquino-
lines carrying the ‘halobenzyl tail’ at the lactam nitrogen. Animal PK for several of the C3-substituted
inhibitors was examined, with a dihaloaryl analog achieving good balance in protein-shifted EC50 and
t1/2 in animal PK studies.
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Figure 1. Tricyclic pyrroloquinoline inhibitor 1, and general ‘benzyl flipped’
inhibitor structure 2.

Introduction: The causative pathogen of AIDS, human immuno-
deficiency virus (HIV), requires three essential enzymes encoded
in the HIV pol gene for replication. While there are many licensed
therapeutics that target protease (PR) and reverse transcriptase
(RT), by comparison it has been only recently that promising
integrase (IN) inhibitors have been advanced through clinical
development.1


Previous reports from our group have examined the SAR of IN
inhibitors based on a pyrroloquinoline-containing tricyclic scaffold
such as 1 (Fig. 1).2 Here, we report the discovery of a next-genera-
tion class of analogs in the pyrroloquinoline series, shown gener-
ally as 2, where the benzyl group is appended to the pyridine C3
position. These new inhibitors display improved potency and
in vivo PK when compared to many of the previously disclosed
analogs from our research program.


The rationale to pursue this SAR was provided by a few key con-
siderations. Based on examination of our integrase/DNA active site
model, initially developed for earlier leads in this program,3 we
hypothesized that these ‘benzyl flipped’ analogs would possess
excellent inhibitor potency. Figure 2 presents an overlay of the pre-
viously reported analog 1, with a prototypical ‘flipped tail’ inhibitor
9. It can be seen that the integrase active site can accommodate the
new inhibitor 9 especially well if the scaffold binds in such a way
as to orient the benzyl tail into the ‘lipophilic pocket’ of the enzyme
that our model has postulated previously.

ll rights reserved.


: +1 650 522 5169.

Additionally, protein-shifted inhibitor potency and metabolic
stability were recognized as essential considerations in lead iden-
tification. Evaluation of these new ‘benzyl flipped’ analogs was
undertaken as part of our ongoing effort to develop a new series
of potent IN inhibitors with excellent PK.


Synthesis, results and discussion: Our synthesis plan for the series
hinged on the use of a C3-substituted pyridine dielectrophile4 as
the reacting partner in a Dieckmann condensation to quickly build
up the tricyclic core of the scaffold. The synthesis of analog 8 is
shown in Scheme 1, where condensation between N-methyl suc-
cinimide and the pyridine dicarboxylate 3 is carried out to give
bis-phenol 4. Treatment with excess triisopropylsilyl (TIPS) chlo-
ride in the presence of TEA gives the intermediate bis-ether, which
then furnishes the mono-TIPS ether 6 upon reaction with an equiv-
alent of water added to the reaction mixture. Reduction of the
imide to the lactam with LiBH4, followed by alkylation of the free
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Figure 2. Overlay of ‘flipped-tail’ compound 9 (white scaffold) onto 1 (orange
scaffold) docked into integrase/DNA complex model.
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phenol with MeI gave the final compound 8 after TIPS hydrolysis
employing TFA/TES in dichloromethane (DCM).


For the related analogs 9 and 11, the N-3,5-dimethoxybenzyl
(DMB) protected imide was utilized in the Dieckmann condensa-
tion. The synthetic sequence is analogous to the one previously de-
scribed, until unmasking of the DMB-lactam via heating in TFA/THF
(to furnish analog 9) is followed by recapping the C8-phenol to
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Scheme 1. Reagents and conditions: (a) N-methyl succinimide, NaOMe, THF, reflux, 24 h,
THF/MeOH, rt–60 �C, 76–85%; (d) i—MeI, NaH, 80–85%; ii—TFA/THF/H2O, 82–88%; (e) PM
82%.

yield intermediate 10. Further elaboration via lactam N-alkylation
with p-F benzyl bromide gave, after PMB removal, the bis-p-F ben-
zyl analog 11.


Synthesis of these first analogs in the ‘flipped-tail’ series was
followed by efforts that focused on two additional elements of
SAR. Primarily, we examined leads featuring a C5-N-methyl, N-me-
syl group (exemplified by previously reported compounds in the
program such as 1). The impact of a dihalogenated aryl ‘tail’ was
also of interest based on results from our original inhibitor series.
In the context of our earlier work, both lines of SAR were expected
to result in meaningful improvements in potency and PK behavior.


The synthesis of these latter analogs is detailed in Scheme 2.
Here, Dieckmann condensation of N-DMB-imide with a nitrile-es-
ter 12 led to aniline 14. Mesylation followed by reduction provided
lactam 18. Subsequent DMB removal, PMB recapping of the C8-
phenol, lactam N-methylation, and final deprotection gave analog
20. A similar synthetic sequence involving dihaloaryl ‘tail’-bear-
ing-pyridine 13 ultimately furnished analog 21.


Comparison of strand transfer IC50 and antiviral EC50 values
(Table 1) for C5-methoxy analogs 8, 9 and 11 showed a trend
where a decrease in potency is seen upon increasing the size of
the lactam N-substituent.


Within this set, the most potent analog in the series is the free-
lactam compound 9. Despite the presence of two aryl ‘tails’ in
compound 11, a moderate level of both enzymatic and cell-based
antiviral activity was maintained. This observation suggests that
the presence of two extended lipophilic moieties on the pyrrolo-
quinoline core results in a comparatively poor inhibitor fit relative
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Table 1
In vitro data for C3-substituted tricyclic inhibitorsa


Compound IC50
b (nM) EC50, (10% FBS)c EC50 (HSP)d


8 100 20 nd
9 14 16 27


11 600 105 nd
20 80 2 7
21 265 1.1 35


a Values are means of at least two experiments, given in nM, nd, not determined.
b Ref. 6a.
c Ref. 6b.
d HSP, human serum proteins adjusted EC50, obtained by assaying compounds in


the presence of physiological concentrations of human serum albumin and AAG;
see Ref. 6c for details.


Table 2
Comparison of PK results for new analogs 20 and 21 in rat and dog, presented
alongside PK data for clinically approved IN inhibitor raltegravir (RAL data is adapted
from Ref. 1)


Compound Rat Dog


F (%) T½ (h) CL (L/h/kg) F (%) T½ (h) CL (L/h/kg)


Raltegravir 45 2 2.4 69 11 (b T1/2) 0.36
20 12 0.4 0.49 47 4.4 0.13
21 11 1.7 0.22 60 8.8 0.12


F (%): fraction available to the general circulation upon oral dosing of test com-
pounds as compared to i.v. dosing, calculated based on AUC from i.v. and p.o.
groups, expressed as %; CL: total body clearance obtained from i.v. dosing groups.
All compounds were dosed as free parent in a solution form (EtOH, PG, PEG400; and
citric acid; pH 3.3 for iv and pH 2.2 for po); and T½ was generated from the i.v.
dosing group. The data represent the mean value obtained from three animals in
each study. Data adapted from Ref. 1.
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to inhibitors carrying only one benzyl ‘tail’.5 On the other hand,
evaluation of the C5-aza substituted, ‘flipped-tail’ analogs showed,
most notably in the case of analog 20, significant improvement in
the EC50 and protein shifted EC50 values.


Of the compounds thus obtained, we chose to advance several
that showed compelling potency in the protein shifted assay to
evaluation in rat and dog PK studies (summarized in Table 2).
The resulting rat and dog PK for analogs 20 and 21 are presented
alongside the animal PK data reported for the clinically approved
IN inhibitor raltegravir (MK-0518).1 While the bioavailability of
this new tricyclic series is comparable to that of the reference com-
pound, the clearance of 20 was seen to be significantly lower than
that of raltegravir in both species. Further gains in the DMPK prop-
erties of the ‘benzyl flipped’ pyrroloquinoline leads were seen with
the dihaloaryl-tail compound 21. Specifically, the in vivo clearance
was further driven down in rat as compared to the 4-fluorobenzyl
analog 20. Overall, 21 showed improvement in terms of t1/2 in both
rat and dog, while at the same time showing protein-shifted po-
tency that was only moderately attenuated when compared to
the related compound 20.

Conclusions: The synthetic work presented above enabled the
examination of a new series of pyrroloquinoline HIV integrase
inhibitors that moved the ‘benzyl tail’ portion of the inhibitor to
the C3-position of the inhibitor scaffold. This change to the tricyclic
scaffold was found to be well-tolerated with respect to the result-
ing potency of the compounds as measured by the integrase strand
transfer and tissue culture anti-HIV assays. PK evaluation of a sub-
set of these leads showed that fine-tuning of both the C5-substitu-
ent and the aryl portion of the ‘benzyl tail’ proved beneficial in
terms of identifying diahaloaryl ‘flipped tail’ analog 21. This lead
showed good oral bioavailability (F), low in vivo clearance, and
high antiviral activity. These results support possible further clini-
cal evaluation of this new series.
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Nuclear factor-jB (NF-jB) proteins are a class of ‘rapid-acting’
transcription factors that regulate the expression of more than
400 target genes and play a pivotal role in several important phys-
iological processes including immune and inflammatory re-
sponses.1 There are five members in mammalian NF-jB family
that share a Rel homology domain (p50, p52, c-Rel, RelA/p65 and
RelB). Normally, these proteins are sequestered in the cytoplasm
in an inactive state by the family of inhibitory proteins IjB. Upon
stimulation, IjB proteins are rapidly phosphorylated by an IjB ki-
nase (IKK) and subsequently ubiquitinated by an E3 ligase leading
to the proteasomal degradation. Removing the inhibitory protein
IjB permits the NF-jB complex to translocate to the nucleus
where it activates gene expression. This pathway, with several po-
tential targets for manipulation of NF-jB activities, has emerged as
a focal point for intense drug discovery in the areas of cancer,
immunology and inflammation, and small molecule regulators
are particularly favored for drug development efforts.2


Recently, a cell-based assay was designed to identify small-mol-
ecule modulators of NF-jB nuclear translocation, a critical event in
the NF-jB signaling cascade.3 Specifically, TNFa-induced translo-
cation of the endogenous p65 subunit of NF-jB in human umbilical
vein endothelial cells (HUVEC) was monitored at 20 min post-
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).
oup, Shanghai Haini Pharma-
China.

stimulation by fluorescence labeled anti-p65 antibodies using an
automated fluorescence imaging platform. Based on this assay,
we performed a high content screening of a 100k library provided
by the NIH and successfully identified a class of novel benzenesulf-
onamides that blocked p65 translocation to the nucleus and thus
inhibited the NF-jB pathway.4 A general synthetic method was
also developed for the construction of these interesting com-
pounds.5 However, compared to inhibitors, specific NF-jB activa-
tors are less well studied. Recent findings suggest that activating
NF-jB, under certain circumstances, may be useful in cancer ther-
apy,6 radiation protection7 and anti-HIV treatment.8 Herein we de-
scribe a series of quinazoline analogues that induce NF-jB
translocation, synergistically enhance TNFa’s stimulating effect,
and thus act as NF-jB activators.


In the validation of the translocation-based assay, we screened
a set of known inhibitors that target different elements in the NF-
jB pathway such as the proteasome inhibitor MG132 (1), IjB
phosphorylation inhibitor BAY117082 (2), E3 ligase inhibitor
Ro106-9920 (3), and IKK inhibitors 49 and 510 (Fig. 1).


Most of the agents, as expected, were found to potently inhibit
p65 translocation to the nucleus (data not shown). However, sur-
prising results were observed with some IKK inhibitors. The IKK
complex, including two major isoforms IKKa and IKKb, plays a cen-
tral role in the phosphorylation-initiated NF-jB nuclear transloca-
tion. We observed in our assay that specific IKKb inhibitors did not
inhibit this process in HUVEC cells, suggesting that the signal cas-
cade was IKKb-independent. This non-canonical pathway was fur-
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Figure 1. Structures of MG-132 (1), BAY 11-7082 (2), Ro106-9920 (3), and IKK
inhibitors 4 and 5.
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ther confirmed by genetic knockdown of IKKb with siRNA.11 More
strikingly, CU160 (5), a substituted 2-(thiophen-2-yl)quinazoline,
which has been reported as a potent IKKb inhibitor that block
NF-jB and AP1-mediated transcriptional activities in Jurkat T
cells,10 was unexpectedly found to potentiate TNFa-induced trans-
location in our assay. We further demonstrated that CU160 (5)
alone was sufficient to activate the pathway without TNFa stimu-
lation. These findings have identified CU160 (5) as a novel cell
type-specific NF-jB activator and provided another example of
the complexity and cell type-specificity of the NF-jB pathway.


Since other IKKb inhibitors tested did not have the same effect,
CU160’s NF-jB enhancing activity was clearly an off-target effect.
For the structure-activity relationship (SAR) study, we developed
a convenient synthetic route to CU160 (5) and its analogues. As
shown in Scheme 1, commercially available 5-methoxy-2-nitro
benzoic acid 6 was converted to benzamide 7 by treatment of oxayl
chloride and ammonium hydroxide. Palladium-catalyzed hydroge-
nation of the nitro group afforded amine 8, which was coupled
with chloride 9 to give amide 10. Cyclization under basic condition
followed by the treatment of phosphorus oxychloride converted
amide 11 to quinazoline 12. The chlorine at 4-position of com-
pound 12 was replaced with hydrazine and the resulting hydrazine
13 was further condensed with citraconic anhydride 14 to yield the
final product CU160 (5).10


A series of 4-quinazolinamine analogues (15–18) were conve-
niently synthesized by condensation of quinazoline 12 with struc-
turally diversified amines as shown in Scheme 2.


The synthesis of two analogues 19 and 22 that alter the pyrrole-
2,5-dione ring or the quinazoline ring, respectively, is outlined in
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Scheme 3. Tosylation of hydrazine 13 afforded 19 in one step.
Thienopyrimidine 22 was obtained by conversion of 4-chlorothei-
no[3,2-d]pyrimidine (20) to hydrazine 21 followed by condensa-
tion with citraconic anhydride 14.


The synthesis of substituted quinazolines 30 and 35, and re-
duced pyrrole 31, is summarized in Scheme 4. One of the nitro
groups in the starting material 2,6-dinitrobenzonitrile 23 was re-
placed with a methoxy group to give compound 24. Reduction of
24 with Raney-Ni in the presence of hydrazine yielded 2-amino-
benzamide 25 in one pot.12 A similar amidation followed by cycli-
zation transformed 25 to quinazoline 27 in excellent yield.
Chlorination of 27 with phosphorus oxychloride at 100�C provided
the product 28. Interestingly, at 130 �C, the reaction only gave
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Figure 3. Potentiation of TNF-induced NF-B nuclear translocation by compounds
30, 35 and 5. HUVEC cells were obtained from Cambrex as frozen stocks. Cells were
seeded and incubated with increasing concentrations of compounds. Cells were
then stimulated with TNF (200 ng/ml) for 20 min. Translocation of NF-B was
monitored by immunostaining for the p65 subunit. To detect distribution of the
transcription factor, cells were fixed and permeabilized and then incubated with a
monoclonal antibody against p65 and secondary antimouse IgG antibodies coupled
to Alexa Fluor 647.
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dichlorinated compound 32 as the single product.13 Both com-
pounds were converted to the final products 30 and 35 in two steps
by a similar procedure described in Scheme 1. The double bond of
the citraconic group in 30 was further reduced to give the analog
31.


All analogues were tested for their ability to interfere with
p65 translocation to the nucleus. The preliminary results show
that the pyrrole-2,5-dione ring is important for the activity. A
variety of replacements all resulted in inactive compounds
(15–19). However, as illustrated by analogue 30, a position shift
of the methoxyl group (5-position to 6) on the quinazoline scaf-
fold significantly improved the potency both in activation and
potentiation (see Figs. 3 and 4). Addition of a chlorine para to
the 6-methoxyl group led to a further improvement (35). Inter-
estingly, simple reduction of the double bond of the pyrroledione
group in 30 resulted in a complete loss of activity (31). The dou-
ble bond adjacent to two electron-withdrawing ketones is a very
strong Michael acceptor and can serve as an addition site for the
thiol groups of cysteine residues. Furthermore, NF-jB proteins
are subject to covalent modification by Michael acceptor-con-
taining small molecules such as prostaglandins 15d-PGJ2 (36)
and PGA1 (37) (Fig. 2).14 Based on these observations, we spec-
ulate that CU160 (5) and its analogues may modify p65 cova-
lently, decrease its affinity for the inhibitory protein IjB and
thereby, promote its nuclear translocation.

In summary, utilizing a cell-based assay, we studied an early
but critical translocation event in the NF-jB pathway in HUVEC
cells with a variety of small molecule probes. These studies re-
vealed a noncanonical NF-jB signaling that was independent to
IKKb. More importantly, we serendipitously discovered a class of
novel cell type-specific NF-jB activators. SAR studies suggested
that these compounds might work through covalent modification
of NF-jB proteins. The detailed mechanism is currently under
investigation.







Figure 4. Activation of NF-B nuclear translocation by compounds 30, 35 and 5.
HUVEC cells were incubated with increasing concentrations of compounds.
Without stimulation, distribution of p65 was measured as described in Figure 3.
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Novel derivatives of isothiazoles are described as potent ATP-competitive inhibitors of vascular endothe-
lial growth factor receptors I and II (VEGFR-1/2). A number of compounds exhibited VEGFR-2 inhibitory
activity comparable to that of VatalanibTM in both HTRF enzymatic and cellular assays. Several derivatives
featuring bulky meta-substituents in the amide portion of the molecule displayed 4- to 8-fold specificity
for VEGFR-2 versus VEGFR-1. Active molecules also showed high intrinsic permeability (>30 � 10�5 cm/
min) across Caco-2 cell monolayer.


� 2008 Elsevier Ltd. All rights reserved.

Cancer cells easily acquire resistance towards conventional
cytotoxic agents commonly used for chemotherapy.1 It is believed
that this issue could be addressed by anti-angiogenesis therapy tar-
geting tumor vascular endothelial cells.2 Angiogenesis, or formation
of new blood vessels, is a process critical to both development and
systems maintenance in vertebrates.3 Vascular endothelial growth
factors (VEGFs) and their respective family of receptor tyrosine ki-
nases (VEGFRs) are key proteins regulating vascular development
during angiogenesis.4–10 These include receptor tyrosine kinases,
VEGFR-1 (Flt-1) and VEGFR-2 (Kinase Insert Domain Receptor
(KDR) or flk1).10–13 In early embryogenesis, VEGFR-1 functions as
a negative regulator, most likely through its strong VEGF-A trapping
activity. In adults, VEGFR-1-specific ligands are reported to induce
mild angiogenesis. VEGFR-2 is the major positive signal transducer
for endothelial cell proliferation and differentiation at all mamma-
lian stages of development.11 There has been considerable in vivo
evidence, including clinical observations, that the abnormal angio-
genesis is implicated in a number of malignancies, which include
rheumatoid arthritis, inflammation, cancer, degenerative eye con-
ditions and others. Potent, specific and non-toxic inhibitors of angi-
ogenesis were reported to be powerful clinical tools in oncology and
ophthalmology.12,13


Several groups in the industry have developed methods for
sequestering VEGF which leads to a signal blockade via VEGF
receptors and, subsequently to an inhibition of a malignant angio-
genesis. Perhaps, the most successful marketed agent reportedly

ll rights reserved.
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working via this mechanism is AvastinTM.14 A number of small-mol-
ecule inhibitors are known to affect VEGF/VEGFR signaling. These
include PTK787 (VatalanibTM A),15 its analog BAY579352 (B),16


and the isosteric anthranyl amide derivatives C17 and AMG-706
(D).18 Intramolecular hydrogen bonding in C and D was sug-
gested17,19 to be responsible for the optimal spatial orientation of
the pharmacophore pieces, similar to that of the parent PTK787
(Fig. 1).


The essential pharmacophore elements for the VEGFR-2 activity
of phthalazine-based molecules and their analogs (A–D) include20


(i) [6,6]fused (or related) aromatic system; (ii) para- or 3,4-di-
substituted aniline function in position 1 of the phthalazine core;
(iii) hydrogen bond acceptor (Lewis’ base: lone pair(s) of a nitro-
gen- or oxygen atom(s)) attached to position 4 via an appropriate
linker (aryl or fused aryl group). In this communication, we expand
upon our initial findings19,20 and disclose potent inhibitors of VEG-
FR-2 kinase based on thiazoles. We reasoned that this template
could provide for the both proper pharmacophore arrangement
and favorable ex vivo PK profile.


Results and discussion: A series of isothiazoles 3–32 (Scheme 1
and Table 1) were synthesized as described in Scheme 1. Reaction
sequence involving formation of a respective amide from the
cyanoacetic ester and preparation of the respective oxime was fol-
lowed by the cyclization of the resulting cyanamide with
EtO2CH2SH to furnish isothiazoles 1 featuring desired arrange-
ments of the tether groups. Carbetoxy moiety in 1 was removed
to afford 2, the key precursor to targeted heterocycles. Reductive
amination of 2 with a series of aldehydes furnished isothiazoles
3–32 in a 28–52% overall yield.21
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Figure 1. Selected Inhibitors of VEGFR-2.
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Scheme 1. Synthesis and activity of thiazoles 3–32 against VEGFR-2 and VEGFR-1 kinases in vitro and in cell-based assays. Reagents and conditions: (i) Ar1–NH2, Im, EtOH,
200 �C; (ii) EtONO, EtONa, EtOH; (iii) TsCl, Py, benzene, �78 �C; (iv) EtO2CCH2SH, Py, EtOH, 25 �C; (v) Et3N, 25 �C; (vi) NaOH, EtOH, 22 h, 25 �C; (vii) NaOH, H2O, 0.5 h, 25 �C;
(viii) Ar2–CHO, AcOH, MeOH; (ix) NaBH4, MeOH.


Table 1
Activity of thiazoles 3–32 against VEGFR-2 and VEGFR-1 kinases in vitro and in cell-based assays


Compound Ar1 Ar2 VEGFR-2, enzymatic, IC50,
lMa


VEGFR-1, enzymatic, IC50,
lMa


VEGFR-2, cell-based ELISA, IC50,
lMa,b,c


A, PTK787 VatalanibTMC 0.054 ± 0.006 0.14 ± 0.02 0.021 ± 0.03
(0.042 ± 0.003)b (0.11 ± 0.03)b (0.016 ± 0.001)b


0.032 ± 0.005 0.17 ± 0.05 0.09 ± 0.01
(0.023 ± 0.006)b (0.130 ± 0.081)b (0.0012 ± 0.0002)b


3 3-F3C(C6H4) 4-Pyridine 0.041 ± 0.006 0.17 ± 0.02 0.054 ± 0.01d


4 3-F3C(C6H4) 3-Pyridine 4.23 ± 0.51 >10 >10
5 3-F3C(C6H4) 2-Pyridine >10 >10 >10
6 4-F3C(C6H4) 4-Pyridine 0.21 ± 0.04 0.25 ± 0.08 1.53 ± 0.24
7 4-F3C(C6H4) 3-Pyridine >10 >10 >10
8 4-F3C(C6H4) 2-Pyridine >10 >10 >10
9 3-F3CO(C6H4) 4-Pyridine 0.033 ± 0.005 0.26 ± 0.05 0.041 ± 0.02


10 4-F3CO(C6H4) 4-Pyridine 0.46 ± 0.07 1.23 ± 0.11 0.77 ± 0.12
11 3-tBu-(C6H4) 4-Pyridine 0.035 ± 0.007 0.31 ± 0.03 0.082 ± 0.06
12 4-tBu-(C6H4) 4-Pyridine 0.36 ± 0.07 0.61 ± 0.09 1.15 ± 0.11
13 4-Cl-(C6H4) 4-Pyridine 0.14 ± 0.05 0.25 ± 0.06 0.42 ± 0.11
14 3-Br-(C6H4) 4-Pyridine 0.027 ± 0.004 0.055 ± 0.005 0.21 ± 0.07
15 4-Br-(C6H4) 4-Pyridine 0.23 ± 0.08 0.26 ± 0.05 1.04 ± 0.16
16 2-Br-(C6H4) 4-Pyridine >10 >10 >10
17 2-(Quinolinyl) 4-Pyridine 0.44 ± 0.08 0.38 ± 0.07 0.77 ± 0.12
18 5-(Indazolyl) 4-Pyridine 0.82 ± 0.13 1.09 ± 0.22 >10
19 3-F3C,4-Cl(C6H4) 4-Pyridine 0.23 ± 0.06 0.98 ± 0.16 0.53 ± 0.09
20 3-Cl,4-F3C(C6H4) 4-Pyridine 0.89 ± 0.15 1.80 ± 0.24 2.05 ± 0.33
21 3,4-di-Cl(C6H4) 4-Pyridine 0.67 ± 0.10 0.75 ± 0.12 1.11 ± 0.24
22 4-Me-3-F3C(C6H3) 4-Pyridine 0.043 ± 0.09 0.19 ± 0.05 0.056 ± 0.02
23 3-Me-4–F3C(C6H3) 4-Pyridine 0.49 ± 0.12 0.67 ± 0.11 0.71 ± 0.18
24 2-F-4-Me(C6H3) 4-Pyridine 1.98 ± 0.28 2.51 ± 0.22 1.89 ± 0.33
25 Piperonyl- 4-Pyridine 0.65 ± 0.19 0.70 ± 0.11 0.79 ± 0.21
26 3-F3C(C6H4) 3,4-di-F-(C6H3) >10 >10 >10
27 3-F3C(C6H4) 5-Piperonyl >10 >10 >10
28 3-Br-(C6H4) 5-Piperonyl >10 >10 >10
29 3-Br-(C6H4) 4-Quinolyl 0.15 ± 0.06 0.33 ± 0.09 0.27 ± 0.07
30 3-F3C(C6H4) 4-Quinolyl 0.11 ± 0.02 0.58 ± 0.15 0.39 ± 0.14
31 3-Br-(C6H4) 4-Isoxazolo >10 >10 >10
32 3-Br-(C6H4) 2-Quinolyl >10 >10 >10


a IC50 values were determined from the logarithmic concentration-inhibition point (ten points).22 The important values are given as the mean of at least two duplicate
experiments.


b Lit. IC50 values, as measured at 8 lM ATP.
c Lit. data correspond to the inhibition of VEGF-induced phosphorylation of VEGFR-2 in CHO cells.
d Molecules with best enzymatic and cellular potencies against VEGFR-2 are bolded.22,23
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Table 3
Compounds 3, 11 and 14 are ATP-competitive inhibitors of VEGFR-2


Compound Ki at IC50 (lM) Ki at IC90 (lM)


3 0.16 0.13
11 0.13 0.12
15 0.09 0.07
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Thirty compounds (3–32, Table 1) were first tested in vitro
against isolated VEGFR-2.22 Specifically, we measured their ability
to inhibit phosphorylation of a biotinylated-polypeptide substrate
(p-GAT, CIS Bio International) in a homogenous time-resolved fluo-
rescence (HTRF) assay at an ATP-concentration of 2 lM. The results
were reported as a 50% inhibition concentration value (IC50). Liter-
ature VEGFR-2 inhibitors including VatalanibTM and C (Fig. 1) were
used as internal standards for quality control.


As can be seen from Table 1, majority of isothiazoles exhibited
good inhibitory activity against VEGFR-2.22 By varying substituents
at both Ar1 and Ar2 moieties it was possible to modulate compounds’
potency against the enzyme. In studying SAR of the amide pharma-
cophore (Ar1), we found that compounds featuring meta-substituted
Ar1 exemplified by m-CF3� (3), m-OCF3 (9), m-t-Bu (11) and m-Br
(14) displayed better potency with the IC50 values of 27–41 nM in
the VEGFR-2 enzymatic assay. Para-substitution in this portion of
the molecule was somewhat tolerated, however the respective ana-
logs were >5-fold less active against the enzyme (Table 1, compare 3
and 6, 9 and 10, 11 and 12). Comparison of ortho-, meta- and para-
functionalized aryl derivatives with the same Ar1 moiety in VEG-
FR-2 enzymatic assay (Table 1, compounds 14–16) also suggested
superior potency of the meta-derivative 14. Notably, compound 16
was completely inactive in both in vitro and in the cellular assay.


In order to further explore steric requirements for the Ar1 sub-
stituent, we prepared a series of amides with heterocyclic (Table 1,
17 and 18) and disubstituted functionalities (19–25). Specifically,
neither 2-(quinolinyl) (17) nor 5-(indazolyl) (18) Ar1 improved
overall activity of the resulting molecule against the kinase. Iso-
thiazoles featuring 3,4-disubstituted aryl groups consistently dis-
played reduced potency compared with the respective mono-
substituted meta-derivatives. However following the trend de-
scribed above, molecules featuring larger hydrophobic meta-sub-
stituents were somewhat more active when compared to the
respective para-analogs (Table 1, compare pairs 19 and 20, 22
and 23) These facts suggest presence of a relatively tight hydro-
phobic pocket in the binding site of VEGFR-2.

Table 2
Passive diffusion potential across Caco-2 cell monolayer for selected compounds


Compound Intrinsic permeability, Pm value � 10�5 cm/
min


Absorption potential C


C 38.6 (lit. 45.2)18 High 1
3 41.9 Med 2
9 47.6 High 2
11 33.5 High 3

In the next series of experiments, we optimized the aniline sub-
stituent Ar2 (Table 1, entries 3–8, 26–32). Similar to the earlier find-
ings,19,20 4-pyridyl group was featured in the most active molecules.
4-Quinolinyl derivatives (29 and 30) displayed moderate activity
against VEGFR-2, even with the optimized Ar1 functionality. The
combined SAR data indicate that (i) substitution pattern on the Ar1


group of the amide (compare 3 and 6, 9 and 10, 11 and 12) and (ii)
nature of the aniline substituent Ar2 (compare 3, 4 and 5, 26–28
and 29) are critical to the VEGFR-2 inhibitory activity of these new
series. It is likely that proper alignment of the lower portion of the
molecule, namely nitrogen atoms (Lewis’ base, hydrogen bond
acceptors) of 4-pyridyl or 4-quinolyl groups (Table 1, for example,
3 and 30) with the Arg1302 moiety in the ATP-binding pocket of
VEGFR-2 is required for the activity. We further speculated that
the amide function is accommodated in a well-defined binding
pocket lined up with Ala866 and Lys 868. This allows for a better fit
of a meta-substituted aryl moiety in the hydrophobic pocket of the
ATP-binding site of the kinase.19,20 MMFF94 Force Field minimiza-
tion studies suggested good overlap between our molecule (3) and
the development candidate VatalanibTM (Fig. 2a). Observed struc-
ture–activity relationship of the novel isothiazoles 3–32 are in line
with the proposed pharmacophore hypothesis (Fig. 2b).


Compounds 3–32 were also tested in HTRF format against VEG-
FR-1.22 The results in Table 1 indicate that all VEGFR-2 active iso-
thiazole derivatives (for example, 3, 9, 11, 14, 22, 29, 30)
consistently display good activity against VEGFR-1 with the IC50


values in the 31–580 nM range for the most potent compounds.
In general, molecules featuring para-substituents in the Ar1 display

ompound Intrinsic permeability, Pm value � 10�5 cm/
min


Absorption potential


4 32.9 High
2 35.4 High
9 21.5 Med
0 16.3 Med
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VEGFR-2 activity similar to that for the VEGFR-1 (Table 1, for
example, 6, 12, 13, 17). This outcome could be of benefit in the
clinical setting as both receptors are reported to mediate VEGF sig-
naling in the angiogenesis.1–5,20 In our hands, bulky substituents in
the meta-position of Ar1 favored VEGFR-2 suggesting potential for
the development of an inhibitor selective against VEGFR-1 (Table 1,
for example, 3, 9, 11, 22). Further screening of 3–32 against a num-
ber of other receptor (IGF1R, InR, FGFR1, Flt3, EGFR, ErbB2, c-Met,
Ron) and cytosolic (PKA, GSK3b, bcr-Abl, bcr-AblT315, Cdk1/2, Src,
Auroras A and B, Plk1) kinases in HTRF format indicated no signif-
icant cross reactivity (PI < 30%, triplicate measurements) at a con-
centration of 10 lM.


Active in vitro inhibitors of VEGFR-2 were further characterized
in a cell-based phosphorylation ELISA assay (Table 1).23 In general,
good in vitro- to cell-based activity correlation has been found for
these compounds. In our hands, the best compounds displayed 41–
390 nM activity in inhibiting cell-based phosphorylation of VEGFR-
2. Passive diffusion potential for compounds3, 9, 11, 14, 22, 29, 30
across Caco-2 cell monolayer was predictive of cell permeability. In
general, good correlation between cell-based activity and Pm val-
ues was observed for all active compounds (Table 2). This fact indi-
cates that a number of derivatives, including 3, 9, 11 could be
further developed for in vivo studies.


Further, competition assays were conducted for the selected
molecules with varying concentration (0–100 lM) of ATP. Specifi-
cally, five different concentrations of 32P ATP were incubated with
VEGFR-2 along with varying concentrations (absence, IC50, IC90) of
the inhibitors 3, 11 and 14 for 45 min at RT. A double reciprocal
graph of the degree of phosphorylation (1/cpm) against ATP-con-
centration (1/[ATP]) was plotted. The data were analyzed by a
non-linear least-squares program to determine kinetic parameters
using GraphPad software. Determined Ki values for the three se-
lected compounds are listed in Table 3.


In summary, we have described a series of isothiazoles as po-
tent inhibitors of both VEGFR-2 and VEGFR-1 receptors. Enzymatic
and cellular activities of representative molecules are comparable
to the clinical candidates VatalanibTM and AMG-706. This outcome
could be of benefit in the clinical setting as both receptors are re-
ported to mediate VEGF signaling in the angiogenesis.
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extracellular portion of FGFR1 and the intracellular portion of VEGFR-2 was
transiently transfected into 293 adenovirus-transfected kidney cells. DNA for
transfection was diluted to a 5 lg/ml final concentration in a serum-free
medium and incubated at room temperature for 30 min with 40 ll/mL of
Lipofectamine 2000, also in serum-free media. 250 ll of the Lipofectamine/
DNA mixture was added to 293 cells suspended at 5 � 105 cells/ml. 200 ll/well
of the suspension was added to a 96-well plate and incubated overnight.
Within 24 h, media was removed and 100 ll of media with 10% fetal bovine
serum was added to the now adherent cells followed by an additional 24 h
incubation. Test compounds were added to the individual wells (final DMSO
concentration was 0.1%). Cells were lysed by re-suspension in 100 ll Lysis
buffer (150 mM NaCl, 50 mM Hepes pH 7.5, 0.5% Triton X-100, 10 mM NaPPi,
50 mM NaF, 1 mM Na3VO4) and rocked for 1 h at 4 �C.(ii) ELISA for detection of
tyrosine-phosphorylated chimeric receptor: 96-well ELISA plates were coated
using 100 ll/well of 10 lg/ml of aFGFR1 antibody, and incubated overnight at
4 �C. aFGFR1 was prepared in a buffer made with 16 ml of a 0.2 M Na2CO3 and
34 ml of a 0.2 M NaHCO3 with pH adjusted to 9.6. Concurrent with lysis of the
transfected cells, aFGFR1 coated ELISA plates were washed three times with
PBS + 0.1% Tween-20, blocked by addition of 200 ll/well of a 3% BSA in PBS for
1 h and washed again. 80 ll of lysate were then transferred to the coated and
blocked wells and incubated for 1 h at 4 �C. The plates were washed three
times with PBS + 0.1% Tween-20. To detect bound phosphorylated chimeric
receptor, 100 ll/well of anti-phosphotyrosine antibodies (RC20:HRP),
Transduction Laboratories)) were added (final concentration 0.5 lg/ml in
PBS) and incubated for 1 h. The plates were washed six times with PBS + 0.1%
Tween-20. Enzymatic activity of HRP was detected by adding 50 ll/well of
equal amounts of the Kirkegaard & Perry Laboratories (KPL) Substrate A and
Substrate B. The reaction was stopped by addition of 50 ll/well of a 0.1 N
H2SO4, absorbance was measured at 450 nm.
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The role of the tetrazole moiety in the binding of aryl thiotetrazolylacetanilides with HIV-1 wild type and
K103N/Y181C double mutant reverse transcriptases was explored. Different acyclic, cyclic and heterocy-
clic replacements were investigated in order to evaluate the conformational and electronic contribution
of the tetrazole ring to the binding of the inhibitors in the NNRTI pocket. The replacement of the tetrazole
by a pyrazolyl group led to reversal of selectivity, providing inhibitors with excellent potency against the
double mutant reverse transcriptase.
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Figure 1. Hit compound 1 and optimized inhibitor 2 obtained following uHTS
campaign and lead optimization program.

According to the world health organization, every day, more
than 6800 people become infected with human immunodeficiency
virus (HIV) and over 5700 people die from acquired immunodefi-
ciency syndrome (AIDS) throughout the world.1 With an estimated
number of 33.2 million people living with AIDS in 2007, an ade-
quate access to HIV treatment remains critical. Twelve years after
the introduction of highly active antiretroviral therapy (HAART) for
the treatment of HIV, the development of potent and well tolerated
new drugs remains an active field of research.2 The HIV reverse
transcriptase (RT) enzyme plays an essential role in the replication
of the HIV virus by performing the retrotranscription of the viral
RNA into viral DNA. Therefore, the HIV-RT constitutes a major tar-
get for antiretroviral drug development.3 The non-nucleoside re-
verse transcriptase inhibitors (NNRTIs) interact in an allosteric
site located approximately 10 Å away from the catalytic site, caus-
ing enzyme inhibition.4 Although NNRTIs are commonly used in
HAART regimens, the low genetic barrier to mutation associated
with first line NNRTIs creates a need for new drugs that exhibit
activity against the most prevalent mutants.5


We6 and others7 have recently reported the discovery of aryl-
thiotetrazolyl acetanilide 1 (Fig. 1) as a low nanomolar inhibitor
of the wild type (WT) HIV-1 RT. More importantly, compound 1,

ll rights reserved.


: +1 514 682 4189.
elheim.com (A. Gagnon).

which was identified in the course of a ultra high-throughput
screening (uHTS) campaign, also showed submicromolar potency
against the clinically relevant K103N/Y181C double mutant (DM)
RT.8 Excellent potency against this mutant is highly desirable for
second generation drugs since it plays a central role in the develop-
ment of resistance in patients exposed to nevirapine, efavirenz and
delavirdine.9 An intensive lead optimization program subsequently
led to the design of compound 2 which possesses key features that
provide optimal binding to the reverse transcriptase, such as a 2,4-
disubstituted left hand side aryl group and a 2-chloro-4-alkynyl
anilide right hand side fragment.10 We recently disclosed the de-
tailed SAR studies of the alkynyl series11 and showed that com-
pound 2 gives good cellular potency against the WT and the
K103N/Y181C DM RT in combination with good pharmacokinetic
parameters in rats.
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Table 1
Evaluation of cyclic and acyclic linkers


X
N
H


OCl


Cl


A


Compound Linker-X A IC50
a (nM)15


WT K103N/Y181C


6


NN
N


N S OCH2CO2H 1.9 22


7 CH2CO2H 2.4 48


8 OCH2CO2H 15 785


9 OCH2CO2H 272 3272


10
S


CH2CO2H 18 592


11
O


CH2CO2H 177 1390


a IC50 values are the mean of at least two independent experiments.


1200 A. Gagnon et al. / Bioorg. Med. Chem. Lett. 19 (2009) 1199–1205

Previous studies conducted by us on the tetrazolyl inhibitors
bound in the WT NNRTI pocket suggested that the tetrazolyl group
is likely involved in relatively weak associations with the side
chains of Y181 and/or K103.12 Consequently, we proposed at that
time that this heterocycle is more than simply a scaffold that ori-
ents the pharmacophores in the optimal geometry. In order to have
a better understanding of the role of this group in the binding of
the inhibitors with the RT enzyme, we initiated SAR studies cen-
tered around this area of the molecule. As a first step toward this
goal, we recently reported that amides, carbamates, ureas and thio-
amides 3 efficiently behave as tetrazole replacements (Fig. 2).12


Additionally, others have reported that analogs of 4 provide excel-
lent potency against the WT and the K103N/Y181C RT, showing
that the triazole is also a good tetrazole surrogate.13 Recently, thi-
adiazoles 5, which we first reported in 2005,10 were also shown to
be adequate tetrazole replacements.14


We would like to report herein our studies in the evaluation of
the electronic and conformational contribution of the tetrazolyl
group to the binding of the inhibitors with the HIV-1 RT. Taking
lessons from series 3, 4 and 5 we set for ourselves the objective
of finding a rigidified linker that would provide the optimal bind-
ing conformation in conjunction with the required electronic fin-
gerprint (Fig. 3). Knowing from previous modeling studies that
the tetrazole is in the vicinity of residue 103,11,12 we utilized the
clinically relevant K103N/Y181C double mutant RT as a probe to
gain insights into the nature and strength of the interactions be-
tween the linker and the protein.


We initiated our studies by exploring the conformational role of
the tetrazolyl group (Table 1) through the use of simple all-carbon
cyclic and acyclic linkers. In the event, replacing the tetrazolyl
group in 6 with a Z alkene (compound 8) resulted in a 7-fold reduc-
tion of potency against the WT-RT, showing that a simple double
bond is capable of partially retaining the potency against the
WT-RT. However, a drastic decrease of activity against the DM-
RT was observed. Surprisingly, the E alkene 9 retained submicrom-
olar potency against the WT-RT, but led to poor activity against the
DM-RT. These isomeric alkenes clearly demonstrate a preference
for a cis geometry, supporting the hypothesis that the tetrazole
partially acts as an orienting scaffold. Using compound 7 as a ref-
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Figure 2. Amides, carbamates, ureas, thiocarbamates 3, triazoles 4 and
thiadiazoles 5 as potent inhibitors of the HIV-1 wild type and K103N/Y181C
double mutant reverse transcriptases.
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Figure 3. Design of a conformationally constrained linker acting as a tetrazole
replacement.

erence, we then evaluated the effect of introducing a phenyl linker
and observed a good IC50 against the WT for thiophenyl 10. How-
ever, phenylether 11 suffered from significant loss of potency, indi-
cating a preference for a sulfur over an oxygen as the connecting
atom. The erosion of potency against the WT-RT and the drastic
loss of activity against the DM-RT observed for all of these linkers
suggest that an important electronic contribution is provided by
the tetrazole which might additionally be interacting with the sur-
rounding residues in the binding pocket.


Being now aware of the apparent electronic contribution of the
tetrazole in the binding of the inhibitors with the RT, we then
turned our attention to different five-membered heterocyclic link-
ers. The synthetic route that we designed to access these inhibitors
is based on a previously reported sequence utilized for the prepa-
ration of the tetrazolyl inhibitors.11 As illustrated in Scheme 1, two
approaches efficiently lead to the desired compounds. The first ap-
proach involves the preparation of a bromoacetanilide fragment 13
from the corresponding aniline 12. This compound is then coupled
with a thio or hydroxy aryl heterocycle 14, directly giving the de-
sired compound 15. Alternatively, the acetate can be installed first
onto 14, leading to the tert-butyl acetate 16. Removal of the tert-
butyl group under standard conditions followed by amide bond
formation then provides the final product 15.


The synthesis of compound 15 where the linker is a triazole
(compound 28), a pyrazole (compounds 29, 30, 31, 32, 33, and
40), an imidazole (compounds 35 and 36), a thiadiazole (com-
pound 37) or a thiazole (compound 38) has been described in an
earlier report.10 For the introduction of a pyrrolyl linker into frag-
ment 17, the synthesis commences with the Stille coupling be-
tween stannyl pyrrole 18 and 3-chloro-4-iodotoluene, furnishing
the 2-arylpyrrole 19 (Scheme 2). Bromination of 19 followed by
lithium-halogen exchange and trapping with TIPS-disulfide then
provides the protected thiopyrrole 20. Removal of the protecting
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Scheme 2. Synthetic sequence to fragment 21: (a) 3-chloro-4-iodotoluene
(0.9 equiv), Cl2Pd(PPh3)2 (0.05 equiv), toluene, 110 �C, o.n. (22%, unoptimized); (b)
PBr3 (0.1 equiv), NBS (1 equiv), THF, �78 �C, 1 h then rt, 3 h (83%); (c) n-BuLi
(1.0 equiv), TMEDA (1.0 equiv), THF, �78 �C, 1 h then TIPS-S-S-TIPS (1.0 equiv),
�78 �C to rt, 2 h (35%, unoptimized); (d) ethyl bromoacetate (2.5 equiv), toluene/
DMF (1:1), 0 �C then TBAF (2.5 equiv in toluene), 0.5 h (88%); (e) 1.0 N aq. LiOH
(1.5 equiv), THF/MeOH (3:1), 0 �C (100%).


O


N
H


Cl


R


BrXH
Cl


R


X
Cl


R


O


O
X


Cl


R


O


OH


NH2


Cl


R


X
O


N
H


Cl


R


Cl


R


a


b


c


d


e, f


14


12


13


15


7161


Scheme 1. Synthetic routes to compound 15: (a) aniline 12, bromoacetyl chloride
(1.1 equiv), triethylamine (1.1 equiv), CH2Cl2, rt, o.n. (80–100%); (b) fragment 14,
bromoacetamide 13 (1.0 equiv), K2CO3 (1.2 equiv), DMF, rt, 2 h (80–100%); (c)
fragment 14, tert-butyl bromoacetate (1.1 equiv), K2CO3 (1.5 equiv), DMF, rt, o.n.
(100%); (d) CF3CO2H (10 equiv), CH2Cl2, rt, o.n. (90–100%); (e) ClCOCOCl (1.1 equiv),
DMF (0.1 equiv), CH2Cl2, rt, 1.5 h; (f) aniline 12 (1.1 equiv), pyridine (2.0 equiv),
CH2Cl2, rt, 4 h, 70–80% (2 steps).
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Scheme 3. Synthetic sequence to fragment 25: (a) Butyl vinyl ether (1.2 equiv),
triethylamine (1.2 equiv), Pd(OAc)2 (0.2 equiv), dppp (0.2 equiv), DMF, 80 �C, 5 h;
(b) HCl (4 N in dioxane), dioxane/water (1:1), rt, 1 h (52%, 2 steps); (c) Br2


(1.1 equiv), dioxane, rt, 1 h (73%); (d) methyl thioglycolate (1.1 equiv), triethyl-
amine (1.1 equiv), CH2Cl2, rt, 1 h (99%); (e) Br2 (1.0 equiv), AcOH, rt, 0.5 h; (f)
formamide (20 equiv), 150 �C, 1 h (39%, 2 steps, unoptimized); (g) 1.0 N aq. NaOH
(1.5 equiv), DMSO, rt, 1 h (97%).
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group in the presence of ethyl bromoacetate followed by saponifi-
cation gives fragment 21. This pyrrolyl intermediate is finally con-
verted into inhibitor 34 according to Scheme 1.


For the introduction of an oxazole into structure 17, we started
with a Heck reaction between 3-chloro-4-iodotoluene 22 and butyl
vinyl ether to provide, after treatment under acidic conditions, ke-
tone 23 (Scheme 3). This ketone was then brominated and treated
with methyl thioglycolate in the presence of base to give 24. This
sulfide was then subjected to bromination prior to undergoing con-
densation with formamide, and saponification, affording the de-
sired thio-oxazolyl acetic acid 25. This fragment was finally
converted into inhibitor 39 under conditions reported in scheme 1.


To begin our SAR studies, we first prepared reference compound
26 where the eastern biphenyl aniline is replaced by a simple 2-
chloro aniline (Table 2). The loss of potency associated with this

modification indicates that substitution para to the aniline pro-
vides superior potency against the DM-RT. In addition, the potency
against the DM-RT could be enhanced by replacing the methyl
group in 7 by a larger tert-butyl fragment, as exemplified by com-
pound 27. To evaluate the importance of the nitrogen atoms at po-
sition 3 and 4 in compound 7, we then prepared triazole 28 and
pyrazole 29. Interestingly, removing the nitrogen atom at position
4 (tetrazole numbering) had no detectable impact on the IC50


against the WT-RT (triazole 28). However, proceeding further with
the removal of N3 (tetrazole numbering) led to a 4-fold reduction
of potency against the WT-RT (pyrazole 29). In both cases, a drastic
loss of potency against the DM-RT was observed.16 Substitution at
position 4 was clearly not tolerated, as illustrated by compound 30,
which was completely inactive against both RTs. The pyrazolyloxy
31 was found to be slightly less potent than the thio analogue 29,
but yet tolerated by the WT-RT. This is in clear contrast to the dras-
tic shift that we observed when going from the thioaryl 10 to the
phenoxy 11. The two isomeric pyrazoles 32 and 33 demonstrate
that substitution is only tolerated at the position adjacent to the
aryl group. Additionally, pyrrole 34 was more than 500-times less
potent than the structurally similar pyrazole 32, indicating a pref-
erence for a nitrogen at position 5 (pyrrole numbering). The above
modifications allow us to conclude that a nitrogen atom is pre-
ferred over a CH at position 3 and 4 of the heterocyclic linker. Sec-
ondly, it appears that substitution is permited exclusively at
position 2.


Being now educated on the tolerance of the molecule towards
substitution and deletion of nitrogen atoms, we next prepared
the imidazole 35 in accordance with the above observations. In
the event, excellent potency against the WT-RT was observed for
this inhibitor, associated with modest activity against the DM-RT.
The 4-methylimidazole 36 was found to be completely inactive
against the DM-RT, confirming the observation that substitution
at position 3 of the heterocycle is not tolerated. Thiadiazole 37,
which possesses heteroatoms at positions 2, 3 and 4 (tetrazole
numbering) proved to be the most potent tetrazole replacement,
with a very good IC50 against the WT-RT and only a 2-fold loss of
activity against the DM-RT. Unfortunately, the low metabolic sta-
bility associated with this compound hampered further efforts
involving this heterocyclic linker. Replacing one nitrogen atom
with carbon in 37 led to thiazole 38 which suffered from modest
potency against both RTs, indicating once again a preference for
a nitrogen atom at position 3 (tetrazole numbering). The negative







Table 2
Evaluation of heterocyclic linkers


Cl


R


Het X
O


N
H


Cl


A


Compound Het-X R A IC50
a (nM)15


WT K103N/Y181C


7
NN


N
N S


1
2


3 4


Me Ph-4-CH2CO2H 2.3 48


26 Me H 8.8 809
27 t-Bu Ph-4-CH2CO2H 7.7 28


28
N


N
N S


1


2
3


4


5


Me Ph-4-CH2CO2H 2.4 730


29 N
N S1


2


3
45


Me Ph-4-CH2CO2H 7.9 420


30 N
N S


Me Ph-4-CH2CO2H >10,000 >10,000


31 N
N O Me Ph-4-CH2CO2H 18 770


32
N


N S1


2 3
4


5


Me Ph-4-CH2CO2H 1.9 178


33
N


N S


1


2
3 4


5


Me Ph-4-CH2CO2H n.d.b 6480


34 N S1 2


3
45


Me Ph-4-OCH2CO2H >1000 2679


35
N


N S
1


2


34


5
Me Ph-4-CH2CO2H 9.5 549


36
N


N S1


34


25 Me H >1000 >10,000


37


SN
N S Me Ph-4-CH2CO2H 2.0 107
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Table 2 (continued)


Compound Het-X R A IC50
a (nM)15


WT K103N/Y181C


38
S


N S


12


3


4 5
Me Ph-4-CH2CO2H 200 796


39
O


N S Me Ph-4-CH2CO2H 365 1458


40
NN


O


H
1


2
3


45
t-Bu Ph-4-CH2CO2H 2089 22


a IC50 values are the mean of at least two independent experiments.
b n.d., not determined.


Table 3
SAR studies on the oxypyrazole acetanilide series


Cl


NN


R


H


O
O


N
H Cl


A


1 2


3


45


Compound R A IC50
a (nM)15 EC50


a (nM)17


WT K103N
Y181C


WT K103N
Y181C


41 H
CO2H


>3300 122 4869 444


42 Me
OH


>3330 24 >5000 177


43 Me CO2H 2403 38 3884 73


a IC50 and EC50 values are the mean of at least two independent experiments.
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impact on the potency was further exacerbated with the replace-
ment of the sulfur in 38 by an oxygen (oxazole 39). All of the het-
erocyclic linkers explored thus far indicate that the tetrazole is not
simply acting as an orienting group, but is presumably also inter-
acting with the protein, as supported by the considerable loss of
potency observed in all cases with the DM-RT. However, this exer-
cise demonstrates that triazoles, pyrazoles, imidazoles and thi-
adiazoles are good tetrazole replacements, providing potent
inhibitors of the wild type reverse transcriptase.


We then became interested in the introduction of a H-bond do-
nor in the linker, resulting in the design of pyrazole 40. To our great
delight, an IC50 of 22 nM against the DM-RT was observed for this
inhibitor. More fascinating was the significant loss of activity ob-
served against the WT-RT. Intrigued by this reversal of selectivity,
we initiated a more detailed SAR study on this pyrazolyl scaffold
(Table 3).


To evaluate the importance of the methyl group at position 5 of
the pyrazole, we first prepared the des-methyl 41 and observed a
significant reduction in the potency against the DM-RT. However,
encouraged by the cellular potency obtained against the DM-RT,
we pursued our investigation on these NH-pyrazolyl inhibitors.
The introduction of our previously reported alkynyl aniline frag-
ment led to an improvement in the cellular potency against the
DM-RT, as exemplified by compound 42. Further advancement
was achieved with the introduction of the dimethyl butynoic acid
fragment (compound 43), giving our best EC50 against the DM-RT
for this class of compound.


In order to evaluate the relation between the electrostatic prop-
erties of the linkers and the potency of the inhibitors, we next cal-
culated the electrostatic potential (ESP) of selected compounds
(Fig. 4). As illustrated, tetrazole 7, triazole 28 and thiadiazole 37,
which were all very potent against the WT-RT, all have a strong
negative potential localized around the edge of the heterocycle.


Conversely, pyrazoles 29 and thiazole 38, which had poorer po-
tency against the WT-RT, have a slightly positive ESP. In the case of
the pyrazole 40, which had poor potency against the WT-RT, a
strong positive potential localized on the NH is observed. Conse-
quently, it appears that a strong negative ESP near position 3 leads
to higher potency against the WT-RT, but not against the DM-RT.


To rationalize the unforeseen loss of potency against the WT-RT
observed with the NH-pyrazolyl inhibitors and to gain a deeper
understanding on the role of the linker in the binding of the tetraz-
olyl inhibitors, a molecular model of compound 27 and 40 in the
NNRTI binding pocket of the HIV-1 WT and K103N/Y181C DM
RTs was generated (Fig. 5).18 In accordance with our previous stud-
ies,11,12 the model shows the orthogonality between the tetrazole

and the directly attached aryl group. Additionally, the carbonyl of
the amide is at an optimal distance for a hydrogen bond with the
backbone of residue 103. The left hand side aryl group binds in a
hydrophobic pocket formed by residues 229, 188 and 181 while
the tetrazole rests in close proximity to residue 103. The erosion
of potency observed following substitution at position 3 and 4 (tet-
razole numbering) can be explained by a steric clash or an unfavor-
able interaction between the alkyl group and the side chain of
residue 103. Additionally, a steric repulsion between the CH2 group
of the acetamide and a 4-methyl group might result in a higher en-
ergy bioactive conformation.


In accordance with our initial hypothesis,12 our studies indicate
that the tetrazole can interact with residue 103. In fact, the model
suggests a possible (tetrazole)N����H-Csp3 interaction between N3
and N4 of the tetrazole and the c-H of the side chain of lysine-
103.19 Previous studies have established that the side chain of ly-
sine is one of the best donors in the C–H����p interaction.20 More-
over, this interaction is supported by the electrostatic potential
calculated for 7 which places the electronic density on the edge







Figure 4. Electrostatic potential (ESP) of selected inhibitors calculated at the HF/6-
31G** level of theory. Red represents a negative potential; white represents a
neutral potential; blue represents a positive potential.


Figure 5. Molecular model of 27 (yellow) and 40 (orange) in the allosteric site of
HIV-1 WT and K103N/Y181C RT.
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of the heterocycle. In the case of the pyrazole 40, this interaction
would be replaced by an unfavorable (pyrazolyl)N–H��//��H-Csp3
contact, resulting in a major loss of potency against the WT-RT.
In the case of the 103N mutant, the side chain of the asparagine
can accommodate a H-bond donor or H-bond acceptor by rotation
of the amide, resulting in a (tetrazole)N����H2NCO103N for 27 or
(pyrazolyl)N–H����O@C103N for 40. The poor potency observed

against the DM-RT for many heterocyclic linkers would therefore
be explained by the lack of an adequate H-bond acceptor.


In conclusion, the role of the tetrazolyl group in the binding of
the thiotetrazole acetanilide inhibitors with the HIV-1 reverse
transcriptase has been studied through the design of different cyc-
lic and acyclic tetrazole replacements. We have demonstrated that
a simple Z alkene is capable of retaining most of the potency
against the WT-RT, supporting the hypothesis that the tetrazole
partially acts as an orienting scaffold. The exploration of numerous
heterocyclic linkers allowed the identification of potent inhibitors
of the WT-RT. A complete reversal of selectivity was observed for
the NH-pyrazolyl inhibitors, giving excellent potency against the
DM-RT associated with a complete loss of activity against the
WT-RT. The electrostatic potential study has demonstrated that
the tetrazole provides a strong negative potential located at the
edge of the heterocycle. Modeling studies of the tetrazolyl and
NH-pyrazolyl inhibitors suggested important interactions between
the heterocyclic linkers and residue 103, providing a rationale for
the potency observed against both RTs.
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A series of 2-(a-methylbenzylamino) pyrazines have shown to be potent inhibitors of the FMS tyrosine
receptor kinase. Details of SAR studies, modeling and synthesis of compounds within this series are
reported.
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Macrophage or monocyte colony stimulating factor (CSF-1)
interacts with cells through its one specific trans-membrane
receptor FMS (also known as CSF-1R)—a receptor tyrosine kinase.
Signal transduction through the CSF-1/FMS ligand–receptor com-
plex leads to the differentiation and proliferation of cells of the
monocyte/macrophage lineage.1 Over-expression of CSF-1 and/or
FMS has been implicated in a number of disease states including
the growth and metastasis of particular cancers,2 in promoting
osteoclast proliferation in bone osteolysis,3 in inflammatory dis-
eases such as rheumatoid arthritis,4 atherosclerosis,5 and Crohn’s
disease6 and in renal allograft rejection.7 Strong evidence supports
the major role that tumor associated macrophages (TAM) play in
the microtumor environment.8,9 A monoclonal antibody to CSF-1
developed by Pfizer, PD-0360324, has recently entered Phase 1
clinical trials for rheumatoid arthritis.10 Therefore, small molecule
FMS inhibitors are expected to be valuable therapeutic tools tar-
geting various cancer and inflammatory diseases.


Several chemotypes have been identified as displaying highly
potent FMS inhibitory activity including 2,4-diaminopyrimi-
dines,11 aminoindazoles,12 dimethoxyquinazolines,13 quinoline ur-
eas,4 2-quinolones,14 pyridopyrimidinones,15 2,4-disubstituted aryl
amides,16 and anilinoquinolines.17 A recent paper has also drawn

All rights reserved.
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attention to the potential use of thiazolyl bisamides as FMS inhib-
itors in the treatment of cancer.18


Focused screening of compounds from Cytopia’s internal small
molecule library identified the racemic a-methylbenzylamino pyr-
azine derivative 1 (Fig. 1) as a potent (IC50 22 nM) inhibitor of
FMS.19


As well as being a potent inhibitor of FMS in biochemical assays,
compound 1 also completely blocked CSF-1 induced survival in pri-
mary murine bone marrow-derived macrophages (BMM).19


Subsequently, we found that the S enantiomer of 1 was over 35
times more potent in the enzyme assay compared with its anti-
pode (S enantiomer IC50 11 nM, R enantiomer IC50 416 nM).20 We
therefore focused all subsequent SAR investigations on the S enan-
tiomeric series.


Initially, we discovered that replacement of the aromatic ring
directly attached to the pyrazine ring of 1 by a simple halide al-

N
1


Figure 1. Initial screening hit 1.
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Table 2
Alterations to the terminal position of the amide bond
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lowed us to retain sub-micromolar activity in biochemical as-
says.20 We therefore investigated the SAR of the aryl amide bond
using the 2-chloropyrazine scaffold. We confirmed that both the
presence of the amide bond proton and carbonyl were required
for potency (Table 1).


To probe the range of terminal moieties tolerated on the amide
bond, we prepared a series of derivatives, selected examples of
which are displayed in Table 2.


Substitution of the pyridyl ring meta to the amide bond (Table 2
8–10) greatly increased potency in the biochemical assay. We also
found that the pyridyl ring could be exchanged for a mono- (12, 14,
and 15) or disubstituted (13, 16) phenyl ring without losing po-
tency, thus removing potentially deleterious interactions with
metabolizing enzymes. Replacement of the pyridyl ring with other
heteroaromatic or heterocyclic rings (17, 18) led to a loss of
potency.


Whereas both 9 and 15 had high predicted clearance values
based on human microsomal data, 15 proved to have a reasonable
in vivo rat PK profile when dosed iv at 5 mg/kg: t1/2 5.9 h, blood
CLTOT 12.7 mL/min/kg and Vz 30.2 L/kg.


Counterscreening of 15 across a diverse panel of more than 300
kinases showed high potency against a limited number of en-
zymes, including the closely related Type III receptor tyrosine ki-
nases shown in Table 3, DDR1 and FRK.21 A Kd of greater than
10 lM was seen against most other kinases. Compound 15 also
inhibited FMS dependent proliferation of the murine cell line MNFS
60 and CSF-1 dependent growth of murine BMM, as shown in Table
4, without showing general cellular cytotoxicity against human
kidney and liver cell lines HEK293 and HepG2, respectively.22


We prepared compounds of the type shown in Tables 1 and 2
via the procedure shown in Scheme 1. Thus, a catalytic Leuckart–
Wallach type reductive amination23 of commercially available
3-nitroacetophenone 19 gave the racemic amine. Resolution with
L-tartaric acid provided the m-nitro-substituted S-a-methylbenzyl-
amine 20. Following reduction of the nitro group and base-
promoted coupling to 2,6-dichloropyrazine, we generated a series
of amides via conventional coupling reactions with suitable
carboxylic acids.24


Homology models of the FMS kinase, based on a crystal struc-
ture of its most closely structurally related kinase cKit (PDB code
1T46) allowed us to perform docking studies on this series.26 Ini-
tially, docking experiments involving 9 indicated that the com-
pound interacted with the DFG-out (inactive) conformation of

Table 1
Alterations to the amide bond


N


N N
H


Cl X R


Compound X R FMS IC50 (nM)


2 NHCO
N


857


3 NH2 — >5000


4 N(Me)CO
N


>5000


5 NHCH2
N


>5000


6 NHSO2
N


>5000


18 N 5000


Table 3
Kinase selectivity of 15


N


N N
H


Cl NH
O


Enzyme Kd (nM) Enzyme Kd (nM)


FMS 1.9 RET 95
cKit 2.2 Src 1300
PDGFRb 2.3 AURKB >10,000
PDGFRa 3 EGFR >10,000
VEGFR-1 5.7 FGFR1,2,3 >10,000
DDR1 7.8 Flt3 >10,000
VEGFR-2 9.1 JAK3 >10,000
FRK 12 bRAF >10,000
VEGFR-3 27 TIE2 >10,000







Table 5
Inhibitory activity of modified pyridine and pyrazine ring compounds in FMS
biochemical assays


RN
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Scheme 1. Reagents and conditions: (a) ammonium formate, [RhCp*Cl2]2, MeOH,
70 �C, 5 h; (b) chiral resolution with L-tartaric acid25; (c) NaOH (aq); 25% over 3
steps; (d) H2, Pd/C, EtOH, 30 psi, 30 min, 100%; (e) 2,6-dichloropyrazine, dioxane,
K2CO3, 120 �C, 72 h, 85%; (f) m-toluic acid, EDAC, 4-pyrrolidinopyridine, NEt3,
CH2Cl2, rt, 48 h, 83%.


Table 4
Cellular activity of 15


Cell line MNFS 60 BMM HEK293 HepG2


IC50 (nM) 211 107 >20,000 >20,000
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the enzyme in two possible binding modes as shown in Figure 2. In
binding mode A the pyridine N of 9 is involved in a hinge binding
interaction with Cys666 whereas in binding mode B it is the 4-N
of the pyrazine ring that initiates this contact. In both cases there
are interactions with the DFG motif which is in the ‘out’
configuration.

Figure 2. Two potential binding modes of 9 in the ATP binding pocket of FMS.
Hinge interactions are with Cys666 and Thr663 (gatekeeper residue). In binding
mode A, hinge interactions are postulated for the pyridine N and amide carbonyl. In
binding mode B, hinge interactions are postulated for 4-N of the pyrazine and the
secondary amine. Putative hydrogen bonds are indicated by a dashed line.

To assess the validity of the two binding modes, we modified
compound 9 as shown in Table 5. Thus, when the pyridine N of 9
was exchanged with a CH to give compound 15 there was no
change in inhibitory activity on FMS. When we replaced the pyra-
zine ring of 9 with a 3,5-disubstituted pyridine (compound 21)
there was again minimal change in activity. However, when we re-
placed the pyrazine with a 2,6-disubstituted pyridine, 22, we lost
all inhibitory activity. This observation confirmed binding mode
B (Fig. 2): loss of the pyridine N from 9 does not affect activity
while loss of the pyrazine 4-N in this series does.


Hence, as shown in Figure 3, the chloropyrazine moiety of 15
interacts with the adenine-hinge binding region of the ATP pocket
while the amide bond sits over the DFG motif in the ‘allosteric site’.

15
N


NCl
CH 2


21
N


Br
N 5


22
NBr


N >5000


Figure 3. Model of 15 complexed with FMS in the DFG-out conformation.26


Proposed hydrogen bonds in black are shown between 4-N of the pyrazine and
hinge (Cys666 backbone), between the secondary amine and gatekeeper (Thr663
hydroxy), between the amide carbonyl and DFG motif (Asp796 backbone) and
between the amide NH and a-helix (Glu633 carboxylate). The 3-methylbenzamide
moiety extends into the allosteric site.
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The 3-methylbenzamide moiety of 15 further extends into the
hydrophobic region of the allosteric site. Overlay of our homology
model with a subsequently published crystallographic structure of
FMS, PDB code 3BEA,15 produced an RMSD of 1.5 Å over Ca atoms,
validating our FMS modeling approach. Compounds that bind to
the inactive conformation of kinases in this manner are commonly
referred to as Type II kinase inhibitors.27


In summary, we have developed a new series of Type II FMS
inhibitors with excellent biochemical and cellular potency. Our
ongoing efforts to improve the PK profile of this series will be re-
ported in due course.
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proteins. The covalent attachment to proteins was confirmed by gel electrophoresis and mass analysis.
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Covalent labeling reactions of proteins are required for prepara-
tion of protein conjugates that are useful in research and medicine.
For example, antibody–drug conjugates are more efficient thera-
peutics than antibody alone or drug alone.1 When conjugated to
protein, small molecule drugs can be selectively delivered to tar-
gets, reducing side effects and extending the half-life of the
drugs.1,2 Fluorescently labeled proteins can be traced by detection
of the fluorescence.3 Currently available labeling methods include
labeling at lysine with succinimidyl ester derivatives, labeling at
cysteine with maleimide derivatives, and labeling of an unnatural
amino acid residue incorporated in protein sequence during its
expression.1c,d,4,5 Small peptide tag-based strategies for labeling
of proteins have also been developed.6 Most of the methods have
advantages and disadvantages.


To provide labeling reactions complementary to the existing
reactions, we have recently developed cyclic imines that covalently
react with phenols, including tyrosine residues, in aqueous solu-
tions7 (Scheme 1). The reactions of the imines with phenols pro-
ceeded over a wide pH range without the need of additional
catalysts.7 The imines were relatively stable and were resistant
to hydrolysis in aqueous solutions but efficiently reacted with
phenols.7


Tyrosine residues are observed less often on the surface of
folded proteins than lysines or carboxylic acid-containing resi-
dues,8 which are commonly used as labeling sites. Thus, accessible
tyrosine is an attractive covalent labeling site.7–9 For proteins and
peptides that do not have an accessible tyrosine, a tyrosine residue

All rights reserved.

can be added by usual site-directed mutagenesis or by usual pep-
tide synthesis. Although imines prepared from formaldehyde and
aniline derivatives in situ have been used for labeling of proteins
at tyrosine,8 the optimal pH range for this reaction is 5.5–6.5 and
the reaction does not proceed above pH 8.8a In addition, formalde-
hyde cannot be used in many cases; for example, use of formalde-
hyde is not suitable for labeling of proteins at tyrosine inside living
cells or in the presence of living cells. Reactions at tyrosine using
reagents other than imines typically require additional catalysts
or multistep conversions after the first reaction step on the phenol
moiety of tyrosine.9a–c Use of the imine shown in Scheme 1 may
bypass the limitations and disadvantages of the existing labeling
methods.


To demonstrate the use of the cyclic imines shown in Scheme 1
for covalent attachment of non-native molecules to proteins and
peptides, here, we have synthesized a conjugate of the imine with
a fluorescent dansyl group and examined the reactions of the dan-
syl-conjugated imine with proteins and peptides.

aqueous buffer
pH 2–10


Scheme 1.
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The imine derivative linked to a fluorescent dansyl group was
synthesized as shown in Scheme 2.10 Diazidation of 1 afforded a
mixture of stereoisomers of 2; the major isomer was expected to
have trans-diazide groups due to the procedures used.11 Hydrolysis
of the ester with LiOH afforded 3, which was converted to succin-
imidyl ester 4. Reaction of 4 with amine 5, prepared from the cor-
responding diamine and dansyl chloride, afforded compound 6.
Diamine 7 was obtained by reduction of the azide groups by hydro-
genation with Pd–C under H2 in EtOAc–MeOH (3:1). The solvents
for this reduction were critical; reduction of 6 with Pd–C under
H2 but in MeOH mainly afforded monoamine, which might have
been generated via elimination of HN3. Diamine 7 was then trans-
formed to imine 8 as a mixture of regioisomers (8a + 8b). To con-
firm the imine functionality of 8, reaction of 8 with p-cresol was
performed in the presence of TFA (Scheme 3).12 Formation of addi-
tion product 9 confirmed the presence of the imine functionality in
compound 8.
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Scheme 3.

Imine 8 was used for modification of proteins and peptides.
Reaction of peptide was performed using GlyTyr or AlaTyrAla
(90 mM) with 8 (20 mM) in 10% DMSO/100 mM sodium phos-
phate, pH 6.0 for 48 h at 37 �C. Imine 8 was completely consumed
as judged by TLC analysis of the reaction mixture. Formation of the
addition products were confirmed by mass analysis.13


To test reaction of 8 with proteins, lysozyme from chicken egg
white, a-chymotrypsinogen A type II from bovine pancreas, myo-
globin from equine skeletal muscle, carbonic anhydrase isozyme
II from bovine erythrocytes, and cytochrome C from horse heart
were used. Reactions of proteins (475 lM) were performed in the
presence of 8 (5 mM) in 5% DMSO/100 mM sodium phosphate,
pH 6.0 for 4 days at 37 �C and were analyzed by gel electrophoresis
(Fig. 1). Gel bands corresponding to modified proteins were fluo-

a b c d e f


a b c d e f


Figure 1. Analysis of proteins modified with 8 after separation by gel electropho-
resis. Lane a, protein standard marker; b, lysozyme; c, chymotrypsinogen (see text);
d, myoglobin; e, carbonic anhydrase; f, cytochrome C. (A) Analysis of fluorescence of
dansyl group attached to proteins under UV 312 nm. (B) Analysis of proteins by
Coomassie staining.
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rescent under a UV lamp (312 nm). Unmodified proteins were not
fluorescent on a gel under the UV lamp (data not shown). Gel anal-
ysis showed that lysozyme was most easily modified among pro-
teins tested (lane b). Mass analysis of the reaction mixture of
lysozyme with 8 showed the formation of the mono-addition prod-
uct.14 We previously demonstrated that the imine derivative
shown in Scheme 1, prepared from trans-diaminocyclohexane,
selectively reacted at tyrosine and did not react with other natural
amino acid residues except cysteine thiol.7 Thus, reaction of 8 with
lysozyme probably occurred at tyrosine. Cytochrome C was not la-
beled with 8 under the conditions used (lane f). Myoglobin and car-
bonic anhydrase were slightly modified (lanes d and e).15


Chymotrypsinogen was hydrolyzed into small fragments by autol-
ysis and by catalysis of generated chymotrypsin under the condi-
tions used (lane c). Due to this hydrolysis, we were unable to
evaluate labeling of chymotrypsinogen with 8. These results indi-
cated that 8 did not inhibit the serine protease activity under the
conditions used; this implies that the nucleophilic serine in the ac-
tive site of chymotrypsin did not efficiently react with imine 8.


Mass analysis of the reaction of 8 with lysozyme at 48 h sug-
gested that the reaction of 8 was slower than that of the imine syn-
thesized from trans-cyclohexanediamine shown in Scheme 1. We
previously observed that reaction of the trans-isomer of the imine
shown in Scheme 1 was faster than the corresponding cis-isomer.7


Relative stereochemistries of the two nitrogen functionalities and
the amide carbonyl group on the cyclohexane ring of 8 may affect
the reactivity of the imine moiety. In order to increase the reaction
rate, stereoselective synthesis of 8 may be required. Alternatively,
introduction of moieties that provide noncovalent interactions
with the target protein may be used to enhance the reaction rate
of the imine with the target.9d


In these reactions, excess of compound 8 was used compared to
protein (5 mM vs 475 lM). After protein was separated by gel fil-
tration or C18 column, compound 8 was recovered by extraction
with organic solvent (such as CH2Cl2). This recoverable feature of
the imine should be beneficial when a toxic drug or an expensive
molecule is covalently attached to protein.


In summary, we have synthesized a fluorescent conjugate of cyc-
lic imines that we have recently developed for covalent reactions
with phenols, including accessible tyrosine. We have demonstrated
that the imine derivative can be used to fluorescently label proteins,
although the reaction of the imine was relatively slow. The imine
derivative was stable in aqueous solutions and recoverable after
reactions. Reactions of the imine derivative proceeded without the
need of additional catalysts. This system does not require formalde-
hyde or multistep conversions after the first reaction step on tyro-
sine and thus is an improvement over previously reported labeling
systems. Further studies and improvements on the imine derivatives
described here are under investigation.
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3H � 1/2). HRMS: calcd for C34H46N5O7S (MH+) 668.3112, found 668.3115.


13. GlyTyr labeled with 8. HRMS: calcd for C38H51N7O10S (MH+) 798.3491, found
798.3495. AlaTyrAla labeled with 8. HRMS: calcd for C42H58N8O11S (MH+)
883.4018, found 883.4015.


14. Lysozyme labeled with 8. ESI-MS: 14,865 (mono-addition product); unmodified
14306.


15. Myoglobin labeled with 8. ESI-MS: 17,512 (mono-addition product); unmodified
16,953. Modification of myoglobin, which lacks surface-accessible tyrosine,8,9b


may have occurred when the protein was denatured during the 4-day reaction
time. We previously showed that myoglobin was not modified with the cyclic
imine derivative shown in Scheme 1 in aqueous buffer, pH 7.0 at 37 �C for
48 h.7
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For the purpose of developing new oxime reactivators of acetylcholinesterases (AChE) that have been
inhibited by organophosphorus agents, emphasis was given to the finding that the lipophilic nature of
fluorinated compounds is responsible for their enhanced transport across the blood brain barrier
(BBB). As a result, we have designed and synthesized the fluorinated oxime derivatives, which quantum
mechanical calculations suggest should have a greater lipophilicity and BBB permeability than their non-
fluorinated analogs. Among the compounds explored in this study, 4 was found to have the highest
potency for reactivation of paraoxon-inhibited housefly (HF) AChE.


� 2008 Elsevier Ltd. All rights reserved.

N
CH3


NOH
N N


NOH


O


CONH2


2-PAM HI-6


Cl
2Cl


N N


O
Obidoxime


2Cl


NOH NOH


Figure 1. Structures of AChE reactivators.

A number of organophosphorus compounds that serve as nerve
agents and insecticides (e.g., parathion and malathion) are cholin-
esterase inhibitors and, in particular, acetylcholinesterase (AChE)
inhibitors. Electrophilic phosphorous atoms in these agents are
reactive toward nucleophilic attack by the serine hydroxyl group
in the acetylcholinesterases. The toxicity of these organophospho-
rus agents is a consequence of the fact that the resulting, cova-
lently inactivated phosphorylated enzymes resist hydrolysis. The
inhibition of AChE increases the amount of neurotransmitter ace-
tylcholine at central and peripheral sites of the nervous system
and causes excessive stimulation of muscarinic and nicotinic
receptors.1 The inhibited AChE can be reactivated by using selec-
tive nucleophilic substances, such as pyridinium oximes.2 Oxime-
induced reactivation is the primary therapeutic antidote for poi-
soning by organophosphorus warfare agents and insecticides. As
a result, the development of oxime reactivators has received great
attention during the last several decades.


These efforts, some of which have been carried out in our labo-
ratory, have led to the discovery of a variety of pyridinium oximes,3


several of which are in clinical use currently (e.g., pralidoxime, obi-
doxime and HI-6, Fig. 1).4 However these oximes are not ideal reac-
tivators of inhibited AChEs, primarily because they have limited
blood brain barrier (BBB) penetration. Even though the mean BBB
penetration of 2-PAM is approximately 10%, determined by using
an in vivo rat microdialysis technique with HPLC/UV,5 BBB pene-

All rights reserved.


: +82 42 861 0307.

tration remains a key issue in the development of the oxime type
AChE reactivators.


Lipophilicity is a key molecular parameter in medicinal chemis-
try,6 especially in the development of central nervous system (CNS)
active drugs that require BBB permeability. Biological absorption
and distribution are largely controlled by the ionization state of a
drug that leads to a balance between lipophilicity and hydrophilic-
ity. Enhanced lipophilicity can lead to an increase in the measured
binding free energy by making partitioning between the polar
aqueous solution and the less polar receptor site more favorable.


Fluorinated compounds are frequently encountered in modern
medicinal chemistry and many of these substances are highly
effective drugs.7 Commonly, fluorine is introduced to block a met-
abolically labile site in the molecule. Another beneficial property
associated with fluorine substitution is an increase in BBB perme-
ability due to changes in lipophilicity. The results of studies prob-
ing the effect of replacing hydrogen by fluorine on lipophilicity
show that a single H/F exchange raises the logD value by approx-
imately 0.25.8 Thus, we hypothesized that introduction of fluorine
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at heterocyclic ring positions of pyridinium oximes might repre-
sent a viable strategy for the enhancement of liphophilicity, BBB
permeability, and potency for inhibited AChE reactivation.


In order to assist in the design of ideal fluorinated pyridinium
oximes, computer aided calculations of lipophilicity were per-
formed. Ab Initio Hartree–Fock (HF) and density functional B3LYP
calculations using the Gaussian 03 package were carried on pyrid-
inium oximes 1-3 (Fig. 2) first in order to measure and compare
electron densities. The conformations of 1–3 were optimized at
the HF/6-31+G(d) level. The conductor-like polarizable continuum
model (CPCM) SCRF method, which is implemented in the Gauss-
ian 03 package to consider solvation effect, was also used. To de-
rive a hydrophilicity index (Eq. (1)), we used the electron
densities as parameters to assess the degrees to which atoms in
the compound resemble those in water.9


Hydrophilic index ¼
X


qa<qH2O


qa=qH2Oþ
X


qa>H2O


1� qaHB
qH2O


� �


�
X


qaHC=qH2O ð1Þ


In equation 1, qa represents the electron densities of individual
atoms in the compound, qH2O represents the electron density of
water, HB refers to potential hydrogen-bonding atoms (O, N, F)
and to hydrogen atoms bonded to O or N, and HC refers to hydro-
gen atoms bonded to carbon. The electron densities of hydrogen
atoms were compared with the electron density of hydrogen atoms
in water regardless of their origin (0.457) and the electron densi-
ties of O, N, or F atoms were compared with the electron density
of the oxygen atom of water (7.868). By using this relationship,
the hydrophilic indexes of 1–3 were determine to be 2.53, �0.2
and �0.33, respectively (Table 1), where the lower value corre-
sponds to lower hydrophilicity and more liphophilicity. These re-
sults suggest that the fluorinated compounds 2 and 3 are more
liphophilic than the non-fluorinated substance 1. Consequently, 2
and 3 should be more able to penetrate the Brain Blood Barrier
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Figure 2. Structure of bis-pyridinium oximes.


Table 1
QM calculations of electron densities and hydrophilicity of compounds


Compound Electron densities


N1 N2 O


1 6.576927 7.099565 7.703776
2 6.604342 7.113086 7.683838
3 6.726558 7.101621 7.695776


* These values are calculated using Accelrys/ADME prediction software. Lower solubili
penetration.

(BBB) as compared to 1. The aqueous solubilities and BBB penetra-
tions for three compounds were also calculated by using Accelrys/
ADME prediction software as shown in Table 1.


The results of the theoretical treatments described above sug-
gest that fluorinated oximes 2 and 3 should have higher lipophilic-
ities and higher BBB permeabilities than non-fluorinated oxime 1.
As a result, we have synthesized oxime 2 along with the related
bis-pyridinium oximes (4–6) that contain the oxime moiety found
in 2 and compared their activities toward reactivation of organo-
phosphorus compound inactivated AChE.


The first step in the preparation of the fluorinated mono-pyrid-
inium oxime 2 involved treatment of 3-fluoro-4-pyridinecarboxal-
dehyde 6 with NH2OH–HCl in EtOH containing pyridine. This
process produces the aldoxime 7 in 96% yield (Scheme 1). The
oxime 2 was then generated in 24% yield by N-methylation 8 with
methyl iodide in CHCl3.


Our interest also focused on fluorinated derivatives of bis-pyrid-
inium oximes (4–6), obidoxime analogs, because the obidoxime is
already clinically in use.


Methods for the preparation of the non-fluorinated oximes HI-6
and obidoxime, bearing a bis-chloromethyl-ether linker, have been
published.10 As a result, the fluorinated analogs (4–6) were pre-
pared by using the established procedures. Accordingly, reaction
of aldoxime 8 with 0.33 equiv of bis-chloromethyl-ether 9 at
45 �C in CHCl3 yields the bis-pyridinium oxime 4 (15%). In contrast,
reaction of aldoxime 10 with 5 equiv of bis-chloromethyl-ether 9
in CHCl3 generates the mono-pyridinium oxime 11 (98%), which
upon reaction with 8 provides the oxime 5 (40%). In the route for
preparation of the bis-pyridinium oxime 6, isonicotinamide 12 is
reacted with 5 equiv of bis-chloromethyl-ether 9 in CHCl3 to give
intermediate 13 (26%), which reacts with aldoxime 8 in DMF to
produce the oxime 6 (63%).


The pyridinium oximes and HI-6 were prepared by using known
synthetic methods.3 2-PAM was purchased from Sigma–Aldrich.
Diisopropyl fluorophosphates (DFP) and paraoxon are available
from Fluka and Sigma–Aldrich, respectively. AChE, from bovine
red blood cells (RBC), was purchased from Sigma–Aldrich. Known
sequential protocols were used to monitor reactivation of AChE.11


In order to assess the reactivation potencies of the oximes,
paraoxon was used to inactivate AChE since this substance has
structure that is similar to typical nerve gases. As shown in Table
2, oxime reactivations were carried out on paraoxon-inhibited HF
and RBC AChEs. The potencies of the prepared oximes were com-
pared with the three currently used AChE reactivators, 2-PAM, obi-
doxime and HI-6 (Fig. 3). The importance of fluorine substitution at
pyridinium ring positions is demonstrated by comparison of data
obtained using N-methyl-4-pyridinium oxime 1 and N-methyl-3-
fluoro-4-pyridinium oxime 2 in paraoxon-inhibited HF and RBC
AChEs.12


Because of structural similarities, the fluorinated oxime 4
should be compared with obidoxime, and the fluorinated oxime
6 can be compared with HI-6. The results of these measurements
show that non-fluorinated oximes have higher reactivation poten-
cies than their fluorinated analogs with paraoxon-inhibited RBC

Hydrophilicity index Aqueous solubility* BBB penetration*


2.53 �0.767 �0.553
�0.20 �1.152 �0.490
�0.33 �1.484 �0.372


ty value represents less soluble in water. Greater BBB value represents more BBB
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Scheme 1. Synthesis of new pyridinium oximes.


Table 2
Reactivation potency of oximes for paraoxon-inhibited AChEs


Compound HF AChE RBC AChE


Meana SE Meana SE


1 7.5 2.47 20.5 2.38
2 19 2.85 46.3 3.36
4 50 8.98 40.9 3.96
5 2.2 0.85 26.9 2.87
6 22.1 3.17 29.5 2.99
2-PAM 48.4 11.63 62.6 3.55
Obidoxime 33 6.47 78.1 7.61
HI-6 4.6 1.3 48.2 3.94


a Mean is the average of % reactivation with 4 replications, and SE is the ‘Standard
Error’.


Figure 3. Reactivation potency of tested oximes for paraoxon-inhibited RBC AChEs.
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AChE. The potency order was found to be obidoxime >4, and HI-6
>6. Among the oximes tested, obidoxime was observed to be a
more potent reactivator than either 2-PAM or HI-6. In contrast,
the trends outlined above are reversed in reactivation of parao-

xon-inhibited HF AChE. In this case, fluorinated oximes have higher
potencies than the corresponding non-fluorinated derivatives. This
is demonstrated by the finding that 4 is a more potent reactivator
than obidoxime, and 6 is also slightly more potent than HI-6. How-
ever 5 showed lower reactivation potencies compared with other
oxime compounds. Thus, among the substances explored in this
study, 4 has the highest reactivation potency in reactivation of
paraoxon-inhibited HF AChE.


In summary, we have designed and synthesized several
fluorinated oxime compounds in order to probe the effect of fluo-
rine substitution on reactivation of inhibited AChE. The results of
computational studies, indicating that fluorinated oxime 2 is more
hydrophobic than the non-fluorinated oxime 1, stimulated the de-
sign of new oximes with potentially increased BBB permeabilities.
Among the substances explored in this study, 4 has the highest
reactivation potency in reactivation of paraoxon-inhibited HF
AChE. Further investigation will be carried out in our laboratory
to probe the in vivo reactivation activities of the fluorinated oxi-
mes. It is hope that this effort leads to new guidelines for the de-
sign of promising oxime reactivators of inactivated AChE.

Acknowledgments


Financial support for this work was provided by the Korea
Foundation for International Cooperation of Science & Technology
(KICOS) through a grant provided by the Korean Ministry of Educa-
tion Science & Technology (No. K20702000710-08B1200-01910).

References and notes


1. Taylor, P. Anticholinergic agents. In Goodman s The Pharmacological Basis of
Therapeutics; Hardman, J. G., Limbird, L. E., Gilman, A. G., Eds., 2nd ed.; McGraw
Hill: New York, 1996; pp 175–191.


2. Wilson, I. B. J. Biol. Chem. 1951, 190, 111.
3. (a) Kim, T. H.; Kuca, K.; Jun, D.; Jung, Y. S. Bioorg. Med. Chem. Lett. 2005, 15,


2914; (b) Oh, K. A.; Yang, G. Y.; Jun, D.; Kuca, K.; Jung, Y. S. Bioorg. Med. Chem.
Lett. 2006, 16, 2914; (c) Yang, G. Y.; Oh, K. A.; Park, N. J.; Jung, Y. S. Bioorg. Med.
Chem. 2007, 15, 7704; (d) Oh, K. A.; Park, N. J.; Park, N. S.; Kuca, K.; Jun, D.; Jung,
Y. S. Chem-Bio. Int. 2008, 175, 365.


4. (a) Wilson, I. B.; Ginsburg, S. Biochem. Biophys. 1955, 18, 168; (b) Poziomek, E. J.;
Hackley, B. E.; Steinberg, G. M. J. Org. Chem. 1958, 23, 714; (c) Luttringhaus, A.;
Hargendorn, I. Arzneimittl. Forsch. 1964, 14, 1.







H. C. Jeong et al. / Bioorg. Med. Chem. Lett. 19 (2009) 1214–1217 1217

5. Sakurada, K.; Matsubara, K.; Shimizu, K.; Shiono, H.; Seto, Y.; Tsuge, K.; Yoshino,
M.; Sakai, I.; Mukoyama, H.; Takatori, T. Neurochem. Res. 2003, 28, 1401.


6. Protein–Ligand Interactions; Bohm, H. J., Schneider, G., Eds.; Wiley-VCH:
Weinhim, 2003.


7. (a) Mueller, K.; Faeh, C.; Diederich, F. Science 2007, 317, 1881; (b) Kirk, K. L. J.
Fluorine Chem. 2006, 127, 1013.


8. Wildman, S. A.; Crippen, G. M. J. Chem. Inf. Comput. Sci. 1999, 39, 868.
9. Dwyer, D. S. Structure, Function, and Bioinformatics 2006, 63, 939.


10. Musilek, K.; Jun, D.; Cabal, J.; Kassa, J.; Gunn-Moore, F.; Kuca, K. J. Med. Chem.
2007, 50, 5514.


11. In vitro determination of AChE activity. The enzyme activity was measured in a
96-well microplate using a microplate reader (Benchmark Microplate Reader,
Bio-Rad) at 415 nm and 37 �C with acetylthiocholine (1 mM) as substrate and
DTNB (1 mM) as chromogen in 0.05 M Tris–HCl buffer, pH 7.8. Total reaction
volume was adjusted to 250 lL with slight modification from Ellman’s AChE
assay method. The enzyme concentrations of both AChEs in 250 lL of final
reacting solutions were 0.05 mg/ml for HF AChE and 0.02 U/mL for RBC AChE,
respectively. For RBC AChE, 1% of Triton X-100 (Sigma–Aldrich) was added in
the Tris–HCl buffer to preserve enzyme activity. AChE activity was measured
by using the change of optical density per minute (OD/min). The percentage of
reactivation of AChE activity was calculated by comparison with the AChE
activity without inhibitor showing 0.2 OD/min.

12. AChE inhibition and reactivation. DFP and paraoxon were used as
organophosphorus inhibitors and the AChE reactivating capability of 2-
PAM and HI-6 were examined against OP-inhibited HF and RBC AChE,
respectively. AChE was inhibited with the minimum quantity of inhibitor
necessary to inactivate 99% of activity for 10 min at room temperature. The
concentration of DFP was 12.5 lM for HF AChE and 25 lM for RBC AChE,
respectively, and 20 lM of paraoxon for both AChEs. To remove excess
inhibitor after reaction with enzyme, the enzyme solution was mixed with
2-fold volume of hexane and vigorously shaken with a vortex mixer for 1
min. The aqueous phase was separated by centrifugation at 3000g for 10
min at 3 �C. The solution containing phosphorylated AChE was incubated
with various concentration of 2-PAM or HI-6 for various reactivation
periods. To remove small molecules such as reactivator and
phosphorylated oxime, the reactivating mixture was filtered through a
micro spin-column packed with Sephadex-G50 (Bio-Rad) in a centrifuge at
300g for 1 min at 3 �C. The AChE activity of the filtrate was measured in a
96-well microplate.AChE reactivation with newly synthesized oxime
compounds. The reactivating abilities of the newly synthesized oximes
were evaluated against DFP or paraoxon-inhibited HF or RBC AChE,
respectively. The inhibited AChE was extracted with hexane, and then the
aqueous phase was reacted with 5 mM of each oxime compound for 30 min
for DFP-inhibited AChE and for 1 h for paraoxon-inhibited AChE,
respectively.





		Reactivation potency of fluorinated pyridinium oximes for acetylcholinesterases inhibited by paraoxon organophosphorus agent

		Acknowledgments

		References and notes








Bioorganic & Medicinal Chemistry Letters 19 (2009) 1218–1223

Contents lists available at ScienceDirect


Bioorganic & Medicinal Chemistry Letters


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

N-Benzyl-1-heteroaryl-3-(trifluoromethyl)-1H-pyrazole-5-carboxamides
as inhibitors of co-activator associated arginine methyltransferase 1 (CARM1)


Martin Allan a, Sukhdev Manku a, Eric Therrien a, Natalie Nguyen a, Sylvia Styhler c, Marie-France Robert c,
Anne-Christine Goulet c, Andrea J. Petschner b, Gabi Rahil b, A. Robert MacLeod c, Robert Déziel a,
Jeffrey M. Besterman c, Hannah Nguyen c, Amal Wahhab a,*


a MethylGene Inc., Department of Medicinal Chemistry, 7220 rue Frederick-Banting, Montreal, Que., Canada H4S 2A1
b MethylGene Inc., Department of Lead Discovery, 7220 rue Frederick-Banting, Montreal, Que., Canada H4S 2A1
c MethylGene Inc., Department of Pharmacology and Cell Biology, 7220 rue Frederick-Banting, Montreal, Que., Canada H4S 2A1


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

Article history:
Received 7 November 2008
Revised 16 December 2008
Accepted 17 December 2008
Available online 24 December 2008


Keywords:
CARM1
Co-activator associated arginine
methyltransferase 1
Protein arginine methyltransferases
CARM1 inhibitors

0960-894X/$ - see front matter � 2008 Elsevier Ltd.
doi:10.1016/j.bmcl.2008.12.075


* Corresponding author. Tel.: +1 514 337 3333; fax
E-mail address: wahhaba@methylgene.com (A. Wa

A series of N-benzyl-1-heteroaryl-3-(trifluoromethyl)-1H-pyrazole-5-carboxamides targeting co-activa-
tor associated arginine methyltransferase 1 (CARM1) have been designed and synthesized. The potency
of these inhibitors was influenced by the nature of the heteroaryl fragment with the thiophene analogues
being superior to thiazole, pyridine, isoindoline and benzofuran based inhibitors.
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Mammalian protein arginine methyltransferases (PRMTs) com-
prise a family of at least nine members with diverse biological
functions.1 They catalyze the transfer of methyl groups from
S-adenosyl methionine to specific arginine residues, resulting in
the formation of either asymmetric (Type I; PRMTs 1–4, 6 and 8)
or symmetric (Type II; PRMTs 5, 7 and 9) x-NG,NG-dimethylargi-
nine tails on a wide variety of protein substrates.2


PRMT4, also known as co-activator associated arginine methyl-
transferase 1 (CARM1), methylates proteins with roles encompass-
ing three key levels of gene expression: chromatin remodeling
(histone H3 and CBP/p300),3a–d RNA processing and stability
(PABP, HuR and HuD)3d–g and RNA splicing (CA150, SAP49, SmB
and U1C).3h,i CARM1 was initially identified as a secondary co-acti-
vator for the p160 steroid co-activator protein GRIP1 in transcrip-
tion mediated by nuclear hormone receptors.4 It has also been
shown to be a positive co-regulator for SRC-3, another member
of the p160 family5a as well as for a variety of other transcription
factors such as CBP/p300,3a,5b b-catenin5c p53,5d nuclear factor
kappa-B (NF-jB),5e,f CIITA,5g HTLV-1 Tax,5h PPARc5i and c-fos.5j


The co-activator activity of CARM1 coincides with the arginine
methylation of histone H3 and CBP/p300 on several target promot-
ers and mutations of critical residues in the catalytic domain of

All rights reserved.


: +1 514 337 0550.
hhab).

CARM1 has been shown to compromise transcriptional activation,
suggesting that the integrity of the methyltransferase domain
CARM1 is important for its co-activator function.4,5c,g


Knockout or silencing of CARM1 impedes estrogen-stimulated
gene expression, cell cycle progression and growth of breast cancer
cells,3d,6a and evidence also link CARM1, cyclin E and steroid co-
activator overexpression to high-grade breast cancer tumors.6b


Furthermore, modulation of CARM1 levels affects androgen-depen-
dent transcription and prostate cancer cell growth,6c and elevated
CARM1 levels correlate with the development of prostate carci-
noma as well as the progression of androgen-independent prostate
cancer.6d These studies support CARM1 as a plausible target for
anti-cancer drug development.

O


Figure 1. Pyrazole type CARM1 inhibitors. 1a, R = H, CARM1 IC50 = 0.08 lM, Ref. 9b;
1b, R = OMe.
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Reports describing novel inhibitors of PRMTs originated either
from molecular modeling studies or high-throughput screening.7a–e


However, the majority of these are micro-molar inhibitors that lack
selectivity and in some cases they do not possess drug-like proper-
ties. Osborne et al. 8 reported the in situ synthesis of a bisubstrate
analogue inhibitor of PRMT1 that was over 4-fold more active
against PRMT1 compared to CARM1. However, no CARM1 inhibi-
tors exhibiting cellular effects have been described to date. At the
time our program began Purandare et al.9a,9b described selective
CARM1 inhibitors based on the pyrazole scaffold 1 (Fig. 1).


We envisaged the latter inhibitors as a prototype for the design of
novel proprietary CARM1 inhibitors. Our initial efforts were focused
on the replacement of the central core phenyl ring of 19b with various
heterocycles. To that end, we prepared the 2,4-and 2,5-disubsti-
tuted-thiophene analogues shown in Schemes 1 and 2, respec-
tively.10a Reaction of 5-formylthiophen-3-ylboronic acid 2 with
(E)-di-tert-butyl diazene-1,2-dicarboxylate, followed by conversion
of the aldehyde to the nitrile using hydroxylamine and acetic anhy-
dride in pyridine, then deprotection gave hydrazine 3.


Cyclization of hydrazine 3 with 4,4,4-trifluoro-1-(furan-2-yl)-
butane-1,3-dione gave pyrazole 4 which was then subjected to
borane reduction and the resulting amine (not shown in scheme)
was reacted with Boc-Ala-OSu to yield 5. Oxidation of the furan
ring of 5 with NaClO2 produced almost a 1:1 mixture of the desired
and the 2-chloro-thiophene analogue of 6 which was readily
dehalogenated with ammonium formate and Pd/C to give acid 6.
Coupling of acid 6 with the benzyl amine and deprotection with
TFA produced 7a (Scheme 1).
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Scheme 2. Reagents and conditions: (a) N2(Boc)2, Cu(OAc)2, THF, 47%; (b) NH2OH�HCl,
(furan-2-yl)butane-1,3-dione, AcOH, 80 �C, 37%; (e) BH3�THF, THF; (f) Boc-Ala-OSu, Et3N
anamine, POCl3, pyridine, 24%; (i) 1:1 TFA/DCM, 4 h, rt.

Similarly, the 2,5-disubstituted-thiophene 10a was prepared
starting from 5-formylthiophen-2-ylboronic acid 8, as depicted in
Scheme 2.


The thiazole based analogue was accessible starting from the
reported intermediate 11.11 Reaction of ester 11 with ammonium
hydroxide required heating to produce the carboxamide (not
shown in scheme) which was then reduced with diborane and
the resulting amine was reacted with Boc-Ala-OSu to give 12.
Intermediate 12 was converted to 13 in three steps using method-
ologies described above for 7a and 10a (Scheme 3).


The synthesis of the pyridine scaffold started from 2-chloropyr-
idine 14 which was converted to amine 15 via a sequence of reac-
tions involving displacement of the 2-chloro group of 14 with
hydrazine hydrate, cyclization of the resulting hydrazine to the
pyrazole, conversion of the alcohol to the azide (not shown in
scheme) and reduction of the azide to furnish amine 15. The
remainder of the steps to give 16 is similar to those described for
the preparation of 10a above (Scheme 4).


For the synthesis of the pyridine regioisomer, cyclization of
hydrazine 17 with 4,4,4-trifluoro-1-(furan-2-yl)butane-1,3-dione
gave a mixture of isomers 18 and 19 in a ratio of 2:1, respectively.
The two isomers were separable after the reaction with Boc-Ala-
OSu, and the major was taken to the final product 20 (Scheme 5).


The isoindoline scaffold 24 was synthesized according to
Scheme 6, starting from 4-nitroisoindoline-1,3-dione 21. Reduc-
tion of 21 with diborane, protection of the resulting amine with
Cbz and reduction of the nitro group followed by diazotization
and tin chloride reduction gave the hydrazine, which was con-
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verted to pyrazole 22 as described earlier. After removal of the Cbz
group of 22, the produced amine was converted to 24 following the
reaction sequence described for 7a.


The benzofuran scaffold 26 was obtained from 25 by the reac-
tion with dimethyl 2-bromomalonate, followed by catalytic reduc-
tion of the nitro group. Diazotization, pyrazole formation and
reduction of the ester gave 27 which was transformed to 29
employing procedures described earlier (Scheme 7).

For the construction of the pyrazole ring of compounds 7, 10,
13, 20, 24 and 29,10a we employed a synthetic methodology similar
to that reported for 1a.9a,9b As for thiazole 16 we used a reported
procedure for the synthesis of the key intermediate 11.11 To con-
firm that all the compounds above have the desired 3-CF3 isomer
we utilized 19F NMR,12a which was able to distinguish between
the 19F chemical shift of the 3-CF3 and the 5-CF3 pyrazole
regioisomers.12b
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The effects of 7a, 10a, 13, 16, 20, 24 and 29 on the activity of
CARM1 was measured by means of a histone methyltransferase as-
say using recombinant CARM1 enzyme, and histone H3 as the sub-
strate10b (Table 1). Both the 2,4- and 2,5-disubstituted thiophenes,
7a and 10a, were potent inhibitors of CARM1, with IC50 of 0.06 and
0.3 lM, respectively. Compound 7a, was equipotent to 1b, indicat-
ing that the 2,4-substituted thiophene core is a good replacement
of the phenyl ring. The thiazole analogue 13 was 36- and 7-fold less
active than 7a and 10a, respectively, indicating that the nitrogen of
the thiazole ring of 13 is less tolerated. Also the pyridine based
inhibitors 16 and 20 were 46- and 34-fold less active than 1b, indi-
cating that the CARM1 enzyme favors a hydrophobic aryl ring over
the more polar basic pyridyl moiety. The observed inactivity of iso-
indoline analogue 24 could be due to the constriction imposed by
the less flexible isoindoline ring or the substitution at the benzylic
nitrogen. The bicyclic benzofuran core, analogue 29, was devoid of
activity indicating that mono-cyclic rings are preferred. These
results confirm that the nature of the core group influences the
inhibitory activity of these analogues.

Table 1
Effect of heterocycle core on CARM1 inhibitory activitya
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1bb
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N
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13 S N
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2.20


a Values are means of at least two experiments.
b 1b, Figure 1. CARM1 IC50 value determined in house.

Further SAR exploration centered on the thiophene based ana-
logues. Standard coupling methodologies were employed for the
synthesis of amides 7b–g and 10b–e using acids 6 and 9 and the
appropriate amine.


Table 2 shows the CARM1 inhibitory activity of the thiophene
based amides 7b–f and 10b–e. For the 2,4-series, scaffold 7, the
substituent on the benzyl group seems to have some effect on
the enzymatic activity as compared with the unsubstituted 7c.
The o-OMe group is the most favored, with IC50 of 0.06 lM, intro-
duction of the o-F or o-methyl ester substituents (compounds 7b
and 7f) resulted in a 13-fold loss of activity. A meta-OMe group,
7e, was less tolerated than the ortho analogue, 7a. Replacement
of the benzyl amine with a 2-methylpyridyl, 7g, had a negative
effect reducing the CARM1 activity by 15-fold as compared to 7c.


Compounds 10a and 10c based on the 2,5-thiophene scaffold,
displayed similar trends to their counterparts 7a and 7c. An o-flu-
oro, o-CF3, or o-iso-propyl substituent (10b, 10d and 10e, respec-
tively) resulted in a marked decrease of activity as compared to
10c.
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Table 2
SAR of thiophene scaffolds 7 and 10a
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To test the specificity of our inhibitors for CARM1 versus other
arginine or lysine methyltransferases, compound 7a was tested
against the PRMT1 arginine and the Set7/9 lysine methyltransfer-
ases and was found to be significantly less active against both en-
zymes (IC50 > 100 lM).


To the best of our knowledge, no cellular effects using small
molecule CARM1 inhibitors have been reported. We tested com-
pound 7a for its ability to inhibit in cells the methylation of argi-
nine 26 on histone H3, a target site for CARM1. Treatment of two
different cell lines with up to 5 lM of compound 7a for 48 h did
not result in inhibition of histone methylation (data not shown).
In the event that the absence of an effect is due to other arginine
methyltransferases targeting the same substrate, compound 7a
was also profiled in a variety of functional assays. The assays were
targeted towards some of the cancer-related processes in which
CARM1 has been shown to be involved, including estrogen-depen-
dent transcription breast cancer cell growth, androgen-dependent
signaling and androgen-independent prostate cancer growth. The
estrogen-dependent assays entailed measurement of the transacti-

Table 3
Cell-based activity of compound 7a


Compound Estrogen-
dependent
transcription
T47D-KBluc IC50


(lM)


Estrogen-
dependent
growth T47D
IC50 (lM)


Androgen-
dependent
transcription MDA
kb2 IC50 (lM)


MTT
DU145
IC50


(lM)


7a >10 >10 >10 18
1b >10 >10 >10 18
Tamoxifen 0.1 1 N/A N/A
Flutamide N/A N/A 2 N/A
MS-275 N/A N/A N/A 2


N/A, not applicable; NT, not tested.

vation of a luciferase reporter driven by three copies of the estro-
gen response element in response to estradiol,10c and a 72 h cell
count of estradiol-driven T47D breast ductal carcinoma cells, using
the estrogen modulator tamoxifen as the positive control. Andro-
gen-dependent signaling was assessed using a luciferase reporter
driven by the MMTV promoter in response to testosterone,10d


using the androgen antagonist flutamide as the positive control.
The MTT cell proliferation assay was used to measure effects on
the growth of DU145 prostate carcinoma cells, using the HDAC
inhibitor MS-275 as a positive control.13 As shown in Table 3, com-
pound 7a had no significant effect on any of the cellular endpoints
tested. Compound 1b was included in our evaluations and also did
not show any significant effect in either the methylation or the
functional cell-based assays.


There are obviously a multitude of potential explanations for
these results. One possibility is that CARM1 may be a dispensable
component of nuclear receptor-mediated transcription, as it is only
a secondary co-activator in this process. Another possibility is that
the cellular permeability of the compound may be low and, there-
fore, may require supra-physiological concentrations of compound
to see cellular effects.


In conclusion, we successfully replaced the core phenyl ring
with other heterocyclic rings and prepared novel inhibitors based
on the 2,4- and 2,5-disubstituted thiophene scaffold which dis-
played sub-micro-molar activity against CARM1. Thiazole and pyr-
idine based analogues were less potent, while the isoindoline and
benzofuran based analogues were devoid of activity. Despite the
observed potency against the CARM1 enzyme, our inhibitors did
not show measurable cellular activities.
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Parnafungins, natural products containing an isoxazolidinone ring, have been isolated from Fusarium
larvarum and have been shown to be potent inhibitors of the fungal polyadenosine polymerase.
The extraction and analysis of fermentation broths of taxonomically related organisms identified as
closely related Fusarium spp. produce not only parnafungin A and B, but also significant quantities
of two related components. These members of the paranfungin family of natural products have been
isolated and the structure of each has been elucidated. While structurally analogous to parnafungin A,
parnafungin C is further elaborated by methylation of a phenolic hydroxyl group, and parnafungin D
has both the methyl phenol ether as well as an epoxide in the xanthone ring system. Parnafungin C
and D have potent, broad spectrum antifungal activity and also have been shown to target fungal
mRNA cleavage and polyadenylation.


� 2009 Elsevier Ltd. All rights reserved.
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The Candida albicans Fitness Test (CaFT) is a whole-cell screen-
ing platform used within our laboratories to discover novel classes
of antifungal agents.1–4 The CaFT is comprised of over 5000 modi-
fied C. albicans strains, each of which is heterozygous for a unique
gene of the C. albicans genome. By assessing which of these strains
is hypersensitized to a particular chemical component, the mecha-
nism of action of that antifungal compound can be understood. Re-
cently, we have extended this approach to identify novel natural
products with interesting mechanisms of action. In that discovery
program, an extract of a fermentation of Fusarium larvarum dem-
onstrated broad spectrum antifungal activity against clinically rel-
evant fungi, with a mode of action identified by the CaFT as
inhibiting the cleavage and polyadenylation of mRNA. Isolation of
the active components from this extract led to the elucidation of
the structures of parnafungin A and B (1 and 2, Fig. 1), an intercon-
verting mixture of isoxazolidinone-containing natural products.5


Further biochemical analysis of the parnafungins led to the identi-
fication of these natural products as inhibitors of the fungal poly-
adenylate polymerase, the enzyme responsible for the extension
of the poly(A) tail of an mRNA transcript.1 Further, a mixture of

All rights reserved.
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ish).

parnafungin A and B had in vivo efficacy in a murine model of dis-
seminated candidiasis.


Parnafungin A and B are the first examples of natural products
containing the isoxazolidinone ring system. In addition to the

3 4


Figure 1. Parnafungin A (1) and B (2) and the corresponding benzoquinoline
analogs 3 and 4.
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Figure 2. Parnafungin C (5) and D (6) and the corresponding benzoquinoline
analogs 7 and 8.


Table 1
1H and 13C NMR data for parnafungin C (5)a


Position d C mult d H (J in Hz)


1 167.3 qC
4 54.9 CH2 4.73 (m)
4a 140.3 qC
5 110.3 CH 7.06 (s)
6 160.7 qC
6a 113.1 qC
7 158.9 qC
7a 115.6 qC
7b 119.0 qC
8 131.3 CH 8.33 (d, 8.0)
9 126.3 CH 7.43 (t, 8.0)
10 123.5 CH 7.75 (d, 8.0)
10a 112.8 qC
10b 156.2 qC
11 184.8 qC
11a 102.8 qC
12 171.4 qC
13 25.7 CH2 2.75 (m)


2.54 (m)
14 23.9 CH2 2.14 (m)


1.90 (m)
15 70.2 CH 4.24 (d, 4.0)
15a 85.6 qC
16 169.8 qC
17 52.7 CH3 3.57 (s)
7-OCH3 61.9 CH3 3.86 (s)
12-OH 5.9 (b)


a 1H spectra were accumulated at 500 MHz and 13C spectra were accumulated at
125 MHz in DMSO-d6. Proton NMR spectra were referenced to the residual 1H
solvent peak for DMSO-d5 at d 2.49. Carbon spectra were referenced to the DMSO-d6


septet at d 39.51.
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isoxazolidinone, these compounds also contain a xanthone ring
system, closely related to the ergochrome subunit that dimerizes
to form various secalonic acids.6,7 Ring-opening of the xanthone
by a retro-Michael reaction leads to the interconversion of 1 and
2, along with epimerization of the quaternary carbon bearing the
methyl carboxylate. Further, the chemistry of these natural prod-
ucts is complicated by the instability of the isoxazolidinone ring.
Hydrolysis of the isoxazolidinone ring, which is accompanied by
the elimination of a molecule of water, generates the inactive ben-
zoquinoline analogs 3 and 4.


Parnafungin A and B were initially discovered from two fungal
strains that resembled F. larvarum Fuckel (Ascomycota, Hypocre-
ales) and were isolated from lichens obtained from the province
of Madrid, Spain.1,5 Subsequent to the discovery of parnafungin A
and B, additional fungal species resembling F. larvarum, which in-
cluded strains isolated from plants, plant litter and lichens, were
identified as parnafungin A and B producers. From this taxonomic
study,8 it was concluded that the F. larvarum complex could be re-
solved into at least six or, possibly, seven different species. How-
ever, the examination of additional related strains is necessary
before definitive taxa can be described. After fermentation of these
strains, an acetone extract of each sample was analyzed by re-
versed phase HPLC with diode array and mass spectrometric detec-
tion (HPLC-DAD-MS) in order to confirm the production of 1 and 2
(MW 451). In all cases, the production of 1 and 2 were confirmed
and, further, the CaFT profiles of these extracts matched that ob-
served for purified parnafungins A and B.


While probing the taxonomic relationship of these parnafungin
producing strains, an acetone extract from strain F-155,597 was
identified by HPLC-DAD-MS analysis as producing substantial
quantities of two analogs along with lesser quantities of parnafun-
gins A and B.8 These new analogs shared similar absorbance spec-
tra to that obtained for parnafungin A and B (kmax � 350 nm), but
differed in retention time and molecular weight (MW 465 and
479). Additional metabolites having similar absorbance spectra to
that of the inactive benzoquinoline analogs (kmax � 450 nm) were
also present in this sample with corresponding molecular weights
(MW 465 and 479). Following the discovery of these additional
parnafungins, single ion monitoring was able to confirm that sev-
eral other strains from the F. larvarum complex also produced these
compounds, but in less pronounced quantities than that obtained
from strain F-155,597. Here, we describe the isolation, structure
elucidation and comparative antifungal activities of the two addi-
tional parnafungins identified from strain F-155,597, designated
here as parnafungin C (5) and parnafungin D (6).


In order to determine the structure of parnafungin C and D, a
large scale fermentation (1 L) of F-155,597 was prepared and ex-
tracted with one volume of EtOAc. After adsorbing this extract onto
silica gel by removal of the solvent and then loading it on a silica
cartridge, the column was eluted successively with 30%, 50%, and
80% EtOAc in hexanes, followed by 30% methanol in EtOAc.
HPLC-DAD-MS analysis (C18) indicated that the two new parna-
fungin analogs were present in the 50% and 80% EtOAc in hexane
fractions, with the latter cut containing predominantly 5 and 6.
The combined 80% EtOAc fractions were concentrated to dryness
and further purified by preparative reversed phase C18 HPLC. This
fractionation step provided purified components for full chemical
characterization and structure elucidation. High resolution mass
spec analysis of these samples was consistent with the molecular
formulas of C24H19NO9 (466.1131, calcd for M+H 466.1138) and
C24H17NO10 (480.0924, calcd for M+H 480.0931) for parnafungin
C and parnafungin D, respectively.


In our earlier work,5 the structures of parnafungins A and B
were determined after methylation of the mixture of those natural
products with ethereal diazomethane, thereby stabilizing the com-
ponents from interconverting. The mono-methylated products

were purified and the structures of the methylated derivatives
were resolved by NMR spectroscopy and X-ray crystallography.
In that case, methylation occurred at the C12 position providing
the corresponding methyl enol ethers. Methylation at the enol po-
sition prevented the retro-Michael opening of the A ring (Fig. 2),
thereby blocking the equilibration between parnafungin A and par-
nafungin B as well as the epimerization at C15a.


NMR spectroscopy was used to determine the structure of par-
nafungin C and parnafungin D. It was readily apparent from an
analysis of the 1H and 13C 1D NMR spectra that there were two
methyl groups present in parnafungin C as compared with only
one in parnafungins A and B (Table 1). One methyl singlet (d
3.57 ppm) corresponded to the methyl carboxylate at the quater-
nary chiral center (C15a). The additional methyl singlet resonance
in paranfungin C (5) at d 3.86 ppm was distinct from that in the
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methyl enol ether derivatives prepared from parnafungin A
(d 3.82 ppm) and parnafungin B (d 3.90 ppm). Further, for the syn-
thetic methyl enol ethers, the methyl group protons presented
HMBC correlations to C12 at d 173 ppm, while the methyl group
in parnafungin C provided an HMBC correlation to a phenolic car-
bon at d 159 ppm. It remained to be determined whether the
methyl ether in parnafungin C was at C7, which would be the case
if the structure was analogous to parnafungin A, or on the phenolic
hydroxyl group C6, which is available in parnafungin B. ROESY cor-
relations between the methyl group and the H8 proton indicated
that the methyl group was located on the C7 phenol.


Additional spectroscopic differences between the ‘straight’ par-
nafungin A and the more ‘bent’ parnafungin B have been de-
scribed.5 In those studies, the 1H NMR signals that correspond to
H4 and H8 provided further insight into the structure of 5. The dif-
ferences in the 1H resonances were attributed to small changes in
the twist of the biphenyl ring system. The two diastereotopic pro-
tons at C4 have near magnetic equivalence and have almost com-
pletely collapsed to a singlet at d 4.68 ppm for 1. This is not the
case for 2, where the two protons at C4 are well separated into a
pair of doublets at d 4.55 and d 4.76 ppm. In the case of H8, this
aromatic proton presented at d 8.30 ppm for 1 and at d 8.65 ppm
for 2. For parnafungin C, the signal for the C4 methylene group
had almost collapsed to a singlet at d 4.73 ppm and H8 was ob-
served at d 8.33 ppm. These data were clearly consistent with an
assignment of the structure of parnafungin C (5) in the straight
geometry analogous with the structure of parnafungin A (1). Since
parnafungin C does not contain a moiety blocking the retro-Mi-
chael ring-opening of the A-ring, epimerization of C15a is still pos-
sible and an equilibrium mixture of two diastereomers was
observed in the 1H NMR spectra in DMSO-d6.


Parnafungin D (6) was relatively more polar than parnafungin C
based on the retention times of these components on reversed
phase C18 HPLC. Comparing the molecular formulas of these two
components, parnafungin D had one additional oxygen atom and

Table 2
1H and 13C NMR data for parnafungin D (6)a


Position d C mult d H (J in Hz)


1 168.0 qC
4 56.3 CH2 4.51 (m)
4a 140.6 qC
5 113.6 CH 6.82 (s)
6 157.6 qC
6a 112.9 qC
7 159.0 qC
7a 119.1 qC
7b 119.5 qC
8 132.0 CH 8.43 (d, 7.5)
9 126.5 CH 7.37 (t, 7.5)
10 124.4 CH 7.70 (d, 7.5
10a 111.6 qC
10b 156.9 qC
11 186.8 qC
11a 101.4 qC
12 174.8 qC
13 53.9 CH 3.62 (d, 4.5)
14 55.7 CH 3.80 (d, 4.5)
15 74.8 CH 4.60 (d, 10.0)
15a 78.7 qC
16 170.9 qC
17 53.9 CH3 3.67 (s)
7-OCH3 62.5 CH3 3.90 (s)
12-OH 15.9 (s)
15-OH 4.79 (d, 10.0)


a 1H spectra were accumulated at 500 MHz and 13C spectra were accumulated at
125 MHz in CD2Cl2. Proton NMR spectra were referenced to the residual 1H solvent
peak for CDHCl2 at d 5.32. Carbon spectra were referenced to the CD2Cl2 pentet at d
54.0.

two fewer protons. Upon preparing a solution of 6 in DMSO-d6


for NMR analysis, substantial decomposition of the material was
observed. While parnafungin C had limited solubility in methylene
chloride, parnafungin D had sufficient solubility in CD2Cl2 for the
acquisition of a complete NMR data set (Table 2). 1H and 13C
NMR spectra of 6 indicated that the aliphatic methylene groups
of the A ring (Fig. 2) were not present in this component. While
there were still two methyl groups at d 3.67 and d 3.90 ppm, two
additional doublets were observed at d 3.62 and d 3.80 ppm, each
corresponding to one proton by integration. The assignment of
these signals as an epoxide at C13–C14 was fully consistent with
these data and HMBC correlations. Since H14 does not present a
1H–1H coupling with H15, the epoxide is on the same face of the
A ring as the hydroxyl, providing a geometry where the two pro-
tons are approximately at an angle of 90�. The remaining 1D and
2D NMR data were fully consistent with the remainder of parna-
fungin D being identical with that of parnafungin C. In addition,
the benzoquinoline analogs 7 and 8 of parnafungins C and D,
respecitively, were also identified in the HPLC chromatograms by
absorbance spectra and mass spec data. 1H NMR analysis of these
compounds was consistent with the opening of the isoxazolidinone
ring and the formation of the aromatized benzoquinoline (data not
shown).


Based on our previous stereochemical analyses for parnafungin
A and B,5 the absolute configuration of the C15 hydroxyl of these
natural products is (S) and the major diastereomer at the C15a qua-
ternary carbon is also (S). The producing organism of parnafungin C
and D (F-155,597) is taxonomically closely related to the original
F. larvarum from which parnafungin A and B were isolated.8 Fur-
ther, parnafungins A and B are co-produced with parnafungins C
and D by F-155,597, indicating that these new components are
likely to be part of the same biosynthetic pathway. From this, the
assignment of the absolute configuration of the C15 hydroxyl for
parnafungin C and D is also (S) and the epoxide of parnafungin D
is on the b face of the A ring.


The relative potencies and spectra of antifungal activity were
determined for 5 and 6, and compared to the activity of a mixture
of parnafungins A and B (1/2) (Table 3). Generally, 5 and 6 were
less potent against all of the Candida species tested, but in some
cases, such as against C. tropicalis and C. lusitaniae, these analogs
had comparable antifungal activity. These differences in relative
potency may be indicative of slight changes in the binding of each
compound against the relevant isoform of the fungal RNA polyad-
enosine polymerase. In order to assess whether analogs 5 and 6
had similar mechanisms of action as 1 and 2, the activity of each
compound was tested against wild-type C. albicans and two hetero-
zygote strains C. albicans strains, each containing a single copy of
CLP1 or YSH1. These two strains were previously shown to be
hypersensitive to parnafungins A and B.1 For 5 and 6 (Table 4), a
2- to 4-fold shift was observed in the MICs against the heterozy-
gote strains, indicating that these compounds are functioning with
the same mechanism of action as was determined for 1 and 2. As
was the case for benzoquinolines 3 and 4, no antifungal activity
was observed for the comparable analogs 7 and 8.

Table 3
Whole-cell inhibition of parnafungins A–D


Species Strain 1/2 5 6


MIC in lg/mLa


C. albicans MY2323 0.008 2 0.016
C. glabrata ATCC90030 1.25 >10 5
C. parapsilosis ATCC22019 0.6 >10 2.5
C. lusitaniae ATCC34449 0.3 0.16 0.16
C. krusei ATCC6258 0.008 0.08 0.016
C. tropicalis ATCC750 2.5 2.5 0.6


a MIC was determined in Sabarose Dextrose medium.







Table 4
Heterozygote strain inhibition of parnafungins A–D


Species Strain 1/2 5 6


MIC in lg/mLa


C. albicans MY2323 (WT) 0.008 0.06 0.016
C. albicans MY2323 CLP1 +/� 0.004 0.03 0.004
C. albicans MY2323 YSH1 +/� 0.004 0.03 0.004


a MIC was determined in Sabarose Dextrose medium.
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The biosynthesis of parnafungins is likely related to that of
ergochrome-derived secondary metabolites, which are based on a
series of polyketide condensations and cyclizations.6,9 For the par-
nafungin family of natural products, the extended ring system be-
yond the typical xanthone unit as well as the incorporation of a
nitrogen atom and the closure of the isoxazolidinone ring make
the biosynthetic pathway an intriguing, but unresolved question.
Previously, we have identified by affinity selection/mass spec tech-
niques that the active form of the equilibrating mixture of isomers
is the straight parnafungin A.10 The fact that parnafungins C and D
are direct analogs of parnafungin A and not parnafungin B supports
the hypothesis that it is parnafungin A that is directly synthesized
by these Fusarium spp. Subsequent methylation and oxidation of
parnafungin A would generate 5 and then 6. Practically, the meth-
ylation of the C7 hydroxyl simplifies the chemical properties of
both of these compounds, preventing the formation of the corre-
sponding bent geometric isomers.


Species of the F. larvarum complex are assumed to be mycopari-
sites associated with scale insects, aphids, lichens and the basidio-
mycete fungus Septobasidium clelandii.8,11–14 Additional to the F.
larvarum complex, the parnafungins have also been reported from
two other Hypocrealean mycoparasitic fungi, Trichonectria rectipila
and Cladobotryum pinarense.8 With regards to the ecological role
that the parnafungins may convey to their producing organism, it
has been hypothesized that the compounds may act as potent anti-
fungals, providing a competitive advantage for growth and, more-
over, as a virulence factor mediating inter-organism interactions
while colonizing hosts, for example, lichenized and non-lichenized
fungi, insects, or plants.8 The facile degradation of the parnafungins
to the inactive benzoquinoline forms has been correlated with a
change in pH, where ring opening was promoted in neutral or alka-
line conditions, while a stabilization of the molecule is favored in
acidic conditions.5 Many fungi lower the pH of their growth med-
ium through the secretion of organic acids during their initial
phase of growth, and later, as the fungus reaches stationary
growth, the medium’s pH progressively becomes more alkaline;15


in this case, alkalization of the growth medium following coloniza-
tion would, hypothetically, promote the accumulation of the ben-

zoquinoline analogs and prevent the producing organism from
accumulating toxic levels of the parnafungins.8


Since parnafungins A and B are efficacious in a murine model of
disseminated candidiasis with no observable toxicity,1 this family
of compounds can be pursued as a novel class of antifungal agents
with a unique mechanism of action. The parnafungin analogs re-
ported here provide additional information as to the types of struc-
tural modifications that are possible to the core structure while
maintaining antifungal activity. Parnafungins C and D expand the
available structure–activity information on this family of natural
products. Further synthetic exploration of this chemical scaffold
may provide parnafungin analogs with improved potency, spec-
trum and chemical stability, and provide a route for the further
development of an antifungal agent that targets fungal RNA
processing.


Supplementary data


Supplementary data associated with this article can be found, in
the online version, at doi:10.1016/j.bmcl.2008.12.081.
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A series of 1-aminotetralin scaffolds was synthesized via metal-catalyzed ring-opening reactions of hete-
robicyclic alkenes. Small libraries of amides and amines were made using the amino group of each scaf-
fold as a handle. Screening of these libraries against human opioid receptors led to the identification of
(S)–(S)-5.2a as a high-affinity selective l ligand (IC50 l = 5 nM, j = 707 nM, d = 3,795 nM) displaying l-
agonist/antagonist properties due to its partial agonism (EC50 = 2.6 lM; Emax = 18%).


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

Opioid receptor ligands (opiates) have been used medicinally
for thousands of years, and work continues to identify and develop
selective, well-tolerated molecules for several different indications.
During the course of an ongoing search for potent and selective no-
vel opioid receptor ligands, it was recognized that tetrahydronaph-
thalenes (tetralins) such as the j-agonist 11 (Scheme 2) could be
conveniently accessed by new metal-catalyzed ring-opening meth-
ods developed in our labs.2 A variety of other tetralins also have
important and diverse bioactivities, including morphine, sertraline,
and podophyllotoxin. We were thus inspired to initiate a program
to synthesize gram-scale quantities of 1,2-disubstituted tetralin
scaffolds which could be utilized in drug discovery efforts. This pa-
per describes the synthesis of several of these scaffolds and their
application in library synthesis, which has led to the identification
of a selective and high-affinity l-opioid receptor ligand with low
l-efficacy. Such compounds are clinically important as analgesics
(e.g., meperidine (Demerol�) and dezocine (Dalgan�)), and for
the treatment of drug addiction (e.g., methadone and
buprenorphine3).


At the outset of this project, we decided to focus on making 1-
aminotetralin scaffolds with diverse substitution patterns and ste-
reochemistry. We accessed these structures via rhodium-catalyzed
ring-opening of oxabenzonorbornadienes with a variety of nucleo-

008 Published by Elsevier Ltd. All
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philes,4 followed by displacement of the resulting hydroxyl groups
with azide, followed by reduction (Scheme 1). A number of devel-
opments in our labs have enabled the use of alcohol,5 carboxylate,5


phenol,5 amine,5 and sulfide6 nucleophiles with rhodium (I) cata-
lysts, which generally lead to ring-opened products of exclusive
trans stereochemistry with excellent enantioselectivities. Concur-
rently, several metals have been reported to enable ring-openings
of oxabicyclic alkenes with alkyl,7 aryl,8 and alkenyl7 nucleo-
philes,9 which generally give exclusively cis configured products.10


Subsequent to our initial synthetic studies, it was found that
ring-opening reactions of less-reactive azabenzonorbornadienes
are possible under appropriate conditions, with both hetero-
atom2,11 and carbon-based12 nucleophiles (Scheme 2). These reac-
tions have the advantage of giving a direct synthesis of 1-
aminotetralin scaffolds, in general with complementary relative
stereochemistry to the products of the sequences outlined in
Scheme 1.13 This approach has additionally been used for the syn-
thesis of several libraries not described in this communication.


According to the chemistry outlined in Schemes 1 and 2, both
di- and tetrahydronaphthalenes are accessible. Tetrahydronaph-
thalenes are generally more stable (less prone to oxidation and
elimination reactions), but several examples of dihydronaphtha-
lene scaffolds were used for library synthesis. In the reactions out-
lined in Scheme 2, hydrogenation of the olefin generally preceeds
deprotection, except in the case of nosyl-protected products.


With scaffolds of types 4.1–4.6 in hand (Schemes 1 and 2), we
prepared a number of secondary scaffolds by acylating the amine

rights reserved.
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Scheme 1. Synthesis of 1-aminotetralin ligands via ring-opening of oxabicylic alkenes.
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Scheme 2. Synthesis of 1-aminotetralin ligands via ring-opening of azabicylic alkenes.
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moieties with several acid chlorides and reducing the resulting
amide carbonyl groups with alane (AlH3).14 These were then acyl-
ated with a set of commercially available acid chlorides to give a
series of focused libraries (Scheme 3). A selection of racemic com-
pounds of types 5.1–5.6 was made, along with amide libraries
composed of compounds of types 6.1–6.6. These were screened
against cloned human opioid receptors. Initial screening was per-
formed at a concentration of 10 lM for each library member. Com-
petitive binding studies with standard radiolabelled ligands were
used for each receptor. Compounds showing greater than 50% inhi-
bition were re-synthesized, purified and underwent further mea-
surements to calculate IC50 values, of which selected results are
presented in Table 1.


Prompted by the initial screening results (vide infra), we re-syn-
thesized compounds 5.2a and 6.3f in enantiopure form, which pro-
vide good illustrations of the specific synthetic sequences
discussed in general terms previously. The single enantiomers of
5.2a were made as outlined in Scheme 4. We have found that the
rhodium-catalyzed ring-opening reactions with heteroaryl nucleo-
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Scheme 3. Functionaliztion of 1-amin

philes have often been problematic due to insertion of the rhodium
into one of the aromatic C–H bonds from a catalytic intermediate
after addition of Rh–Ar across the olefin, which leads to unopened
and/or oligomeric adducts.15 However, we were pleased to find
that in this case the ring-opening reaction with thiophene-3-boro-
nic acid proceeded in moderate yield with excellent enantioselec-
tivity using the Josiphos-type ligand PPF-P(t-Bu)2, in accordance
with our original report.8b The intermediate dihydronaphthalene
was hydrogenated using diimide generated in-situ from the oxida-
tion (NaIO4) of hydrazine, giving the cis-tetrahydronaphthol 3.2a.
Mitsunobu inversion proceeded to give azide 3.2b in moderate
yield. Staudinger reduction of 3.2b with PPh3 in THF with an excess
of water proceeded quantitatively, and the resulting crude amine
4.2a was acylated to give amide 4.2b. An X-ray crystal structure
of this intermediate confirmed the expected absolute configura-
tion.16 Reduction with alane14 gave the desired single enantiomers
of 5.2a in excellent yield.


The synthesis of the enantiomers of 6.3f (Scheme 5) began with
the Rh-catalyzed asymmetric ring-opening of N-Boc azabenzonor-
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Table 1
Binding and l functional data for selected compounds active against human opioid receptors


Compound l IC50


(nM)
j IC50


(nM)
d IC50


(nM)
l EC50


(nM)
l
Emax


(%)


Compound l IC50


(nM)
j IC50


(nM)
d IC50


(nM)
l EC50


(nM)
l
Emax


(%)


HNS O


(+/-)


5.2a


69 2209 7161 >90,000 15


N


N


O


O (+/-)PhN


Cl


6.3e


181 7993 1955 >90,000 0
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means of 3 measurements. N.T., not tested.
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bornadiene 2.2a with N-phenylpiperazine, using PPF-P(t-Bu)2 as li-
gand. Dihydronaphthalene 3.3f was obtained in 62% yield, 94% ee,
and >99% ee after recrystallization. It was necessary to heat the
reaction in neat N-phenylpiperazine at 110 �C for an extended per-
iod (60 h) for good conversion. Since this work was performed, our
lab has reported improved results (92%,93% ee) using C2-Ferriphos
as the ligand.11 Deprotection with TFA, acylation with methoxyace-
tyl chloride, reduction of the intermediate amide with alane, and
acylation with 3-chlorothiophene-2-carbonyl chloride proceeded
smoothly to give the individual enantiomers of 6.3f.


Binding and l functional data for selected tetralin compounds is
given in Table 1. The N-phenylpiperazine dihydronaphthalenes
(6.3a-6.3f) are l-selective ligands that are weakly sensitive to
the acyl side chain employed, with l potencies ranging from
100–440 nM. The most potent and selective compound from this
subclass is 6.3f which shows l IC50 of 100 nM and is >20-fold
selective versus j and d-opioid receptors. In the case of dimethyl-
amino analogues (6.4g-6.4j) with the tetrahydronaphthalene core,
l affinity was found to be sensitive to the acyl side chain employed
(e.g., 6.4g and 6.4h vs. 6.4i and 6.4j). Moreover, depending on the
acyl group, it is possible to introduce activity at the j-opioid recep-
tor thereby affording mixed l/j activity (e.g., 6.4g). Overall, tetra-
lin 5.2a, derived from the ring-opening of oxabenzonorbornadiene
with thiophene-3-boronic acid, showed the most active binding to

the l-opioid receptor (IC50 = 69 nM) and selectivity versus d- and
j-opioid receptors (>30-fold).


We were pleased to observe that the (S)–(S) enantiomer of 5.2a
(IC50 l = 5 nM, j = 707 nM, d = 3795 nM) and the (R)–(R) enantio-
mer of 6.3f (IC50 l = 58 nM, j = 1324 nM, d = 1243 nM,) both dis-
played high affinity and excellent selectivity for the human l-
opioid receptor.17


Selected compounds in Table 1 were tested for agonist activity
at the human l-receptor, using [35S]-GTPcS binding as the func-
tional endpoint, as described elsewhere.18,19 Compound 5.2a dis-
played measurable agonist efficacy. Its weak EC50, shifted to the
right compared to its IC50, may be due at least in part to the
requirement of sodium in the functional assay (sodium decreases
the affinity of opioid agonists20). The more active enantiomer,
(S)–(S)-5.2a, was characterized further by [35S]-GTPcS binding as-
say. (S)–(S)-5.2a yielded low efficacy (Emax 18% at 100 lM;
EC50 = 2.6 lM), and was shown to reverse DAMGO in a dose depen-
dent manner, down to the level of its own intrinsic efficacy (Fig. 1).


In summary, we have utilized several metal-catalyzed ring-
opening reactions developed in our laboratories to synthesize a
variety of 1-aminotetralin-type scaffolds. Several examples of rho-
dium-catalyzed additions of carbon and heteroatom nucleophiles
to heterobicyclic alkenes were presented. These scaffolds were
used to make libraries of amines and amides, which have been
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Figure 1. Reversal of DAMGO by (S)–(S)-5.2a in a [35S]-GTPcS binding assay.
Average of two experiments performed in duplicate. Data points are displayed as
the arithmetic mean value ± SD; maximal effect (100%) is relative to DAMGO
(30 lM).
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screened against cloned human opioid receptors. The high-affinity
l-selective ligand (S)–(S)-5.2a emerged as a molecule displaying
partial l-agonist/antagonist properties. The maximal effect of
(S)–(S)-5.2a as a partial agonist on human l-opioid receptor-med-
iated [35S]-GTPcS binding (18% Emax, with EC50 = 2.6 lM) was
slightly below that of meperidine (28% Emax and 9.4 lM EC50).19


However, we found that (S)–(S)-5.2a had higher l-efficacy than
the clinically used l-opioid partial agonist dezocine, which showed
only 6% Emax and 38 nM EC50 in our l [35S]-GTPcS functional as-
say).21 Drugs with a similar profile have proved beneficial in the
treatment of pain as well as for the treatment of drug addiction,
particularly due to their low dependence-inducing potential.3
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Nonactin, produced by Streptomyces griseus ETH A7796, is a macrotetrolide assembled from nonactic acid.
It is an effective inhibitor of drug efflux in multidrug resistant erythroleukemia K562 cells at sub-toxic
concentrations and has been shown to possess both antibacterial and antitumor activity. As total synthe-
sis is impractical for the generation of nonactin analogs we have studied precursor-directed biosynthesis
as an alternative as it is known that nonactic acid can serve as a nonactin precursor in vivo. To determine
the scope of the approach we prepared and evaluated a furan-based nonactic acid derivative, 11.
Although no new nonactin analogs were detected when 11 was administered to S. griseus fermentative
cultures, a significant inhibition of nonactin biosynthesis was noted (IC50 � 100 lM). Cell mass, nonactic
acid production and the generation of other secondary metabolites in the culture were unaffected by 11
demonstrating that 11 selectively inhibited the assembly of nonactin from nonactic acid. While we were
unable to generate new nonactin analogs we have discovered, however, a useful inhibitor that we can use
to probe the mechanism of nonactin assembly with the ultimate goal of developing more successful pre-
cursor-directed biosynthesis transformations.


� 2008 Elsevier Ltd. All rights reserved.
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Streptomyces griseus subsp. griseus ETH A7796 (DSM40695)
makes a series of ionophore antibiotics known as the macrotetro-
lides (Fig. 1).1 Nonactin, the prototypical macrotetrolide (1) is
assembled from two monomers of (�)-nonactic acid and two
monomers of (+)-nonactic acid assembled (+)-(�)-(+)-(�) in a
head-to-tail manner into a 32-membered macrocycle. Nonactin
has both antibiotic and anticancer properties2 and has been shown
to be an inhibitor of drug efflux in multiple drug resistant cancers.3


The natural macrotetrolide homologues produced by S. griseus
show a wide range potency with the minimum inhibitory concen-
tration of 1 being an order of magnitude greater than that of din-
actin (3) against Staphylococcus aureus and Mycobacterium bovis,
a difference that is related to the stability constants of their respec-
tive Na+ and K+ complexes.1,2,4


Nonactin is far too hydrophobic and insufficiently soluble to be an
effective therapeutic.5 The development of therapeutics based upon
nonactin, therefore, will be dependent upon being able to make non-
natural analogs in a direct and efficient manner. The total synthesis
of nonactin has been achieved by a number of groups6–9 as has the
synthesis of nonactic acid.10,11 The total synthesis of nonactin ana-
logs is complicated as both enantiomers of nonactic acid, and its ana-
logs, are required as is the sequential construction of a linear
tetraester prior to a final macrolactonization reaction affording the

ll rights reserved.


. Priestley).


6 R = Me (+)-nonactic acid


Figure 1. The structures of the naturally occurring macrotetrolides and the
monomer, nonactic acid.
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nonactin analog. This complexity does not lend itself to straightfor-
ward drug development.


Fermentative cultures of S. griseus can generate 6–15 g/L of
macrotetrolide mixtures (>90% 1 and 2). When nonactic acid is
added to fermentative cultures of either S. griseus, or genetically al-
tered strains of S. griseus that have been blocked in the early stages
of nonactin biosynthesis, it can be readily and efficiently incorpo-
rated into nonactin.12 These observations strongly suggest that
precursor-directed biosynthesis has the potential to generate
new nonactin analogs.13,14 As we know that a complex structure
such as nonactic acid will serve as a substrate for precursor-direc-
ted biosynthesis, our first task was to set bounds on the system by
discovering the simplest, most straightforward nonactic acid ana-
log that would work. To that end we completed the synthesis of
the substituted furan derivative 11 (Scheme 1) and evaluated it
in precursor-directed biosynthesis experiments.


Alkylation of a furan-derived anion with propylene oxide was
achieved using White’s method affording 8 in 66% yield after distil-
lation.10 The secondary alcohol of 6 was protected as an acetate by
reaction with acetic anhydride in pyridine to give 9 (79%).15 The
furan derivative 10 was obtained by a free radical addition reaction
with ethyl 2-iodopropionate, as described by Baciocchi and Mura-
glia, to give 10 in 11% yield.16,17 Saponification of 10 gave the free
acid 11 (81%).18 Although the synthesis generated a mixture of dia-
stereoisomers, the synthesis was quite short and effective and we
hoped that new analogs would more likely be formed using such a
mixture in a precursor-directed feeding experiment.


To assess the incorporation of compound 11 into new macrote-
trolide analogs, two fermentative cultures of S. griseus ETH A7796
were prepared from a single vegetative culture and grown for
48 h under standard conditions.19 At 48 h after inoculation of the
fermentative culture (50 mL), 56 mg of 11 (56 mg in 0.5 mL of eth-
anol) was added to one culture; a blank sample (0.5 mL ethanol)
was added to the equivalent control culture. The cultures were al-
lowed to grow for an additional 96 h and the macrotetrolide mix-
ture was isolated according to standard protocols.19 Analysis of the
macrotetrolide mixtures by HPLC20 and LC–MS (TOF)21 showed an
unexpected drastic reduction in macrotetrolide production in the
fed culture compared to the control. Unfortunately, no likely non-
actin analogs could be detected in the extract by both LC–MS and
MS analysis of the complex mixture.


We decided to further evaluate the inhibitory effects of 11 on
the production of nonactin to determine if adding less material
might allow for the production of higher levels of nonactin in
which a low incorporation of 11 might then be more evident. To
this end a series of fermentative cultures were evaluated, with a
range of concentrations of 11 ranging from 0.01 mM to 10 mM, to-
gether with a control culture receiving no exogenous compound.
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Scheme 1. Synthesis a furan-based nonactic acid analog 11. Reagents and
conditions: (a) n-BuLi, �78 �C, THF then propylene oxide, 66%; (b) Ac2O, pyridine,
THF, 79%; (c) BEt3, Fe2(SO4)3, ethyl DL-2-iodopropionate, DMSO, 11%; (d) 2.5 M LiOH,
MeOH, THF, 81%.

Mycelia were recovered from each culture and an approximate
wet weight determined; addition of 11 had no effect upon biomass
production. Macrotetrolides present in the extracts were quanti-
fied by reverse-phase HPLC.20 It was determined that nonactin pro-
duction was inhibited by more than 90% in fermentative cultures
containing either 10 mM or 1 mM of 11. Nonactin production
was at the same level as in the control in a culture containing
0.01 mM of 11; a concentration of 0.1 mM of 11 lead to an interme-
diate level of nonactin production. In all cases, no new macrotetro-
lide analogs were evident in either MS or LC–MS analyses of the
extracts. In addition to showing that 11 had little effect on biomass
production, each of the fermentative cultures reliably generated
other secondary metabolites (phenazines) usually co-synthesized
with macrotetrolides when secondary metabolism is initiated in
S. griseus. Furthermore, analysis22 of the extracts demonstrated
that both enantiomers of nonactic acid, the monomer precursor
to nonactin, were generated in each culture irrespective of the con-
centration of 11 added. We have demonstrated, therefore, that
while 11 does not serve as a precursor to new macrotetrolides, it
is indeed a reasonably potent (IC50 � 100 lM) and selective inhib-
itor of nonactin biosynthesis. As nonactic acid production is not
perturbed, the furan derivative 11 is interfering with the assembly
of nonactin from its monomeric precursors, a process that requires
only the products of the nonK and nonJ type II polyketide synthase-
encoding genes and the nonL CoASH-dependent ligase-encoding
gene.23,24 The inhibition shown by 11 is distinguished from that
of our earlier acetylenic analogs which likely block the formation
of the monomer, nonactic acid.25


While we were not successful in the developing new nonactin
analogs through precursor-directed biosynthesis we have set limi-
tations on the nonactic acid analogs that may be used; it is likely
that the tetrahydrofuran ring of nonactic acid will be essential.
We have discovered, however, an inhibitor that likely will be of
use in our quest to determine how the macrocycle of nonactin is
constructed in vivo from monomeric precursors which, in turn, will
allow us to develop improved approaches for the discovery of non-
actin analogs by precursor-directed biosynthesis.
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To seek vancomycin analogs with broader antibacterial activity, effects of backbone modifications for the
agylcon 2 on binding with D-Ala-D-Ala- and D-Ala-D-Lac-containing peptides were investigated by Monte
Carlo/free energy perturbation (MC/FEP) calculations. The experimental trend in binding affinities for 2
with three tripeptides was well reproduced. Possible modifications of the peptide bond between residues
4 and 5 were then considered, specifically for conversion of the O@CANH linkage to CH2NH2


+ (6), FC@CH
(7), HC@CH (8), and HNAC@O (9). The MC/FEP results did not yield binding improvements for 7, 8, and 9,
though the fluorovinyl replacement is relatively benign. The previously reported analog 6 remains as the
only variant that exhibits improved affinity for the D-Ala-D-Lac sequence and acceptable affinity for the D-
Ala-D-Ala sequence.


� 2008 Elsevier Ltd. All rights reserved.

Vancomycin (1) is a potent glycopeptide antibiotic that is a
treatment of last resort for infections caused by methicillin resis-
tant Staphylococcus aureus (MRSA).1,2 The mechanism of action of
1 is to halt cell-wall biosynthesis of Gram-positive bacteria by
binding to the terminal D-Ala-D-Ala sequence of the peptidoglycan
cell-wall precursors.3,4 In the common strains of vancomycin-resis-
tant enterococci, VanA and VanB, the terminal residues are repro-
grammed to the depsipeptide sequence, D-Ala-D-Lac.3 This
replacement of the terminal peptide bond by an ester linkage de-
creases the antibiotic activity by a factor of 1000.4


To elucidate the Ala ? Lac modification, Boger and co-workers
studied the binding of 1 and vancomycin aglycon (VA, 2) to a series
of tripeptide cell-wall precursor mimics, including Ac2-L-Lys-D-Ala-
D-Ala (3), Ac2-L-Lys-D-Ala-D-Lac (4), and Ac2-L-Lys-D-Ala-D-Ket (5)
(Fig. 1).1 For both 1 and 2, removal of the ligand’s hydrogen-bond
donor (3 ? 5, amide to ketone) leads to a 10-fold decrease in bind-
ing affinity, and addition of the lone pair repulsion (5 ? 4, ketone
to ester) further decreases the binding 100-fold.1 Motivated by the
strength of the latter effect, Crowley and Boger synthesized the
amine analog 6, which has the C@O of residue 4 replaced by a
methylene group (Fig. 1).5 Relative to 2, 6 yields a 40-fold increase
in binding affinity for 4 but a 35-fold decrease in binding affinity
for 3; it has similar affinities for both peptides.

All rights reserved.


: +1 203 432 6299.
Jorgensen).

The NH ? O ligand modification converts a hydrogen-bond (H-
bond) donor to a weak H-bond acceptor at a critical site for bind-
ing. Substitutions that aim to accommodate the lactate linkage
are likely not to be optimal for the D-Ala-D-Ala sequence. Neverthe-
less, following the success of Crowley and Boger,5 the present com-
putational studies were undertaken to seek additional productive
backbone modifications and also to provide a quantitative under-
standing of the effects of the modifications at the molecular level.
The computations focused on four VA analogs with the O@CANH
linkage between residues 4 and 5 replaced by CH2NH2


+ (6), trans-
FC@CH (7), trans-HC@CH (8), and HNAC@O (9), respectively, the
amine, fluorovinyl, vinyl, and retropeptide analogs. The first three
alternatives remove the H-bond accepting carbonyl group, while
the retropeptide modification inverts the H-bond character to
potentially allow the amide NH to H-bond with the ester oxygen
of the D-Lac residue. The effects of these modifications are evalu-
ated in terms of relative free energies of binding, DDGBinding, for
peptides 3 and 4 as computed by Monte Carlo/free energy pertur-
bation (MC/FEP) calculations.6–10


Computational details. The binding of tripeptide ligands 3, 4, and
5 to 2 was first modeled as a check before examination of the back-
bone variants. The thermodynamic cycles for the MC/FEP calcula-
tions are shown in Figure 2. For the study of the tripeptide
ligands, two alchemical perturbations were performed (Fig. 2a):
first from D-Ala (3, X = NH) to D-Lac (4, X = O) and then from
D-Lac to D-Ket (5, X = CH2). Using equations 1 and 2, the relative
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Figure 1. Vancomycin (1), vancomycin aglycon (2), and the tripeptide ligands as cell wall precursor mimics (3–5).


Figure 2. Thermodynamic cycles for MC/FEP calculations. VA, D-Ala, D-Lac and
D-Ket represent 2, 3, 4, and 5, respectively. (a) Thermodynamic cycle for the
tripeptide ligands. (b) Thermodynamic cycle for a pair of VA analogs, VAi and VAj.


Table 1
Calculated and experimental DDGBinding values (kcal/mol) for ligands 3, 4, and 5 with
vancomycin aglycon, 2


Perturbation DGB DGU DDGBinding


(Calc)a
DDGBinding


(Expt)b


3 ? 4 (X = NH ? O) 30.5 24.2 6.3 ± 0.1 4.4
4 ? 5 (X = O ? CH2) �18.7 �16.2 �2.5 ± 0.2 �2.6


a Uncertainties (±1r) from separate averages over batches of 2.5 million con-
figurations. See Ref. 11 for a review.


b Ref. 1.
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free energy of binding, DDGBinding, for each pair of ligands was
computed from the FEP simulations for the bound and unbound li-
gands. For study of the backbone variants (Fig. 2b), 2 was per-
turbed to the fluorovinyl (7), vinyl (8), and retropeptide (9)
analogs. The relative binding affinities of ligands 3 and 4 were eval-
uated for each analog using equations 3 and 4. For the amine ana-
log, the perturbation from 2 was not carried out as this involves a
change in net charge (CONH ? CH2NH2


+), which can lead to elec-
trostatic artifacts. Instead, the D-Ala?D-Lac perturbation of the li-
gand (3 ? 4) was again performed.


The initial coordinates of apo 2 and the 2/3 complex were based
on the crystal structures of apo 1 (PDB:1AA5) and the 1/3 complex
(PDB:1FVM). The sugar residues were replaced with a hydroxyl
group to produce the aglycon structures. These structures were re-
laxed via MC simulations covering ca. 1 billion configurations in a
periodic water box containing ca. 1170 TIP4P water molecules.11


The subsequent MC/FEP calculations involved 11 windows of sim-
ple overlap sampling, single-topology perturbations, and 9-Å resi-
due-based cutoffs.12 All computations were performed with
MCPRO and the OPLS–AA force field.13,14 For the FEP calculations,

the solutes were re-hydrated using a 25-Å radius cap containing
ca. 2000 TIP4P water molecules. Each MC/FEP window was com-
posed of 20 million configurations of solvent-only equilibration,
25–75 million configurations of full system equilibration, and 50
million configurations of averaging. Attempted moves are made
for one amino acid residue or water molecule at a time. All degrees
of freedom were sampled except for the TIP4P water molecules,
which are internally rigid.11


Results for 2 with 3–5. The computed DDGBinding values for the
tripeptide ligands agree well with the trend in the experimental
binding affinities, as summarized in Table 1. The binding of 3 is
computed to be most favorable, whereas the binding of 4 is com-
puted to be weakest. For 5, the ligand neither forms an H-bond
nor receives electrostatic repulsion from the backbone carbonyl
of 2, so the binding affinity is intermediate. Representative illustra-
tions of the bound complexes are shown in Figure 3. An interesting
observation is that, in addition to the characteristic backbone–
backbone H-bonds, all three complexes display another side-
chain-side-chain H-bond between a phenolic OH of residue 7 in
2 and the terminal amide C@O from the acetylated Lys of the li-
gands. In Figure 3, this additional H-bond between the solutes ap-
pears to be coupled to an intermolecular clustering of methyl
groups, which involves two methyl groups from the Leu1 side
chain of 2 and two methyl groups from the side chains of the Ac-
Lys and D-Ala of the ligand. The hydrophobic clustering is expected
to enhance binding, providing an explanation for why the acetyla-
tion of the Lys side chain of a-Ac-L-Lys-D-Ala-D-Ala improves its
binding to 1 by a factor of 3.15


Results for vancomycin analogs. The subsequent modeling of the
backbone variants of 2 provided the MC/FEP results in Table 2. The
computed DGBinding values for the D-Ala-D-Ala (3) and D-Ala-D-Lac
(4) peptides are relative to the 2/3 complex. For binding of 3, a neg-
ative DDGBinding would indicate an improvement in affinity over
that for VA 2. For the binding of 4, an improvement is indicated
by DDGBinding <4.4 kcal/mol.
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Figure 4. OPLS–AA interaction energies (kcal/mol) and N���O or N���F distances (Å)
for gas-phase complexes with N-methylacetamide (NMA). DFT (B3LYP/6-31G(d))
optimizations for the corresponding complexes of acetamide with NMA, 2-fluoro-
but-2-ene, and methylacetate yield DE = �8.5, �5.1, and �4.3 kcal/mol, respec-
tively. The molecular planes are roughly at right angles.


Figure 3. Representative structures of the bound complexes of 2 from MC/FEP
calculations. 2 is shaded in grey and is represented in sticks; the tripeptide ligands
are shown in ball-and-stick representations. The intermolecular H-bonds are
marked by dashed lines, and the clustering methyl groups are circled in green.
Structures are rendered using PyMOL.16 (a) Complex 2/3 with 3 in purple. (b)
Complex 2/4 with 4 in yellow. (c) Complex 2/5 with 5 in cyan. Hydrogens on carbon
are hidden except for in the keto methylene group of 5.


Table 2
Calculated and experimental relative DGBinding values (kcal/mol) for peptides 3 and 4
with the backbone-modified vancomycin analogs
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2 (Y = CONH)a (0.0) (4.4)
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+)b (2.1) 2.3 ± 0.1 (2.0)
7 (Y = CFCH) 2.6 ± 0.2 6.0 ± 0.2
8 (Y = CHCH) 5.0 ± 0.2 4.8 ± 0.2
9 (Y = NHCO) 10.9 ± 0.5 10.3 ± 0.4


a Ref. 1. Experimental data in parentheses.
b Ref. 5.
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None of the analogs improves the binding for the D-Ala-D-Ala
peptide 3, while the amine analog 6 is the only one that improves
binding for the D-Ala-D-Lac peptide 4. As observed,5 the computed
results for 6 find its affinity for 3 and 4 to be almost the same. The
binding for both 3 and 4 with 6 benefits from the charge–charge
interaction between the protonated amine and the terminal car-
boxylate of the ligands.


The fluorovinyl (7) and vinyl (8) modifications explore alterna-
tive modulation of the non-bonded interactions, e.g., with F as a
weak H-bond acceptor. From OPLS–AA optimizations, the geome-
tries for N-methylacetamide (NMA) dimer and the NMA-2-fluoro-
but-2-ene complex are very similar, though the interaction
energy weakens from �8.8 to �5.1 kcal/mol (Fig. 4). Thus, the
C@O to F change does reduce the affinity for 3 with 7, but just to
a similar level as for 3 with 6. However, no improvement is com-
puted for the D-Ala-D-Lac sequence despite the expected reduction

in electrostatic repulsion between 4 and the fluorine rather than
oxygen. To investigate further, a FEP calculation was performed
using the amide geometry, but perturbing to the fluorovinyl
charges; this does improve the binding with 4 by 0.8 kcal/mol.
Thus, the change in geometry and van der Waals (vdW) interac-
tions are unfavorable. The longer CAF bond length (1.35 Å) than
C@O (1.23 Å) is noted. The vinyl analog 8, suggested by Crowley
and Boger,5 was hoped also to bind better with 4. However, the
computed affinity for 4 with 8 shows little change from 2, while
the binding of 3 by 8 is poorer than with 2 or 7. Diminished vdW
and H-bond interactions for 3 with 8 are implicated.


With 9, the retropeptide linkage might invert the usual binding
preference by acting as a H-bond donor for the D-Ala-D-Lac peptide
(4) and by promoting an unfavorable NH. . .HN interaction with the
D-Ala-D-Ala sequence (3). However, the computed relative binding
affinities are high (10 kcal/mol), predicting negligible binding of
both 3 and 4 by 9. As shown in Figure 5, the orientation of the ret-
ropeptide linkage turns out to be poor for intermolecular H-bond-
ing, probably owing to avoidance of unfavorable intramolecular
interactions with the NH of residue 4 and C@O of residue 5. The







Figure 5. Representative structure from the MC simulations for the complex of 4
with the retropeptide analog 9; the poor NH. . .OC@O geometry caused by twisting
of the retropeptide linkage is illustrated. Hydrogens on carbon are not shown for
clarity.
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average NAO distance of 4.4 Å for the amide–ester interaction
from the 4/9 simulation is beyond the limit for H-bonds. Even
when optimally oriented, such amide–ester H-bonds are weak.
From OPLS–AA optimization of the NMA–methyl acetate complex
with the alkoxy oxygen of the ester as the acceptor, the interaction
energy is only �3.7 kcal/mol (Fig. 4).


Summary. MC/FEP calculations were shown to reproduce the
experimental trend in binding affinities for vancomycin aglycon 2
with peptides 3–5. The binding of four backbone variants of 2 to
the D-Ala-D-Ala (3) and D-Ala-D-Lac (4) peptides was then modeled
to seek modifications that might improve binding of both
sequences. The results indicate that the most promising design re-
mains the previously reported amine analog, 6, which benefits
from favorable electrostatic interactions between the ammonium
group and the carboxylate terminus of the peptides. Isosteric
replacement of the residue 4–5 peptide bond with a fluorovinyl

group in 7 was moderately disruptive of binding with 3, but did
not provide the desired improvement with 4. The vinyl alternative
8 was more damaging for the interaction with 3 in view of the
complete loss of the NH���O or NH���F H-bond. Finally, 9 did not de-
liver a H-bond with the ester oxygen owing to geometrical
mismatch (Fig. 5) and intrinsic weakness of such amide–ester H-
bonds. Overall, the simulations shed light on the challenges of
re-engineering the well-evolved binding site of vancomycin. Explo-
ration of vancomycin analogs continues with emphasis on side-
chain variants as a route to improved antibacterial agents.
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A high throughput screening campaign was designed to identify allosteric inhibitors of Chk1 kinase by
testing compounds at high concentration. Activity was then observed at Km for ATP and at near-physio-
logical concentrations of ATP. This strategy led to the discovery of a non-ATP competitive thioquinazoli-
none series which was optimized for potency and stability. An X-ray crystal structure for the complex of
our best inhibitor bound to Chk1 was solved, indicating that it binds to an allosteric site �13 Å from the
ATP binding site. Preliminary data is presented for several of these compounds.


� 2009 Elsevier Ltd. All rights reserved.

Despite decades of research towards the identification of an
anticancer drug devoid of serious side-effects, DNA damaging
agents are still one of the most relied upon cancer therapeutics
in the clinic due to their efficacy. Such agents often present a lim-
ited therapeutic window and/or poor selectivity for cancer cells
over normal cells. Thus, any improvement in their efficacy is extre-
mely valuable. Recently, it has been suggested that the inhibition
of checkpoint kinase Chk1 may offer such an opportunity.


Chk1 and the tumor suppressor protein p53 protect cells that
have suffered DNA damage by arresting the cell cycle to allow
DNA repair.1–3 Importantly, 50–70% of tumor cells have defects
in their p53 DNA damage response pathway and must rely exclu-
sively on Chk1 for DNA repair and cell survival. Inhibition of
Chk1 will therefore abrogate repair from DNA damage in p53
defective tumors, ultimately resulting in premature progression
into mitosis and apoptosis. Normal cells, on the other hand, can
still repair via p53-mediated arrest. As a result, Chk1 inhibitors
should sensitize p53-deficient cancer cells to DNA damaging
agents without enhancing toxicity toward non-malignant cells.
As such, Chk1 inhibitors4 have the potential to widen the therapeu-
tic window for DNA damaging agents in p53-deficient tumors.

All rights reserved.


: +1 215 652 7310.
. Converso).

Chk1 is one of 518 kinases encoded by the human genome.5 Ki-
nases are ubiquitous and important for a variety of physiological as
well as pathological cellular processes.6 They are characterized by
a highly conserved ATP-binding hinge region which is the tradi-
tional site targeted to block the activity of these enzymes. An alter-
native approach has involved the identification of inhibitors that
bind outside of the catalytic cleft at an allosteric site. These alloste-
ric inhibitors are non-ATP competitive and, due to the variability—
or absence—of the allosteric site, they may offer an advantage
when trying to modulate kinases selectively.


The Chk1-targeted program at Merck has been prevalently fo-
cused on the development of ATP competitive inhibitors7 and facil-
itated by known Chk1 structural data. However, fine tuning of
leads to exclude activity towards other kinases has proven difficult.
For this reason we prioritized the identification of allosteric leads
and developed a screening strategy that could be useful towards
the future discovery of non-ATP competitive kinase inhibitors. To
this end, a multi-step homogenous time-resolved fluorescence
(HTRF) assay suitable for high throughput screen was imple-
mented in 1536-well plate format.8


Under the assumption that allosteric leads may have low affinity,
we chose to screen at high compound concentration (50 lM). Hits
were then evaluated in the presence of ATP at Km and at physiological
ATP concentration (0.1 and 2.0 mM) in order to eliminate ATP-com-
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Figure 1. Chk1 inhibitor lead 1.


Table 1
Chk1 inhibition data for thioquinazolinone amides 1–14
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petitive compounds: the potency of allosteric inhibitors should be
insensitive to ATP concentration. A single lead, thioquinazolinone
1 (see Fig. 1), was identified from this effort with an IC50 of 17 and
24 lM at 0.1 and 2.0 mM ATP concentration, respectively.


Thioquinazolinone 1 constituted the starting point for our lead
optimization effort. Analogs of 1 were prepared using the general
reaction sequence shown in Scheme 1.9


Anthranilic acid 2 was reacted with aromatic and aliphatic iso-
thiocyanates to give mercapto-quinazolinones 3 in 80–95% yield.
Alkylation of the thiol in 3 with a variety of a-bromo acids afforded
4, which was then coupled with a variety of amines to yield thio-
quinazolinone amides 5.


Medicinal chemistry efforts began by varying the R4 and R5


groups on the terminal amide, which was conveniently introduced
at the end of the synthesis for this series. Analogues synthesized
demonstrated tight SAR (Table 1). It was generally found that a
fully substituted amide is necessary for potency. Ethyl esters were
inactive against Chk111 (data not shown), and so were primary
amides (compounds 7–10). Piperazines and piperidines enhanced
potency with compounds 11 and 13 providing the greatest potency
with IC50 of 3 lM. Diphenylpiperidine 14, while moderately potent,
showed poor solubility, and sulfonylamine 12 suffered from stabil-
ity issues. Neither was pursued further.


We then investigated the R3 group on the mercaptoquinazoli-
none carboxylic acid. To this end, the aromatic thiol was reacted
with a variety of a-bromo acids, followed by coupling to piperi-
dine-4-carboxamide (Table 2).


The aromatic analogue 16 derived from a-bromophenylacetic
acid presented similar activity as the original lead giving an IC50


of 21 lM. Branching at the b-position renders the corresponding
thioquinazolinone inactive (15), while c-branching as in com-
pound 17 gave a sixfold improvement in potency. However, the
combination of the best amide in 13 with this R3 group did not lead
to further potency gains. Interestingly, we observed acid-instability
issues when we removed the R substituent altogether: the final
amide coupling appeared to be successful, but removal of the
acidic solvent mixture after reverse-phase HPLC separation gave
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Scheme 1. Synthesis of thioquinazolinones. Detaile

complete and clean decomposition to carboxylic acid 4 even at
room temperature.


We next turned our attention to the aromatic ring on the
thioquinazolinone core and the internal thioquinazolinone amide
substituent R2 introduced in the first synthetic step. Coupling of
anthranilic acid with a variety of isothiocyanates allows variation
of the R2 group as reported in Table 3. Again, SAR proved to be
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Table 2
Effect of R3 on Chk1 potency of thioquinazolinones
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Compound R3 SL Chk1 IC50 0.1 mM ATP (lM)


1 17


15 >100


16 21


17 2.8


Table 4
Effect of thioquinazolinone ring substitution on potency
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Compound R1 SL Chk1 IC50 0.1 mM ATP (lM)


26 5-Me >100
27 6-Me Max inh. 30% @ 100 lM
28 7-Me 28
29 8-Me 17
30 8-OH 20
31 8-OMe 21
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tight: the aromatic residue was necessary for activity, with all ali-
phatic thioquinazolinones synthesized showing low activity and
poor stability, rapidly decomposing to carboxylic acid 4 in the pres-
ence of diluted aqueous TFA (compounds 18–20). Substitution on
the aryl ring in R2 was then examined and a chlorine scan showed
that the starting meta position was optimal for activity (com-
pounds 21–22). Introduction of heterocycles either attached di-
rectly to the amide nitrogen (23 and 24) or separated by a
methylene unit (25) caused a loss in potency.

Table 3
Effect of R2 groups on Chk1 potency of thioquinazolinones
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Compound R2 SL Chek1 IC50 0.1 mM ATP (lM)
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19 Max inh. 20% @ 100 lM
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N
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Substituents R1 on the aromatic region of the thioquinazolinone
were then examined (Table 4). Introduction of a methyl group at
positions 5 and 6 was not tolerated, while methyl substitution at
positions 7 and 8 had little to no effect on the IC50. A wide range
of different substituents at C7 and C8 (data not shown) was there-
fore studied, in the hopes of increasing potency. While potency de-
creased following substitution at C7, substitution at the 8-position
had virtually no effect.


While investigating the SAR for the series, we also focused on
addressing its stability issues. We observed thioquinazolinone
decomposition in three specific instances: (1) for certain amides;
(2) when lacking R3 substitution on the sulfur-containing side
chain, and (3) in the presence of electron rich R2 groups. In all cases
we obtained clean conversion to the starting carboxylic acid 4.
Examination of the experimental data led us to propose that the
N1 lone pair in the thioquinazolinone is involved in intramolecular
amide decomposition as depicted in Scheme 2.


Formation of charged intermediate 33 is consistent with our
observations for a couple of reasons. First, when R3 = H, the carbonyl
carbon is less hindered towards nucleophilic attack. Secondly, an al-
kyl rather than aryl R2 group renders the thioquinazolinone more
electron rich so that the N1 lone pair is more nucleophilic, resulting
in accelerated decomposition. In further support of the proposed
mechanism, we were able to trap 34 with isopropanol, which pro-
vided the corresponding isopropyl ester.


Our previous work at C8 of the thioquinazolinone ring showed
that potency in this series is independent of C8 substitution. At the

N


N


O


S


R2


R3 N


O
R5


R4 N


N


O


S


R2


R3


N
OR4


R5


H


N


N


O


S


R2


O R3


N


N


O


S


R2


R3 O


O


N
R4


R5


H


RO


32 33


34 35


Scheme 2. Proposed mechanism for the decomposition of thioquinazolinones.
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same time, a substituent at C8 has the maximum impact on the
steric environment of the nucleophilic N1 nitrogen. If our hypoth-
esis for the observed decomposition is correct, shielding of the N1
lone pair by the introduction of a vicinal methyl should impart
robustness to the central core by preventing intramolecular nucle-
ophilic attack (Scheme 3). Our hypothesis was nicely confirmed by
stability studies performed on 36, the 8-Me analogue of compound
13, which, unlike 13 did not decompose in concentrated aqueous
TFA even after several days.


As part of our medicinal chemistry efforts, we separated 13
(IC50 = 3 lM) into its four diastereomers and we found that only
the (S,S) diastereomer 38 (Fig. 2) binds to Chk1 with an IC50 of
1.3 lM, with all the others being inactive in our assay.

Figure 3. Compound 38 (gold) bound to Chk1. ATP (semitransparent gray) from
1PHK12 used to orient the reader.


Figure 4. Two perspectives of 38 (gold) bound to Chk1. Direct hydrogen bonding
contacts to the carboxylic acid of Glu205 and the backbone amide nitrogen of
Leu206 are shown in white dashes. Water mediated hydrogen bond to Glu134 is
shown as a yellow dash. The p-chlorphenyl quinazolinone occupies a hydrophobic
pocket formed by Phe93, Ile96, Pro133, and Leu206, forming a p–p interaction.

Satisfyingly, we were also able to obtain a crystal structure of
diastereomerically pure 38 bound to a truncated version of
Chk113 (Fig. 3).


The structure clearly confirms 38 as an allosteric inhibitor,
binding �13 Å from ATP and its pocket in a shallow hydrophobic
region on the surface of the enzyme. The spiropiperidine amine
is engaged in two direct hydrogen bonding contacts with the car-
boxylic acid of Glu205 and the backbone amide nitrogen of
Leu206 (white dashes in Fig. 4). The thioquinazolinone carbonyl
oxygen participates in a water mediated hydrogen bond to
Glu134 (yellow dash in Fig. 4).


The crystal structure is consistent with the medicinal chemistry
results obtained in our series. The aromatic ring at R2 slides into a
very narrow hydrophobic cleft that wraps it tightly. Serendipi-
tously, the initial meta-chloro substitution on R2 appears optimal
in terms of size and lipophilicity.


The lack of sensitivity to substitution at the C-8 position of the
thioquinazolinone can now be rationalized by the fact that 38
binds on the surface of the enzyme, and that the thioquinazolinone
aromatic core overlaps with a very hydrophobic region on it. Any
small substituent on the thioquinazolinone ring is out of reach of
hydrogen bond acceptors or donors on the enzyme that could sta-
bilize its interaction with 38.
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As the crystal structure for 38 reveals, the thioquinazolinones
bind to the enzyme in a highly solvent-exposed fashion. The neces-
sary desolvation energy may not be well compensated by these
limited interactions with the enzyme and might explain the low
potencies shown by this series.


Thioquinazolinone 38 and its active analogues present a mark-
edly different selectivity profile compared to ATP-competitive
Chk1 inhibitors previously synthesized in our laboratories. A more
in-depth discussion of this aspect of binding, together with full bio-
chemical characterization of the complex inhibition mode of this
series, will be reported in a separate publication.


In summary, a series of thioquinazolinone allosteric Chk1 inhibi-
tors were discovered by an appropriately targeted HTS campaign
designed for the identification of weak, non-ATP competitive leads.
An efficient synthetic route has been developed to facilitate the SAR
studies. We identified stability issues with some members of this ser-
ies, a mechanism for the decomposition and a way to prevent it. Addi-
tional efforts have resulted in the solution of the first crystal structure
of an inhibitor bound to the allosteric site of the Chk1 enzyme.


Supplementary data


Supplementary data associated with this article can be found, in
the online version, at doi:10.1016/j.bmcl.2008.12.076.
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Versatile intermediates 120-iodovinblastine, 120-iodovincristine and 110-iodovinorelbine were utilized as
substrates for transition metal based chemistry which led to the preparation of novel analogues of the
vinca alkaloids. The synthesis of key iodo intermediates, their transformation into final products, and
the SAR based upon HeLa and MCF-7 cell toxicity assays is presented. Selected analogues 27 and 36 show
promising anticancer activity in the P388 murine leukemia model.
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Historically, natural products have been a rich source of drug
leads and candidates.1 Vinblastine (1) and vincristine (2) were
isolated in the late 1950s from the periwinkle plant Cantharanthus
roseus.2 The vinca alkaloids are antimitotic agents and have been
shown to bind tubulin. By interfering with microtubule dynamics
the vinca alkaloids prevent cell division and ultimately promote
cell death in dividing cells.3,4


Structurally vinblastine (1, R = CH3) and vincristine (2, R = CHO)
are identical except for the substituent found on the indoline
nitrogen in the lower vindoline portion of the molecules, Figure
1. Despite the single structural difference both the clinical activity
and toxicity profiles of the two molecules differ. Vinblastine’s pri-
mary use is to treat Hodgkin’s disease and its dose limiting toxicity
is bone marrow suppression. A major indication for vincristine is
acute lymphocytic leukemia in children and the dose limiting
toxicity is peripheral neuropathy.5


Throughout the 1960s and 1970s new structural analogues of
the vinca alkaloids were produced by total synthesis and structural

ll rights reserved.
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modification of the natural products.6,7 Of note, ring contraction
and dehydration of vinblastine produced vinorelbine (3) which

H3C CONH2HO
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N
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HH3CO


6 Vinflunine


Figure 1. Vinca alkaloids.
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was approved in 1991 for the treatment of non small-cell lung can-
cer (NSCLC) in Europe and in 1995 for use in the US.8 Vindesine (5),
which is approved for use in Europe for treatment of melanoma, is
a vinblastine analogue with changes in the lower vindoline portion
of the molecule.9 Lastly, a reduced, bis fluorinated derivative of
vinorelbine, vinflunine (6), is currently in phase III clinical trials
to treat bladder cancer.10


The observation that small changes in structure significantly af-
fected the oncolytic and toxicity profile of vinca alkaloids made
these compounds attractive targets for further analogue syntheses.
A proven technique to generate unique structures from isolated
natural products is enzymatic modification.11 During enzymatic
modification of the vinca alkaloids the chemically novel 110-bro-
movinorelbine (4) was isolated and tested for its cytotoxic proper-
ties.12 While this compound demonstrated interesting cytotoxic
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activity, it was particularly inspiring when viewed as a chemical
intermediate. The abundance of mild palladium mediated reac-
tions available today was unprecedented during the early era of
vinca alkaloid exploration. A review of the literature revealed only
a few 120-vinblastine and vincristine derivatives and no 110-vino-
relbine derivatives had been disclosed.6a,6b


Bromination of vincristine and vinblastine with N-bromosucci-
namide in neat trifluoroacetic acid at room temperature to produce
120-bromovinblastine and 120-bromovincristine in moderate yields
is reported in the literature.13,14 In our hands, these procedures
produced small amounts of bis-halogenated products which com-
plicated purification attempts and when applied to vinorelbine
failed to provide synthetically useful quantities of 4.


Various halogenation procedures and reagents were investi-
gated. Optimal conditions employed a solution of N-iodosuccini-
mide (1.0 equiv) in dichloromethane, cooled to 0 �C, which was
added dropwise to a vinca alkaloid (1, 2, or 3) in trifluoroacetic acid
and dichloromethane (1:1) at �15 �C (Scheme 1).15 Reactions on
scales of 1–5 grams provided products 7, 8, 9 with >95% regioselec-
tivity, in 85–92% yields, and were of sufficient purity to use with-
out additional purification.


Aryl iodides 7, 8, and 9 were utilized in a wide range of palla-
dium mediated reactions and many analogues could be prepared
in a single step without protection or modification of the dimeric
alkaloid (Scheme 2).16 Compounds 10, 11, 13, and 15 were pre-
pared using the Miyaura-Suzuki, Negishi, Songashira, and Stille
reactions, respectively. Introduction of the nitrile proved problem-
atic initially but reproducible yields were achieved by adding small
amounts of zinc metal and heating at 150 �C for 20 min in a micro-
wave reactor to give 12. Palladium catalyzed chemistry also facili-
tated synthesis of thioethers 14 and lastly, palladium catalysis
under carbon monoxide atmosphere in the presence of alcohols
provided access to esters 16.


Due to the labile nature of the acetate on the vindoline ring
straightforward methods to prepare 110- or 120-carboxylic acid
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Activity of selected vinca analogues
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1 –H 1 0.4 0.9 2 1.5 1.7 3 2.4 2.7
2 –Ph 21 300 400 22 35 50 23 300 70
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26 100 200


5 –CH3 27 0.3 0.3 28 3 1
6 –CH2CH3 29 0.6 0.3 30 10 5
7 –CN 31 3 3 32 4 10 33 6 1
8 –C„CH 34 5 20 35 5 0.4
9 –SCH3 36 2.0 0.6 37 3 3 38 1 0.3
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11 –SCH2CO2H 42 200 50
12 –COCH3 43 100 200 44 20 4
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14 –CO2H 47 >1000 >1000 48 >1000 >1000
15 –CONH2 49 >1000 >1000 50 >1000 >1000
16 –NH2 51 200 200 52 600 300


17 N 53 30 20
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Table 2
Summary of in vivo antitumor activity in P388 murine leukemia model


Treatment regimen
(i.p., q4d � 3)


Median lifespan (days) % T/Ca Statistical significanceb


Compound mg/kg


Vehicle — 21.0 — —
3 (Vinorelbine) 12 24.5 117 ne


6 24.0 114 ns
27 6 38.0 181 ***


3 28.0 133 **
36 8 51.0 243 ***


4 23.0 110 ns
38 4 26.0 124 *


2 21.5 102 ns
40 12 22.0 105 ns


6 22.5 107 ns


Total days of study = 60.
a % T/C = (median lifespan for treated animals)/(median lifespan for untreated


animals) � 100.
b Statistical significance = Logrank test: ne = not evaluable due to >10% mortality


rate, ns = not significant.
* P < 0.05.
** P < 0.01.
*** P < 0.001, compared to vehicle control group.
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analogues through ester hydrolysis were unfruitful. Conse-
quently, the 2-trichloroethylester 17 was prepared as shown in
Scheme 3. This material was transformed into the carboxylic
acid upon treatment with zinc in acetic acid to afford the de-
sired 110- or 120-carboxylic acids 18 (Scheme 3). Transformation
of acids 18 to a variety of amides was best accomplished using
the coupling reagent HATU (O-(7-aza-benzotriazol-1-yl)-
N,N,N0,N0-tetramethyluronium-hexafluorophosphate) and desired
amine in DMF.


In order to take advantage of the Buchwald reaction for the
installation of amines, the free hydroxyl group on the vindoline
ring was protected as a tert-butyldimethylsilyl ether 19 (Scheme
4). Recently published conditions17 using 2-dicyclohexylphos-
phino-20,40,60-triisopropylbiphenyl (X-phos), tris(dibenzylidene-
acetone)dipalladium(0) (Pd2(dba)3), and sodium tert-butoxide (t-
BuONa) in toluene proved to be the most effective allowing the
substitution of a wide variety of amines 20 (Scheme 4). Primary
amines (entry 16, Table 1) were available through the deprotection
of the benzophenone imine adduct.


Due to the interest in finding agents effective against solid tu-
mors, the MCF-7 (breast cancer) and HeLa (cervical cancer) cell
lines were selected for initial screening of compounds. Table 1
summarizes the in vitro growth inhibition of a few representative
compounds against the MCF-7 and HeLa cell lines. Entry 1 summa-
rizes the data of the parent compounds vinblastine (VBL, 1), vin-
cristine (VCR, 2), and vinorelbine (VNB, 3). Comparison of the
new analogues to the parent molecules reveals some basic struc-
ture activity relationships. Aryl or heteroaryl substituents (entries
2–4) generally produced weakly to moderately active compounds
compared to their parent molecules. Strongly polar or charged
functional groups as in entries 14 (carboxylic acid), and 15 (pri-
mary amide) gave poorly active analogues. If the polarity and
charge of the substituents was reduced, as in entries 13 (methyl es-
ter) and 16 (aniline), or if additional lipophilicity was added (pip-
erdine, entry 17, 53), moderate to good growth inhibition activity
in the cell assays was observed. Additionally, when polar func-
tional groups were attached to the indole ring through a lipophilic
linker such as the thioether in entry 11 (42) weak to moderate
activity was restored. The most active substituents proved to be
small, uncharged functional groups. Methyl (entry 5), ethyl (entry
6), nitrile (entry 7), ethynyl (entry 8), and small thioethers (entries
9–10) all produced analogues with 610 nM activity in the cellular
assays.

A first line screen of in vivo efficacy as anticancer agents for
these new vinca derivatives was performed using the P388 murine
leukemia model. The in vivo P388 mouse leukemia model has been
used to identify potential oncolytic agents since its development in
1955.18 Vinorelbine, a member of the vinca alkaloid class, was used
for comparison.


Four compounds, chosen for activity and diverse structure were
administered by giving three doses intraperitoneally (ip) once
every four days (q4d � 3) at their maximum tolerated doses
(MTDs) and one-half their MTDs. The compounds were evaluated
by their ability to increase the lifespan of mice compared to un-
treated P388 control mice.


The results from the P388 study are summarized in Table 2. The
criteria used to define activity was % T/C P 125%.19 From the re-
sults below it can be seen that 27 demonstrated activity at its
MTD (6 mg/kg) and one-half its MTD (3 mg/kg). A second com-
pound, 36, showed good activity when dosed at its MTD producing
a % T/C of 243% and two 60 day survivors (the only compound in
this study to have 60 day survivors). However, when dosed at
one-half its MTD 36 did not show significant activity. Compound
38 showed some benefit at 4 mg/kg, but it fell just short of the
P125% T/C criterion for activity. Lastly, compound 40 was virtually
indistinguishable from control animals.


In summary, various novel vinca alkaloid analogues were pre-
pared by exploiting their aryl halide intermediates. We found that
smaller neutral substituents were favored for antiproliferative
activity. Profiling a subset of compounds in the P388 murine leuke-
mia model revealed two compounds (27 and 36) with activity
superior to vinorelbine. Encouraged by the initial data, further
studies of these compounds continue and will be published in
due course.
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Estradiol and related estrogens have been widely used as supplements to relieve menopausal symptoms,
but they lead to an increased risk of breast and endometrial cancer. Here we report the synthesis of a new
family of compounds where we have removed the B-ring from the steroid ABCD structure, and function-
alized the A-ring. These A-CD compounds show a preferential affinity for the estrogen receptor subtype
ERb. Some show binding affinities which are greater than estradiol. The presence of electron-withdraw-
ing substituents on the A-ring should reduce the tendency of these compounds to form carcinogenic
metabolites, so they might lead to a safer approach to hormone replacement therapy.


� 2009 Elsevier Ltd. All rights reserved.

The recent discovery that estrogens bind to two estrogen receptor
subtypes, ERa and ERb, has resulted in major efforts to develop li-
gands that are selective agonists for either subtype.1–3 Such com-
pounds might have considerable potential for the treatment of a
number of symptoms and/or diseases associated with estrogen defi-
ciency, including hot flashes, osteoporosis and cardiovascular prob-
lems.3 Also, the suggestion that ERa is proliferative whereas ERb is
antiproliferative may be relevant in the treatment of breast cancer.4


In the search for selective agonists, several non-steroidal families
of compounds have been developed, inspired by the structure of gen-
istein, 1. Considerable success has been achieved in this area for
structures such as WAY 202196, 2 and ERB-041, 3.5,6 These com-
pounds show not only strong binding but also excellent selectivity;
the ERb/ERa binding affinity ratios for these structures are: 1 (41); 2
(78); and 3 (226). However, the highly ERb-selective compounds ap-
pear to be devoid of classical estrogenic activity. For example, they
do not stimulate an increase in uterine weight or promote the
growth of estrogen-dependent MCF-7 breast cancer cells, nor do
they protect against osteoporosis or hot flashes. However, these
compounds are of interest in the treatment of inflammatory bowel

All rights reserved.


072; fax: +1 613 562 5170


ight), tony.durst@uottawa.ca

disease.7 The value of genistein for the treatment of hot flashes has
not been unambiguously established, although soy products (con-
taining genistein) are commonly used for this purpose.8 In hormone
replacement therapy (HRT) a desirable therapeutic target would be
the suppression of menopausal symptoms without increasing the
risk of breast or uterine cancer or vascular problems.
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Following the genistein lead, consider the simple structures 1–4.


The common motif in 1–3 is two aromatic ring systems, each carry-
ing a hydroxyl group, and connected by a bond which allows
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conjugation between the systems. As in 2 and 3, one of the aromatic
rings can be a naphthalene or a bicyclic aromatic heterocycle such
as a benzoxazole. Many variations of this structure have been re-
ported (see Ref. 9 for a review). Exceptions to the above are the
fused-ring systems such as tetrahydrofluorene 4.10,11


What has not been thoroughly explored is the idea of maintain-
ing the essential structure, connectivity and spacing of estradiol,
while increasing the flexibility. In principle, this should allow the
ligand to more fully explore the active site in the receptor and thus
have the potential to increase the binding affinity or subtype selec-
tivity. To investigate these possibilities, we performed some com-
putational studies on A-CD and AB-D ring systems. The A-CD
system has the additional advantage (relative to ABCD steroids)
that the unsubstituted positions 1, 2, 4, and 5 in the A-ring could
be more easily functionalized with a variety of substituents, some
of which may increase the binding affinity, selectivity, and/or pre-
vent formation of undesirable metabolites, especially carcinogenic
ortho-quinones. The relationship between the parent estradiol and
its A-CD derivative is shown below. The terminology ‘deconstruct-
ing estradiol’ seems appropriate since we have retained the same
stereochemistry in the derivative.
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Docking studies were performed on the A-CD structure 5, retain-


ing the same stereochemistry. Figure 1 shows that the important
residues in the ligand binding site overlay almost perfectly between
ERa and ERb except at two points: where Met336 (in ERb) has been
switched for Leu384 (in ERa), and Ile373 (ERb) for Met421 (ERa).
There are the beginnings of a steric clash between the D-ring of
the ligand and Met421 (see dotted line). Based on this observation,
we hypothesized that there should be a natural preference of the A-
CD ligand for binding to the ERb-subtype. Both the relative binding

Figure 1. Important residues surrounding the active sites in ERa (pink) and ERb
(blue).

affinity and transcription activation data strongly support this
hypothesis.


Here we report the synthesis, relative binding affinities (RBA)
and transcriptional activation relative to estradiol (RTA) for a series
of A-CD compounds 5–15. We have retained the original steroid
numbering system so as to show the relationship with estradiol.
Our initial studies have focused on how varying substituents at
the 2-, 4-, and 5-positions in the A-ring of 5 affect the strength
and the selectivity of binding to the estrogen receptors. The sub-
stituents were chosen mainly from the electron-withdrawing
groups (EWG) F and Cl. The choice of using EWG was made since
our calculations have shown that such substituents may retard
the possible formation of catechols and their oxidation products,
the ortho-quinones.12,13 This property is relevant to the potential
use of these compounds in humans, because the quinones pro-
duced metabolically from estradiol (e.g., 4-hydroxyestradiol, 7,
and the derived 3,4-quinone 8) have been implicated in estro-
gen-induced cancers.14,15 For comparison, an electron-donating
group, methyl, has also been used in several structures.
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The synthesis of the A-CD compounds (Scheme 1) involves coupling


of a suitably protected bromophenol, 10 (ring A), with the CD-ring
moiety 11, prepared in enantiomerically pure form starting with
2-methyl-1,3-cyclopentanedione following the Hajos–Parrish pro-
cedure (Scheme 1).16 The coupling can be done by using somewhat
more than two equivalents of lithiated 10 per equivalent of 11, or
one equivalent of the lithiated intermediate if the OH of 11 is also
protected with a base-stable group such as tBDMS or MOM. The ini-
tial coupling product 12 was obtained as a mixture of isomers at C9,
separable via silica gel chromatography. The assignment of the ste-
reochemistry of the less polar isomer as ‘natural’, that is, having the
aryl group in the equatorial position relative to ring C, was made by
comparing its NMR with those of compounds 5 and 15. Acid-cata-
lyzed dehydration of either of the individual isomers of 12 resulted
in a mixture of unsaturated compounds 13 and 14. Hydrogenation
of the mixture of these unsaturated compounds afforded the de-
sired compound 9 and the epimeric derivatives 15 in almost equal
amounts. Alternatively, the mixture of the coupling products 12
was reduced to a mixture of 9 and 15 using triethylsilane and
BF3�Et2O.17


The ‘natural’ isomers 9 have the aryl derivative in an equatorial
position relative to the six-membered ring C, and thus the C9
hydrogen shows both axial–axial and axial–equatorial spin–spin
coupling in the 1H NMR (9 and 3.2 Hz, respectively). Once the
assignment was secured for the parent structures 9a and 15a, it
was noted that the chemical shift for H9 in the beta isomer in all
of the examples was consistently at higher field. The 13C NMR sig-
nal for C17 in both the 9-hydroxy and the hydrogenated isomers
was even more diagnostic, appearing at 80–82 ppm for all of the
derivatives of 9 and between 72 and 74 ppm for the compounds
15 that carry the aryl group in the axial position relative to ring C.


The RBAs were determined by competition between tritium-la-
beled estradiol and increasing concentration of the ligand under
investigation.18 Displacement of the radioactivity indicates that
the ligand shows binding to the receptor, and this is quantified
to give the relative binding affinity (RBA) with estradiol set equal
to 100% for both receptors. Transcriptional activation capacity of
some ligands was determined using COS-7 cells transfected with
ERE-luciferase reporter plasmid and the ERa or ERb.19 Transcrip-
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tion activation at a concentration of 10 nM was compared to estra-
diol at the same concentration, giving the relative transcriptional
activation (RTA) for each receptor.


The results of these experiments are summarized in Table 1,
which shows the pattern of ring substitution according to Figure
2, the RBA for each receptor, and several entries for the RTA. As ex-
pected, the natural isomers 9 show consistently much greater
binding affinity for both receptors than the non-natural isomers
15. For brevity, only the RBA results for 15a, the parent compound
having the non-natural stereochemistry, are shown in Table 1; in
general, none of the RBAs for non-natural isomers exceeded 1%.
The RBA of 9a for ERb was 21.5%, with a 14:1 selectivity over
ERa. From the RTA values 9a demonstrated very strong ERb agonist
activity of 164%, and very weak (possibly negligible) ERa activity of
4.3%. Taken together with the RBA values, one can conclude that
the unsubstituted natural isomer 9a is behaving essentially as a highly
selective ERb agonist.


Substituents in the 4-position consistently lowered the binding
affinity. Thus, for the small F-atom at C4 (9b), the RBA for ERb de-
creased from 21.5% to 8.7%, while the RBA for ERa dropped also.
This loss in binding affinity on 4-substitution appears to be ampli-
fied in the transcription assay, where now 9b is only a weak ago-
nist for ERb. Fluorine substituents at both positions 2 and 4, as in

Table 1
Pattern of substituents, relative binding affinity (RBA) and relative transcription activation


Compound Ring A:R1 = H


R2 R4 R5 ERa


9a H H H 1.5
9b H F H 1.0
9c H CH3 H —
9d H H CH3 2.8
9e H H F 27
9f H H Cl 49
9i H F F 4.6
9j F H F 0.38
9k F F F 0.19
9l F F H 0.04
13c, 14ca H CH3 H 0.05
15a H H H 0.06


Compounds 9a–9l all have natural stereochemistry (same as estradiol).
a Ring C, unsaturated.

9l, resulted in a further strong reduction in binding. The RBAs for
the 4-methyl derivative 9c were not measured because those for
the precursor compounds were already very low.


Having established that substitutions at positions 2 and 4 on the
A-ring decrease the binding affinity how can it be increased? Com-
puter modeling showed that there was some room around C5.
Three derivatives were prepared, 9d, 9e, and 9f. The RBA was high-
er than that found for the parent compound 9a, irrespective of the
type of substituent and in 9e and 9f exceeded that of estradiol itself
for ERb. The transcriptional activation induced by the 5-F deriva-
tive 9e shows that this compound, and presumably also the 5-Cl
compound, is both an ERa and ERb agonist.


A series of polyfluorinated ring A derivatives were also pre-
pared to determine whether the detrimental effect of substituents

(RTA) of A-CD estrogen derivatives


RBA (estradiol = 100) RTA (estradiol = 100)


ERb b/a ERa ERb


21.5 14 4.3 164
8.7 8.7 �8.3 14
— — — —
33.6 12 �9.7 149
135 5.0 44 146
168 3.4 — —
43 9.3 — —
3.3 8.7 — —
1.73 9.1 — —
0.28 7.0 — —
0.02 0.5 — —
0.59 9.8 — —
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at C2 and/or C4 on binding to the receptor could be overcome by
the favorable effect of a substituent at C5. Analysis of the binding
affinities for the structures 9i–9k indicates that binding is most
decreased by even the small fluorine substituent at position 2.
Thus, using the binding data for the 5-F derivative 9e as a marker,
placing a second fluorine at C4, 9i, reduces affinity for ERb by a
factor of 3, compared to a more than 40-fold reduction observed
for 9j where the second fluorine is at C2. The addition of a third F
at C2 generates 9k and is accompanied by an almost 25-fold
reduction in RBA for ERb. The corresponding 2,4 dichloro deriva-
tive (data not shown) showed very little binding to either
receptor.


In conclusion, we have shown that by deconstructing the estra-
diol ABCD steroid ring structure into one having only the A-CD
rings, there are several interesting consequences for binding to
ERa and ERb. First, there is a natural preference for the ERb-sub-
type. Second, it is relatively easy to synthesize compounds with a
variety of A-ring substituents. Third, positions 2 and 4 on A are
deactivating, but position 5 is strongly activating. By varying the
substituents, we have identified two pure ERb agonists (9a, 9d),
which are more potent than estradiol. Other structures are agonists
for both receptors. Fourth, calculations show that EWG-substituted
phenols should retard the rate of formation of carcinogenic metab-
olites. Thus, these novel compounds may have potential for use in
HRT.
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The rapid hydrolysis in vivo of IDRA21 to 2-amino-5-chlorobenzensulfonamide has been demonstrated
by microdialysis experiments. The IDRA21 metabolite possess in vitro a biological activity similar to that
of IDRA21 itself. Taking 2-amino-5-chlorobenzensulfonamide as lead compound, a novel class of AMPAR
positive allosteric modulators has been prepared.
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L-Glutamate is the principal excitatory neurotransmitter in the
mammalian central nervous system (CNS), which can activate
ionotropic and metabotropic specific receptors.1–3 There is evi-
dence from animal studies that an excessive excitation mediated
by glutamate receptors may lead to neuronal damages produced
by the excessive entry of Ca2+ inside the cell. However, there is also
data suggesting that a reduced function of such receptors seems to
be involved in the learning and memory deficits observed in Alz-
heimer’s disease.4–6


It has been demonstrated that a clinically used cognition-
enhancing (nootropic) drug, aniracetam, selectively inhibits the
spontaneous rapid desensitization of AMPA receptors. The poten-
tial therapeutic benefit of compounds able to activate AMPA recep-
tors has lead to the search for new AMPA receptor modulators.7


Pyrrolidinone derivatives, such as aniracetam, benzoylpiperi-
dine derivatives, such as 1-BCP [1-(1,3-benzodioxol-5-yl car-
bonyl)-piperidine], and benzothiadiazine derivatives such as
diazoxide, cyclothiadiazide and (±)IDRA21 [7-chloro-3-methyl-
3,4-dihydro-2H-1,2,4-benzothiadiazine 1,1-dioxide] (±)(1)
(Fig. 1), attenuate the spontaneous rapid desensitization rate of
AMPA receptors.8–19 Among the benzothiadiazine derivatives,
(±)IDRA21 has attracted particular interest due to its ability to
act as cognitive enhancing agent in normal young and aged rhesus
monkeys when given orally in low (0.5–10 mg/kg) doses.20

All rights reserved.


: +39 059 2055750.
annazza).

The observed cognition-enhancing effect of (±)IDRA21, which is
one of the most effective compound studied, suggests that the
compound may be useful in the treatment of learning, memory
and attention disorders resulting from aging, central nervous sys-
tem trauma, stroke and neurodegenerative disorders like Alzhei-
mer’s disease.18


Despite the high potency in vivo, (±)IDRA21 potency in modu-
lating AMPA receptor function in vitro is low with an EC50 close
to 100 lM. At least two hypotheses could be formulated to explain
the differences in (±)IDRA21 potency between in vitro and in vivo
experiments.15,19


It is possible that (±)IDRA21 elicits its action on AMPA receptor
desensitization by preferential metabolism of one of the enantio-
meric forms, since it has been demonstrated that only one enantio-
mer is the active one.19 However, recently work has demonstrated
that a rapid interconversion of enantiomers of (±)IDRA21 occurred
in saline solution.21–23


The other hypothesis is that (±)IDRA21 could elicit its modifica-
tion of drug-induced cognitive deficit in vivo via a metabolite more
active than (±)IDRA21 itself.13 Although a great number of studies
on the pharmacological actions of (±)IDRA21 have been published,
no information has been performed on a possible pharmacody-
namic mechanism of the compound.24


Since (±)IDRA21 has been administered orally in the in vivo
pharmacological tests, studies on the stability of the drug in acidic
condition similar to that of stomach are clearly matter of interest.
In a recent work the rapid hydrolysis of (±)IDRA21 (1) (Scheme 1)
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to acetaldehyde and 2-amino-5-chlorobenzenesulfonamide in sim-
ulated gastric fluid has been demonstrated.23 In the present work,
microdialysis studies have been performed in the rat in order to
determine whether oral administration of IDRA21 (1) produced 2
in hippocampus.


Figure 2 shows the extracellular levels of (�)IDRA21 ((�)1),
(+)IDRA21 ((+)1) and 2 in rat hippocampus after oral administra-
tion of racemic IDRA21 (100 mg/kg). The concentrations of both
enantiomers increased in the first 60 min after administration to
reach the concentration of 2 lg/ml and then gradually decreased
to be undetectable in the following 3 h. On the contrary levels of
2 increased in the first 4 h to reach the concentration of 12 lg/
ml, 3 times the level that of single enantiomers of 1 and decreased
slowly for the next 2 h to a concentration of 8 lg/ml.


We tested the activity of (±)IDRA21 and of 2 as allosteric mod-
ulators of KA-activated currents in primary cultures of cerebellar
granule neurons. Application of KA (100 lM) evoked a nondesensi-
tizing current that was mediated by both AMPA and KA receptors
activation. IDRA21 (200 lM), used as reference compound, and 2
potentiated the amplitude of the KA current by 80 ± 17% (n = 5)
and 23 ± 2% (n = 5), respectively (Fig. 3).
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Figure 2. Time course of 2, (�)1 and (+)1 outputs from rat hippocampus after a
single administration of (±)1 (100 mg/kg po). Values were expressed as lg/ml of
mean value. SEM were always lower then 14% and omitted from the graph.

These results suggest that IDRA 21 could elicit its pharmacolog-
ical activity in vivo via its hydrolysis product 2 or it could under-
goes in vivo an ‘‘exchange” mechanism as part of its action and
activity, as in vivo there exist a number of carbonyl moieties which
may be used for transport or activity.


Using 2 as lead compound a series of 2-aminobenzensulfona-
mides (3–16) (Table 1) with different substituent at C4, C5, N1


and N2 has been prepared and studied for their activity as allosteric
modulators of KA-activated currents in primary cultures of cere-
bellar granule neurons, highlighting the molecule’s determinants
that confer the modulatory activity at AMPA receptors.


Compounds 3–5 were obtained from 5-chloro-2-nitro-
benzenesulfonyl chloride by reaction with the appropriate amine
and subsequently reduction as outlined in Scheme 2.


The synthesis of compounds 6–9 were conducted starting from
2,5-dichlorosulfonyl chloride with alkylamine and by heating the
product in a sealed vessel with the appropriate amine (Scheme 3).


Compounds 10–16 were obtained by methods previously de-
scribed.25–27


As summarized in Table 2 and Figure 3, among the 2-aminoben-
zensulfonamide derivatives, tested at 200 lM, 6–9 and 12 acted as
positive modulators of KA-evoked currents.


The most active derivatives were 6, 7 and 8 that potentiate of
KA currents by 69 ± 14% (n = 8), 91 ± 13% (n = 8) and 80 ± 13%
(n = 8), respectively.28


The analysis of these preliminary biological results suggests a
net of different molecular effects of these ligands, which affects ob-
served potentiation of KA-current activity. First of all, significantly
increased activity of N-alkylated derivatives 6–8, which are 3–4
times more potent comparing to compound 2, most likely is a re-
sult of inductive effect on the sulfonamide moiety produced by
the secondary amine in ortho position. High activity of compound
1, which also contains secondary amino group additionally sup-
ports this hypothesis. The trend of activities for compounds 6–8
shows that the N-alkylating moiety longer than methyl addition-
ally increase KA-current potentiation activity, however, the com-
pound 9 with isopropyl substituent shows lower activity
comparable to that of compound 2. This suggests the second effect,
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Table 1
2-Aminobenzenesulfonamides studied


R5


R4 NHR2


SO2NHR1


R3


Compound R1 R2 R3 R4 R5


2 –H –H –H –H –Cl
3 –CH3 –H –H -H –Cl
4 –CH2CH3 –H –H –H –Cl
5 –CH2CH2CH3 –H –H –H –Cl
6 –H –CH3 –H –H –Cl
7 –H –CH2CH3 –H –H –Cl
8 –H –CH2CH2CH3 –H –H –Cl
9 –H –CHCH3CH3 –H –H –Cl
10 –H –H –H –H –H
11 –H –H –H –Cl –H
12 –H –H –H –Cl –Cl
13 –H –H –H –OCH3 –H
14 –H –H –H –H –NO2


15 –H –H –H –Cl –SO2NH2


16 –H –H –CH3 –H –H
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the negative steric influence of the N-alkylation by the branched
substituent. It may either prevent the rotation of moieties of the li-
gand molecule and/or the receptor’s active site has some steric re-
straints that are felt by the larger volume of the isopropyl group
and not by the n-alkyl groups.


Molecular modeling studies of ligands confirm this interpreta-
tion. Compounds 1, 6–9 has higher dipole moments calculated
from the atom’s partial charges (6.75 D, 5.43 D, 5.59 D, 5.63 D,
5.66 D, respectively) than derivatives 2–5 (5.03 D, 4.89 D, 4.98 D,
4.88 D, respectively). Similarly, a significant difference was ob-
served comparing point charge distributed on nitrogen atom of
the ortho amino group among these molecules. The partial charge
of nitrogen atom in derivatives 1, 6–9 ranged from �0.33 to �0.32
whereas in derivatives 2–5 was calculated as �0.36. Results of this
simulation indicate inductive effect of N-alkyl moiety on the sul-
fonamide group which promotes activity. In case of compound 9,
this positive effect is balanced by the negative steric effect of
branched substituent. The presence of the chlorine atom in posi-
tion 5 seems to be another essential requisite for the action of 2-
aminobenzenesulfonamide type compounds as AMPA allosteric
positive modulators. The absence of chlorine atom (compound
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Table 2
Variation of KA-evoked currents induced by IDRA21 (1) and by 2-aminosulfonamide
derivatives 2–16


Compound Variation of
KA current, %


Compound Variation of
KA current, %


1 80 ± 17 9 32 ± 5
2 23 ± 2 10 �5 ± 5
3 5 ± 11 11 8 ± 11
4 12 ± 11 12 35 ± 11
5 4 ± 5 13 �5 ± 2
6 69 ± 14 14 �8 ± 5
7 91 ± 13 15 �6 ± 3
8 80 ± 13 16 7 ± 3
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10) or its substitution at C5 with a nitro or sulfamoyl group (com-
pounds 14 and 15) resulted in a loss of activity. A chlorine or meth-
oxy group in position 4 (compounds 11 and 13) leads to
compounds without positive modulator activity on AMPA receptor.
Chlorine atom at the meta position should not produce significant
inductive effect on the sulfamoyl group (compound 11 is less ac-
tive than 2 and compound 12 is as active as 2). On the other hand,
the chlorine groups can form hydrogen bond, have some hydro-
phobic characteristics and are bulky, thus, one should assume that
this substituent at C5 helps to position the compounds within the
active site of the molecule. The lack of activity of compounds 13–
16 supports this assumption.


The results of this study suggest that in vivo IDRA21 (1) is rap-
idly hydrolyzed to 2-amino-5-chlobenzensulfonamide (2), which
display in vitro biological activity similar to that of IDRA21. Taking
2-amino-5-chlobenzensulfonamide (2) as the lead compound, a
novel class of AMPA positive allosteric modulators has been pre-
pared, in which compounds 7 and 8 had the highest biological
activity. The analysis of the relationship between the structures
of the synthesized compounds and their biological activity has
indicated structural features that may be manipulated to increase
biological activity. This possibility is currently being investigated
and will be expanded and confirmed. The objective will be the
development of new lead drug candidates for the treatment of cog-
nitive deficits.
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A novel screening method to identify selective Sox-based fluorescent probes for Ser/Thr kinases has been
developed. Peptide libraries were exposed to a kinase of interest and the products of the timed reaction
were analyzed by MALDI-TOF. To demonstrate the potential of this methodology, a selective substrate for
Aurora A kinase was identified that showed a 7-fold improvement in catalytic efficiency over the best
substrate described to date in the literature.


� 2008 Elsevier Ltd. All rights reserved.

Phosphorylation is a ubiquitous post-translational modification
reaction that is responsible for regulation of protein activity in
both eukaryotes and prokaryotes. By catalyzing the transfer of c-
phosphoryl group of ATP to the side chains of serine, threonine,
and/or tyrosine (in eukaryotes), protein kinases play an important
role in regulation of many aspects of cellular function, including
proliferation, the cell cycle, metabolism, transcription, and apopto-
sis.1 Protein kinases have also emerged as attractive targets for
drug discovery, since many are associated with a wide variety of
diseases, from cancer to inflammation.2 Thus, tools that allow for
simple monitoring of kinase activity are in great demand in both
pharmaceutical and academic settings. Recently, our laboratory
developed highly versatile sulfonamido-oxine (Sox)-based fluores-
cent peptides for the continuous assay of Ser/Thr and Tyr kinases.3


The Sox-containing substrate is silent, but upon phosphorylation
the chromophore can bind Mg2+ and undergoes chelation-en-
hanced fluorescence (CHEF). Such probes have been used to mon-
itor various kinases both in vitro and in crude cell lysates.4


The key challenge in the field of kinase analysis is specificity,
particularly with peptide-based substrates, which lack the spatial
and temporal control that cellular substrates such as proteins pos-
sess. As a result, much effort has been devoted to identification of
kinase substrates. Traditional methods to elucidate specificity of
kinases include solid-phase phosphorylation screening of either
phage display libraries5 or synthetic peptides6 and the use of
degenerate libraries of peptides oriented around the residue to
be phophorylated.7 But, these techniques depend on laborious
and time-consuming substrate peptide decoding procedures.6a,5c

All rights reserved.


: +1 617 452 2419.

Furthermore, the detection of phosphate is based on the transfer
of 32P from [c-32P]ATP to target peptides or proteins,8 which is a
risk to human health and the environment, or on antibodies direc-
ted against phosphorylated residues,9 which in some cases is prob-
lematic due to their low specificity.


Herein, we report the development of a new method for identi-
fication of Sox-based probes with improved specificity for serine/
threonine kinases. A combinatorial peptide library is first exposed
to the desired kinase. Upon chemical modification of the phospho-
peptides in the peptide mixture, Matrix-Assisted Laser Desorption
Ionization Time-of-Flight mass spectrometry (MALDI-TOF MS) is
employed to identify the products. Using this approach, the best
sequence for Protein Kinase A (PKA) was found to be the well-
established and extensively studied Kemptide,10 demonstrating
that our method is reliable. Moreover, when applied to Aurora A
(AurA, Aurora 2), a peptide sequence was identified that exhibited
a 7-fold improvement in catalytic efficiency over the best literature
substrate when incorporated into a Sox-based probe.


The method to identify probes is summarized in Figure 1. First,
a library containing amino acid variations at the site of investiga-
tion was generated by Fmoc-based solid-phase peptide synthesis
(SPPS). 2-Naphthyl alanine (2-Nal) was incorporated in place of
C-Sox (generally placed in the +2 position) due to the tendency
of the Sox chromophore to be partially eliminated under the MAL-
DI conditions. The cleaved equimolar peptide mixture was incu-
bated with the desired kinase for varying times. The direct
detection of the phosphopeptide product by MALDI-TOF is usually
poor due to the inefficient ionization of the negatively charged
phosphate group and the tendency of phosphate to be eliminated
under the MALDI conditions. Thus, to enhance signal intensities
in the MALDI analysis, a previously reported method was em-
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Figure 2. MALDI-TOF spectrum of the peptide library at the �3 position after its
incubation with PKA for 1 h and chemical derivatization with Ba(OH)2/MEP.


Table 1
Peptide libraries for PKA


Entry Substrate sequencesa


�4 �3 �2 �1 0 +1 +2 +3 +4


1 Ac L X R F S L 2-Nal A A CONH2


2 Ac L R R X S L 2-Nal A A CONH2


Result L R R G/A S L 2-Nal A A


a X = Asp, Lys, Val, Ala, Arg, Gly, His, Phe, Trp, and Tyr.


Table 2
Peptide libraries for AurA


Entry Substrate sequencesa


�4 �3 �2 �1 0 +1 +2 +3 +4


1 Ac X/Y R R F S L 2-Nal A A CONH2


2 Ac L X R F S L 2-Nal A A CONH2


3 Ac L R R X S L 2-Nal A A CONH2


4 Ac L R R F S X 2-Nal A A CONH2


5 Ac L R R F S L 2-Nal X/Y A CONH2


6 Ac L R R F S L 2-Nal A X CONH2


Result G/A R R F S F 2-Nal G/DA G


a X = Asp, Lys, Val, Ala, Arg, Gly, His, Phe, Trp, and Tyr; Y = DAsp, DLys, DVal, DAla,
DArg, DGly, DHis, DPhe, DTrp, and DTyr.
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ployed.11 Briefly, the kinase reaction products were subjected to
base [Ba(OH)2] which promoted b-elimination of the phosphate
moiety, followed by Michael addition of 4-mercaptoethylpyridine
(4-MEP). New peaks appearing in the MALDI spectrum (121 g/
mol greater than the parent peptide) were interpreted as evidence
of phosphorylation. The change in mass after the reaction was due
to the loss of phosphate (98 g/mol) during the b-elimination and
addition of 4-MEP (139 g/mol). This strategy enabled us to follow
the progress of the reaction and to evaluate the kinase activity
semiquantitatively by comparing intensities of derivatized peaks
with those of the parent peptides in the same spectrum (Fig. 2).
Once the best residue was found for a particular position, it was
fixed in that place and the method was applied to a different posi-
tion in an iterative fashion until the best substrate was obtained.
Finally, the optimized sequence was synthesized with C-Sox3a in-
stead of 2-Nal, effectively turning the best substrate into a selective
kinase reporter and simultaneously enabling determination of the
kinetic parameters.


In order to optimize and validate the screening method, we ini-
tially focused our efforts on PKA and the corresponding selective
substrate, Kemptide (Ac-LRRASLG-CONH2).10 Two peptide libraries
based on Kemptide were used to assess the preference of PKA for
residues at the �1 and �3 positions (Table 1). In all screens, Ser,
Thr, Cys, and Met were excluded to avoid side reactions (such as
oxidations). Additionally, since there are three groups of amino

acids with similar masses (Asp, Leu, Ile, Asn = 131–133 g/mol;
Lys, Glu, Gln = 146–147 g/mol; and Val, Pro = 115–117 g/mol), only
one from each group was chosen in order to simplify the MALDI
analysis. However, if necessary, it is also possible to use all amino
acids in the screen by utilizing encoded peptide caps during syn-
thesis, effectively producing a nondegenerate mass ladder for each
peptide.12 A mixture of the following amino acids was selected:
Asp, Lys, Val, Ala, Arg, Gly, His, Phe, Trp, and Tyr. Libraries were
synthesized on Fmoc-PAL-PEG-PS resin. For positions that were
varied, isokinetic mixture of 10 amino acids was created by using
a ratio of equivalents of amino acids based on their reported cou-
pling rates.13 The MALDI spectra of the peptide libraries before
and after incubation with PKA for varying time periods (10 min,
30 min, 1 h, 2 h, and 24 h) followed by chemical derivatization
with 4-MEP, showed that there is a preference for Arg at the �3
position (Fig. 2) and for small hydrophobic residues at the �1 posi-
tion (Table 1). This result is in full agreement with the consensus
sequence described for PKA.10,14


To demonstrate the generality of the method, Aurora kinase A
(Aurora 2, AurA) was selected. Aurora kinases (A, B, and C) belong
to the Ser/Thr protein kinase family and are involved in various
aspects of mitosis.15 AurA, specifically, functions in centrosome
maturation, mitotic spindle assembly and it plays a central role
in cell cycle progression.16 Additionally, the gene coding for AurA
maps to a region frequently amplified in tumors and its overex-
pression has been detected in various cancers.17 However, very
little is presently known about its substrates and the mechanism
of its activation/deactivation. This is particularly the case with pep-
tide substrates for AurA. The only study so far conducted to deter-
mine the preferred residues in the recognition domain surrounding
the phosphorylated residue,13 proposed the consensus sequence to
be RRXSZ (where Z denotes any hydrophobic residue except for Pro
and X is a small hydrophobic amino acid) and was based on pep-
tides derived from an extended version of the Kemptide sequence
(ALRRASLGAA). The best of these peptides has a KM of ca. 300 lM
(Tables 3 and 4, entry 1). Thus, to make a fluorescent probe that
can be used in complex environments to study AurA, it was imper-
ative to first find substrates with enhanced selectivity.


We made six peptide libraries using equimolar mixtures of ami-
no acids at the �1, �3, �4, +1, +3, and +4 positions based on the
sequence of Kemptide (Table 2). The results of these libraries after







Table 3
Sequences of Sox-substrates for AurA


Entry Substrate sequences


�5 �4 �3 �2 �1 0 +1 +2 +3 +4


1 Ac A L R R A S L C-Sox A A CONH2


2 Ac A L R R F S L C-Sox A A CONH2


3 Ac A L R R F S L C-Sox G A CONH2


4 Ac A G R R Y S L C-Sox DA A CONH2


Table 4
Kinetics of Sox-substrates with AurA


Entrya KM
b (lM) Vmax


b (lmol mg�1 min�1) Catalytic efficiencyc


1 297.8 ± 3.9 1.7 ± 0.3 1
2 152.3 ± 2.7 2.6 ± 0.2 3
3 57.0 ± 8.2 2.2 ± 0.1 7
4 65.0 ± 7.0 1.8 ± 0.1 5


a Peptides from Table 3.
b Kinetic parameters (KM and Vmax) were obtained from initial slopes and cor-


rected appropriately for substrate and product fluorescence as described in Sup-
porting Information. The values reported are means ± SEM of duplicate experiments
as calculated from a direct fit of [S]/v versus [S] plots.


c Catalytic efficiency of each substrate was calculated as kcat/KM (min�1 lM�1).
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incubation with AurA for varying time periods (10 min, 30 min, 1 h,
2 h, and 24 h) followed by chemical derivatization with 4-MEP
showed that, first, there was an elevated preference for an aro-
matic residue, Tyr or Phe, in the �1 position (Table 2, entry 3).
For the remaining libraries, Phe was fixed in this position. Second,
there was a high preference for Arg in the �3 position, which is in
agreement with the consensus sequence described for AurA13


(entry 2). Third, in the +1 position, aromatic residues, such as
Phe, were favored (entry 4). This result coincides with previous
work done by Pinna et al.13 that identified Phe, Leu, and Ile in
the �1 position (Leu and Ile were excluded from our screen).
Fourth, small hydrophobic residues, mainly Gly, were selected for
positions �4, +3, and +4 (entries 1, 5, and 6). Lastly, due to the pref-
erence for Gly at�4 and +3 positions, we made two additional pep-
tide libraries using D-amino acids (entries 1 and 5). As in the case of
the L-peptide libraries, AurA selected Gly in both positions and,
interestingly, DAla in +3 position.


Several sequences that were selected by our screen were individ-
ually synthesized with C-Sox in place of 2-Nal and evaluated as
probes for AurA. Tables 3 and 4 summarize the sequences and the
kinetics parameters, respectively, of the best peptides. A 2-fold im-
proved KM and a 3-fold improved catalytic efficiency were obtained
by incorporating a Phe residue at the �1 position (Tables 3 and 4,
entry 2). A 6-fold improved KM and a 5- to 7-fold improved catalytic
efficiency compared to Kemptide was obtained with Gly (Tables 3
and 4, entry 3) or DAla (Tables 3 and 4, entry 4) at position +3. These
peptides are the best substrates described so far for AurA.


Although chemical methods to detect phosphorylated products
using mass spectrometry and fluorescence have been reported,
none were able to obtain substrates with improved selectivity for
the desired kinase.6d,18 Herein, we have presented a new screen
that allows identification of substrates for serine/threonine kinases
using a chemically modified combinatorial peptide library and
MALDI-TOF MS. The strategy was first validated by obtaining
Kemptide as the most selective PKA peptide, which is in full agree-
ment with current literature. Moreover, the screen was applied to
AurA resulting in a substrate with a 6-fold improvement in KM and
a 7-fold rise in catalytic efficiency with respect to the best

sequence described so far in the literature. Compared with the con-
ventional approaches, this strategy is simple, easy to perform and
it does not require complex instrumentation, the use of radioiso-
topes, or antibodies. The iterative nature of the method and its
ability to incorporate unnatural elements (such as D-amino acids)
should make searches for substrates of virtually any kinase possi-
ble. Lastly, the conversion of the most selective peptides into fluo-
rescent Sox-containing probes should give a specific reporter for
any kinase of choice.
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An efficient synthesis of a 5-fluorouracil-cephalosporin prodrug is described for use against colorectal
and other cancers in antibody and gene-directed therapies. The compound shows stability in aqueous
media until specifically activated by b-lactamase (bL). The kinetic parameters of the 5-fluorouracil-ceph-
alosporin conjugate were determined in the presence of Enterobacter cloacae P99 bL (ECl bL) revealing a
Km = 95.4 lM and Vmax = 3.21 lMol min�1 mg�1. The data compare favorably to related systems that have
been reported and enable testing of this prodrug against cancer cell lines in vitro and in vivo.


� 2009 Elsevier Ltd. All rights reserved.

Colorectal cancer is the third most common cancer in both men
and women in the United States today. American Cancer Society
projections for 2008 estimate that 150,000 cases of colorectal can-
cer will occur, claiming the lives of approximately one-third of
those diagnosed. Strategies to better combat colorectal cancer
would be of great benefit in lowering the mortality rate of this dis-
ease. Current methodology using targeted drug delivery through
antibody (ADEPT) or gene-directed prodrug therapy (GDEPT) is
able to specifically activate prodrugs at precise locations.1,2 The
benefit of an ADEPT or GDEPT strategy is that heightened concen-
trations of the desired chemotherapeutic agent can be delivered
directly to infected cells, while avoiding their release in benign re-
gions. This strategy is represented in the literature through the use
of a b-lactamase (bL) to activate b-lactam based prodrugs, specifi-
cally targeting infection or disease.3–5 One particular b-lactam
class, the cephalosporins, have proved to be very useful reporter,
signaling and antibacterial compounds that are able to lie dormant
until activation by a bL (Fig. 1).6–9 Many chemotherapeutic com-
pounds using the cephem scaffold have been reported including;
mitomycin C,4 nitrogen mustards,3,10–13 doxarubacin,14,15 platinum
compounds,16 taxol5 and a derivative of the vinca alkaloid vinblas-
tine.17 These compounds have been tested in vivo and show prom-
ising activity against various cancer lines when used in conjunction
with an ADEPT strategy. Although many of the aforementioned
prodrug conjugates have been evaluated in vivo, a common FDA
approved drug for colorectal cancer, 5-fluorouracil (5-FU), has
not been evaluated in an analogous fashion. 5-Fluorouracil is a

ll rights reserved.
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main component of the currently used colorectal cancer therapy
regimen FOLFOX, along with oxaliplatin and folinic acid.18 Ability
to specifically deliver 5-fluorouracil to cancerous cells provides
protection to benign regions while targeting drug concentrations
to areas of concern. It would be a benefit to create a simple,
straight-forward synthesis of a cephalosporin-5-fluorouracil pro-
drug that can then be evaluated in vivo. We describe here a facile
synthesis of a cephalosporin-5-fluorouracil prodrug that shows
stability in aqueous environments until specifically activated by a
b-lactamase.


In order to create a 5-FU-cephalosporin conjugate, it was of pri-
mary importance to determine the manner in which 5-FU could be
attached to the 30 position of the cephalosporin. More often than
not the drug of choice is attached to the 30 carbon by the use of a
carbonate or carbamate linker that decomposes upon expulsion
from the prodrug to yield the desired free compound. In some in-
stances the compound may be attached directly to the 30 position
through a displacement reaction between a 30 leaving group and
a suitable nucleophile. With both means of linkage being equal,
the deciding factor was the ready availability of a commercial
starting material that led to the most direct synthetic route. 7-Ami-
no-3-chlormethyl-3-cephem-4-carboxylic acid p-methoxybenzyl
ester (3) was selected as a suitable starting material (Otsuka, Osaka
Japan).


Cephem 3 provided a nucleus that could be modified to the
desired prodrug (Scheme 1). This starting material was amenable
to direct attachment of 5-FU via displacement of the 30 chloride
with 5-FU. Treatment of 3 with 2-thiophene acetyl chloride and
2,6-lutidine afforded the intermediate 4 in excellent yield.8,19 With
compound 4 in hand it was desired to then attach 5-FU. This
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Figure 1. Activation of a cephalosporin prodrug by a b-lactamase. In general, lactam cleavage releases the chemical moiety at the 30-position, in this case 5-fluorouracil.


Scheme 1. Reagents and conditions: (a) Boc2O, DMAP, 78%; (b) 2-thiopheneacetyl chloride, TEA, 2,6-lutidine, 92%; (c) NaI, KOSiMe3, 3, 60%; (d) CF3COOH, Et3SiH, 90%.


Figure 2. HPLC trace of compound 6 and products released by bL activation. Front
to back: 6 incubated 20 h in 50 mM PBS (pH 7.0) without bL, 6 incubated 20 h in
50 mM PBS (pH 7.0) with 1 mg/mL EClbL, Compound 6 standard, 5-FU standard. (�)
5-FU. (�) Compound 6.
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proved more difficult than originally thought. A primary difficulty
with using 5-FU in organic reactions is its relative insolubility in all
common organic solvents. In addition to its poor solubility, it was
of concern that both the amide and imide positions could act as the
nucleophile, giving rise to regioisomers. To overcome both of these
constraints, protection of the amide nitrogen with t-butyl carba-
mate (Boc) was performed.20,21 The Boc protection increased 5-
FU solubility while also limiting the imide to function as the sole
nucleophile. With compounds 2 and 4 in hand, direct coupling to
the 30 position was attempted. It was observed that when using
carbonate and tertiary amine bases, as well as pyridine, partial
isomerization of the cephem nucleus occurred yielding a mixture
of the D2 and D3 isomers. Formation of the D2 isomer inactivates
the compound by taking the nitrogen of the b-lactam out of conju-
gation with the 30 position, thus blocking release of the attached
compound upon bL activation. A common solution to this problem
is oxidation of the cephem sulfur to restore the active D3 isomer,
followed by reduction back to the thioether. Oxidation of com-
pound 5 containing a mixture of the D2 and D3 isomers was pre-
sumed to restore conjugation.22 It was observed, however, that
oxidation of the bridgehead sulfur was not possible as with other
related systems, providing no trace of the sulfoxide as a product.
One may rationalize this by noting that the cephem contains a
highly puckered ring in which the 5-FU moiety could block ap-
proach of the oxidant, resulting in no reaction. At this point any
attachment of the 5-FU moiety needed to provide a single isomer
due to the inability of the oxidation/reduction sequence to restore
the required conjugation. A previous report had shown that potas-
sium trimethyl silanoate (KOSiMe3) could be used to perform the
acylation reaction producing 4 without formation of the D2 iso-
mer.23 Indeed, use of KOSiMe3 as the stoichiometric base in the for-
mation of compound 5 provided the D3 isomer in good yield.24 It
was then possible for acidic deprotection of both the Boc and p-
methoxybenzyl moieties of 5 providing the final compound in high
yield.25 The use of KOSiMe3 in the direct displacement reaction
afforded a facile route to the desired 6 in 3 linear steps. This route
to cephem derivatives avoids the oxidation/reduction sequence

that has traditionally dominated in syntheses of similar
compounds.


ADEPT and GDEPT strategies to combat disease have the distinct
advantage that the prodrug is specifically activated in areas of
infection while benign regions are left relatively untouched. For
any ADEPT or GDPET strategy to be successful, the prodrug must
first be stable under non-activating conditions, yet quickly acti-
vated under the desired conditions. In the case of 6 this would
amount to the compound lying dormant until acted upon by a
bL. In addition to the specific activation by bL, it is important to
verify that 6 is a good substrate for bL by evaluation of its funda-
mental kinetic parameters. Compound 6 was prepared in a
10 mg/mL stock solution and subsequently diluted for all in vitro
experiments. To first verify that the compound can specifically be
activated only in the presence of a bL, a HPLC assay was pre-
formed.26 The prodrug substrate 6 was incubated in phosphate
buffered saline (50 mM, pH 7.0) for 12 h at 28 �C under activating
and non-activating conditions. The results show that 6, in the pres-
ence of bL, was completely cleaved to 5-FU and the hydrolyzed
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cephalosporin while 6 was otherwise stable in the absence of bL
(Fig. 2). To better evaluate how efficient a substrate 6 is for the
aforementioned bL, kinetic parameters were measured using an as-
say previously described.13 It was determined that compound 6
had a molar absorbtivity (e) of 9640 lmol�1 cm�1, which enabled
monitoring of b-lactam hydrolysis at 267 nm. Compound 6 was
evaluated against the commercially available Enterobacter cloacae
b-lactamase (EClbL) (Sigma, St. Louis, MO). Initial velocities were
measured at varying concentrations of 6 (25–250 lM) and fit to
the Michaelis–Menton equation to establish Km and Vmax. Com-
pound 6 was found to have a Km of 95.4 lM and a Vmax of
3.21 lmol min�1 mg�1, which compare favorably to previously re-
ported cephalosporin conjugates.3,4,13 To determine the 5-FU yield
when 6 is activated, a reaction of 6 with the EClbL was run under
conditions identical to the previous stability assay. The products
of this reaction were compared to a standard curve of known con-
centrations of 5-FU to determine the percentage of 5-FU released
using the previously established HPLC method.26 It was deter-
mined that compound 6 is activated to 5-FU in a 78 ± 2% yield.
The combined data show that compound 6 is a good substrate
for a bL, activation occurs in an efficient manner and compound
6 is stable in a neutral aqueous environment until specifically acti-
vated by the bL (Fig. 2).


We have designed a straight-forward synthesis of a bL-activat-
able 5-FU-cephalosporin conjugate to release the cytotoxic agent
5-FU. Preparation of this compound was readily achieved through
careful attention to two key steps in the synthesis. The protection
of the 5-FU amide nitrogen with a Boc group improved solubility in
organic solvents and avoided the formation of regioisomers. Sec-
ond, the use of KOSiMe3 in the cephem 30-chloride displacement
reaction proceeded without formation of the D2 isomer, circum-
venting the customary oxidation and reduction sequence at the
cephem sulfur to restore the D3 double bond. The use of KOSiMe3


offers a general approach for attachment of nucleophilic chemical
moieties at the 30 carbon while keeping the D3 cephem intact.
The stability of compound 6 in the absence of a bL and its favorable
kinetic parameters for hydrolysis in its presence demonstrate the
potential for compound 6 to be used in ADEPT or GDEPT strategies
against a range of human carcinoma cell lines, and open the way
for its evaluation it in vivo.
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Two types of new chrysin derivatives were prepared by coupling NO donors of alkyl nitrate and furazan
derivatives and were fully characterized by 1H NMR and other techniques. These compounds were tested
in human umbilical vein endothelial cells (HUVECs-12) and all the compounds exhibited cell prolifera-
tion. Notable effects of promoting angiogenesis were observed for all the modified compounds using
chick chorioallantoic membrane (CAM) assay.


� 2008 Elsevier Ltd. All rights reserved.

Angiogenesis, the formation of new blood vessels from pre-
existing vasculature, is a crucial step in the management of ische-
mic disease such as coronary heart disease, ischemic cerebral
embolism and fracture healing, due to its ability of supply oxygen
and nutrients to the ischemia target. Brownlee proposed that the
diabetic patients with vascular injuries in diabetic vascular compli-
cations is one of the main reasons.1 One of the key mediators of
blood vessel formation during development is vascular endothelial
growth factor (VEGF),2 which can stimulate the proliferation and
migration in endothelial cells. Endothelial cells proliferation plays
an essential role in the regulation of various vascular biological
function and diseases.


Recently, considerable fundamental researches and clinical re-
searches indicate that oxidative stress plays a key role in the
pathogenesis of diabetic vascular complications. An early step
of such damage is considered to be the development of an endo-
thelial dysfunction.3 Oxidative stress and diabetic vascular com-
plications are closely related to the development of diabetes,
suggesting that anti-oxidant treatment is expected to become
the prevention and treatment of vascular complications of diabe-
tes new ways.4


Chrysin(5,7-dihydroxyflavone) is a naturally wide distributed
flavonoid, which has been reported to have many different bio-
logical activities such as anti-viral,5 anti-cancer,6 anti-bacterici-
dal,7 anti-inflammatory,8 anti-allergic,9 DNA cleavage,10


vasodilator,11 anti-mutagenic,12 anti-anxiolytic13 and anti-oxi-

All rights reserved.


Lin).

dant effects.14 However, research on the role of chrysin deriva-
tives in cardiovascular is rare.15 In order to investigate the
effect of chrysin derivatives in promoting angiogenesis, in this
paper, we made attempts to report that chrysin derivatives were
coupled to different NO donors and their effect on promoting
angiogenesis was evaluated by HUVEC-12 and CAM assay.


To begin our study, chrysin derivatives were coupled to ni-
trate following the synthetic route illustrated in Scheme 1. An
alkyl chain with bromide was introduced to the 7-position of
chrysin (1) selectively by reacting with the corresponding dibro-
mo alkane and yielded the 7-bromo alkane derivatives (2a–2c),
which were subsequently converted to the final nitro ester
(3a–3c) by treatment with AgNO3 in anhydrous acetonitrile.
The synthesis of furazan derivatives is shown in Scheme 2.16 Sat-
urated aqueous sodium nitrite was added to a solution of cin-
namyl alcohol (4) in glacial acetic acid. The resulting reaction
mixture was diluted with water and extracted with diethyl
ether. The combined organic layer was washed with brine and
dried over MgSO4. The volatiles were removed in vacuo and
the residue was recrystallized from dichloromethane–petroleum
ether to give 5. Chrysin derivatives were successfully coupled
to furazan as shown in Scheme 3. To a stirring solution of chry-
sin 1 in acetone, K2CO3 was added and then a mixture of ethyl
bromoacetate and acetone was added dropwise to give com-
pound 6. Compound 6 was treated in KOH solution (methanol)
and after that most of the volatiles were evaporated. The residue
was dissolved in water and the solution was adjusted to pH 2 by
using HCl solution to give 7. Chrysin derivatives 7 was sus-
pended in anhydrous dichloromethane with stirring at room
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Figure 1. Effects of products (10 lM) on the proliferation of HUVECs-12. The
proliferation of HUVECs-12 was determined by MTT assay. Each value is the
mean ± SEM of six determinations. **p < 0.05 versus 0.1% DMSO.
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temperature, then furazan derivatives 5, dicyclohexylcarbodiim-
ide (DCC) and 4-dimethylaminopyridine (DMAP) were added.
The reaction solution was stirred for 12 h at room temperature
and dicyclohexylurea (DCU) was formed, which was removed
through filtering. The residue solution was evaporated to get a
pale yellow solid which was recrystallized from dichlorometh-
ane–petroleum ether and washed with K2CO3 solution and water
to give 8. All of the compounds were characterized by means of
1H NMR and MS (EI).17


MTT assay was performed to evaluate the effect of these com-
pounds on HUVECs-12 proliferation. Incubation with the com-
pounds at concentration of 10 lmol/L for 24 h showed promoted
proliferation of HUVECs-12. Generally, HUVECs were split at a den-
sity of 2.5 � 105 cells/mL in 96-well plates and 200 lL suspension
per well cultured in DMEM containing 10% FCS for 24 h, then
starved by serum deprivation for 24 h, treated with the products
(10 lM) and vehicle (0.1% DMSO) for 24 h.18 Twenty microliter of
MTT (5 mg/mL) was added and incubated for 4 h. Culture medium
was removed and 150 lL DMSO was added to each well. The absor-
bance (OD) was measured at 490 nm using a microplate spectro-
photometer (Bio-Rad) (see Fig. 1). It was observed that all the
compounds exhibited cell proliferation. However, with a degree
of variation, cell proliferation of compound 3b is the most obvious.
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Figure 2. Effect of products (10 lL/egg) on angiogenesis in the CAM assay.
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eggs, the products (3a, 3b, 3c, 8, 10 lL/egg) and the positive control
ECGF showed strong angiogenic activities (D, E, F, G, H). These re-
sults indicated that these compounds showed excellent angiogenic
effects in vivo.


From the cell proliferation and CAM assay experimental results,
it can be seen that angiogenesis was caused partly due to a vascu-
lar endothelial cell proliferation.


Angiogenesis is impaired in conditions where NO activity is
attenuated. Exogenously applied NO donors have been shown to
stimulate endothelial cells (ECs) growth and migration in vitro
and promote angiogenesis. The fact indicates that these com-
pounds merit further investigation as potential pharmaceutical
agents in processes in which angiogenesis plays an important role,
for example, wound healing, fracture repair, peptic ulcers and the
production of sufficient collateral flow to rescue ischemic organ.

In conclusion, we have prepared two types of chrysin deriva-
tives coupled with NO donors of alkyl nitrate and furazan deriva-
tives, and have tested in HUVEC-12 and CAM assay. The results
indicated that all of the compounds exhibited cell proliferation
in vitro and angiogenic activity in vivo. Our study on the hypogly-
cemic effect of these compounds is ongoing. Further results will be
released in subsequent papers.
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