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Hydroxyl radical scavenging by edaravone derivatives: Efficient scavenging by 3-methyl-1-
(pyridin-2-yl)-5-pyrazolone with an intramolecular base
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Hidehiko Nakagawa,* Ryo Ohyama, Ayako Kimata, Takayoshi Suzuki and Naoki Miyata*


The hydroxyl radical scavenging by pyrazolone derivatives was evaluated, and it was found that 4 was a more


efficient derivative than edaravone. It was assumed to be due to the increase of an active form by a hydrogen-bonded


intramolecular base.
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Polyoxotungstates were identified as novel potent inhibitors of


ecto-NTPDases. [TiW11CoO40]
8) (7) exhibited a Ki value of


140 nM at rat E-NTPDase1.


A series of novel, potent, and selective histone deacetylase inhibitors pp 5948–5952
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The evolution of a novel series of HDAC inhibitors containing an unusual ketone zinc binding group is described. SAR studies


resulted in optimization to potent, low molecular weight, selective, non-hydroxamic acid HDAC inhibitors.
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Structure- and property-based design of factor Xa inhibitors: Pyrrolidin-2-ones with acyclic alanyl
amides as P4 motifs


pp 5953–5957


Robert J. Young,* Matthew Campbell, Alan D. Borthwick, David Brown, Cynthia L. Burns-Kurtis, Chuen Chan,
Máire A. Convery, Miriam C. Crowe, Satish Dayal, Hawa Diallo, Henry A. Kelly, N. Paul King, Savvas Kleanthous,
Andrew M. Mason, Jackie E. Mordaunt, Champa Patel, Anthony J. Pateman, Stefan Senger, Gita P. Shah,
Paul W. Smith, Nigel S. Watson, Helen E. Weston and Ping Zhou
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The synthesis and profiles of a series of fXa inhibitors with acyclic alanyl amide P4 motifs is described, which includes potent


examples showing highly encouraging anticoagulant activity.


Adamantane 11-b-HSD-1 inhibitors: Application of an isocyanide multicomponent reaction pp 5958–5962


Bryan Sorensen, Jeff Rohde, Jiahong Wang, Steven Fung, Katina Monzon, William Chiou, Liping Pan,
Xiaoqing Deng, DeAnne Stolarik, Ernst U. Frevert, Peer Jacobson and J. T. Link*
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11 h-11-β-HSD-1 Ki = 8 nM


The synthesis of the potent and selective h-11-b-HSD-1 inhibitor 11 (Ki = 8 nm) is reported.


Identification of a novel boron-containing antibacterial agent (AN0128) with anti-inflammatory
activity, for the potential treatment of cutaneous diseases


pp 5963–5967


Stephen J. Baker,* Tsutomu Akama, Yong-Kang Zhang, Vittorio Sauro, Chetan Pandit, Rajeshwar Singh,
Maureen Kully, Jehangir Khan, Jacob J. Plattner, Stephen J. Benkovic, Ving Lee and Kirk R. Maples
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A series of borinic acid picolinate esters were synthesized and screened for antibacterial


and anti-inflammatory activities. From these studies, we selected 3-hydroxypyridine-2-


carbonyloxy-bis(3-chloro-4-methylphenyl)borane (AN0128) as a clinical candidate for


dermatological diseases.


Synthesis and SAR of GlyT1 inhibitors derived from a series of N-((4-(morpholine-4-carbonyl)-1-
(propylsulfonyl)piperidin-4-yl)methyl)benzamides


pp 5968–5972


Zhijian Zhao,* Julie A. O�Brien, Wei Lemaire, David L. Williams, Jr.,
Marlene A. Jacobson, Cyrille Sur, Doug J. Pettibone, Philip R. Tiller,
Sheri Smith, George D. Hartman, Scott E. Wolkenberg and Craig W. Lindsley
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The development of 2-benzimidazole substituted pyrimidine
based inhibitors of lymphocyte specific kinase (Lck)


pp 5973–5977


Mark Sabat,* John C. VanRens, Matthew J. Laufersweiler, Todd A. Brugel,
Jennifer Maier, Adam Golebiowski, Biswanath De, Vijayasurian Easwaran,
Lily C. Hsieh, Richard L. Walter, Marlene J. Mekel, Artem Evdokimov
and Michael J. Janusz
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Synthesis and SAR of 2-(4-fluorophenyl)-3-pyrimidin-4-ylimidazo[1,2-a]pyridine derivatives as
anticoccidial agents


pp 5978–5981


Dennis Feng,* Michael Fisher, Gui-Bai Liang, Xiaoxia Qian, Chris Brown,
Anne Gurnett, Penny Sue Leavitt, Paul A. Liberator, John Mathew,
Andrew Misura, Samantha Samaras, Tamas Tamas, Dennis M. Schmatz,
Matthew Wyvratt and Tesfaye Biftu
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R3The imidazopyridine derivatives are discovered as potent inhibitors of the Eimeria


tenella cGMP-dependent protein kinase.


Metal complexes with superoxide dismutase-like activity as candidates for anti-prion drug pp 5982–5987


Tomoko Fukuuchi,* Katsumi Doh-ura, Shin�ichi Yoshihara and Shigeru Ohta


The compounds whose metal complexes had high SOD-like activity, 2,20-biquinoline, cimetidine, and TPEN, had values of


50%-inhibitory concentration for PrP-res formation (IC50) of <10 nM in ScN2a cells.


Synthesis and anti-HIV properties of new hydroxyquinoline–polyamine conjugates on cells
infected by HIV-1 LAV and HIV-1 BaL viral strains


pp 5988–5992


Vincent Moret, Nathalie Dereudre-Bosquet, Pascal Clayette, Younes Laras,
Nicolas Pietrancosta, Amandine Rolland, Clement Weck,
Sylvain Marc and Jean-Louis Kraus*
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Polyamine linkers Polyamine linker structures:


-linear
-polyazamacrocycles
-bis-polyazamacrocycles


General structure of the new synthesized hydroxyquinoline–


polyamine conjugates monocyclam and bicyclam–hydroxyqui-


noline conjugates 7, 8, and 10, respectively, found to be potent


against HIV-1 LAV and HIV-1 BaL strains.
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Identification of non-furan containing A2A antagonists using
database mining and molecular similarity approaches


pp 5993–5997


Christine M. Richardson,* Roger J. Gillespie, Douglas S. Williamson,
Allan M. Jordan, Alexandra Fink, Antony R. Knight,
Daniel M. Sellwood and Anil Misra
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Identification of potent, non-furan containing A2A antagonists using database mining.


Positively coded photoaffinity label for altering isoelectric points of proteins pp 5998–6000


Makoto Hashimoto* and Yasumaru Hatanaka


N
H


H
NN


H


H
NN


H O


O


O


O


O


NHBoc


BocHN


NHBoc


BocHN


NHBoc


S


HN NH


O


O
OOO


H
N


COOH


N


NF3C


Synthesis and biological evaluation of 5-arylamino-6-chloro-
1H-indazole-4,7-diones as inhibitors of protein kinase B/Akt


pp 6001–6005


Jong Hee Ko, Seung Woo Yeon, Jung Su Ryu, Tae-Yong Kim,
Eun-Ha Song, Hea-Jung You, Rae-Eun Park and Chung-Kyu Ryu*
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5-Arylamino-6-chloro-1H-indazole-4,7-diones were synthesized and evaluated for their inhibitory activity on protein kinase B/AKT.


The 5-arylamino-6-chloro-1H-indazole-4,7-diones exhibited a potent Akt1 inhibitory activity.


Rapid synthesis of 4-benzylidene and 4-[bis-(4-methoxyphenyl)-methylene-2-substituted
phenyl-benzopyrans as potential selective estrogen receptor modulators (SERMs) using
McMurry coupling reaction


pp 6006–6012


Atul Gupta,* Anila Dwivedy, Govind Keshri, Ramesh Sharma, Anil Kumar Balapure, Man Mohan Singh
and Suprabhat Ray*
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Comparative protein modeling and surface analysis of Leishmania
sirtuin: A potential target for antileishmanial drug discovery


pp 6013–6018


Rameshwar U. Kadam, Kiran V. M. and Nilanjan Roy*


Comparative protein modeling and surface analysis of LmSIR2 and hSIRT2 provide


sufficient evidences that selective LmSIR2 inhibitors can be designed using structure


based drug design approaches.


Synthesis and study of anti-inflammatory activity of some novel cyclophane amides pp 6019–6023


Perumal Rajakumar,* A. Mohammed Abdul Rasheed,
A. Iman Rabia and D. Chamundeeswari
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Enzyme inhibition potency enhancement by active site metal chelating and hydrogen bonding
induced conformation-restricted cyclopropanecarbonyl derivatives


pp 6024–6027


Pei-Yu Kuo, Tien-Lan Shie, You-Sheng Chen, Jiun-Ting Lai and Ding-Yah Yang*
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The enhancement by one order of magnitude of inhibition potency exhibited by cyclopropanecarbonyl derivatives relative to the


corresponding isopropylcarbonyl analogs is probably caused by metal chelating and hydrogen bonding interactions at the ligand–


receptor binding site.


Synthesis and antihyperlipidemic activity of novel glycosyl fructose derivatives pp 6028–6033


Pallavi Tiwari, Anju Puri, Ramesh Chander, Geetika Bhatia and Anup Kumar Misra*
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R = DD-Galp, DD-Manp, LL-Rhap, DD-Arap, DD-Xylp, DD-Ribp, DD-lactose, DD-cellobiose, DD-maltose.
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Synthesis, aerobic cytotoxicity, and radiosensitizing activity of novel 2,4-dinitrophenylamine
tethered 5-fluorouracil and hydroxyurea


pp 6034–6038


Ali Khalaj,* Ali Reza Doroudi, Seyed Nasser Ostad, Mohammad Reza Khoshayand,
Mohammad Babai and Neda Adibpour


Two novel N-(2,4-dinitrophenylamine) derivatives containing 5-fluorouracil and


hydroxyurea moieties were synthesized and their aerobic cytotoxicities toward HT-29


adenocarcinoma cell line with and without radiation in comparison to their


components were evaluated.


A metabolically stable tight-binding transition-state inhibitor of glyoxalase-I pp 6039–6042


Swati S. More and Robert Vince*
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The design, synthesis, and enzyme kinetics evaluation of a transition-state inhibitor of


glyoxalase-I is described. The union of the hydroxamic acid zinc-chelator with a urea


isostere for the glu–cys amide bond led to a glutathione analog which retained


inhibitory potency toward glyoxalase-I while possessing resistance toward c-
glutamyltranspeptidase mediated breakdown. This compound is viewed as a potential


lead for the development of second-generation glyoxalase-I inhibitors wherein, the


problems pertaining to metabolism and selectivity are overcome.


Identification of 2-arylbenzimidazoles as potent human histamine H4 receptor ligands pp 6043–6048


Alice Lee-Dutra,* Kristen L. Arienti, Daniel J. Buzard, Michael D. Hack,
Haripada Khatuya, Pragnya J. Desai, Steven Nguyen, Robin L. Thurmond,
Lars Karlsson, James P. Edwards and J. Guy Breitenbucher
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A series of 2-arylbenzimidazoles was synthesized and found to bind with high affinity to the human histamine H4 receptor.


3-(Indol-2-yl)indazoles as Chek1 kinase inhibitors: Optimization of potency and selectivity
via substitution at C6


pp 6049–6053


Mark E. Fraley,* Justin T. Steen, Edward J. Brnardic, Kenneth L. Arrington,
Keith L. Spencer, Barbara A. Hanney, Yuntae Kim, George D. Hartman,
Steven M. Stirdivant, Bob A. Drakas, Keith Rickert, Eileen S. Walsh,
Kelly Hamilton, Carolyn A. Buser, James Hardwick, Weikang Tao,
Stephen C. Beck, Xianzhi Mao, Robert B. Lobell, Laura Sepp-Lorenzino,
Youwei Yan, Mari Ikuta, Sanjeev K. Munshi,
Lawrence C. Kuo and Constantine Kreatsoulas
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 21
Chek1 IC50 = 0.30 nM


The optimization of potency and selectivity for a 3-(indol-2-yl)indazole class of Chek1


kinase inhibitors is described.
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Synthesis of D-labeled naphthyliodoacetamide and application to
quantitative peptide analysis by isotope differential mass spectrometry


pp 6054–6057


Satomi Niwayama,* Sadamu Kurono, Hanjoung Cho and Hiroyuki Matsumoto


D-labeled and unlabeled N-b-naphthyliodoacetamides that covalently react with cysteine residues have been synthesized and applied


to quantitative analysis of peptides.


Identification and optimisation of 5-amino-7-aryldihydro-1,4-diazepines as 5-HT2A ligands pp 6058–6062


Christopher J. Swain,* Ana Teran, Marta Maroto and Angeles Cabello
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A several series of low molecular weight 5-HT2A leads


were identified from an analysis of HTS data, the


exploration of SAR and optimisation one series using


parallel synthesis is described affording compound 22


(5-HT2A IC50 1.1 nM).


Synthesis and biological study of 4-aminopyrimidine-5-carboxaldehyde oximes as antiproliferative
VEGFR-2 inhibitors


pp 6063–6066


Shenlin Huang,* Ronghua Li, Peter J. Connolly, Guozhang Xu, Michael D. Gaul, Stuart L. Emanuel,
Kenneth R. LaMontagne and Lee M. Greenberger
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A novel 4-aminopyrimidine-5-carboxaldehyde oxime scaffold with inhibitory activity against VEGFR-2 kinase has been identified.


With a 4-fluoro-2-methylindol-5-yloxy group at the 6-position and alkyl groups as the oxime side chains, many analogues showed


good potency for VEGFR-2. This series also exhibited antiproliferative activity against cancer cells, causing cell accumulation at the


G2/M phase of the cell cycle and preventing cells from entering mitosis.


Inhibition of Tpl2 kinase and TNFa production with quinoline-3-carbonitriles for the treatment
of rheumatoid arthritis


pp 6067–6072


Yonghan Hu,* Neal Green, Lori K. Gavrin, Kristin Janz, Neelu Kaila, Huan-Qiu Li,
Jennifer R. Thomason, John W. Cuozzo, J. Perry Hall, Sang Hsu,
Cheryl Nickerson-Nutter, Jean-Baptiste Telliez, Lih-Ling Lin and Steve Tam
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The synthesis and structure–activity studies of a series of quinoline-3-carbonitriles as


inhibitors of Tpl2 kinase are described. Potent inhibitors of Tpl2 kinase with selectivity


against a panel of selected kinases in enzymatic assays and specificity in cell-based


phosphorylation assays in LPS-treated human monocytes were identified. Selected


inhibitors with moderate activity in human whole blood assay effectively inhibited LPS/


D-Gal induced TNFa release when administered intraperitoneally in mice.
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Genotoxic activity of halogenated phenylglycine derivatives pp 6073–6077


Alicia Boto,* Juan A. Gallardo, Rosendo Hernández,* Francisco Ledo, Ana Muñoz, José R. Murguı́a,
Mauricio Menacho-Márquez, Aurelio Orjales* and Carlos J. Saavedra
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The discovery and synthesis of genotoxic (haloaryl)glycines is reported.


Structure–activity relationships for a novel series of thiazolyl phenyl ether derivatives exhibiting potent
and selective acetyl-CoA carboxylase 2 inhibitory activity


pp 6078–6081


Richard F. Clark,* Tianyuan Zhang, Zhili Xin, Gang Liu, Ying Wang,
T. Matthew Hansen, Xiaojun Wang, Rongqi Wang, Xiaolin Zhang,
Ernst U. Frevert, Heidi S. Camp, Bruce A. Beutel, Hing L. Sham and Yu Gui Gu
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The SAR for a novel series of acetyl-CoA carboxylase inhibitors are described. Optimization of distal aryl ring substitution in the


lead scaffold resulted in the identification of compounds displaying low-nanomolar potency and high isozyme-selectivity for acetyl-


CoA carboxylase 2.


Microwave expedited synthesis of 5-aminocamptothecin analogs: Inhibitors of hypoxia
inducible factor HIF-1a


pp 6082–6085


Joelle Torregrossa, Glenn J. Bubley and Graham B. Jones*
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A series of 5-aminosubstituted camptothecin analogs were prepared using microwave accelerated synthesis. A fluoroethyl derivative


showed superior inhibitory activity to camptothecin against the hypoxia inducible factor HIF-1a.


Synthesis and activity of novel bile-acid conjugated glucocorticoid receptor antagonists pp 6086–6090


Steven J. Richards,* Thomas W. von Geldern, Peer Jacobson, Denise Wilcox, Phong Nguyen,
Lars Öhman, Marie Österlund, Birgitta Gelius, Marlena Grynfarb, Annika Goos-Nilsson,
Jiahong Wang, Steven Fung and Masha Kalmanovich


A series of potent steroidal glucocorticoid receptor antagonists has been discovered.


After conjugation to cholic acid, the compounds retained an affinity for GR in vitro


and had modest in vivo efficacy.
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Lymphoproliferation inhibition and delayed hypersensibility assays have served to select primarily the compounds to be evaluated


further, through Graft-vs-Host reaction, NO production and other assays, in order to determine the potential of the title compounds


for being used as immunomodulators.
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The elucidation and the antioxidant activities of a new prenyl stilbenoid are reported.
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A series of a-substituted-1,2,3-thiadiazoleacetamides were prepared and tested in vitro against tobacco mosaic virus. The


preliminary bioassays indicated that some of the new compounds are good as compared to the commercial pesticide Virus A at


500 mg/L, and the activity was influenced by the nature of the substituents. 3D-QSAR models were established based on the


antiviral activity of the compounds. It has also been found that some of the new compounds also exhibit significant anti-HBV


activity in human hepatoblastoma-derived liver Hep-G2 cells.
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transition-state mimic
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A mimic of the putative transition-state intermediate has been synthesized and found to be a very slow-onset


inhibitor of yeast orotate phosphoribosyltransferase. The mechanism of inhibition may involve a rate-determining


isomerization of the enzyme to a form receptive to the inhibitor, which then remains tightly bound.
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A novel series of potent dual PPARa/c agonists was identified. SAR studies led to the identification of a multitude of compounds


with varied isoform selectivity.
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A novel series of potent dual PPARa/c agonists was identified. SAR studies led to the


identification of a multitude of compounds with varied isoform selectivity.
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R1, R2 = (CH2)4 or (CH2)5 or
Adamantylidine
R3 = CH2-SAr, Ar = p-Cl-Ph
or R3= CH=CHCONEt2
or R3= CH=CHCO2Me


Thiol-olefin co-oxygenation (TOCO) of substituted allylic alcohols generates b-hydroxy peroxides that can be condensed in situ with


various ketones, to afford a series of functionalised 1,2,4-trioxepanes in good yields. Manipulation of the phenylsulfenyl group in


8a–8c allows for convenient modification to the spiro-trioxepane substituents.
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The synthesis and in vitro antitumor activity of a series of enantiomerically pure (2R,3R)-disubstituted tetrahydropyrans against


human solid tumor cells are reported.
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A rapid fluorination at the 50-position of nucleosides derivatives is achieved within 45 min providing yields of 75–92% by application


of microwave.
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Abstract—A novel antioxidant prenylated stilbenoid, distachyasin, has been isolated from the leaves of Carex distachya. Its struc-
ture has been elucidated on the basis of the spectroscopic characteristics. Bidimensional NMR, and crystallographic data and com-
putational calculations have furnished important data useful for the characterization and the stereochemistry of the molecule. The
compound has a tetracyclic skeleton derived from carexane. The compound has been assayed, for the antioxidant activity, by mea-
suring its capacity to scavenge the H2O2, nitric oxide, superoxide radical and to inhibit formation of TBARS (thiobarbituric acid
reactive species).
� 2006 Elsevier Ltd. All rights reserved.

O 18
19

Reactive oxygen species (ROS), generated in many bio-
organic redox processes, are the most dangerous by
products in the aerobic environment. They include the
hydrogen peroxide (H2O2), the hydroxyl radical (OH�),
the superoxide radical ðO2


��Þ, and the nitric oxide
(NO). In the last years many evidences correlated ROS
to a wide variety of disease states, including cancer, dia-
betes, cardiovascular diseases, neurodegenerative pro-
cesses, etc.1–4 Antioxidants are chemicals that reduce
oxidative damage in cells and biomolecules. As some
synthetic antioxidants may exhibit toxicity, the search
for new bioactive molecular skeleton from natural
sources is a very interesting field and recently we have
reported the isolation of new antioxidant metabolites
from plants.5


Carexanes6,7 are phenolic secondary metabolites isolat-
ed from the aerial part of Carex distachya,8 a herba-
ceous plant, growing in the Mediterranean macchia.
These compounds originated by the prenylation and
successive cyclization of a stilbene precursor. They were
believed to be interesting and are mentioned in ‘Hot off
the press’ of Natural Product Reports.9 It usually has
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been showed that Carex species produce phytoalexinic
oligostilbenes,10,11 constituted by two to four stilbenoid
moieties.


In pursuing the study of the hexane extract of C. distac-
hya we isolated an unusual polyoxygenated carexane
derivative, named distachyasin, which was assigned the
tetracyclic structure 1 (Fig. 1).12


Its elemental analysis and the pseudomolecular peak at
m/z 327.1614 (100) in the HR ESI mass spectrum justi-
fied the presence of 10 unsaturations in the molecule,
according to the molecular formula C20H22O4.


The NMR values indicated substantial modifications to
the carexane skeleton. In the downfield, the 1H NMR
spectrum, in DMSO, showed several differences with re-
spect to carexanes A–C.5 Besides the four aromatic H-
11–H-14 protons of the D ring, two doublets at d 5.30
and 6.13 were also evident. In the aliphatic region of
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Figure 1. Chemical structure of distachyasin.
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Table 1. NMR data of distachyasin (1)a


Compound d 1H J (Hz) DQ-COSY


(H!H)


d 13C DEPT HMBC (H! C) HSQC–TOCSY


(H! C)


NOESY


(H!H)


1 — — — 160.4 C — — —


2 — — — 70.2 C — — —


3 — — — 200.5 C — — —


4 5.30 d (2.4) 6 95.2 CH 1, 2, 3, 5, 6 4, 6 OCH3


5 — — — 169.9 C — — —


6 6.13 d (2.4) 4 113.1 CH 1, 2, 4, 5, 7 4, 6 —


7 4.45 d (7.8) 8 70.6 CH 1, 2, 6, 8, 9, 16 7, 8, 15, 16 14, C7–OH


8 3.08 dd (7.8, 7.8) 7, 16 54.4 CH 1, 7, 9, 10, 14, 15, 16, 17 7, 8, 15, 16 16, 19


9 — — — 143.1 C — — —


10 — — — 151.1 C — — —


11 7.15 m 12 121.9 CH 9, 10, 13, 17 11, 12, 13, 14 12, 18, 19


12 7.21 m 11 127.1 CH 11, 14 11, 12, 13, 14 11, 13


13 7.18 m 14 126.5 CH 11, 14 11, 12, 13, 14 12, 14


14 7.50 m 13 124.5 CH 8, 9, 10, 12 11, 12, 13, 14 7, 13


15a 2.25 dd (13.2, 4.5) 15b, 16 32.5 CH2 1, 2, 3, 8, 16, 17 7, 8, 15, 16 15b, 18


15b 1.37 dd (13.2, 10.2) 15a, 16 1, 2, 3, 8, 16, 17 7, 8, 15, 16 15a, 16


16 1.77 m 8, 15a, 15b 47.1 CH 2, 7, 8, 9, 10, 15, 17, 18, 19 7, 8, 15, 16 8, 15b, 19


17 — 44.8 C — — —


18 1.22 s — 24.7 CH3 10, 16, 17, 19 — 11, 15a, 19


19 1.05 s — 30.6 CH3 10, 16, 17, 18 — 8, 11, 16, 18


OCH3 3.78 s — 56.1 CH3 4, 5, 6 — 4


C2–OH 5.30 br s — — — — — — —


C7–OH 5.25 br s — 7 — — — 7, 8, 15, 16 7


a Data were recorded in DMSO-d6 on Varian Mercury 300 MHz (1H, 13C) spectrometer (DQ-COSY, TOCSY, HSQC, HMBC, HSQC–TOCSY,


ROESY, and NOESY); chemical shifts (d) were expressed in parts per million with reference to the signal of DMSO (d 2.49 ppm) for 1H, and to the


centre peak of the signal of DMSO (d 39.5 ppm) for 13C, respectively.


A. Fiorentino et al. / Bioorg. Med. Chem. Lett. 16 (2006) 6096–6101 6097

the spectrum were evident a doublet at d 4.45, a methine
proton as a double doublet at d 3.08, a diasterotopic
methylene as two double doublets at d 2.25 and 1.37,
a methine as multiplet at d 1.77 and two methyl singlets
at d 1.22 and 1.05.


In the spectrum two alcoholic protons, as broad singlets,
at d 5.30 and 5.25 were also evident. This latter showed
correlation, in the DQ-COSY experiment, with the dou-
blet at d 4.45, which was correlated with the double dou-
blet at d 3.08, which correlated with the methine at d
1.77, which showed, in turn, cross peaks with the meth-
ylene protons Table 1.


The 13C NMR spectrum and the DEPT experiment indi-
cated the presence of three methyls, a methylene, nine
methines and seven tetrasubstituted carbons.


The HMBC experiment (Fig. 2) showed correlations
between the protons and the carbons of the C and D
rings, as registered for the carexanes A–C, but the rela-
tionships between the others’ nucleus indicated a modi-
fication of the molecular skeleton for the A and B rings.
In fact, the carbonyl carbon at d 200.5 showed hetero-
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HH


H H


H


H


Figure 2. Selected correlation showed in the HMBC experiment.

correlations with the proton at d 5.30 and with the meth-
ylene protons at d 2.25 and 1.37. These protons were
also correlated with the tetrasubstituted carbons at d
70.2 and 160.4 and with the methine carbons at d 47.1
and 54.4. Furthermore, the signal at d 70.6, bonded to
the proton at d 4.45, showed correlations with the pro-
tons at d 3.08, 1.77, and 6.13. This latter was heterocor-
related with the carbons at d 70.2, 70.6, 95.2, 160.4, and
169.9 which in turn showed cross peaks with the proton
at d 3.78 and the proton at d 5.30.


The above observed HMBC correlations, coupled with
two proton spin systems, H-4/H-6, H-11/H-12/H-13/H-
14, and C7–OH/H-7/H-8/H-16/H-15a/H-15b, estab-
lished by TOCSY correlations, suggested the structure
of a modified carexane having an a,b,c,d unsaturated
carbonyl group at C-3 and a hydroxyl group at the
C-2 carbon.


Analysis of the HMBC spectrum of 1 also showed obvi-
ous correlations from both CH3-18 (d 1.22) and CH3-19
(d 1.05) to C-10, C-16, and C-17; from H-16 (d 1.78) to
C-2, C-7, C-8, C-9, C-10, C-15, C-17, C-18 and C-19,
from H-14 (d 7.50) to C-8, C-9, C-10, C-12; from H-11
(d 7.15) to C-9, C-10, C-13, C-17, from H-8 (d 3.08) to
C-1, C-7, C-9, C-10, C-14, C-15, C-16, and C-17; from
H-7 (d 4.45) to C-1, C-2, C-6, C-8, C-9, and C-16.


The absolute configuration of the C-7 carbon was as-
signed using a modified Mosher method.13 The positive
DdR � S values for the H-4 and the H-6 and the negative
DdR � S value for the H-8 proton indicated a R configu-
ration for C-7 carbon. The coupling constants of the
H-7 (d, 7.8 Hz), H-8 (dd, 7.8 and 7.8 Hz) were
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inadequate to establish the geometry of H-7/H-8/H-16
protons. In fact the J values observed could be consis-
tent with both trans and cis geometry on the basis of
computational calculation using molecular mechanic
method (MM+) as implemented in HyperChem 7.5. A
NOESY experiment showed correlation between the
H-7 proton and H-14/C7–OH protons, between the
H-8 proton and H-16 and the methyl at d 1.05.
These data suggested a trans orientation between the
H-7/H-8 and a cis orientation between the H-8/H-16
protons. Further NOESY correlations of H-16/H15 (d
1.37) and the methyl at d 1.22 with the H-15 proton at
d 2.25 supported the formulated hypothesis.


To confirm the hypothesis and to establish the configu-
ration at the C-2 carbon, X-ray analysis was performed
for distachyasin.


Colourless crystals of distachyasin in the form of thin
plates were obtained by slow evaporation from chloro-
form–methanol (1:2) solution at 4 �C.


The X-ray structure14 of 1 is represented in Figure 3. The
torsion angles H(7)–C(7)–C(8)–H(8) and H(8)–C(8)–
C(16)–H(16) were�146.4(9)� and�33.9(8)�, respectively,
showing anti�–gauche� conformations. So, on the basis
of the Mosher’s results we assigned the R,R,S for the
C-7, C-8, and C-16, respectively. Furthermore, the
torsion angles H(7)–C(7)–C(1)–C(6) and O(1)–C(2)–
C(1)–C(6) were 126.4(11)� and �96.1(9)�, respectively,
in accordance with the anti+–anti� conformations. These
data suggested a cis orientation among the hydroxyl at the
C-2 and the H-7 proton, indicating a R configuration for
the C-2 carbon.


In Figure 4, the mode of packing of 1 as viewed along
the c direction is shown. Two molecules of 1 are con-
nected along the c axis by two hydrogen bonds that in-
volve the O(3) with the O(4). This arrangement gives rise
to a polymeric inclusion structure forming low rows.
These rows are arranged in layers of parallel molecules
along the ab plane. The layers pack in an antiparallel

Figure 3. X-ray diffraction structure of 1, with the numbering of the atom.

fashion perpendicular to the c plane. The rows are held
together by a complex intermolecular H-bonds, in which
O(3)–H� � �O(1)–H and O(3)–H� � �O(4)–H are formed.


Distachyasin was tested for its antioxidant activity.
Evaluation of antioxidant activity was carried out using
four different methods. Three of these methods estimate
radical scavenging activity of investigated substance
against the superoxide radical,15 the pro-oxidant hydro-
gen peroxide16 and the nitric oxide;17 the remaining test
evaluates the capacity to inhibit peroxidative processes
by measuring formation of TBARS18 substances. The
standard used in all methods was ascorbic acid, a known
natural antioxidant, and the results are reported in
Figures 5–8. The substances were tested in increasing
concentrations (0.1, 0.2, 0.3, and 0.5 mg/ml).


When scavenging of superoxide radical was tested, a lin-
ear increase of the activity through the increase of con-
centration of 1 was observed. The strongest activity was
observed at 0.5 mg/ml: it reduced the radical for 60%
(Fig. 5). The standard showed an activity of 56% at
the same concentration.


Distachyasin showed hydrogen peroxide scavenging
activity comparable to the activity exercised by the stan-
dard compound (Fig. 6). The molecule was already ac-
tive at lowest tested concentrations (0.1 and 0.2 mg/ml)
whose showed a reductive power on pro-oxidant equal
to 32% and 39%, respectively.


The compound 1 scavenged NO radical in a dose depen-
dent manner and showed peculiar activity at highest
tested concentrations. It reduced nitrite concentration
in the assay media to 10.7% at 0.5 mg/ml. Lower activity
was exercised by the standard molecule (Fig. 7).


Although distachyasin showed a weaker activity than
ascorbic acid, it inhibited the formation of reactive spe-
cies to thiobarbituric acid over 59.0% at the concentra-
tion of 0.5 mg/ml and inhibiting pattern was carried
out in a dose-dependent manner (Fig. 8).

Displacement ellipsoids are drawn at 50% probability level.







Figure 4. The mode of packing of 1 as viewed along the c direction is shown. Hydrogen bonding is represented by dashed line.
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Figure 5. Scavenging activity of superoxide radical of 1. Values are


presented as percentage differences from blank.
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Figure 6. Scavenging activity of hydrogen peroxide of 1. Values are


presented as percentage differences from blank.
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Figure 7. Effect of 1 on the accumulation of nitrite upon decompo-


sition of sodium nitroprusside.


20


30


40


50


60


70


80


90


0


concentration (mg/ml)


%
 in


h
ib


it
io


n
 T


B
A


R
S


 fo
rm


at
io


n distachyasin
ascorbic acid


0,60,50,40,30,20,1


Figure 8. Inhibition of TBARS substances by 1. Values are presented


as percentage differences from blank.
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Today many researches focalise their attention to anti-
oxidant activity of secondary metabolites isolated and
characterized from natural sources. The results revealed
that distachyasin had a significant antioxidant activity.
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Phytochemistry 2001, 57, 393.
12. The hexane extract of C. distachya (30 g) was chromato-


graphed on SiO2 eluting with hexane and EtOAc solu-
tions. Fraction eluted with hexane–EtOAc (3:2) was
purified on Sephadex LH-20 [hexane–CHCl3–MeOH
(3:1:1)] first and then on RP-8 HPLC [MeOH–MeCN–
H2O (2:2:1)] to obtain pure distachyasin: (18 mg) colorless
crystals. ½a�25


D +145.0 (c 0.28, MeOH); UV kmax (log e)
(MeOH) 283 (3.47), 203 (4.88) nm; HR ESIMS m/z 327
[M+H]+� (100), 309 [M � H2O+H]+ (68). Anal. Calcd for
C20H22O4: C, 73.83; H, 6.51. Found: C, 73.45; H, 6.82. 1H
NMR (300 MHz, DMSO-d6) and 13C NMR (75 MHz,
DMSO-d6): Table 1. The (S)-MTPA ester had the 1H
NMR spectral data (300 MHz, CD3OD): d 5.97 (2H, d,
J = 2.5 Hz, H-6), 5.41 (2H, d, J = 2.5 Hz, H-4), 5.98 (2H,
d, J = 9.6 Hz, H-7), 3.83 (6H, s, OMe), 3.50 (obscured,
detected by DQ-COSY, H-8), 1.37 (6H, s, H-19), 1.20 (6H,
s, H-18). The (R)-MTPA ester had the 1H NMR spectral
data (300 MHz, CD3OD): d 6.01 (2H, d, J = 2.4 Hz, H-6),
5.47 (2H, d, J = 2.4 Hz, H-4), 6.02 (2H, d, J = 8.8 Hz, H-
7), 3.47 (obscured, detected by DQ-COSY, H-8), 3.87 (3H,
s, OMe), 1.20 (1H, s, H-19), 1.07 (3H, s, H-18). NMR
experiments were recorded at 300 MHz for 1H and
75 MHz for 13C on a Varian Mercury 300 spectrometer

Fourier transform NMR. HR mass spectra were obtained
with a ESI-MS Waters 2690-ZMD instrument.


13. Ohtani, I.; Kusumi, T.; Kashman, Y.; Kakisawa, H. J.
Am. Chem. Soc. 1991, 113, 4092.


14. Crystal data for 1: C20H22O4, M = 326.392, monoclinic,
space group P21, a = 8.44(5) Å, b = 6.91(5) Å,
c = 14.75(5) Å, V = 833.(8) Å3, Z = 2, d = 1.302 g/cm3,
crystal dimensions 0.15 · 0.14 · 0.06 mm was used for
measurements on a Nonius MACH3 diffractometer with a
graphite monochromator (x � 2h scans, 2hmax) 50.0�, Mo
Ka radiation. The total number of independent reflections
measured was 2911, of which 1292 were observed (jFj2 P 2
rjFj2). Final indices: R1 = 0.0597, wR2 = 0.1533, S = 0.719,
(D/r)max = 0.007, (D/D)min = �0.343 e/Å3, (D/D)max =
0.352 e/Å3. The crystal structure of 1 was solved by direct
method SIR92 (Altomare, A., Cascarano, G., Giacovazzo,
C., Guagliardi, A., Burla, M. C., Polidori, G., Camalli, M.
J. Appl. Crystallogr. 1994, 27, 435) and expanded using
difference Fourier techniques, refined by the program
SHELXL-97 (Sheldrich, G. M. SHELXL97. Program for
the refinement of crystal structures. University of Gottin-
gen: Gottingen, Germany, 1997) and the full-matrix least-
squares calculations. Crystallographic data for the structure
of 1 have been deposited in the Cambridge Crystallographic
Data Centre (deposition number: CCDC 605909). Copies of
these data can be obtained free of charge via www.ccdc.ca-
m.ac.uk www.ccdc.cam.ac.uk/conts/retrieving.html (or
from the Cambridge Crystallographic Data Centre, 12,
Union Road, Cambridge CB21EZ, UK, fax: (+44) 1223 336
033; or deposit@ccdc.cam.ac.uk).


15. Nabasree, D.; Bratati, D. Food Chem. 2004, 88, 219, The
assay of superoxide radical scavenging activity was based
on the capacity of the isolated metabolite in diverse
concentrations (0.1, 0.2, 0.3, and 0.5 mg/ml) to inhibit the
photochemical reduction of nitroblue tetrazolium (NBT)
in the riboflavin-light-NBT system. Each 3 ml of reaction
mixture contained 50 mM sodium phosphate buffer (pH
7.8), 13 mM methionine, 2 lM riboflavin, 100 lM EDTA,
75 lM NBT and 1 ml sample solution. The production
was followed by monitoring the increase in absorbance at
560 nm after 10 min illumination from a fluorescent lamp.


16. Bahorun, T.; Gressier, B.; Trotin, F.; Brunet, C.; Dine, T.;
Luyckx, M.; Vasseur, J.; Cazin, M.; Cazin, J. C.; Pinkas,
M. Arzneimittel-Forschung 1996, 46, 1086, Hydrogen
peroxide scavenging activity is performed by the method
of Pick and Keisari, modified by Bahorun at al.: 100 ll of
water solution of isolated compound in diverse concen-
trations (0.1, 0.2, 0.3, and 0.5 mg/ml) was added to 100 ll
of 0.002% hydrogen peroxide. Seven hundred microlitres
of 0.1 M phosphate buffer and 100 ll of 0.1 M sodium
chloride were added. The reaction mixture was incubated
for 20 min at 37 �C. Then 1 ml of 0.2 mg/ml phenol red
dye with 0.1 mg/ml horseradish peroxidase in 0.1 M
phosphate buffer was added. After 15 min, 100 ll of
NaOH 0.5 M was added and absorbance was measured at
610 nm using a UV-1601 Shimadzu spectrophotometer.
The results were expressed as percentage of reduction of
H2O2 adsorption by test compounds.


17. Yen, G.-C.; Lai, H.-H.; Chou, H.-Y. Food Chem. 2001, 74,
471, NO generated from SNP (sodium nitroprusside) was
measured by the Griess reagent: 100 ll of water solution of
isolated metabolite in diverse concentrations (0.1, 0.2, 0.3
and 0.5 mg/ml) was added to 0.2 ml of 10 mM SNP and
1.8 ml phosphate buffer, pH 7.4. The reaction mixture was
incubated at 37 �C for 3 h. 1.0 ml of the incubation
mixture was removed and diluted with 1 ml of Griess
reagent (1% sulfanilamide and 0.1% naphthylethylendi-
amine dihydrochloride in 5% H3PO4). The absorbance of
the chromophore formed during the diazotination of
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nitrite with sulfanilamide and subsequent coupling with
naphthylethylenediamine was read at 540 nm and referred
to the absorbance of standard solution of sodium nitrite
treated in the same way with Griess reagent.


18. Sroka, Z.; Cisowski, W. Food Chem. Toxicol. 2003, 41, 753,
TBA reagent was prepared as follows: reagent A: 375 mg of
TBA and 30 mg of tannic acid were dissolved in 30 ml of hot
water; reagent B: 15 g of trichloroacetic acid was dissolved
in 70 ml of 0.3 M hydrogen chloride aqueous solution.
Thirty millilitres of reagent A was mixed with 70 ml of
reagent B. 5.2 ll rapeseed oil was emulsified with 15.6 mg of

Tween 40 initially dissolved in 2 ml of 0.2 M Tris–HCl
buffer, pH 7.4. The emulsion was irradiated with UV light
254 nm at 25 �C for 60 min. Hundred microlitres of water
solution of test compounds (0.1 mg/ml) was added to 1 ml
of the reaction mixture. The samples were irradiated with
UV radiation for 30 min again. After addition of 2 ml TBA
reagent, all test tubes were placed into a boiling water bath
for 15 min, then centrifuged for 3 min at 1500g and the
supernatant was measured at 532 nm. Inhibition of lipid
peroxidation was measured as percentage vs. blank not
containing test compounds.
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Co-oxygenation methodology


Richard Amewu,a Andrew V. Stachulski,a Neil G. Berry,a Stephen A. Ward,b


Jill Davies,b Gael Labat,a Jean-Francois Rossignolc and Paul M. O’Neilla,*


aDepartment of Chemistry, University of Liverpool, PO Box 147, Liverpool L69 3BX, UK
bLiverpool School of Tropical Medicine, Pembroke Place, Liverpool L3 5QA, UK


cRomark Institute for Medical Research, 6200 Courtney Campbell Causeway, Suite 200, Tampa, FL 33607, USA


Received 7 August 2006; revised 24 August 2006; accepted 25 August 2006


Available online 15 September 2006

Abstract—Thiol-olefin co-oxygenation (TOCO) of substituted allylic alcohols generates b-hydroxy peroxides that can be condensed
in situ with various ketones, to afford a series of functionalised 1,2,4-trioxepanes in good yields. Manipulation of the phenylsulfenyl
group in 8a–8c allows for convenient modification to the spiro-trioxepane substituents. Surprisingly, and in contrast to the 1,2,4-
trioxanes examined, 1,2,4-trioxepanes are inactive as antimalarials up to 1000 nM and we rationalize this observation based on
the inherent stability of these systems to ferrous mediated degradation. FMO calculations clearly show that the r* orbital of the
peroxide moiety of 1,2,4-trioxane derivatives 4a and 14b are lower in energy and more accessible to attack by Fe(II) compared
to their trioxepane analogues 8b and 9b.
� 2006 Published by Elsevier Ltd.
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Malaria is a preventable disease caused by Plasmodium
species the most lethal of which is Plasmodium falcipa-
rum. P. falciparum malaria has developed resistance to
the most widely used regimens such as chloroquine and
sulfadoxine/pyrimethamine.1 As a result of the spread
of multi-drug resistant Plasmodia we urgently require
novel antimalarial pharmacophores.2 In the early
1970s, Chinese chemists reported isolation and structure
elucidation of the sesquiterpene 1,2,4-trioxane artemisi-
nin (qinghaosu, 1), the highly active antimalarial compo-
nent of the ancient Artemisia annua (sweet wormwood)
Chinese herbal remedy for fevers.3 This important dis-
covery represented a breakthrough in finding an effective
antimalarial that was not quinoline-based. Sodium
artesunate (2) is a succinic acid half-ester of the reduced
lactol form of artemisinin (1) that, although prone to
hydrolysis, is fast-acting, water-soluble, effective and
widely used in areas of the world where malaria is endem-
ic. Few examples of resistance to such trioxanes have
been seen in the field or in the research laboratory. In
combination with other antimalarial drugs, sodium
artesunate (2) is rapidly becoming the drug of choice in
most third-world cases of malaria.4,5 The disadvantage
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of all semi-synthetic compounds is that their production
requires 1 as starting material and currently the plant
yields of artemisinin remain relatively low.

To address the supply issue, a number of groups have
attempted to produce totally synthetic peroxide ana-
logues, some of which demonstrate remarkable antima-
larial activity.6a During the course of our recent work on
the synthesis of new antimalarial endoperoxides, we
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Scheme 1. Synthesis and crystal structures (ORTEP)7 of substituted 1,2,4-trioxepanes by the TOCO reaction. Reagents and conditions: (a) PhSH
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Scheme 2. Synthesis of substituted 1,2,4-trioxepanes by functional group manipulation of the phenylsulfenyl group. Reagents and conditions: (a)


m-CPBA (2.2 equiv), CH2Cl2, room temperature, 24 h; (b) m-CPBA (1.0 equiv), CH2Cl2, room temperature, 6 h; (c) 2,6-lutidine (4.2 equiv),


trifluoroacetic acid anhydride (3.8 equiv), acetonitrile, room temperature; (d) Ph3P@CHCO2Me (1.1 equiv), CH2Cl2, room temperature, 3 h; (e)


Ph3P@CHCONEt2 (1.1 equiv), CHCl3/H2O (1:1 v/v), NaOH (1.5 equiv), room temperature, 3 h.
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utilized a thiol-olefin co-oxygenation (TOCO) reaction
to generate bicyclic peroxides (3a) and endoperoxide
cysteine protease pro-drugs (3b)6b structurally related

to yingzhaosu A. By replacement of the terpene with an
allylic alcohol we have recently described the one-pot syn-
thesis of some simplified 1,2,4-trioxane analogues (4a)
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Scheme 3. Attempted synthesis of trioxane 12d by reductive amina-


tion. Reagents and conditions: (a) aldehyde 11c (1 equiv), morpholine


(1.3 equiv) NaBH(OAc)3 (1.3 equiv), CH2Cl2, 18 h, room temperature.


Table 1. In vitro antimalarial activity versus the 3D7 strain of


Plasmodium falciparum14,15
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Compound R1 R2 and R3 IC50 (nM)


9a p-Cl–Ph–SO2–CH2– (CH2)4 >1000


9b p-Cl–Ph–SO2–CH2– (CH2)5 >1000


9c16a p-Cl–Ph–SO2–CH2– Adamantylidine >1000


12c16b –CH@CHCO2CH3– Adamantylidine >1000


14a6c,17 p-Cl–Ph–SO2–CH2– (CH2)4 99.8


14b6c,17 p-Cl–Ph–SO2–CH2– (CH2)5 136.9


14c6c,17 p-Cl–Ph–SO2–CH2– Adamantylidine 188.7


14d6c,17 p-Cl–Ph–S–CH2– (CH2)4 110.5


Artemisinin 12.6


Parasites were maintained in continuous culture according to the


method of Trager and Jensen.14 IC50 values were measured according


to the methods described by Desjardins.15
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and (4b).6c In this communication, we report on the
TOCO mediated synthesis of the 1,2,4-trioxepane phar-
macophore, iron catalysed decomposition studies and
preliminary in vitro antimalarial assessment.


The synthesis6d of target 1,2,4-trioxepanes 8a–8c in-
volves the in situ generation of a phenylthiol radical
(AIBN/hv) which attacks the double bond of the homo-
allylic alcohol 5a in a Markonikov fashion. The tertiary
radical that is generated is trapped with molecular oxy-
gen to form the peroxy radical 6; radical hydrogen
abstraction produces the a-hydroxyperoxide 7 and thi-
ophenyl radical that continues the cycle. After consump-
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tion of the alcohol 5a catalytic amounts of tosic acid and
the requisite ketone are added to enable 1,2,4-trioxepane
formation. In the free radical component of this chemis-
try high dilution is essential to prevent competitive for-
mation of side products (Scheme 1).
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display potent activity both in vitro and in vivo.8–11 The
sulfides were converted into the corresponding sulfones
using excess amount of m-chloroperbenzoic acid in
dichloromethane in excellent yields. The presence of
the sulfenyl group within the trioxepane skeleton also
provided us with the opportunity to prepare the alde-
hydes 11a–11c from the corresponding sulfides by the
Pummerer reaction. The sulfides 8a–8c were converted
to the corresponding sulfoxides 10a–10c using stoichi-
ometric amount of mCPBA in dichloromethane. The
two diastereomers of the intermediate sulfoxides formed
could be separated by column chromatography but they
were used in situ for the Pummerer reaction as shown in
Scheme 2. The aldehydes could then be converted to
vinyl esters and amides by Wittig chemistry with the
appropriate ylide. The rationale for the synthesis of
12a–13c is based on the observation by Singh et al.12


that several vinyl ester 1,2,4-trioxane derivatives have
excellent in vivo activity profiles. For esters 12a–12c,
only the E-configured esters were produced [as evi-
denced by the large vinylic coupling constant (JH–H =
16.2 Hz)]. For the vinyl amides 13a–13c, a mixture of
products was obtained with isomer ratios varying from
1:2 to 1:3 Z/E. The isomers could be readily separated
by flash column chromatography.


Attempts to enhance water solubility of the trioxepanes
by either reductive amination to produce 12d or
oxidation of the aldehyde 11c were unsuccessful. In
the former case we observed decomposition of the
trioxepane ring system to 2-adamantanone. For sub-
strate 11c the major product of the reaction was 13,
the reductive amination product of 2-adamantanone
and morpholine (Scheme 3).


Selected 1,2,4-trioxepanes depicted in Scheme 2 were
subjected to in vitro antimalarial assessment versus the
3D7 strain of P. falciparum according to a published
procedure and the data are recorded in Table 1. For
comparison several 1,2,4-trioxanes were also included
in the screen. Remarkably, all of the 1,2,4-trioxepanes
synthesized were inactive as antimalarials up to a con-
centration of 1000 nM. This is stark contrast to the cor-
responding spiro 1,2,4-trioxanes where activities as low
as 99.8 nM were recorded.


Recent studies in the Dussault group have described the
use of the 1,2,4-trioxepanes as a carbonyl protecting
group due to the exceptional stability of this ring system
under a range of different reaction conditions.13a Since
the interaction of endoperoxide antimalarials with iron
is key to their biological mechanism of action13b we rea-
soned that the poor activity of this series may be down
to inherent lack of reactivity and enhanced stability of
the 1,2,4-trioxepane ring compared with the 1,2,4-triox-
ane heterocycle. Thus, we decided to the compare the
ferrous mediated degradation of a selected 1,2,4-triox-
ane with the corresponding 1,2,4-trioxepane.


Exposure of 1,2,4-trioxane 4a to 1 equivalent of ferrous
bromide in the presence of the spin-trapping agent
TEMPO produced several products that were character-
ized by standard techniques (Scheme 4). Notably, all of

4a was consumed during the 24 h reaction period. The
mechanistic pathway depicted in Scheme 4 can rational-
ize the formation of isolated iron degradation products;
the major product of this reaction was the TEMPO spin-
trapped adduct 16c that is produced by association of
ferrous iron with O1 to form the oxy radical intermedi-
ate that fragments by b-scission to produce the primary
carbon-centred radical. This radical species is intercept-
ed by TEMPO to produce the adduct 16c;18 in addition,
small quantities of alkyl bromide 16d are also produced.
The alternative pathway proceeds through the forma-
tion of the alternative oxyl radical species 15a by associ-
ation of O2 with ferrous iron (Scheme 4). Fragmentation
produces ketone 18 and cyclohexanone (from the car-
bon-centred radical species 15c). Our results are consis-
tent with the recent iron degradation studies on
cyclohexyl functionalized 1,2,4-trioxanes where both
products of the O1 and O2 pathways were observed.19


The reaction of the corresponding 1,2,4-trioxepane 8b
under the same conditions led to poor turnover of
substrate (<15%) (Scheme 5). No products of the O2







Figure 1. Low energy conformations of 1,2,4-trioxane 4a and 1,2,4-trioxepane 8b with the r* orbital mapped onto the electron density molecular


surface.
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pathway were observed; only products of the O1 path-
way were detected with 11% of the spin-trapped adduct
17b constituting the major product of the reaction.


In order to rationalize this difference in reactivity molec-
ular modelling studies were performed. A conformation-
al search using a Monte-Carlo method using the
MMFF94 forcefield20 was performed on molecules 4a,
14b and 8b, 9b. Each conformer generated was subjected
to a single point energy calculation at a semi-empirical
level using PM3 parameters and the energy of the r*


orbital of the peroxide bond was calculated. The Boltz-
mann weighted average energy of the orbital was com-
pared for the trioxane and trioxepane molecular pairs
4a/14b and 8b/9b. The Boltzmann weighted average of
the exposed surface area of the oxygen atoms in the per-
oxide bond was also calculated for each compound in
order to assess the accessibility of the peroxide to attack
by Fe(II). Interestingly, the energy of the r* orbital of
the peroxide bond for the trioxane compounds was
markedly lower than that of the corresponding trioxe-
panes for both the sulfide (�0.44 kcal/mol difference)
and sulfone (�3 kcal/mol difference). Figure 1 displays
a low energy conformation of 4a and 8b with the r*


orbital mapped onto the molecular electron density sur-
face. It is noteworthy that the accessibility to r* for the
trioxane would appear to be much greater than that of
r* of the trioxepane. Additionally, the trioxane mole-
cules have a larger exposed surface area (�18 Å2) of
the peroxide oxygen atoms compared to the correspond-
ing trioxepanes (�16 Å2). Thus, the two factors of the
accessibility and energy of the r* orbital of the peroxide
bond could account for the surprisingly low biological
activity observed and very poor turnover in the spin-
trapping experiments of the 1,2,4-trioxepane com-
pounds compared to the 1,2,4-trioxanes.


In summary, thiol-olefin co-oxygenation (TOCO) of
substituted allylic alcohols generates b-hydroxy perox-
ides that can be condensed in situ with various ketones,
to afford a series of functionalised 1,2,4-trioxepanes in
good yields. Surprisingly, endoperoxides in this class
are inactive up to 1000 nM and we rationalize this
observation based on the inherent stability of these sys-
tems to ferrous mediated degradation.21 FMO calcula-
tions support the degradation studies in the sense that
the r* orbital of the peroxide bridge in 1,2,4-trioxanes
is lower in energy and more accessible to attack by
Fe(II) compared to their trioxepane analogues.

Acknowledgments


The authors thank the BBSRC (SAW, PON Grants BB/
C006321/1 and 26/B13581) and Romark (AVS, NB,
RA) for generous funding of this work.

References and notes


1. Krishna, S.; Uhlemann, A. C. Curr. Top. Microbiol.
Immunol. 2006, 295, 39.


2. Biagini, G. A.; O’Neill, P. M.; Nzila, A.; Ward, S. A.;
Bray, P. G. Trends Parasitol. 2003, 19, 479.


3. Klayman, D. L. Science 1985, 228, 1049.
4. Barradell, L. B.; Fitton, A. Drugs 1995, 50, 714.
5. White, N. J.; Olliaro, P. L. Parasitol. Today 1996, 12, 399.
6. (a) O’Neill, P. M.; Posner, G. H. J. Med. Chem. 2004, 47,


2945; (b) O’Neill, P. M.; Stocks, P. A.; Pugh, M. D.;
Araujo, N. C.; Korshin, E. E.; Bickley, J. F.; Ward, S. A.;
Bray, P. G.; Pasini, E.; Davies, J.; Verissimo, E.; Bachi, M.
D. Angew. Chem., Int. Ed. 2004, 43, 4193; (c) O’Neill, P.
M.; Mukhtar, A.; Ward, S. A.; Bickley, J. F.; Davies, J.;
Bachi, M. D.; O’Neill, P. M. Org. Lett. 2004, 6, 3035; (d)
Although we encountered no difficulties in working with
these 1,2,4-trioxepanes, routine precautions such as the
use of shields, fume hoods and avoidance of metal salts
should be observed whenever possible.


7. Crystallographic data (excluding structure factors) for the
structures 8b and 8c have been deposited with the
Cambridge Crystallographic Data Center (CCDC) as
supplementary publication numbers CCDC616381 and
CCDC616382. Copies of the data can be obtained, free of
charge, on application to CCDC, 12 Union Road,
Cambridge CB2 1EZ, UK (fax: +44 1223 336033 or
e-mail: deposit@ccdc.cam.ca.uk).


8. Posner, G. H.; O’Dowd, H.; Caferro, T.; Cumming, J. N.;
Ploypradith, P.; Xie, S. J.; Shapiro, T. A. Tetrahedron
Lett. 1998, 39, 2273.


9. Bachi, M. D.; Korshin, E. E.; Ploypradith, P.; Cumming,
J. N.; Xie, S. J.; Shapiro, T. A.; Posner, G. H. Bioorg.
Med. Chem. Lett. 1998, 8, 903.


10. Bachi, M. D.; Korshin, E. E.; Hoos, R.; Szpilman, A. M.;
Ploypradith, P.; Xie, S. J.; Shapiro, T. A.; Posner, G. H.
J. Med. Chem. 2003, 46, 2516.


11. O’Neill, P. M.; Verissimo, E.; Ward, S. A.; Davies, J.;
Korshin, E. E.; Araujo, N.; Pugh, M. D.; Cristiano, M. L.
S.; Stocks, P. A.; Bachi, M. D. Bioorg. Med. Chem. Lett.
2006, 16, 2991.


12. Singh, C.; Malik, H.; Puri, S. K. J. Med. Chem. 2006, 49,
2794–2803.


13. (a) Ahmed, A.; Dussault, P. H. Org. Lett. 2004, 6, 3609; In
collaboration with S. Krishna, we have recently reported
on studies implicating PfATP6 as a potential target for the







R. Amewu et al. / Bioorg. Med. Chem. Lett. 16 (2006) 6124–6130 6129

endoperoxide class of drug. The paper supports the idea of
a non-haem iron mediated mechanism of bioactivation for
the artemisinins see; (b) Eckstein-Ludwig, U.; Webb, R. J.;
Van Goethem, I. D.; East, J. M.; Lee, A. G.; Kimura, M.;
O’Neill, P. M.; Bray, P. G.; Ward, S. A.; Krishna, S.
Nature 2003, 424, 957.


14. Trager, W.; Jensen, J. B. Science 1976, 193, 673.
15. Desjardins, R. E.; Canfield, C. J.; Haynes, J. D.; Chulay,


J. D. Antimicrob. Agents Chemother. 1979, 16, 710.
16. (a) Procedure for the synthesis of compounds 8c and 9c; A


2-necked 500 ml round-bottomed flask was charged with a
solution of 3-methyl-but-3-en-1-ol (0.5 g, 5.8 mmol) and
AIBN (77.5 mg, 4.72 mmol) in acetonitrile (115 ml). The
reaction vessel was flushed with oxygen for several minutes
at 0 �C then stoppered and kept under a positive pressure
of pure oxygen, with the aid of two oxygen balloons. The
reaction mixture was vigorously stirred and UV irradiated
at 0 �C using an externally mounted 100 W BLACK-RAY
UV lamp at a distance of 5–7 cm, with the simultaneous
addition of 4-chlorothiophenol (1250 mg, 8.64 mol) solu-
tion in acetonitrile (32 ml) over a period of 30 min. After
completion of the addition, the reaction was left to
continue stirring at 0 �C, for 4–6 h or until consumption
of starting materials (monitored by tlc). The reaction
vessel was then allowed to warm to �10 �C, flushed with
nitrogen and a solution of 2-adamantanone (2.61 mg,
17.35 mmol) in dichloromethane (32 ml) was added fol-
lowed by catalytic amount of tosic acid (25 mg). The
mixture was left stirring at �10 �C and allowed to cool
slowly to room temperature overnight. The solvent was
removed by rotary evaporation and column chromatog-
raphy on the crude mixture gave the product 8c in 80% as
a colourless solid; mp 62–64 �C; IR; Vmax (CHCl3)/
cm�11011.2, 1090.2, 1112.2, 1450.1, 1472.0, 2840.6,
2901.3, 2980.3; 1H NMR (400 MHz, CDCl3): d 1.20 (s,
3H, CH3), 1.60 (m, 6H, adamantylidene), 1.76 (m, 3H,
adamantylidene), 1.94 (m, 5H, adamantylidene), 2.20 (s,
1H, CH2), 2.40 (s, 1H, CH2), 3.20 (d, 1H, J = 13.18 Hz,
SCH2), 3.45 (d, 1H, J = 13.18 Hz, SCH2), 3.65–3.85 (m,
2H, OCH2), 7.20 (d, 2H, J = 8.46 Hz, Ar), 7.35 (d, 2H,
J = 8.31 Hz, Ar); 13C NMR (100 MHz, CDCl3): d 134.15,
130.14, 128.89, 127.07, 109.64, 106.38, 70.32, 58.15, 56.39,
51.74, 40.13, 40.05, 35.59, 32.65, 32.19, 32.15, 31.73, 31.36
25.36, 21.80, 20.78; MS (ES+) [M+Na]+ (100), 417/419,
[2M+Na]+ 811/814, HRMS calculated for 417.1267
C21H27O3NaSCl. Found: 417.1280 (Caution): since
vapours of organic solvents may form explosive mixtures
with oxygen in closed systems, all such reactions should be
conducted behind safety shields. A solution of 8c (0.43 g,
1.1 mmol) and m-CPBA (0.56 g, 3.3 mmol) in CH2Cl2
(17 ml) was stirred for 4–6 h at room temperature. After
consumption of the more polar intermediate (monitored
by tlc), the mixture was poured into a saturated solution of
5% K2CO3 solution. The mixture was then extracted with
dichloromethane, the organic layer separated, dried over
MgSO4 and evaporated. Purification of the residue by
column chromatography gave the desired sulfone 9c
compound in 72% yield; mp 100–102 �C; IR;
Vmax(CHCl3)/cm�1821.4, 912.3, 1010.8, 1090.3, 1113.1,
1143.4, 1272.2, 1317.6, 1374.4, 1442.6, 1472.9, 1579.0,
2847.8, 2908.4, 2999.3; 1H NMR (400 MHz, CDCl3): d
1.30–2.00 (m, 14H, adamantylidene), 1.55 (s, 3H, CH3),
2.10 (s, 1H, CH2), 2.25 (m, 1H, CH2), 3.45 (d, 1H,
J = 14.66 Hz, SO2CH2), 3.75 (m, 2H, OCH2), 3.82 (d, 1H,
J = 14.66 Hz, SO2CH2), 7.50 (d, 2H, J = 8.57 Hz, Ar), 7.95
(d, 2H, J = 8.55 Hz, Ar); 13C NMR (100 MHz, CDCl3): d
23.92, 27.63, 35.32, 37.59, 44.21, 58.19, 61.93, 81.73,
108.87, 129.60, 130.40, 139.77, 140.56. MS (ES+)
[M+Na]+ (100), 449/451, [2M+Na]+ (<5%) 875 HRMS

calculated for 449.1165/451.1136, C21H27NO4NaS35Cl/
C21H27NO4NaS37Cl. Found: 449.1169/451.1152, respec-
tively.; (b) Preparation of 12c; to a solution of the
sulfoxide 10c (1.17 g, 2.9 mmol) at 0 �C in CH3CN
(12 ml), 2,6-lutidine (1.30 g, 12.3 mmol) and trifluoro
acetic anhydride (TFAA) (2.40 g, 11.2 mmol), in CH3CN
(12 ml) were added. The mixture was stirred at room
temperature for 3 h and extracted with ethyl acetate. The
organic layer was dried in MgSO4 and the solvent
removed under reduced pressure. Purification by column
chromatography gave the product 11c in 89%; 1H NMR
(400 MHz, CDCl3): d 1.14 (s, 3H, CH3), 1.53–1.86 (m, 4H,
adamantyl), 1.90–3.13 (m, 10H, adamantyl), 2.55 (br s,
2H, CH2), 2.74 (t, 1H, J = 7.31 Hz, OCH2), 3.11 (t, 1H,
J = 7.16 Hz, OCH2), 9.57 (s, 1H, CHO); (100 MHz,
CDCl3): d 27.86, 36.71, 39.64, 43.30, 47.37, 129.51,
131.29, 218.57. To a solution of the aldehyde 11c (0.37 g,
1.4 mmol) in CH2Cl2(12 ml) was added Ph3P@CHCO2Me
(0.5 g, 1.5 mmol) at room temperature and the solution
was allowed to stir at this temperature for 3 h. The
reaction mixture was concentrated and chromatographed
on a silica gel to give the desired product 12c in 70% yield
as a colourless oil; IRVmax (neat) cm�1 1108.7, 1161.3,
1319.3, 1446.6, 1653.3, 1722.2, 2854.6, 2919.5; 1H NMR
(400MHz, CDCl3): d 1.28 (s, 3H, CH3), 1.53–1.75 (m, 6H,
adamantylidene), 1.80 (br s, 3H, adamantylidene), 1.86–
2.20 (m, 5H, adamantylidine), 2.36 (s, 1H, CH2), 2.44 (s,
1H, CH2), 3.60–4.00 (m, 2H, CH2O), 3.79 (s, 2H, OCH3),
5.98 (d, 1H, CH, J = 16.21 Hz), 7.20 (d, 1H, J = 16.19 Hz,
CH); 13C NMR (100 MHz, CDCl3): d 26.11, 27.97, 34.33,
38.24, 43.10, 52.51, 59.16, 84.07, 109.35, 120.63, 152.62,
167.72. MS (ES+) [M+Na]+ (100) 345, HRMS calculated
for 345.1678 C18H26NO5Na. Found: 345.1675.


17. All additional new compounds in Table 1 provided
satisfactory 1H and 13C NMR and elemental analysis
data. Details can be found in: O’ Neill, P.M.; Amewu, R.;
Mukhtar, A.; Ward, S.A.; Publication number
WO2006016903; PCT/US2005/012236.


18. To a solution of 4a (0.3 g, 0.91 mmol) in THF (15 ml)
ferrous bromide (0.40 g, 1.82 mmol) and TEMPO (0.3 g,
1.82 mmol) were added and the reaction mixture was
allowed to stir at ambient temperature under nitrogen
atmosphere for more than 16 h. Following rotary evapo-
ration of THF the crude product was dissolved in ethyl
acetate, washed with water and brine, dried over MgSO4,
filtered and concentrated. The crude product was purified
by flash chromatography to afford 16c as the major
product in 58%; 1H NMR (400 MHz, CDCl3): d1.09(br s,
6H, CH3), 1.14 (br s, 6H, CH3), 1.23–1.27 (m, 2H, CH2),
1.29 (s, 3H, CH3), 1.35–1.57 (m, 8H, CH2), 1.59–1.70 (m,
2H, CH2), 2.31 (t, 2H, J = 7.4 Hz, COCH2), 3.07 (d, 1H,
J = 13.47 Hz, SCH2), 3.17 (d, 1H, J = 13.48 Hz, SCH2),
3.72 (t, 2H, J = 6.45 Hz, CH2O), 4.02 (d, 1H,
J = 11.39 Hz, CH2O), 4.09 (d, 1H, J = 11.20 Hz, CH2O),
7.24 (d, 2H, J = 8.54 Hz, Ar), 7.34 (d, 2H, J = 8.54 Hz,
Ar); 13C NMR (100 MHz, CDCl3): d 17.57, 24.53, 25.40,
26.51, 28.81, 32.75, 34.50, 40.05, 44.75, 69.74, 72.32, 76.90,
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Abstract—Structure-based drug design was exploited in the synthesis of 3-(6-chloronaphth-2-ylsulfonyl)aminopyrrolidin-2-one-
based factor Xa (fXa) inhibitors, incorporating an alanylamide P4 group with acyclic tertiary amide termini. Optimized hydropho-
bic contacts of one amide substituent in P4 were complemented by hydrophobicity-modulating features in the second, producing
potent fXa inhibitors including examples with excellent anticoagulant properties.
� 2006 Elsevier Ltd. All rights reserved.

In the search for anticoagulant therapies with improved
efficacy/safety profiles, coagulation Factor Xa (fXa) has
provided a major focus.1 The pivotal role of fXa in the
blood coagulation cascade makes it an attractive thera-
peutic target and emerging data support this hypothe-
sis.2 The primary specificity (S1) pocket of fXa
recognizes a basic residue, in common with other such
trypsin-like serine proteases. Consequently, many fXa
inhibitors include a basic amine or amidine P1 motif
to facilitate binding to Asp189 at the base of this pocket;
such charged features limit permeation and generally
engender poor oral pharmacokinetics.


We recently described a series of non-basic compounds
exploiting an alternative interaction in S1, specifically
that between an aryl chloride and Tyr228.3 Optimisation
of this aminopyrrolidin-2-one-based series led to mole-
cules, for example, 1, which displayed good anticoagu-
lant potency and attractive oral pharmacokinetics.4


Other structural classes of neutral or weakly basic fXa

0960-894X/$ - see front matter � 2006 Elsevier Ltd. All rights reserved.


doi:10.1016/j.bmcl.2006.09.001


Keyword: Factor Xa.
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inhibitors, which utilize similar interactions in the S1
pocket, have been reported.5


The application of structure- and property-based design
is described here in the evaluation of a series of acyclic
analogues 2 exploiting the alanyl amide P4 ligand.
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Impetus for this work arose from inspection of the crys-
tal structure of 1 bound into fXa;3 one edge of the mor-
pholine ring made hydrophobic contacts with aromatic
residues forming S4, but without filling this space. Initial
molecular modelling supported the hypothesis that a
small aliphatic R1 group, as one substituent on a tertiary
acyclic amide, could better occupy this space (Fig. 1). It
was envisaged that the second amide substituent might
be used to introduce hydrophobicity-modulating fea-
tures to enhance pharmacokinetic and anticoagulant
profiles as discussed in our earlier publications.3,4
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Furthermore, distance calculations supported the idea
of R2 substituents forming additional H-bonds with
backbone residues.


Available structural information indicated a clear prefer-
ence for molecules with the S,S stereochemistry, so
synthesis of the orthogonally protected intermediate 3
(Scheme 1) exploited the established route from CBZ-
Met-OH and H-Ala-OtBu.3 Hydrogenolysis and sulfony-
lation afforded ester 4, acid deprotection of which gave
chiral acid 5. Alkylation of 4 with 2-bromoacetamide
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Scheme 1. Reagents and conditions: (a) EDC, 1-hydroxybenzotriazole


(HOBT), Et3N, DMF, rt; (b) MeI, acetone, rt; (c) DOWEX [OH]�,


MeCN; (d) H2, Pd–C, EtOH, rt; (e) 6-chloronaphth-2-ylSO2Cl,


pyridine, DCM, rt; (f) TFA, DCM; (g) BrCH2CONH2, K2CO3,


DMF, rt.


Figure 1. X-ray crystal structure of 1 bound into fXa,3 highlighting


potential S4 interactions for an acyclic structure: (i) better filling of the


S4 ‘aromatic box’ (arrowed) and (ii) accessible backbone residues


around Lys96 (as starred*).

and deprotection of the tert-butyl ester provided the ter-
tiary sulfonamide intermediate 6, introducing a particular
modification that significantly enhanced activity in the
cyclic series.3


The targeted acyclic compounds 2 were produced by
amide coupling of primary or secondary amine sub-
strates6 with 5 or 6 (Scheme 2). Terminal amines 8 and
their homologues were produced via N-Boc-protected
intermediates 7, followed by acid deprotection. Sulfona-
mides 9 and ureas 10 were readily derived from these
amines.


A first matrix of compounds investigated the SAR of
lower alkyl combinations and showed a clear preference
for tertiary amides with enhanced activity when one sub-
stituent was isopropyl (Table 1). This was ascribed to
good hydrophobic contacts of the isopropyl group with
the aromatic S4 residues, consistent with modelling
predictions.
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Scheme 2. Reagents and conditions: (a) R1R2NH, EDC, HOBT,


Et3N, DMF, rt; (b) TFA, DCM; (c)MeSO2Cl, pyridine DCM, rt; (d)


H2NCO2Ph, NMM, THF, D.


Table 1. fXa inhibitory activities7a for compounds 11–16


O


N
H


N


N O


SO
O


Cl


R
1


R2


Me


Compound R1 R2 fXa Ki/nM


11 Me Me 346


12 Et Me 56


13 Et Et 24


14 i-Pr H 2720


15 i-Pr Me 22


16 i-Pr Et 11







Table 2. fXa inhibitory activities7a for compounds 17–23


O


N
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N
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SO
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1
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CN


Compound R1 fXa Ki/nM


17 i-Pr 5


18 i-Bu 136


19 c-Pr 57


20 CH2c-Pr 3


21 c-Bu 15


22 c-Pentyl 11


23 c-Hexyl 73


Table 3. fXa inhibitory activities7a for compounds 24–29


O
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N O


SO
O


Cl


R
1


Me


X
R2


Compound R1 X R2 fXa Ki/nM


24 Et CH2 4-Pyridinyl 27


25 i-Pr CH2 Ph 24


26 i-Pr CH2 2-Pyridinyl 11


27 i-Pr CH2 3-Pyridinyl 9


28 i-Pr CH2 4-Pyridinyl 6


29 i-Pr CH2CH2 2-Pyridinyl 13


Table 4. fXa inhibitory activities,7a,b anticoagulant potency8 and hydrophob


O
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N


N O


SO


OR
1


Me


R2


Compound R1 R2


30 i-Pr OH


31 CH2c-Pr OH


32 H NH2


33 i-Pr NH2


34 CH2c-Pr NH2


35 i-Pr CONH2


36 i-Pr NHCONH2


37 CH2c-Pr NHCONH2


38 H NHSO2Me


39 i-Pr NHSO2Me


40 CH2c-Pr NHSO2Me


41 i-Pr SO2NH2


42 i-Pr NMe2


43 i-Pr Piperidine


44 i-Pr Morpholine


45 i-Pr Azepine


46 i-Pr CH2NH2


47 i-Pr CH2NHCONH2


48 i-Pr CH2NHSO2Me


1 Morpholine


a Data secured using a fluorogenic assay.7b
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A subsequent subset of compounds, derived from avail-
able monomers incorporating a common cyanoethyl
group, provided further empirical evidence to support
the hypothesis concerning the required hydrophobic
contacts (Table 2). The high potency of isopropyl and
cyclopropylmethyl analogues corroborated the likely
optimum size and fit of the R1 substituent.


The finding that good intrinsic activity could be main-
tained in analogues containing a hydrogen bond accept-
ing nitrogen was also demonstrated in a series of
alkyl(pyridinylalkyl)amines (Table 3). As expected, this
gave compounds with enhanced potency with the iso-
propyl R1 group; no clear preference for the pyridine
orientation was apparent. Members of these series
showed only moderate anticoagulant activities, as as-
sessed in the prothrombin time (PT) assay;8 for example,
17 Ki = 5 nM, 1.5 · PT 9.4 lM, c logD7.4


9 2.3; 27
Ki = 9 nM, 1.5 · PT 18.7 lM, c logD7.4 3.0; 28,
Ki = 6 nM, 1.5 · PT 8.8 lM, c logD7.4 3.0.


At this stage, the incorporation of more hydrophilic R2


substituents was investigated, to capitalise on previous
findings that reducing hydrophobicity9 promoted a bet-
ter translation of intrinsic potency into plasma-based
activity.3,4 Gratifyingly, both intrinsic potency and anti-
coagulant activity were enhanced (Table 4), with amino
substituted analogues having particularly attractive pro-
files (e.g., 33, Ki = 4 nM, 1.5 · PT 1.3 lM, c logD7.4 0.6;
42 Ki = 2 nM, 1.5 · PT 1.6 lM, c logD7.4 1.3). Results in
this matrix also supported isopropyl as the R1 group of
choice; related cyclopropylmethyl derivatives gave
broadly similar fXa activities that did not translate as

icity calculations9 for compounds 30–48


Cl


c logD7.4
9 fXa Ki/nM 1.5 · PT/lM


2.3 6 9.7


2.3 7 16.7


— 4100a —


0.6 4 1.3


0.6 15 2.8


1.5 11 8.0


1.5 2 8.1


1.5 7 16


— 39,000a —


1.8 1 2.5


1.8 2 10.5


1.4 3 4.8


1.3 2 1.6


2.4 2 1.7


2.2 4 5.8


3 2 1.6


0 2 2.2


1.7 5 6.7


2 3 9.5


2.2 6 5.0







Table 5. fXa inhibitory activities7a,7b and anticoagulant potency8 for


tertiary sulfonamides 49–55


O


NN


N O


SO


O
Cl


Me


R2


NH2O


Compound R2 fXa Ki/nM 1.5 · PT/lM


49 OH 1a 1.9


50 NH2 <1 0.8


51 NHCONH2 1 1.5


53 NHSO2Me <1 1.9


53 Piperidine 1 0.6


54 Morpholine 1 1.7


55 Azepine <1 0.4


a Data secured using a fluorogenic assay.7b


Figure 2. X-ray crystal structure of 39 bound into fXa, showing S4


interactions as described in the text.
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well into plasma-based potency. Furthermore the prefer-
ence for tertiary amides was supported by the poor
activity seen with 32 and 38.


Mirroring a trend seen in the cyclic alanyl amide series
for tertiary sulfonamides,3 a series of tertiary glycina-
mides showed enhanced affinity with good levels of anti-
coagulant activity (Table 5) when compared with their
secondary analogues (Table 4).


Pharmacokinetic studies in the rat with selected examples
in this series generally revealed poor profiles characterised
by increased plasma clearance and poorer oral exposure
compared with related cyclic morpholine-based ana-
logues.10 Increased flexibility and high polar surface
areas have both been implicated as factors that impact
negatively on oral bioavailability11 and both parameters
may have contributed to the lower oral exposure of the
more hydrophilic acyclic alanyl amides compared with
that seen with morpholine-based analogues.12

An X-ray structure of 39 bound into fXa confirmed bind-
ing in the manner predicted, with the molecule unambig-
uously fitted to the Fo–Fc electron density map.13 In S4,
the isopropyl group clearly fitted well into the aromatic
box formed by the residues Tyr99, Phe174 and Trp215
and, gratifyingly, the sulfonamide NH makes a hydrogen
bond with the carbonyl of Lys96 (Fig. 2).14


In summary, the synthesis, activities and structure–
property relationships have been explored within a
rationally designed series of 3-(6-chloronaphth-2-yls-
ulfonyl)aminopyrrolidin-2-one-based fXa inhibitors
incorporating an acyclic alanyl amide P4 motif. Using
structure- and property-based approaches has provided
a novel series with excellent intrinsic and anticoagulant
activities. These studies gave clear insight into optimal
features for incorporation into further series of fXa
inhibitors. Findings from these studies will be reported
in separate publications.15
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is 0.055) in Refmac5 to a final Rfactor of 0.191 and Rfree
of 0.233, using procedures described in Ref. 4. Co-
ordinates are deposited in the protein data bank with
code 2j4i.


14. Preliminary data for the complex structure with 45
revealed that the protonated amine was also likely to be
in position to make an H-bond interaction with the
backbone carbonyl of Lys96.


15. Watson, N. S. et al, manuscripts in preparation.





		Structure- and property-based design of factor Xa inhibitors:  Pyrrolidin-2-ones with acyclic alanyl amides as P4 motifs

		References and notes








Bioorganic & Medicinal Chemistry Letters 16 (2006) 6043–6048

Identification of 2-arylbenzimidazoles as potent human
histamine H4 receptor ligands


Alice Lee-Dutra,* Kristen L. Arienti, Daniel J. Buzard, Michael D. Hack,
Haripada Khatuya, Pragnya J. Desai, Steven Nguyen, Robin L. Thurmond,


Lars Karlsson, James P. Edwards and J. Guy Breitenbucher


Johnson & Johnson Pharmaceutical Research and Development, L.L.C. 3210 Merryfield Row, San Diego, CA 92121, USA


Received 13 July 2006; revised 29 August 2006; accepted 29 August 2006


Available online 20 September 2006

Abstract—A series of 2-arylbenzimidazoles was synthesized and found to bind with high affinity to the human histamine H4 recep-
tor. Structure–activity relationships were investigated through library preparation and evaluation as well as traditional medicinal
chemistry approaches, leading to the discovery of compounds with single-digit nanomolar affinity for the H4 receptor.
� 2006 Elsevier Ltd. All rights reserved.
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Histamine plays a critical role in a number of physiolog-
ical processes through interaction with four G-protein
coupled receptors: H1, H2, H3, and H4. The H1 receptor
is involved in allergic and inflammatory responses,1 the
H2 receptor participates in gastric acid secretion,2 and
the H3 receptor mediates neurotransmitter release in
the central nervous system.3 Most recently identified,
the H4 receptor is mainly expressed in dendritic cells,
eosinophils, and mast cells.4,5 The preferential expres-
sion of the H4 receptor in immune cells suggests that this
receptor is involved in the regulatory functions of hista-
mine during the immune response. Studies have shown
that the H4 receptor controls the release of inflammatory
mediators and facilitates leukocyte chemotaxis.6–10


Modulation of H4 receptor activity provides an oppor-
tunity for treating inflammatory and allergic conditions.
Recently, we reported indole, benzimidazole, and thie-
nopyrrole piperazine carboxamides as potent H4 recep-
tor ligands.11,12


In this paper, we describe a series of 2-arylbenzimidaz-
oles with high affinity for the human H4 receptor. The
initial lead compound for this program, compound 1,
was identified as a HTS hit from our corporate com-
pound collection and exhibited moderate affinity
(Ki = 124 nM) for the H4 receptor. An efficient, modular
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synthetic route for the preparation of 1 enabled rapid
variation of substituents on different regions of the
molecule.


1:  Ki = 124 nM


N
H


NCl
O N NCH3

Analogs of compound 1 were synthesized by the cou-
pling of commercially available phenylenediamines with
aromatic aldehydes in the presence of Na2S2O5 (Scheme
1).13 Most aldehyde inputs were synthesized using a two-
step procedure: alkylation of the hydroxybenzaldehyde
followed by chloride displacement with the desired
amine.

n
n = 1-3 n = 1-3


Scheme 1. Reagents and conditions: (a) K2CO3, CH3CN, 60 �C, 18–


24 h; (b) HNR2R2, Na2CO3, KI, n-BuOH, 95 �C, 18–36 h, �50% over


two steps; (c) phenylenediamine, Na2S2O5, DMA, 80 �C, 6–42%.
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The initial analogs were designed to examine the impor-
tance of linker length and position about the central
benzene ring (Graph 1). These compounds were exam-
ined in a recombinant human histamine H4 competitive
binding assay using [3H]histamine as the radioligand.14


The SAR investigation revealed a dramatic dependence
of binding affinity upon the linker length as well as the
linker position about the central aryl ring. Of the nine
series that were synthesized and tested for activity, only
two sets (S2 and S6) demonstrated pKi > 5. This sug-
gests that the position of the terminal nitrogen relative
to the central ring is essential for good receptor
binding.15


CATALYSTCATALYST
16 was used to generate pharmacophores using


an example of each linker (S1–S9). Unfortunately, these
pharmacophores were unable to discriminate between
active and inactive linkers, presumably because of the
similarity of the molecules and because inactivity of
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O N
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Graph 1. Displacement of [3H]histamine from recombinant histamine H4 re


Figure 1. Overlay of lowest-energy conformations of benzimidazoles in grap

some of the linkers is not due to lack of particular fea-
tures, but probably results from conformational consid-
erations. It was hypothesized that the benzimidazole
moiety was binding in the same way for all of the ana-
logs, and that the inactive linkers were unable to prop-
erly position and orient the positively charged
piperazine at low conformational energies. In order to
elucidate the bioactive conformation, stochastic confor-
mation searches of an example of each of the linkers S1–
S9 using MOEMOE


17 with the MMFF94 force field were car-
ried out. For the active linkers (S2 and S6), a limit of
5 kcal/mol above the global minimum was set. For the
inactive linkers, up to 10 kcal/mol energy above the
global minimum was allowed. All of the conformations
for all of the linkers were aligned using the benzimid-
azole moiety. The position of the terminal nitrogen of
the piperazine was plotted as a sphere in three-dimen-
sional space. A simplified version of the Active Analog
Approach18 was used. Figure 1 illustrates the procedure.
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The yellow spheres represent conformations of the S2
linker, and the red spheres represent conformations of
the S6 linker. Positions in space that were occupied by
both an S2 representative and an S6 representative are
illustrated in the second panel of Figure 1, and are can-
didates for the bioactive conformations of those linkers.
Positions that were also occupied by representatives of
inactive linkers were systematically removed (panels 3–
6). This led to a focused region that is 1.5 Å in diameter
and 8.3 Å away from the central benzene ring as the
most likely region whose occupancy or unoccupancy
by a piperazine nitrogen could explain the data in Graph
1. Therefore, it was theorized that this distance of 8.3 Å
between the aryl ring and distal nitrogen of the terminal
piperazine is optimal for potent H4 receptor binding.
Note that there were multiple distinct conformations
of S2 and S6 that were positioned in this region,
and therefore it was not possible to further specify the
preferred binding conformation beyond this
pharmacophore.


The identification of the likely piperazine binding region
suggested the possibility of creating constrained analogs
that would have increased potency. Several 48-mem-
bered libraries were designed to test this model through
the incorporation of rigidified linkages that would span
this 8.3 Å distance. For example, the alkyl linker was re-
placed with a benzene ring, an alkyne or a trans-alkene.
Although these linkers are in some cases quite different

H


O


Br


H


O
a b


OH


O


H N


Scheme 2. Reagents and conditions: (a) homopropargyl alcohol, Pd(PPh3)2Cl


quant.; (c) N-methylpiperazine (10 equiv), EtOH, rt, 43%; (d) H2 (1 atm), Li


7 h; ii—HOAc, 60 �C, 14 h; iii—6 N NaOH/H2O2, 40 �C, 4 h, 50% conversi


quant.


OH


NC


O OH


a, b cNC


Scheme 3. Reagents and conditions: (a) I2, satd NaHCO3, 5 �C to rt, 18 h, 33%


quant.; (c) CH3SO2Cl, Et3N, CH2Cl2, 0 �C, 1.5 h, quant.; (d) N-methylpipera


rt, 6 h, 56%.


N


a, b


HO
NH


NHO
NCH


Scheme 4. Reagents and conditions: (a) (Boc)2O, 1:1 THF/H2O, rt, 18 h, 99%


90 �C, 18 h, 76%.

than those described in Graph 1, they all have low-ener-
gy conformations in which the terminal nitrogen of the
piperazine ring is located within the region identified
above. The cis-alkene, which does not span this distance,
was also included as a linker serving as a negative
control for the model. In addition, the aryl ether was
constrained as a benzofuran. As before, the N-methyl-
piperazine region of the molecule was not altered. Other
benzimidazoles were synthesized using aldehydes with
additional substitution on the benzene ring or with a
carbon analog of the ether linker. All necessary library
aldehyde inputs were synthesized using routes shown
in Schemes 1–4.19


Benzimidazole formation was conducted in a library for-
mat using a Bohdan 48-well MiniBlock system. Sodium
metabisulfite was added to the individual reaction tubes
prior to the addition of the aldehyde and phenylenedi-
amine inputs as stock solutions in DMF. Upon reaction
completion, as monitored by HPLC, polymer-supported
hydrazine was added to the reaction tubes to remove ex-
cess aldehyde starting material. Filtration of the resul-
tant reaction mixtures was followed by purification
through reverse phase preparative HPLC. Select data
for these benzimidazoles are shown in Graph 2.


An inspection of Graph 2 clearly suggests that the con-
formational model described above is incomplete. Fail-
ure of the rigidified linkers to improve H4 receptor
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Graph 2. Displacement of [3H]histamine from recombinant histamine H4 receptor.
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affinity suggests that some aspects of the compounds in
Graph 1 are not adequately represented in the confor-
mational model or in the rigidified compounds. The
chosen rigid linkers may be unable to accommodate
unknown structural requirements of the H4 receptor
that can be satisfied by a flexible linker, which can
more easily adapt its conformation. As mentioned
above, unambiguous determination of the bioactive
conformations of the compounds shown in Graph 1
was not possible due to the existence of multiple con-
formations satisfying the pharmacophore. The ether
oxygen, present in all of the linkages in Graph 1 but
absent in many of the subsequent linkages, may also
play a role. Interestingly, the benzofuran compound,
perhaps the most structurally similar constrained ana-
log to the compounds in Graph 1, does have modest
activity. Finally, the conformation of the linker can
be influenced by the substitution patterns on the cen-
tral aromatic ring, potentially introducing unfavorable
steric interactions between the benzene ring substituent
and the linker. This can prevent optimal positioning of
the piperazine for receptor binding, as exemplified by
the poor activity of the compounds incorporating alde-
hyde 8 (Graph 2).

A
 PhOMe


B
 CH3-PhOMe


C


Figure 2. Modeling of low-energy conformations of simple substituted benz

The effect of substituents on the central ring is itself
quite interesting. Generally small lipophilic substituents
(e.g., chloro) maintained or improved binding efficiency
(Graph 2, aldehydes 1 and 2); however, increased substi-
tution, especially in the case of the di-methyl substituted
analog (Graph 2, aldehyde 11), led to a drastic loss in H4


receptor affinity. Modeling of the low energy conforma-
tions of substituted benzene rings elucidates a possible
reason for this observation (Fig. 2). For example, bis-
substitution (Fig. 2D) or the use of a carbon analog
for the ether linkage (Fig. 2C) appears to twist the linker
into an orthogonal position with respect to the central
benzene ring, leading to compounds with poor receptor
affinity. On the other hand, mono-substitution (Fig. 2B)
allows the alkyl ether linker to lie in the plane of the cen-
tral ring, enabling potent receptor binding.


In general, the SAR revealed in this library study does
not provide sufficient evidence to validate or invalidate
the proposed binding site of the piperazine component.
It may be that the model proposed above is sufficient to
explain the activity differences observed between the set
of closely related molecules in Graph 1, but unable to
account for the larger variations introduced by the rigid-
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Table 1. Displacement of [3H]histamine from the recombinant histamine H4 receptor
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R7
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R3


R5


Entry R1 R2 R3 R4 R5 NR6R7a Ki (nM)


1 CH3 CH3 H Cl H A 46


2 CH3 H CH3 Cl H A 22


3 H C(CH3)3 H Cl H A 93


4 –CH@CH–CH@CH– H Cl H A 28


5 H C(CH3)3 H H Cl B 250


6 H C(CH3)3 H H Cl C 26


7 H C(CH3)3 H H Cl A 65


8 H C(CH3)3 H H CH3 A 26


9 CH3 CH3 H Cl H C 9


10 CH3 H CH3 Cl H C 1


a A = N-methylpiperazine; B = 3-dimethylaminopyrrolidine; C = N-methylhomopiperazine.
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ified molecules. Empirically it can be reasonably con-
cluded that compounds comprised of a flexible linker
which can adopt the preferred conformation as a result
of appropriate choice of phenyl substituents will likely
result in potent H4 receptor ligands.


With these criteria in mind, additional analogs were
investigated in a non-library format. Substitution at
the 4-position of the benzimidazole, in addition to
the 5- and 6-positions, was found to be tolerated
(Table 1, entries 1 and 2). Larger groups, such as a
tert-butyl group or a fused benzene ring, could be
displayed on the benzimidazole ring without much ad-
verse effect (Table 1, entries 3 and 4). The N-methyl-
piperazine was replaced with pyrrolidine and
homopiperazine isosteres. The former demonstrated a
significant loss in activity, whereas the latter displayed
a slight increase in H4 receptor affinity with respect to
the parent compound (entries 5–7). Further analysis of
small lipophilic substitution on the central aromatic
ring revealed the methyl group as a suitable alterna-
tive to the previously identified chloro- and meth-
oxy-groups (entry 8).


Based on this expanded SAR, 4-substituted benzimidaz-
oles with lipophilic central ring substitution and the
homopiperazine terminal diamine were prepared. These
compounds demonstrate single-digit nanomolar activity
(entries 9 and 10), with up to 100-fold improvement over
initial lead compound 1.


In summary, we have examined 2-arylbenzimidazoles
and identified compounds with low nanomolar affinity
for the H4 receptor. A pharmacophore was developed
to explain the sharp activity differences observed be-
tween different linker lengths and positions in otherwise
closely related compounds. Through library preparation
and analysis, this method was examined and the SAR of
three regions of the molecule was simultaneously ex-
plored. Additional analog preparation through tradi-
tional medicinal chemistry approaches facilitated
further SAR expansion.
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Abstract—A good correlation between 50% inhibitory concentration of hybrid liposomes (HL) composed of 90 mol%
dimyristoylphosphatidylcholine and 10 mol% polyoxyethylene(n)dodecyl ether on the growth of human colon tumor (WiDr) cells,
and membrane fluidity of HL was obtained. HL distinguished between WiDr and normal colon cells and then fused and accumu-
lated into the membranes of WiDr cells leading to apoptosis.
� 2006 Elsevier Ltd. All rights reserved.

Molecular targeted therapeutics has attracted much
attention in recent years as an efficient therapy for can-
cer on the basis of molecular level studies on human
cells. Targeted molecules included protease, growth fac-
tor, receptor, oncogene, and so on. Especially, recombi-
nant humanized anti-human epidermal growth factor
receptor 2 (HER2) monoclonal antibody produced
durable objective responses in patients with HER2 over-
expressing breast cancer.1,2 On the other hand, it is al-
ready known that the fluidity of tumor cell membranes
as molecular aggregate is generally larger than that of
normal cells.3–5 However, there are few reports on ther-
apy from the viewpoint of membrane fluidity of tumor
cells.


We have produced hybrid liposomes (HL-n) which can
be prepared by sonication of vesicular and micellar mol-
ecules in a buffer solution. (Scheme 1)6,7 The physical
properties of HL such as shape, size, membrane fluidity,
and the temperature of phase transition can be con-
trolled by changing the constituents and compositional
ratios.7 In the course of our study on the stereoselective
hydrolysis of amino acid esters in membrane systems, we
emphasized that the stereochemical control is attained
by regulating the temperature8 and ionic strength.9 In
particular, the authors observed almost complete
LL-enantiomer-selective catalysis, which was attained by
controlling the reaction microenvironment in relation
to the fluidity of membranes.10
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In addition, significantly prolonged survival in rats was
obtained by using HL as drug carriers in the treatment
of brain tumors.11 HL also inhibited the proliferation
of various tumor cells along with apoptosis in vitro
and in vivo.12–16 Recently, lipid-mediated apoptosis for
tumor cells has been observed.17–19 However, as far as
we know, there is no report on antitumor effects in rela-
tion to membrane fluidity of liposomes. In this study, we
report the first successful experiment resulting in a good
correlation between antitumor activity on the growth
of human colon tumor cells and membrane fluidity of
HL composed of dimyristoylphosphatidylcholine
(DMPC) and 10 mol% polyoxyethylene(n)dodecyl
ether (C12(EO)n; n = 4, 8, 10, 21, 23, and 25).

We examined the effect of HL composed of DMPC and
10 mol% C12(EO)n on the growth of human colon tumor
(WiDr) cells on the basis of WST-1 assay.20 WiDr was
purchased from Health Science Research Resources
Bank. WiDr cell line is derived from a human colon ade-
nocarcinoma cell line.21 HL were prepared by sonication
(VELVO VS-N300, 300 W) of a mixture containing
90 mol% DMPC and 10 mol% C12(EO)n in 5% glucose
solution at 45 �C with 300 W, followed by filtration with
a 0.20 lm filter. The tumor cells (2.0 · 104 viable cells/
ml) were cultured for 48 h in a humidified 5% CO2 incu-
bator at 37 �C after adding the sample solutions. Then
WST-1 solutions were added to the cells and the
absorbance at a wavelength of 450 nm was measured
by spectrophotometer. The inhibitory concentration
was evaluated by Amean/Acontrol, where Amean and
Acontrol denote the absorbance of water-soluble forma-
zan, which was useful as an indicator of cell viability,
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Figure 1. Relationship between P of DPH in hybrid liposomes (HL)


and 50% inhibitory concentration of HL on the growth of WiDr cells.


1, DMPC; 2, HL-4; 3, HL-8; 4, HL-10; 5, HL-21; 6, HL-23; 7, HL-25.
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in the presence and absence of sample solutions, respec-
tively. Fifty percent inhibitory concentration (IC50) of
HL were 0.29 mM DMPC for HL-8, 0.25 mM DMPC
for HL-10, 0.23 mM DMPC for HL-21, 0.26 mM
DMPC for HL-23, and 0.30 mM DMPC for HL-25.
On the other hand, IC50 of DMPC liposomes was great-
er than 1.2 mM. These results indicate that HL-n (n = 8,
10, 21, 23, and 25) should be effective for inhibiting the
growth of WiDr cells.


How do HL suppress the growth of tumor cells? We eval-
uated the fluidity of HL from fluorescence polarization
(P) of 1, 6-diphenyl-1,3,5-hexatriene (DPH).22 The fluo-
rescence depolarization is caused by the molecular mo-
tion of the fluorescence probe, which reflects the
microviscosity of the surrounding region.23 The results
obtained by fluorescence measurements correspond
closely with data from NMR and DSC measurements
in terms of the mobility of molecules in microenviron-
ments.24 The results are shown in Figure 1. It is worthy
to note that a good correlation between the P values
and IC50 was obtained. This indicates that HL having
larger fluidity could suppress greater the growth of tu-
mor cells. We examined further mechanisms for sup-
pressing the growth of WiDr cells by HL. Apoptotic
DNA rates for WiDr cells treated with HL using flow
cytometer (Beckman-Coulter, Epics-XL). The results
are shown in Figure 2a. HL-23 and 25 were effective
for increasing apoptotic DNA rates among all the lipo-
somes employed in this study. So, we next examined cas-
pase cascade in relation to apoptosis induced by HL-23
on the basis of caspase fluorometric protease assay.25 It
is well known that the apoptosis signal is transduced
by sequential activation of caspase family cystein prote-

Scheme 1. Schematic representation of hybrid liposomes.

ase. The results are shown in Figure 2b. Activation of
caspase-8, -9, and -3 was observed for WiDr cells after
the treatment with HL-23, indicating that HL23 could
induce apoptosis through the activation of caspase-8,
-9, and -3. It is well known that the caspase-8 and -9
activities are around 1/10 of caspase-3. However, we
have already reported that the activities of caspase-8
and -9 were 1/3–1/2 of caspase-3 for human leukemia,15


lung tumor,26 and breast tumor cells27 after the treat-
ment with hybrid liposomes. So, the results in Figure
2a suggest that the high activities of caspase-8 and -9
for tumor cells could be characterized in the treatment
with hybrid liposomes.







Figure 3. Specific accumulation of hybrid liposomes including NBDPC in WiDr cells. (a) TIRF micrographs of WiDr and CCD33Co cells after the


treatment with HL. The red circle indicates a CCD33Co cell. (b) Fluorescent intensity of NBDPC incorporated into HL in WiDr (solid line) and


CCD33Co (dot line) cells.


Figure 2. Induction of apoptosis by HL for WiDr cells. (a) Apoptotic DNA rate for WiDr cells treated with HL-n for 24 h. (b) Activation of caspases


for WiDr cells treated with HL-23.
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We have already elucidated the pathways of apoptosis
induced by HL for human promyelocytic leukemia
(HL-60) cells. That is, HL fused and accumulated in
HL-60 cell membranes, and the apoptosis signal passed
through caspases and then reached the nucleus.15 Here,
to get evidence about the fusion and accumulation of
HL into WiDr cell membrane, total internal reflection
fluorescence (TIRF) microscopy28 was examined using
1-palmitoyl-2-[12-(7-nitro-2-1,3-benzoxadiazol-4-yl)
amino] dodecanoyl]-sn-glycero-3-phosphocholine
(NBDPC) as a fluorescence probe with a IX71 Olympus
fluorescence microscope.29 TIRF micrographs of WiDr
and normal colon (CCD33Co) cells after the treatment
with HL-23 including NBDPC are shown in Figure 3a.
CCD33Co was purchased from American Type Culture
Collection and originated from human. In addition,
fluorescence intensity of NBDPC incorporated into
HL was measured as shown in Figure 3b. Interestingly,
the fluorescence intensity of NBDPC incorporated into
HL-23 in WiDr cell membrane drastically increased
after 10 min (Fig. 3b), though that in CCD33Co cell
was almost constant. The specific high accumulation
of HL-23 in WiDr cell membrane was for the first time
observed using TIRF microscopy.


In conclusion, a good correlation between membrane
fluidity of HL and IC50 for the growth of WiDr cells
was observed for the first time. In addition, we clarified
that HL induced apoptosis for WiDr cells through the

activation of caspases. It is also worthy to note that
TIRF micrographs showed that HL distinguished
between tumor (WiDr) and normal (CCD33Co) colon
cells, and then fused and accumulated into WiDr cells
after the treatment with HL. Thus, this study demon-
strated that growth inhibition and apoptosis for tumor
cells by HL provides the possibility of therapy from a
viewpoint of biophysical characteristics of tumor cell
membranes and that we should consider both IC50 and
apoptotic DNA rates for clinical application.
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Abstract—Various compounds were evaluated for ability to inhibit the formation of the abnormal protease-resistant form of prion
protein (PrP-res) in two cell lines infected with different prion strains. Examination of the structure–activity relationships indicated
that compounds with copper-selective chelating ability and whose copper complexes have high SOD-like activity are candidates for
anti-prion drug.
� 2006 Elsevier Ltd. All rights reserved.

Transmissible spongiform encephalophathies (TSEs) or
prion diseases are a group of fatal neurodegenerative
disorders, and their development is associated with
accumulation of aggregated proteins, oxidative damage
to the brain, and neuronal cell loss. Prion diseases are
characterized by the generation of a protein molecule
termed PrPSc (scrapie isoform of the prion protein),
which is a conformational variant of the normal host
protein, PrPC (cellular isoform of the prion protein).1,2


It is believed that the conversion of PrPC into PrPSc is
the key event in the pathogenesis of TSEs.


The octapeptide repeat region of the PrPC binds several
copper ions with concentration of the micromolar
range3,4 and their dissociation constant for the ion is
reported to be femtomolar range.5 The biological signif-
icance of this interaction is not clear, but it is reported
that PrPC has a copper-dependent superoxide dismutase
(SOD) activity6 and PrPC may be involved in copper up-
take into cells.7,8 Recently, there has been increasing
interest in the role of metal ions, in particular copper,
in prion diseases.9,10


In the early 1970s, it was reported that the copper
chelator cuprizone induced prion diseases-like histopa-
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thological changes in mice.11,12 On the other hand, Sig-
urdsson et al. recently found that a copper chelator, DD-
penicillamine, delayed the onset of prion disease in
infected mice, and suggested that chelator-based therapy
might attenuate the disease.13 Copper has been implicat-
ed in the pathogenesis of prion disease, but numerous
studies have only succeeded in demonstrating the com-
plexity of the effects of copper on the development of
prion diseases, and it remains unclear whether this ion
promotes or inhibits disease progression.


In the present study, we evaluated the ability of a wide
range of compounds14 to inhibit the formation of the
abnormal protease-resistant form of prion protein
(PrP-res), using two cell lines, ScN2a cells and F3,
infected with different prion strains.15,16 We then ana-
lyzed the structure–activity relationships to investigate
what kinds of structure or biochemical characteristics
contribute to anti-prion activity.


Spectrophotometric complexation studies.17–19 The com-
plexes were prepared as previously reported.20,21 Solu-
tions of 10 mM Cu(ClO4)2 and 8-hydroxyquinoline
were prepared in H2O. Cu(II)-chelate formation of
8-hydroxyquinoline was demonstrated by Job’s meth-
od.18,19 The spectrophotometric complexation studies
showed that 8-hydroxyquinoline binds in 2:1 ratio with
Cu(II) (Fig. 1A). 2,2 0-Biquinoline, neocuproine, batho-
cuproine, 4,4 0-dicarboxy-2,2 0-biquinoline, porphyrins,
cimetidine and DD-penicillamine bind in 1:1 ratio with
Cu(II) (2,2 0-biquinoline, Fig. 1B; others, data not
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Figure 1. Continuous variation plots for 8-hydroxyquinoline and


Cu(II) (A) and 2,2 0-biquinoline and Cu(II) (B). (A) 2:1 binding ratio


between 8-hydroxyquinoline and Cu(II), (B) 1:1 binding ratio between


2,2 0-biquinoline and Cu(II). The plots were obtained by Job’s method


in aqueous solution.
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shown). However, it has been reported that the oxida-
tion state of copper may be altered in the DD-penicilla-
mine complex, and the complex prepared in this way
contains both Cu(I) and Cu(II).22


Inhibition of PrP-res formation in ScN2a cells and F3
cells by metal chelators.23–26 1,10-Phenanthroline,
2,2 0,200-terpyridine and 8-hydroxyquinoline did not
inhibit PrP-res formation within a nontoxic dose range
(Table 1), but were cytotoxic at 100 nM. Chelators of
this class can chelate a wide variety of metals.


Neocuproine, bathocuproine, 2,2 0-biquinoline and 4,4 0-
dicarboxy-2,2 0-biquinoline are highly specific copper
chelators. The chelators of this class, except 4,4 0-dicarb-
oxy-2,2 0-biquinoline, effectively inhibited PrP-res forma-
tion in ScN2a cells and F3 cells in a dose-dependent
manner (Fig. 2). The concentrations giving 50% inhibi-
tion (IC50) of PrP-res formation in ScN2a cells relative
to the DMSO-treated or untreated control ranged from
5 to 80 nM (Table 1). These compounds showed no
apparent cytotoxicity at concentrations up to 1 lM.
However, neocuproine was ineffective in F3 cells within
a nontoxic dose range. Findings from these experiments
suggest that compounds having copper-selective chelat-
ing ability are more effective inhibitors than non-selec-
tive metal-chelating compounds, but not an exclusive
factor.


Inhibition of PrP-res formation in ScN2a cells and F3
cells by porphyrins.23–26 Porphyrins can form 1:1 stable
chelates with various metal ions. The order of stability

for divalent metal ions is Cu > Fe > Zn > Mn, regard-
less of the type of substituents on the porphyrin ring.
Porphyrins were effective inhibitors of PrP-res forma-
tion, with IC50 values ranging from 5 to 320 nM in
ScN2a cells and F3 cells (Table 2). And Mn(III)–por-
phyrins complexes showed higher anti-prion activity
than the metal-free compounds (Table 2).


SOD-like activity and correlation with anti-prion activity.
It is known that Mn(III)–porphyrin complexes show
high SOD-like activity in vitro and in vivo.27,28 We
thought that SOD-like activity might contribute to the
anti-prion activity of such compounds, since the SOD
activity of PrPC is decreased by conversion to PrPSc.
Therefore, we focused on chelators having SOD-like
activity. Many low-molecular metal complexes, mainly
copper, manganese and iron complexes, have been syn-
thesized and their SOD-like activity examined in vitro
and in vivo,29–33 and some of them showed activity in vi-
vo.34–36 As shown in Table 3, SOD-like activity of these
compounds was measured in vitro by our methods.37


The SOD-like activity in cell lysates was significantly in-
creased when these metal-free compounds were added to
the cell cultures (data not shown). Therefore, the chela-
tors that showed anti-prion activity formed metal com-
plexes and had SOD-like activity.


Among these compounds, we chose cimetidine34,38 and
TPEN39 for further examination, as well as Mn-TCPP
(Mn-TBAP), which we had already examined. Cimeti-
dine effectively inhibited PrP-res formation, with IC50


values of 5 nM in ScN2a cells and 200 nM in F3 cells.
TPEN inhibited PrP-res formation, with IC50 values of
5 nM in ScN2a cells and 200 nM in F3 cells.


We found that the compounds, shown in Tables 1 and 2,
with higher anti-prion activity in ScN2a cells had higher
SOD-like activity (Table 3). Statistical analysis exhibited
a significant linear correlation between these two activi-
ties (r = 0.93) (Fig. 3).


Despite numerous studies, it remains unclear whether
copper ions promote13 or inhibit40 prion disease. In Alz-
heimer’s disease, another neurodegenerative disease, the
copper- and zinc-selective chelator clioquinol was effec-
tive in decreasing b-amyloid deposits.41 However,
Doh-ura et al. found that clioquinol and related com-
pounds, quinoline hydrochloride, 8-hydroxyquinoline,
and 8-acetoxyquinoline, were ineffective in scrapie-in-
fected mouse neuroblastoma (ScNB) cells.25 Thus, che-
lating drugs that are effective in inhibiting b-amyloid
formation may not inhibit the conversion of PrPC to
PrPSc.


In this study, we evaluated the anti-prion activity of var-
ious compounds having metal-chelating ability in order
to identify the requirements for anti-prion activity. We
found that many, but not all, compounds having selec-
tive copper-chelating ability are effective inhibitors of
PrP-res formation in ScN2a cells and F3 cells. Thus,
copper-selective chelating ability per se may not be
essential for anti-prion activity. This idea is supported
by the observation that porphyrins chelating manganese







Table 1. Inhibition of PrP-res formation in ScN2a cells and F3 cells by metal chelators


Compound Structure Metal(M) Inhibition PrP-res IC50 (nM)


ScN2a cells F3 cells


1,10-Phenanthroline N.E. N.E.


2,2 0,200-Terpyridine N.E. N.E.


8-Hydroxyquinoline N.E. N.E.


Bis(8-quinolinolato) Copper(II) Cu2+ N.E. N.E.


Bis(8-quinolinolato) Zinc(II) Zn2+ N.E. N.E.


Neocuproine 80 N.E.


Bathocuproine 80 200


2,2 0-Biquinoline 5 250


4,4 0-Dicarboxy-2,2 0-biquinoline N.E. N.E.


N.E., no effect.


IC50, concentration of a compound causing 50% inhibition of PrP-res formation relative to the control.


Figure 2. Anti-prion activity of 2,2 0-biquinoline in prion-infected cells.


Various concentrations of the compound were added to freshly passaged


ScN2a cells (A) or F3 cells (B), and the PrP-res levels were analyzed


by Western blotting. Lanes: 0, cells treated with DMSO alone;


others, treated with the indicated concentration of 2,2 0-biquinoline.


Bars on the left indicate molecular mass markers at 35 and 21 kDa.
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showed greater anti-prion activity than the metal-free
compounds. Therefore, we examined whether SOD-like
activity was associated with anti-prion activity, and dis-
covered that this was the case.


PrPC plays an important role in cell protection
from oxidative stress, and modulates the activity
of antioxidant enzymes by regulating the intracellu-
lar copper concentration, but it can also play a di-
rect role owing to its intrinsic SOD activity.6,42,43


Cells with accumulated abnormal PrPSc displayed
the phenotypes of decreased copper-binding capacity
and higher sensitivity to oxidative stress.16,44 Inter-
estingly, we found a significant correlation
(r = 0.93) between SOD-like activity and anti-prion
activity. Furthermore, we confirmed that the copper
complex of DD-penicillamine, which has been reported







Table 2. Inhibition of PrP-res formation in ScN2a cells and F3 cells by


porphyrins


Compound R Metal(M) Inhibition


PrP-res


IC50 (nM)


ScN2a cells F3 cells


TPP 10 320


TCPP 250 160


Mn-TCPP


(MnTBAP)


Mn3+ 40 60


TPPS 200 160


TMPyP 130 160


Mn-TMPyP Mn3+ 5 40


IC50, concentration of a compound giving 50% inhibition of PrP-res


formation relative to the control.


Table 3. SOD-like activity of metal complexes


Chelating


metal


Compound SOD-like activity


IC50 (lM)


Cu 8-Hydroxyquinoline 263


Clioquinol 140


Neocuproine 50


Bathocuproine 32


2,2 0-Biquinoline 3


4,4 0-Dicarboxy-2,2 0-biquinoline 263


Cimetidine 0.4


DD-Penicillamine 28


Mn TCPP 8


TMPyP 0.3


Fe TPEN 0.4


IC50, concentration of a compound giving 50% inhibition of WST-1


reduction.


Figure 3. Correlation between SOD-like activity and inhibition of PrP-


res formation in ScN2a cells. The plot shows data from seven


compounds for which both SOD activity and inhibition of PrP-res


formation were determined. (r = 0.93) SOD-like activity IC50: concen-


tration of a compound giving 50% inhibition of WST-1 reduction.


Inhibition PrP-res IC50: concentration of a compound giving 50%


inhibition of PrP-res formation relative to the control.
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to show anti-prion activity, exhibits SOD-like
activity.13


It is not easy to find molecules with both good metal-
binding ability and high SOD-like activity, because, tak-
ing copper ions as an example, the former property

means the Cu(II) complex is rather stable, while the lat-
ter property implies that the complex is prone to be re-
duced to the Cu(I)-chelator state.45 This might explain
why compounds such as clioquinol that are good copper
chelators are nevertheless ineffective in terms of anti-pri-
on activity.25


On the other hand, cimetidine can form complexes
with both Cu(I) and Cu(II), and has satisfactory
SOD-like activity in both states, so it may be a good
candidate for anti-prion activity. Furthermore, cimeti-
dine can cross the blood–brain barrier to act in the
central nerve system.46 This type of compounds may
provide a possible therapeutic approach for prion
diseases.


In conclusion, we suggest that compounds which have
copper-selective chelating ability, and whose copper
complexes have high SOD-like activity are candidates
for anti-prion drug.
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Abstract—This communication details the synthesis, biological activity, and binding mode of a novel class of 2-benzimidazole
substituted pyrimidines. The most potent analogs disclosed showed low nanomolar activity for the inhibition of Lck kinase and
a representative analog was co-crystallized with Hck (a structurally related member of the Src family kinases).
� 2006 Elsevier Ltd. All rights reserved.

1 (a) R= OH; lck  IC50 = 4.2 μM
1 (b) R= NH2; lck  IC50 = 6.8 μM
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Figure 1. Initial benzo[d]isoxazole containing lead molecule.

Lck is a 56-kD Src family protein tyrosine kinase (PTK)
that plays a critical role in the development and activa-
tion of T cells including T-cell antigen receptor (TCR)
phosphorylation (an event necessary for signal transduc-
tion in the T cell signaling cascade of the T-cell recep-
tor).1a,1b Activation of this cascade ultimately results
in the production of cytokines such as interleukin-2
(IL-2) and IFNc.1b,1c,1d The production of these cyto-
kines results in further activation and proliferation of
T lymphocytes to generate an immune response. Unlike
the widespread expression of some other Src family
PTKs, Lck expression is restricted to T-cells and natural
killer (NK) cells.1d As such the inhibition of Lck has
been proposed as a potential treatment for a number
of autoimmune diseases where T-cells are thought to
play an important role such as rheumatoid arthritis
(RA), inflammatory bowel disease (IBD), psoriasis, sys-
temic lupus erythematosus (SLE), and organ graft
rejection.1e


Screening efforts in our laboratories identified 4-
benzo[d]isoxazole compounds 1a–b as moderate Lck
inhibitors (Fig. 1). Initial work directed at improving
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the potency of these lead compounds led to the develop-
ment of a facile SAR strategy incorporating benzimid-
azole substituted pyrimidines. This communication
details the synthesis, biological activity, and binding
mode of a novel class of 2,4,6-trisubstituted pyrimidine
derivatives based on the initial lead benzo[d]isoxazole
1. The binding mode of these trisubstituted pyrimidine
inhibitors was also determined from X-ray co-crystal-
lography experiments in the related hematopoietic cell
kinase (Hck), a member of the Src family kinases.1a,b


The synthesis of the lead 2,4-disubstituted pyrimidines
(1a–b) is outlined in Scheme 1. 4-Iodo-2-methylthiopyr-
imidine2a (2) was treated with isopropyl magnesium
chloride followed by addition of 2-fluoro-benzaldehyde
to give alcohol 3.2b,2c Oxidation of this material with
MnO2 afforded the corresponding ketone which was
condensed with hydroxyl amine resulting in oxime 4.
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Scheme 1. Preparation of compounds 1a–b. Reagents and conditions:


(a) isopropyl magnesium chloride 2 M, THF �40 �C; then 2-fluoro-


benzaldehyde, 34%; (b) MnO2, DCM, 24 h, 97%; (c) hydroxyl-


amineÆHCl, pyridine, 95 �C, 3 h; (d) NaH, DMF 165 �C, 0.5 h, 54%


(2 steps); (e) m-CPBA, DCM, 0 �C, 0.25 h; (f) 3-amino-4-methyl-


phenol, CH3CN, 155 �C, microwave, 15% (2 steps 1a); (g) 4-methyl-


benzene-1,3-diamine, CH3CN, 150 �C, microwave, 0.5 h, HPLC sep-


aration of isomers, 1% (2 steps 1b).
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Treatment of this crude material with NaH followed by
heat afforded intermediate 5.3 Oxidation of the thio-
group on compound 5 with Oxone� and displacement
of the resultant sulfone/sulfoxide mixture generated the
final products 1a–b.4


To more quickly expand the SAR of pyrimidines 1 and
to overcome synthetic difficulties with this scaffold, a
benzimidazole group was substituted for the 4-
benzo[d]isoxazole moiety. The resulting phenol 6a
(Table 1) proved to be a significantly more potent
inhibitor (Lck IC50 = 193 nM)5a compared to 1a. Inter-
estingly, the corresponding methyl ether 6b and amides
6c–d displayed greatly attenuated activity. Pyrimidine

Table 1. IC50 values for derivatives 6a–m, 7a–c


N


N


N


N R1


H
N


N


N N


N


R1


H
N


6 7


Compound R1 Lck IC50
a (nM)


6a
OH


193


7a 24


6b
OCH3


>10,000


7b 7700


6c


O


NH2 5664


6d
O


N
H


8640


6e
OH


>10,000


7c
F


>10,000


a IC50’s were determined with a commercial Proflour assay (Promega


corp., Cat. #1271).

6e which did not contain the 4-methyl group on the
C2 anilino substituent (compare 6a vs 6e) was devoid
of activity.


Our attention subsequently focused on understanding
the role of the pyrimidine ring nitrogen atoms (N1 and
N3) in the potency observed. Regioisomeric analogs
7a–c were synthesized using modified literature condi-
tions and the results are presented in Table 1.6


Derivative 7a which transposed the substituents at C2
and C4 relative to original compound 6a displayed
greater potency (Lck IC50 = 24); however, the C4 C6
isomerically substituted compound (8, Fig. 2) was de-
void of any Lck activity.7


With such a potent lead molecule (7a) we again attempt-
ed to introduce alternatively functionalized anilines at
C4. However both the 5-methoxy (7b) and 5-fluoro ani-
line (7c) derivatives showed greatly attenuated activity
(Table 1). The presence of both a 4-methyl and phenolic
hydroxyl on the C2 anilino substituent appeared crucial
for good activity.


Our efforts were next directed at adding functionality to
improve the poor aqueous solubility (4 lg/ml) of scaf-
fold 7a.8 A series of 2,4,6-trisubstituted pyrimidines
were synthesized which maintained both the C2 and
C4 groups found on 7a while introducing various basic
amine substituents to the C6 position of the pyrimidine
core (Tables 2 and 3). We reasoned that basic amine
substituents could be tolerated at position C6 after
examining the active site of Lck in complex with inhib-
itors disclosed in the literature.9 These groups may im-
part greater aqueous solubility and added potency
through interactions with proximal acidic residues.


The synthesis of these 2,4,6-trisubstituted pyrimidines is
outlined in Scheme 2. 4,6-Dichloro-2-methylsulfanyl-py-
rimidine and 5-methoxy-2-methyl-phenylamine were
heated at 140 �C to afford intermediate 10. Oxidation
of the thiol group in 10 with Oxone� followed by dis-
placement of the resultant sulfone/sulfoxide mixture
with sodium benzimidazolate and the subsequent phenol
deprotection gave 11. The 6-chloro group on this pyrim-
idine was then displaced with various amines and sodi-
um alkoxides to give 12a–p. Analogs 12q–r resulted
from Suzuki–Miyaura coupling of the corresponding vi-
nyl heterocycle and 11.10


The initially synthesized compounds 12a–e containing
simple substituents at the C6 position were somewhat

N N
N


N


HN
OH


8
Lck IC50 > 10μM


4


6


Figure 2. Compound 8.







Table 2. Lck inhibition data for derivatives 12a–r


N


N


NN


HN
OR2


R1


Compound R1 R2 Lck IC50
a (nM)


4 –Cl H 1286


12a –NH2 H 294


12b –NHCH3 H 79


12c –N(CH3)2 H 384


12d –OCH3 H 71


12e
N


O
H 137


12f
N


NCH3 H 3


12g N
O


O
H 3


12h N


O


O
–CH3 867


12i N


O


N
H


H 17


12j N


NCH3


O
H 65


12kb


N
H


N H 3


12l NN
H


H 44


12m
NN


H
NH


H 130


12n N
NCH3


N
H


H 45


12o
N
H


N


NCH3
H 165


12p
N
H


N
O


H 519


12q
NCH3 H 43


12r
NH


H 333


a IC50’s were determined with a commercial Proflour assay (Promega


corp., Cat. #1271).
b Biological activity of 12k in two related Src family kinases was


determined in a similar fashion (Src IC50 = 162 nM; Hck


IC50 = 46 nM).5b,5c.
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less potent inhibitors of Lck compared to the lead 7a
(IC50 = 71–384 nM). The N-methyl piperazine analog
12f, however, displayed better potency but possessed
no aqueous solubility (sol 6 0.1 lg/ml at pH 7.4).

Introduction of an ethylmorpholine group at the C6 via
an O (12g) or NH (12i) linker resulted in inhibitors with
better potency in the enzyme assay (Lck IC50 = 3 and
17 nM, respectively). Methylation on the phenolic
hydroxyl (12h) dramatically reduced potency (compare
12g vs 12h).


Substitution of the N-methyl piperizine unit for mor-
pholine (12j vs 12g) gave the first analog with good
aqueous solubility (sol = 70 lg/ml at pH 7.4) with only
a slight decrease in activity (Lck IC50 = 65 nM). Deriva-
tives 12k–n also displayed good kinase inhibition (Lck
IC50 = 3–130 nM). Hydrazino analogs 12o and 12p how-
ever displayed lower potency. Insertion of a methylene
spacer (12q) produced an analog with better enzyme
potency than the corresponding hydrazino analog 12o.
However insertion of an additional ethylene spacer
(12r) in combination with a piperidine substituent (con-
trast 12q, 12m, and 12r) reduced activity.


Representative compounds that showed promising Lck
inhibition were tested for inhibition of IL-2 production
in a Jurkat cellular assay.11 Analogs displaying cellular
potency were screened for in vitro metabolism12 and
progressed into PK studies (Table 3). Compounds 12g,
12j, and 12q showed moderate to good IL-2 inhibitory
activity (0.054, 0.400, and 0.163 lM, respectively). The
morpholino compound 12g however showed poor aque-
ous solubility. Metabolism studies of the compounds in
Table 3 revealed moderate to high intrinsic clearance
(CLint = 48–124 ml/min kg).13 Inhibitors 12g, 12h, and
12q were subsequently evaluated in a PK study to deter-
mine bioavailability and half-life. Both molecules 12g
and 12q had no oral bioavailability. Only the less potent
methoxy analog 12h was orally bioavailable (% F = 22;
T1/2 = 2.13 h).


To delineate the binding mode of these molecules an X-
ray crystallographic structure of 12k with hck (a struc-
turally related member of the Src family kinases) was
obtained (Fig. 3).14 Inhibitor 12k orients itself in the
hck enzyme such that the benzimidazole N hydrogen
bonds to the amide N–H of Met319 and the phenolic
OH hydrogen bonds to carboxyl of Glu 288. An addi-
tional interaction may occur between the O–H of the
Thr316 (gatekeeper residue) and the aniline N–H on
the phenol substituent. The 4-methyl group on the phe-
nol substituent appears to sit in a small hydrophobic
grove formed in part by the CH3 of Thr316. This place-
ment appears to position the phenolic OH for optimal
interaction with Glu288.


In summary we have reported a class of trisubstituted
pyrimidines that have shown nanomolar activity for
inhibiting Lck kinase activity. The binding mode of this
series of novel Lck inhibitors was determined through
X-ray co-crystallographic studies in the structurally
related Src family kinase Hck (PDB accession code
2HK5). Seven of the most potent analogs were further
tested for inhibition of IL-2 cytokine production, show-
ing a range of potencies (0.054–2.280 lM). The pharma-
cokinetic properties of these pyrimidine analogs were
also evaluated. Compounds 12j–l, 12n, and 12q all had







Table 3. IL-2 inhibition and pharmacokinetic data for select compounds


Compound IL-2a IC50 (lM) Solubility (lg/ml) Met % lossb CLint
b (ml/min kg) Fd (%)


12g 0.054 3 48 124 0


12hc 1.270 27 — 48 22


12j 0.400 70 35 83 —


12k 0.549 127 45 107 —


12l 2.195 55 48 92 —


12n 2.281 54 39 93 —


12q 0.163 40 — 50 0


a Inhibition of IL-2 synthesis measured from Jurkat cells.
b % loss and intrinsic clearance after 1 h for compounds (1 lM concentration) tested in cryopreserved rat hepatocyte suspensions.
c Compound 12 h had CL_plasma (ml/min kg) = 132, AUC-po (ng-h/ml) = 497, Cmax (ng/ml) = 76.
d Compounds dosed po and iv at 10 mg/kg.
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Figure 3. Key hydrogen bonds between 12k and Hck.
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good aqueous solubility (40–127 lg/ml). Metabolism
studies of the compounds revealed moderate to high
intrinsic clearance (CLint = 48–124 ml/min kg).1 Subse-
quent PK studies revealed the phenol containing phar-
macophore produced inhibitors with poor
bioavailability. Only the methoxy derivative 12h had
good BA (% F = 22, T1/2 = 2.1 h).
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Abstract—Two cyclopropanecarbonyl derivatives were independently found to be 15 and 14 times more potent than the correspond-
ing isopropylcarbonyl analogues as inhibitors of 4-hydroxyphenylpyruvate dioxygenase and dihydroorotate dehydrogenase, respec-
tively. A thorough examination of the co-crystal structures of available enzyme inhibitor complexes and the conformation of X-ray
crystal structures of several synthesized cyclopropanecarbonyl derivatives revealed that this enhancement by one order of magnitude
of inhibition potency exhibited by cyclopropanecarbonyl derivatives in both enzymes is probably caused by respective metal chelat-
ing and hydrogen bonding interactions at the ligand–receptor binding site. These specific interactions subsequently cause the cyclo-
propyl group of the molecules to adopt a fixed bisected conformation, which is unavailable for isopropylcarbonyl derivatives.
� 2006 Elsevier Ltd. All rights reserved.

4-Hydroxyphenylpyruvate dioxygenase (HPPD)1 is a
non-heme Fe-dependent enzyme involved in the catabo-
lism of tyrosine in most organisms. It catalyzes the con-
version of 4-hydroxyphenylpyruvate to homogentisate.
The inhibition of HPPD activity may provide an effec-
tive drug therapy in treating fatal tyrosinaemia type I.2


During our ongoing efforts to develop potent HPPD
inhibitors as potential therapeutic agents, an interesting
observation was made: the inhibition activity of 2-cyclo-
propylcarbonylcyclohexane-1,3-dione 4 toward HPPD
was 15 times more potent than that of the corresponding
2-isopropyl derivative 3 (Table 1).3 Similar observations
were also made of a non-related enzyme, dihydroorotate
dehydrogenase (DHODH).4 DHODH is a key enzyme
which catalyzes the fourth step of the synthesis of pyrim-
idine bases necessary for cell proliferation. Molecules
with DHODH inhibition activity may have the potential
to serve as an immunosuppressive drug for the treat-
ment of rheumatoid arthritis.5 Previous studies6 have
demonstrated that cyclopropanecarbonyl derivative 11
was 14 times more potent than the corresponding iso-
propylcarbonyl derivative 8 in inhibiting rat DHODH
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(Table 2). Although the role of the cyclopropyl ring re-
mains unclear, it cannot be accounted for only by lipo-
philicity. These findings prompted us to investigate the
possible biological role of cyclopropanecarbonyl func-
tionality, which is present in various bioactive mole-
cules. Here we report the X-ray crystal structures of
several cyclopropanecarbonyl-containing compounds,
whose carbonyl oxygen atoms are either metal-chelated
or intramolecularly hydrogen-bonded. The observed
bisected cyclopropane conformation relative to the adja-
cent carbonyl group in these molecules, together with
the recently published co-crystal complex structure of
factor Xa7 with an inhibitor containing a constrained
cyclopropylglycine core, supports the hypothesis that
these cyclopropanecarbonyl compounds 4 and 11 may
behave as novel ligand–receptor interaction induced
conformation-restricted enzyme inhibitors.


2-(2-Nitro-4-trifluoromethylbenzoyl)cyclohexane-1,3-
dione (NTBC, Fig. 1),8 a triketone derivative, is a US
Food and Drug Administration approved drug for the
treatment of tyrosinaemia type I by inhibition of
the activity of HPPD. The molecular mode of action
of this triketone-type HPPD inhibition has recently been
characterized to be caused by a tight chelation of the
enzyme-bound metal iron with enol tautomer of the
1,3-diketone moiety of the inhibitor.9 We assert that
the chelation of the active site iron ion with the carbonyl
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Table 2. SAR studies of rat DHODH inhibition6
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Scheme 1. Preparation of compounds 14 and 15.
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oxygen atom in 4 may induce the cyclopropyl group to
adopt the bisected conformation, making 4 an induced
conformation-restricted analogue. Conformation-re-

active site metal


O


O


O
F3C


NO2


CF3


NTBC
Mode of HPPD inhibition


Fe


Figure 1. Structures of HPPD inhibitor NTBC and DHODH inhibitor A77

stricted analogs have long been used to improve the li-
gand–receptor binding affinity and to elucidate the
receptor binding site topography.10 Although the best
way to verify this hypothesis is to examine the three-di-
mensional structure of HPPD and the cyclopropanecar-
bonyl-containing inhibitor complex, this desired co-
crystal structure is presently unavailable. Alternatively,
a triketone derivative 14 was selective as a model com-
pound to explore the most stable conformation of a
cyclopropane group given that the adjacent carbonyl
oxygen atom is metal-chelated. Scheme 1 depicts the
preparation of 14 in two steps by esterification of
4-hydroxycoumarin with cyclopropanecarbonyl chlo-
ride, followed by a KCN-catalyzed isomerization reac-
tion.11 The inhibition result indicated that 14 is a
much less potent HPPD inhibitor with IC50 value of
322 lM. This observation suggested that the left-hand
side moiety of 4 also plays an important role on HPPD
inhibition, other than the capability of chelation with
the active site iron. The cyclopropanecarbonyl deriva-
tive 14 was further treated with sodium ethoxide and
FeCl3 to yield iron-chelated trimer 15.12 X-ray crystal
structure of iron complex 15 indeed indicated that cyclo-
propane is bisected to the iron-chelated carbonyl group
(Fig. 2). Therefore, complex 15 can be regarded as a
conformationally restricted molecule because of the
fixed cyclopropane conformation. Assuming that 4
adopts the similar bisected conformation when chelated
with iron at the HPPD active site, compound 4 may
bind more tightly than does conformationally flexible
isopropyl derivative 3, presumably because of the con-
formationally restricted cyclopropane structure induced
by the iron oxygen chelation. This specific iron chelation
increases the electrophilic character of the carbonyl car-
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Figure 2. X-ray crystal structures of compounds 14 and 15.
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bon in 4, subsequently causing the cyclopropane group
to adopt the rigid bisected conformation relative to the
carbonyl group. The resulting conformation-restricted
cyclopropanecarbonyl analogues then exhibit an enzyme
inhibition potency that exceeds by more than one order
of magnitude that of the corresponding conformational-
ly flexible isopropylcarbonyl compounds. A similar
magnitude of rate enhancement on p-cyclopropyl t-cum-
yl chloride solvolysis in aqueous acetone relative to the
corresponding p-isopropyl derivative has also been
reported three decades ago. Brown13 has demonstrated
that a cyclopropyl substituent in the para-position
increases the solvolysis rate of a tertiary benzylic chlo-
ride up to nine times, comparing with the corresponding
isopropyl substituent (Fig. 3). This close to one order of
magnitude rate enhancement has been attributed to the
fact that the developing cationic center can simulta-
neously interact with two ‘bent bonds’ of the bisected
cyclopropyl ring via the benzene p orbitals. This obser-
vation suggested that both cyclopropane ring and ben-
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Figure 4. Structures of FXa inhibitor 16 and its glycine homolog 17.

zene ring are conformation-restricted during solvolysis.
We speculate that sharing a similar enhancement prop-
erty on two non-related events (enzyme inhibition
potency and solvolysis rate) by cyclopropyl-containing
derivatives relative to their corresponding isopropyl
ones is unlikely to be a coincidence, but a common phe-
nomenon. If this hypothesis held true, then this one
order of magnitude inhibition potency enhancement
phenomenon should be observed in other enzymatic
systems as well.


With reference to DHODH inhibition, DHODH is not a
metal-dependent enzyme, and compound 11 should
have a different mode of action than that of 4. Examin-
ing the co-crystal structure of human DHODH in
complex with the inhibitor A771726 (an antiproliferative
agent, Fig. 1) determined by Clardy14 clearly reveals a
hydrogen bonding between the acetyl oxygen in
A771726 with the hydroxyl group of Tyr 356 in DHO-
DH. If 11 and A771726 are assumed to share the same
DHODH binding site, then this specific hydrogen bond-
ing may increase the electrophilic character of the
carbonyl carbon in 11, subsequently causing the cyclo-
propane group to adopt a bisected conformation.
Again, the triketone 14 was selective as a model
compound to explore the most stable conformation of
a cyclopropane group given that the adjacent carbonyl
oxygen atom is hydrogen bonded. The X-ray crystal
structures of 1412 were determined, as shown in Fig. 2.
The cyclopropane moiety indeed adopts the expected
bisected conformation which is induced by the intramo-
lecular hydrogen bond. Thus, it is reasonable to assume
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that cyclopropanecarbonyl derivative 11 was 14 times
more potent than the corresponding isopropylcarbonyl
derivative 8 in rat DHODH inhibition is because of
the hydrogen bonding of the cyclopropanecarbonyl oxy-
gen of 11 to the hydroxyl group of Tyr 356 in DHODH
active site. This specific hydrogen bonding induces the
cyclopropyl group in 11 to adopt the fixed bisected con-
formation, causing 11 to function as a conformation-re-
stricted DHODH inhibitor. Therefore, the enzyme
DHODH can be considered as the second example
which exhibited the unique inhibition potency enhance-
ment property by a cyclopropanecarbonyl-containing
derivative.


This proposed hydrogen bonding-induced conforma-
tion-restricted enzyme inhibition potency enhancement
has gained further support by the recent design of a fac-
tor Xa (FXa) inhibitor. FXa is a key protease at the cen-
tral junction of coagulation pathways involved in the
formation of blood clots. Kohrt7 and co-workers have
reported a potent FXa inhibitor 16 with a constrained
cyclopropylglycine core to reduce the potential for bond
rotation (Fig. 4). Based on the published co-crystal struc-
ture of FXa in complex with 16, the cyclopropyl group
indeed adopted the expected bisected conformation rela-
tive to the glycine carbonyl group. Similar to the DHO-
DH inhibition, this rigid conformation was strengthened
by a strong hydrogen bonding between the carbonyl
group of cyclopropylglycine and water in the enzyme ac-
tive site (Fig. 5). Furthermore, compound 16 was also
found to be 7-fold more potent than its glycine homolog
17, presumably due to the decreased entropy of 16 after
binding with FXa. We speculate that compound 16 will
be one order of magnitude more potent than the corre-
sponding isopropyl derivative on FXa inhibition,
although these data are currently unavailable.


In summary, the potency of cyclopropanecarbonyl
derivatives in HPPD and DHODH inhibitions is one
order of magnitude greater than that of corresponding
isopropyl derivatives is probably associated with the
respective metal chelating and hydrogen bonding
interactions at the ligand–receptor binding site. These
interactions increase the electrophilic character of the
carbonyl carbon atom, causing the adjacent cyclopro-
pane group to adopt a fixed bisected conformation.
Therefore, these two cyclopropanecarbonyl compounds
can be regarded as induced conformation-restricted
enzyme inhibitors. Considering the fact that approxi-

mately one-third of the proteins contain metal ions
and hydrogen bonding is one of the most frequently
encountered interactions involved in the ligand–receptor
complexes, this induced conformational restriction
strategy can potentially be exploited in designing vari-
ous other potent enzyme inhibitors.
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Abstract—The development of 3-(indol-2-yl)indazoles as inhibitors of Chek1 kinase is described. Introduction of amides and het-
eroaryl groups at the C6 position of the indazole ring system provided sufficient Chek1 potency and selectivity over Cdk7 to permit
escape from DNA damage-induced arrest in a cellular assay. Enzyme potency against Chek1 was optimized by the incorporation of
a hydroxymethyl triazole moiety in compound 21 (Chek1 IC50 = 0.30 nM) that was shown by X-ray crystallography to displace one
of three highly conserved water molecules in the HI region of the ATP-binding cleft.
� 2006 Elsevier Ltd. All rights reserved.

Although effective, DNA damaging agents used in che-
motherapy show little selectivity for killing tumor cells
over normal proliferating cells. Therefore, strategies tar-
geting an increase in the therapeutic window of these
agents are warranted. In normal cells, DNA damage
causes cell cycle arrest through the tumor suppression
protein p53 and activation of checkpoint kinase Chek1,
allowing for repair.1–3 In tumor cells that have impaired
p53 function, a defect common to 50–70% of all cancers,
survival from DNA damage relies primarily on activa-
tion of Chek1 which ultimately leads to inactivation of
Cdc2 (Cdk1), a cyclin-dependent kinase whose activity
is critical to cell cycle progression. In these tumors,
Chek1 inhibition results in abrogation of arrest and pre-
mature cell cycle progression into mitosis where cell
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death occurs through mitotic catastrophe and apoptotic
pathways. Accordingly, Chek1 inhibitors4 have the po-
tential to sensitize p53-impaired tumor cells to DNA
damaging agents during chemotherapy and thereby in-
crease the efficacy and alleviate the toxicity to normal
cells associated with such treatments. In this paper, we
report the optimization of Chek1 potency and selectivity
of lead 1 (Table 1) through modification of the indazole
substituent at C6.


Lead 1 was designed originally as a KDR kinase inhib-
itor and was subsequently identified as an ATP-compet-
itive inhibitor of Chek1 from a directed screening
campaign. Our initial efforts to improve the potency of
1 involved the introduction of a basic sidechain to C5 0


of the indole ring system, a strategy successfully em-
ployed for this and closely related series of KDR kinase
inhibitors.5,6 Consistent with our previous findings,
addition of a benzylic amine to C5 0 provided a 10-fold
improvement in Chek1 potency with 2.7 Not surprising-
ly, 1 and 2 were devoid of cellular activity in both a
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Table 1. Chek1 inhibitory and cellular activities of 1–5


Compound R1 R2 Chek1 IC50 (nM) Phos IC50 (nM) CEA IC50 (nM)


1 H 27 >10,000 >10,000


2 2.3 >10,000 >10,000


3 CN 17 1000 >10,000


4 Cl 120 — —


5 H 640 — —
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Chek1 autophosphorylation assay (Phos)8 and in a func-
tional checkpoint escape assay (CEA)9 that measures re-
lease of H1299 tumor cells from DNA damage-induced
cell cycle arrest and progression into mitosis following
Chek1 inhibition. The lack of activity of 1 and 2 in these
assays was attributed to a combination of low aqueous
solubility and high polarity engendered by the acidic tet-
razole group at C6. We postulated that cellular activity
would be gained by replacement of the tetrazole with a
neutral substituent, but potentially at the expense of en-
zyme potency, since an X-ray structure of 1 bound to
Chek1 showed the tetrazole engaged in an ionic interac-
tion with Lys38 located in hydrophobic region I (HI) of
the ATP-binding cleft.10 The Chek1 inhibitory activity
of an initial set of compounds confirmed the latter pre-
diction (Table 1), but encouragingly showed that the
cyano group in 3 provided significant retention in poten-
cy when exchanged with the tetrazole moiety.


While 3 was active in the Phos assay, indicating that its
intrinsic potency and cell membrane permeability11 were
sufficient to inhibit Chek1 activity in cells, it was found to
be functionally inactive in the CEA. A potential explana-
tion for the unexpected lack of cellular response in the
CEA was revealed through the profiling of 3 against a
broad panel of kinases where strong inhibitory activity
was measured against Cdk7 (IC50 = 39 nM) in particu-
lar.12 Cdk7 is a member of the cyclin-dependent kinase
family that plays a central role in the regulation of cell
cycle transitions.13,14 Specifically, Cdk7 activates other
Cdks critical to cell cycling, including Cdc2, through
phosphorylation of key threonine residues. Because
Cdk7 activity is essential to cell cycle progression, we
proposed that the inactivity of 3 in the CEA was due
to counterproductive Cdk7 inhibition resulting in cellu-
lar arrest that precluded the expected cell cycle progres-
sion mediated by Chek1 inhibition. Further support for

this hypothesis was gained in a follow-up study where
we demonstrated that Cdk7 siRNA inhibited checkpoint
escape of a functionally active Chek1 inhibitor in this as-
say (data not shown). Consequently, to achieve check-
point escape, the desired cellular response to Chek1
inhibition, we set out to identify compounds in this series
that showed selectivity for Chek1 inhibition over Cdk7.


Our design strategy to gain selectivity for Chek1 cen-
tered on modification of the C6 substituent whose bond
vector is directed toward HI. The peptide sequences of
Chek1 and Cdk7 differ in this back region. Most nota-
bly, the residue equivalent to Leu84 of Chek1,15 the
so-called ‘gatekeeper’ residue which forms part of HI,
is a more sterically constraining Phe in Cdk7.16 In an at-
tempt to exploit this difference, we found that replace-
ment of the C6 cyano group with a methyl ester (7) or
small amides (8–10) retained Chek1 potency and affor-
ded a significant enhancement in selectivity over Cdk7
relative to 6 (Table 2). Of greater gratification was that
these compounds displayed cellular checkpoint escape
with EC50’s in the low micromolar range,17 a finding
consistent with our hypothesis concerning the impor-
tance of adequate Chek1 selectivity for functional activ-
ity in this assay. Heterocycles were also investigated as
replacements for the cyano group, although with mixed
results. Pyrazoles 11 and 13 and thiazole 14 were equi-
potent against Chek1 and Cdk7, and like 3 and 6 were
inactive in the CEA.18 Methylation of 11, providing
12, was attempted to improve Chek1 selectivity but
was found detrimental to Chek1 potency. On the other
hand, thiazole 15 maintained potent Chek1 inhibitory
activity, displayed 80-fold selectivity for Chek1 over
Cdk7, and accordingly demonstrated checkpoint escape
in the functional assay. Incorporation of an N1-linked
1,2,3-triazole in 16 enhanced Chek1 potency and appar-
ently provided sufficient selectivity to render this com-







Figure 1. X-ray crystallographic structure of 21 (green) bound to


Chek1 (light brown) with water molecules shown (red spheres and


surface). Water molecule displaced by 21, but present in X-ray


structure of 1 shown as a mesh sphere (magenta).


Table 2. Inhibitory profiles of 6–21


Compound X R Chek1 IC50 (nM) Cdk7 IC50 (nM) (ratio) CEA EC50 (nM)


6 O CN 30 11 (0.37) >50,000


7 O CO2Me 62 6500 (100) 1930


8 O CONH2 12 1300 (110) 980


9 O CONHMe 13 4900 (380) 650


10 O CONMe2 80 >100,000 (>1200) 4000


11 O 10 25 (2.5) >50,000


12 O 530 — —


13 O 59 34 (0.58) >50,000


14 CH2 12 18 (1.5) >10,000


15 CH2 48 4000 (83) 2000


16 CH2 2.6 57 (22) 350


17 CH2 30 420 (14) 1400


18 CH2 110 2300 (22) >10,000


19 CH2 34 480 (14) 4500


20 CH2 45 7000 (160) 5000


21 CH2 0.30 56 (190) 690
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pound active in the CEA. Interestingly, methylation of
the triazole to give 17 maintained an adequate selectivity
ratio for functional activity, but reduced enzyme poten-
cy by an order of magnitude. N-Linked pyrazole 18
highlighted the importance of the 3-nitrogen atom of tri-
azole 16 with regard to Chek1 and Cdk7 potency, while
19 showed that some of the loss could be recovered with
an N2-linked 1,2,3-triazole. While the phenyl group of
20 provided adequate selectivity to induce checkpoint
escape, potency was found to be only modest. Surpris-
ingly, subnanomolar enzymatic potency for Chek1 was
realized with the functionally active derivative 21, a
compound bearing a unique hydroxymethyl triazole
group at C6.19 To summarize, our data showed that
while compounds equipotent against Chek1 and Cdk7
(6, 11, 13, and 14) were inactive in the CEA, inhibitors
with Cdk7/Chek1 IC50 ratios as low as 14 (17 and 19)
were functionally active.


Insight into the superior binding affinity of 21 was
gained through analysis of an inhibitor-bound X-ray
structure (Fig. 1).20 The structure revealed that the
hydroxyl group of the triazole had displaced one of

three conserved water molecules that make up a key
hydrogen bonding network in HI. While desolvation
of the hydroxyl group may be an unfavorable thermody-
namic event, the entropic gain of resolvation of the







Table 3. Inhibitory activities of 22–24


Compound R1 R2 Chek1 IC50 (nM) Cdk7 IC50 (nM) CEA EC50 (nM)


22 0.30 180 340


23 0.11 300 610


24 0.25 310 92
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ordered water molecule released from HI compensates
for it.21 Moreover, the X-ray structure of 21 showed that
the hydroxyl group made an additional hydrogen bond
to the protein backbone at Asp148. Taken together, we
concluded that the gain in binding affinity with 21 was
largely due to the ‘anchoring’ of the hydroxyl group
within the depicted hydrogen bonding array.


In exploring the scope of this finding, we found that the
aminomethyl triazole of 23 provided a small gain in
Chek1 potency in the enzyme assay, but offered no
improvement in cellular activity in the CEA relative to
22 (Table 3).22 In 24, we introduced the phenolic group
that was recently reported as a potency-enhancing fea-
ture for a related series of Chek1 inhibitors.23 For this
series, the phenol conferred similar enzyme potency
and greater cellular activity relative to the hydroxymeth-

Figure 2. Synthesis of 21.

yl triazole. Interestingly, an X-ray structure of 24
showed displacement of all three water molecules from
HI by the phenolic group, consistent with the reported
finding.


The synthesis of 21 is shown in Figure 2.24 The route be-
gan with the preparation of 6-bromoindazole by the
method of Bartsch and Yang.25 Iodination followed by
a regioselective Suzuki cross-coupling reaction with the
depicted indole boronic acid proceeded smoothly to
form the 3-(indol-2-yl)indazole core structure. Palladi-
um-catalyzed coupling of the product bromide with
propargyl alcohol in pyrrolidine26 and subsequent oxi-
dation to the aldehyde set the stage for the construction
of the triazole by way of a 3 + 2 cyclization with sodium
azide.27 Sodium borohydride reduction of the resulting
aldehyde then provided 21.
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In summary, we have described the effects of C6 sub-
stitution on Chek1 potency and selectivity for a series
of 3-(indol-2-yl)indazoles. We showed that selectivity
for Chek1 over Cdk7 was required for functional
activity in a cell-based checkpoint escape assay for this
series of compounds. The hydroxymethyl triazole
group provided enhanced binding affinity, apparently
through participation in a hydrogen bonding network
in HI following displacement of a conserved water
molecule.
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Abstract—Polyoxotungstates were identified as potent inhibitors of NTPDases1, 2, and 3. The most potent compound was
K6H2[TiW11CoO40], exhibiting Ki values of 0.140 lM (NTPDase1), 0.910 lM (NTPDase2), and 0.563 lM (NTPDase3). One of
the compounds, (NH4)18[NaSb9W21O86], was selective for NTPDases2 and 3 versus NTPDase1. NTPDase inhibition might contrib-
ute to the described biological effects of polyoxometalates, including their anti-cancer activity.
� 2006 Elsevier Ltd. All rights reserved.

Extracellular nucleotides such as ATP, ADP, UTP, and
UDP can act on a variety of nucleotide receptors (P2
receptors).1 The activation of P2 receptors is controlled
by ecto-nucleotidases capable of hydrolyzing nucleoside
tri- and diphosphates2 (ecto-nucleoside triphosphate
diphosphohydrolases, E-NTPDases). Inhibition of
E-NTPDases can result in a potentiation of purinergic
signaling, supporting the notion that endogenous ecto-
nucleotidases reduce the effective concentration of the
released nucleotide.3–6 Similarly, metabolically stable
analogs of ATP are often considerably more effective
in causing a biological response than ATP itself. Inhib-
itors of E-NTPDases could thus represent valuable tools
for amplifying the biological effects induced by extracel-
lularly released nucleotides. In addition, inhibition of E-
NTPDases is required when studying nucleotide release.
Three different E-NTPDases have been known, NTP-
Dase1, 2, and 3.2 Recently, NTPDase8 has been de-
scribed as a fourth E-NTPDase.6,7 NTPDases4, 5, 6,
and 7 are intracellular enzymes.


Inhibitors of E-NTPDases should not be dephosphoryl-
ated, that is, they should not be substrates of the
enzymes. Ideally they would reveal selectivity for
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individual E-NTPDase isoforms. NTPDase1 hydrolyzes
ATP and ADP equally well, while NTPDase2 has a high
preference for ATP. NTPDase3 is a functional interme-
diate, preferably hydrolyzing ATP (ATP/ADP = 5:1, rat
enzyme).2


Currently, there is a lack of potent and subtype-selective
E-NTPDase inhibitors, which are urgently needed as
pharmacological tools. Furthermore, such inhibitors
may have potential as novel drugs,2,9 for example, for
the treatment of cancer and diseases of the immune sys-
tem. Inhibition of NTPDases may increase the immune
response toward viral or bacterial infections. Local inha-
lative application may be useful for the treatment of cys-
tic fibrosis and infectious diseases of the lung.


The NTPDase inhibitors known so far are derived from
three different chemical classes (i) nucleotides and ana-
logs (e.g., ARL67156, 1), (ii) sulfonated dyes such as
Reactive Blue 2 (RB2, 2), and (iii) suramin (3) and deriv-
atives (Fig. 1).2,9 ARL67156 has been reported to be a
moderately potent, but selective, E-NTPDase inhibitor
which does not block P2 receptors. However, we recent-
ly discovered that ARL67156 only inhibits NTPDases1
and 3, but not NTPDase2 (see Table 1).10 RB2 and sur-
amin, on the other hand, are potent antagonists at some
P2 receptor subtypes and thus can block the effects of
nucleotides rather than enhancing them.11,12
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Figure 1. Structures of E-NTPDase inhibitors.


Table 1. Potency of polyoxometalates and standard compounds as inhibitors of rat NTPDase1, 2, and 3 obtained by capillary electrophoresis assays


Compound Formula or name Charge at


pH 7.4


Stability at


pH 7.6a


Mr (g/mol)


of anions


Ki (lM) ± SEM


NTPDase1 NTPDase2 NTPDase3


110 ARL67156 �4 n.d.b 747 27.0 ± 0.0 P1000c 112 ± 0


210 Reactive Blue 2 �3 n.d. 771 20.0 ± 0.0 24.2 ± 0.1 1.10 ± 0.03


310 Suramin �6 n.d. 901 300 ± 0 65.4 ± 0.0 12.7 ± 0.0


4 Na6[H2W12O40] �6 P 14 day 2830 2.58 ± 0.30 28.8 ± 0.2 3.26 ± 0.18


5 H3[PW12O40]ÆH2O �3 ca. 1 h 2859 3.49 ± 0.23 6.17 ± 0.15 8.72 ± 1.81


6 K7[Ti2W10PO40] �7 P14 day 2606 2.00 ± 0.34 37.4 ± 1.3 4.00 ± 0.26


7 K6H2[TiW11CoO40]Æ13H2O �8 ca. 24 h 2770 0.140 ± 0.021 0.910 ± 0.041 0.563 ± 0.113


8 K10[Co4(H2O)2(PW9O34)2]Æ22H2O �10 P14 day 4732 0.480 ± 0.010 1.53 ± 0.20 2.61 ± 0.97


9 (NH4)18[NaSb9W21O86] �18 ca. 48 h 6356 >1 mMd 3.94 ± 0.78 3.77 ± 0.52


The results are means ± SEM of three separate experiments each run in duplicate.
a At least 50% of cluster structure was intact after time indicated.
b n.d., not determined.
c 50% inhibition at 1 mM.
d 15% inhibition at 1 mM.
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Polyoxometalates are anionic complexes that are rela-
tively stable, some even highly stable in aqueous solu-
tions at biological pH values.13


They contain transition metal ions, such as tungsten,
molybdenum, vanadium, etc., which are bridged by oxy-
gen atoms. In addition to applications in catalysis, sep-
arations, analysis, and as electron-dense imaging agents,
some of these complexes have been shown to exhibit
biological activity in vitro as well as in vivo ranging
from anti-cancer, antibiotic, and antiviral to antidiabetic
effects.13–15 Due to their negative charges they bear

resemblance to nucleotides. A set of six polyoxotung-
states (4–9) having different charge, size, and shape were
selected and investigated for their potency to inhibit
ecto-nucleotidases: [H2W12O40]6� (4), [PW12O40]3� (5),
[Ti2W10PO40]7� (6), [TiW11CoO40]6� (7),
[Co4(H2O)2(PW9O34)2]10� (8), and [NaSb9W21O86]18�


(9). The metatungstate 4 shows a highly symmetric clus-
ter structure consisting of corner- and edge-sharing WO6


octahedrons,16 5–7 are Keggin type polyanions,17–19 8
forms trivacant Keggin-derived sandwiches,20 and 9 is
an inorganic cryptate with sodium encapsulated in the
central cavity.21 The x-ray structures of 7 and 8 are







[TiW CoO ]11 40
8- [Co (H O) (PW O ]4 2 2 9 34


10-)2


7 8


Figure 2. Structures of E-NTPDase inhibitors 7 (typical Keggin type


structure) and 8 (trivacant Keggin-derived sandwich).
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shown in Figure 2. Polyoxotungstates 4 and 5 were pur-
chased (Fluka) and used without further purification.
Compounds 6,22 7,19,23 8,20 and 924 were prepared and
purified according to published procedures. Elemental
analysis (ICP-MS: ELAN 9000, Perkin-Elmer for Co,
P, Sb, Ti, W; AAS: AAS 4100, Perkin-Elmer for K,
Na) and IR spectra confirmed the composition of the
polyoxotungstates. All polyoxotungstates investigated
show typical charge transfer bands between 240 and
260 nm (bridging oxygen in W–O–W). After degrada-
tion of the cluster structure this band disappears. Thus,
this peak was chosen to study the hydrolytic stability of
the compounds using UV-vis spectroscopy. Experiments
were performed with aqueous solutions of compounds
(10 lM) at pH 7.6 (HCl–borate buffer). The results are
summarized in Table 1.


Enzyme inhibition assays were performed using a
recently developed capillary electrophoresis-based on-
line method.10 Membrane preparations of Chinese ham-
ster ovary cells expressing recombinant rat NTPDase1,
2, or 3 were used10 and microassays were performed
within the capillary followed by electrophoretic separa-
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Figure 3. Concentration-inhibition curves for compounds 6 and 7.

tion of substrate and products, and subsequent quanti-
tative determination by UV detection.25 For the
determination of IC50 and Ki values of polyoxometalates
(Table 1) as NTPDase inhibitors, 6–8 different concen-
trations of inhibitor spanning about three orders of
magnitude were used, while a fixed substrate concentra-
tion of 320 lM ATP was employed for all three NTPD-
ases. Under the applied conditions less than 10% of
substrate was converted by the enzymes.


All of the polyoxometalates tested were potent inhibi-
tors of NTPDases (Table 1). However, significant differ-
ences were found in activities and selectivities for certain
isoenzymes. The simple metatungstate 4 was a potent
NTPDase1 and 3 inhibitor (Ki 2.58 and 3.26 lM), and
showed about 10-fold lower inhibitory activity for NTP-
Dase2. Compound 6 gave very similar results (see
Fig. 3). Compounds 5, 7, and 8 were non-selective inhib-
itors of all three NTPDases (5: Ki 3.49–8.72 lM, 7: Ki


0.140–0.910 lM (see Fig. 3), and 8: Ki 0.480–2.61 lM).
Compound 5 exhibits limited stability (see Table 1)
but the assay conditions (fresh preparation of test solu-
tion, fast assay within a few minutes) were such that
degradation should be negligible. In contrast to all other
investigated polyoxometalates, compound 9 did not
inhibit NTPDase1, but was a potent inhibitor of NTP-
Dase2 and 3.


The inhibitory potency of the polyoxometalates ap-
peared to correlate neither with the size or shape of
the complexes nor with the number of negative charges
(Table 1).


In comparison with the standard NTPDase inhibitors
ARL67156 (1), Reactive Blue 2 (2), and suramin (3)
the investigated polyoxotungstates were generally more
potent. The most potent NTPDase inhibitor of the
present series, compound 7, was >140-fold more potent
at NTPDase1, and >26-fold more potent at NTPDase2
than the standard compounds. Polyoxometalate 9 will
allow for the first time to selectively inhibit NTPDases2
and 3 without affecting the highly expressed
NTPDase1.
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The pharmacological effects expected from NTPDase
inhibitors8 and those described for polyoxymeta-
lates,13–15 including some of the compounds investigated
in this study, are amazingly similar. It is tempting to
speculate that some of the effects of polyoxometalates
observed in in vitro and in vivo studies might be due
to ecto-nucleotidase inhibition. In particular the anti-
cancer activity of polyoxometalates, including 5 and 7,
might be explained by an enhanced activation of P2
receptors due to an increase in the extracellular nucleo-
tide concentrations. Likewise, protection against viral or
bacterial infection by polyoxymetalates may be en-
hanced by NTPDase inhibition, in addition to further
mechanisms, such as prevention of virus entry into the
cells or direct inhibition of DNA polymerases (e.g.,
HIV reverse transcriptase) or HIV protease. Further-
more, antidiabetic activities of polyoxometalates have
been described. These may also be due to NTPDase
inhibition, since activation of P2Y receptors on pancre-
atic islet cells by nucleotides will lead to an increase in
insulin release.26


In order to investigate whether polyoxometalates are
selective for NTPDases versus P2 receptors we exempl-
arily investigated their affinity for the P2Y12 receptor
subtype, a G protein-coupled receptor expressed on
platelets that is activated by ADP and blocked by
ATP.27 At a test concentration of 10 lM, compounds
4–7 and 9 inhibited binding of the P2Y12 antagonist
radioligand [3H]PSB-041328 to the receptors only mod-
erately (20–40%) indicating that their Ki values are
above 10 lM. Only compound 8 showing a unique
structure (Fig. 2) was more potent (Ki 1.30 ± 0.16 lM).
Thus, except for 8, all compounds investigated, includ-
ing the most potent derivative 7, can be described as
selective at least versus the P2Y12 receptor subtype. Fur-
ther studies at the other P2Y and the P2X receptor sub-
types are in progress. In future experiments the nature of
inhibition, for example, competitive versus non-compet-
itive, is to be elucidated.


In conclusion, we identified polyoxometalates as a novel
class of E-NTPDase inhibitors, which belong to the
most potent E-NTPDase inhibitors described to date.
Inhibition of E-NTPDases may explain or contribute
to some of the observed in vitro and in vivo effects of
polyoxometalates, including anti-cancer activity, protec-
tion against viral and bacterial infections, and antidia-
betic activity.
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Abstract—A series of 5-arylamino-6-chloro-1H-indazole-4,7-diones were synthesized and evaluated for their inhibitory activity on
protein kinase B/Akt. The compounds exhibited a potent Akt1 inhibitory activity. Further mechanistic study revealed that they
might have dual inhibitory effects on both activity and phosphorylation of Akt1 in PC-3 tumor cell line.
� 2006 Elsevier Ltd. All rights reserved.
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Akt (protein kinase B, PKB) is a serine/threonine kinase
that promotes cellular proliferation, growth, survival,
and tumor formation.1 Akt is comprised of three mam-
malian isoforms, namely Akt1, Akt2, and Akt3. Akt as
a downstream target of PI-3 kinase can induce a variety
of biological responses. Many growth factors such as
IGF-1 and PDGF bind to their receptors and lead to
activation of PI-3 kinase. PI-3 kinase phosphorylates
the Ptdlns to generate Ptdlns-3-phosphates, Ptdlns(3)P,
Ptdlns(3, 4)P2, and Ptndlns(3,4,5)P3. The Ptdlns-3-phos-
phates cause the translocation of Akt from the cyto-
plasm to the plasma membrane.1,2 Then, Akt is
activated when residues Thr308 and Ser473 are phos-
phorylated by PDK1 and PDK2. Active Akt inhibits
apoptosis and stimulates cell cycle progression by phos-
phorylating numerous targets in various cell types,
including cancer cells. Persistent activation of Akt also
occurs as a result of a deletion in tumor suppressor gene
PTEN, a negative regulator of Akt.3 Overexpression of
Akt as a result of inactivation of PTEN was found in
a variety of human tumors.4 At the genomic level, Akts
were amplified in many cancer types.5 Akt1 was ampli-
fied or overexpressed in gastric adenocarcinomas, breast
cancer, hepatocarcinoma, and prostate carcinoma and
its activation correlates to cancer progression.6,7 Conse-
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quently, inhibitors of the Akt1 activity could be power-
ful anticancer agents.2


We describe herein our preliminary results on synthesis
of 1H-indazole-4,7-dione series (Fig. 1) and their Akt1
inhibitory activity. In the course of screening of 25,000
compounds offered from Korea Chemical Bank, we
identified that 1H-indazole-4,7-diones inhibited Akt1
activity in vitro. We further synthesized structurally
related derivatives to evaluate their Akt inhibitory activ-
ity and cytotoxic potential on cancer cell lines. Addition-
al mechanistic study of Akt1 inhibitory activity by those
1H-indazole-4,7-diones was also performed.


A method for synthesis of 5-arylamino-6-chloro-1H-in-
dazole-4,7-diones 5a–h (Table 1) from commercially
available 7-nitro-1H-indazole (1) is shown in Scheme
1. 7-Nitro-1H-indazol-4-amine (2) was synthesized by
the amination of the indazole 1 with HONH2 and

O R4H


R1, R2, R3, R4= H, F..,


X = NH or S


Figure 1. 1H-Indazole-4,7-dione derivatives.
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Table 1. Structures and biological activities of 1H-indazole-4,7-diones
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Compound R1 R2 R3 R4 X AKT1 activitya IC50 (lM) Cytotoxicityb IC50 (lM)


KATOIIIc HepG2 PC-3


5a F H H H NH 15.8 20.2 15.8 ntd


5b H F H H NH 11.8 3.9 8.9 6.3


5c H H F H NH >50 61.4 37.2 nt


5d H F H F NH >50 75.8 37.6 nt


5e F H F H NH 16 9.9 2.0 nt


5f H H OCH2CH3 H NH 4.9 9.7 11.2 nt


5g H H CF3 H NH 12.4 13.8 9.2 13.7


5h H Br H H NH 13.9 8.9 6.1 nt


6a H CH3 H CH3 S >50 >100 >100 nt


6b H Cl Cl H S 12.3 >100 88.7 nt


3 >50 >100 >100 nt


SWe 25.0 21.0 nt nt


a AKT1 inhibitory activity: active Akt1 proteins treated with test compounds were incubated with GSK3 fusion protein and subjected to Western


blot analysis, using anti-phospho GSK3a/b antibody.
b Cytotoxicity evaluation: MTT colorimetric assay.11


c Tumor cell lines tested: KATOIII (gastric adenocarcinoma), HepG2 (hepatocarcinoma), and PC-3 (prostate carcinoma).
d nt, not tested.
e SWU2009: 2-thioxo-[1,3]dithiolo[4,5-b][1,4] dithiine-5,6-dicarboxylic acid dimethyl ester.9
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Scheme 1. Synthesis of 1H-indazole-4,7-diones. Reagents and


conditions: (a) HONH2/ EtOH/KOH/5 h/60 �C; (b) H2/PtO2/EtOH/


RT/30 psi/4 h; (c) NaClO3/HCl/1 h/65 �C/64–91%; (d) arylamine


(1 equiv)/EtOH/CeCl3/reflux/5 h/62–91%; (e) arylthiol (1 equiv)/EtOH/


CeCl3/reflux/5 h/55–81%.
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KOH in EtOH in 83% yield. Compound 2 was reduced
to 1H-indazole-4,7-diamine (3) by catalytic hydrogena-
tion. The 5,6-dichloro-1H-indazole-4,7-dione (4) was
synthesized by oxidizing compound 3 with the Na-
ClO3/HCl variation in 62% yield. The 5-arylamino-6-

chloro-1H-indazole-4,7-diones 5a–h were synthesized
by nucleophilic substitution of compound 4 with appro-
priate arylamines. Most of these substitutions went as
expected and had overall high yields of 64–91%.


In similar manner, 5-arylthio-6-chloro-1H-indazole-4,7-
diones 6a–b were synthesized by reaction of the com-
pound 4 with appropriate arylthiols.


Synthesized 1H-indazole-4,7-diones 5a–h and 6a–b were
evaluated in vitro for their Akt1 inhibitory activity using
a substrate phosphorylation assay. Experimental details
for this procedure are cited in Ref. 8. The IC50 values
were determined and compared to those of the positive
control SWU2009 (2-thioxo-[1,3]dithiolo[4,5-b][1,4]di-
thiine-5,6-dicarboxylic acid dimethyl ester).9 As shown
in Table 1, many of them tested exhibited a good
inhibitory activity with IC50 values in the low-micromo-
lar range. In particular, compounds 5a, 5b, 5e, 5f, 5h,
and 6b revealed potent inhibitory activity and were
superior or comparable to that of SWU2009. In
contrast, compounds 5c, 5d, and 6a did not show any
inhibitory activity up to 50 lM.


Akt1 is activated by the phosphorylation on residues
Thr308 and Ser473. Active Akt1 then regulates down-
stream signal through the phosphorylation of cellular
substrates such as GSK3a/b, Bad, p27, p21, and Par-
4.2,10 Active Akt1 proteins treated with representive
compound 5b or 5g were incubated with a cellular sub-
strate GSK310 fusion protein and subjected to Western
blot analysis, using anti-phospho (Ser21/9) GSK3a/b
antibody. As a result, a remarkable decrease of GSK3
phosphorylation was detected with the treatment of
compound 5b or 5g (Fig. 2). Compounds 5b and 5g







Phospho-GSK3 


Figure 2. Inhibitory effects of compounds 5b and 5g on Akt1 activity


in vitro. Active Akt1 proteins treated with compound 5b or 5g were


incubated with GSK3 fusion protein and subjected to Western blot


analysis, using anti-phospho (Ser21/9) GSK3a/b antibody.
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inhibited in vitro Akt1 activity in a dose-dependent
manner.


The cytotoxicity against tumor cell lines was also inves-
tigated because Akt1 is an anti-apoptotic protein kinase
and the blockade of its activity leads to cell death. The
cytotoxic potential of 1H-indazole-4,7-diones 5a–h and
6a–b against human cancer cell lines was determined
according to NCI protocols.11 The following cell lines
were used: KATOIII (gastric adenocarcinoma), HepG2
(hepatocarcinoma), and PC-3 (prostate carcinoma), in
which Akt1 was amplified or overexpressed.6,7 Among
them tested, compounds 5b, 5e, 5f, 5g, and 5h exhibited
a good cytotoxicity. They were identified as both Akt1
inhibitor and cytotoxic agents (Table 1). However, com-
pound 6b inhibited Akt1 activity but did not exhibit
cytotoxicity.


Further mechanistic study on the Akt1 inhibitory activ-
ity was performed using potent compounds 5b, 5e, 5f,
5g, and 5h in cultured PC-3 cell line.12 We examined
whether these five compounds inhibit the phosphoryla-
tion of a representative cellular substrate GSK3a/b
and Akt1 itself. PC-3 cell line was treated with 10 lM
each test compound up to 5 h. These lysates were sub-
jected to Western blot analysis, using anti-phospho-
GSK3a/b (Ser21/9) antibody. Among them tested, only
two compounds 5b and 5g induced time-dependent inhi-

A


B


0 1 2  3 4   5   0   1    2  


5g 5


1 0.84 0.83 0.58 0.38 0.36 1 0.79 0.34


0  1 2  3 4 5   0   1 2


5g 5


1 1.08 0.76 0.47 0.39 0.16 1 0.80 0.2


Figure 3. Effects on the phosphorylation of Akt and GSK3a/b in PC-3 cell lin


These lysates were subjected to Western blot analysis, using phospho-GSK3a
are shown on the bottom part of A and B, respectively. The values under e


relative to treatment with DMSO.

bition of phosphorylation of GSK3a/b (Fig. 3). The
compounds 5b and 5g inhibited also the phosphoryla-
tion of Akt1 at Ser473, which is required for full activa-
tion of Akt1. There were no changes of total expression
levels of GSK3a/b and Akt1. These results indicate that
compounds 5b and 5g have dual inhibitory effects on
both the activity of Akt1 and the phosphorylation of
Akt1. Since Akt1 is phosphorylated on residues
Thr308 and Ser473 by PDKs in PI3 kinase pathways2,
activities of PDKs and related kinases may also be reg-
ulated by compounds 5b and 5g. Further study of 1H-
indazole-4,7-diones on other related kinases will be de-
signed and clarify the relationship.


Many protein kinase inhibitors act as a competitive
inhibitor of ATP binding in catalytic domain. To further
determine whether compounds 5b and 5g inhibit also
Akt1 activity in ATP-dependent manner, the inhibition
type was investigated. The assay was carried out by
using the Western blot assay with anti-phospho-
GSK3a/b antibody and GSK3 fusion protein as a sub-
strate (Figs. 4A and B).8 The inhibition of compounds
5b and 5g with respect to varying ATP concentrations
yielded double reciprocal plots converging on the y-axis
(Fig. 4). Because inhibitors 5b and 5g affected the Km


rather than the Vmax of the reaction, they can be consid-
ered ATP-competitive inhibitors of Akt1.


Further evaluation of in vivo efficacy in human tumor
xenograft was performed using one representive com-
pound 5g.13 Akt1 is constitutively active in PC-3 pros-
tate cancer cells due to the homozygous deletion of
PTEN, which is a tumor suppressor gene.14 Therefore,
a human tumor xenograft model, PC-3 prostate cancer,
was used to test the effect of Akt1 inhibitor 5g on tumor
growth in vivo, although the cytotoxicity against PC-3
cell line was similar to those against KATOIII and
HepG2 cell lines. Mice were injected with 5 mg/kg/day
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Phospho-GSK3β


GSK3β


  3  4 5 (hr)  


b
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e. PC-3 cell line was treated with 10 lM compound 5b or 5g up to 5 h.
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Figure 4. Double reciprocal plots of the rate of Akt1 catalytic activity


against the substrate ATP. The kinase activity of Akt1 was assayed at


various concentrations of ATP in the presence of increasing concen-


trations of compound 5g (A) or 5b (B). Akt activity was determined


and expressed as the mean intensities measured by densitometric


analysis. Data points were collected in triplicate, plotted on Linewe-


aver–Burk double reciprocal plots, and fitted to linear regression.
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Figure 5. Antitumor efficacy of compound 5g in sc PC-3 prostate


cancer xenograft model. PC-3 cells were sc injected into nude mice.


When the tumors reached an average size of about 200 mm2, mice were


treated with either vehicle (control) or 5 mg/kg/day compound 5g.


Each measurement represents an average of 6 tumors. Compound 5g


inhibits PC-3 tumor growth by 27.1% for 16 days. *p < 0.05; #p < 0.01.
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compound 5g until day 16. The treatment with
compound 5g (5 mg/kg/day) led to significant antitumor
effect, showing 27.1% (p < 0.01) inhibition of tumor

growth compared to vehicle treatment at day 16
(Fig. 5). There was no difference in body weights be-
tween the treated and vehicle group throughout the
treatment period. We identified that compound 5g
exhibited the Akt1 inhibitory activity and the antitumor
effect.


In conclusion, 5-arylamino-6-chloro-1H-indazole-4,7-
diones 5b and 5g are considered to be new class inhibi-
tors of Akt1, and they might have dual inhibitory effects
on both activity and phosphorylation of Akt1 in the PC-
3 tumor cell line. Further pharmacological investiga-
tions of these 1H-indazole-4,7-diones and the structural
optimization are in progress in our group.
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Abstract—A series of a-substituted-1,2,3-thiadiazoleacetamides were prepared and tested in vitro against tobacco mosaic virus. The
preliminary bioassays indicated that some of the new compounds are good as compared to the commercial pesticide Virus A at
500 mg/L, and the activity was influenced by the nature of the substituents. 3D-QSAR models were established based on the anti-
viral activity of the compounds. It has also been found that some of the new compounds also exhibit significant anti-HBV activity in
human hepatoblastoma-derived liver Hep-G2 cells.
� 2006 Published by Elsevier Ltd.
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Virus infections in plants cause a variety of detrimental
effects and often leave plants more susceptible to dam-
age by other pests and pathogens. Viruses and viroids
are responsible for a wide variety of plant diseases which
cause significant and costly crop losses annually. Some
viral diseases, for example, rice tungro, African cassava
mosaic, and tospoviruses, are estimated to cause annual
losses in excess of AUD$1 billion worldwide.1 The
tobacco mosaic virus (TMV) infects plants of commer-
cial importance including tobacco and related plants
such as tomato and pepper. While not lethal, TMV af-
fects the growth and productivity of these plants. Most
countermeasures, however, were an indirect means of
protection and technical methods of virus removal, such
as soil disinfection and insecticides.


In the investigation of new agrochemicals, we found
1,2,3-thiadiazole derivatives, which had good biological
activities,2–4 had received only limited attention, but
commercial pesticides containing 1,2,3-thiadiazole often
possess unique active mechanism. For example, TDZ,5 a
cotton defoliant, had been found to exhibit more signif-
icant plant growth regulative activity than 6-BA and
zeatin; BTH was the first commercial plant activator;6


Tiadinil possessed excellent fungicidal activity7 and
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could prevent mycelium from invading sideward healthy
cell (Fig. 1). We became interested in making 1,2,3-
thiadiazoleacetamides, analogues of three commercial
pesticides.


Herein, we reported a series of a-substituted 1,2,3-
thiadiazoleacetamides that have been found to possess
potent antiviral activity against tobacco mosaic virus.


In our previous paper, we reported the synthesis of
2-chloro-N-methyl-2-(1,2,3-thiadiazol-4-y)l-acetamide
(1).8 The N-acylhydrazone, which was easily prepared
from commercially available N-methyl-a-chloroacetoac-
etamide and ethyl carbazate in ethanol, was cyclized
with three equivalents of thionyl chloride at room tem-
perature to form a-chloro-N-methyl-1,2,3-thiadiazole-
4-acetamide (1) in accord with the Hurd-Mori reaction
conditions. The compound (1) reacted with substituted
phenols, substituted benzenethiols or mercapto hetero-
cyclic compounds in the presence of inorganic base to
yield a-substituted phenoxy(phensulfydryl)-N-methyl-
1,2,3-thiadiazole-4-acetamide (2–5,9 10–1310) as shown
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in Schemes 1–3. No by-products are found in the reac-
tion of compounds 1 and phenols, because compound
1 is instable in alkali or heat condition. By controlling
reaction temperature, compounds (4, 5) could be easily
oxidized by hydrogen peroxide to afford sulfoxide (6,
711) or sulfone (8, 912). And sulfone (8, 9) was readily
obtained by the reaction of compound 4 and compound
5 with hydrogen peroxide, respectively.


Table 1 summarizes the antiviral screening results of the
studied compounds. The results indicated the antiviral
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activity was different with the substituents of phenyl
moiety and oxidation state of sulfur atom.


Having the same linker between 1,2,3-thiadiazole and
benzene ring, compounds that were substituted by solely
halogen atom at the 2- or 4-position of benzene ring had
significant potency against TMV, however if a com-
pound was substituted by two halogen atoms at both
2- and 5-position of benzene ring it had hardly any inhi-
bition. Replacement of halogen with electron-donating
group, such as methyl or methoxyl, also abolished
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Table 1. Antiviral activity against TMV at 500 mg/L


Compound R R 0 Inhibition (%)


2a H 4-Br 64


2c H 2-Br 44


2f H 3-Me 5.5


2g H 2-Cl 53


2h 2-Cl 5-Me 56


3 44


4a H 4-F 33


4b H 4-Cl 42


4d H 2-F 37


4e 2-Me 5-Me 0


4f 2-Cl 5-Cl 0


4g H NH2 15


5 35


Virus A 58


6a H 4-F 11


6b H 4-Cl 31


6d H 2-F 19


6e 2-Me 5-Me 0


7 20


8a H 4-F 19


8c H 4-OMe 0


8d H 2-F 82


8e 2-Me 5-Me 12


9 51


11 35


12 5


13 42


Figure 2.
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antiviral activity. But if compound 2h was substituted by
o-Cl, m-Me in ring, it had good antiviral activity.


The substitution of oxygen for sulfur represents an
example of an approach that is commonly known as
bioisostere. Exchange of the oxygen linker for sulfur
leads to a slight loss in activity. After sulfur was oxi-
dized, the bioassay indicated that the antiviral activity
of the thioether was slightly better than sulfoxide,
whereas worse than sulfone.


Based on the biological activity of the investigated com-
pounds, 3D-QSAR models were established within
SYBYL6.6 (Tripos Associates, St. Louis, MO) software
using CoMFA method. Compound 8d was utilized as a
template and conformational search was performed to
derive possible biological conformers of all investigated
compounds. The activity was expressed in terms of D13


by the formula


D ¼ lg½a=ð100� aÞ� � lg Mw


where a is percent inhibition and Mw is the molecular
weight of the tested compounds. The crossvalidated q2,
optimal components are 0.517 and 6, respectively. For
the steric contour map (Fig. 2a), a steric group in the
green region will enhance the activity of the compound
and a bulky group in the yellow region will decrease
the activity. For the electrostatic contour map
(Fig. 2b), a positive charged group in the blue region will
increase the activity and a negative charged substituent
in the red region will decrease the activity. These results
provide useful information for further optimization of
the compounds.

We had noticed that the active compounds are race-
mates, the effect of optical activity on biological activity
will be studied in future research.


Some compounds have also been found to exhibit signif-
icant anti-HBV activity in human hepatoblastoma-de-
rived liver Hep-G2 cells (2.2.15 cells). The inhibition
rate of compound 2h at 0.6 lmol/mL was 88.6% against
HBsAg and 15.5% against HBeAg. In contrast, that of
purine acyclic acyclovir at 0.4 lmol/mL was 52.9%
against HBsAg and 44.2% against HBeAg for compari-
son of their anti-HBV potency. In addition, it was found
that compound 2h could inhibit viral DNA synthesis
activity with an approximate IC50 of 400 lM. We postu-
lated the possible mode of anti-viral activity is inhibition
of virus replication. Further studies on anti-HBV activ-
ities of the title compounds are under investigation and
will be reported in due course.
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1582, 1484, 1394, 1289, 1233, 1190, 1154; 4b: a white solid;
mp: 140–141 �C, yield 52%, 1H NMR (CDCl3): d 2.84
(d,J = 5.0 Hz, 3H, NCH3), 5.42 (s, 1H, CH), 6.92 (br, 1H,
NH), 7.22–7.40 (m, 4H, Ph), 8.53 (s, 1H, thiadiazole-H).
Anal. Calcd for C11H10ClN3OS2: C, 44.07; H, 3.36; N,
14.02. Found: C, 43.94; H, 3.41; N, 13.88; 4c: a white
solid; mp: 110–111 �C, yield 74%. 1H NMR (CDCl3): d
2.81 (d, J = 4.5 Hz, 3H, NCH3), d 3.73 (s, 3H, CH3), 5.30
(s, 1H, CH), 6.84 (br, 1H, NH), 6.72–7.23 (m, 4H, Ph),
8.40 (s, 1H, thiadiazole-H). Anal. Calcd for C12H13-
N3O2S2: C, 48.79; H, 4.44; N, 14.23. Found: C, 48.82; H,
4.44; N, 14.18; 4d: a white solid; mp: 135–137 �C, yield
68%. 1H NMR (CDCl3): d 2.84 (d, J = 4.2 Hz, 3H,
NCH3), 5.49 (s, 1H, CH), 6.96 (br, 1H, NH), 7.05–7.33
(m, 4H, Ph), 8.57 (s, 1H, thiadiazole-H). Anal. Calcd for
C11H10FN3OS2: C, 46.63; H, 3.56; N, 14.83. Found: C,
46.56; H, 3.55; N, 14.68; 4e: a white solid; mp: 139–140 �C,
yield 68%. 1H NMR (CDCl3): d 2.24 (s, 3H, CH3), d 2.27
(s, 3H, CH3), d 2.84 (d, J = 4.7 Hz, 3H, NCH3), 5.34 (s,
1H, CH), 6.88 (br, 1H, NH), 6.92–7.15 (m, 3H, Ph), 8.46
(s, 1H, thiadiazole-H). Anal. Calcd for C13H15N3OS2: C,
53.22; H, 5.15; N, 14.32. Found: C, 53.08; H, 4.98; N,
14.14; 4f: a white solid; mp: 170–172 �C, yield 45%. 1H
NMR (CDCl3): d 2.82 (d, J = 4.4 Hz, 3H, NCH3), 5.48 (s,
1H, CH), 7.04 (br, 1H, NH), 7.14–7.32 (m, 3H, Ph), 8.58
(s, 1H, thiadiazole-H). Anal. Calcd for C11H9Cl2N3OS2:
C, 39.53; H, 2.71; N, 12.57. Found: C, 39.26; H, 2.93; N,
12.78; 4g: a white solid; mp: 139–141 �C, yield 77%. 1H
NMR (CDCl3): d 2.88 (d, J = 4.8 Hz, 3H, NCH3), 2.76
(br, 2H, NH2), 5.30 (s, 1H, CH), 6.92 (br, 1H, NH), 6.55–
7.14 (m, 4H, Ph), 8.43 (s, 1H, thiadiazole-H). Anal. Calcd
for C11H12N4OS2: C, 47.12; H, 4.31; N, 19.98. Found: C,
47.25; H, 4.20; N, 19.90; 5: a white solid; mp: 143–144 �C,
yield 64%. 1H NMR (CDCl3): d 2.80 (d, J = 4.8 Hz, 3H,
NCH3), 3.75, 3.79 (q, AB, 2H, CH2), 5.30 (s, 1H, CH),
6.84 (br, 1H, NH), 6.72–7.23 (m, 4H, Ph), 8.40 (s, 1H,
thiadiazole-H). Anal. Calcd for C11H9Cl2N3OS2: C, 45.93;
H, 3.85; N, 13.39. Found: C, 45.71; H, 3.63; N, 13.36.


10. Preparation of 10: The 5-(5-ethyl-2-methyl-2H-pyrazol-3-
yl)-1,3,4-oxadiazole-2-thiol (0.66 g, 2.9 mmol) was added
to a mixture of potassium carbonate (0.42 g, 2.9 mmol),
the compound 1 (0.55 g, 2.9 mmol), and acetonitrile
(20 mL). The reaction mixture was stirred for 6 h at room
temperature. After removal of solvent, the residue was
washed with water (10 mL). The precipitate was filtered off
and purified by recrystallization from ethanol to give a
white solid, mp: 165–167 �C, yield 15%. 1H NMR
(CDCl3): d 1.23 (t, J = 6.9 Hz, 3H, CH3), 2.64 (q,
J = 7.2 Hz, 2H, CH2), 2.89 (d, 3H, NCH3), 4.16 (s, 3H,
pyrazole-CH3), 6.26 (s, 1H, CH), 6.57 (s, 1H, pyrazole-H),
7.14 (br, 1H, NH), 8.96 (s, 1H, thiadiazole-H). Anal.
Calcd for C13H15N7O2S2: C, 42.73; H, 4.14; N, 26.83.
Found: C, 42.63; H, 3.95; N, 26.69; 11: a white solid; mp:
162–164 �C, yield 40%. 1H NMR (acetone-d6): d2.47 (s,
3H, SCH3), 2.59 (s, 3H, pyrazole-CH3), 3.31 (s, 3H,
NCH3), 3.83 (s, 3H, pyrazole-CH3), 6.25 (s, 1H, CH), 9.16
(s, 1H, thiadiazole-H). Anal. Calcd for C13H15N7OS4: C,
37.75; H, 3.66; N, 23.71. Found: C, 37.89; H, 3.12; N,
23.81. MS (70 eV): 413 (M+, 14), 258 (39), 185 (40), 58
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(99), 56 (100); 12: a white solid; mp: 232–234 �C, yield
44%. 1H NMR (acetone-d6): 2.49 (s, 6H, 2· CH3), 2.64 (s,
3H, NCH3), 6.31 (s, 1H, CH), 7.12 (s, 1H, pyrimidne-H),
8.64 (br, 1H, NH), 9.15 (s, 1H, thiadiazole-H). Anal.
Calcd for C12H13N7OS2: C, 42.97; H, 3.91; N, 29.23.
Found: C, 42.83; H, 3.70; N, 29.54. Preparation of 13: The
1,2,4-triazol (0.10 g, 1.4 mmol) was added to a mixture of
potassium carbonate (0.20 g, 1.4 mmol), the compound 1
(0.20 g, 1.0 mmol), and acetonitrile (10 mL). The reaction
mixture was stirred for 48 h at room temperature. After
removal of solvent, the residue was washed with water
(10 mL). The precipitate was filtered off and subjected to
silica gel column chromatography to give a white solid,
mp: 168–170 �C, yield 36%. 1H NMR (CDCl3): 2.90 (d,
J = 4.4 Hz, 3H, NCH3), 6.77 (s, 1H, CH), 6.88 (br, 1H,
NH), 8.06 (s, 1H, triazole-H), 8.42 (s, 1H, triazole-H), 8.74
(s, 1H, thiadiazole-H).


11. Preparation of 6a. To a solution of the compound 4a
(4.8 g, 1.7 mmol) in glacial acetic acid (10 mL) was added
dropwise 30% hydrogen peroxide (0.4 g, 3.5 mmol). The
mixture was stirred for 24 h at room temperature and
poured into water (20 mL). The precipitate was filtered off
and purified by recrystallization from ethanol to give a
white solid, mp: 157.5–159 �C, yield 51%. 1H NMR
(CDCl3): d 2.86 (d, J = 5.0 Hz, 3H, NCH3), 5.44 (s, 1H,
CH), 6.96 (br, 1H, NH), 7.05–7.34 (m, 4H, Ph), 8.65 (s,
1H, thiadiazole-H). Anal. Calcd for C11H10FN3O2S2: C,
44.14; H, 3.37; N, 14.04. Found: C, 44.16; H, 3.17; N,
13.85. ; 6b: a white solid; mp: 126–129 �C, yield 62%. 1H
NMR (acetone-d6): d 3.30 (s, 3H, NCH3), 5.69 (s, 1H,
CH), 6.92 (br, 1H, NH), 7.31–7.52 (m, 4H, Ph), 9.15 (s,
1H, thiadiazole-H). Anal. Calcd for C11H10ClN3O2S2: C,
41.84; H, 3.19; N, 13.31. Found: C, 41.54; H, 3.04; N,
13.09. IR (m, cm�1): 3391, 3163, 2929, 1689, 1556, 1472,
1399, 1279, 1046; 6c: a white solid; mp: 163–165 �C, yield
38%. 1H NMR (CDCl3): d 2.90 (s, J = 4.5 Hz, 3H, NCH3),
d 3.81 (s, 3H, CH3), 5.46 (s, 1H, CH), 6.84–7.21 (m, 5H,
Ph+NH), 8.56 (s, 1H, thiadiazole-H). Anal. Calcd for
C12H13N3O3S2: C, 46.29; H, 4.21; N, 13.49. Found: C,
46.16; H, 4.16; N, 13.42; 6d: a white solid; mp: 170–172 �C,
yield 72%. 1H NMR (CDCl3): d 2.94 (d, J = 4.5 Hz, 3H,
NCH3), 5.62 (s, 1H, CH), 6.80 (br, 1H, NH), 7.07–7.44 (m,
4H, Ph), 8.69 (s, 1H, thiadiazole-H). Anal. Calcd for
C11H10FN3O2S2: C, 44.14; H, 3.37; N, 14.04. Found: C,
44.00; H, 3.38; N, 13.85. MS (70 eV): m/z 299 (M+, 0.35),
156 (6.0), 144 (57), 143 (24), 128 (67), 58 (100); 6e: a white
solid; mp: 160–161.5 yield 94%. 1H NMR (CDCl3): d 2.24
(s, 3H, CH3), d 2.27 (s, 3H, CH3), d 2.84 (d, J = 4.7 Hz,
3H, NCH3), 5.44 (s, 1H, CH), 6.88 (br, 1H, NH), 6.92–
7.15 (m, 3H, Ph), 8.46 (s, 1H, thiadiazole-H). Anal. Calcd
for C13H15N3O2S2: C, 50.46; H, 4.89; N, 13.58. Found: C,
50.38; H, 4.90; N, 13.46; 6f: a white solid; mp: 170–172 �C,
yield 57%. 1H NMR (CDCl3): d 2.85 (d, J = 4.6 Hz, 3H,
NCH3), 5.38 (s, 1H, CH), 6.95 (br, 1H, NH), 7.07–7.37(m,
3H, Ph), 8.75 (s, 1H, thiadiazole-H). Anal. Calcd for
C11H9Cl2N3O2S2: C, 37.72; H, 2.59; N, 12.00. Found: C,

37.52; H, 2.81; N, 12.29;7: a white solid; mp: 126–129 �C,
yield 53%. 1H NMR (CDCl3): d 2.88 (d, J = 4.2 Hz, 3H,
NCH3), 3.88, 3.92 (q, AB, 2H, CH2), 5.23 (s, 1H, CH),
6.96 (br, 1H, NH), 7.15–7.36 (m, 4H, Ph), 8.79 (s, 1H,
thiadiazole-H). Anal. Calcd for C11H9Cl2N3O2S2: C,
43.70; H, 3.67; N, 12.74. Found: C, 43.66; H, 3.39; N,
12.50. IR (m, cm�1): 3301, 3130, 2961, 1664, 1559, 1489,
1406, 1286, 1231, 1032.


12. Preparation of 8a. To a solution of the compound 4a (4.8 g,
1.7 mmol) in glacial acetic acid (10 mL) was added
dropwise 30% hydrogen peroxide (0.4 g, 3.5 mmol). The
mixture was stirred for 6 h at 80 �C and poured over water
(20 mL). The precipitate was filtered off and purified by
recrystallization from ethanol to give a white solid, mp:
156–158 �C, yield 92%. 1H NMR (CDCl3): d 2.91 (d,
J = 4.8 Hz, 3H, NCH3), 5.99 (s, 1H, CH), 7.13–7.66 (m,
5H, Ph+NH), 8.92 (s, 1H, thiadiazole-H). Anal. Calcd for
C11H10FN3O3S2: C, 41.90; H, 3.20; N, 13.33. Found: C,
41.66; H, 3.14; N, 13.17. MS (12 eV): 251 (10), 194 (11), 128
(100), 58 (83). IR (m, cm�1): 3384, 3181, 2931, 1683, 1585,
1509, 1410, 1318, 1233, 1146; 8b: a white solid; mp: 196–
198 �C, yield 87%. 1H NMR (acetone-d6): d 2.93 (d,
J = 4.8 Hz, 3H, NCH3), 5.88 (s, 1H, CH), 7.07 (br, 1H,
NH), 7.28–7.60 (m, 4H, Ph), 8.90 (s, 1H, thiadiazole-H).
Anal. Calcd for C11H10ClN3O3S2: C, 39.82; H, 3.04; N,
12.66. Found: C, 39.63; H, 3.10; N, 12.44. MS (12 eV): 267
(5.8), 210 (8.4), 128 (48), 58 (100); 8c: a white solid; mp:
178–179 �C, yield 94%. 1H NMR (CDCl3): d 2.93 (s, 3H,
NCH3), d 3.83 (s, 3H, CH3), 5.94 (s, 1H, CH), 7.17 (br, 1H,
NH), 6.86–7.51 (m, 4H, Ph), 8.90 (s, 1H, thiadiazole-H).
Anal. Calcd for C12H13N3O4S2: C, 44.02; H, 4.00; N, 12.84.
Found: C, 44.04; H, 3.91; N, 12.86; 8d: a white solid; mp:
147–148.5 �C, yield 76%. 1H NMR (CDCl3): d 2.93 (d,
J = 4.4 Hz, 3H, NCH3), 6.15 (s, 1H, CH), 7.11-7.63 (m,
5H, Ph+NH), 8.69 (s, 1H, thiadiazole-H). Anal. Calcd for
C11H10FN3O3S2: C, 41.90; H, 3.20; N, 13.33. Found: C,
41.66; H, 3.03; N, 13.28; 8e: a white solid; mp: 176–178 �C,
yield 63%. 1H NMR (CDCl3): d 2.21 (s, 3H, CH3), d 2.55 (s,
3H, CH3), d 2.94 (d, J = 4.7 Hz, 3H, NCH3), 5.91 (s, 1H,
CH), 7.12–7.29 (m, 4H, Ph+NH), 8.89 (s, 1H, thiadiazole-
H). Anal. Calcd for C13H15N3O3S2: C, 47.98; H, 4.65; N,
12.91. Found: C, 47.74; H, 4.40; N, 12.91; 8f: a white solid;
mp: 172–174 �C, yield 53%. 1H NMR (CDCl3): d 2.95 (d,
J = 4.2 Hz, 3H, NCH3), 6.42 (s, 1H, CH), 7.06 (br, 1H,
NH), 7.10–7.62(m, 3H, Ph), 9.07 (s, 1H, thiadiazole-H).
Anal. Calcd for C11H9Cl2N3O3S2: C, 36.07; H, 2.48; N,
11.47. Found: C, 36.14; H, 2.48; N, 11.44; 9: a white solid;
mp: 161–163 �C, yield 66%. 1H NMR (CDCl3): d 2.87 (d,
J = 4.2 Hz, 3H, NCH3), 4.28, 4.40 (q, AB, 2H, CH2), 5.63
(s, 1H, CH), 7.12 (br, 1H, NH), 7.21–7.42 (m, 4H, Ph), 8.79
(s, 1H, thiadiazole-H). Anal. Calcd for C11H9Cl2N3O3S2:
C, 41.68; H, 3.50; N, 12.15. Found: C, 41.40; H, 3.75; N,
12.39. IR (m, cm�1): 3352, 3124, 1664, 1590, 1527, 1488,
1420, 1332, 1131.


13. Zou, X. J.; Jin, G. Y.; Zhang, Z. X. J. Food Agric. Chem.
2002, 50, 1451.
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Abstract—Database searching led to the identification of potent A2A antagonists which do not contain the privileged furan moiety
and which show selectivity over A1 receptors. Simple substructure searching on a proprietary database identified compounds with
activities in the low nM range. A targeted approach to the identification of non-furan containing compounds resulted in the iden-
tification of two novel series, with potency, selectivity and directional SAR from screening 113 compounds.
� 2006 Elsevier Ltd. All rights reserved.

Adenosine receptors comprise a family of G-protein
coupled receptors consisting of four members: A1,
A2A, A2B, and A3 receptors. This group of receptors be-
long to family one of the class A, rhodopsin-like sub-
group of GPCRs, as indicated through sequence
alignment.1 A2A is involved, via influence on cyclic
AMP levels, in the regulation of the functional activity
of D2 dopamine receptors,2 and antagonism of the
A2A receptor has been shown to be efficacious in reliev-
ing the symptoms in models of Parkinson’s disease (PD).
Several A2A antagonists are now in clinical trials for the
treatment of PD, for example, V20063 and KW-6002
(1),4 the latter having a Ki of 35 nM against A2A and
2.8 lM against A1 when assayed in-house.
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Whilst a number of chemical classes are known to
target the A2A receptor, these can be broadly divid-
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ed into xanthine and non-xanthine series. Further
exploration of xanthine-related compounds is unat-
tractive because of their poor solubility, issues with
regard to drug-likeness and the wealth of prior art
which already exists in this area. With the exception
of the Roche series, for example, 2,5 and the recent-
ly reported 1,8-naphthyridines, for example, 3,6 the
majority of non-xanthine A2A antagonists discovered
to date (e.g., triazolotriazine 47) bear a furan moiety
off the core aromatic scaffold. The prevalence of this
heterocycle suggested that it may be important in
achieving compounds with good potency, selectivity
and in vivo A2A antagonist efficacy. Early in-house
work also supported the notion that the furan moi-
ety comprised a privileged fragment. Although
Broughton et al.8 noted that unsubstituted furans
are present in some molecules which progress
through clinical trials, it has been suggested that this
group may sometimes carry a potential safety liabil-
ity since, in some molecules, it is prone to oxidative
metabolism which can lead to the formation of reac-
tive species capable of forming covalent adducts.
Therefore, additional studies are needed in order to
progress a furan-containing compound to market.
Whilst one possible strategy is to block the 2-posi-
tion of the furan ring, with a view to reducing the
ring-opening potential, it is also of interest to iden-
tify new series of A2A antagonists which do not con-
tain this moiety.
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Table 1. A2A and A1 binding affinities and selectivity data for triazines
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This work focuses on two strategies used to identify
novel chemical series for investigation as potential
A2A antagonists. The first study comprised a simple
substructure search which identified a series of highly
potent molecules. The second study, on a larger data-
base where simple substructure searching produced
too many hits, aimed to select a small number of
compounds for screening, using a targeted furan/
non-furan approach. In this work, furan-containing
molecules matching a substructure of interest were
selected and screened, and then closely related non-fu-
ran containing near neighbours of the hits were
assayed.


Analysis of public7 and proprietary data9–14 on A2A


antagonists showed that a number of chemical classes
were known where the core scaffold was bicyclic, but
contained a common pyrimidine or triazine substruc-
ture. In order to generalise from this, and to identify
new scaffolds, the query shown in Figure 1 was
developed and used to carry out a substructure search
on a proprietary compound database in ISIS/Base
format.15–17


Compound sets matching these substructures were com-
bined and filtered according to drug-likeness criteria,18


and 100 compounds were selected for screening against
A2A.19 Nine compounds exhibited >50% inhibition at
1 lM and three, all of which were triazines, had Ki val-
ues ranging from 5 to 31 nM against the human A2A


receptor, as well as showing a degree of selectivity over
A1


19 (Table 1).
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Figure 1. ISIS queries used to search a proprietary compound


database.

Compound 5 also demonstrated over 200-fold selectivity
for A2A over A2B (unpublished results).


Subsequent IP searching identified a patent claiming tri-
azines as A2A antagonists.20 Whilst this patent does cov-
er closely related compounds, detailed analysis showed
that compounds 5–7 lay outside of its scope.


Whilst it was of interest to apply a similar approach to
identify a wider range of compounds for purchase, a
search of rCat,21 a proprietary database of commercially
available screening samples, yielded too many hits for
this approach to be tractable. Therefore, a second strat-
egy was developed so as to strictly focus on the impor-
tance of the furan and the identification of tolerated
replacements. This method involved a number of steps,
outlined as follows.


1. Identification of compounds in the rCat ISIS data-
base15,21 matching the substructure queries (Fig. 2).
These were then filtered to remove those with
unwanted chemical functionality18 and poor physico-
chemical properties with regard to drug-like space.19
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Figure 2. Substructure queries for identification of compounds in the


rCat ISIS database.
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2. Combination of hitsets and removal of the furan or
methylfuran moiety using custom R-group clipping
in SVL.22


3. Use of the resulting substructures to search a drug-
like subset of rCat in smiles format. This was
achieved using the Dayperl functionality,23 shell
scripts and smarts matching.23


4. Visual inspection of resulting compounds using the
ISIS interface,15 and manual filtering to remove any
further unwanted functionality.


This strategy allowed the identification of a subset of
compounds for which both furan and closely related
non-furan analogues were commercially available.
From this set, 34 furan-containing compounds were
purchased and assayed. Of these, 14 showed >50%
inhibition at 1 lM (a 41% hit rate) against the human
A2A receptor and five of these showed >70% inhibi-
tion. These structures broadly fell into three chemical
series of pyrano[3,4-c]pyridines, 2-aminopyrimidines
and pyridines, as illustrated by representative com-
pounds 8, 9, and 10.

Table 2. A2A and A1 binding affinities and selectivity data for cyanoaminop
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The non-furan analogues of these compounds were then
purchased and assayed. Of the 51 rCat-derived com-
pounds that were screened, 17 had >50% inhibition at
1 lM, and these hits fell into two chemical families. In
addition, screening 28 in-house analogues gave a further
three hits, giving a total hit rate for this step of 25%.
Fourteen of the 20 compounds had Ki values of
<500 nM at the human A2A receptor, as shown in
Tables 2 and 3.

yrimidines 11–19


NH2


N


A2A Ki (nM) A1 Ki (nM) A1 Ki/A2A Ki


87 59 0.7


89 239 2.7


106 865 8.2


118 274 2.3


151 94 0.6


201 192 1


210 >10,000


267 42 0.2


403 1744 4.3







Table 3. A2A and A1 binding affinities for trifluoropyrimidines 21–24
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Assayed using radioligand binding assay on recombinant receptors.19


N


S
N
H


O


O


OOMe


OMe


O


N N
N


N
NNH2


NH


OH


O


N N
N


N
N N


NH2


NH


Me


O


O


N N
N


N
NNH2


N


N


Cl


Cl


Cl


N
N


N


N


O


NH2


N
H


O


N
N


N


N N
N


NH2


2


25


26 27


28


4


Figure 3. Literature compounds 2,5 4,7 25,24 26,25 2726 and 2827 used in


the pharmacophore derivation.
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An additional member of this series is compound 20,
with a Ki against A2A of 232 nM, and against A1 of
1283 nM, being 5.5-fold selective.


N NH2


N


F


20

More diffuse 
hydrophobic 
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hydrogen 
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usually 
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Planar 
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core 


Figure 4. Overlay and common features illustrated with respect to the


compounds shown in Figure 3. The conclusions drawn are general for


the entire dataset considered.

Two compounds, both cyanopyridines (11 and 12), have
sub-100 nM potency, although little selectivity. Some
compounds, such as 15 and 18, have reverse selectivity,
whilst compounds such as 13 and 19 show moderate
selectivity over A1. Compound 17 is highly selective.
The cyanopyrimidine data show clear evidence of direc-
tional SAR, and the compounds are drug-like in nature.
The trifluoropyrimidine series (Table 3) are a little less
potent but are highly selective over A1.


As an additional aid to hit identification, a literature
search was undertaken to identify compounds with good
potency against A2A and selectivity over A1. Represen-
tative molecules (Fig. 3) were built in 3D and this data-
set, augmented with additional in-house data
(unpublished results), was then used to investigate
whether common pharmacophore features could be
identified.


After consideration of available SAR, it was decided to
exclude xanthines, as they appeared to have distinct
features and conformational preferences, which would

suggest that they are likely to adopt a different binding
mode with regard to the A2A receptor.


An iterative flexible fitting approach was employed on
the remaining compounds, using MOE.22


A consideration of the overlays (Fig. 4) showed that all
molecules comprise a planar, aromatic core, with an
exocyclic amine which may be monosubstituted. The ab-
sence of potent and selective compounds with a disubsti-
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tuted amine centre suggests that the polar hydrogen may
be important for activity. The need for a hydrogen bond
donor at this position was further supported by in-house
SAR (unpublished results). The majority of compounds
have a furan or other aromatic ring, which is able to sit
almost co-planar to the central aromatic group, and
around which little SAR is available. All molecules con-
sidered have at least two points of variation around the
aromatic-amine core and, for most, this comprises a fur-
an at the 3-position relative to the exocyclic amine, and
a bulky substituent on the opposite side of the aromatic
ring core from the furan. The latter, generally long and
fairly flexible, side chains are disparate in character and
occupy an area of space which can be best represented as
a diffuse hydrophobic feature, since possible side-chain
conformations sweep out a fairly large area of space
and there are no conserved polar interactions with
which to prioritise possible overlays in this region.


The new series identified from the rCat furan/non-furan
work do appear to be compatible with the generic phar-
macophore described above. The triazine series, in com-
mon with Roche compounds,4 such as 2, does not
possess an obvious furan replacement, although given
the scope for elaboration of the aryl group, it seems likely
that the S-alkyl moiety is performing this function, whilst
the exocyclic amine acts as the hydrogen bond donor.


In summary, molecular similarity methods, used in con-
junction with databases of drug-like compounds, have
been successfully employed in order to identify several
novel series which bind to A2A receptors, but do not
contain a furan moiety. Potent and selective compounds
were identified, which give rise to a variety of potential
starting points for further optimization. The coupled
furan/non-furan work provided a particularly effective
way to identify new areas of interesting chemical space.
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Abstract—Macrocyclic di- and tetra-amides with thia- and oxylinkages were synthesized and screened for in vitro anti-inflammatory
activity. Cyclophane diamide 15 showed a dose-dependent activity, while the other cyclophane amides 16–20 exhibited mild activity.
� 2006 Elsevier Ltd. All rights reserved.

Synthesis of new supramolecules architecturally novel
and of potential importance in the context of designing
simple models for studying biomolecular interactions
stimulates the imaginative skill of synthetic chemists.
The basic crown ether has been modified by substituting
the oxygen donor atom by sulfur and/or nitrogen atom
and introducing functional groups, viz., amide, ester in
the ring to use them as models of protein–metal binding
sites in biological systems,1 synthetic ionophores, thera-
peutic reagents in chelate therapy, cyclic antibiotics,2


and to study host–guest interactions.3 Cyclic amides
play important role in various biological systems.4 Cys-
tine based cyclic peptide has the unique ability of form-
ing double-helical structure.5 Cyclic peptides with open
pores are useful as transport vehicles for biologically
important ions or neutral molecules.6 The self-assembly
of acyclic peptides and their ability to form b-sheet
structures have been demonstrated.7,8 Adamantane-
based supramolecular systems also form double-helical
cyclic structures.8,9 Macrocyclic hexa-amides, which
can effectively bind peptides, have been reported.10


Supramolecular amides have been also used as molecu-
lar receptors and in molecular recognition of biological-
ly interacting substrates11 including anti-HIV active
macrocyclic amides.12 Copper complexes of macrocyclic
compounds exhibit increased antibiotic and antifungal
activity than the uncomplexed macrocyclic com-
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pounds.13 Thus macrocyclic compounds containing
amide linkages are found to be biologically active.
Hence we are interested in the synthesis and study of
anti-inflammatory activity of cyclophane amides.


Diamines 1–6 were synthesized and used for the prepa-
ration of cyclophane amides.

Diamine 1 and 214 were prepared by the reaction of their
corresponding dihalides 7 and 8 with 2-aminothiophenol
in methanolic KOH at room temperature. Dichloride
815 was obtained by the reaction of o-phenylenediamine
with 2 equiv of chloroacetyl chloride in the presence of
triethylamine in methylene chloride. Diamine 3 was pre-
pared by the reaction of the corresponding dibromide16


9 with 2-aminothiophenol in toluene and aq KOH in the
presence of tetrabutylammonium bromide at reflux.
Nitro compounds 10 and 11 were obtained by the
alkylation of 4-nitrobenzyl bromide and 1-(4-nitrophen-
oxy)-2-bromo ethane with 2-aminothiophenol, respec-
tively. Reduction of the nitro compounds 10 and 11
with iron and dil HCl gave the diamine 417 and 5 in
62% and 70% yields, respectively (Scheme 1).


In order to synthesize the cyclic tetra-amide with oxy
linkages, diamine 6 was obtained in 65% yield by the
reaction of diacid chloride 12 with 2 equiv of N-pheny-
lethylenediamine (Scheme 2).


Diacid chloride 1418 was obtained by the reaction of the
corresponding diacid 13 with excess thionyl chloride in
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Scheme 1. Reagents and conditions: (a) 2-aminothiophenol (2 equiv), KOH, methanol, room temperature; (b) 2-aminothiophenol (2 equiv), aq


KOH, toluene, TBAB, reflux, 4 h; (c) KOH, methanol, room temperature; (d) activated iron powder, dil HCl, reflux, 3 h.


Scheme 2. Reagents and conditions: (a) N-phenylethylenediamine


(2 equiv), TEA, CH2Cl2, room temperature, 1 h.
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the presence of triethyl amine in methylene chloride.
Thus diacid chloride 14 was reacted with diamines 1–6
to give cyclophane amides 15–20 in 50%, 45%, 35%,
40%, 42%, and 40% yields, respectively (Scheme 3).


In 1H NMR spectrum cyclophane amide 1519 displayed
the aromatic methyl, SCH2, and OCH2 protons as sin-
glets at d 2.16, d 3.95, and d 4.80, respectively, in addi-
tion to aromatic protons. The protons attached to the
amide nitrogen appeared at d 9.68 as a broad singlet.
In 13C NMR spectrum aromatic methyl, SCH2, OCH2,
and carbonyl carbons appeared at d 19.4, 41.9, 67.9,
and 164.0 in addition to the aromatic carbons. The

molecular ion appeared at m/z 798 in the FAB mass
spectrum for cyclophane amide 15, which further con-
firms the proposed structure. Cyclophane amides 1620


and 1721 were also completely characterized by spectral
and analytical data.


Cyclophane amide 1822 in 1H NMR spectrum displayed
the aromatic methyl protons as two singlets at d 2.25
and d 2.27, SCH2 protons as singlet at d 3.65, OCH2


protons as two singlets at d 5.08 and d 5.17, and the
amide protons as a broad singlet at d 9.69 in addition
to the aromatic protons. In 13C NMR spectrum cyclo-
phane amide 18 displayed two aromatic methyl carbons
at d 19.6 and d 19.8, SCH2 carbon at d 43.3, OCH2 car-
bons at d 69.5 and d 70.8, and carbonyl carbons at d
162.8 and d 165.7 in addition to the aromatic carbons.
In the mass spectrum the molecular ion appeared at
m/z 600.


Cyclophane amide 1923 in 1H NMR spectrum displayed
the aromatic methyl protons as two singlets at d 2.25
and d 2.33, SCH2CH2O protons as two triplet at d
2.97 and d 3.77 with J = 4.8 Hz, OCH2 protons as two
singlet at d 5.01 and d 5.06 in addition to the aromatic
protons, and the amide protons as a broad singlet at d
9.13. In 13C NMR spectrum cyclophane amide 19







Table 1. Effect of cyclophane amides 15–20 on HRBC membrane


stabilization


Compound Activity (% prevention of lysis)


10 lg/ml 50 lg/ml 100 lg/ml 200 lg/ml


15 65.17 ± 0.95 82.43 ± 0.48 89.67 ± 0.68 91.00 ± 0.58


16 40.53 ± 0.75 42.60 ± 0.95 48.72 ± 0.31 49.65 ± 0.49


17 48.27 ± 0.61 49.37 ± 0.54 51.42 ± 0.59 54.14 ± 0.38


18 50.31 ± 0.73 52.27 ± 0.39 56.04 ± 0.18 60.86 ± 0.46


19 44.28 ± 0.11 45.63 ± 0.64 50.25 ± 0.63 51.27 ± 0.63


20 38.84 ± 0.44 41.72 ± 0.61 45.25 ± 0.86 47.97 ± 0.09


Prednisolone — 59.34 ± 0.44 86.37 ± 0.49 —


Scheme 3. Reagents and conditions: (a) SOCl2, TEA, CH2Cl2, reflux, 3 h; (b) TEA, CHCl3, room temperature, 6 h.
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displayed two aromatic methyl carbons at d 19.2 and d
19.8, SCH2CH2O carbons at d 37.7 and d 64.9, OCH2


carbons at d 66.5 and d 70.9, and carbonyl carbons at
d 162.5 and d 165.0 in addition to the aromatic carbons.
In the FAB mass spectrum, the molecular ion appeared
at m/z 630. Similarly cyclophane amide 2024 was also
completely characterized by spectral and analytical data.


Anti-inflammatory activity. Cyclophane amides 15–20
were screened for in vitro anti-inflammatory activity.
The HRBC membrane stabilization25 has been used as
a method to study the anti-inflammatory activity using
prednisolone as standard drug.


Blood was collected from healthy volunteers and the
collected blood was mixed with equal volume of ster-
ilized Alsever’s solution (2% dextrose, 0.8% sodium
citrate, 0.05% citric acid, and 0.42% sodium chloride).
The blood was centrifuged at 1500 rpm and the
packed cells were washed with isotonic NaCl (0.85%,
pH 7.2) and a 10% v/v suspension of the packed cells
was made with isotonic NaCl. The assay mixture
contained the drug (concentration as mentioned in
Table 1), 1 ml phosphate buffer (0.15 M, pH 7.4),
2 ml of hypotonic NaCl (0.36%), and 0.5 ml HRBC

suspension. Prednisolone 100 lg was used as the refer-
ence drug. Instead of hypotonic NaCl, 2 ml of distilled
water was used in the control. All the assay mixtures
were incubated at 37 �C for 30 min and centrifuged.
The hemoglobin content in the supernatant solution
was estimated using spectrophotometer (systronics
model) at 500 nm. The percentage hemolysis was cal-
culated by assuming the hemolysis produced in the
presence of distilled water as 100%. The percentage
of HRBC membrane stabilization or protection was
calculated using the formula:
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Activity ð% prevention of lysisÞ


¼ 100�OD of drug treated sample


OD of control
� 100


The lysosomal enzymes released during inflammation
produce a variety of disorders. This extracellular activity
of these enzymes is related to acute or chronic inflamma-
tion. Since the HRBC membranes are similar to lyso-
somal membrane components, the prevention of
hypotonicity induced HRBC membrane lysis is taken
as a measure of anti-inflammatory activity of drug.


The degree of anti-inflammatory activity in cyclo-
phane amide 15 at 50 lg/ml was found to be
82.43%, whereas that of the reference drug predniso-
lone, at the same concentration, was 59.34%. The
activity of cyclophane amide 15 was found to be more
than that of prednisolone which clearly shows that
cyclophane amide 15 is superior to the reference drug
prednisolone. Though the degree of anti-inflammatory
activity in cyclophane amide 18 at 50 lg/ml was
52.27% which is some what nearer to the reference
drug prednisolone, at 100 lg/ml it was only 56.04%
which indicates that cyclophane amide 18 is inferior
to prednisolone. Cyclophane amides 16, 17, 19, and
20 did not show much activity. The results are sum-
marized in Table 1.


Cyclophane amides 15–20 were synthesized by the acyl-
ation of the corresponding diamines with acid chloride
14. Cyclophane amides 15–20 showed a dose-dependent
effect in HRBC membrane stabilization. Anti-inflamma-
tory activity was more in cyclophane amide 15 than the
cyclophane amides 16–20.
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tal analysis calcd for C56H46N2O4S2: C, 76.88; H, 5.30; N,
3.20. Found: C, 76.79; H, 5.41; N, 3.28.


22. Cyclophane amide 18. Beige crystalline solid. Eluent for
column chromatography: hexane to hexane/chloroform
(1:1); yield: 40%; Rf 0.55 (toluene/ethyl acetate, 9:1); mp:
206–208 �C; IR (KBr, cm�1) 3340, 1677, 1591; 1H NMR
(400 MHz, CDCl3) d 2.25 (s, 3H), 2.27 (s, 3H), 3.65 (s,
2H), 5.08 (s, 2H), 5.17 (s, 2H), 6.54–8.50 (m, 18H), 9.69 (br
s, 2H); 13C NMR (100.4 MHz, CDCl3) d 19.6, 19.8, 43.3,
69.5, 70.8, 113.0, 116.3, 121.0, 122.1, 122.2, 122.4, 124.2,
125.2, 127.7, 128.0, 128.5, 128.9, 130.5, 131.4, 131.7, 132.2,
133.1, 133.6, 134.4, 135.5, 136.7, 137.5, 137.5, 138.9, 141.6,
156.0, 156.8, 162.8, 165.7; Mass spectrum: m/z 600 (M+);
Elemental analysis calcd for C37H32N2O4S: C, 74.00; H,
5.33; N, 4.66. Found: C, 73.85; H, 5.49; N, 4.78.


23. Cyclophane amide 19. Yellow crystalline solid. Eluent for
column chromatography: hexane to hexane/chloroform
(1:1); yield: 42%; Rf 0.60 (toluene/ethyl acetate, 9:1); mp:
202–204 �C; IR (KBr, cm�1) 3355, 1674, 1595; 1H NMR
(400 MHz, CDCl3) d 2.25 (s, 3H), 2.33 (s, 3H), 2.97 (t, 2H,
J = 4.8 Hz), 3.77 (t, 2H, J = 4.8 Hz), 5.01 (s, 2H), 5.06 (s,
2H), 6.17–8.97 (m, 18H), 9.13 (br s, 2H); 13C NMR

(100.4 MHz, CDCl3) d 19.2, 19.8, 37.7, 64.9, 66.5, 70.9,
113.4, 113.8, 120.1, 120.4, 120.5, 120.6, 122.4, 122.7, 123.1,
124.5, 125.7, 127.5, 127.7, 128.2, 129.0, 130.0, 131.4, 132.0,
132.1, 132.2, 132.9, 133.0, 134.0, 135.5, 136.1, 138.5, 141.6,
154.0, 156.1, 162.5, 165.0; FAB Mass spectrum: m/z 630
(M+); Elemental analysis calcd for C38H34N2O5S: C,
72.38; H, 5.39; N, 4.44. Found: C, 72.55; H, 5.59; N, 4.53.


24. Cyclophane amide 20. White crystalline solid. Eluent for
column chromatography: chloroform/methanol (99:1);
yield: 40%; Rf 0.65 (chloroform/methanol, 9:1); mp:
160–162 �C; IR (KBr, cm�1) 3234, 1672, 1664, 1590; 1H
NMR (400 MHz, CDCl3) d 2.19 (s, 6H), 3.07–3.95 (m,
8H), 4.47 (s, 4H), 5.11 (s, 4H), 6.58–7.66 (m, 24H), 8.00
(br s, 2H); 13C NMR (100.4 MHz, CDCl3) d 19.3, 38.5,
47.6, 65.4, 67.6, 112.5, 114.2, 120.8, 121.8, 127.1, 127.3,
127.7, 128.3, 128.5, 128.7, 130.2, 130.8, 132.2, 132.5,
136.6, 141.6, 147.1, 154.3, 169.0, 170.1; FAB Mass
spectrum: m/z 832 (M+); Elemental analysis calcd for
C50H48N4O8: C, 72.10; H, 5.81; N, 6.73. Found: C,
72.28; H, 5.74; N, 6.66.


25. Gandhidasan, R.; Thamaraichelvan, A.; Baburaj, S.
Fitoterapia 1991, 62, 81.
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Abstract—Two novel dual functional agents, 3[3-(2,4-dinitro-phenylamino)-propyl]-5-fluoro-1H-pyrimidine-2,4-dione 7 and
N-[3-(2,4-dinitro-phenylamino)-propoxy]urea 8, resulting from linkage of 2,4-dinitrophenylamine through three carbon atoms with
5-fluorouracil 5 and hydroxyurea 6, respectively, were prepared and their in vitro aerobic cytotoxicities in HT-29 cell line with and
without radiation were determined. Compounds 7 and 8 unlike their components were not cytotoxic but showed radiosensitizing
activity.
� 2006 Elsevier Ltd. All rights reserved.

Figure 1.

2,4-Dinitrophenylamine derivatives have shown antitu-
mor activity1 and several mono-2 and dinitrophenyl-
amine mustards3 1 and 2, and dinitroaziridines3 3 have
been reported as hypoxia activated alkylating bioreduc-
tive agents (Fig. 1). In these compounds, cellular reduc-
tion of the nitro group to more electron-donating
species activates nitrogen of mustard by electron release
through the aromatic ring and generates reactive alkyl-
ating species.4 The cytotoxicity of these compounds in
the normal oxygenated cells in which the initially re-
duced species can be readily re-oxidized by molecular
oxygen is by mechanism other than reduction of the
nitro group and has been attributed to the parent nitro
compounds2 or bio-activation by NADPH: quinine oxi-
doreductase (DT diphrase) which can act as an oxygen-
insensitive reductase.3 These results suggest that com-
pounds resulting from replacement of nitrogen mustard
of 2,4-dinitrophenylamine mustards 1 and 2 with other
antitumor agents that do not require bio-reductive
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metabolism activation might have similar or enhanced
aerobic cytotoxicity and led us to investigate cytotoxic-
ity of 2,4-dinitrophenylamine-linked 5-fluorouracil 7
and 2,4-dinitrophenylamine-linked hydroxyurea 8. In
addition since a number of clinical trials have shown a
benefit for the combined use of ionizing radiations with
5-fluorouracil5 5 or hydroxyurea6 6 and aromatic nitro
compounds are known as electron affinic radiosensitiz-
ers7,8 evaluation of in vitro radiosensitizing activity of
dual function agents 7 and 8 in comparison with their
component, that is, N-(propyl)-2,4-dinitrophenylamine
4, 5-fluorouracil 5, and hydroxyurea 6, was investigated.
Since in several bioreductive compounds which have
also shown aerobic cytotoxicity, nitroaromatics are
linked through 3 methylene groups to other antitumor
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agents with different mechanisms of action,9 the length
of the chain in compounds 7 and 8 of this study was cho-
sen as 3. However, synthesis of analogs of 7, and 8 with
2, or 4 linking methylene groups is under investigation
in order to determine the importance of the length of
tether on the activity.


Of the compounds prepared in this study, only forma-
tion of N-(propyl)-2,4-dinitrophenylamine 4 in 48%
yield through staggered addition of sodium hydride
and propyl iodide to the solution of 2,4-dinitrophenyl-
amine in THF during the synthesis of 1-alkoxy-2-alkyl-
benzimidazoles has been reported.10 In our hands this
compound could be prepared in 91% yield by refluxing
a solution of 1-chloro-2,4-dinitrobenzene with 1-propyl-
amine in ethanol (Scheme 1) for 4 h followed by evapo-
ration of the solvent and crystallization of the residue
from a mixture of CH3OH–ether (Scheme 1). Com-
pounds 7 and 8 were prepared by the reaction of 5-fluo-
rouracil 5 and hydroxyurea 6 with 1-(3-bromopropyl)-
2,4-dinitrophenylamine 9 which in turn was prepared
by ultrasound promoted reaction of 2,4-dinitrophenyl-
amine with 1,3-dibromopropane (Scheme 2). All the
synthesized compounds were identified by IR, 1HNMR,
mass spectroscopic data, and elemental analyses.11–13


The radiosensitizing activity of compounds 7 and 8 was
initially determined in SP2 cell line. Results of the preli-
minary experiments showed that this cell line was radio-
sensitive and cell death was caused by combination of
radiosensitization and radiation effect which by itself
in the absence of compounds reduced the number of
cells to 90% of control. Therefore, experiments with this
cell line were not continued and HT-29 cell line which
has been reported14,15 and was found in this study to
be resistant to the effects of radiation doses more than

Scheme 1.


Scheme 2.

1 GY was used to determine the radiosensitizing activity
of the tested compounds.


The experiments for determination of cytotoxicity16 of
compounds were carried out in 96-well culture dishes
and cells were seeded at the density of 104 cells/well.
The stock solutions of compounds 4–8 in DMSO were
diluted with media and added into each well of dish.
Culture mediums containing DMSO in concentration
equal to those incubations treated with the tested com-
pound served as control. Cell incubation was then kept
at 37 �C under an atmosphere of 95% air:5% CO2. The
response of cells to compounds 4–8 with and without
radiation was evaluated by determining the cell survival
by MTT17 assay after 20 h. Survival was scored by com-
paring treated cells to untreated cells with the tested
compounds (control) and is expressed as percentage of
cell survival. For radiation experiments, incubations
were irradiated with different doses of the radiation at
the dose rate of 1.75 GY/min by a 60Co source. Control
cells underwent the same procedure but without
irradiation.


In order to determine the cell viabilities by clonogenic
assay,18 cells after treatment with the tested compounds
and/or radiation were plated into culture dishes at very
low concentration to yield 102–103 cells/dish, returned
to 37 �C incubation, and maintained for 10 days. Cells
were then fixed with formalin, stained with methylene
blue, and colonies containing more than 50 cells were
counted. The number of colonies of the irradiated and
unirradiated dishes was compared and expressed as per-
centage of the survival by clonogenic assay.


All experiments were carried out with three wells three
times in duplicate resulting in a minimum of 18 single
data. Statistical analysis was performed using SPSS
11.0 for window (SPSS Inc, Chicago, IL, USA) and
descriptive statistics are shown as arithmetic
mean ± standard deviation. Independent samples’ t-test
was used to investigate the differences between irradiat-
ed and unirradiated cells treated with the tested com-
pounds and p value smaller than 0.05 was considered
statistically significant.


The response of HT-29 cell line to compounds 4–8 at
concentrations of 2.5, 5, 10, and 20 lM with and with-
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out irradiation is represented in Figure 1. These concen-
trations were chosen on the basis of pre-test measure-
ments that showed at concentration lower than
2.5 lM, compound 5 did not show cytotoxicity and con-
centrations higher than 20 lM did not further potentiate
the cytotoxicity and radiosensitizing activity of the test-
ed compounds. Results showed that while 5-fluorouracil
5, hydroxyurea 6, and N-(propyl)-2,4dinitrophenyl-
amine 4 were cytotoxic on this cell line and reduced
the viability of cells to 65%, 25%, and 20% of controls,
respectively, the dual functional agents 7 and 8 were
not cytotoxic. These findings are in agreement with the
published studies that alkylation of 5-fluorouracil 519


and hydroxyurea 620 with groups that are not labile re-
sults in the formation of inactive compounds.


To investigate the radiosensitizing properties of com-
pounds 7 and 8, incubations were irradiated with the
dose 4 GY of radiation since at this dose compounds 7
and 8 at minimum concentrations of 2.5 lM showed
radiosensitizing activity. In order to determine the opti-
mum time for exposure of cells to the tested compounds
before irradiation, incubations were irradiated at 0.5, 1,
2, and 4 h after treatment with 10 lM of the tested com-

Figure 2. Survival of HT29 cells without (h) and upon (m) Gamma-irradi


compounds 4–8 assessed by MTT assay. Data points were obtained from thr


each point.

pounds 7 and 8. Results of the clonogenic forming tests
presented in Figure 3 showed that the number of surviv-
ing cells was minimum by irradiation at 1 h after expo-
sure and the viability of cells did not change with time
over the duration of the growth studies. As a result,
the radiosensitizing properties of the compounds 4–8
were determined at 1 h after addition to the incubation
mediums.


A comparison of results shown in Figure 1 reveals that
while dual functional agents 7 and 8 were radiosensitizer
and reduced viability of cells to 60% of controls, com-
pounds 4 and 5 in contrast to reports5,6 under experi-
mental conditions of this study had no radiosensitizing
activity.


On the basis of the results of these experiments it may also
be concluded that the aerobic cytotoxicity of phenylamine
mustards 3 is related to their alkylating moieties since
analogous compounds 7 and 8 resulting from replacement
of this moiety with 5-fluorouracil 5 or hydroxyurea 6 were
not cytotoxic in HT-29 cell line. As it can be found from
Figure 2, the change in concentration of compounds
had no appreciable effects on their cytotoxicities.

ation (4 Gy) after 1 h. incubation with different concentrations of the


ee independent experiments, and the standard deviations are given for







Figure 3. Clonogenic survival of HT29 cells without (h) and upon (m)


Gamma-irradiation (4 Gy) at different times after incubation with


10 lM of the compounds 7 and 8. Data points were obtained from


three independent experiments, and the standard deviations are given


for each point (*p < 0.05, ***p < 0.001).
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The radiosensitizing activity of both compounds 7 and 8
was high and did not increase significantly with increase
in the dose of radiation as it was found from the values
which were obtained by dividing the radiation dose
without over the radiation dose with the tested com-
pounds for the same survival levels.21 These values for
compound 7 at doses of 4, 8, and 12 G were equal to
1.64, 1.66, and 1.67, where it reduced the viability of
cells to 60.8%, 59.22%, and 59.56% of controls, respec-
tively. For compound 8 the corresponding values were
1.77, 1.68, and 1.95 for reduction of cell survival to
56.63%, 59.41%, and 51.07% of controls, respectively,
which statistically were not significantly different.


From results of this investigation it seems that further
exploration of compounds 7 and 8 may be appropriate
since these compounds were not cytotoxic but increased
the sensitivity of the normal oxygenated cells to radia-
tion. The use of these compounds in conjunction with
tumor radiotherapy might result in much greater toxic-
ity to tumor than normal tissues.
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Abstract—A novel 4-aminopyrimidine-5-carboxaldehyde oxime scaffold with inhibitory activity against VEGFR-2 kinase has been
identified. With a 4-fluoro-2-methylindol-5-yloxy group at the 6-position and alkyl groups as the oxime side chains, many analogues
showed good potency for VEGFR-2. This series also exhibited antiproliferative activity against cancer cells, causing cell accumu-
lation at the G2/M phase of the cell cycle and preventing cells from entering mitosis. Described here are the chemistry, structure–
activity relationships (SAR), and biological testing for this series.
� 2006 Elsevier Ltd. All rights reserved.

Angiogenesis, the formation of new capillaries from the
endothelial cells of preexisting vascular networks, plays
a vital role in tumor growth. Solid tumors cannot grow
beyond a few millimeters until they develop new collat-
eral blood vessels to provide oxygen and nutrients.1


Although several growth factors play important roles
in angiogenesis, vascular endothelial growth factor
(VEGF) and its cognate tyrosine kinase receptor (VEG-
FR-2) are of particular interest because of their involve-
ment in multiple processes of angiogenesis, including
vascular permeability, endothelial cell activation, prolif-
eration, and migration.2 Inhibition of VEGF activity or
VEGFR-2 kinase has been shown to suppress tumor
angiogenesis and tumor growth in tumor xenograft
studies. The use of antiangiogenic agents for cancer
therapy has been the focus of intensive pharmaceutical
research. FDA approval of the anti-VEGF antibody
bevacizumab for the treatment of colorectal cancer pro-
vides valuable proof-of-concept in a clinical setting.3


Recently, two small molecule drugs that inhibit VEG-
FR-2 kinase, sorafenib (BAY-43-9006)4 and sunitinib
(SU-11248),5 were approved by the FDA for renal
and/or gastrointestinal cancer. Numerous other small
molecules have progressed to the clinical evaluation
stage.6,7
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Our effort to develop small molecular ATP-competitive
VEGFR-2 inhibitors as cancer therapeutics led to the
discovery of 4-aminopyrimidine-5-carboxaldehyde oxi-
mes having potent VEGFR-2 inhibitory activity. This
novel series also shows antiproliferative activity against
cancer cells. Combination of antiangiogenesis and anti-
proliferation could enhance in vivo antitumor efficacy,
especially for the therapy of advanced cancer.8


Described here are the chemistry, structure–activity rela-
tionships (SAR), and biological testing for this series.


As shown in Scheme 1, the general chemistry for
analogue synthesis started with 4-amino-6-chloropyrim-
idine-5-carboxaldehyde (1).9 Displacement of the
6-chloride with R1OH in the presence of cesium carbon-
ate resulted in compound 2, which was reacted with
hydroxylamine (HCl salt) in DMSO to generate oxime
3. This condensation step proceeded in quantitative
yield with the E-isomer as the sole product. Alkylation
of the hydroxyl group of compound 3 with an alkyl bro-
mide in DMF gave final compound 4. Slight warming of
reaction mixture was required for the formation of some
analogues. Alternatively, 4 was prepared by reacting
aldehyde 2 directly with the appropriate O-alkylated
hydroxylamine HCl salt in DMSO. Using this highly
efficient chemistry, many analogues were synthesized.


The oxime analogues were tested for VEGFR-2 kinase
inhibition and were also screened for antiproliferative
activity against three cancer cell lines, HeLa (cervical
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Scheme 1. Synthesis of 4-aminopyrimidine-5-carboxaldehyde oximes.


Reagents and conditions: (a) R1OH, Cs2CO3, DMSO, method A


(analogues 14–19, 25, 26, and 29); (b) HONH2ÆHCl, DMSO; (c) R2Br,


K2CO3, DMF, method B (analogues 5–13, 20–24, and 28); (d)


R2ONH2ÆHCl, DMSO.
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adenocarcinoma), HCT116 (colon carcinoma), and
A375 (malignant melanoma). The kinase and cell data
are summarized in Tables 1 and 2. Our initial SAR study
was focused on the aryl ether group, R1. With R1 as a
quinolin-6-yl or quinolin-7-yl group, only weak potency
for VEGFR-2 was achieved. Analogues 5 and 6 also
showed poor antiproliferative activity. Compound 7
with an unsubstituted indol-5-yl group showed moder-
ate inhibition of VEGFR-2. To our surprise, adding
one methyl group to the N-1 or C-3 position of the in-
dol-5-yl ring (8 and 10, respectively) was detrimental
to VEGFR-2 potency but beneficial to cellular inhibi-
tion. This observation suggests that there are different
structural requirements for VEGFR-2 kinase inhibition
and cellular antiproliferative activity. Shifting the meth-
yl group to the C-2 position of the indol-5-yl ring result-
ed in derivative 9 that was not only potent against
VEGFR-2 kinase but also potent in cells. Adding one
fluoro group to the C-4 or C-6 position of the indol-5-
yl ring (11 and 12, respectively) also increased the
potency for both VEGFR-2 kinase and cells. The com-
bination of a methyl group at C-2 and fluoro group at
the C-4 position of the indol-5-yl group was additive,
generating 13, the most potent derivative of the series
with an IC50 of 42 nM against VEGFR-2 and
27–36 nM IC50 values in cells.

Table 1. Kinase and cellular antiproliferative activity for analogues 5–12


Compound R2 VEGFR-2 inhib


IC50 (lM)


5 Quinolin-6-yl 0.700


6 Quinolin-7-yl 1.588


7 Indol-5-yl 0.276


8 1-Methylindol-5-yl 1.189


9 2-Methylindol-5-yl 0.146


10 3-Methylindol-5-yl 1.038


11 4-Fluoroindol-5-yl 0.117


12 6-Fluoroindol-5-yl 0.121

After optimization of the R1group, a SAR study for the
oxime side chain (R2) was undertaken. As shown in
Table 2, when R2 was an ethyl, propyl, allyl, or propargyl
group (13, 14, 16 or 17), high potency for both VEGFR-2
and cell proliferation was achieved. However, a bulkier
butyl group (15) was less tolerated at this position, result-
ing in IC50 values of 115 nM for VEGFR-2 and 1.0 lM
for HCT116 cells. A cyclohexylmethyl group (18) was also
detrimental to activity. On the other hand, a benzyl group
(19) maintained decent cell potency although it also low-
ered kinase potency. This phenomenon is consistent with
previous observation that SARs for VEGFR-2 and can-
cer cells are different. Solubilizing amino groups such as
2-(N-methylamino)ethyl, 2-(N,N-dimethylamino)ethyl,
2-(pyrolidin-1-yl)ethyl, or 3-(N,N-dimethylamino)propyl
(20–22, 24) were slightly detrimental to VEGFR-2 poten-
cy but more harmful to cell activity, indicating that the R2


group might fit in a lipophilic binding pocket. The excep-
tion is the (morpholin-4-yl)ethyl group (23), which
showed excellent kinase potency and reasonable cellular
potency. Antiproliferative activity seems to correlate with
lipophilicity of the oxime side chain and inversely with
basicity of the pendant amino group. Among the amino
analogues, the least basic group (morpholine) conferred
the highest cell potency, suggesting that the more basic
analogues do not penetrate the cell membrane well.
Unsubstituted analogue 27 had an IC50 of 33 nM for
VEGFR-2. With R2 as hydroxyalkyl or alkoxyalkyl
groups, compounds 25, 26, 28, and 29 exhibited similar
potency as compound 27, though these analogues were
less potent in cells compared to those with simple alkyl
R2 groups.


Flow cytometric analysis was used to study the cell cycle
effect of compound 16 on human HeLa tumor cells. In
this assay cells were stained with propidium iodide and
analyzed by fluorescence; then DNA content and cell
cycle phase distribution were estimated. As shown in
Figure 1A, untreated HeLa cells showed a normal cell
cycle phase distribution with 59% in G1 phase, 26% in
S phase, and 14% in G2 phase. Treatment of HeLa cells
with 62.5 nM of compound 16 resulted in an accumula-
tion of cells at G2 phase with 0.03% in S phase and
>99% in G2 phase (Fig. 1B). The cells were prevented

ition Antiproliferative IC50 (lM)


HeLa HCT116 A375


3.430 2.868 1.825


1.817 2.624 0.886


1.871 3.522 0.783


0.375 0.749 0.326


0.388 0.386 0.356


0.306 0.385 0.132


0.401 0.365 0.492


0.382 0.422 0.327







Table 2. Kinase and cellular antiproliferative activity for analogues 13–29


Compound R2 VEGFR-2 inhibition IC50 (lM) Antiproliferative IC50 (lM)


HeLa HCT116 A375


13 CH3CH2 0.042 0.032 0.036 0.027


14 CH3CH2CH2 0.043 0.040 0.030 0.028


15 CH3CH2CH2CH2 0.115 0.607 1.004 0.446


16 CH2@CHCH2 0.052 0.042 0.040 0.021


17 Propargyl 0.052 0.028 0.028 0.030


18 Cyclohexyl-CH2 0.413 22.66 16.06 4.924


19 Bn 0.201 0.266 0.311 0.062


20 CH3NHCH2CH2 0.093 2.008 3.007 0.345


21 (CH3)2NCH2CH2 0.187 3.227 4.246 0.501


22 (Pyrrolidin-1-yl)-CH2CH2 0.214 4.221 4.61 2.156


23 (Morpholin-4-yl)-CH2CH2 0.039 0.699 1.164 0.339


24 (CH3)2NCH2CH2CH2 0.101 4.334 4.287 1.599


25 CH3OCH2CH2 0.024 0.308 0.387 0.233


26 CH3OCH2CH2CH2 0.062 0.346 0.438 0.300


27 H 0.033 0.472 1.136 0.492


28 HOCH2CH2 0.044 0.406 0.323 0.372


29 HOCH2CH2CH2 0.011 0.362 0.452 0.336


Figure 1. (A) Flow cytometric analysis of control human HeLa tumor cells. (B) Flow cytometric analysis of human HeLa tumor cells treated with


62.5 nM of compound 16.
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from entering mitosis. The cell cycle effect of this series
might contribute to its antiproliferative activity.


Selected compounds 13 and 25 were screened against a
panel of 100 kinases at the concentration of 3 lM in
the presence 2 lM ATP.10 Both compounds were highly
selective for VEGFR-2 compared to other VEGFR fam-
ily members VEGFR-1 and VEGFR-3. They showed
very weak (<30%) inhibition of other angiogenesis-relat-
ed kinases including FGFR, PDGFR, and Tie2. Com-
pounds 13 and 25 displayed >30% inhibition on only 5

and 1 kinases in the panel, respectively, and did not
inhibit cell cycle kinases like that are implicated in G2/
M blockade of the cell cycle (i.e., CDK1). This high
selectivity could reduce potential in vivo off-target side
effects and offer an advantage over current clinically
tested VEGFR-2 compounds.6,7


To investigate the biological mechanism for antiprolifera-
tive activity, compound 16 was tested in tubulin assembly
assay. No inhibition of microtubule polymerization was
observed even with 10 lM of compound 16. Therefore,
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its cellular activity is due to other unknown mechanisms,
instead of tubulin inhibition.


In summary, a novel series of 4-aminopyrimidine-
5-carboxaldehyde oxime having activity against VEG-
FR-2 kinase has been identified. The best potency was
achieved with 4-fluoro-2-methylindol-5-yloxy at the
6-position. On the oxime side chain, lipophilic alkyl
groups were preferred over hydrophilic amino side
chains. This scaffold had shown antiproliferative
activity against several cancer cell lines and caused
accumulation of HeLa cells at the G2/M phase. It
exhibited high selectivity for VEGFR-2 kinase and
showed no antimicrotubule activity. Future studies
will be focused on in vivo antitumor efficacy in this
series.
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Abstract—Histone deacetylase (HDAC) inhibitors offer a promising strategy for cancer therapy and the first generation HDAC
inhibitors are currently in clinical trials. A structurally novel series of HDAC inhibitors based on the natural cyclic tetrapeptide
Apicidin is described. Selected screening of the sample collection looking for L-2-amino-8-oxodecanoic acid (L-Aoda) derivatives
identified a small acyclic lead molecule 1 with the unusual ketone zinc binding group. SAR studies around this lead resulted in opti-
mization to potent, low molecular weight, selective, non-hydroxamic acid HDAC inhibitors, equipotent to current clinical
candidates.
� 2006 Elsevier Ltd. All rights reserved.

Aberrant gene regulation plays an important role in tu-
mor initiation and progression, and methods to correct
this dysfunction represent a new anti-cancer strategy.1


The acetylation status of lysine residues in nucleosomal
histone proteins is known to play a crucial role in chro-
matin structure and hence gene transcription.2 The pres-
ence of acetyl groups on these lysine residues neutralizes
the positive charges of the histone tails, therefore
decreasing their interactions with DNA, relaxing the
chromatin, and allowing access to transcription factors.
In contrast, removal of the acetyl groups from these Ac-
lysines facilitates the interactions of e-amino group with
the DNA, condensing the chromatin. This acetylation
status is controlled by the opposing actions of histone
acetyl transferases and HDACs; eleven class I and II
HDACs are known.3 Histone deacetylase inhibitors
(HDACi) are emerging as a new class of anti-cancer
agents and have been shown to alter gene transcription
and exert various anti-tumor effects such as: growth
arrest, differentiation, apoptosis and inhibition of tumor
angiogenesis.4–6 However, the precise anti-tumor mech-
anism of these HDACis remains unclear.4 Currently,
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there are several HDACis in clinical trials and showing
efficacy in patients with hematological and solid
malignancies.7,8


HDACis have been widely studied, X-ray crystal struc-
tures with bound inhibitors exist,9 and they can be char-
acterized by a common pharmacophore consisting of: a
zinc binding group (ZBG), a linker domain, and a sur-
face recognition domain. To date they belong to several
distinct structural classes (Fig. 1): hydroxamic acids:
such as SAHA (Suberoyl anilide hydroxamic acid),10


aminobenzamides: for instance, MS-275,11 electrophilic
ketones,12 short chain fatty acids like Valproic acid13


and cyclic peptides: such as FK-22814 and Apicidin.15


Each class has its own limitations: hydroxamic acids
are rapidly metabolized, non-selective inhibitors of most
HDAC isoforms; aminobenzamides and fatty acids have
limited potency; electrophilic ketones are reduced in
plasma; whilst cyclic peptides offer issues of chemical
intractability and FK-228 contains an undesirable thiol
ZBG.


As part of a project to identify a second generation
HDACi the natural product Apicidin was selected as a
suitable starting point. This molecule contains an ethyl
ketone as potential ZBG, a long alkyl chain as linker,
and the cyclic tetrapeptide that interacts with the surface
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Table 1. Activity of 1 and related compounds with alternative ZBGs


N
H


(S)
R


HN O


N
H


OMe


O
HN


Compound R HDAC 1


IC50
a (nM)


PRO(HeLa)


IC50
a (nM)


SAHA 27 460


MS-275 110 1800


Apicidin 44 290


1 590 730


(R)-1 3200 >25,000


2 OH >5000 23,700


3 CHO 350 5700


4 CO2H 220 >25,000


5 CO2Me 150 1300


6


O


H
N


OH 0.8 12


7
O


NH2
1760 >25,000


8 >5000 >25,000


a Values are means of three or more experiments.
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Figure 1. Known HDAC inhibitors and the structure of novel lead 1.
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of the HDAC. This compound, despite the unusual
ZBG, is a relatively potent HDAC 1 inhibitor,16


IC50 = 44 nM, and displays good anti-proliferation
activity against cervical cancer HeLa cells in a 72 h
growth inhibition assay, IC50 = 290 nM.17 Apicidin is
unique in that it lacks the epoxide whose presence is
integral for biological activity in closely related cyclic
tetrapeptide HDACi such as Trapoxin,18 suggesting that
Apicidin’s macrocycle contributes significantly to
activity.19


Directed screening of the sample collection looking for
compounds containing the unusual L-Aoda amino acid
identified 1 as a more tractable lead. This compound
maintains the ketone motif and pentyl chain, whilst
exerting HDAC inhibitory activity, IC50 = 590 nM
(albeit with a 12-fold loss compared to Apicidin), and
good cellular activity remained as characterized in a
72 h cellular proliferation assay in HeLa cervical cancer
cells,17 PRO(HeLa) IC50 = 730 nM. This loss of enzyme
activity was deemed tolerable as the compound is ame-
nable to rapid analogue synthesis, although it suffers
from: modest potency; high MWt; many rotatable
bonds; and high liver microsome turnover.


Naturally, the SAR focused on three regions of the mol-
ecule: the ZBG, the linker domain, and surface recogni-
tion domain. At an early stage of the program it was
demonstrated that the chirality of these molecules was
critically important as the enantiomer, (R)-1, lost signif-
icant HDAC inhibitory activity. Subsequently all ana-
logues were prepared homochirally in the S-series.


Investigations into the ZBG revealed that the ketone 1
was one of the most promising compounds as some
alternative structures either lost HDAC activity, such
as alcohol 2 or amide 7 (Table 1) or lacked cell-based
activity despite being more potent enzyme inhibitors,
for instance acid 4. The aldehyde 3 and methyl ester 5,
although showing activities comparable to that of the
lead, were not followed up further due to potential lia-
bilities associated with these functionalities in vivo. Fur-
thermore, the necessity for the ketone functionality was
demonstrated by compound 8 lacking the carbonyl. This
compound lost all activity, demonstrating the probable
binding interaction made by this weak zinc chelator.

Interestingly, when the ketone was replaced by the
strong zinc chelator, a hydroxamic acid, a sub-nanomo-
lar enzyme inhibitor was identified. In fact, compound 6
is one of the most potent HDACis currently known and
shows excellent anti-proliferation activity, PRO(HeLa)
IC50 = 12 nM.


Further profiling of compound 6 demonstrated excellent
inhibitory activity on HDACs 1–3 whilst the other
HDAC isoforms were inhibited at higher concentrations
(Table 2).16 Potent anti-proliferative activity was also
seen against a wide panel of cancer cell lines and the
compound showed good selectivity over normal cells,
such as renal epithelial cells.17 This anti-proliferative
activity correlated an increased level of histone H3 acet-
ylation. Despite the potency of this compound work
continued to focus on the ketone series.







Table 2. Activity of 6 on the HDAC isoforms and various cell lines


HDAC 1 2 3 4 5 6 7 8


IC50
a (nM) 0.8 4 1.6 260 2500 45 4200 200


Cell line IC50
a (nM)


HeLa 12


Colon-HCT116 64


Lung-A549 87


U937 <8


A2780 110


G401 100


MCF-7 130


Human renal epithelial cells 930


a Values are means of three or more experiments.


Table 3. SAR of replacements of the 2-methyl-5-methoxyindole group


N
H


(S)


HN


R


O


O
HN


O


Compound R HDAC 1


IC50
a (nM)


PRO(HeLa)


IC50
a (nM)


9 Me 930 7600


10
N


S
590 3000


11 N
NS


480 3400


12


Me
N 540 2500


13  
NMe 200 1200


14 NMe 220 2000


15 N 190 <390


a Values are means of three or more experiments.
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Investigations into the pentyl chain and around the two
amide groups (b-amino acids and alkylated derivatives)
revealed these to be preferred (data not shown), accord-
ingly a robust synthesis of the key amino acid was re-
quired. This was achieved using Schöllkopf chemistry
(Scheme 1).20 Alkylation of the protected alkyl iodide
32, readily synthesized without chromatography, gave
homo-chiral amino acid 35 in 58% yield after hydrolysis
and Boc-protection. SAR into the capping groups was
then achieved by standard coupling methodology.


Extensive SAR work to find a replacement for the 2-
methyl-5-methoxyindole group of 1 identified small het-
erocyclic derivatives, such as 5-carboxythiazole 10 or the
thiadiazole 11, as suitable alternatives (Table 3). These
groups maintained HDAC activity but lost a few fold
in the anti-proliferation assay. Small cyclic amino
groups, such as N-methyl piperidines 12 + 13 and pyr-
rolidine 14, were also well tolerated, resulting in modest
improvements in HDAC inhibition. These substantially
reduced MWt and furthermore improved microsomal
stability. Pendant amines such as the 3-piperid-1-ylpro-
panamide 15 also behave similarly, improving both
enzyme and cellular activities.


Finding alternatives to the large 2-(2-phenyl-1H-indol-
3-yl)ethanamine moiety was more problematic and most
replacements, with the exception of (hetero)anilides,
resulted in a dramatic loss of activity (data not shown).

Scheme 1. Synthesis of key amino acid building block.

Fortunately, anilide 18 gave rise to a 3-fold improve-
ment in enzymatic activity compared to 1 whilst reduc-
ing the MWt by 140 amu (Table 4). Further SAR
around this group revealed a more dramatic improve-
ment in enzymatic activity could be achieved by substi-
tution in the meta-position. Chlorine (20), methoxy (22),
and phenyl (23) groups were well tolerated at these posi-
tions resulting in inhibitors with double-digit nanomolar
potencies and sub-micromolar anti-proliferation activi-
ties. Likewise, heteroaromatic amines were also tolerat-
ed, especially those bearing groups in the distal position,
such as phenyl thiazole 24.


After this initial SAR the most interesting substituents
were combined and incorporated for a more extensive
SAR around this series in a 2-D array. From this work
small, low molecular weight, potent HDACis were iden-
tified with sub-micromolar activities against HeLa cell
proliferation (Table 5). The best of these derivatives
show activities comparable to those of SAHA and
MS-275. Interestingly, the results from this work re-
vealed that the SAR into the two separate amide groups
was not additive and binding to one part of the surface
clearly influenced binding of the second amide group.
Nevertheless, 29 displayed IC50 = 55 nM against HDAC
1 with HeLa anti-proliferation activity of 430 nM and
improved microsomal stability (human Clint = 54 lL/
min/mg compared to >300 lL/min/mg for 1) so warrant-
ed further profiling on the other HDAC isoforms and a
panel of cancer cell lines (Table 6).


Extensive profiling revealed that 29 was indeed a iso-
form selective HDAC inhibitor displaying potent inhibi-







Table 5. Simultaneous SAR into both amide groups


R
N
H


(S)


HN


R'


O


O


O


Compound R R0 HDAC1


IC50
a (nM)


PRO(HeLa)


IC50
a (nM)


25 m-Cl–Ph– N
NS


100 1600


26 m-MeO–Ph–
N


S
33 880


27


Ph


Me
N 79 500


28


Ph N


S
55 720


29
S


NPh


Me
N 55 430


a Values are means of three or more experiments.


able 6. Activity of 29 on the HDAC isoforms and various cell lines


HDAC 1 2 3 4 5 6 7 8


IC50
a


(nM)


55 170 14 NA at


5 lM


1900 13 NA at


5 lM


3000


Cell line IC50
a (nM)


Cervical–HeLa 430


Colon-HCT116 670


Lung-A549 2000


Myeloid-U937 450


Ovarian-A2780 1700


Kidney-G401 250


Breast-MCF7 230


Human renal epithelial >20,000


Values are means of three or more experiments.


Table 4. SAR of replacements of the 2-phenylindole group


N
H


(S)


HN O


N
H


OMe


O


R
O


Compound R HDAC 1


IC50
a (nM)


PRO(HeLa)


IC50
a (nM)


16
HN


560 3800


17 Et >5000 >25,000


18 Ph 180 1500


19 o-Cl–Ph– 3300 27,700


20 m-Cl–Ph– 44 520


21 p-Cl–Ph– 230 2000


22 m-MeO–Ph– 23 110


23


Ph


18 230


24
 


S


NPh
25 <390


a Values are means of three or more experiments.
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tion of HDACs 1, 2, and 3 + 6, whilst only weak or no
activity on HDACs 4, 5, 7 + 8. Furthermore, 29 main-
tained activity on a wide range of cancer cell lines and
showed sub-micromolar activity against: colon
HCT116, myeloid U937, kidney G401, and breast
MCF7 lines. Moreover, this and other of these novel
HDACis show good selectivity over normal cells as
demonstrated in human renal epithelial cells where

T


a


concentrations of 20 lM were well tolerated without
significant growth inhibition.


In summary, a novel class of potent, low molecular
weight, non-hydroxamic acid histone deacetylase inhib-
itors has been developed. These HDACis are equipotent
with current clinical candidates.
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Abstract—The synthesis and structure–activity studies of a series of quinoline-3-carbonitriles as inhibitors of Tpl2 kinase are
described. Potent inhibitors of Tpl2 kinase with selectivity against a panel of selected kinases in enzymatic assays and specificity
in cell-based phosphorylation assays in LPS-treated human monocytes were identified. Selected inhibitors with moderate activity
in human whole blood assay effectively inhibited LPS/D-Gal induced TNFa release when administered intraperitoneally in mice.
� 2006 Elsevier Ltd. All rights reserved.

Rheumatoid arthritis (RA) is an autoimmune disorder
that induces chronic inflammation, leading to progres-
sive joint destruction. It affects about 1% of the popula-
tion with approximately 5 million people worldwide. Up
to 50% of affected patients with RA are unable to work
10 years after diagnosis. Currently, there is no cure for
this disease. Although the etiology is still under investi-
gation, it is believed that tumor necrosis factor-a
(TNFa), a cytokine responsible for the initiation and
mediation of inflammation, initiates and maintains the
disease development through the induction of effector
proteins such as adhesion molecules and matrix metallo-
proteinases (MMPs). The control of TNFa, therefore, is
a major goal in treating the progression of RA.1 One
way to inhibit TNFa production is through the signal
transduction pathway that includes several members of
the mitogen activated protein kinase (MAP kinase) fam-
ily, notably p38, which has been the focus of several pro-
grams in the pharmaceutical industry.2 Another
important TNFa signal transduction pathway involves
the kinases MEK and ERK and is controlled upstream
by Tpl2 (Tumor Progression Loci-2) kinase.3


Tpl2 kinase is a serine/threonine MAP kinase with 467
amino acids. Sequencing studies of the Tpl2 protein
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indicate a very low homology to other kinases (�30
%). Furthermore Tpl2 is not inhibited by the ‘pan kinase
inhibitor,’ staurosporine, and is therefore likely to have
very unique structural features.


Tpl2 activates the translation of the TNFa messenger
RNA and TNFa production through the phosphoryla-
tion of MEK/ERK. TNFa thus produced can then bind
to the TNFa receptor thereby further activating the Tpl2
signaling pathway. Essentially, Tpl2 is important for
both TNFa production and signaling, and a Tpl2 inhib-
itor would have the double benefit of blocking both.4 The
recent clinical success of anti-TNFa agents, notably the
injectable protein ENBREL� (sTNFRa), has further
validated TNFa as an important therapeutic target for
RA. Despite the success of these biological agents, the
development of an orally bioavailable, small molecule
TNFa pathway inhibitor (e.g., a Tpl2 inhibitor) repre-
sents a highly desirable strategy for treating RA.


We recently disclosed a novel class of Tpl2 inhibitors,
the 1,7-naphthyridine-3-carbonitriles (1, Fig. 1).5 In this
manuscript, we report on the synthesis, SAR, and in vi-
tro and in vivo TNFa inhibition studies of a new related
series of Tpl2 inhibitors with a quinoline-3-carbonitrile
scaffold (2).


The synthesis (Scheme 1) of the quinoline-3-carbonitri-
le analogs 2 varied at R1, R2, headpiece, and tailpiece
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Scheme 1. Reagents and conditions: (a) Cs2CO3, DMF, rt, 2 h, 72–99%; (b) Dowtherm A, 260 �C, 4–5 h, 21–68%; (c) (COCl)2, DMF (cat), DCE or


POCl3, reflux, 12 h, 85–92%; (d) RNH2, EtOH, reflux, 12 h, 41–78%; or ROH, KOH, 100 �C, 2 h, 40%; or RSH, DMF; rt, 12 h, 86%; (e) SnCl2Æ2H2O,


EtOH, microwave (110 �C, 5 min), or Fe, NH4CI, MeOH, H2O, microwave (100 �C, 10 min), or Pd/C, H2, EtOH, acetic acid, 12 h, 63–90%; (f) when


X = NH2, RCHO, NaCNBH3, HOAc, EtOH, 3 h, 25–76%. For compound 20, X = Br, i—PhCHCHSnBu3, Pd(PPh3)4, toluene, microwave, 150 �C,


1 h, 45%; ii—H2, Pd/C, THF, 6 d, 80%. For compound 21, X = Br, aniline, Pd(OAc)2, BINAP, Cs2CO3, microwave, 180 �C, 1.5 h, 9%. For


compound 22, X = Br, benzamide, K3PO4, CuI, trans-1,2-diaminocyclohexane, dioxane, 150 �C, 1 h, 33%. For compound 23, X = NH2,


phenylsulfonyl chloride, DIEA, THF, 24 h, 13%.
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(Fig. 1) commenced with substituted aniline 3. Substi-
tuted aniline 3 was alkylated by Michael addition–
elimination with the 2-cyano-3-ethoxyacrylate 4. It is

Table 1. Comparison of 1,7-naphthyridine-3-carbonitriles and quino-


line-3-carbonitriles


X
N


HN


CNTAILPIECE


F


Cl


Tailpiece X = N


compound


Tpl2


IC50 (lM)


X = CH


compound


Tpl2


IC50 (lM)


O N
NH


11 1.2 14 1.0


HN
12 0.14 15 0.21


N HN
13 0.13 16 0.09


X = N; 1,7-naphthyridine-3-carbonitrile series; X = CH, quinoline 3-


carbonitrile series.

critical that compound 5 be void of any basic residue
or moisture before the cyclization in Dowtherm to
construct 6. Additionally, this reaction is substrate-de-

Table 2. Headpiece linker modification


N


HEADPIECE
CN


H
N


N


O


Compound Headpiece Tpl2 IC50 (lM)


14
HN


F


Cl
1.0


17a


N


F


Cl
>40


18
O


F


Cl
>40


19
S


F


Cl
>10


a 1,7-Naphthyridine-3-carbonitrile.







Table 3. Tailpiece modification


N


HN


CNTAILPIECE


F


Cl


Compound Tailpiece Tpl2 IC50 (lM)


15
HN


0.21


20 >10


21
H
N >40
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HN


O
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23 S
HN


O
O 11.5


24
N HN


0.06
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HN
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0.1
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HN


H2N


0.14


27
HN


NH2SO2 0.11


Table 4. Tailpiece modification: heterocycles


N


HN
CNTAILPIECE


F


Cl


Compound Tailpiece Tpl2 IC50 (lM)


15
HN


0.21


28
HNO


0.24


29
HN


S


N
0.031


30
HNHN N


0.074


31
HN


HN


N
0.019


32 N+ HN
O-


0.11


33
HNO


2.2


34 HNN
H


30


35a
HNN


Et
0.18


36a HNN
Et


7


a 1,7-Naphthyridine-3-carbonitrile.
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pendent and sensitive to reactant concentration and
reaction time. Headpieces were installed by amine
SNAr displacement of the chloride 7. The bromide
intermediate 10 can be used for further derivatizations
through Pd- or Cu-catalyzed chemistry to synthesize
compounds 20–22. The nitro intermediate 8 can be re-
duced using SnCl2, or Fe/NH4Cl, or hydrogenation to
give C6-aniline 9 for reductive amination of an alde-
hyde or ketone.6


The inhibitors synthesized as shown in Scheme 1 were
evaluated in vitro against Tpl2 kinase and the data are
shown in Tables 1–6.9 From the SAR investigation of
previously reported 1,7-naphthyridine-3-carbonitrile
Tpl2 inhibitors (1),5 it was known that a large range
of inhibitory activity depended on the length, hybridiza-
tion, and stereochemistry of the C6-tailpiece moiety.
This finding was also true for the quinoline-3-carbonit-
rile series. Interestingly, this C6-tailpiece position has
had less influence on isolated kinase activity than the
headpiece unit in other kinase programs previously
reported.7,8


In general, quinoline-3-carbonitriles (2) have very simi-
lar headpiece and tailpiece SAR to that of the 1,7-naph-
thyridine-3-carbonitriles (1) (complete data not shown).

For example, in Table 1, compounds 14–16 of the quin-
oline-3-carbonitrile scaffold have similar Tpl2 activity to
their corresponding compounds 11–13 of the 1,7-naph-
thyridine-3-carbonitrile scaffold. The more readily
accessible quinoline-3-carbonitrile chemistry7 allowed
us to better explore SAR at R1, R2, headpiece and tail-
piece of the molecule (Scheme 1).


We next sought to investigate the importance of the C4–
NH functionality. By methylating the nitrogen atom
(17) or by replacing the NH with either oxygen (18) or
sulfur (19), significant loss of activity was observed (Ta-
ble 2). We believe that the C4–NH and C3–CN of the
molecule act as hydrogen-bond donor–acceptor system
for the ATP binding site and are therefore important
for activity.


Some more detailed information on the tailpiece modifi-
cations on quinoline-3-carbonitriles is shown in Tables
3–5. Direct comparison of compounds 15 (benzylamine
tail) and 20 (phenethyl tail) reveals that a tailpiece NH
linkage is important for activity. If the methylene car-
bon unit is removed (21) or replaced with an amide
(22) or a sulfonamide (23) linkage, the compounds







Table 5. Tailpiece modification: substituted imidazoles
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31 NH
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N
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4'3'
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N
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N
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NH
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N
0.64


40 NH


N


N
0.2


41


NH


N


N


N


O


0.26
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NH


N


N


N


O


0.014


Table 6. R1 or R2-substitutions


N


HN


CN
H
N


F


Cl


R2R1


HN


N


Compound R1 R2 Tpl2 IC50 (lM)


43 Me H >40


44 i-PrO H >40


45 CF3O H >40


46
O


N(CH2)3O
H 9.2


47 H Me 19


48 H OH >40
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showed significant loss of activity. An a-methyl substitu-
tion (24) retained activity (cf. 16).


The effect of a variety of substitutions on the phenyl ring
of the tailpiece was also investigated. In general, SAR in
this regard appears to be flat; for example, compounds
25–27 did not show improved activity when compared
to their parent compound 15 (Table 3).

Table 7. In vitro selectivity profile (enzymatic and cell-based selectivity) for


H
H
N


HN


N


Tpl2 MEK p38 Src CAMKI


0.019 2.40 30.0 IA IA


P-MEKa P-p38a P-MK2a


0.21 2.11 >5


IA, inactive.
a In human monocytes.
b In A431 cells.

Interestingly, when five-membered heteroaromatic tail-
pieces were prepared (28–31, Table 4), we observed sig-
nificantly improved activity. Thiazole (29), pyrazole
(30), and imidazole (31) tails give a 3-, 7-, and 10-fold
improvement of activity, respectively, when compared
to compound 15. Pyridine N-oxide 32 is 9-fold more ac-
tive than parent compound 16. However, compounds
with saturated heterocyclic tails (33–36) showed de-
creased activity.


We then investigated the substitution effect on the imid-
azole tail (Table 5). A C4 0 and/or N3 0 substitution (37,
38, and 42) appears to improve activity while a C2 0 sub-
stitution (39) gives reduced activity. Through this work,
we were able to achieve single-digit nanomolar activity.
Di-substitution on N1 0 and C4 0 (40 and 41) resulted in
reduced activity. With the new imidazole tail in place,
we then investigated substitutions at R1 (methyl (43), alk-
oxyl (44-45), or solubilizing group (46)) or R2 (methyl (47)

compound 31 (lM)


N


N


CN


F


Cl


I MK2 PKA PKC S6


IA 5.84 >10 >10


P-cJuna P-lkBaa EGFRb


5 >5 0.03







Table 8. In vitro (lM) and in vivo (%) inhibition of TNFa production


with selected inhibitors


Compound Tpl2 Monocytes HWB LPS-TNF


29 0.031 0.6 >20 NT


31 0.019 0.46 3.3 70%b


32 0.011 1.7 7.8 54%a


37 0.003 0.4 7.9 84%a


38 0.003 0.4 15.8 NT


41 0.014 0.7 13.2 NT


Monocytes: TNF inhibition in LPS-treated human monocytes.


HWB: TNF inhibition in LPS-treated human whole blood.


LPS-TNF: LPS-induced TNF inhibition in mice (IP dosing): a50 mg/


kg; b25 mg/kg; NT, not tested.
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or OH (48)9) positions (Table 6). Both R1 and R2 substi-
tutions are detrimental to activity.


Compound 3110 was screened for selectivity over a panel
of kinases both in in vitro assays and in cellular assays
(Table 7).11 This compound is >120-fold selective
against MEK and >300-fold selective against PKA
while much more selective against other kinases such
as p38, Src, CAMKII, MK2, PKC, and S6. In human
monocytes, compound 31 selectively inhibits the phos-
phorylation of the downstream MEK kinase (P-MEK:
0.21 lM) over other MAP kinase signaling pathways,
for example, P-p38, P-MK2, P-cJun, and P-lkBa. How-
ever, in A431 cells, compound 31 appears to also inhibit
EGFR kinase (30 nM).


Selected compounds were evaluated for TNFa inhibito-
ry activities in cells, blood, and in vivo (Table 8).11 Com-
pounds 29, 31, 32, 37, 38, and 41 are all potent in LPS-
treated human monocytes with compound 32 being the
least potent, possibly due to low permeability of the
charged N-oxide moiety in cells. In human whole blood,
compound 31 is most potent with an IC50 of 3.3 lM.
Compounds 32, 31, and 37 were tested intraperitoneally
in a mouse model of LPS-stimulated production of
TNFa.12 As indicated in Table 8, all three compounds
demonstrated in vivo efficacy on LPS/D-Gal induced
TNFa release. The fact that compound 31 appears to
be more potent than compounds 32 and 37 in the in vivo
model (70% inhibition at 25 mg/kg) correlates with their
respective whole blood activities.


In summary, we have successfully identified potent and
selective Tpl2 inhibitors with a quinoline-3-carbonitrile
scaffold. Compound 31 is selective against a panel of ki-
nases in enzymatic assays, and it also selectively inhibits
phospho-MEK (P-MEK) formation in LPS-treated hu-
man monocytes. Selected compounds with cellular and
whole blood activity also effectively inhibited LPS/D-
Gal-induced TNFa release when administered intraper-
itoneally in mice. Further studies to improve EGFR
selectivity for this series will be reported in due course.
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Abstract—A mimic of the putative transition-state intermediate has been synthesized and found to be a very slow-onset inhibitor of
yeast orotate phosphoribosyltransferase. The mechanism of inhibition may involve a rate-determining isomerization of the enzyme
to a form receptive to the inhibitor, which then remains tightly bound.
� 2006 Elsevier Ltd. All rights reserved.

Orotate phosphoribosyltransferase (EC 2.4.2.10,
OPRTase) catalyzes the formation of a carbon–nitrogen
bond between the ribose moiety of a-DD-5-phosphoribo-
syl 1-diphosphate (PRPP), and orotic acid (OA) to give
orotidine 5 0-phosphate (OMP), the precursor to all of
the pyrimidine nucleotides.

Interruption of pyrimidine nucleotide synthesis may of-
fer a strategy for combating a variety of pathologies
including cancer, parasitic diseases, and virus infections.
Until now no tight-binding inhibitor of a pyrimidine
PRTase has been reported.1


The chemical mechanism of OPRTase from Salmonella
typhimurium has been shown to proceed through a transi-

0960-894X/$ - see front matter � 2006 Elsevier Ltd. All rights reserved.
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tion state that resembles a classical oxocarbenium ion.2


Similar transition-states are implicated in reactions medi-
ated by nucleoside hydrolase,3,4 purine nucleoside phos-
phorylase (PNPase),5 hydrolytic glycosidases,6–10 and
HGPRTase.11 Thus compounds that mimic an oxocarbe-
nium in charge and/or structure might be expected to have
significant affinity for these classes of enzymes, and func-
tion as potent inhibitors. Indeed, both naturally occurring
and synthetic materials have been identified that bind
exceptionally well to each of these enzymes. In particular,
the ‘alkaloidal sugars,’ desoxynojirimycin and swainsonine
with a positive charge on nitrogen at biological pH, are
credible inhibitors of glucosidases and mannosidases,
respectively, even though neither has the requisite planar
geometry associated with a carbenium ion.6,10
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Even stronger binding to and inhibition of glycosidases
6


Scheme 1. Synthesis of the amidrazone OPRTase inhibitor, 10, and


related molecules. Reagents and conditions: (a) (BnO)2PO2H, Ph3P,


DEAD, THF, 2 h, 25 �C; (b) Et3OþPF6
�, CH2Cl2, 2 h, 25 �C; (c)


o-hydrazinoPhCO2H, i-Pr2NEt, CH2Cl2, 16 h, 25 �C; dil aq HCl; (d)


8 M HCl, 16 h, 25 �C.

has been effected with several synthetic amidines (1–3)
and imines 47 and 59 which mimic both the charge and
geometry of the oxocarbenium transition state allowing
these compounds to be characterized as true transition-
state analogues.6


Two features that the transition states of nucleoside
hydrolases, PNPases, and PRTases share are significant
bond order between the entering/leaving nucleobase and
the carbocationic ribose entity with little, if any, bond-
ing associated with the attacking/departing nucleophile
(water, Pi, or PPi, respectively).1 Thus it might be sup-
posed that a potent transition-state inhibitor for these
enzymes would necessitate the incorporation of a nucle-
obase analogue into the structure. This supposition has
been borne out, for example, with the recent syntheses
of compounds 6–9. Compounds 6, 7, and 9 are potent
inhibitors of nucleoside hydrolase and PNPase,3–5 while
8 is a potent inhibitor of human and malarial
HGPRTases.11


Crystal structures of OPRTase from yeast12 and
Salmonella13 with OMP bound in the active site
showed the 2 0- and 3 0-hydroxyls to be exposed to sol-
vent water. Additionally, the fact that three PRPP
mimics with rather diverse modifications at the 2 0-
and 3 0 position(s) of PRPP were found to be reason-
able inhibitors of OPRTase14 indicated that the 2 0-
and 3 0-hydroxyls might not be crucial to a transition-
state analog for OPRTase.


Taken as a whole, these results led us to hypothesize that
a compound such as 10, incorporating sp2 geometry and
a plus charge at the anomeric position along with an
analog of orotic acid, would act as a transition-state
mimic for OPRTase.


This communication is an account of the synthesis of a
potent slow-onset inhibitor, amidrazone 10 (Scheme 1)
along with three other non-inhibitory amidrazones.


The synthesis of 10 began with a Mitsunobu phosphor-
ylation15 of (S)-(+)-5-hydroxymethyl-2-pyrrolidinone
with dibenzyl phosphate mediated by triphenyl phos-
phine and diethyl azodicarboxylate to give the 5-diben-
zyl phosphoryl pyrrolidinone in excellent yield.16 The
orotate ‘mimic’ was introduced via a two-step procedure
involving the formation of an ethoxy imino ether at C-2
upon treatment of the phosphorylated pyrrolidinone
with triethyloxonium hexafluorophosphate followed by
reaction of the imino ether with 2-hydrazino benzoic
acid in the presence of N,N-diisopropyl-N-ethylamine
in CH2Cl2 to yield 11. When 11 was treated with 8 M
HCl at room temperature for several hours the desired
amidrazone phosphate, 10, was formed in excellent yield
along with benzyl chloride. The phenyl, 4-nitro-2-car-
boxyl, and 2,4-dinitro amidrazones 12–14 were pro-
duced in identical fashion.


When yeast apo OPRTase17 was incubated with amid-
razone 10 at concentrations ranging from 0.05 to
2 mM at 25 �C a rather slow but steady diminution

in enzyme activity was observed during the course of
over 20 days (Fig. 1) when compared with a control
(same enzyme incubated without inhibitor).18 Identical
rates of inactivation were observed for either of the
rather stable 1:1 complexes19 of OPRTase with sub-
strates, OMP and PRPP. On the other hand, incuba-
tion of OPRTase with 10 in the presence of excess
(1, 5, or 10 mM) OMP afforded significant protection
of the enzyme against inactivation (Fig. 2), an indica-
tion that inactivation is occurring at the active site of
the enzyme.


No inactivation whatsoever could be detected with com-
pounds 12–14.20 Thus, it appears that the pendant ortho-
carboxyl group of 10 is required for recognition by
OPRTase, in accordance with the observation that nei-
ther uracil nor UMP binds to OPRTase.21 The observed
rates of inactivation were found to be pseudo-first order
in enzyme (Fig. 1). Additionally, the rate of inactivation
as a hyperbolic function of [10] was not as one would
observe for a simple first-order process with respect to
concentration of inhibitor (Fig. 3). The onset of inhibi-
tion is, however, consistent with the mechanism depicted
in Scheme 2, wherein the most common conformation of
the enzyme is in equilibrium with a second minor form,
the latter allowing the binding of 10 to form an inactive
complex.


Non-linear regression analysis of the data yielded
k1 = 0.0157 h�1 (no MgPPi) and 0.006 h�1 (presence of
MgPPi). Regression analysis cannot yield independent
values for k�1 and k2 but limits on them can be placed.22


At [10] > 0.6 mM, k1 becomes the rate-limiting step in
inactivation of OPRTase. The rates of inactivation
observed are unusually small when compared to those
tabulated by Schloss.23 The presence of MgPPi caused







Figure 1. Time-dependent inactivation of OPRTase by 2 mM amid-


razone phosphate compound 10 in the presence of 2 mM PPi plus


3 mM Mg2+ at 20 �C. Values are corrected by controls incubated the


same amount of time without inhibitor. Fitted line corresponds to


pseudo-first-order decay with kobsd = 0.0040 h�1.


Figure 2. Relative rates of inactivation of yeast apo OPRTase as a


function of the concentration of OMP at various levels of amidrazone


10 (—j—, 0.5 mM; - -h- -, 1.0 mM; —d—, 2.0 mM) at 20 �C. Values


are expressed as the ratio of the pseudo-first-order rate constants for


inactivation by 10 in the presence and absence of OMP, respectively.


Figure 3. Rate of inactivation (as kobsd) of yeast apo OPRTase as a


function of the concentration of amidrazone 10 at 20 �C. The upper


curve (squares) yields k1 = 0.0157 h�1. The lower curve (circles) was


obtained in the presence of 3 mM Mg2+ plus 2 mM PPi and yielded


k1 = 0.006 h�1. Values of k�1 and k2 were chosen as described.23
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Scheme 2. Model (with derived kinetic expression) for inactivation


after slow isomerization of enzyme. The k 0 is the true rate of


inactivation and kobsd is the measured pseudo-first-order rate constant.


E represents OPRTase in its high-probability conformation, E* is the


OPRTase form that can bind the amidrazone inhibitor, I.
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a 2.5-fold decrease in the rate of inactivation, perhaps
indicating that both 10 and PPi compete, at least partial-
ly, for a binding site on the enzyme.


In an attempt to determine the rate of dissociation of the
enzyme–inhibitor complex, excess 10 was removed by
dialysis. Aliquots of this material were then incubated
with the assay mixture (without OMP) and activity
determined at intervals during 16 days. No regain of
activity could be detected (data not shown). Thus the
inactivation is essentially irreversible (k�2 � 0). Such
apparent irreversibility is not without precedent. Indeed
the half-life for the release of 2-carboxy-DD-arabinitol 1,5-
bisphosphate from spinach ribulose bisphosphate
carboxylase24 is reported to be 530 days while the value
accompanying release of LL-methionine sulfoximine
N-phosphate from Escherichia coli glutamine synthetase25

was estimated to be of the order of 105–106 years at bio-
logical pH 7. Slow-onset tight binding inactivation is
often associated with compounds that have features in
common with the transition-state of the enzyme-cata-
lyzed reaction.23,26


It is tempting to conclude that the values of k1 relate to
the rate at which OPRTase changes its conformation
sufficiently to accept the inhibitor and that this process
correlates with the opening/closing of a catalytically
important motional loop—a common feature of PRT-
ases in general.27 Indeed Wang et al. have characterized
such loop dynamics in the Salmonella OPRTase.28 How-
ever our higher k1 value is still only about 1% of the rate
deduced from proteolysis28 experiments and many or-
ders of magnitude slower than loop motions measured
by NMR28 suggesting that much larger conformational
changes may be required to accommodate the binding of
10. Finally, it is possible that incorporation of cis-2 0,3 0-
hydroxyls into 10 might improve the inhibitory proper-
ties of 10, in particular the rate at which the enzyme
binds to the more exact inhibitor. Efforts are underway
to extend our synthetic methodology to include that
feature.
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Abstract—The discovery of genotoxic amino acids derived from phenylglycine, and posessing halogen substituents, is described. The
utility of hypervalent iodine reagents in the synthesis of this class of compounds is highlighted. The mechanism of action of the
(haloaryl)glycines was studied in Saccharomyces cerevisiae.
� 2006 Published by Elsevier Ltd.
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Figure 1. Some cytotoxic amino acid derivatives.

Tumour cells have very active transport systems to cap-
ture the amino acids required for protein and nitrogen
base biosynthesis. Since these systems are overexpressed
with respect to most non-tumour cells, the development
of cytotoxic amino acid derivatives1 is a promising way
to achieve more selective anticancer treatments.2 For in-
stance, melphalan 13 (Fig. 1) is a clinically used alkylat-
ing agent whose uptake is performed by active amino
acid transport systems.4 This drug was developed in an
effort to reduce the side effects produced by other
mustards.


Once into the cell, the amino acid analogues disrupt dif-
ferent physiological processes. For instance, LL-alanosine
2 interferes with aspartic acid metabolism.5 The potent
antibiotic and antitumoural acivicin 36 is a specific
inhibitor of c-glutamyl transpeptidase and transmem-
brane glutathione transport, inducing apoptosis in hu-
man lymphoblastoid cells.7


In spite of their potential selectivity, the use of amino
acids as anticancer agents has yet to be fully explored.1


In an effort to develop new amino acid-based antitu-
moural drugs, we turned our attention to aromatic
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amino acids, such as phenylalanine, phenylglycine and
tyrosine analogues. Few examples of cytotoxicity have
been reported for this class of compounds. For instance,
the azatyrosine derivatives 4 were patented for the treat-
ment of pancreas, colon and thyroid cancer.8 Recently,
phenylglycine and other amino acids were reported to
block the ATB0+ amino acid transport, which is overex-
pressed in tumoural cells. Since they were deprived of vi-
tal nutrients, a strong growth inhibition was observed
for human colon and breast cancer cell lines.9


Now we report new cytotoxic agents derived from phe-
nylglycine. The lead compound 5 (Fig. 2) was discovered
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Figure 2. Discovery of the lead compound 5.
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during a screening of the cytotoxic activity of different
amino acids in Saccharomyces cerevisiae. This yeast is
used as a model system to study the mechanism of ac-
tion of antitumour drugs, and to select, from a given
batch, the most promising cytotoxic compounds. It
was also observed that the deiodinated analogue 6 did
not show activity, nor did methyl N-benzoylglycine 7
or 2-iodoanisole 8.


In order to determine the structure–activity relation-
ships (SAR), different analogues of compound 5 were
prepared: (a) by replacement of the benzamide group
by oxygen, sulfur and other nitrogen functions; (b) by
replacing the ester group by amide, hydroxymethyl,
acid, ketone and phosphonate groups; (c) changing the
aromatic ring substitution pattern.


The cytotoxic activity of these analogues was then stud-
ied with three tumour cell lines: MCF7 (breast), NCI-
H460 (lung) and SF-268 (glioma). Their mechanism of
action was characterised using mutant strains of S. cere-
visiae, as will be commented below.


The first analogues were prepared to determine the
influence of the nitrogen function on the cytotoxic
activity. Thus, the aromatic ring of compound 9
(Scheme 1) was iodinated with hypervalent iodine re-
agents and iodine, generating products 10–12. The
acetate group in product 12 was hydrolysed, yielding
the alcohol 13.
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Scheme 1. Replacement of the nitrogen function by hydrogen or


oxygen functions. Reagents and conditions: (i) DIB, I2, CH2Cl2, dark,


20 h 10 (55%), 11 (14%), 12 (30%); (ii) MeONa, MeOH, 92%.

Compound 13 was then transformed into derivatives
14–20 (Scheme 2), where the benzamide group was re-
placed by oxygen functions (compounds 14 and 15), a
thioaryl group (product 16) and other nitrogen func-
tions (compounds 17–20). Some of these functions have
a volume similar to the NHBz group, but lack the ability
to form hydrogen bonds and present different polarity
(such as the PhS or the phthalimide groups). Others
are able to form hydrogen bonds (OH, hydrazide, sul-
fonamide, etc.) but differ in volume and polarity.


In other group of analogues, the ester function in prod-
uct 5 was replaced by amide, hydroxymethyl, acid, or
ketone groups (Scheme 3), using conventional method-
ologies. The resulting products 21–26 present differences
in hydrosolubility, volume and metabolization, with re-
spect to the lead compound.


In order to obtain more structural diversity, the acid 26
was transformed into the phosphonate 27, using a one-
pot fragmentation–phosphorylation reaction developed
by our group.10
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The influence of the aromatic substituents was studied
afterwards. Different halogen and X groups were intro-
duced, and their positions changed, as shown in Scheme
4. Thus, starting from serine derivative 28, a one-pot
fragmentation–arylation reaction11 was carried out,
yielding the arylglycines 29–36. The silyl ether 36 was
then cleavaged to give the phenol 37, and this was trans-
formed into the acetate 38.


The cytotoxic activity of all derivatives was studied
(Fig. 3), and those compounds in which the nitrogen func-
tion was replaced by hydrogen, oxygen or sulfur functions
(products 10–16) proved to be inactive. The phthalimide
17 also was inactive, suggesting that hydrogen bonding
was needed for activity. However, the hydrazide 18 and
urazole 19 showed little activity, probably due to changes
in the position of the NH group or by polarity reasons,
since the heteroatom attached to the NH group exerts a
strong electron-withdrawing effect. The sulfonamide 20,
which was able to form hydrogen bonds, was cytotoxic.
The derivatives 21–27, where the ester group has been re-
placed by amide, hydroxymethyl, acid, ketone, or phos-
phonate groups, showed little activity.


The derivatives 29–38, where modifications of the aro-
matic ring were made, showed that changes in the iodine
position were deleterious for activity, and thus products
29–31 showed little cytotoxicity.


The changes in the halogen were also important, and the
chloro derivative 33 was less active than the lead
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compound 5. However, the bromo analogue 34 present-
ed similar activity.


Some changes in the aromatic X group were also per-
formed. When X = NHCO2Me or OH (products 35
and 37) the compounds were not active. On the con-
trary, compound 38 (X = OAc) retained some cytotoxic-
ity, and the analogue 36 (X = OTBDPS) was more
active than the lead compound 5. Clearly, both substitu-
ent volume and polarity are important for activity.


With these results in hand, chiral derivatives12 of the most
active arylglycine, compound 36, were prepared (Scheme
5). The synthesis was performed from commercial LL-(4-
hydroxyphenyl)glycine (S)-39, which was N-benzoylated
to compound (S)-40 and then esterified and O-silylated.
The resulting product (S)-41 was iodinated, affording
product (S)-36 in satisfactory yield. The synthesis of the
DD-enantiomer (R)-36 was performed in a similar way.


The LL-enantiomer (S)-36 showed similar activity to the
DD-epimer (R)-36, although this result could be due to
in vivo epimerization.


The mechanism of action for the arylglycines and their
simplified analogues was then studied in S. cerevisiae.
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Figure 3. Table of cell viability with respect to control (%) of tumour


cell lines SF680, MCF7 and NCI-H460 in the presence of represen-


tative compounds 5, 13, 16, 17, 27, 29, 32, 34, 36 and 37.
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Cancers accumulate a large number of genetic changes
during progression towards malignancy due to an intrin-
sic genetic instability. These genetic alterations frequent-
ly affect DNA repair and cell cycle checkpoint pathways
thereby increasing tumour cell sensitivity towards DNA
damaging agents. As these pathways are conserved
throughout evolution one can explore the therapeutic
potential of molecules by using a panel of isogenic yeast
strains with defined genetic alterations in DNA repair or
checkpoint functions. Indeed, this approach has proven
to be extremely useful in the analysis of well-known

S


B


s


d


cytotoxic compounds which are currently used in cancer
therapy.13


To further characterise the toxicity mechanism of these
compounds, we explored the effect of compounds 5
and 34 on cell growth and viability, using a set of isogen-
ic yeast strains defective in DNA repair (rad52, rad52-
ku80 and rad14 strains) and DNA damage checkpoint
(mec1-1 and rad53-11) pathways (Fig. 4).


As shown in Figure 4, treatment with both compounds
affected yeast cell growth (Fig. 4A) and viability
(Fig. 4B) in all strains, indicating that compounds 5
and 34 were cytotoxic in yeast. Interestingly, the growth
defect produced by exposure to arylglycines 5 and 34
was exacerbated in the rad52 and rad52,ku80 mutants,
respectively. These strains are hypersensitive to
alterations in a number or processes involved in genome
stability such as DNA replication, DNA damage signal-
ing, double strand break repair, chromatin structure and
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assembly, chromosome segregation, telomere mainte-
nance and metabolism of reactive oxygen species.14


Therefore, these data are consistent with compounds 5
and 34 behaving as genotoxins. Consequently, an attrac-
tive hypothesis would be that compounds 5 and 34
induce genomic instability through alteration of one/
some of the above-mentioned processes. This hypothesis
is currently being addressed.


In summary, new cytotoxic amino acids derived from
3-iodo- or 3-bromo-phenylglycine are described herein.
Many of these compounds were synthesized using one-
pot fragmentation–arylation or halogenation reactions
with hypervalent iodine reagents. The mechanism of ac-
tion of the (haloaryl)glycines was studied in S. cerevisi-
ae, showing that these compounds were genotoxic.
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Abstract—A series of potent steroidal glucocorticoid receptor antagonists has been discovered. After conjugation to cholic acid, the
compounds retained an affinity for GR in vitro and had modest in vivo efficacy.
� 2006 Elsevier Ltd. All rights reserved.

The glucocorticoid receptor (GR) is ubiquitously ex-
pressed in the body and regulates a myriad of functions.
In the liver, the endogenous GR ligand cortisol leads to
increased hepatic glucose production via the upregula-
tion of key gluconeogenic enzymes.1 The antiglucocorti-
coid RU-486 (1, Fig. 1), or mifepristone, has been
shown to acutely reduce hepatic glucose output suggest-
ing that GR blockade might be a useful approach for
treating the hyperglycemia associated with type 2 diabe-
tes.2 However, RU-486 also has deleterious extrahepatic
effects that limit its utility as a chronic diabetes therapy.3


Recent data in rodents further imply that selective
hepatic GR blockade would be beneficial to diabetic pa-
tients.4 In this study, the authors note that hepatic GR
knockout mice with diabetes had lower hepatic glucose
output when fasted. This is correlated with dramatically
reduced phosphoenolpyruvate carboxykinase (PEPCK)
mRNA induction. The therapeutic utility of steroidal
GR antagonists could potentially be expanded if they
could be targeted to the liver.


Our strategy for accomplishing this involves the cou-
pling of a potent GR antagonist with cholic acid in
hopes of engaging the bile-acid transporter machinery

0960-894X/$ - see front matter � 2006 Elsevier Ltd. All rights reserved.
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to concentrate the drug in the liver.5 The linchpin of this
strategy is the 11b aryl substituent, shown by the GR
crystal structure with RU-486 (1) bound to prevent helix
12 of the GR from adopting its active conformation.6


GR forms complexes with agonists that allow helix 12
to close over the ligand binding site.6 Because the 11b
aryl substituent is solvent exposed, attachment of cholic
acid or other bulky substituents is tolerated. A-348441
(2), a cholic acid conjugate of RU-486, was discovered
by successfully applying this strategy.7,8


As a follow-on strategy, we sought to redesign the ste-
roidal GR antagonist (3) to improve potency and then
prepare the bile-acid conjugates 4 in hopes that im-
proved in vitro potency of the parent GR antagonist
would result in improved potency in vivo.


An 11b aryloxy group might provide an alternate means
of attachment for the bile-acid. The corresponding non-
conjugated ethers were prepared by an Sn2 0 cuprate
addition to known epoxide 5, followed by acidic hydro-
lysis and ketal deprotection (Scheme 1).9


Compounds were first evaluated in a GR binding assay
(Table 1). A radiolabeled form of GR agonist dexameth-
asone was used as the reference ligand. The functional
assay, abbreviated GRAF (‘GR linked to Alkaline Fos-
fatase’), was a cell-based format using CHO cells engi-
neered to express GR.7 They have been further
modified such that GR activation stimulates the
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Scheme 1. Reagents and conditions: (a) ArBr, Mg, I2, THF, reflux


15 min, then 0 �C, CuI, 5; (b) 2 M HCl, THF, rt, 5 min (20–50% 2


steps).


Figure 1. Representative steroidal GR antagonists.
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secretion of alkaline phosphatase. Effective antagonists
in this assay decreased dexamethasone stimulated pro-
duction of alkaline phosphatase.


The SAR for this series of analogs showed that a variety
of 11b substituents were tolerated by the receptor. para-
OMe substitution led to known compound 6a, which
was roughly equipotent to RU-486 (1) in both binding
and functional assays.10 Similarly, the literature com-
pound 6b, with a para-SMe substituent, also had compa-
rable potency.10 para-O-Alkyl derivatives of various
sizes were tolerated (6c–e and known compound 6f).10


para-Phenols tended to be less active than their O-alkyl-
ated homologs (compare the significant drop in potency
of 6g relative to 6h). ortho-Substitution, as evidenced by

6i–l, was tolerated only if the substituents were small. A
simple meta-substituent in compounds 6h and 6c led to a
boost in potency, while meta-di-substituted analogs were
less potent than their mono-substituted comparators
(6m and 6d). A significant drop in potency was observed
if both meta-substituents were larger than methyl (6n).
Compounds 6k and 6o indicated that the position of
difluoro substituents on the aromatic ring could modu-
late potency.


Compound 6h stood out as an exceptionally potent
antagonist, likely the most potent steroidal GR antago-
nist reported to date.11 It was 10 times more potent than
RU-486 (1) in the GR binding assay and 5 times more
potent in the GRAF functional assay. The meta-dimeth-
yl analog 6m was also shown to be about twice as potent
in vitro as RU-486 (1). The biphenyl ether 6e was found
to be equipotent. These three compounds were selected
for conjugation to cholic acid and evaluation in vivo.


The cholic acid coupling partner was prepared as de-
scribed in Scheme 2. The synthesis of alcohol 7 was com-
pleted as described in the literature.12 The ethylene
glycol linker was then activated as the mesylate to pro-
vide 8. The GR antagonist portion of the molecule
was again prepared from epoxide 5. Phenols 9a–c were
alkylated with allyl bromide. The protected aryl bro-
mides (10a–c) were then subjected to the cuprate cou-
pling to epoxide 5. After the addition, acidic
hydrolysis and ketal deprotection proceeded smoothly.
The allyl protecting group was removed using phenyl si-
lane under Pd0 catalysis. The two halves of the conju-
gate, 8 and 11a–c, were coupled over the course of
24 h with slight warming in the presence of base. At-
tempts to increase the reaction rate by raising the tem-
perature led to lower product recovery, presumably
due to decomposition of the starting materials. Saponi-
fication of the methyl ester furnished conjugates 4a–c.


Bile-acid conjugates 4a–c were found to be potent GR
antagonists (Table 2). The bile-acid did cause a decrease
in binding affinity and functional potency relative to the
parent compounds (6h, 6e, and 6m). Nevertheless, com-
pounds 4a–c were taken into a prednisolone challenge
experiment using male CD rats.7 In this experiment, effi-
cacy of the GR antagonist was related to how much it
blunted the effects of GR agonist prednisolone on two
hepatic parameters, tyrosine aminotransferase (TAT)
upregulation and glycogen deposition. To assay for liv-
er-targeting, the attenuation of prednisolone induced
lymphopenia, a systemic parameter, was also moni-
tored. The ideal liver-selective GR antagonist would
have effects on TAT and glycogen and no effect on
lymphopenia.


When administered as a single 100 mg/kg oral dose to
rats followed by the prednisolone challenge, RU-486
(1) effectively nullified the effect of prednisolone on
TAT and liver glycogen. It was also systemically avail-
able as was demonstrated by reversal of prednisolone in-
duced lymphopenia (Table 2). A-348441 (2) was also
efficacious against the hepatic parameters but had no ef-
fect on lymphopenia. GR antagonist 6h effectively







Table 1. SAR for 11b-aryl substituents


Compound R1 R2 R3 R4 R5 GR IC50
a (nM) GRAF IC50


b (nM)


1 H H NMe2 H H 1.1 5.0


6a H H OMe H H 0.9 7.6


6b H H SMe H H 0.6 1.8


6c H Cl O-allyl H H 0.4 4.7


6d H Cl O-allyl Me H 1.5 20.9


6e H H 4-OMePh H H 0.7 4.2


6f H H OPh H H 1.5 18.8


6g H Me OH H H 4.5 28.6


6h H Me OMe H H 0.1 1.1


6i OMe H OMe H OMe 481.5 nd


6j OMe H OMe H F 6.1 43.0


6k F H OMe H F 0.7 10.1


6l Me H OMe H H 9.0 32.0


6m H Me OMe Me H 0.4 2.8


6n H OMe OMe OMe H 60.7 nd


6o H F OMe H F 3.2 15.0


Human GR binding assay. GRAF cellular functional assay.
a Values are means of two experiments.
b nd, Not determined.


Scheme 2. Reagents and conditions: (a) MsCl, Et3N, THF, rt, o.n., (37%); (b) allyl bromide, Cs2CO3, rt, 20 h (45%); (c) 10a–c, Mg, I2, THF, reflux


15 min, then 0 �C, CuI; (d) 2 M HCl, THF, rt, 5 min (21% 2 steps); (e) Pd(Ph3)4, PhSiH3, CH2Cl2, rt, 1 h (55%); (f) 8, n-Bu4NI, Cs2CO3, THF, 55 �C,


24 h (93%); (g) 1 M LiOH, THF.
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blocked hepatic TAT and lymphopenia in the periphery,
similar to RU-486 (1). Conjugate 4a was only marginal-
ly active in vivo. It had no effect on glycogen and mini-

mal, equal effects on TAT and prednisolone induced
lymphopenia. Compound 4b showed minimal effects
on glycogen deposition. Conjugate 4c was active in this







Table 3. Rat ADME properties for selected compounds


Compound Microsomal stabilitya


(% remaining)


Plasma bindingb


(% bound)


1 70 95.6


2 98 95.9


6h 87 nd


4a 95 98.3


6e 96 nd


4c 100 nd


a Twenty minutes incubation period.
b nd, Not determined.


Table 2. In vitro and in vivo data for bile-acid conjugates 4a–c and comparison to antagonists A-348441 (2), 6h, and RU-486 (1)


Compound GR IC50
a (nM) GRAF IC50 (nM) TAT (%) Gly.c (%) Lymph. (%) Plasma Conc.b,c (nmol/mL) Liver Conc.b,c (nmol/g)


1 1.1 5 101 77 104 3.9 26.5


2 1.2 10 72 86 9 4.5 26.5


6h 0.1 1.1 97 nd 67 4.8 18.1


4a 3.1 30.7 31 0 20 4.5 22.2


4b 4.9 200 0 12 0 nd nd


4c 2.5 23.5 44 51 40 nd nd


a Values are means of two experiments.
b Data collected 7 h after 100 mg/kg oral dose. There were 5 animals per group.
c nd, Not determined.
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model. However, 4c was significantly less active than
RU-486 (1) and, like 1, had peripheral as well as hepatic
effects.


In order to better understand the disparity between
potency in vitro and lack of in vivo efficacy of the O-
linked conjugates, we first measured the concentration
of 4a in rat liver 7 h after administration of the GR
antagonist (Table 2). The concentration of 4a in the liver
compared favorably to effective liver concentrations of
RU-486 (2) and A-348441 (1).


Conjugates 4a and 4c were also examined for stability in
rat liver microsomes (Table 3). Both compounds were
inert to oxidative metabolism. This was also true for
A-348441 (1). Apparently conjugation to cholic acid
had the effect of protecting these steroidal GR antago-
nists from oxidative clearance as the parent compounds
6e and 6h as well as RU-486 (1) were rapidly degraded.


After discounting low liver concentration and metabolic
instability as reasons for the modest efficacy of the con-
jugates, we measured protein binding of conjugate 4a in
rat plasma and found it to be >98% bound.


In summary, a series of 11b aryloxy modified steroid
GR antagonists was discovered to have comparable or
superior potency, in vitro, to RU-486 (1). However, de-
spite achieving a comparable liver concentration of 4a,
the conjugate was not as effective as RU-486 (1) or its
conjugate A-348441 (2) in vivo. Differences in protein
binding do not fully explain the observed differences in
in vivo activity. Clearly other mechanisms worked in
concert to limit the efficacy of 4a. Additional metabo-
lism experiments could shed light on the fate of conju-

gates 4a–c in vivo. Further studies in this area would
also focus on a re-examination of the conjugation of po-
tent GR antagonists such as 6h.
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Abstract—A series of novel di and trisaccharide derivatives containing DD-fructose moiety at the reducing end have been synthesized
and evaluated for their antihyperlipidemic activity in hyperlipidemic hamster model. Among 11 glycosyl fructose derivatives five
compounds showed potent antihyperlipidemic activity either by enhancing high-density lipoprotein (HDL) cholesterol concentra-
tion and/or lowering triglyceride (TG) level.
� 2006 Elsevier Ltd. All rights reserved.

Coronary heart disease (CHD) remains the leading
cause of death in the industrialized countries.2 The pri-
mary cause of CHD is atherosclerosis, a disease charac-
terized by the deposition of lipids including cholesterol,
in the arterial vessel wall, resulting in a narrowing of the
vessel passages and ultimately hardening of the vascular
system, which may lead to ischemic heart disease, myo-
cardial infarction, and cerebrovascular incidents. The
angiographic studies have well established the fact that
one of the risk factors for atherosclerotic cardiovascular
disease comprises low levels of high-density lipoprotein
(HDL) cholesterol concentration and shows an inverse
correlation.3–5 The Framingham Heart Study6 showed
that a 10 mg/dL increase in HDL cholesterol was associ-
ated with a 19% decrease in coronary artery disease
death and a 12% decrease in all causes of mortality.7


One of the plausible mechanisms for the protective ac-
tion of HDL from coronary heart disease may be that
HDL collects particles from the cells8 and other circulat-
ing lipoprotein9 which in turn counteracts the role of
LDL cholesterol thus preventing the formation of ath-
erosclerotic lesions.10,11 The cholesterol rich lipoprotein
returns to the liver, where the cholesterol is unloaded.
Some of this cholesterol is recycled or converted into

0960-894X/$ - see front matter � 2006 Elsevier Ltd. All rights reserved.
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bile salts which are ultimately excreted out.5,11 There-
fore, agents that increase HDL cholesterol concentra-
tion in the blood and thereby ratio of HDL
cholesterol to total cholesterol (H/C) would have prom-
ising therapeutic utility as antihyperlipidemic agents.


Lactic acid bacteria present in the body produce an
abundant variety of exopolysaccharides (EPSs), which
provide an important contribution to human health by
acting as prebiotic substrates, nutraceuticals, cholesterol
lowering agents or immunomodulants.12 Most of the
fructo oligosaccharides isolated have been put to vari-
ous pharmaceutical uses such as bifidus factor13 and
anti-cariogenic agents.14 Among all isolated fructo oli-
gosaccharides, DD-raffinose, lactosucrose, and DD-melezi-
tose have been used in health food materials as well as
food substituents for various animals.15 They have been
used as osteoporosis preventing agents.16 Sulfated raffi-
nose derivatives have also been reported as antiarterio-
sclerotic agent.17 Besides this, lactosucrose and
lactulose, used as health food materials,18 have been
tested for lowering serum cholesterol and bile cholester-
ol in the animal model.19 However, glycosyl-(1! 3)-
fructose compounds have not been studied for their
use in the treatment of metabolic disorders like hyper-
cholesterolemia. As a part of our ongoing research pro-
gram on the development of carbohydrate derived
therapeutic of metabolic disorders, we set out to evalu-
ate the pharmaceutical potentiality of several glycosyl-
(1! 3)-fructose derivatives (4a–i) as antihyperlipidemic
agents. Due to the presence of fructose moiety in the
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reducing end of DD-raffinose (5) and DD-melezitose (6),
commercially available fructose oligosaccharides, they
have been screened for their antihyperlipidemic activity.
The details of synthesis and biological evaluation are
reported herein.
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The concise synthesis of compounds 3a–i is outlined in
Scheme 1. Compounds 3a–i have been prepared by gly-
cosylation of several per-O-acetylated thioglycoside do-
nors20 (1a–i) with suitably protected fructose acceptor21


(2) in the presence of N-iodosuccinimide (NIS) and
HClO4 supported on SiO2 (HClO4–SiO2)22 as glycosyl
activator. Removal of isopropylidene acetals using
TFA–DCM–H2O23 followed by conventional saponifi-
cation of compounds 3a–i using sodium methoxide fur-
nished deprotected di and trisaccharides 4a–i in excellent
yield. All compounds were characterized by IR, mass,
NMR, and elemental analysis.24 Besides a series of syn-
thesized di and trisaccharides, a few commercially avail-
able DD-fructose containing compounds [DD-raffinose (5)
and DD-melezitose (6)] have also been evaluated for their
antihyperlipidemic activity.


The synthesized as well as commercially available com-
pounds were tested against hyperlipidemia in the high
fat diet (HFD) fed hyperlipidemic hamster model
against control [i.e., hamsters fed with HFD and given
drug vehicle (water) only], by oral administration of
100 mg/kg of the compounds. The results of the biolog-
ical screening have been summarized in Table 1. Among
11 compounds tested, five compounds (4a, 4g, 4i, 5, and

SEt
+ O


O O


O O
OH


(i)


1a-i 2


O
OH


HO
OH


OH
OHO


HO


OHHO OMe
HO


OH OH


OHO


OH OH


a b c


f


O
OH


HO O
OH


OH


O
HO


OH


OH HO
HO


H


O


g


R2 =


O
AcO


O O


O
AcO


AcO
OAc


OAc
OAcO


AcO


OAcAcO OMe
AcO


AcO OAc


A


a b c


O
AcO


AcO O
AcO


OAc


O
AcO


OAc


OAc OAcO
AcO


OAcO


OAc


O
AcO


O


OA


g h


R1 =


Scheme 1. (i) Dry DCM, MS 4 Å, NIS, HClO4–SiO2, 0 �C; (ii) (a) TFA–DC

6) showed potent antihyperlipidemic activity either by
increasing HDL cholesterol concentration and/or lower-
ing of TG level and/or increasing HDL cholesterol/total
cholesterol ratio (H/C). In order to determine the dose–
response activity, compounds 4g and 4i were further
evaluated at a lower dose (25 mg/kg). In 25 mg/kg dose
compound 4g is equally effective as in the case of
100 mg/kg dose (Table 2).


Typical experimental method for glycosylation. To a
solution of ethyl per-O-acetyl-1-thio-DD-glycopyranoside
(1a–i) (1.1 mmol) and 1,2:4,5-di-O-isopropylidene-DD-
fructopyranose (2) (1.0 mmol) in dry CH2Cl2 (5 mL)
were added molecular sieves 4 Å (500 mg) and stirred
under argon at room temperature for 30 min. The reac-
tion mixture was cooled to 0 �C and N-iodosuccinimide
(1.2 mmol) was added to it followed by HClO4–SiO2


(50 mg) and stirred for 1 h at 0 �C. The progress of the
reaction was monitored by thin-layer chromatography
over silica gel-coated plates. After completion of the
reaction, the reaction mixture was diluted with CH2Cl2
and filtered through a Celite bed. The filtrate thus ob-
tained was washed with aq Na2S2O3, aq NaHCO3,
and water. The organic layer was dried (Na2SO4) and
concentrated to dryness under reduced pressure. The
crude reaction mixture was purified over SiO2 using hex-
ane/EtOAc (4:1) as eluant to furnish desired per-O-ace-
tyl-b-DD-glycopyranosyl-(1! 3)-1,2:4,5-di-O-isopropyl-
idene-DD-fructopyranose (3a–i).


Typical experimental method for deprotection. To a
solution of per-O-acetyl-b-DD-glycopyranosyl-(1! 3)-
1,2:4,5-di-O-isopropylidene-DD-fructopyranose (3a–i)
(1.0 mmol) in CH2Cl2 (5.0 mL) were added trifluoroace-
tic acid (10.0 mL) and water (5.0 mL). The reaction mix-
ture was stirred at room temperature for 3 h. After
completion of the reaction (TLC), the reaction mixture
was concentrated under reduced pressure and co-
evaporated with toluene (3 · 20 mL) to furnish desired
per-O-acetyl-b-DD-glycopyranosyl-(1! 3)-DD-fructose. To
a solution of the crude product in dry methanol
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Table 1. Effect of compounds (100 mg/kg body weight) on biochemical parameters in hyperlipidemic hamsters


Compound
HOH2C O


OH


OH


CH2OHRO


4a-i


½a�25
D (c 1.0,


H2O)


TG (mM) CHOL (mM) HDL (mM) GLY (mM) FFA (lM) H/C


Vehicle 14.31 ± 3.53 11.56 ± 1.6 3.1 ± 0.61 0.84 ± 0.21 723.93 ± 96.53 0.27


4a R = b-DD-Galactopyranosyl +3.3 6.88 ± 1.29 (�52%)*** 17.59 ± 2.48 (+52%)* 3.60 ± 0.72 (+16%) 0.82 ± 0.11 NC 450.00 ± 37.58 (�38%)** 0.21 (�22%)


4b R = a-DD-Mannopyranosyl +6.0 10.16 ± 3.44 (�29%) 15.26 ± 3.65 (+32%) 4.33 ± 0.90 (+40%) 0.66 ± 0.24 (�21%) 510.70 ± 96 (�30%) 0.28 (+5%)


4c R = 6-Deoxy-a-LL-mannopyranosyl �2.7 14.17 ± 2.99 NC 8.82 ± 3.62 (�24%) 3.10 ± 0.40 NC 1.11 ± 0.27 (+32%) 833.12 ± 155 (+15%) 0.35 (+30%)


4d R = a-DD-Arabinopyranosyl �11.4 15.26 ± 6.86 (+6%) 12.04 ± 6.65 (+4%) 3.49 ± 0.47 (+13%) 1.00 ±0.24 (+19%) 708.69 ± 233 NC 0.29 (+7%)


4e R = b-DD-Xylopyranosyl �5.4 10.08 ± 3.28 (�30%) 12.00 ± 4.52 NC 3.26 ± 0.70 (+5%) 0.61 ±0.28 (�28%) 692.34 ± 125.0 (�4%) 0.27 NC


4f R = b-DD-Ribopyranosyl �6.6 13.09 ± 3.10 (�9%) 8.90 ± 2.56 (�23%) 3.14 ± 0.4 NC 0.99 ± 0.17 (+18%) 924.84 ± 220 (+28%) 0.35 (+31%)


4g R = b-DD-Galactopyranosyl


(1! 4)-b-DD-glucopyranosyl


+2.1 7.61 ± 5.72 (�47)* 10.55 ± 6.38 (�9%) 3.55 ± 0.96 (+15%) 0.75 ± 0.11 (�11%) 670.62 ± 116 (�8%) 0.34 (+25%)


4h R = a-DD-Glucopyranosyl


(1! 4)-b-DD-glucopyranosyl


+5.7 12.76 ± 6.73 (�11%) 11.38 ± 3.14 NC 3.43 ± 0.58 (+11%) 0.82 ± 0.12 NC 726.74 ± 148 NC 0.30 (+12%)


4i R = b-DD-Glucopyranosyl


(1! 4)-b-DD-glucopyranosyl


�18.9 6.09 ± 3.22 (�58%)*** 9.79 ± 2.24 (�15%) 3.40 ± 0.62 (+10%) 0.81 ± 0.19 (�4%) 726.03 ± 108 NC 0.34 (+29%)


5 a-DD-Galactopyranosyl-


(1! 6)-b-DD-glucopyranosyl-


(1! 2)-DD-fructose


+123 8.06 ± 3.33 (�44%) 7.55 ± 2.42 (�35%) 3.41 ± 0.44 (+10%) 0.86 ± 0.16 NC 540.49 ± 73 (�25%) 0.45 (+66%)


6 a-DD-glucopyranosyl-(1! 3)-


b-DD-fructofuranosyl-


a-DD-glucopyranoside


+88.2 6.98 ± 1.73 (�51%)*** 13.0 ± 1.68 (+12%) 4.95 ± 0.60 (+59%)*** 0.71 ± 0.54 (�15%) 510.70 ± 105.05 (�30%) 0.38 (+41%)


TG, triglyceride; CHOL, cholesterol; HDL, high-density lipoprotein; GLY, glycerol; FFA, free fatty acid; H/C, HDL cholesterol/total cholesterol. Values are means ± SD of eight hamsters in each group.


NC, no change as compared to HFD fed group.
* P < 0.05.
** P < 0.01.
*** P < 0.001.
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(10.0 mL) was added sodium methoxide (50 mg) and the
reaction mixture was stirred at room temperature for
4 h. After completion of the reaction (TLC), the reaction
mixture was neutralized with Amberlite IR 120 (H+) res-
in, filtered, and concentrated to dryness under reduced
pressure. The crude reaction mixture was purified over
Sephadex LH-20 using MeOH/H2O (4:1) as eluant to
furnish desired b-DD-glycopyranosyl-(1! 3)-DD-fructose
(4a–i).


Biological assay. Male golden Syrian hamsters weighing
120–130 g were divided into hyperlipidemic and hyper-
lipidemic plus compound treated groups. Each group
consisted of the eight animals. Hyperlipidemia was pro-
duced by feeding with high fat diet (HFD). Hyperlipi-
demic hamsters had a free access to the HFD and
water ad lib during the entire period of the experiment.
The test samples were given orally at dose of 100 mg/
kg using water as a drug vehicle from day 4 to day
10 (7 days) in the HFD hamsters. Normal hamsters
fed with HFD and given drug vehicle (water) only
served as control animals. Body weight and diet intake
of each animal group were recorded daily to check the
effect of the drug on food intake and body weight of
the animals.


At the end of experiment, that is, on the 10th day, the
blood of the nonfasted animals was withdrawn in two
sets of tubes in which one set contains 120 lL NaF
(4.5 mg/mL) and tubes were cooled to 0 �C for 15 min.
The cold plasma was separated and analysis of the plas-
ma without NaF was performed on the same day for
measuring triglycerides (TG), total cholesterol (TC),
and high-density lipoprotein cholesterol (HDL) concen-
trations using commercially available enzymatic diag-
nostic kits. Similarly the plasma containing NaF was
assayed for glycerol (GLY) and free fatty acid (FFA)
concentration using Synchron CX-5 Clinical System
Beckmann Coulter Instrument. The data were analyzed
for its significance on Prism Software.


In conclusion, a series of novel glycosyl-DD-fructose
derivatives have been synthesized and shown to be effec-
tive HDL elevating and TG lowering agents. Hence,
these compounds may be considered as potential antihy-
perlipidemic agent. Further optimization of better anti-
hyperlipidemic agents derived from carbohydrates is
under progress.
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(m, 2H), 2.17, 2.03, 2.04, 1.97 (4s, 12H, 4COCH3), 1.52,
1.45 (2s, 6H, (CH3)2), 1.34 (s, 6H, (CH3)2); 13C NMR
(75 MHz, CDCl3): d 170.5 (2C), 170.3, 169.5, 109.2, 108.9,
102.1, 100.9, 71.4, 71.2, 71.1, 70.4, 70.1, 69.9, 69.2, 67.5,
61.6, 61.3, 26.8, 26.1, 25.7, 24.3, 21.0, 20.9 (2C), 20.8; ESI-
MS: 613 [M+Na]; Anal. Calcd. C26H38O15 (590): C, 52.88;
H, 6.49%; found: C, 52.64; H, 6.76%.
2,3,4,6-Tetra-O-acetyl-a-DD-mannopyranosyl-(1! 3)-1,2:4,5-
di-O-isopropylidene-DD-fructopyranose (3b): colorless oil
(yield 74%); ½a�25


D � 5:4 (c 1.0, CHCl3); IR (neat): 3023,
2937, 1749, 1374, 1219, 1143, 1083, 1052, 979, 761,
669 cm�1; 1H NMR (300 MHz, CDCl3): d 5.36 (br s,
2H), 5.30–5.26 (m, 2H), 4.36–4.24 (m, 2H), 4.21–4.19 (m,
2H), 4.14–4.12 (m, 2H), 4.07–3.96 (m, 2H), 3.78–3.74 (m,
2H), 2.16, 2.09, 2.05, 1.98 (4s, 12 H, 4COCH3), 1.52, 1.45
(2s, 6H, (CH3)2), 1.34 (s, 6H, (CH3)2); 13C NMR (75 MHz,
CDCl3): d 170.8, 170.1 (3C), 109.9, 109.7, 104.2, 97.4, 77.3,
76.3, 74.1, 72.6, 70.0, 69.8, 69.2, 66.3, 63.2, 60.8, 28.4, 26.8,
26.6 (2C), 21.2, 21.0, 20.9 (2C); ESI-MS: 613 [M+Na];
Anal. Calcd. C26H38O15 (590): C, 52.88; H, 6.49%; found:
C, 52.62; H, 6.75%.
2,3,4-Tri-O-acetyl-6-deoxy-a-LL-mannopyranosyl-(1! 3)-
1,2:4, 5-di-O-isopropylidene-DD-fructopyranose (3c): color-
less oil (yield 76%); ½a�25


D � 47:4 (c 1.0, CHCl3); IR (neat):
2990, 2938, 1747, 1375, 1222, 1140, 1083, 1052, 763,
669 cm�1; 1H NMR (300 MHz, CDCl3): d 5.36–5.30 (m,
1H), 5.25–5.18 (m, 1H), 5.15–5.03 (m, 1H), 4.87–4.83 (m,
1H), 4.26–4.17 (m, 3H), 4.05–3.76 (m, 3H), 3.70–3.64 (m,
2H), 2.14, 2.04, 1.95 (3s, 9H, 3COCH3), 1.52,1.46 (2s, 6H,
(CH3)2), 1.35 (s, 6H, (CH3)2), 1.22 (d, J = 6.6 Hz, 3H); 13C
NMR (75 MHz, CDCl3): d 170.6, 170.2 (2), 109.4, 109.2,
104.4, 98.7, 77.5, 76.3, 74.1, 72.1, 71.4, 70.5, 69.6, 67.9,
61.5, 28.6, 26.9 (2C), 26.3, 21.2 (2C), 21.0, 17.7; ESI-MS:
555 [M+Na]; Anal. Calcd. C24H36O13 (532): C, 54.13; H,
6.81%; found: C, 53.88; H, 7.10%.
2,3,4-Tri-O-acetyl-a-DD-arabinopyranosyl-(1! 3)-1,2:4,5-di-
O-isopropylidene-DD-fructopyranose (3d): colorless oil
(yield 76%); ½a�25


D � 33:3 (c 1.0, CHCl3); IR (neat): 3022,
2991, 2938, 1748, 1374, 1221, 1067, 768, 689 cm�1; 1H
NMR (300 MHz, CDCl3): d 5.23–5.21 (m, 2H), 5.08–5.06
(m, 1H), 4.59–4.56 (m, 1H), 4.48–4.45 (m, 1H), 4.29–4.20
(m, 2H), 4.07–4.01 (m, 2H), 3.94–3.87 (d, J = 11.2 Hz,
1H), 3.73–3.59 (m, 2H), 3.52–3.46 (d, J = 11.9 Hz, 1H),
2.12, 2.08, 2.00 (3s, 9H, 3COCH3), 1.51, 1.44, 1.40, 1.33
(4s, 12H, 2(CH3)2); 13C NMR (75 MHz, CDCl3): d 170.7,
170.4, 169.6, 109.6, 105.1, 104.6, 99.7, 74.4, 73.6, 72.2, 70.6
(2C), 69.7, 68.2, 63.9, 60.4, 28.4, 26.8 (2C), 26.0, 21.3, 21.1,
21.0; ESI-MS: 541 [M+Na]; Anal. Calcd. C23H34O13 (518):
C, 53.28; H, 6.61%; found: C, 53.02; H, 6.90%.
2,3,4-Tri-O-acetyl-b-DD-xylopyranosyl-(1! 3)-1,2:4,5-di-O-
isopropylidene-DD-fructopyranose (3e): yellow oil (yield
77%); ½a�25


D � 41:1 (c 1.0, CHCl3); IR (neat): 3022, 2338,
1753, 1375, 1221, 1069, 889, 767, 669 cm�1; 1H NMR
(300 MHz, CDCl3): d 5.15–5.11 (m, 1H), 4.95–4.89 (m,
2H), 4.67–4.60 (m, 2H,), 4.42–4.41 (d, J = 1.6 Hz, 1H),
4.24–4.20 (m, 1H), 3.98–3.81 (m, 3H), 3.75–3.65 (m, 2H),
3.60–3.59 (m, 1H), 2.06, 2.04 (2s, 9H, 3COCH3), 1.52,
1.45, 1.35, 1.33 (4s, 12H, 2 (CH3)2); 13C NMR (75 MHz,
CDCl3): d 170.1, 169.8, 169.6, 109.4, 109.0, 102.4, 99.9,
71.3, 70.9, 70.5 (2C), 70.1, 69.4, 68.7, 61.4 (2C), 26.9, 26.2,
25.8, 24.4, 21.1, 21.0 (2C); ESI-MS: 541 [M+Na]; Anal.
Calcd. C23H34O13 (518): C, 53.28; H, 6.61%; found: C,
53.0; H, 6.86%.
2,3,4-Tri-O-acetyl-b-DD-ribopyranosyl-(1! 3)-1,2:4,5-di-O-
isopropylidene-DD-fructopyranose (3f): yellow oil (yield
78%); ½a�25


D � 52:5 (c 1.0, CHCl3); IR (neat): 2990, 2937,
1749, 1375, 1222, 1074, 979, 771 cm�1; 1H NMR
(300 MHz, CDCl3): d 5.36–5.30 (m, 1H), 5.18–5.13 (m,
1H), 4.94–4.92 (m, 1H), 4.64–4.59 (dd, J = 7.8 and 2.6 Hz,
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1H), 4.39–4.38 (m, 1H), 4.31–4.18 (m, 2H), 4.08–4.01 (m,
1H), 3.98–3.93 (m, 1H), 3.90–3.89 (m, 1H), 3.84–3.82 (m,
1H), 3.79–3.73 (m, 1H), 3.70–3.68 (m, 1H), 2.12 (s, 6H,
2COCH3), 2.02 (s, 3H, COCH3), 1.53, 1.46, 1.41, 1.34 (4s,
12 H, 2 (CH3)2); 13C NMR (75 MHz, CDCl3): d 170.5,
170.0 (2C), 109.4, 109.1, 102.3, 98.9, 71.3, 70.3, 70.2, 68.5,
68.0, 66.1, 65.9, 62.1, 61.7, 26.9 (2C), 26.2, 25.7, 21.2 (2C),
21.0; ESI-MS: 541 [M+Na]; Anal. Calcd. C23H34O13 (518):
C, 53.28; H, 6.61%; found: C, 53.48; H, 6.90%.
2,3,4,6-Tetra-O-acetyl-b-DD-galactopyranosyl-(1! 4)-2,3,6-tri-
O-acetyl-b-DD-glucopyranosyl-(1! 3)-1,2:4,5-di-O-isopro-
pylidene-DD-fructopyranose (3g): yellow oil (yield 72%);
½a�25


D � 25 (c 1.0, CHCl3); IR (neat): 3022, 2933, 1752,
1654, 1584, 1373, 1222, 1066, 909, 770 cm�1; 1H NMR
(300 MHz, CDCl3): d 5.34–5.33 (d, J = 2.9 Hz, 1H), 5.19–
5.06 (m, 2H), 4.98–4.93 (m, 1H), 4.68–4.63 (dd,
J = 7.9 Hz, 1H), 4.68–4.46 (m, 2H), 4.43–4.38 (m, 1H),
4.20–4.14 (m, 2H), 4.12–4.07 (m, 2H), 4.05–3.96 (m, 3H),
3.89–3.84 (m, 3H), 3.79–3.74 (dd, J = 4.2 and 9.9 Hz, 1H),
3.70–3.66 (m, 2H), 2.15 (s, 3H, COCH3), 2.06 (s, 6H,
2COCH3), 2.04 (s, 9H, 3 COCH3), 1.96 (s, 3H, COCH3),
1.51, 1.46, 1.36, 1.33 (4s, 12H, 2 (CH3)2); 13C NMR
(75 MHz, CDCl3): d 170.7 (2C), 170.5 (2C), 170.2, 170.0,
169.5, 109.3, 108.9, 104.0, 101.5, 101.4, 78.8, 76.7, 75.8,
73.7, 73.5, 73.1, 72.2, 71.3, 71.0, 69.5, 67.0, 62.5, 61.3, 61.2,
60.7, 26.9, 26.7, 26.5, 26.3, 21.1 (3C), 20.9 (4C); ESI-MS:
901 [M+Na]; Anal. Calcd. C38H54O23 (878): C, 51.93; H,
6.19%; found: C, 51.68; H, 6.50%.
2,3,4,6-Tetra-O-acetyl-a-DD-glucopyranosyl-(1! 4)-2,3,6-
tri-O-acetyl-b-DD-glucopyranosyl-(1! 3)-1,2:4,5-di-O-iso-
propylidene-DD-fructopyranose (3 h): yellow oil (yield
75%); ½a�25


D þ 7:2 (c 1.0, CHCl3); IR (neat): 1753, 1372,
1227, 1043, 767 cm�1; 1H NMR (300 MHz, CDCl3): d

5.41–5.36 (m, 2H), 5.34–5.30 (m, 1H), 5.25–5.20 (dd,
J = 10.8 and 3.3 Hz, 1H), 5.10–5.00 (dd, J = 9.8, 9.8 Hz,
1H), 4.92–4.81 (m, 2H), 4.72–4.64 (t, J = 7.6, 7.6 Hz, 1H),
4.61–4.56 (dd, J = 7.9 and 3.0 Hz, 1H), 4.42–4.36 (m, 2H),
4.30–4.17 (m, 4H), 4.14–3.94 (m, 3H), 3.92–3.78 (m, 1H),
3.75–3.64 (m, 2H), 2.10 (s, 3H, COCH3), 2.04, 2.02, 2.00
(3s, 18H, 6 COCH3), 1.53, 1.51, 1.45 (3s, 12H, 2 (CH3)2);
13C NMR (75 MHz, CDCl3): d 170.9 (2C), 170.3 (2C),
170.2, 170.0, 169.5, 109.3, 109.0, 104.0, 102.2, 100.2, 79.3,
76.0, 73.3 (2 C), 72.7, 72.0, 70.4 (2 C), 70.0 (2 C), 69.7,
68.8, 68.4, 63.3, 61.4, 60.7, 26.8, 26.7 26.4 (2 C), 21.2 (2 C),
21.1 (2C), 20.9 (3C); ESI-MS: 901 [M+Na]; Anal. Calcd.
C38H54O23 (878): C, 51.93; H, 6.19%; found: C, 51.65; H,
6.50%.
2,3,4,6-Tetra-O-acetyl-b-DD-glucopyranosyl-(1! 4)-2,3,6-
tri-O-acetyl-b-DD-glucopyranosyl-(1! 3)-1,2:4,5-di-O-iso-
propylidene-DD-fructopyranose (3i): yellow oil (yield
73%); ½a�25


D � 1:8 (c 1.0, CHCl3); IR (neat): 3023, 1753,
1373, 1225, 1094, 767 cm�1; 1H NMR (300 MHz,
CDCl3): d 5.22–5.05 (m, 3H), 5.00–4.87 (m, 2H), 4.66–
4.62 (d, J = 8.1 Hz, 1H), 4.52–4.46 (m, 2H), 4.40–4.32
(m, 2H), 4.20–4.17 (m, 1H), 4.12–4.10 (m, 1H), 4.06–
4.01 (m, 2H), 3.96–3.93 (m, 2H), 3.89–3.77 (m, 2H),
3.68–3.54 (m, 3H), 2.12, 2.08 (2s, 6H, 2COCH3), 2.03 (s,
6H, 2COCH3), 2.01 (s, 6H, 2COCH3), 1.98 (s, 3H,
COCH3), 1.50, 1.45, 1.36, 1.33 (4s, 12 H, 2 (CH3)2); 13C
NMR (75 MHz, CDCl3): d 170.8 (2C), 170.5, 170.1,
169.9, 169.6, 169.4, 109.9, 109.4, 104.0, 101.6, 101.2,
78.8, 75.8, 73.7, 73.2 (2C), 73.1, 72.6 (2C), 72.4, 72.3,
68.3 (2C), 62.4, 62.0, 61.4, 28.2, 26.7, 26.4, 26.2, 21.2
(3C), 20.8 (4C); ESI-MS: 901 [M+Na]; Anal. Calcd.
C38H54O23 (878): C, 51.93; H, 6.19%; found: C, 51.70;
H, 6.47%.
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Abstract—This Letter describes the synthesis and SAR, developed through an iterative analog library approach, of potent and selec-
tive non-sarcosine-derived GlyT1 inhibitors.
� 2006 Elsevier Ltd. All rights reserved.
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Schizophrenia is a complex psychiatric disorder charac-
terized by a combination of negative, positive, and cogni-
tive symptoms that requires lifelong daily maintenance
therapy.1 Historically, schizophrenia has been managed
clinically by treatment with dopamine D2 antagonists
(i.e., the dopamine hyperfunction hypothesis); however,
this strategy only improves the positive symptoms of the
disease—negative and cognitive symptoms remain.2 Re-
cent data suggest that N-methyl-DD-aspartate (NMDA)
receptor hypofunction is involved in the pathophysiology
of schizophrenia, that is, the NMDA hypofunction (or
glutamate dysfunction) hypothesis, as an alternative the-
ory for the underlying causes of the disease. According to
this hypothesis, any agent that can potentiate NMDA
receptor currents has the potential to ameliorate the
symptoms of schizophrenia.3,4


In the forebrain, glycine is a required co-agonist for the
NMDA receptor and modulates NMDA-dependent
excitatory neurotransmission; therefore, elevation of
synaptic glycine levels should enhance NMDA receptor
function.5 In the CNS, glycine levels are tightly main-
tained by two transporters: GlyT1 and GlyT2.6 GlyT1

0960-894X/$ - see front matter � 2006 Elsevier Ltd. All rights reserved.


doi:10.1016/j.bmcl.2006.08.131


Keywords: Schizophrenia; GlyT1; Inhibitor; Piperidine.
* Corresponding author. E-mail: zhijian_zhao@merck.com

expression in the neocortex mirrors NMDA receptor
expression suggesting that GlyT1 is optimally positioned
to modulate glycine levels near NMDA receptor-
expressing synapses.7 Hence, increasing the activity of
NMDA receptors by inhibition of GlyT1 has emerged
as an attractive target for drug discovery efforts. Early
work in this arena focused on sarcosine-derived GlyT1
inhibitors which validated this approach in animal mod-
els, but suffered from poor pharmacokinetics (PK) and
brain penetration.1–4 Based on these results, numerous
pharmaceutical companies have launched efforts to
identify non-sarcosine-derived GlyT1 inhibitors, and
reports are beginning to accrue.


Recently, we reported on the optimization of HTS lead
1 to afford 2, a potent (GlyT1 IC50 = 2.6 nM) and selec-
tive (versus GlyT2 and TauT) GlyT1 inhibitor based on

1 (IC50 = 135 nM) 2 (IC50 = 2.6 nM)


Figure 1. 4,4-Disubstituted piperidine GlyT1 inhibitors.
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Scheme 1. Reagents and conditions: (a) KHMDS, THF, 25 �C, then


BnOCH2Cl, 82%; (b) 4 M HCl/dioxane, 100%; (c) n-PrSO2Cl, i-


Pr2NEt, CH2Cl2, 0–25 �C, 95%; (d) H2, Raney Ni; 2 M NH3 in MeOH,


25 �C, 95%; (e) 2,4-diClPhCOCl, i-Pr2NEt, CH2Cl2, 0–25 �C, 95%; (f)


TMSI, AcCN, 25 �C, 95%; (g) cat. RuCl3/NaIO4, AcCN–CCl4–H2O,


88%; (h) NHR1R2, PS-DCC, HOBt, i-Pr2NEt, CH2Cl2, 25 �C,


72–91%. All compounds purified by mass-guided HPLC.9
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a 4,4-disubstituted piperidine scaffold (Fig. 1).8 In vivo,
2 selectively increased glycine levels in the prefrontal
cortex (340% of basal) and significantly enhanced pre-
pulse inhibition (PPI) in DBA/2J mice, suggesting an

Table 1. Structures and activities of carboxamide analogs 7


N


N
H


O


N


O


O2S


7


R1


R2


Compound NR1R2 hGlyT1 IC50
a (nM)


7a N 181


7b HN 517


7c N
Me2N


544


7d 472


7e N N >5000


7f
O


N
H 69


7g NH2N 109


7h O N 2.4


All compounds >30,000 nM versus GlyT2 and TauT.
a Average of at least three measurements11; ND, not determined.

antipsychotic profile. However, poor aqueous solubility,
high logP (>3.5), and strong time-dependent CYP inhi-
bition (TDI) prevented the further development of 2 and
related analogs.8


In this Letter, we report the results of further lead opti-
mization efforts, through an iterative analog library syn-
thesis approach, of 2 to improve physical properties and
eliminate CYP TDI. From past experience, we surmised
that the 4-phenyl moiety in 2 might be the cause of the
CYP TDI as well as contributing to the undesirable high
logP. Early work in this series indicated that the propyl
sulfonamide was required for maximal GlyT1 activity,
but that a wide range of benzamides were tolerated.8


Therefore, our initial libraries explored alternative, po-
lar moieties in the 4-position while holding the propyl-
sulfonamide and 2,4-dichlorobenzamide constant. For
the scope of this Letter, replacement of the 4-phenyl
moiety with polar 4-carboxamides will be discussed.


As illustrated in Scheme 1, commercially available N-Boc-
4-cyanopiperdine 3 is deprotonated and the resulting
anion trapped with BnOCH2Cl, followed by deprotection
of Boc and sulfonylation to provide analogs 4. Raney
Ni-catalyzed hydrogenation and subsequently acylation
with 2,4-dichlorobenzoyl chloride provided analogs 5.

Cl


Cl


rGlyT1 IC50
a (nM) mGlyT1 IC50


a (nM)


ND ND


ND ND


ND ND


ND ND
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ND ND


ND ND


3.2 7.6
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Scheme 2. Reagents and conditions: (a) RCOCl, i-Pr2NEt, CH2Cl2, 0–


25 �C, 95% or (i) RCOOH, PS-DCC, HOBt, DCM (ii) MP-carbonate,


70–88%. All compounds purified by mass-guided HPLC.9
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Deprotection of the benzyl group and subsequent oxida-
tion afforded the carboxylic acid 6 which was coupled
with an amine to give amide 7. Following this scheme,

Table 2. Structures and activities of amide analogs 9
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O
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O


Compound R hGlyT1 IC50
a (nM)


9a >5000


9b >5000


9c 264


9d
F3CO


88.4


9e
Cl F


12.6


9f
F CF3


42.8


9g
F3C F


67.8


9h


F


F
Cl 8.4


9i


Cl


F


12.5


9j


Cl


F
Cl


6.3


9k


F


F


131


9l
Cl


9.7


All compounds >30,000 nM versus GlyT2 and TauT.
a Average of at least three measurements11; ND, not determined.

50 analogs of 7 were synthesized and evaluated in our
GlyT1 inhibition assay. Table 1 highlights selected com-
pounds and data.


Over 80% of the analogs prepared were inactive with only
a small number showing appreciable activity; however,
the morpholino amide analog, 7h, was a clear stand-out
with low nanomolar inhibition of human, rat, and mouse
GlyT1 (IC50s of 2.4, 3.2, and 7.6 nM, respectively) with no
inhibition of GlyT2 or TauT (taurine transporter). Unlike
our previous 4-phenyl series of inhibitors, 1 and 2, 7h dis-
played good aqueous solubility (�18 mg/mL in saline), no
CYP (3A4, 2C9, 2D6) inhibition, and no CYP 3A4 TDI.
Compound 7h displayed moderate pharmacokinetics
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Scheme 3. Reagents and conditions: (a) (i) MeMgBr, toluene, 25–


40 �C, (ii) anhydrous MeOH; (b) NaBH4, 0–25 �C, 63% (two steps); (c)


2,4-dichlorobenzoyl chloride, i-Pr2NEt, 0–25 �C, 93%; (d) TMSI,


AcCN, 25 �C, 95%; (e) cat. RuCl3/NaIO4, AcCN–CCl4–H2O, 84%; (f)


(i) morpholine, PS-DCC, HOBt, i-Pr2NEt, CH2Cl2, 25 �C, (ii) Chiral


pack AD, 32% for 12R and 37% for 12S.
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Z. Zhao et al. / Bioorg. Med. Chem. Lett. 16 (2006) 5968–5972 5971

(PK) in rats (Cl = 20.5 mL/min/kg, t1/2 = 0.37 h,
VD = 0.38). In addition, the logP of 7h was measured to
be 1.4, marking a pronounced increase in polarity by
incorporation of the morpholino amide moiety relative
to 2. As a consequence 7h proved to be a mouse and hu-
man p-glycoprotein (P-gp) substrate (B � A/A � B ratios
of 11.4 and 17.9, respectively); however, excellent passive
permeability was maintained (Papp = 23.6 · 10�6 cm/
s).10 Despite overcoming several limitations of the
4-phenyl series (1 and 2), the P-gp data, predicting poor
CNS exposure for 7h, prevented further in vivo experi-
ments from being conducted.


Encouraged by 7h, additional libraries were prepared,
according to Schemes 1 and 2, that examined alternative
amide moieties while keeping the 4-morpholino amide
functionality constant. In total, 96 compounds were syn-
thesized and screened in our GlyT1 assay. Table 2 high-
lights selected compounds and data from this effort
which generated a number of potent and selective
(>30,000 nM versus GlyT2 and TauT) GlyT1 inhibitors
with diverse benzamide moieties. In general, aliphatic
amides, such as 9a and 9b, were inactive as were all het-
erocyclic amides (pyridyl, thienyl, etc., data not shown).
Benzamides were uniformly active. For instance, unsub-
stituted phenyl, 9c, had a GlyT1 IC50 of 264 nM which
could be dramatically increased by the addition of a sin-
gle halogen atom as in 9l, possessing a 2-chloro substitu-
ent, with low nanomolar inhibition of human, rat, and
mouse GlyT1 (IC50s of 9.7, 18.3, and 95.3 nM, respec-
tively). A wide-range of halogenation patterns about
the phenyl ring of the benzamide were found to be tol-
erated. The most potent inhibitor from this library, 9j,
possessed a 2,4-dichloro-5-fluorobenzamide moiety and
displayed low nanomolar inhibition of human, rat,
and mouse GlyT1 (IC50s of 6.3, 7.4, and 19.4 nM,
respectively); however, this effort failed to identify a
compound more potent than 7h. Similar to 7h, all ana-
logs 9 displayed good aqueous solubility (10–25 mg/
mL in saline), no CYP (3A4, 2C9, and 2D6) inhibition,
no CYP 3A4 TDI, and displayed moderate PK in rats
(Cl = 18–25 mL/min/kg, t1/2 = 0.30–1.4 h, VD = 0.30–
0.52). Unfortunately, all of the analogs 9 were found
to be mouse and human P-gp substrates (B � A/A � B
ratios of 8.9–19 and 10.6–26.1, respectively) yet
displayed excellent passive permeability (Papp > 22 ·
10�6 cm/s).10 In contrast, the 4-phenyl series, such as 1
and 2, uniformly were not P-gp substrates.8 This was
surprising as analogs 9 did not incorporate additional
hydrogen bond donors relative to the 4-phenyl series;
however, the increase in P-gp susceptibility could be
the result of increased polarity (logP of <1.4 for analogs
9 versus >3.0 for analogs 2). The P-gp results did prove
to be indicative of low CNS penetration for this series,
as 7h displayed low nanomolar total brain levels from
brain:plasma studies in rats.


In the 4-phenyl series, the introduction of a (S)-methyl
group, as shown in 2, improved intrinsic GlyT1 potency
and, for a number of analogs with borderline mouse P-
gp susceptibility (B � A/A � B ratios of �5.6) eliminat-
ed the P-gp susceptibility (B � A/A � B ratios of 2.2).8


According to Scheme 3, both the enantiopure (R)- and

(S)-enantiomers of 7h were prepared, 12R and 12S,
respectively, and screened in our GlyT1 assay. To our
surprise, both 12R and 12S were inactive (GlyT1
IC50 > 5000 nM); clearly, the SAR for the 4-morphoino
amide series was distinct from the 4-phenyl series.


As the SAR for this series was distinct from our earlier
work,8 we next explored a multi-dimensional library ap-
proach (Fig. 2) wherein we simultaneously evaluated
alternative sulfonamides, diverse benzamides, and
alternative cappings for the eastern amino methyl group
(2�- and 3�-amines, ureas, and sulfonamides), 13. This
effort afforded over 100 additional analogs that were
evaluated in our GlyT1 assay. Only benzamide moieties
were tolerated as capping agents for the eastern amino
methyl group—basic amines, ureas, and sulfomamides
possessed no GlyT1 inhibitory activity. Alternative
sulfonamides for the piperidine amine maintained some
GlyT1 inhibition, but at a loss of 90- to 500-fold. Based
on these data and the lack of brain penetration for 7h
and related congeners, the 4-morpholino amide series
was not developed further.


In summary, we have developed a novel series of potent
and selective non-sarcosine-derived GlyT1 inhibitors.
Compounds from this series, such as 7h, addressed
several of the liabilities of our early 4-phenyl series,
depicted by 1 and 2. Specifically, incorporation of the
4-morpholino amide moiety increases polarity (logP
�1.4), improves aqueous solubility (10–25 mg/mL in
saline), and eliminates the CYP TDI which plagued
the 4-phenyl series. However, while the increased
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polarity of this series overcame several liabilities, it also
engendered this series to be P-gp substrates and there-
fore not CNS penetrant. Further refinements to this
general scaffold are in progress and additional SAR
and biological studies will be reported in due course.
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Abstract—Novel diazirinyl photoaffinity ligand, which contains (3-trifluoromethyl) phenyldiazirine and penta(e-Boc-Lys) as a pho-
toreactive code, allows the introduction of a positive cascade to alter the pI value of labeled components, facilitating the isolation of
photolabeled biocomponents with isoelectric focusing techniques.
� 2006 Elsevier Ltd. All rights reserved.

Photoaffinity labeling is a powerful method in the study
of biological structures and functions.1 It is suitable for
the analysis of biological interactions because it is based
on the affinity of the ligand moiety. Various photo-
phores, such as phenyldiazirine, arylazide, and benzo-
phenone, were used. Although comparative irradiation
studies of these three photophores in living cells suggest-
ed that a carbene precursor (3-trifluoromethyl)phenyldi-
azirine is the most promising photophore,2–4 low
cross-linking yield of photoaffinity labeling experiments
still hamper purification and isolation of the labeled
components.5 We have demonstrated to resolve these
difficulties by a combination of avidin–biotin systems
(photoaffinity biotinylation).6–8 The disassociation of
the labeled components from the avidin–biotin complex
is sometimes hampered because the complex is too sta-
ble to disassociate.9 2-D electrophoresis is one of the
major analytical methods for proteomics studies. The
combination of isoelectrofocusing and molecular weight
analysis promotes the analysis of whole proteins with a
high resolution. Isoelectric pH (pI) values are unique for
each protein, therefore altering the pI value of photola-
beled components will facilitate their isolation from
unlabeled components by isoelectrofocusing. Poly-basic
or -acidic amino acids groups can be used to alter pI,
and these changes are distinguishable on electrofocus-
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ing. For example, the introduction of five additional
Lys residues to a neutral protein will increase pI by
about 0.5 in a simulation.10 These new concepts can
be applied for manipulation of the photoaffinity-labeled
components. In this paper, we describe the synthesis and
application of a novel diazirinyl photophore containing
(e-Boc-Lys) which is effective in resolution of the labeled
protein by altering the pI value. Figure 1 shows the
structure of the novel diazirinyl photoaffinity ligand 1.
The compound consisted of a photoreactive diazirinyl
photophore at the C-terminal and biotin moiety at the
N-terminal of a penta(e-Boc-Lys) peptide. After acid
treatment, the Boc groups were deprotected, leading to
an increased pI of the labeled component. Furthermore,
the labeled component became a substrate for trypsin
and released the biotin moiety with enzymatic cleavage
under the native condition.11


Compound 1 was synthesized from commercially avail-
able Z-(e-Boc-Lys)5-OH 2. After removing Z-group of 2,
biotin was introduced into N-terminal of 3 to afford 4.
The C-terminal was converted to succinimide ester, then
diazirine derivative 512 was condensed to afford com-
pound 1 (Fig. 2).13 The carboxylic acid was converted
to succinimide derivative 6. Each step proceeded with
a moderate yield. The properties of compound 1 on
altering the isoelectric point were tested. Chromatofo-
cusing of protected and deprotected compound 1 was
performed with a pH gradient between pH 7 and 4.
The protected form was eluted at pH 5.5 (Fig. 3A, i),
on the other hand, the deprotected form was eluted at
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Figure 3. (A) Chromatofocusing profiles of photoprobe 1 without


(open circle) and with (open square) deprotection of Boc groups.


PBETM 94 gel (5 ml gel, 1 · 6.4 cm) was equilibrated with 0.025 M


imidazole–HCl (pH 7.4). After loading the sample, the column was


eluted with Polybuffer 74-HCl and the fraction was collected with each


1.5 mL, then absorbance measured at 280 nm. The pH gradient profile


was represented as dashed line. The peaks i and ii were concentrated


and subjected to chemiluminescence detection. (B) Chemiluminescence


detection of the regions i and ii on (A). The samples with or without


trypsin treatment (indicated by + and �) were blotted on PVDF and


immobilized with black light irradiation in the similar manner


described before.7
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over pH 7.4 (Fig. 3A, ii). The results indicated that the
isoelectric point was altered by deprotection of the
Boc group and the reagent utilized to alter the pI value
of photolabeled components. Both peaks i and ii were
subjected to trypsin digestion. The samples with or with-

out trypsin treatment were immobilized on a poly(vinyl-
idene difluoride) (PVDF) membrane by photolysis of the
diazirine part with black light. The membrane was sub-
jected to chemiluminescence detection with streptavi-
din–horseradish peroxidase conjugate to detect the
biotin moiety in a similar manner as described previous-
ly.5 Both peaks i and ii without trypsin treatment and
peak i with trypsin digestion afforded chemilumines-
cence signals. On the other hand, no chemiluminescence
signal was detected in peak ii with trypsin treatment
(Fig. 3 B). All samples without photolysis did not afford
any chemiluminescence signals (data not shown). The
results indicated that TFA-treated compound 1
(de-Boc derivative) is a substrate for trypsin and has a
potency to cleave between the photophore and biotin
efficiently at C-terminal of lysines. Hydroxysuccinimide
ester 6 was utilized for the chemical modification of
BSA. The modified BSA was subjected to IEF–PAGE,
blotting of the PVDF membrane, and then chemilumi-
nescence detection. The samples with acid treatment
showed a slightly higher isoelectric point than the sam-
ples without acid treatment on IEF–PAGE. The migrat-
ed chemiluminescence signals disappeared after the
sample was incubated with trypsin (Fig. 4A), but the
protein band at 66 kDa was observed with silver stain-
ing (Fig. 4B). These results indicated that compound 1
was utilized to alter the pI of labeled components from
unlabeled components.


The benzoic acid moiety has an inhibitory activity on
DD-amino acid oxidase from the porcine kidney.14 Photo-
affinity labeling of the enzyme with compound 1 was
performed, and then the labeled component was detect-
ed by chemiluminescence with streptavidin–horseradish
peroxidase. The chemiluminescence signal for the
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amino acid oxidase with compound 1. The labeled proteins were


subjected to IEF–PAGE (pH 3–7), followed by transfer to a PVDF
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enzyme was inhibited in the presence of phenylalanine
on IEF–PAGE (Fig. 5, lanes 1 and 2). The specific
chemiluminescence was migrated with TFA treatment
of the labeled mixture (Fig. 5, lane 3).15


In conclusion, the new diazirinyl photoprobe containing
penta(e-Boc-Lys) is useful to detect photolabeled
components by virtue of altering pI of labeled compo-
nents from unlabeled ones. Furthermore, the com-
pounds 1 and 6 were easily introduced ligand moieties
by amide bond formation and purified the labeled
components by avidin–biotin systems. The results indi-
cated that other peptides consisting of poly-basic or
-acidic amino acids would be useful for application
using this strategy.

Acknowledgments


This research was partially supported by a Ministry of
Education, Science, Sports and Culture Grant-in-Aid
for Scientific Research on a Priority Area, 17035006
and 18032007, and for the Encouragement of Young
Scientists, 16710151 (M.H.). We also thank the Mitsubi-
shi Chemical Foundation and Fugaku foundation for
financial support.

References and notes


1. Brunner, J. Annu. Rev. Biochem. 1993, 62, 483.
2. Hatanaka, Y.; Nakayama, H.; Kanaoka, Y. Rev. Hetero-


atom. Chem. 1996, 14, 213.
3. Hatanaka, Y.; Sadakane, Y. Curr. Top. Med. Chem. 2002, 271.
4. Tomohiro, T.; Hashimoto, M.; Hatanaka, Y. Chem.


Records 2005, 5, 385.
5. Gillingham, A. K.; Koumanov, F.; Hashimoto, M.;


Holman, G. D. Detection and Analysis of Glucose
Transporters Using Photolabelling Techniques. In Mem-
brane Transport: A Practical Approach; Baldwin, S. A.,
Ed.; Oxford University: Oxford, 2000; p 193.


6. Hatanaka, Y.; Hashimoto, M.; Kanaoka, Y. Bioorg. Med.
Chem. 1994, 2, 1367.


7. Hatanaka, Y.; Hashimoto, M.; Kanaoka, Y. J. Am. Chem.
Soc. 1998, 120, 453.


8. Hashimoto, M.; Yang, J.; Holman, G. D. ChemBioChem
2001, 2, 52.


9. Hatanaka, Y.; Hashimoto, M.; Nishihara, S.; Narimatsu,
H.; Kanaoka, Y. Carbohydr. Res. 1996, 294, 95.


10. The simulation was performed by on line software,
‘Compute pI/ MW’ http://us.expasy.org/tools/pi_tool.
html.


11. Hashimoto, M.; Okamoto, S.; Nabeta, K.; Hatanaka, Y.
Bioorg. Med. Chem. Lett. 2004, 14, 2447.


12. Hashimoto, M.; Hatanaka, Y.; Yang, J.; Dhesi, J.;
Holman, G. D. Carbohydr. Res. 2001, 331, 119.


13. Compound 1 1H NMR (CD3OD) 7.889 (d, 1H,
J = 8.2 Hz), 7.02 (d, 2H, J = 8.2 Hz), 6.89 (s, 1H), 4.52
(dd, 2H, J = 7.6, 4.9 Hz, biotin H-4), 4.36 (m, 8H, biotin
H-3, OCH2, and Lys-a-CH · 5), 3.93 (m, 2H), 3.77 (m,
2H), 3.66 (m, 2H), 3.59 (m, 2H), 3.36 (m, 2H), 3.24 (m,
1H, biotin H-2), 3.07 (m, 10 H, Lys-e-CH2 · 5), 2.97 (dd,
1H, J = 12.9, 4.9 Hz, biotin H-5), 2.74 (d, 1H, J = 12.9 Hz,
biotin-5), 2.33 (m, 2H, biotin-a-CH2), 1.73–1.23 (m, 81H,
Lys-b, c, d,–CH2 · 5, biotin-b, c, d-CH2, Boc · 5). FAB-
MS m/z 1745 (MH+).


14. Yagi, K. Methods Enzymol. 1971, 17B, 608.
15. Typical photoaffinity labeling for DD-amino acid oxidase.


DD-Amino acid oxidase (50 lg protein) and compound 1
(0.25 nmol) in 0.1 M Tris–HCl (pH 7.8) were incubated at
37 �C for 5 min with or without phenylalanine (200 lmol).
The labeled mixture was concentrated with N2 flow,
treated with trifluoroacetic acid for 3 h at room temper-
ature, and then concentrated. The residue was reconsti-
tuted with 0.1 M NaHCO3 for IEF–PAGE.



http://us.expasy.org/tools/pi_tool.html

http://us.expasy.org/tools/pi_tool.html



		Positively coded photoaffinity label for altering isoelectric points of proteins

		Acknowledgments

		References and notes








Bioorganic & Medicinal Chemistry Letters 16 (2006) 6082–6085

Microwave expedited synthesis of 5-aminocamptothecin analogs:
Inhibitors of hypoxia inducible factor HIF-1a


Joelle Torregrossa,a Glenn J. Bubleyb and Graham B. Jonesa,*


aBioorganic and Medicinal Chemistry Laboratories, Department of Chemistry and Chemical Biology, Northeastern University,


Boston, MA 02115, USA
bDepartment of Genitourinary Oncology, Beth Israel Deaconess Medical Center, Harvard University Medical School,


Boston, MA 02215, USA


Received 25 July 2006; revised 22 August 2006; accepted 28 August 2006


Available online 12 September 2006

Abstract—A series of 5-aminosubstituted camptothecin analogs were prepared from the corresponding 5-hydroxycamptothecin
using microwave irradiation. The analogs were assayed for ability to inhibit the action of hypoxia inducible factors (HIF-1a and
HIF-2a). The 5-fluoroethyl analog showed potent inhibitory activity and is now the focus of ongoing pathway analysis and potential
as an antiproliferative agent.
� 2006 Elsevier Ltd. All rights reserved.

Hypoxia is a common characteristic of many solid
tumors, and can confer considerable resistance to con-
ventional chemotherapy, contributing to tumor progres-
sion in over 70% of human cancers, for example,
prostate cancer.1 It is now recognized that progression
to hypoxic state is influenced and regulated by a class
of hypoxia inducible factors, exemplified by the hetero-
dimeric transcription factor, HIF-1a.2 Given the signifi-
cance of the hypoxic state, inhibitors of these factors
could hold promise in the treatment of solid tumors
and a variety of agents have been uncovered which
directly or indirectly modulate the myriad pathways
linked to HIF homeostasis.3 For example, the immuno-
suppressant rapamycin has been shown to down regu-
late HIF-1a production by inhibiting the so-called
PI3K/Akt/mTOR signaling pathway, regulating protein
synthesis through phosphorylation.4 The alkylating
agent PX-478 causes reduction in HIF-1a levels presum-
ably through a redox-sensing mechanism and has a sim-
ilar inhibitory effect on VEGF production.5 The agent
nexavar also regulates HIF through its actions as a mul-
ti-kinase inhibitor, acting on downstream targets of HIF
including VEGFR, B-RAF, C-RAF, and PDGFR.6 We
became interested in HIF inhibitors following reports
that camptothecin analogs including topotecan are able
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to inhibit HIF-1a translation through a topoisomerase
I-dependent mechanism.7 This finding is significant as
topotecan is clinically approved for the treatment of sol-
id (ovarian) tumors, thus the possibility exists for ra-
tional drug design to improve HIF modulation.
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The parent drug campothecin is an alkaloid isolated
from Camptotheca acuminata and showed significant
activity in early L1210 leukemia screens.8 Though toxic
side effects and water insolubility limited precluded its
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clinical development, subsequent research identified and
validated topoisomerase I as its biological target. Sec-
ond generation agents have been developed which ad-
dress these problems.9 The camptothecins possess a
pentacyclic ring structure, designated A–E rings, and
though modification of the D, E rings usually results
in complete loss of activity, various substituents have
been introduced in the A ring (topotecan), B ring (irno-
tecan), and C ring (20S-5-ethylidenecamptothecin) with
either enhanced or comparable activity to the parent
molecule.9 Substitution at the C5 position forms the ba-
sis of our investigation, following reports of facile intro-
duction of 5-amino substituents via displacement of the
5-hydroxy group, which can be installed directly from
camptothecin (FeCl3/H2SO4/EtOH then HCl, EtOH).10


5-OH-Camptothecin 1 exists in equilibrium with its
hemi-aminal form 2, thus facile nucleophilic substitution
is possible (Scheme 1). In order to achieve efficient con-
version to desired ring closed products 4, addition to
form imine 3 must be achieved under conditions that

Table 1. Comparative methods for synthesis of 5-aminocamptothecins


Entry Amine


1 PhCH2NH2


2 (4-MeO)PhCH2NH2


3 (4-F)PhCH2NH2


4 (3-F)PhCH2NH2


5 CH3CH2CH2NH2


6 FCH2CF2NH2


7 (4-MeO)PhCH2NH2


8 (4-MeO)PhCH2NH2


9 (4-MeO)PhCH2NH2


10 (4-MeO)PhCH2NH2


11 (4-MeO)PhCH2NH2


12 (4-F)PhCH2NH2


13 (3-F)PhCH2NH2


14 CH3CH2CH2NH2


15 FCH2CF2NH2
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Scheme 1. Microwave expedited route to 5-aminocamptothecin analogs.

prevent double addition viz. 5, thus an expeditious pro-
cedure is desirable. Conventional conditions involve
thermolysis for 6–24 h in the presence of excess amine
and were examined for a range of substrates (Table 1).
In each case, though products could be recovered, vary-
ing quantities of double addition products 5 were ob-
served, complicating purification and diminishing
yields.11 Based on promising results using microwave
irradiation,12 direct conversion to 4 was surveyed using
a range of conditions and a commercial (CEM Naviga-
torTM) oven. In each case (Table 1) efficient conversion
was achieved within minutes, eliminating the production
of double addition products. Workup involved filtering
off product through a silica gel plug or in exceptional
circumstances using preparative TLC, giving direct ac-
cess to a family of 5-aminosubstituted analogs.13 Based
on prior expectations, all of the analogs produced were
freely soluble in buffer solutions, in polar organic sol-
vents, and in DMSO/DMF aqueous admixes, allowing
for facile biological analysis.

Conditions 4 (%)


12 h reflux, MeOH, Et3N 48


12 h reflux, MeOH, Et3N 43


12 h reflux, MeOH, Et3N 23


12 h reflux, MeOH, Et3N 29


12 h reflux, MeOH, Et3N 33


12 h reflux, MeOH, Et3N 27


MW, 5 min, 150 �C, MeOH, Et3N 67


MW, 10 min, 150 �C, MeOH, Et3N 88


MW, 15 min, 150 �C, MeOH, Et3N 73


MW, 10 min, 100 �C, MeOH, Et3N 65


MW, 10 min, 200 �C, MeOH, Et3N 79


MW, 10 min, 150 �C, MeOH, Et3N 81


MW, 10 min, 150 �C, MeOH, Et3N 77


MW, 10 min, 150 �C, MeOH, Et3N 83


MW, 10 min, 150 �C, MeOH, Et3N 80
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Figure 1. Impact on HIF-1a production in c4-2 cells under influence of camptothecins. Lanes 1, FBS; 2, FBS + 20 nM rapamycin; 3, FBS + 10 nM


nexavar; 4, CSS; 5, CSS + 10 nMDHT; 6, pTV cell line (HIF-2a expressing negative control derived from 786-O cells); 7, FBS + 10 lM


camptothecin; 8, FBS + 1 lM topotecan; 9, FBS + 10 lM topotecan; 10, FBS + 10 lM 4 (R = n-Pr); 11, FBS + 1 lM 4 (R = n-Pr); 12, FBS + 1 lM 4


(R = FCH2CH2); 13, FBS + 10 lM 4 (R = FCH2CH2). (FBS, fetal bovine serum; CSS, charcoal stripped serum; and DHT, dihydrotestosterone.)


Table 2. Relative Inhibition of HIF-1a production by 5-aminocamptothecinsa


Entry Compound Concentration Inhibition (SD)


1 Rapamycin 20 nM 35% (0.10)


2 Nexavar 10 nM 54% (0.05)


3 Camptothecin 10 lM 69% (0.09)


4 Topotecan 10 lM 69% (0.08)


5 5-p-Methoxybenzylaminocamptothecin 10 lM 9% (0.15)


6 5-p-Fluorobenzylaminocamptothecin 10 lM 40% (0.04)


7 5-m-Fluorobenzylaminocamptothecin 10 lM 0% (0.16)


8 5-Propylaminocamptothecin 10 lM 76% (0.22)


9 5-b-Fluoroethylaminocamptothecin 10 lM 88% (0.06)


a c4-2 and 786-O cells were grown for 48 h. then treated with compounds /controls for 24 h in a humidified environment. Cells were then washed with


PBS and then lysed with 2% SDS containing 1% protease inhibitor cocktail. Protein content of lysates was determined using Bradford assay. For


both HIF-1a and HIF-2a analyses, approximately 13 lg of protein was loaded per lane. The proteins were resolved on SDS–PAGE and transferred


to polyvinylidene difluoride membrane (Millipore). Blots were probed for either HIF-1a or HIF-2a using monoclonal anti-HIF-1a or polyclonal


anti-HIF2a (Novus Biological Inc.). Control blots were probed for b-tubulin using monoclonal anti-b-tubulin. Blots were quantitated using Bio-


Rad gel dock software. Densities of HIF-1a/HIF-2a and b-tubulin bands were evaluated, background densities were also determined and sub-


tracted from appropriate band densities.
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The agents, plus control elements camptothecin, rapa-
mycin, nexavar, and topotecan, were assayed for ability
to inhibit production of HIF-1a and HIF-2a. HIF
expression can be monitored using a variety of cell lines
under simulated hypoxic conditions. However, we were
keen to employ cells which express HIF under normoxic
conditions and selected cell lines c4-2 and 786-O. c4-2
cells are an androgen independent line derived from
LNCaP human prostate cancer cells which are
xenografted into castrated mice and known to express
HIF-1a.14 The 786-O line is a vhl deficient derivative
of renal cell carcinoma and is known to express HIF-
2a.15 Following exposure, HIF levels and those of con-
trol proteins (tubulin) were assessed by Western blot
(Fig. 1, Table 2). Clearly rapamycin and nexavar have
a pronounced impact on HIF-1a production, but within
the family of camptothecins the new derivatives had
comparable inhibitory activity, and the fluoroethyl ana-
log was superior. Though inhibition of HIF-1a was
marked, none of the agents had any discernable impact
on HIF-2a production (data not shown), suggesting that
a specific signaling event is governed through interaction
with the camptothecins.


In conclusion, water soluble 5-aminocoamptothecin
analogs have been prepared in three steps from commer-
cially available camptothecin. The 5-fluoroethyl cam-
ptothecin analog shows potent HIF-1a inhibitory
activity. Thorough investigation of the biological path-

way involved will reveal the potential for these agents
to be adapted to frontline chemotherapeutics against
hypoxic tumors. In this regard the expeditious and effi-
cient microwave mediated route to generate this and
related 5-substituted analogs will help accelerate the
development of candidate libraries.16
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Abstract—D-labeled and -unlabeled N-b-naphthyliodoacetamides have been synthesized for specific modification of the sulfhydryl
groups of cysteine residues in proteins or peptides, and have been applied to quantitative analysis of several peptides. A combination
of these reagents, coupled with mass spectrometry, is anticipated to serve as a useful tool for quantitative analysis of peptides and
hence proteins.
� 2006 Elsevier Ltd. All rights reserved.

Proteomics studies proteomes, which are sets of proteins
expressed by a cell, tissue, or organism under a specific
set of conditions, and it is rapidly becoming an
important research area in the postgenome era.
Proteomics is originally defined as the complete
characterization of the protein complement of a cell,
including post-translational modifications, and as a part
of such goals, a great deal of effort has been directed to
developing methods to quantitatively measure changes
in relative abundance of proteins expressed under two
different physiological conditions. In this sense, it is
essential to develop efficient methodologies for quantita-
tive analysis of proteins within complex mixtures
expressed under certain physiological conditions.


Some classical examples that are still common for
certain purposes of quantitative analysis of proteins
include two-dimensional densitometry of the gel,1


metabolic radioisotope labeling,2 or metabolic
stable-isotope labeling,3 or stable-isotope labeling
during proteolytic digestion of proteins.4 Recently, more
sophisticated methods using stable-isotope tagging by
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chemical reactions followed by mass spectrometry
analysis have been emerging as a more versatile technol-
ogy for quantification of proteins.5 Some of the earliest
work applies deuterium-labeled isotope-coded affinity
tags (ICAT), a biotinylated conjugate of a sulfhydryl
group modifier and its deuterated derivative, which
allow purification of peptides by LC and subsequent
quantitative analysis by MS/MS.6 Other researchers
have also invented similar LC-based methods using
different modifiers.7 However, several fundamental
problems in these methods have been reported, perhaps
due to the use of large organic molecules and a large
amount of aqueous media. These include fragmentation
of the tags during the CID conditions and primary
isotope effects causing differential elution during liquid
chromatography.5a,b These problems suggest the need
to eliminate the LC and the use of large hydrophobic
organic molecules. Earlier, we reported such methods
using small organic molecule modifiers, isotope-labeled
and -unlabeled alkylmaleimides8 and iodoacetanilides.9


We found that the combination of isotope-labeled and
-unlabeled chemical modification of cysteine residues
followed by 2-D gel electrophoresis and matrix-assisted
laser desorption/ionization time-of-flight mass
spectrometry (MALDI-TOF MS) makes quantification
of peptides and proteins feasible. This method also
allows identification of proteins prior to quantitative
analysis through peptide mass fingerprinting without
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the use of MS/MS unlike other shotgun-LC-based meth-
ods, making our method more economical and accessi-
ble to diverse researchers.


Here we report synthesis of another set of sulfhydryl
group-specific modifiers that are small organic
molecules, D7-labeled and -unlabeled N-b-naph-
thyliodoacetamides (NBN), 1 and 2, and the application
of these modifiers to quantitative analysis of peptides.
As has been demonstrated in our earlier work using
alkylmaleimides and iodoacetanilides, we believe
that the success of this work signifies success in
quantification of tryptic peptides, hence proteins
(Scheme 1).


N-b-naphthyliodoacetamide possesses the reaction site
toward the sulfhydryl group, –SH, that is the same as
iodoacetamide, which is a well-known sulfhydryl group
modifier. The combination of D7-labeled and -unlabeled
N-b-naphthyliodoacetamides (NBN) exhibits 7Da
difference, which is greater than in our earlier studies of
13C6-labeled and -unlabeled iodoacetanilide as well as
D5-labeled N-ethylmaleimide and -unlabeled N-ethylma-
leimide, and therefore is anticipated to be more effective.


Synthesis of D7-labeled and -unlabeled
N-b-naphthyliodoacetamides (NBN), 1 and 2, was
carried out from iodoacetic acid and D7-labeled or
-unlabeled b-aminonaphthalene, as reported in our
earlier synthesis of 13C6-labeled iodoacetanilide
(Scheme 2).10


The applicability of these reagents was tested for three
synthetic peptides, PEP 31, PEP 13, and PEP 60, in
which the amino acid sequences, molecular weight,
and pI values are KEEPPHHEVPESETC, 1746.75 Da,
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4.5, SDTCSSQKTEVSTVSSTQK, 2001.92 Da, 6.2,
and ALVCEQEAR, 1017.49, and 4.4, respectively.
These peptides are the same as those reported in the
studies of iodoacetanilide and 13C6-iodoacetanilides.9,11


Various aqueous solutions of these peptides with
pH 9.0 were reacted with D7-labeled or -unlabeled
N-b-naphthyliodoacetamides (NBN), and the
relative molar ratios were quantitatively analyzed by
MALDI-TOF MS after a matrix was added.


The following charts show peptide PEP 31 itself
and PEP 31 reacted with -unlabeled iodoacetanilide or
D7-labeled N-b-naphthyliodoacetamides.12 The ion
peaks show the monoisotopic mass for PEP 31
(1746.75 Da) and a series of isotope peaks that are
several daltons greater than the monoisotopic peak
due to the existence of natural isotopes. The
excess amount of D7-labeled and -unlabeled
N-b-naphthyliodoacetamides completely reacted with
this peptide within 30 min. By reacting with the
unlabeled or labeled N-b-naphthyliodoacetamides
(NBN), the molecular weight of the NBN-modified or
D7-NBN-modified PEP 31 increased by 183 or 190 Da,
respectively, indicating that a combination of these
modified peptides shows 7 Da difference (Fig. 1).


In order to examine general applicability of these
reagents to quantitative analysis of peptides, several
aqueous PEP 31 solutions with pH 8.5 were prepared,
and these solutions were individually treated with
D7-labeled or -unlabeled N-b-naphthyliodoacetamides.
Then the differentially labeled PEP 31 solutions were
mixed in various ratios. The ratios of NBN-PEP 31 to
D7-NBN-PEP 31 examined were 6:1, 3:1, 1:1, and 1:3.
The relative quantities of PEP 31 in each mixed solution
were measured from the relative signal intensities
for pairs of peptide ions modified with D7-labeled or
-unlabeled N-b-naphthyliodoacetamides.13


Figure 2 shows the MALDI MS spectrum for each set of
the PEP 31 mixtures above. After measuring the height
of the most abundant peak among the monoisotopic
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Figure 1. MALDI spectra of PEP 31 and N-b-naphthyliodoacetamide-


modified PEP 31.
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modified PEP 31 with varied concentrations.
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and the following few isotopic peaks for each modified
peptide, the relative ratios of the modified peptide were
calculated. The relative ratios of modified PEP 31 thus
obtained were plotted against their theoretical ratios as
in the following graph (Fig. 3).13
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Figure 3. Quantitative analysis of PEP 31.


Mol Ratio of
NBN-PEP13/D7-NBN-PEP13


 (Theoretical)


M
o


l R
at


io
 o


f
 N


B
N


-P
E


P
13


/D
7-


N
B


N
-P


E
P


13
(O


bs
er


ve
d)


y = 1.2628x - 0.0647


R2 = 0.9894


0


1


2


3


4


5


6


7


8


9


0 1 2 3 4 6 75


Figure 4. Quantitative analysis of PEP 13 and 60.

As can be seen in the graph, the observed relative ratios
and the theoretical ratios for D7-labeled and -unlabeled
NBN-modified PEP 31 in the two solutions have an
excellent correlation. From these data, it is concluded
that ionization efficiencies of the D-labeled and those
for -unlabeled NBN-PEP 31 are identical within the
experimental errors, as we had reported for other stable
isotope-labeled and -unlabeled small molecule modifiers.


In order to assess the generality of this method, we
further applied this method for quantitative analysis
to two other peptides, PEP 13 and 60. The following
two graphs were obtained in the same manner as
described above (Fig. 4).


From these figures, it is also concluded that the
ionization efficiencies of the D7-labeled and -unlabeled
NBN-modified PEP 13 and 60 are the same within the
experimental errors, and hence molar ratios of the
peptides in two sample solutions can be measured at
a high accuracy according to this method. While pri-
mary isotope effects have been reported for a combina-
tion of D-labeled and -unlabeled compounds in other
quantification methods, we observed no isotope effect
during the quantitative analysis of proteins/peptides
in this study as well as in the methods we previously
reported.


In summary, we demonstrated that a combination of
D7-labeled and -unlabeled N-b-naphthyliodoacetamides
(NBN) enables quantitative analysis of various peptides
with molecular weight 1000–2000 Da. Since these sizes
of peptides are typically used in proteomics, this method
is anticipated to be a useful tool for proteomic research.
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Abstract—The design, synthesis, and enzyme kinetics evaluation of a transition-state inhibitor of glyoxalase-I is described. The
union of the hydroxamic acid zinc-chelator with a urea isostere for the glu–cys amide bond led to a glutathione analog which
retained inhibitory potency toward glyoxalase-I while possessing resistance toward c-glutamyltranspeptidase mediated breakdown.
This compound is viewed as a potential lead for the development of second-generation glyoxalase-I inhibitors wherein, the problems
pertaining to metabolism and selectivity are overcome.
� 2006 Elsevier Ltd. All rights reserved.
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Figure 1. Glyoxalase pathway.

The aldehyde of pyruvic acid, methylglyoxal, has been
the subject of a large number of investigations due to
its cytotoxicity.1 This cytotoxic metabolite is transiently
formed in a myriad of metabolic pathways, for example,
lipid peroxidation, glycolysis, and DNA metabolism.2


The removal of this ketoaldehyde from the body occurs
through the glyoxalase pathway involving the cofactor
glutathione. Two key enzymatic steps are involved in
this process (Fig. 1): the isomerization of the hemi-
thioacetal of methylglyoxal and glutathione (GSH) to
S-DD-lactoylglutathione (by glyoxalase-I) and its subse-
quent glyoxalase-II catalyzed transformation to DD-lac-
tate, that is then actively transported out of the cell
and oxidized back to pyruvate which enters Kreb’s cy-
cle.3 This cascade limits the use of a-ketoaldehydes as
potential antitumor agents.


In 1969, our laboratory was the first to propose the
obstruction of the glyoxalase pathway as a means to
cause accumulation of methylglyoxal in cancer cells,
eventually leading to their death.4 We subsequently
reported the competitive nature of S-alkylglutathione
analogs toward glyoxalase-I (Glx-I)5 and the discovery
of S-p-bromobenzyl glutathione (PBBG, 1) (Fig. 2) as
a highly potent Glx-I inhibitor.6 Because of their
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charged nature, these inhibitors lacked sufficient cell
penetration to exhibit antitumor activity. In addition,
loss of enzyme inhibition occurred through the rapid
hydrolysis of the glu–cys amide bond of the glutathione
scaffold by c-glutamyltranspeptidase7 (Fig. 2). Years lat-
er Lo and Thornalley used ester prodrugs of our PBBG
(1), which were able to penetrate cell membranes and
inhibit the growth of human leukemia 60 (HL-60) cells.8


One of the shortcomings of these S-alkylglutathiones,
otherwise-promising Glx-I inhibitors, was their inability
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to selectively inhibit tumor cells when compared to nor-
mal human cells. This suggested that simple competitive
inhibitors of glyoxalase are perhaps inadequate tumor-
selective agents. This shortcoming was addressed by
Creighton and Murthy9 through the design of hydroxa-
mic acid-based transition state inhibitors (3, for exam-
ple). The rationale behind this design was thus: the
hydroxamic acid moiety acts as a close mimic of the ene-
diol(ate) intermediate10 of the Glx-I catalytic cycle
(Fig. 1), thus conferring upon these molecules a high
Glx-I inhibitory potency. Incorporation of a thioester
linkage into these compounds caused them to resemble
the glyoxalase-II (Glx-II) substrate (S-DD-lactoylglutathi-
one, Fig. 1). Since the Glx-II activity is abnormally low
in certain types of cancer cells11,12 compared to normal
cells, Creighton and Murthy9,10 suggested that the inac-
tivation of compounds like 3 by Glx-II in tumor cells
will be very low, thus rendering the desired tumor-selec-
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tivity from their reduced ability to hydrolyze these inhib-
itors. Although these inhibitors were in fact able to
restrict the growth of solid tumors in mice when admin-
istered as their ester prodrugs, the problem of their
breakdown by c-glutamyltranspeptidase still remained.


Recently, we initiated a project to revisit the design and
synthesis of these inhibitors with an aim to address var-
ious pharmacokinetic, metabolic, and synthetic prob-
lems that plague the development of this class of
molecules into clinically useful antitumor agents.13 In
this report, we wish to describe the application of our
urea-isostere strategy to prevent breakdown of the
hydroxamic acid inhibitors by c-glutamyltranspepti-
dase. Incorporation of the urea linkage and the
hydroxamic acid transition-state mimic into 3 gave the
tripeptide 4 (Fig. 3). Here, the urea-isostere was expect-
ed to provide metabolic stability to the glyoxalase-I
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inhibitor 4 along with conservation of glyoxalase-I
inhibitory activity.13 A good body of experimental evi-
dence exists for the presence of a significantly large
hydrophobic pocket in the active site of Glx-I, with
which the S-p-bromobenzyl substituent of PBBG (1)
interacts.5,14 This led us to conserve that particular
pharmacophore. We then set forth to develop an effi-
cient synthetic route to the tripeptide backbone and
the thiocarbamate linkage of compound 4.


The synthesis of 4 is shown in Scheme 1. The N-a-t-Boc-
LL-diaminopropanoic acid-t-butyl ester (9) fragment was
synthesized in four steps from Boc-LL-asparagine (5).
The key step in this synthesis was a Hofmann rearrange-
ment of the terminal carboxamide, which was performed
according to the elegant protocol of Zhang15 that em-
ploys iodosobenzene diacetate (PIDA) as the oxidant.
The primary amine 6 thus formed was subjected to Cbz
protection and the free carboxylic acid was esterified
with t-BuOH and DCC to give 8. Hydrogenolysis of
the Cbz group afforded amine 9. Formation of the urea
linkage between 9 and LL-cysteine(S–S-t-Bu) allyl ester
hydrochloride (16) was accomplished through the use
of carbonyl diimidazole (CDI).16 The S–S-tert-butyl-
protecting group for cysteine was chosen from the view-
point of orthogonal deprotection. Pd0 catalyzed depro-
tection of the allyl ester in urea dipeptide 10 gave the
free acid 11 which was coupled with glycine tert-butyl es-
ter hydrochloride in the presence of EDC, HOBt, and N-
methylmorpholine (NMM), to give the tripeptide 12 in
78% yield. Reductive cleavage of the disulfide protection
in 12 by tributylphosphine17 provided the thiol 13.


p-Bromophenylhydroxylamine (18, an unstable solid)
was synthesized by a Rh-catalyzed transfer hydrogena-
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tion (‘diimide reduction’) of 4-bromo nitrobenzene.18


Insertion of a carbonyl between thiol 13 and p-bro-
mophenylhydroxy amine (18) was accomplished by
sequentially treating 13 with phosgene (to form the thio-
chloroformate in situ) and then with 18 in dichlorometh-
ane. Under these conditions a 51% yield of the
thiocarbamate 14 was obtained. Global deprotection
of 14 with trifluoroacetic acid afforded the target mole-
cule 4.19


Compound 4 was examined for its ability to inhibit yeast
glyoxalase-I. Initial rates were determined by following
the increase in UV absorption at 240 nm (0.05 M phos-
phate buffer, pH 6.6) which corresponds to the isomeri-
zation process and formation of S-DD-lactoyl glutathione
(Fig. 1). Methylglyoxal, GSH, 4, and buffer were added
to the cell and allowed to equilibrate at 30 �C for 6 min
(to allow formation of hemimercaptal) before addition
of the enzyme. The concentrations of hemimercaptal
were calculated using the dissociation constant
3.1 · 10�3 M as previously determined for this equilibri-
um reaction.6 It has been shown previously that 3 is a
tight-binding competitive inhibitor of glyoxalase-I
(Ki = 1.2 ± 0.2 lM).9 Similarly the urea analog 4 was
found to be a tight-binding competitive inhibitor with
Ki = 2.19 ± 0.57 lM. The Km for the hemimercaptal of
glutathione and methylglyoxal as determined by this as-
say was 0.35 mM, in agreement with the literature val-
ue.13 Results of these experiments confirm that the
urea isostere is well tolerated by glyoxalase-I.


We then tested the stability of the urea linkage in 4 toward
c-glutamyltranspeptidase. Compound 4 was incubated at
37 �C with equine kidney c-glutamyltranspeptidase (c-
GT, Sigma) in 200 mM AMPD buffer at pH 8.4 in the
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presence of 40 mM of gly–gly as an acceptor peptide for
the released glutamic acid. The course of this incubation
was monitored by thin-layer chromatography. Excellent
separation of the metabolic products was obtained on sil-
ica gel TLC plates that were developed with n-butanol/
acetic acid/water (12:5:3) and sprayed with a solution of
fluorescamine in acetone. Glx-I inhibitors PBBG (1) and
3 were used as references in this assay. The results of this
experiment indicate that PBBG (1) and 3 were significant-
ly degraded after 15 min of incubation with c-GT. TLC of
incubation aliquots containing PBBG (1) and 3 showed a
new higher Rf spot corresponding to complete degrada-
tion to the respective dipeptides (cysteinylglycine) and a
new lower Rf spot corresponding to c-glutamylglycylgly-
cine, the other expected product from the transpeptidase
reaction.13 The identities of these spots were confirmed
by comparison with authentic samples of these dipep-
tides. Compound 3 after 1 h showed a further degradation
of cysteinylglycine dipeptide by release of the hydroxyl-
amine portion (a higher Rf spot). In contrast to the above,
compound 4 did not show any degradation even after
incubation for 15 h, thus confirming its stability against
c-GT mediated cleavage.


In summary, we have developed an efficient synthetic
route to the required urea-isostere containing hydroxa-
mic acid-based inhibitor 4. The target molecule, 4, was
found to retain the inhibitory potency of the corre-
sponding carbo-analog 3 against glyoxalase-I while
possessing resistance to cleavage by c-glutamyl
transpeptidase. The design of metabolically stable
glyoxalase-I inhibitors based on 4 may be useful in
potentiating the antitumor activity of a-ketoaldehydes.
We are currently designing and synthesizing ester pro-
drugs of 4 that would potentially possess the ability to
penetrate cell membranes and thus render 4 suitable for
testing against tumor cells.
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Abstract—7-Methoxy-4-(4-methoxybenzylidene)-2-substituted phenyl-benzopyrans I and 4-[bis-(4-methoxyphenyl)-methylene-2-
substituted phenyl-benzopyrans II carrying different alkylamino residues, designed as estrogen receptor (ER) binding ligands, were
successfully synthesized through the McMurry coupling reaction of substituted benzaldehyde/substituted benzophenones and 2-
hydroxyphenyl-7-methoxy-chroman-4-one in presence of lithium aluminum hydride and titanium (IV) chloride (LAH–TiCl4).
Self-coupling of carbonyl reactants led to the formation of several side products. The prototypes were evaluated for their relative
binding affinity (RBA), as well as their estrogenic and antiestrogenic activities. High order of estrogenic activity (>50% gain)
observed with compounds 3, 7a, 7b, 7c, 8, and 10a and also their partial estrogen antagonistic activity (P15%) at the uterine level
points toward successful designing of the compounds. Compounds 4, 7a, 7b, 7c, and 10a also possessed significant anticancer activ-
ity against human adenocarcinoma cell line (MCF-7 cell line) that may be related to their estrogen-dependent action.
� 2006 Elsevier Ltd. All rights reserved.

The importance of selective estrogen receptor modula-
tors (SERMs)1–4 as contraceptive and in the treatment
of various estrogen dependent diseases such as breast
cancer, osteoporosis, Alzheimer’s disease (AD), and
coronary heart disease has led to the development
of structurally diverse estrogen receptor binding
molecules.


Four main types of SERMs that have been investigated
are triphenylethylenes (including tamoxifen,5 toremi-
fene, droloxifene, and idoxifene), benzothiaphenes
(e.g., raloxifene,6 and arzoxifene), naphthalenes (nafox-
idine), and benzopyrans (ormeloxifene7 and related
derivatives) (Fig. 1). Tamoxifen5 is being used frequently
as a drug for the prevention and treatment of breast can-
cer. Raloxifene6, another SERM, is commonly used in
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the prevention and treatment of osteoporosis. Orme-
loxifene,8 which is a benzopyran-based SERM devel-
oped by our group, is the first non-steroidal, post
coital, oral contraceptive.


Ormiloxifene is a racemate mixture and is marketed un-
der the trade name Saheli. Use of ormeloxifene and its
different analogues as antiosteoporotic and antibreast
cancer agents is under investigation.8


However, the SERMs that have been introduced in the
market are not totally free from several undesirable
side effects such as increased incidence of endometrial
cancer and hot flashes.9,10 Therefore, further work in
this area is needed to develop SERM for a specific
disorder.


It was found that introduction of an aryl moiety at C-2
of a benzopyran nucleus leads to potent estrogen antag-
onists. Two such important compounds, CDRI-85/28711


and EM-652,12 are shown below in Figure 2.
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Keeping in view all the above-mentioned compounds
and their biological activities, it was thought worthwhile
to design and synthesize compounds belonging to proto-
types I and II (Fig. 3) which are reported herein.


The synthesis of prototype I was initially attempted
through Grignard reaction on 2-(4-hydroxyphenyl)-7-
methoxy chroman-4-one 2, prepared in 35% yield from
2-hydroxy-4-methoxy-acetophenone 1 and substituted
benzyl bromide. This reaction led to a mixture of prod-
ucts containing 1-(2-hydroxy-4-methoxyphenyl)-3-(4-
hydroxyphenyl)-propenone as a result of chromanone
ring opening and possibly due to the formation of prod-
ucts with endo- and exocyclic double bonds, which
could not be separated. Chromans and chromanones
are known to undergo ring opening under Mg/THF.13


The desired compounds were finally synthesized through
the McMurry coupling reaction. When condensation of
4-benzyloxy benzaldehyde with 2-(4-hydroxyphenyl)-7-
methoxy-chroman-4-one 2 was carried out in presence
of Zn–TiCl4 in dry THF at reflux temperature, the de-
sired compound 4-[7-methoxy-4-(4-benzyloxybenzylid-
ene)-chroman-2-yl]-phenol 3 was obtained in very poor
yield along with dimeric product of reactants. It is
reported that in McMurry reaction the efficacy of reac-
tion depends on the reactivity of low valent titanium
reagent which ultimately depends on its method of

preparation.14 Lithium aluminum hydride (LAH), a
far stronger reducing agent as compared to zinc has
been successfully used for such reactions. We therefore
used LAH–TiCl4 in place of Zn–TiCl4 in anhydrous
THF. Thus, reductive coupling of compound 2 with 4-
methoxybenzaldehyde was carried out with LAH–TiCl4
in dry THF under inert reaction condition giving
compound 4 in satisfactory yield. In this reaction,
dimeric products of 4-methoxybenzaldehyde (5) and
2-(4-hydroxyphenyl)-7-methoxy-chroman-4-one 2 (6)
were formed as byproducts. Dimer of 4-methoxybenzal-
dehyde was isolated as white solid which was a mixture
of cis- and trans isomers, whereas dimer of 2-(4-
hydroxyphenyl)-7-methoxy-chroman-4-one 2 (6) ap-
peared to be unstable and was detected only through
mass spectroscopy of partly purified sample. Condensa-
tion of compound 4 with 1-(2-chloroalkyl) amine hydro-
chloride in acetone in the presence of anhydrous K2CO3


under reflux gave the desired product 7 (prototype I)
(Scheme 1).20


The synthesis of prototype II was carried out through
the McMurry coupling reaction using 4,4 0-dimethoxy
benzophenone and 2-(4-hydroxyphenyl)-7-methoxy-
chroman-4-one 2 (Scheme 2).20 In this case, besides the
desired compound 8, dimers of chromanone 2 (6) and
4,4 0-dimethoxybenzophenone (9) were formed as
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byproducts. Dimer 9 was isolated as crystalline solid,
whereas dimer 6 seemed to be unstable and was detected
through mass spectroscopy. Condensation of compound
8 with 1-(2-chloroalkyl) amine hydrochloride in acetone
in the presence of anhydrous K2CO3 under reflux gave
the desired product 10 (prototype II).


Estrogen receptor binding affinity, estrogenic, antiestro-
genic, and antiproliferative activity data of compounds
are shown in Table 1. Compounds 3, 7a, 7b, 7c, 8, and
10a administered orally showed high estrogenic activity
(>50% gain) and also possessed estrogen antagonistic
activity (P15%). Compounds 4, 7a, 7b, 7c, and 10a pos-

sessed significant anticancer activity similar to that of
Tamoxifen against MCF-7 cancer cell line.


In conclusion, this study presents an efficient method for
the preparation of 4-[7-methoxy-4-(4-methoxy-benzyli-
dene)-chroman-2-yl]-phenol and 4-[bis-(4-methoxyphe-
nyl)-methylene]-7-methoxy-chroman-2-yl]-phenol substi-
tuted with different alkyl amine chains, using the
McMurry coupling reaction. Significant estrogenic and
anti-estrogenic activities exhibited by these compounds
point to their ability to bind to estrogen receptor as such
or as possible hydroxy metabolite. Their low RBA val-
ues are likely due to the absence of free phenolic groups
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Table 1. Biological activity data


Compound Dose (oral)


(mg/kg/day)


Estrogen antagonistic


activity16
Estrogen agonistic activity16 RBA15 % of E2 Antiproliferative


activity17 IC50 (lM)


Uterine weighta


(mg)


Inhibitionb


(%)


Uterine weighta (mg) Gainc (%)


Vehicle 10 18.20 ± 0.50 18.20 ± 0.50


EE 0.02 102.60 ± 2.20 102.60 ± 2.20 464


TAM 3 52.30 ± 5.30 49 46.32 ± 2.92 155 2g 5.09


Vehicle 10 15.00 ± 0.57 15.00 ± 0.57


EE 0.02 66.35 ± 0.44 66.35 ± 0.44 342


3 10 46.33 ± 2.16e 29 38.30 ± 3.66g 153 0.02 Inactive


Vehicle 10 14.00 ± 1.52 14.00 ± 1.52


EE 0.02 85.00 ± 0.57 85.00 ± 0.57 507


4 10 88.33 ± 10.47 — 17.33 ± 2.40f 24 0.013 8.77


8 10 70.33 ± 6.88d 17 26.00 ± 2.30g 86 0.097 Inactive


Vehicle 10 16.03 ± 0.99 16.03 ± 0.99


EE 0.02 108.43 ± 4.14 108.43 ± 4.14 576


7a 10 92.30 ± 13.17d 15 39.57 ± 4.75g 147 0.095 7.39


7b 10 104.4 ± 1.00d 4 24.63 ± 0.90g 54 0.095 4.39


7c 10 85.40 ± 2.88 21 46.30 ± 1.61 189 0.006 2.00


Vehicle 10 19.60 ± 0.44 19.60 ± 0.44


EE 0.02 106.96 ± 7.05 106.96 ± 7.05 445


10a 10 81.70 ± 4.00e 26 52.50 ± 4.60f 168 <0.001 6.68


10b 10 — ND — ND <0.001 Inactive


ND, not determined; EE = 17a-ethynylestradiol; E2 = 17b-estradiol.
a Values represent means ± SEM of a minimum of six observations in each group.
b Percent of 17a-ethynylestradiol per se treated group.
c Percent of vehicle control group.
d P < 0.05.
e P < 0.01 versus corresponding EE per se treated group; compound 4 exhibited an additive effect on ethnylestradiol induced uterine weight gain, but


lacked any estrogen antagonistic activity.
f P < 0.05.
g P < 0.01, versus corresponding vehicle control group, all other relevant comparisons were statistically not significant, g = Ref. 18,


TAM = tamoxifene.


A. Gupta et al. / Bioorg. Med. Chem. Lett. 16 (2006) 6006–6012 6009







6010 A. Gupta et al. / Bioorg. Med. Chem. Lett. 16 (2006) 6006–6012

at the estrogen receptor binding subsite. Free phenolic
groups present in compounds 4 and 8 are possibly at
the anti-estrogen binding subsite. A preliminary study
of their anti-proliferative activity, showing promising
activity, suggests a more detailed investigation of these
prototype molecules as anticancer agents.
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185 �C. FABMS: 472(M+1); IR (cm�1): 2950, 2832,
1603, 1510, 1244, 1030; 1H NMR (d): 1.39 (br s, 4H,
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Compound 10a: Yield: 84%, mp 167–169 �C. FABMS: 591;
IR(cm�1): 2933, 1603, 1506, 1383, 1248, 1166, 1028, 832:
1H NMR (d): 1.43 (br s, 6H, 3CH2), 2.51 (br s, 4H, 2CH2),
2.68 (t, 2H, CH2), 2.81 (dd, 1H, CH), 3.12 (dd, 1H, CH),
2.80 (br s, 2H, CH2), 3.78 (s, 9H, 3· OCH3), 5.16 (dd, 1H,
CH), 6.16 (d, J = 3.60 Hz, 1H, ArH), 6.44 (s, 1H, ArH),
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20. Experimental:
General procedures for the synthesis of 1-(2-{4-[7-methoxy-4-
(4-methoxybenzylidene)-chroman-2-yl]-phenoxy}-ethyl)-alkyl-
amines (7):
Synthesis of 4-[7-methoxy-4-(4-methoxybenzylidene)-
chroman-2-yl]-phenol (4):
Under an inert atmosphere of N2, a stirred mixture of
THF (60 ml) and TiCl4 (5 ml, 8.65 g, 0.05 mol) at 0 �C was







A. Gupta et al. / Bioorg. Med. Chem. Lett. 16 (2006) 6006–6012 6011

treated with LAH (1 g, 0.03 mol). The resulting black
slurry was allowed to reflux for an hour, then the reaction
mixture was gradually cooled to 0 �C. To this mixture was
added a mixture of 2-hydroxy-7-methoxy-chroman-4-one
2 (0.50 g, 0.002 mol) and 4-methoxybenzaldehyde (0.95 g,
0.007 mol) in dry THF. The reaction mixture was refluxed
at 70 �C for 3 h. On completion of reaction, the mixture
was poured onto 10% aqueous solution of potassium
carbonate. The whole content was then filtered through
silica gel under suction. Filtrate was extracted with ethyl
acetate, the organic layer was dried over sodium sulfate
and concentrated to oily residue. The crude material was
chromatographed over silica gel using ethyl acetate–
hexane (7:93) as eluent to yield (30%) pure compound 4.19


Synthesis of 1-(2-{4-[7-Methoxy-4-(4-methoxy-benzyli-
dene)-chroman-2-yl]-phenoxy}-ethyl)-pyrrolidine (7a, R =
NC4H8):
To a solution of 4-[7-methoxy-4-(4-methoxybenzylidene)-
chroman-2-yl]-phenol (4) (0.374 g, 0.001 mol) in dry
acetone, anhydrous potassium carbonate (1.0 g) and 2-
chloroethylpyrrolidine hydrochloride (0.26 g, 0.002 mol)
were added. The solution was heated under reflux for
6 h. The reaction mixture was filtered and evaporated to
dryness. The residue was taken into ethyl acetate,
washed with water, dried over anhydrous sodium
sulfate, and concentrated. The crude material was then
chromatographed over a column of silica gel eluting
with methanol–chloroform (3:97) to afford compound 7a
in 85 % yield. Pure compound 7a was then treated with
oxalic acid to obtained the oxalate salt of compound
7a.19


General procedure for the synthesis of 1-[2-(4-{4-[bis-(4-
methoxyphenyl)-methylene]-7-methoxy-chroman-2-yl}-
phenoxy)-ethyl]-alkylamine (10):
Synthesis of 4-[bis-(4-methoxyphenyl)-methylene]-7-
methoxy-chroman-2-yl]-phenol (8):
The title product, compound 8,19 was prepared using the
same procedure as for the preparation of derivative 4
using 4,4 0-dimethoxybenzophenone (0.726 g, 0.003 mol)
instead of 4-methoxybenzaldehyde. Compound 8 was
obtained in 35% yield.
Synthesis of 1-[2-(4-{4-[bis-(4-methoxyphenyl)-methy-
lene]-7-methoxy-chroman-2-yl}-phenoxy)-ethyl]-piper-
idine (10a, R = NC5H10):
The title product10a19 was prepared using the same
procedure as for the preparation of derivative 7a using
derivative 8 (0.48 g, 0.001 mol) and 2-chloroethylpiperi-
dine hydrochloride (0.04 g, 0.002 mol) instead of 2-
chloroethylpyrrolidine hydrochloride. Compound 10a
was obtained in 84%.
Estrogen receptor binding affinity15


The relative binding affinity (RBA) of the compounds
for the estrogen receptor was determined15 by compe-
tition assay, employing radiolabeled estradiol (3H-E2) as
the reference compound. The test ligands and (3H-E2)
were incubated (4 �C) with cytosol estrogen receptors
obtained from immature 20 to 21-day-old rat uteri.
Aliquots of the uterine cytosol (200 ll concentrated 1
uterus per ml) prepared in TEA buffer (10 mM Tris,
1.5 mM EDTA, and 0.02% sodium azide, pH 7.4) were
incubated in triplicate with a fixed concentration of
radiolabeled estradiol with or without various concen-
trations of the competitor substance dissolved in 60 ll of
the TEA buffer containing DMF as co-solvent (final
concentration of DMF in the incubation medium never
exceeded 5%) for 18 h at 4 �C. At the end of this period,
dextran-coated charcoal (DCC) (5% Norit 0.5% dextran)
suspension in 100 ll of TEA buffer was added into each
tube, which was briefly vortexed and allowed to stand

for 15 min. DCC was precipitated by centrifugation
(800g · 10 min) and the supernatants counted for radio-
activity in 10 ml of a dioxane-based scintillation fluid.
RBA of the text compound was computed from a graph
plotted between percent bound radioactivity versus log
concentration of the test substance. At 50% inhibition,
log of the competitor concentration relative to that of
estradiol gave the affinity of the test compound to
estrogen receptor relative to estradiol. This when mul-
tiplied with 100 gave the percentage value designated as
RBA.
Estrogen agonistic activity16


Twenty-one-day-old immature female Sprague–Dawley
rats were bilaterally ovariectomized under light ether
anesthesia and after post-operative rest for 7 days were
randomized into different treatment groups. Each rat
received the compound of the invention once daily for
three consecutive days on days 28–30 of age by oral
route. A separate group of animals received only the
vehicle for similar duration served as control. At
autopsy 24 h after the last treatment on day 31 of
age, vaginal smear of each rat was taken and uterus was
carefully excised, gently blotted, and weighed. Premature
opening of vagina, cornification of vaginal epithelium,
and increase in uterine fresh weight were taken as
parameters for evaluation of estrogen agonistic activity
in comparison to rats of vehicle control group. The
objective was to evaluate estrogen agonistic effect of the
compounds on the uterus and vagina.
Estrogen antagonistic activity16


Twenty-one-day-old immature female Sprague–Dawley
rats were bilaterally ovariectomized under light ether
anesthesia and after post-operative rest for 7 days were
randomized into different treatment groups. Each rat
received the compound of the invention and
0.02 mg kg�1 dose of 17a-ethynylestradiol in 10% etha-
nol-distilled water once daily for 3 consecutive days on
days 28–30 of age by oral route. A separate group of
animals receiving only 17a-ethynylestradiol
(0.02 mg kg�1) in 10% ethanol-distilled water for similar
duration were used for comparison. At autopsy on day
31 of age, vaginal smear of each rat was taken and
uterus was carefully excised, gently blotted, weighed,
and fixed for histology. Inhibition in ethynylestradiol
induced cornification of vaginal epithelium and increase
in uterine fresh weight were taken as parameters for
evaluation of estrogen antagonistic effect of the com-
pounds.
Antiproliferative activity assay of compounds17


The test produce for the evaluation of antiprolifer-
ative cytotoxic activity in vitro was accomplished
following method proposed by Skehan et al.17a


Briefly, the confluent flask of MCF-7 cells was
trypsinized using 0.05% Trypsin–EDTA solution in
PBS, 104 cells/well plated in a 96-welled flat-bot-
tomed plate in 200 ll Minimum Essential Medium,
pH 7.4, and allowed to attach for 24 h at 37 �C in
a humidified CO2 incubator essentially according to
Srivastava et al.17b The test compounds were dis-
solved in appropriate solution (ethanol/DMSO), add-
ed at specified concentration, and further incubated
for 48 h as before. The cells were fixed with chilled
10% TCA and incubated for 1 h at 4 �C. The
supernatant was then discarded and the cells washed
five times with deionized water and air-dried. One
Hundred microliters of 0.4% (w/v) sulforhodamine B
(SRB) in 1% acetic acid was added to each well and
incubated at room temperature for 30 min. Unbound
SRB was removed by five washes with 1% acetic
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acid and the plate was air-dried. Two hundred
microliters of unbuffered Tris base, pH 10.5, was
added to extract the bound stain for 5 min and the

OD read at 560 nM in plate reader. IC50 values
were determined with respect to Tamoxifen as a
positive control.
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Abstract—A several series of low molecular weight 5-HT2A leads were identified from an analysis of HTS data, the exploration of
SAR and optimization of one series using parallel synthesis are described, affording compound 22 (5-HT2A IC50 1.1 nM).
� 2006 Elsevier Ltd. All rights reserved.
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Serotonin (5-hydroxytryptamine, 5-HT) receptor li-
gands have proved beneficial in a wide variety of clinical
indications,1 and in particular 5-HT2A antagonists have
potential utility in depression,2 schizophrenia3 and sleep
disorders.4 5-HT was one of the first neurotransmitters
associated with the regulation of the sleep-wake cycle.5


Furthermore, in clinical trials, several agents that antag-
onize 5-HT2A receptor activity have been shown to be
effective in the treatment of alcohol dependence,6 panic
disorders,7 and in controlling agitation and delusions
in most patients with Parkinson’s disease and psychotic
symptoms.8,9


As part of our ongoing efforts to identify new 5-HT2A


antagonists10 we undertook a high-throughput screening
(HTS) campaign using a functional assay (FLIPR) to
identify novel structural classes of antagonists as poten-
tial leads. This assay was also used to confirm the lack of
efficacy for selected novel ligands. Whilst a conventional
analysis of the screening results identified several inter-
esting starting points we were also interested in identify-
ing low molecular weight starting points since a number
of studies have highlighted the correlation between
molecular weight and the likelihood of success in reach-
ing the marketplace.11


Our strategy was to try to identify low molecular weight
scaffolds, which could then be optimized by appropriate
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substitution. However, we were also mindful that low
molecular weight ligands might well have only modest
to low affinity.


The strategy adopted involved selecting all compounds
from the screening collection with molecular weight in
the range 150–250, and then clustering the compounds
using maximum common substructure.12 The high-
throughput screening data were then added and the 150
clusters were then selected that contained at least one
example with >50% inhibition at 5 lM in the HTS.
SMARTS queries13 were then constructed to represent
each of the active clusters and the individual SMARTS
queries used to search a file of known 5-HT2A ligands con-
structed from both internal and literature sources. The
SMARTS queries were also used to search against a file
of known NK1 receptor antagonists using iBabel.14


Many of the SMARTS queries identified structures in
the file of known 5-HT2A ligands, whilst others were

H2N NH2
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N
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NH2


HN


N
H


X X


Scheme 1. Reagents: (a) HCOOEt, NaH, NH2OH; (b) ROH, HClO4.



mailto:swain@mac.com





Table 1. 5-HT2A binding affinity of 5-amino-7-aryldihydro-1,4-diazepine analogues 1–13


N
H


N


R


HN


Compound R h5-HT2A IC50
a (nM)


1 35 (5-HT2C 1050 nM)


2
Me


11


3
Me


112


4


MeO
534


5
F


18


6
F


21 (5-HT2C 637 nM)


7
F F


11


8


Cl
76


9
NC


2800


10
F3C


514


11


Me F
14


12


Me
112


13


MeMe
71


a 5-HT2A affinity was determined as described in Ref. 15.
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Table 2. 5-HT2A binding affinity of 5-amino-7-aryldihydro-1,4-diazepine analogues 5–29


N
H


N


X


F


F


N
H


N


X


F


A B


N
H


N


X


F


C


N
H


N


X


D


Compound R X h5-HT2A IC50
a (nM)


5 A


NH2


18


14 A


NH2


4.5


15 A H2N


Ph


3.8


16 A
NH2


3.6


17 A N
H


>1000


18 A H2N 1515


19 B
NH2 1.6


20 B


NH2


1.5 (5-HT2C 16 nM)


21 B
NH2


0.8


22 C
NH2


1.1 (5-HT2C 27 nM)


23 C


H2N


1.4
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Table 2 (continued)


Compound R X h5-HT2A IC50
a (nM)


24 C


NH2


3.7 (5-HT2C 86 nM)


25 D H2N


Ph


2.4


26 D


NH2


14.9 (5-HT2C 75 nM)


27 D
N
H


O


>1000


28 D N
H


>1000


29 D


N
H


N
>1000


a 5-HT2A affinity was determined as described in Ref. 15.
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found in both 5-HT2A and NK1 ligand files and pos-
sibly represent promiscuous motifs. For the purpose
of this exercise the most interesting SMARTS queries
are those representing the 17 clusters containing ac-
tives in the HTS that are not present in either known
5-HT2A or NK1 ligands. Based on this analysis seven-
teen compounds (50–70% inhibition at 5 lM in the
HTS) were selected for titration15 (one per cluster)
and ten of the seventeen were subsequently shown to
have a measured IC50 < 200 nM. The exploration
and optimization of one of these leads (1) is described
herein. The synthetic route used to prepare these ana-
logues is shown in Scheme 1.17 The aryl isoxazolines
were prepared from the corresponding substituted ace-
tophenones by reaction with ethyl formate and
hydroxylamine in the presence of sodium hydride.16


Subsequent reaction with an alkyl alcohol in the pres-
ence of perchloric acid, followed by reaction with
diaminoethane and subsequent cyclisation, afforded
the 1,4-diazepine ring. The nitrile of compound 9
was introduced via cuprous cyanide displacement of
the corresponding bromide.


The chemistry proved eminently suitable for parallel
synthesis and a scanning library was prepared using 13
amines and 20 substituted acetophenones. In this com-
munication, we describe initial results from a limited
subset of this library.


Initial SAR was developed to aid understanding of the
influence of aromatic ring substitution (Table 1).

Small lipophilic substituents at the para-positions of the
phenyl ring were beneficial (2, IC50 11 nM, 6 IC50


21 nM) affording a modest 2- to 3-fold increase in affin-
ity, however polar substituents were not tolerated (9.
IC50 2800 nM). ortho-Substitution was more limited
with only fluoro being tolerated (5, IC50 18 nM). Com-
bination of ortho- and para-substitution afforded a fur-
ther modest increase in affinity (7, IC50 11 nM).
Introduction of a trifluoromethyl at the meta position
(10) was not well tolerated.


Using the 4-methyl (2) and three fluoro-substituted
analogues (5, 6 and 7) as templates the influence of
the alkyl amine was investigated (Table 2). Replace-
ment of the tert-butyl amine by a secondary amines
resulted in a dramatic loss in affinity (e.g., 17, 27,
28 and 29, IC50 >1000 nM), perhaps indicating the
requirement for a hydrogen bond donor. In contrast,
reaction with a variety of larger primary amines gave
a significant increase in affinity. The introduction of
an additional two carbons gave a 5- to 10-fold in-
crease in affinity; compare 5 with 14 (IC50 4.5 nM),
or 7 with 20 (IC50 1.5 nM). Replacement of one of
the methyl groups of the t-butyl by benzyl also gave
a similar increase in affinity (15, IC50 3.8 nM, 25,
IC50 2.4 nM) but was less attractive due to the in-
crease in molecular weight. Interestingly, introduction
of the phenyl ring also gave the only examples of
compounds with significant HERG activity (15,
270 nM, 25, 300 nM) all other compounds being
>1000 nM.
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Constraining the alkyl groups into either a 5- or a 6-mem-
bered ring gave a further small increase in affinity and
afforded compounds with single figure nanomolar affinity
(16, 19, 21 and 22). Compound 22 IC50 1.1 nM, MW 319
was subsequently evaluated in variety of ion channels,
GPCR and enzyme assays and shown to be >1000-fold
selective except for modest activity at the 5-HT2C receptor
(IC50 27 nM). Importantly, with respect to possible in vivo
evaluation compound 22 also displayed excellent affinity
for the rat 5-HT2A receptor (IC50 2.3 nM).


In conclusion, we have described the discovery and opti-
mization of a novel class of 5-HT2A antagonists devel-
oped from a low molecular weight hit (1) identified
from high-throughput screening, by an analysis intended
to identify selective low-molecular weight ligands.
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Abstract—We synthesized various 3-methyl-1-phenyl-5-pyrazolone (edaravone) derivatives and evaluated their oxidation potential
and hydroxyl radical scavenging activity. It was found 3-methyl-1-(pyridin-2-yl)-5-pyrazolone had a much higher ability to scavenge
the radical than did edaravone itself. Its efficient radical scavenging activity was assumed to be due to the increase of its anion form,
an active form, by a hydrogen-bonded intramolecular base.
� 2006 Elsevier Ltd. All rights reserved.

Reactive oxygen species are involved in many patholog-
ical conditions such as ischemic-reperfusion injury,1,2


cellular aging,3 and progression of arteriosclerosis.4


Recently, a new pyrazolin compound, edaravone
(3-methyl-1-phenyl-2-pyrazolin-5-one, also known as
MCI-186, Fig. 1) has been developed as a medical drug
for brain ischemia,5,6 and has been reported to be effec-
tive for myocardial ischemia as well.7 Edaravone (A) is
known to be an efficient antioxidant, which is considered
to be the basis of its protective effect against ischemia.
Its enolate form (B) can interact with both peroxyl
(LOO�) and hydroxyl radicals (�OH), followed by the
formation of a stable oxidation product (OPB: 2-oxo-
3-(phenylhydrazono)-butanoic acid) through a radical
intermediate8,9 (Fig. 1).


We were encouraged to study the structure–activity rela-
tionship (SAR) as a means of characterizing the structural
features of edaravone and optimizing the structure with
regard to its radical scavenging activity in an aqueous
solution. For this purpose, we synthesized edaravone
derivatives with various substituents such as electron-
withdrawing groups (EWG), electron-donating groups
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(EDG), and p-conjugated groups at the 1-, 3-, or 4-posi-
tions of the pyrazolone ring (see supporting informa-
tion).10 Oxidation potentials of the synthesized
pyrazolone derivatives were measured by cyclic voltam-
metry (CV) in an aqueous solution, and their hydroxyl
radical scavenging activity was evaluated using the elec-
tron spin resonance (ESR) spin-trapping method.

Figure. 1. Reaction mechanisms of edaravone (A) with free radicals.


OPB; 2-oxo-3-(phenylhydrazono)-1-butanoic acid.
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Table 1. Oxidation potentials (Epa) of the edaravone derivatives


Compound R1 R3 R4 Epa
a (mV) pH


A (edaravone) Ph– CH3– H 483 7.0


A (edaravone) Ph– CH3– H 480 7.8


1 4-CH3OPh– CH3– H 678 7.8


2 4-ClPh– CH3– H 473 7.4


3 Cyclohexyl– CH3– H 549 7.4


4 2-Pyridinyl– CH3– H 483 7.0


5 Ph– CF3– H 673 7.6


6 Ph– Ph– H 397 7.6


7 Ph– 4-NO2Ph– H 419 7.4


8 Ph– 4-CH3OPh– H 397 7.8


9 Ph– CH3OCONH– H 454 7.8


10 Ph– PhOCONH– H 397 7.0


11 Ph– CyclopentylNHCONH– H 372 7.8


12 Ph– Isopropenyl– H 387 7.4


13 Ph– Bn– H 269 >8.0


14 Ph– CH3– Isobutyl– 262 >8.0


15 Ph– CH3– Ph– 227 7.6


16 Ph– CH3– Cyclopropyl– 275 7.8


17 Ph– CH3– PhCO– 640 7.0


18 4-NO2Ph– CH3– H 525 7.6


Conditions for measurement: 10 mM sample in 50 mM NaCl. Working electrode; Pt, reference electrode; Ag+/AgCl, counter electrode; Pt, scan


speed; 50 mV/s, Scan range �0.2 to 1.0 V.
a The oxidation potentials were expressed versus Ag+/AgCl.
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One-electron oxidation potentials (Epa) of all the synthe-
sized derivatives were measured in a 50 mM NaCl solu-
tion (Table 1). Oxidation currents were observed with all
the tested compounds, but were irreversible, probably
because the one-electron oxidation products were unsta-
ble and converted to degraded compounds as report-
ed.8,9 Because of the poor solubility of several
derivatives in the neutral aqueous solution, the solutions
were slightly basified using aqueous NaOH to solubilize
these compounds.


Although the derivatives with strong EWGs, such as
compound 5 with a trifluoromethyl group and 17 with
a benzoyl group, had relatively higher oxidation poten-
tials as expected, the other derivatives showed a wide
variety of oxidation potentials regardless of the electron-
ic properties of the substituents (Table 1). It is possible
that the oxidation potentials were not only affected by
the electron density on the pyrazolone ring but also by
the stability of the resulting radical species (C) with con-
jugated p-orbitals on the substituent. In comparison,
among the positions of the substituents, the substitution
at position 1 did not positively affect the reduction of the
oxidation potential, whereas that at the position 4
seemed to be more effective (Fig. 2).


The radical scavenging activity was evaluated by the
ESR spin-trapping method with 5,5-dimethyl-1-pyrro-
line-N-oxide (DMPO) as a spin trap. Hydroxyl radicals
were generated by UV irradiation (2000 J/cm2) of the
hydrogen peroxide solution containing DMPO and eda-
ravone derivatives.11,12 The inhibitory effect of the deriv-

atives on the formation of hydroxyl radical adducts of
DMPO was used as a measure of the radical scavenging
activity. The IC50 values were determined for seven of
nineteen derivatives with diverse oxidation potentials
(1A, 5, 10, 15, 16, 17, and 18). The relationship between
the IC50 value and the oxidation potential was not sim-
ply proportional, but showed a V-shaped correlation
(Fig. 3). Edaravone (A), which had an oxidation poten-
tial of 483 mV (vs Ag+/AgCl), showed the lowest IC50


value among the seven derivatives tested.


The edaravone anion (B) is reported to be an active form
in scavenging free radicals by a one-electron-transferring
mechanism.13,14 Actually, in the case of one-electron oxi-
dation of edaravone with 2,2’-azobis(2,4-dimethylvalero-
nitrile) (AMVN), a radical initiator, the oxidation rate
was increased in a pH-dependent manner in methanol/
buffer solutions.8 Therefore, the amount of the anionic
form of the synthesized derivatives is important for scav-
enging activities. On the other hand, the electron density
of the pyrazolone moiety is also important for one-elec-
tron oxidation reactivity. The relatively electron-rich sub-
stituents on the pyrazolone ring may lower the oxidation
potential, but concomitantly decrease the amount of their
anionic form by protonation due to the increasing partial
negative charges. In contrast, electron-poor substituents
may increase the amount of the anionic form but enlarge
the oxidation potential. As shown in Table 2 and Figure
3, edaravone had almost the best oxidation potential for
hydroxyl radical scavenging under our experimental con-
ditions, an activity in which the oxidation potential and
the amount of the anion form may be well balanced.







Figure. 2. Structures of edaravone derivatives synthesized in this study.


Figure. 3. The relationship between oxidation potentials (Epa) and


IC50 values. Each data point represents a specific derivative with its


number along side.
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As reported,10 edaravone derivatives with lipophilic sub-
stituents on the phenyl group at position 1 of the pyraz-
olone ring showed higher inhibitory activity against the
lipid peroxidation, which was likely due to the increas-
ing concentrations of the derivatives in the lipid phase.
With aqueous solutions, our results suggested that the
increase of the anionic form of the derivatives appeared
to be an important requirement for efficient radical
scavenging.

Since the pKa values of the derivatives in the aqueous
solutions were hardly evaluated due to the poor solubil-
ity of the derivatives in neutral and acidic solutions, we
referred to the CAS database and only used the data for
the comparison of the relative stability of the deproto-
nated form. For novel compounds, pKa values were esti-
mated by calculating free energy changes in their
deprotonation with density functional theory (B3LYP/
6-31G*) on Spartan 02 or 04 software (Wavefunction,
Inc. Irvine, CA, USA) (see supporting information).
The calculated pKa values were found to be roughly
higher for derivatives with lower oxidation potentials
than that of edaravone, implying that the amount of
the anionic form may be related to the radical scaveng-
ing activity of derivatives with lower oxidation poten-
tials than that of edaravone.


In the light of the properties clarified above, the increase
in the anionic form without concomitant positive shift of
the oxidation potential may be effective for efficient one-
electron radical reduction. Although one-electron oxida-
tion of a derivative apparently occurs in its anion form,
deprotonation of a derivative does not affect its potential
of one-electron oxidation, but does affect its oxidation
current. We next focused on compound 4, which has a
pyridin-2-yl moiety as an intramolecular base at position
1 of the pyrazolone ring. This basic function may facili-
tate the partial deprotonation from the pyrazolone ring
moiety. As expected, its IC50 value was 13.9 times smaller
than that of edaravone with almost the same oxidation







Table 2. Hydroxyl radical scavenging activity (IC50) of the edaravone


derivatives


Compound R1 R3 R4 IC50


(mM)


A (edaravone) Ph– CH3– H 0.25


4 2-Pyridinyl– CH3– H 0.018


5 Ph– CF3– H 0.81


10 Ph– PhOCONH– H 0.38


15 Ph– CH3– Ph– 0.79


16 Ph– CH3– Cyclopropyl– 0.72


17 Ph– CH3– PhCO– 0.61


18 4-NO2Ph– CH3– H 0.50


Conditions for measurement: a mixture of 25 mM H2O2, 25 mM


DMPO, and a compound was irradiated with UV. ESR spectrometer


parameters were: microwave power, 10 mW; modulation width,


0.063 mT; time constant, 0.03 s; sweep width, 7.5 mT; sweep time,


1 min; gain, 320.
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potential (Table 2 and Fig. 3). This implies that the pyri-
din-2-yl function partially deprotonated from the pyraz-
olone ring by forming an intramolecular hydrogen-bond
without a marked decrease in the electron density of the
pyrazolone ring. Supporting this idea, it was confirmed
by 1H NMR analysis that 4 was in its enol form in CDCl3
solution, in which a singlet methyne proton (d 5.4) and a
broadened enol proton (d 12.7) were observed instead of
two methylene protons (d 3–4) of the pyrazolone ring
(see supporting information).


In conclusion, we determined the oxidation potential
and hydroxyl radical scavenging activity of various eda-
ravone-related derivatives in an aqueous solution, and
analyzed their characteristics as free radical scavengers
under aqueous conditions. Finally, we found the deriva-
tive that was the most efficient at radical scavenging in
aqueous solutions was one that stabilized the active
anionic form with an intramolecular base.
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Abstract—A series of novel pyridine-3-propanoic acids was synthesized. A structure–activity relationship study of these compounds
led to the identification of potent dual PPARa/c agonists with varied isoform selectivity. Based on the results of efficacy studies in
diabetic (db/db) mice, and the desired pharmacokinetic parameters, compounds (S)-14 and (S)-19 were selected for further profiling.
� 2006 Elsevier Ltd. All rights reserved.

Type 2 diabetes is a metabolic disorder that accounts
for 120 million patients worldwide and the number is
likely to grow to greater than 200 million by the year
2010.1 This is a complex disease and invariably type
2 diabetic patients also display cardiovascular risk fac-
tors including hypertension and dyslipidemia.2,3 Both
Avandia (rosiglitazone) and Actos (pioglitazone) are
PPARc agonists and elicit their insulin sensitizing effect
through activating the PPARc nuclear receptor. The
clinical use of PPARc agonists in type 2 diabetes has
been plagued by mechanism based side effects including
weight gain, fluid retention, and edema. PPARa is the
molecular target for the fibrate class of lipid-modulat-
ing drugs.4 Designing compounds with PPARa activity
in addition to PPARc agonist activity may offer im-
proved alternatives toward control of hyperglycemia
and hypertriglyceridemia in type 2 diabetic patients.5


Scientists at Kyorin disclosed novel antidiabetic
KRP-297,6 the first published example of a dual
PPARa and PPARc agonist.7
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In 1991, a series of PPAR analogues were disclosed,
which for the first time did not contain a thiazolidine-
2,4-dione pharmacophore.8 These were propanoic acid
derivatives with a substituent placed in the a-position
such that the whole group could mimic the thiazoli-
dine-2,4-dione ring. Based on the above and a knowl-
edge of PPAR ligands publicly disclosed, we wished to
synthesize compounds represented by the general struc-
ture 1 (Fig. 1). These efforts led to the identification of a
new class of potent dual PPARa/c agonists with excel-
lent in vivo efficacy. Herein, we report the synthesis,
structure–activity relationships (SAR), and in vivo activ-
ity of this new class of compounds.9


The synthetic route for the preparation of compounds
5–22 is shown in Scheme 1. Coupling of commercially

Figure 1. Thiazolidine-2,4-dione mimic and chosen lead scaffold 1.
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Scheme 1. Reagents and conditions: (a) 2,5-dibromopyridine, KOtBu,


THF, reflux, 16 h, 83%; (b) nBuLi, Et2O, THF, �78 �C then DMF,


0 �C, 1 h, 72%; (c) NaBH4, MeOH, rt, 1 h, 100%; (d) (COCl)2, DMF,


CH2Cl2, rt, 3 h, 100%; (e) NaI, Me2CO, rt, 4 h, 75%; (f)


R1R2CHCO2Et, NaHMDS, THF, �50 �C, 3 h; (g) LiOH, THF,


MeOH, H2O, rt, 16 h.
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available 2,5-dibromopyridine and alcohol 2, followed
by conversion of the 5-bromo for an aldehyde moiety,
afforded 3. Aldehyde 3 was reduced to the alcohol, con-
verted to the benzyl chloride and further transformed to
iodide 4 via a Finkelstein reaction. Reaction of 4 with a
variety of ester enolates allowed for an efficient variation
of a-substituents. The final step was ester hydrolysis,
giving final products 5–22.


In an effort to look at the effects of substitution on the
phenyloxazole moiety, a new synthetic route was re-
quired (Scheme 2). Commercially available alcohol 23
was converted to the benzyl bromide, which was then
reacted with the enolate of ethyl tetrahydrofuran-2-car-
boxylate to afford 24. Alcohols 25, prepared in two
steps, were then coupled to chloropyridine 24 via the
method described by Buchwald.10 Finally, hydrolysis
of the esters gave products 26–35.


The newly synthesized compounds were evaluated in the
PPAR SPA binding assay to ascertain c and a binding
affinity.11 The active analogs were also tested for func-
tional activity in a PPAR-GAL4 transactivation (TA)
assay, where EC50 values as well as percent maximal
activation were measured.12 Initially, we decided to
investigate the effects of varying the a-substituents of 1

Scheme 2. Reagents and conditions: (a) PBr3, 160 �C, 3 h, 44%; (b)


ester, NaHMDS, THF, �50 �C, 3 h, 78%; (c) Pd(OAc)2, racemic-2-(di-


tert-butylphosphino)-1,10-binaphthyl, Cs2CO3, PhMe, 115 �C, 16 h;


(d) LiOH, THF, MeOH, H2O, rt, 16 h.

(R1 and R2), Table 1. Compounds 5–10 highlight mono-
alkyl derivatives, which demonstrated that binding affin-
ity and isoform selectivity are sensitive to the size of the
substituent. Propyl and iso-butyl both proved optimal
(compounds 7 and 9). Compound 11 showed that acy-
clic dialkyl substitution offered no benefits over mono-
alkyl (cf. compound 5). Compounds 12–15 highlight
acyclic alkoxy derivatives, with compounds 12–14 prov-
ing especially interesting. Compounds 16–22 all con-
tained cyclic a-substituents, with 16–18 being
cycloalkyl and 19–22 being cycloalkoxy. Of particular
note are compounds 17 and 19, which displayed excel-
lent potency in both the binding and transactivation as-
says. Differences between compounds 19 versus 20 and
21 versus 22 demonstrated that there was an optimal
positioning of the heteroatom in these cycloalkoxy
moieties.


The observed potency enhancement associated with the
2-tetrahydrofuran moiety (e.g., compound 19) prompted
us to hold this moiety constant and make changes to the
substituents on the phenyloxazole group (Table 2).
Extension of the linker between the pyridyl core and
the phenyloxazole moiety affected PPARc more than
PPARa, resulting in a more balanced dual agonist (com-
pound 26). Compounds 27–35 demonstrated that bind-
ing affinity and isoform selectivity were sensitive to the
positioning of substituents on the phenyl ring. 4-substit-
uents tended to afford compounds with a more balanced
isoform profile, whereas 3-substituents tended to impart
isoform selectivity favoring PPARc (e.g., compound 27
versus 28).


Finally, we shifted our attention to finding alternatives
to the phenyloxazole group. Figure 2 depicts compound
36 as an example of this effort (Table 2). The synthesis of
this class of compounds has been described previously
and further information will be reported elsewhere.9


The synthetic route for the preparation of compound
(S)-19 is shown in Scheme 3. Reaction of 4 with the
sodium enolate of oxazolidinone 37 (prepared from
tetrahydrofuran-2-carbonyl chloride and (4S)-4-benzyl-
1,3-oxazolidin-2-one) furnished a single diastereomer
(as determined by HPLC, 1H and 13C NMR).13 The
final step was hydrolysis of the chiral auxiliary, affording
compound (S)-19 in >95% ee (as determined by chiral
SFC). Compound (S)-19 was subsequently determined
to be the eutomer and thus predicted to have the S
configuration based on literature precedent.14


The synthetic route for the preparation of compound
(S)-14 is shown in Scheme 4. Following work by
Andersson,14 racemic 14 was successfully reacted with
(R)-phenylglycinol to afford a pair of diasteromeric
amides. The two diastereomeric amides were easily sep-
arated by flash column chromatography. The first elut-
ing product 38 (a single diastereomer as determined by
HPLC, 1H and 13C NMR) was a white solid and the sec-
ond eluting product (not shown) an oil. The final step
was hydrolysis of the chiral auxiliary, affording com-
pound (S)-14 in >95% ee (as determined by chiral
SFC). Compound (S)-14 was subsequently determined







Table 1. In vitro activities of compounds 5–22


Compound R1 R2 hPPARc
SPA Ki


a (lM)


hPPARa
SPA Ki


a (lM)


hPPARc TA EC50 (lM)


(% max activation)b


hPPARa TA EC50 (lM)


(% max activation)b


Rosiglitazone 0.44 45% at 100 lM 0.158 (100%) >10 (6%)c


5 Me H 2.1 3.0 0.268 (113%) 0.287 (93%)


6 Et H 1.1 1.3 0.065 (99%) 0.15 (106%)


7 nPr H 0.24 0.88 0.454 (69%) 0.77 (92%)


8 iPr H 8.8 4.1 1.28 (87%) 0.426 (93%)


9 iBu H 0.36 0.43 1.65 (104%) 1.72 (98%)


10 tBu H 12.0 9.4 NT NT


11 Me Me 5.1 6.8 0.984 (72%) 0.534 (112%)


12 OMe H 0.063 0.18 0.013 (98%) 0.083 (95%)


13 OEt H 0.15 0.043 0.006 (105%) 0.033 (96%)


14 OMe Me 0.56 0.33 0.232 (116%) 0.144 (106%)


(S)-14 OMe Me 0.27 0.57 0.110 (97%) 0.111 (99%)


15 OEt Et 14.4 15.1 2.81 (64%) 4.67 (64%)


16 Cyclopropyl 7.98 44% at 100 lM 1.01 (80%) 6.15 (39%)


17 Cyclobutyl 0.394 0.633 0.125 (93%) 0.238 (94%)


18 Cyclohexyl 3.5 8.3 NT NT


19 2-Tetrahydrofuran 0.038 0.078 0.012 (89%) 0.048 (106%)


(S)-19 2-Tetrahydrofuran 0.006 0.032 0.014 (93%) 0.165 (89%)


20 3-Tetrahydrofuran 17.0 33% at 100 lM NT NT


21 2-Tetrahydropyran 0.081 0.078 0.209 (103%) 0.228 (96%)


22 4-Tetrahydropyran 32% at 100 lM 2% at 11 lM NT NT


a Binding affinities were measured using radioligands (darglitazone for PPARc and GW2331 for PPARa) following published procedures.12


b Agonist activities were measured in human PPAR-GAL4 chimeric HepG2 cells analogous to published procedures.13 The EC50 refers to the


concentration at which 50% of a given compounds’ intrinsic maximal response has been reached. % max activation refers to the level of maximal


activation achieved by a given compound when compared with the standard reference full agonists (darglitazone for PPARc and GW2331 for


PPARa).
c No EC50 was obtained; no plateau reached in titration; maximal activity only reported. NT, not tested


Table 2. In vitro activities of compounds 26–36


Compound R1 n hPPARc
SPA Ki (lM)


hPPARa
SPA Ki (lM)


hPPARc TA EC50 (lM)


(% max activation)


hPPARa TA EC50 (lM)


(% max activation)


26 H 2 0.81 1.84 NT NT


27 4-Me 1 0.023 0.031 0.022 (96%) 0.023 (84%)


28 3-Me 1 0.016 0.277 0.005 (130%) 0.134 (86%)


29 4-Cl 1 0.052 0.014 0.042 (89%) 0.010 (87%)


30 3-Cl 1 0.011 0.099 0.001 (103%) 0.046 (117%)


31 4-CF3 1 0.094 0.021 0.006 (95%) 0.011 (143%)


32 3-CF3 1 0.015 0.100 NT 0.008 (81%)


33 4-OMe 1 0.017 0.065 0.005 (115%) 0.486 (96%)


34 3-OMe 1 0.007 0.215 0.002 (93%) 0.090 (104%)


35 4-CN 1 0.334 0.314 0.028 (96%) 0.031 (167%)


36 0.015 0.013 0.05 (95%) 0.133 (100%)


NT, not tested.


Figure 2. Biaryl ether 36.
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to be the eutomer, and again predicted to have the S
configuration.14


Both compounds were then selected for rat pharmacoki-
netic (PK) studies. Administration to male Sprague–
Dawley (SD) rats resulted in satisfactory PK parameters
for compound (S)-19—59% oral bioavailability, dose
normalized oral AUC of 8.0 h lg/mL, iv clearance of
2.5 mL/min/kg, and oral half-life of 4.7 h. Compound

(S)-14 also displayed acceptable PK parameters—87%
oral bioavailability, dose normalized oral AUC of
13.4 h lg/mL, iv clearance of 2.2 mL/min/kg, and oral
half-life of 9.7 h.


In light of the above PK results, both compounds were
evaluated in a db/db mouse model, using rosiglitazone as
the comparator (Table 3).15 Compound (S)-19 was
shown to effectively lower glucose by 99% at 1 mg/kg
in an 8-day study. Compound (S)-14 was shown to effec-
tively lower glucose by 106% at 10 mg/kg. Rosiglitazone
exhibited a lowering of 78% glucose at 30 mg/kg in this
study.


Compounds (S)-19 and (S)-14 were also shown to effec-
tively lower triglycerides (Table 3). Unfortunately, both







Scheme 3. Reagents and conditions: (a) 5, NaHMDS, THF, �50 �C,


2 h, 85%; (b) LiOH, THF, MeOH, H2O, 50 �C, 5 h, 17%.


Scheme 4. Reagents and conditions: (a) H2SO4, 1,4-dioxane, H2O,


90 �C, 16 h, 96%.


Table 3. Effect of rosiglitazone (Rosi), (S)-20, and (S)-15 on plasma


glucose, triglycerides (TG), hematocrit (Hct), and body weight (BW)


Compound Dose


(mg/kg)


Glucose


change


(%)a


TG


change


(%)a


Hct


change


(%)a


BW


change


(%)a


Rosi 3 �46 �67 �5.3 +13.1


Rosi 30 �78 �138 �8.5 +17.3


(S)-19 0.03 �37 �67 �7.2 +11.7


(S)-19 1 �99 �147 �8.7 +15.7


(S)-14 1 �88 �177 �3.8 +13.2


(S)-14 10 �106 �205 �7.2 +16.8


Male db/db mice (7 weeks old) and lean mice were dosed daily for 8


days by oral gavage with vehicle or the indicated doses of test com-


pound. Plasma glucose, triglycerides, hematocrit, and body weight


were measured before dosing on day �1 and 2 h post-dose on day 8.
a p < 0.05 versus vehicle control.
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compounds also caused an increase in body weight and
a reduction in hematocrit (suggesting the presence of
hemodilution) to a similar extent as rosiglitazone.


In summary, we have identified a pyridine-3-propa-
noic acid class of potent dual PPARa/c agonists. Sys-
tematic SAR studies generated a multitude of potent
compounds with varied isoform selectivity. Com-
pounds (S)-14 and (S)-19 displayed oral efficacy with
greater apparent potency, at a given dose, than the
benchmark rosiglitazone in the db/db mouse model
of diabetes.
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Abstract—A series of potent and selective adamantane aminoamide 11-b-HSD-1 inhibitors has been optimized. Chemically these
studies were expedited by utilizing readily obtained amino acids as starting materials or an isocyanide multicomponent reaction.
Structure–activity relationship studies resulted in the discovery of dual human and mouse 11-b-HSD-1 potent and selective inhib-
itors like adamantane 11 and related compounds with high metabolic stability and robust pharmacokinetic profiles.
� 2006 Elsevier Ltd. All rights reserved.

Patients with Cushing’s syndrome have elevated circu-
lating glucocorticoid levels that cause a variety of
abnormalities including central/visceral obesity, insulin
resistance, hyperglycemia, and dyslipidemia amongst
others. The similarity of these symptoms to those ob-
served in patients with metabolic syndrome, diabetes,
and obesity have led numerous investigators to target
the glucocorticoid axis for research and potential ther-
apy. Recent research has focused on 11-b-hydroxyster-
oid dehydrogenase 1 (11-b-HSD-1) which is found
primarily in the liver, fat, and brain.1 11-b-HSD-1 cat-
alyzes the reduction of the glucocorticoid receptor
(GR) inactive 11-keto glucocorticoid cortisone to the
corresponding active glucocorticoid cortisol. The prere-
ceptor metabolism performed by this enzyme is respon-
sible for increasing local glucocorticoid levels relative
to circulating concentrations. Inhibitors of 11-b-HSD-
1 are being examined as a potential treatment for
metabolic syndrome, diabetes, obesity, and other indi-

0960-894X/$ - see front matter � 2006 Elsevier Ltd. All rights reserved.


doi:10.1016/j.bmcl.2006.08.129


Keywords: 11-b-HSD-1 inhibitors; Adamantane; Multicomponent


reaction; Metabolism; HSD1 inhibitor; Hydroxysteroid dehydrogenase


type 1; Metabolic syndrome.
* Corresponding author. Tel.: +1 847 935 6806; fax: +1 847 935


5165; e-mail: james.link@abbott.com
� Present address: Novartis Pharmaceuticals, East Hanover, NJ 07936,


USA.

cations and are currently under intense investigation.
11-b-HSD-2 is a related enzyme that catalyzes the re-
verse reaction. It is found primarily in mineralocorti-
coid sensitive tissues, like the kidney, where it lowers
local glucocorticoid concentrations to prevent cortisol
from activating mineralocorticoid receptors. Inhibition
of this enzyme leads to high blood pressure and other
deleterious consequences necessitating selectivity
against this dehydrogenase.


Multiple classes of 11-b-HSD-1 inhibitors have been dis-
covered (Fig. 1).2 Many of the early examples are ste-
roids like carbenoxolone (1), that are typically
unselective and inhibit 11-b-HSD-2 as well.3 In terms
of 11-b-HSD-1 selective compounds, multiple nonsteroi-
dal inhibitors have been discovered. This includes sul-
fonamides such as BVT.2733 (2),4 triazoles like 544
(3),5 and adamantanes such as 4.6 We have optimized
a series of adamantane amides as 11-b-HSD-1 inhibi-
tors.6 During our initial studies we learned that the sub-
stituents R2 and R3 had a dramatic effect upon cross
species potency, particularly in rodents. Therefore, we
set out to explore the SAR at this position and to dis-
cover simple methods to prepare a diverse set of ana-
logs. Two strategies in particular were explored.
Building the central a-amino amide portion from amino
acids and by a multicomponent reaction.
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Figure 1. Inhibitors of 11-b-HSD1: carbenoxolone (1), BVT.2733 (2),


Merck compound 544 (3), and adamantanes 4.
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Scheme 2. Reagents and conditions: (a) 30% oleum, HCO2H, 60 �C,


1.5h; MeOH, 0 �C! rt, 2h; NH3, 4 Å molecular sieves, MeOH, 16h;


NaBH4, 0 �C! rt, 2h; (b) methyl formate; Et3N, 50 �C, 12h, 42% (4


steps); POCl3, Et3N, CH2Cl2, �10 �C! rt, 2h, 79%; (c) 1-(5-trifluo-


romethyl-pyridin-2-yl)-piperazine, cyclobutanone, AcOH, MeOH,


rt! 70 �C, 12h, 22%; NaOH, THF, H2O, MeOH, rt, 16h, 100%;


(d) EDCI, HOBt, DMF, rt, 2h; NH4OH, 12h, 76%.
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In addition to the large number of commercially avail-
able amino acids, there are also numerous methods for
preparing nonnatural relatives, often enantioselectively.7


We sought to develop procedures to prepare analogs
from these readily available starting materials. For in-
stance, adamantanes 4, wherein R4 and R5 combine to
form a piperazine, can be prepared as shown in Scheme
1. Aminoester 5 can be treated with the previously
reported bis-triflate 6, according to a known procedure,8


to efficiently provide piperazine 7. The piperazine can
then be deprotected with phenylthiolate under mildly
basic conditions and arylated by several methods,
including nucleophilic aromatic substitution with 2-bro-
mo-5-trifluoromethyl-pyridine, to provide piperazine
acids like 8 after ester hydrolysis. The acid 8 can then
be coupled under standard amide formation conditions
to a 4:1 E:Z 4-amino-adamantane-1-carboxylic acid
methyl ester 9 (see Scheme 2 for its preparation). The
resulting amides then can be separated by column chro-
matography and hydrolyzed to provide adamantane

MeO


O
NH2


5


NH2


MeO2C


9 (4:1 E:Z)


TfO OTf


N
SO


O


6


HO


O
N


8


N
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c


NO2
+


N


CF3


+


Scheme 1. Reagents and conditions: (a) Na2CO3, CH3CN, 60 �C, 12h, 80%;


K2CO3, DMSO, 80 �C, 12h, 59% (2 steps); NaOH, THF, H2O, MeOH, 60 �C


H2O, MeOH, 60 �C, 12h, 53% (+Z-isomer); (d) EDCI, HOBt, DMF, rt, 2h

acids like 10, which can be converted to primary amides
like 11.


In order to further increase the diversity of available
analogs, a route to prepare these compounds in parallel
was developed. Multicomponent reactions are a power-
ful tool allowing a diverse set of analogs to be prepared
rapidly.9 In order to take advantage of an isocyanide
multicomponent reaction, similar to those originally dis-
covered by Ugi10 and McFarland,11 isocyanide 13 was
prepared. Commercially available hydroxyadamanta-
none 12 was converted to a 4:1 E:Z mixture of aminoad-
amantyl esters 9, by carbomethoxylation followed by
diastereoselective reductive amination. Acylation of
the amine with methyl formate followed by dehydration
with phosphorus oxychloride provided isocyanide 13 in
moderate yield diastereomerically pure after removal of
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(b) PhSH, K2CO3, DMF, rt, 1h; 2-bromo-5-trifluoromethyl-pyridine,


, 16h, 100%; (c) TBTU, i-Pr2NEt, DMF, rt, 12h, 75%; NaOH, THF,


; NH4OH, 12h, 78%.







Table 1. Human and mouse HSD1 and HSD2 inhibition for compounds 7–15


H
N


R1 O
R5


N N


CF3


R4R3


R2


N
N


R5 = A R5 = B


Compound R1 R2 R3,a R4,a R5 h-HSD1


Ki
b, nM


h-HSD2


IC50
b, nM


m-HSD1


Ki
b, nM


m-HSD2


IC50
b, nM


h-HSD1 HEK


IC50
b, nM


% Remaining


MLMc


18 OH H Me Me A 13 3600 4 >100,000 28 19


19 OH H –CH2– –CH2– A 2 8300 2 26,000 7 ND


20 H OH –CH2– –CH2– A 6 >100,000 58 >100,000 390 ND


21 CO2H H Me Me B 13 21,000 180 780 39 89


10 CO2H H –CH2– –CH2– B 7 >10,000 500 3200 45 98


22 H CO2H –CH2– –CH2– B 250 ND 1700 ND 1900 ND


23 CO2NH2 H Me Me B 9 >10,000 5 3600 45 65


11 CO2NH2 H –CH2– –CH2– B 8 >10,000 15 >100,000 22 70


24 H CO2NH2 –CH2– –CH2– B 13 >100,000 1500 90,000 490 ND


a When R3 and R4 are –CH2– it represents a substituent where R3 and R4 are linked to form a cyclopropane.
b Values are means of two experiments (ND, not determined).
c Percent remaining after a 30 min incubation with mouse liver microsomes (MLM).


Table 2. Human and mouse HSD1 and HSD2 inhibition for compounds 7, 8, 12, 13, and 16–23


H
N


R1 O
R4


R2 R3


N N


CF3


N
N


R4 = BR4 = A


F
F


Compound R1 R2 R3 R4 h-HSD1


Ki
a, nM


h-HSD2


IC50
a, nM


m-HSD1


Ki
a, nM


m-HSD2


IC50
a, nM


h-HSD1 HEK


IC50
a, nM


% Remaining


MLMb


21 CO2H Me Me A 12 >10,000 180 650 39 89


25 CO2H Et H A 120 65,000 700 5400 1800 ND


26 CO2H Cyclopropyl H A 18 24,000 580 2700 87 ND


16 CO2H CBc CBc A 17 27,000 270 1700 37 ND


27 CO2H CPd CPd A 22 15,000 580 1100 280 ND


23 CO2NH2 Me Me A 9 >10,000 5 3600 36 65


28 CO2NH2 Et H A 6 >100,000 15 >100,000 24 88


29 CO2NH2 Cyclopropyl H A 6 >100,000 5 >100,000 38 93


17 CO2NH2 CBc CBc A 7 34,000 3 8900 19 91


30 CO2NH2 CPd CPd A 42 50,000 26 14,000 29 ND


31 CO2H Et H B 73 100,000 1200 7700 640 ND


32 CO2NH2 Et H B 5 >10,000 3 >100,000 36 ND


a Values are means of two experiments (ND, not determined).
b Percent remaining after a 30 min incubation with mouse liver microsomes (MLM).
c When R2 and R3 are CB it represents a substituent where R2 and R3 are linked to form a cyclobutane.
d When R2 and R3 are CP it represents a substituent where R2 and R3 are linked to form a cyclopentane.
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the Z-isomer by chromatography. Isocyanide 13 under-
goes a multicomponent reaction with aldehydes and ke-
tones, like cyclobutanone 14, and an amine, like aryl
piperazine 15, to provide adamantane aminoamides,
such as 16, after ester hydrolysis.11 The acids can then
be converted to the corresponding amides by standard
coupling procedures.


We set out to discover long-acting inhibitors that would
potently inhibit 11-b-HSD-1 in the fat and liver. It was
further hoped that compounds could be identified that

either penetrated, or were excluded from, the central
nervous system (CNS) to determine the role of
inhibition of brain 11-b-HSD-1. To simplify preclinical
compound evaluation, compounds with mouse
11-b-HSD-1 potency and selectivity over m-11-b-HSD-
2 that matched their human potency and selectivity were
sought. Dual species potent and selective compounds
have been difficult to identify in other inhibitor series.2,4


Identifying long-acting inhibitors against 11-b-HSD-1 is
also challenging. The steroid binding site, where many
classes of inhibitors bind, is lipophilic as are many of







Scheme 3. Mouse pharmacokinetic data for adamantane acid 10.
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the inhibitors. The compound lipophilicity often leads to
poor metabolic stability making identifying compounds
with robust PK profiles difficult.


The potency of compounds was measured in assays that
quantitated the inhibition of conversion of radiolabeled
cortisone to cortisol (truncated h- and m-11-b-HSD-1)
or disappearance of cortisol (h- and m-11-b-HSD-2).
Radioactive cortisol concentrations were determined
by a scintillation proximity assay (SPA) employing an
anticortisol monoclonal antibody and SPA beads coated
with anti-mouse antibodies. Cellular activity was mea-
sured in HEK293 cells that are stably transfected with
h-11-b-HSD-1. Cortisone is added and inhibition of
the formation of cortisol is measured by fluorescent
polarization immuno-assay.


Piperidine substituted inhibitor 18 has an excellent bio-
chemical profile with excellent h- and m-11-b-HSD-1
potency and good h- and m-11-b-HSD-2 selectivity with
potent cellular activity (Table 1). However, it has poor
metabolic stability as assessed in mouse liver
microsomes. SAR of related compounds indicated the
dimethyl substituents at R3 and R4 were important for
m-11-b-HSD-1 activity. To mimic this group, the
corresponding cyclopropanes 19 and 20 were prepared
and they maintained a similar profile. In order to
improve the metabolic stability, more polar substituents
were incorporated at both ends of the compounds. The
adamantane acid 21 has excellent h-11-b-HSD-1
potency and h-11-b-HSD-2 selectivity, moderate m-11-
b-HSD-1 potency, and poor m-11-b-HSD-2 selectivity.
It also has excellent metabolic stability. Examination
of the corresponding cyclopropane 10 indicates it main-
tained the human HSD profile but unfortunately did not
improve the rodent profile. The Z-adamantane 22 was
dramatically less potent, as are many of the Z-substitut-
ed compounds like 20 and 24. The corresponding
amides 23, 11, and 24 are dual potent and selective.


The compounds shown in Table 2 were prepared via a
multicomponent reaction and allowed for the assess-
ment of a broad range of substituents for R2 and R3.
Large (e.g., R2 = Ph, R3 = H) or polar substituents
(e.g., R2 = CH2OH, R3 = H) had poor activity and small
nonpolar groups were potent (data not shown). For
adamantane acids 16, 21, and 25–27, human potent
and selective compounds were obtained. However, vary-
ing the substituents did not dramatically improve the
mouse potency or selectivity. The adamantane amides
17, 23, and 27–30 were all both human and mouse po-
tent and selective with excellent cellular potency. Fur-
thermore, these compounds have robust metabolic
stability. Varying R4 to a smaller more lipophilic group
(difluoropiperidine) in compounds 31 and 32 resulted in
an acid with poor potency and an amide with excellent
potency and selectivity.


In order to get a sense of the pharmacokinetic profiles of
this class of compounds, the mouse pharmacokinetic
profile of the adamantane acid 10 was assessed (Scheme
3). The compound has excellent bioavailability (ca.
107%), high oral AUC (197lg h/mL), moderate iv half-

life (2.9 h), low iv clearance (0.1L/h kg), and a low vol-
ume of distribution. The data indicate that this series
of compounds can provide long-acting inhibitors for
pharmacologic evaluation of 11-b-HSD-1 inhibition.


In summary, a potent series of adamantane 11-b-HSD-1
inhibitors was optimized by employing chemistry that
relies upon amino acids as starting materials and a multi-
component reaction. Dual human and mouse 11-b-HSD-
1 potent and selective amides like 11 were discovered that
also have excellent cellular potency and metabolic
stability. Adamantane acids, like arylpiperazine 10, have
an excellent human biochemical profile and a robust
pharmacokinetic profile.
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Abstract—A series of novel pyridine-2-propanoic acids was synthesized. A structure–activity relationship study of these compounds
led to the identification of potent dual PPARa/c agonists with varied isoform selectivity. Based on the results of efficacy studies in
diabetic (db/db) mice, and the desired pharmacokinetic parameters, compound (S)-13 was selected for further profiling.
� 2006 Elsevier Ltd. All rights reserved.

Type 2 diabetes is a chronic disease characterized by
insulin resistance in the liver and peripheral tissues
accompanied by a defect in pancreatic b-cells.1,2


Between 1997 and 1999, a new class of drugs called ‘glit-
azones’3 was approved by the FDA for the treatment of
type 2 diabetes. Glitazones correct hyperglycemia by
enhancing tissue sensitivity to insulin. Because of this
mechanism of action, glitazone treatment is not associ-
ated with dangerous hypoglycemic incidents that have
been observed with conventional sulfonylurea agents
and insulin therapy. In the mid-1990s the molecular tar-
get of the glitazones was reported to be the peroxisome
proliferator-activated receptor-c (PPARc).4–7 The
PPARs are a group of nuclear receptors that act as tran-
scriptional factors which play a major role in the regula-
tion of lipid metabolism and storage.8–10 PPARa is the
molecular target for the fibrate class of lipid-modulating
drugs.11 Designing compounds with PPARa activity in
addition to PPARc agonist activity may offer improved
alternatives toward control of hyperglycemia and hyper-
triglyceridemia in type 2 diabetics.12 Scientists at Kyorin
disclosed novel antidiabetic KRP-297, the first pub-
lished example of a dual PPARa and PPARc agonist.13
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In the preceding paper, we disclosed the results of our
efforts that led to the identification of compounds of
type 1 as potent dual PPARa/c agonists.14 Based on
their efficacy in the established rodent models of type
2 diabetes, and desirable PK profile, we initiated synthe-
sis of various isomeric pyridine-2-propanoic acids 2
(Fig. 1). These additional efforts have led to the identifi-
cation of a new class of potent dual PPARa/c agonists
with excellent in vivo efficacy. Herein, we report the syn-
thesis, structure–activity relationships (SAR), and in vi-
vo activity of this new class of compounds.15


The synthetic route for the preparation of compound 8
is shown in Scheme 1. Commercially available 5-
hydroxy-2-methylpyridine 3 was converted to alcohol
5, via pyridine N-oxide 4, according to a procedure
reported by Soga and co-workers.16 Benzyl alcohol
5 was oxidized to the aldehyde, subjected to Wittig

Figure 1. Previously described lead and isomeric scaffold.
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Scheme 1. Reagents and conditions: (a) BnBr, NaOH, H2O, Me2CO,


reflux, 16 h, 96%; (b) m-CPBA, CHCl3, rt, 1 h, 97%; (c) Ac2O, 100 �C,


1 h; (d) K2CO3, MeOH, rt, 16 h, 82% (2 steps); (e) DMP, CH2Cl2,


pyridine, rt, 16 h, 50%; (f) EtO2CCH(OEt)PPh3
+Cl�, TMG, CHCl3, rt,


16 h, 100%; (g) 10% Pd/C, H2, EtOH, 50 psi, rt, 16 h, 93%; (h) PPh3,


THF, DEAD, rt, 16 h, 76%; (i) LiOH, THF, MeOH, H2O, rt, 16 h,


92%. DMP, Dess–Martin periodinane.


Figure 2. Pyrazine 20 and pyrimidine 21.
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olefination, followed by hydrogenation to afford phenol
6.17 Mitsonobu reaction of phenol 6 with alcohol 7, fol-
lowed by ester hydrolysis, gave final products 8–9.


The synthetic route for the preparation of 12–19 is
shown in Scheme 2. Conversion of alcohol 5 into the
benzyl chloride, reaction with a variety of ester enolates,
followed by debenzylation afforded phenols 10. Mitso-
nobu reaction of phenols 10 with alcohols 11, followed
by ester hydrolysis, gave final products 12–19.


Further chemical diversity was incorporated by investi-
gating alternative heteroaromatic replacements for the
pyridyl core. Figure 2 depicts pyrazine 19 and pyrimi-
dine 20 as examples of this effort. The synthesis of these
ligands has been described previously.15


The newly synthesized compounds were evaluated in the
PPAR SPA binding assay to ascertain c and a binding
profiles.18 The active analogs were also tested for func-
tional activity in a PPAR-GAL4 transactivation (TA)
assay, where EC50 values, as well as percent maximal

Scheme 2. Reagents and conditions: (a) (COCl)2, DMF, CH2Cl2, rt,


2 h; (b) R1R2CHCO2Et, NaHMDS, THF, �50 �C, 3 h, 70–86% (2


steps); (c) 10% Pd/C, H2, EtOH, 45 �C, 16 h; (d) PPh3, THF, DEAD,


rt, 16 h, 54–76% (2 steps); (e) LiOH, THF, MeOH, H2O, rt, 16 h.

activation, were measured (Table 1).19 Initially, we
decided to investigate the effects of varying the a-substit-
uents of 2 (R1 and R2). Compounds 8–9 and 12–14 high-
lighted that both binding affinity and isoform selectivity
were sensitive to the size of the a-substituent(s). We then
shifted our attention to variation of substituents on the
phenyloxazole group, whilst holding constant the 2-tet-
rahydrofuran moiety. Extension of the linker between
the pyridyl core and the phenyloxazole moiety affected
PPARc more than PPARa, resulting in a more balanced
dual agonist (compound 15).


Compounds 16–19 demonstrated that binding affinity
and isoform selectivity were sensitive to the positioning
of substituents on the phenyl ring. 4-Cl afforded a
compound with a more balanced isoform profile,
whereas 3-OMe tended to impart isoform selectivity
favoring PPARc (e.g., compound 17 vs 18). Finally,
we briefly explored alternatives to the pyridyl core.
Compounds 20 and 21 demonstrated that addition of
another nitrogen into the central core also affects
binding to both isoforms, with pyrazine 20 displaying
selectivity for PPARc.


Since compound 13 appeared to possess the most
interesting biological profile and physical properties
(e.g., biased toward PPARc and satisfactory in vitro
ADME data), we separated the enantiomers by chiral
supercritical fluid chromatography (SFC). The eutomer,
predicted to have the S configuration based on literature
compounds,20 demonstrated potent dual PPARc and
PPARa binding as well as functional agonism. Com-
pound (S)-13 was then selected for rat pharmacokinetic
(PK) studies. Administration to male Sprague–Dawley
(SD) rats resulted in satisfactory PK parameters—58%
oral bioavailability, dose normalized oral AUC of
1.2 h lg/mL, iv clearance of 16.7 mL/min/kg, and oral
half-life of 1.6 h.


Compound (S)-13 was evaluated in the db/db mouse
model, using rosiglitazone as the comparator.21 Com-
pound (S)-13 was shown to effectively lower glucose
by 94% at 30 mg/kg in the 8-day study. Rosiglitazone
exhibited a lowering of 74% glucose at 30 mg/kg
(Fig. 3). Interestingly, (S)-13 appeared to be a more po-
tent glucose lowering agent than rosiglitazone based on
oral dose. This could be a reflection of its improved
affinity for PPARc, superior PK parameters, and/or
suggestive of PPARa mediated insulin sensitization.22


Compound (S)-13 was also shown to effectively lower
triglycerides by 119% at 30 mg/kg (vs 106% for rosiglit-







Table 1. In vitro activities of compounds 8 and 11–20


Compound R1 R2 R3 n hPPARc SPA hPPARa SPA hPPARc TA EC50 (lM) hPPARa TA EC50 (lM)


Ki (lM)a Ki (lM)a (% max activation)b (% max activation)b


Rosiglitazone 0.44 45% at 100 lM 0.158 (100%) >10 (6%)


8 OMe H H 1 0.348 3.7 0.280 (98%) 3.14 (95%)


9 OEt H H 1 0.073 2.0 0.129 (96%) 1.23 (100%)


12 OMe Me H 1 1.6 4.8 0.335 (104%) 0.882 (114%)


13 2-Tetrahydrofuran H 1 0.21 1.6 0.041 (88%) 0.226 (90%)


14 2-Tetrahydropyran H 1 1.1 1.8 >10 (4%)c >10 (5%)c


15 OEt H H 2 1.1 0.84 0.887 (87%) 0.886 (76%)


16 2-Tetrahydrofuran 4-OMe 1 0.093 0.84 0.105 (90%) 0.437 (95%)


17 2-Tetrahydrofuran 4-Cl 1 0.3 0.15 0.130 (81%) 0.048 (122%)


18 2-Tetrahydrofuran 3-OMe 1 0.02 1.2 0.005 (93%) 1.57 (98%)


19 2-Tetrahydrofuran 3-Me 1 0.043 1.1 0.012 (93%) 0.867 (93%)


20 0.16 3.49 0.156 (102%) 1.89 (77%)


21 2.3 7.3 2.50 (56%) >10 (58%)c


(R)-13 2-Tetrahydrofuran H 1 21.0 41.0 >10 (3%)c >10 (6%)c


(S)-13 2-Tetrahydrofuran H 1 0.043 0.34 0.026 (98%) 0.10 (97%)


a Binding affinities were measured using radioligands (darglitazone for PPARc and GW2331 for PPARa) following published procedures.19


b Agonist activities were measured in human PPAR-GAL4 chimeric HepG2 cells analogous to published procedures.20 The EC50 refers to the


concentration at which 50% of a given compounds’ intrinsic maximal response has been reached. % max activation refers to the level of maximal


activation achieved by a given compound when compared with the standard reference full agonists (darglitazone for PPARc and GW2331 for


PPARa).
c No EC50 was obtained; no plateau reached in titration; maximal activity only reported.
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Figure 3. Effect of (S)-13 on plasma glucose levels in db/db mice. Male


db/db mice (7 weeks old) and lean mice were dosed daily for 8 days by


oral gavage with vehicle or the indicated doses of test compound.


Plasma glucose levels were measured before dosing on day �1 and 2 h


post dose on day 8. Each data point represents the mean value (±SD)


of six individual mice.


Table 2. Effect of Rosiglitazone (Rosi) and (S)-13 on plasma glucose,


triglycerides (TG), hematocrit (Hct), and body weight (BW)


Compound Dose


(mg/kg)


Glucose


change


(%)a


TG


change


(%)a


Hct


change


(%)a


BW


change


(%)a


Rosi 3 �51 �83 �1.2 +9.5


Rosi 30 �74 �106 �5.2 +17.4


(S)-13 3 �74 �105 �4.3 +15.5


(S)-13 30 �94 �119 �4.4 +20.5


Male db/db mice (7 weeks old) and lean mice were dosed daily for 8


days by oral gavage with vehicle or the indicated doses of test com-


pound. Plasma glucose, triglycerides, hematocrit, and body weight


were measured before dosing on day �1 and 2 h post dose on day 8.
a p < 0.05 versus vehicle control.
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azone at 30 mg/kg). Unfortunately, (S)-13 also caused
an increase in body weight and a reduction in hemato-
crit (suggesting the presence of hemodilution) to a simi-
lar extent as rosiglitazone (Table 2).


In summary, we have identified a pyridine-2-propanoic
acid class of potent dual PPARa/c agonists. Syste-
matic SAR studies generated a multitude of potent
compounds with varied isoform selectivity. Compound
(S)-13 displayed oral efficacy greater than the bench-
mark rosiglitazone in a db/db mouse model of
diabetes.
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Abstract—Lymphoproliferation inhibition and cytotoxicity of a number of lipidic aminoacids, aminoalcohols and diamines were
evaluated as a preliminary screening to select potential immunomodulators. The four most potent/less toxic compounds were sub-
mitted to delayed hypersensibility (DTH) assays to define the best to be evaluated further Graft-vs-Host, NO production and other
immunoevaluation (CD4+, CD45, CD8, CD11b, I-Ek, and NK cells) assays, to establish their immunomodulation potential for
being further considered as auxiliary agents for vaccination against some parasitic infections. Compounds 5d, 6d, 6f, 7a, and 9a,
fairly inhibited the lymphoproliferation (71.6–79.5%, at 3.2–2.4 nM), while the aminoalcohol derivative 6f and the diamine 7a gave
the most promising results in the DTH assays. Diamine derivative 8b induced nitrite production on normal macrophages, whereas
compounds 6f and 7a induced nitrite production on LPS pre-stimulated macrophages. These two last compounds have been selected
to follow in vivo vaccination assays.
� 2006 Elsevier Ltd. All rights reserved.

Immunosuppressants play important clinical roles in
organ transplantation and in the treatment of autoim-
mune diseases such as rheumatoid arthritis, psoriasis
and systemic lupus erythematosus. Cyclosporin A
(CsA)1 and tacrolimus (FK506)2 have made great con-
tributions to the prevention of acute rejection in hu-
man organ transplantation. Both drugs have similar
mechanisms of action and proved their immunosup-
pressant activity by inhibiting the production of inter-
leukin-2 (IL-2) in antigen-stimulated helper T-cells,3–5


but they also have severe side effects,6 such as a high
cytotoxicity and renal and liver toxicities. Therefore,
less toxic drugs for the prevention of graft rejection
are needed.


ISP-1 (myriocin, thermozymocidin) was isolated in
1989 from the culture broth of Isaria sinclairii by Fuj-
ita et al.7 These authors also described the ISP-1 immu-

0960-894X/$ - see front matter � 2006 Elsevier Ltd. All rights reserved.
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nosuppressant activity,8 that was nearly five times more
potent than that of CsA, with lower toxicity. They also
worked on the identification of the minimal structure
requirements for the activity and concluded that a 2-al-
kyl-2-aminoethanol moiety was needed.9 They also
optimised the alkyl chain length, the functions and
their locations on the alkyl chain to develop compound
FTY720 (IC50 6.1 nM), as the best drug candidate.10 In
the course of these studies, compound OA-12 displayed
an intermedium immunosuppressant activity (IC50


98.3 nM), nearly seven times lesser potent than CsA
in the allogeneic mouse mixed lymphocyte reaction
(MLR) assay.11


Our research group has been working on lipidic ethy-
lenediamine and b-aminoalcohol derivatives displaying
different biochemical, pharmacological and antimicrobi-
al properties.12–16 The close structural relationship
between the above-mentioned drugs and compound
OA-12 with some related compounds prepared by us
suggested their evaluation as immunomodulators
through lymphoproliferation inhibition, delayed hyper-
sensitivity and other studies.
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The lipidic compounds being tested in this multi-screen-
ing research were obtained as described previously
(Scheme 1).12 The starting aminoacid derivative 1 was
prepared17 from the intermediate diethyl 2-tetradecyl-
acetamidomalonate (obtained by alkylation of diethyl
2-acetamidomalonate in the presence of NaOEt), after
refluxing in concd HCl and treatment with Boc anhy-
dride. Compound 1, transformed into the mixed anhy-
dride by reaction with ethyl chloroformate,18 followed
by reduction with NaBH4, provided the alcohol 2a.
Compound 2a was transformed into the benzyl ether 3,
then by acid hydrolysis of the Boc-protecting group, into
the benzyloxy amine 4. Amine 4 was transformed into
the secondary amine (5a) or the tertiary amine (5d) by
alkylation with ethyl bromide or into the amide deriva-
tive 5b, by acylation with the chloride methylester of glu-
taric acid. The free acid 5c was obtained after treatment
of 5b with aq KOH (10%). Hydrogenolysis of the benzyl
group of compounds 5a–d with H2/Pd–C led to the free
alcohols 6a–d, respectively.


Diamine derivatives 7–9 were obtained from com-
pound 2a. The primary alcohol was first converted
into its mesylate, then into the azide and then reduced
with H2/Pd–C, NaBH4 to give the diamine 7a, which
treated with an excess of ethyl bromide or with one
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Scheme 2. Synthesis of aminoalcohols of type 6 from 2-bromopalmitic acid.

equivalent of glutaric anhydride gave 8a and 8b,
respectively. Boc removal with HCl(g) in THF gave,
respectively, compounds 9a and 9b. Similarly the free
aminoalcohol 2b and the diamine 7b were obtained
from compounds 2a and 7a, respectively, by treatment
with acid.


A faster procedure leading to aminoalcohols of type 6
was also applied to obtain another group of aminoalco-
hol derivatives. Starting from 2-bromohexadecanoic
acid and the proper amines, the intermediate aminoacids
of type 10 were prepared, from which LiAlH4 reduction
yielded the corresponding aminoalcohols 6a and 6d–h
(Scheme 2).


Lymphoproliferation inhibition was assessed on
splenocyte cultures stimulated with concanavalin-A
(Con-A)19 and evaluated through the cellular respira-
tion levels determined by a colourimetric MTT as-
say.20 Cytotoxicity was determined in parallel.
Anapsos�, a hydroalcoholic extract obtained from
the rhizome of the American fern Phlebodium pseud-
oaureum (synom.: Polypodium leucotomos P., Polypo-
diaceae), was included in the tests as reference
standard. This drug, reported to be clinically useful
against neoplasms21 and autoimmune diseases such
as atopic dermatitis,22 psoriasis23,24 and vitiligo,25


might also have some utility in the treatment of aller-
gic disorders26 and as immunomodulator in vaccine
formulation against parasites.27


The results of the assays, shown in Table 1, were calcu-
lated from colourimetric measures according to the
formulas:
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Table 1. Lymphoproliferation inhibition, cytotoxicity and nitrite production by lipidic aminoacid, aminoalcohol and diamine derivatives


Compound Lymphoproliferation inhibition Nitrite production increase


10 lg/mL 1 lg/mL


Inhibition (%) Cytotoxcity (%) Inhibition (%) Cytotoxcity (%) Normal


machrophages


LPS pre-stimulated


machrophages


1 32.9 5.1 nd nd nd nd


2b 72.4 20.2 68.7 15.1 nd nd


4 79.1 12.2 0 0 ni ni


5a 49.8 11.9 nd nd nd nd


5b 3.4 2.5 nd nd ni ni


5c 65.4 6.4 27.8 0 ni ni


5d 72.6 15.6 71.6 14.1 nd nd


6a 72.9 17.1 68.4 10.5 nd nd


6b 50.2 18.9 nd nd nd nd


6c 49.1 14.5 nd nd nd nd


6d 79.5 12.8 74.8 7.5 nd nd


6e 49.1 16.4 nd nd nd nd


6f 78.4 14.6 74.1 5.0 ni 25% (at 100 lg/mL)*


6g 59.8 12.6 12.0 6.6 nd nd


6h 50.3 11.7 nd nd nd nd


7a 81.2 4.3 73.4 4.2 ni 20% (at 10 lg/mL)


29% (at 100 lg/mL)*


7b 50.1 2.5 nd nd nd nd


8a 89.5 7.8 65.2 6.5 nd nd


8b 80.8 1.2 19.3 0 +* ni


9a 84.5 24.2 74.2 1.7 ni ni


9b 51.0 12.8 nd nd ni ni


10d 43.1 12.1 nd nd nd nd


10e 32.9 5.1 nd nd nd nd


10h 47.8 12.5 nd nd nd nd


Anapsos� nd nd 66.3 23.2 ni ni


nd, no determined; ni, no increase of NO production.
* Statistically significant increase, p < 0.05 (ANOVA Fisher test).
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Proliferation inhibition ð%Þ
¼ ½1� ðODcellsþConAþcompdÞ=ðODcellsþConAÞ� � 100;


Cytotoxicityð%Þ ¼ ½1� ðODcellsþcompdÞ=ðODcellsÞ� � 100;


ðOD ¼ Optical densityÞ


Twenty-four compounds, four aminoacids, nine
aminoalcohols, five benzyloxyamines and six diamines,
were tested in the lymphoproliferation inhibition assay
at a 10 lg/mL concentration initially. Those displaying
inhibition values higher than 50% were then tested at
1 lg/mL (Table 1).


Thus, the starting Boc-aminoacid 1, and the N-alkyl- or
N,N-dialkyl-aminoacids 10d, 10e or 10h did not show
strong inhibition at 10 lg/mL and were not further tested.
Within the group of 2-aminohexadecanol derivatives
those having the free primary hydroxyl function, com-
pounds 2b and 6a–h, displayed fair proliferation inhibito-
ry effects, attaining up to almost 75% inhibition, in the
case of compound 6d. Benzyl ethers 4 and 5 showed great-
ly reduced potencies in general, as it can be seen for the
pairs of compounds 2b/4; 6a/5a; 6b/5b; 6d/5d, with a not
totally clear exception, for the pair 6c/5c. The number
of alkyl groups attached to the amino group influences

the potency, but the effect is also dependent on the size
of the alkyl chains. Thus, dialkylation of aminoalcohols
seems to increase the potency with the number of ethyl
groups: 2b (NH2) � 6a (NHEt) < 6d (NEt2); whereas in
the case of butyl derivatives the alkylation reduces con-
siderably the potency: 2b (NH2)� 6e (NHBu) � 6h
(NBu2). For monoalkylamino derivatives there is an opti-
mum C6-size of the chain: [2b < 6a(Et) > 6e(Bu)� 6f
(hex)� 6g (dec)]. Thus, within this series of aminoalco-
hol derivatives, compound 6d became the most potent
at those concentrations tested. In other sense, the pres-
ence of a tertiary amine seems to be better for the activity
than that of a secondary one 6d/6a (79.5/72.9), 6h/6e
(50.3/49.1) and 10h/10e (47.8/32.9).


Within the small number of 1,2-diamine derivatives test-
ed, 7–9, four compounds displayed lymphoproliferation
inhibition values over 80% at 10 lg/mL and two of them
over 70% at 1 lg/mL, compound 8a (79.5% at 10 lg/
mL) being the most potent inhibitor. The Boc group
on the 2-amino function increases the inhibitory activity,
as it can be observed through comparison of the pairs
7a/7b (81.2/50.1%), 8a/9a (89.5/84,5%) and 8b/9b (80.8/
51.0%) though the last pair contains another structure
change that could invalidate this comparison.


Taking into consideration the results of proliferation
inhibition and cytotoxicity, compounds 4, 6f, 7a, and
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9a were selected for evaluating their response in the as-
say of delayed type of hypersensivity (DTH) induced by
the crude antigen of Trichinella spiralis (TSA).28 The
modulation of the inflammatory response was tested
after 24 and 48 h of administration and revealed that
compounds 6f (at 24 h) and 7a (at 48) increased, but
not significantly, the TSA response, while compounds
4 and 9a decreased it, also with no statistical
significance.


In another experiment, some selected four aminoalco-
hol and four diamine derivatives were evaluated for
their ability for influencing nitric oxide production
on normal or pre-stimulated rat alveolar macrophages
in vitro.29 As it can be seen (Table 1), the diamine 8b
induced nitrite production in normal macrophage
cultures in a dose-dependent manner (data not
shown), whereas compounds 6f30 and 7a31 increased
NO production significantly in the LPS pre-stimulated
macrophages culture. In those experiments we did not
find any increase of nitrite production in normal or
pre-stimulated macrophage cultures treated with
Anapsos�.


As an additional proof for establishing their immuno-
modulatory potential, the two selected compounds, 6f
and 7a, were evaluated through a Graft-vs-Host
assay32 to define their immunosuppresant ability in
comparison with cyclophosphamide (Cy, 100 mg/kg/
day), taken as the reference drug. The aminoalcohol
derivative 6f significantly reduced the lymphocyte
stimulation by some 63%, close to the Cy immunosup-
pression value of 71%. In the same experimental con-
ditions the diamine 7a attained also to reduce
lymphocyte stimulation by around 32%, though with
no statistical significance.


Other in vitro experiments carried out with the select-
ed compounds were focused on immunophenotype
characterisation, through analysing changes in the
production of a number of immunomodulation rele-
vant cells by flux cytometry. Both compounds 6f
and 7a increased the percentage of T helper lympho-
cytes CD4+ or CD8 and I-Ek cells of exposure to
antigen, though with no statistical significance (data
not shown).


In summary, eight out of those twenty-four com-
pounds evaluated were better than the reference drug
Anapsos�, and some of them also more potent than
those literature compounds OA-12 and FTY720, for
inhibiting lymphoproliferation, with low toxicity. After
several immunoevaluation assays, compounds 6f and
7a have proven their good qualities, and have been
selected to follow further in vivo evaluations as poten-
tial adjuvants for vaccination. In order to progress in
this research, the racemic resolution of these com-
pounds 6f and 7a is being carried out. Additionally,
taking into account the reduced number of com-
pounds included in the initial prospective screening,
the synthesis and evaluation of larger aminoalcohol
an diamine libraries of compounds are currently being
considered.
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Abstract—Inhibition of the p38 map kinase pathway has been shown to be beneficial in the treatment of inflammatory diseases. The
first class of potent p38 kinase inhibitors was the pyridinylimidazole compounds from SKB. Since then several pyridinylimidazole-
based compounds have been shown to inhibit activated p38 kinase in vitro and in vivo. We have developed a novel series of pyrid-
inylimidazole-based compounds, which potently inhibit the p38 pathway by binding to unactivated p38 kinase and only weakly
inhibiting activated p38 kinase activity in vitro.
� 2006 Elsevier Ltd. All rights reserved.
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F
N F

With the success of anti-TNF-a biologics like Remicade,
Enbrel, and Humira the desire for small molecule inhib-
itors of tumor necrosis factor-a (TNF) production has
increased.1 These drugs have demonstrated that block-
ing TNF production has a beneficial effect on rheuma-
toid arthritis (RA), ankylosing, spondylitis and
systemic lupus erythematosus.


Since secretion of TNF is activated through the p38
MAP kinase pathway, many series of p38 MAP kinase
inhibitors have been explored.2 To date, no p38 inhibi-
tor has advanced to the marketplace although several
inhibitors have been clinically tested in humans and
have advanced as far as Phase II.3 Recent work has
investigated new structural types and different binding
modes.2e We now report potent pyridinylimidazole-
based inhibitors of the p38 pathway which, unlike
previous structures, have little effect on activated p38
catalytic activity in vitro. Instead, they potently bind
to unphosphorylated p38 enzyme, consequently inhibit-
ing its activation.
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Previous work in our laboratories on pyridylpyrroles as
p38 kinase inhibitors was impeded by cytochrome p450
inhibition.4 (Fig. 1) The most promising structures of
these early pyrroles potently inhibited both activated
p38 kinase activity and LPS-induced TNF production
in human peripheral blood mononuclear cells (PBMCs)
in the single digit nanomolar range. They also inhibited
TNF production orally in mice with ED50s less than
10 mg/kg. However, this series potently inhibited multi-
ple cytochrome p450 enzymes in the 100–300 nM range.
Our goal was to reduce CYP450 inhibition while main-
taining these biological profiles against p38.


It has been previously suggested that CYP inhibition
can be reduced by introducing polarity on the side chain
ortho to the pyridine ring.5 We proposed applying this
method to our pyrroles by replacing the propylphenyl

NN
HN


Proposed series


R
N
R


Early Series


Figure 1. Changing the propylphenyl to piperazine.
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group of our earlier series with a piperazine (Fig. 1) to
address CYP450 inhibition and increase solubility.


In order to selectively substitute the pyrrole ring we used
an ester to block one side of the pyrrole, which later
could be easily removed to give our target structures.
The synthesis of a key intermediate pyrrole (4) was ini-
tiated by a base condensation of 4-pyridylacetonitrile
with a substituted benzaldehyde using known methods
to form the a,b-unsaturated nitrile (Scheme 1). The pyr-
role ring (1) was formed by treating the unsaturated ni-
trile with methyl isocyanoacetate in base.6 Alkylation of
the pyrrole nitrogen was achieved in high yield by
deprotonation with sodium hydride in DMSO at 20 �C
and rapid addition of methyl iodide in one portion.
Slower addition of MeI resulted in alkylation of the pyr-
idine nitrogen to give the quaternary salt as a by-prod-
uct. Next, bromination with NBS proceeded easily in
moderate yield to give compound 2. The bromide was
converted to structure 3 via a palladium catalyzed ami-
nation utilizing Pd2(dba)3, BINAP, and Cs2CO3 in tolu-
ene. Many different palladium conditions were used in
an attempt to increase the yield, but all results were infe-
rior to the conditions stated above. Removal of the Boc
group with TFA produced the unprotected piperazine
(4), which although was an intermediate was screened
for TNF inhibition.


Surprisingly, we found that this intermediate (4) potent-
ly inhibited TNF production in the PBMC assay
(IC50 = 33 nM). In addition, this compound had no ef-
fect on cytochrome p450 enzymes below 10 lM with
the exception of the BFC substrate of 3A4 (1.3 lM). It

(i)


(iv) (v)


N


NC


F
N


F


N
H


CO2


N
F


N CO2MeN
NBoc


1


3


Scheme 1. Synthesis of compound 4. Reagents and conditions: (i) CNCH2C


(iii) NBS, CH2Cl2, 46%; (iv) Pd2 (dba)3, Boc-piperazine, BINAP, Cs2CO3, to


Table 1. Changing the aromatic substitution does not affect toxicity


N


NN
HN


Compound R p38 enzyme IC50 (nM) TNF % inh


5 3-CF3 >10,000 21


6 4-Me 3939 60


7 3,5-F >10,000 93

was also orally potent in our in vivo mouse model
(ED50 = 7.5 mg/kg). We were again surprised to discov-
er that compound 4 did not inhibit activated p38 kinase
activity in vitro at concentrations up to 10 lM. Substitu-
tions ortho to the phenyl ring typically reduce the poten-
cy of inhibitors of activated p38.2d Since our compounds
were not inhibiting the activated p38 enzyme, the ester
substitution was tolerated. The selectivity profile of
compound 4 was excellent with IC50s over 10 lM
against 21 in-house targets and greater than 1 lM in a
Cerep panel with the exception of 5-HT3 receptor
(IC50 = 275 nM). Unfortunately, when we attempted a
5-day hepatomegaly study, this compound was found
to be acutely toxic in mice (n = 5) at 200 mg/kg.


This prompted us to further explore the SAR in order to
eliminate toxicity while maintaining the biological pro-
file of this new series. We rapidly made some simple
modifications to identify which regions of the molecule
were responsible for the observed toxicity. Changing
the substituents on the phenyl ring did not affect toxicity
as shown by compounds 5–7 (Table 1). All compounds
were still potent in the cellular and in vivo assays, but
were also toxic.


Further modification of compound 4 was accomplished
by methylation of the piperazine nitrogen via reductive
amination using sodium triacetoxyborohydride and
formaldehyde to give compound 8 (Table 2). This mol-
ecule was active in PBMCs and in the mouse model,
inhibiting TNF production by 89 percent at 10 mg/kg.
Although compound 8 was not toxic at 200 mg/kg, some
lethargy was observed in the first few hours which

(ii), (iii)


Me


N
F


N CO2MeBr


N
F


N CO2MeN
HN


2


4


O2Me, t-BuOK, THF, 0 �C, 89%; (ii) NaH, MeI, DMSO, 25 �C, 92%;


luene, 100 �C, 40% (63% based on recovered SM); (v) TFA, CH2Cl2.


CO2Et


R


ibition (cell) IC50 (nM) TNF % inhibition (mouse) 10 mg/kg


83


79


79







Table 2. N-Alkyl derivatives of the piperazine reduce toxicity


N
F


N CO2MeN
NR


Compound R TNF % inhibition (cell) IC50 (nM)


8 Me 95


9 Et 135


10 n-Pr 901


11 i-Pr 1981


Table 4. Acyclic analogs of the piperazine


N
F


N CO2MeN


R1R


Compound R R1 TNF % inhibition


(cell) IC50 (nM)


16 H 98


17 H 92


18 H 50


19 Me 38
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diminished with time. Since methylation reduced toxici-
ty, reductive aminations were carried out to prepare the
ethyl, n-propyl, and i-propyl piperazine derivatives
(compounds 9–11). We observed a decrease of TNF
inhibition in the cell assay as the alkyl group increased
in size. Similar to compound 8, compound 9 demon-
strated lethargy in the mouse at 200 mg/kg.


The reduced toxicity of compounds 8 and 9 prompted us
to further investigate other functional groups at the 5
position of the pyrrole. We initially kept the methyl ester
constant while replacing the piperazine with other het-
erocyclic rings (Table 3). Although pyrrolidine 12 and
morpholine 13 were potent in the cell assay they did
not show potency in vivo. Compound 14 was potent
in the mouse model, inhibiting TNF production by
96% at 10 mg/kg, but again we observed lethargy in mice
when dosed at 200 mg/kg. Compound 15 which intro-
duced an amino linker was not potent in the cell assay
and did not warrant further testing.


Additionally, we looked at acyclic analogs of the piper-
azine ring. These compounds were good inhibitors of
TNF production in human PBMCs (Table 4). However
compounds 16–18 did not potently inhibit TNF in vivo.
Compound 19, which is the methylated analog of com-
pound 18, inhibited TNF 78% and had an ED50 of

Table 3. Replacing the piperazine ring with other heterocycles


N
F


N CO2MeR


Compound R TNF % inhibition


(cell) IC50 (nM)


TNF % inhibition


(mouse) 10 mg/kg


12 17 ns


13 47 ns


14 72 96


15 315 nt


ns, not significant; nt, not tested.

3 mg/kg in the in vivo mouse model. Unfortunately, this
compound was found to be rapidly metabolized in
human liver microsomes. In order to account for metab-
olism issues we injected LPS 2 h after dosing mice in-
stead of our original 0.5 h. This helped us to filter out
potential metabolically unstable analogs through in vivo
potency in mice. For example, compound 19 was ineffec-
tive with this new time course.


Examining the importance of the ester with respect to
toxicity, we saponified compound 3 to the acid, which
spontaneously decarboxylated at room temperature.
This structure was deprotected with TFA to produce
compound 20 (Scheme 2), which lacked the ester of
our lead structure 4 (Scheme 1). Compound 20 had an
IC50 of 15 nM in the cell assay and inhibited TNF pro-
duction by 75 percent in the in vivo mouse model at
10 mg/kg. Mice treated at 200 mg/kg survived, showing
that the ester also plays a role in the toxicity of com-
pound 4.


Furthermore, we replaced the methyl ester with ketones
and nitriles (21–24) which maintained good inhibition in
the cellular assay. Unlike ketones 21–23 the nitrile
showed good in vivo inhibition in mice (Table 5). Com-
pound 21 showed lethargy in the mouse toxicity screen,
but compound 22 did not show any signs of toxicity at
200 mg/kg. The bulkier aryl ketone and amides (25–27)
possessed significantly reduced potency of TNF inhibi-
tion in the cell assays.

N
F


NN
HN


Compound 3
(i), (ii)


20


Scheme 2. Reagents: (i) KOH, MeOH, NH4Cl; (ii) TFA, CH2Cl2.







Table 5. Ester replacements


NN R


N


HN


F


Compound R TNF % inhibition


(cell) IC50 (nM)


TNF % inhibition


(mouse) 10 mg/kg


21 COCOMe 28 52


22 COMe 40 39


23 COEt 67 32


24 CN 18 a


25 COPh 660 nt


26 CONHMe 779 nt


27 CONH-iPr 10,000 nt


a ED50, 5 mg/kg; nt, not tested.


N
F


N CNBr


N
F


N CNN
AcN


(i) (ii)
2


31


Scheme 3. Synthesis of compound 31. Reagents and conditions: (i)


compound 2, NH3, (CH3)3Al, 125 �C, 68%; (ii) Pd(OAc)2, acetylpip-


erazine, BINAP, Cs2CO3, toluene, 100 �C, 93%.
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Since the ketones and nitriles looked promising, we
examined modifications to the piperazine along with
these ester replacements. We hoped to achieve an addi-
tive effect from lowering toxicity on two regions of the
molecule (Table 6). Compound 28 shows good inhibi-
tion in the cell assay and also in the in vivo model when
tested in the original 0.5 h assay, but when tested in the
2 h assay the potency was reduced indicating a possible
short half-life. This compound was non-toxic at 200 mg/
kg, but with the potential metabolism issue the com-
pound may not be present in high enough concentra-
tions to show toxicity in this model. Unlike the ester
derivative (8) methylation of the piperazine when a
methyl ketone is present (29) decreased potency dramat-
ically when compared to its unsubstituted analog (com-
pound 22). Methylation of the nitrile derivative (30)
follows similar SAR to the ester series.


We were pleased to find that compound 31 was potent in
the TNF mouse model with an ED50 of 0.5 mg/kg and
also non-toxic at 200 mg/kg. It weakly inhibited activat-
ed p38 catalytic activity (IC50 = 2 lM) and bound with
high affinity to unphosphorylated p38a (Kd = 100 nM).
Furthermore, compound 31 inhibited p38 phosphoryla-
tion by the upstream kinases.

Table 6. Combining the R and R1 effects of reducing toxicity


N
F


N R1
N


NR


Compound R R1 TNF %


inhibition


(cell) IC50 (nM)


TNF %


inhibition


(mouse)


10 mg/kg


0.5 h 2.0 h


28 COMe COMe 43 61 28


29 Me COMe 529 40


30 Me CN 80 47


31 COMe CN 123 81

The synthesis of compound 31 is shown in Scheme 3.
Starting with intermediate 2 (Scheme 1), a one-step con-
version of the ester to a nitrile was accomplished by
heating to 125 �C with trimethylaluminum in ammonia.
This nitrile was used in a palladium amination reaction
using acetylpiperazine in conditions similar to reaction
(iv) in Scheme 1 to give structure 31.


This molecule did not inhibit cytochrome p450 enzymes
below 15 lM for CYP1A2, 2D6, and 3A4 (BQ, RBE,
DBF, and BFC substrates). It weakly inhibited CYP2C9
and CYP2C19 with an IC50 of 4, 8 lM, respectively. The
hydrochloride salt of this molecule easily dissolved in
water at 100 mg/mL and had good bioavailability of
70–100% in mice, rats, dogs, and monkeys. When tested
in vivo, compound 31 showed a 50–60% reduction of the
clinical score in the collagen-induced arthritis (CIA)
mouse at 30 mg/kg (po). It also reduced swelling 91%
in the adjuvant-induced arthritis rat at 30 mg/kg (po).
Compound 31 also had an ED50 of 3 mg/kg in the car-
rageenan hind paw edema model. These data supported
the advancement of compound 31 to our preclinical
development pipeline.
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Abstract—In this study, we synthesized a series of enantiomerically pure (2R,3R)-disubstituted tetrahydropyrans with diverse func-
tional groups. The in vitro antiproliferative activities were examined in the human solid tumor cell lines A2780 (ovarian cancer),
SW1573 (non-small cell lung cancer), and WiDr (colon cancer). Overall, the results show the relevance for antiproliferative activity
of the a,b-unsaturated ester side chain at position 2 of the THP ring.
� 2006 Elsevier Ltd. All rights reserved.

OTBS
ClCl

The marine environment is an endless source of new
molecular scaffolds that form the basis for the develop-
ment of new anticancer drugs.1 Within our program
directed at the development of novel antitumor com-
pounds based on heterocyclic scaffolds (Fig. 1), marine
drugs containing cyclic ethers have attracted consider-
ably our interest.2


Recently, we have reported on the antiproliferative
activity of a series of enantiomerically pure (2R,3S)-di-
substituted tetrahydropyrans (trans-THPs).3 In this
study we explore the biological activity of a series of
(2R,3R)-disubstituted tetrahydropyrans (cis-THPs).
The growth inhibition was tested against a panel of three
representative human solid tumor cells: A2780 (ovarian
cancer), SW1573 (non-small cell lung cancer, NSCLC),
and WiDr (colon cancer). The results are compared with
those obtained for the corresponding trans-THPs. A
structure–activity relationship is also discussed.


In order to accomplish the synthesis of the cis-THP
derivatives (Scheme 1), we used as starting material

0960-894X/$ - see front matter � 2006 Elsevier Ltd. All rights reserved.
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the diol 1,4 which can be obtained from the commercial-
ly available tri-O-acetyl-DD-galactal.5 Silyl protection of 1
affords 2, which after selective cleavage of the exocyclic
silyl ether leads to the key intermediate cis-alcohol 3.6


Two-carbon homologation of the cis-alcohol 3 to the
benzyl (E)-a,b-unsaturated ester 4 is achieved using a
Swern oxidation and subsequent Horner–Emmons reac-
tion. Further removal of the tert-butyl dimethyl silyl
(TBS) group yields the secondary alcohol 5. A similar
two-step strategy to obtain compound 4 is used to pre-
pare the corresponding benzyl (Z)-a,b-unsaturated ester
6. This time the Horner–Emmons reaction is run under
Ando conditions.7 In addition to the benzyl esters, the
methyl esters can be prepared by the choice of the
appropriate phosphonoacetate in the Horner–Emmons
step. Thus, methyl (Z)- and (E)-a,b-unsaturated esters

O


GI50 = 11−27 μM


RR RO '


GI50 = 17−39 μM


RO


GI50 = 16−28 μM


R = Alkyl R = Ph, c-Hex
R' = i-Bu


R = CH2OH, CO2Me


Figure 1. Heterocyclic scaffolds with antiproliferative activity.
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Scheme 1. Reagents and conditions: (a) TBSCl, imidazole, CH2Cl2; (b) TFA/THF/H2O (1:1:1), 76% yield from 1; (c) (COCl)2, DMSO, CH2Cl2, then


Et3N; (d) (MeO)2POCH2CO2Bn, C6H6, NaH, rt, 85% yield from 3; (e) HF, CH3CN, for 5 96%, for 10 95%; (f) (PhO)2POCH2CO2Bn, THF, NaH,


�78 �C, 78% yield from 3; (g) (PhO)2POCH2CO2Me, THF, NaH, �78 �C, 80% yield from 3; (h) DIBAL-H, THF, 0 �C, 90%; (i)


(MeO)2POCH2CO2Me, C6H6, NaH, rt, 92% yield from 3.
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Scheme 3. Reagents and conditions: (a) i—(COCl)2, DMSO, CH2Cl2,


then Et3N; ii—Ph3P@CH2, THF, 88%; (b) i—9-BBN, THF; ii—H2O2,


NaOH; iii—NaIO4, RuCl3 (cat.), CH3CN/CCl4/H2O (2:2:3), 88%; (c)


BnOH, DMAP, CSA, DCC, CH2Cl2; (d) HF, CH3CN, 55%; (e) i—H2,


Pd(OH)2, AcOEt; ii—2-chloro-1,3-dimethylimidazolinium chloride,


NaH, DMAP, CH2Cl2, 0 �C to rt, 85% yield from 17.
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7 and 9 are synthesized, respectively. The reduction of
compound 7 with DIBAL-H in THF at 0 �C provides
the (Z) allylic alcohol 8. Removal of the TBS group
from methyl (E)-a,b-unsaturated ester 9 yields the sec-
ondary alcohol 10.


Further derivatization of compound 9 is shown in
Scheme 2. The methyl (E)-a,b-unsaturated ester 9 is
transformed into the (E)-a,b-unsaturated acid 11 by
saponification of the methyl ester. Subsequent deprotec-
tion of the TBS group affords the (E)-a,b-unsaturated
acid 12. When compound 12 is treated under modified
Yamaguchi conditions,8 the (Z)-a,b-unsaturated d-lac-
tone 13 is the only obtained product as the result of a
concomitant isomerization of the double bond followed
by lactonization.6b


A final set of derivatives is prepared from cis-alcohol 3
after a one-carbon homologation performed by a simple
four-step sequence. Thus, oxidation to aldehyde by
Swern reaction, Wittig methylenation (Ph3P@CH2) to
afford alkene 14, hydroboration with 9-BBN in THF,
and oxidative cleavage of the alkyl borane, yielding
the primary alcohol which is oxidized to the correspond-
ing carboxylic acid 15 (Scheme 3). Esterification of the
carboxylic acid 15 with benzyl alcohol provides the ben-
zyl ester 16. Further removal of the TBS group affords
the hydroxy ester 17. Finally, catalytic hydrogenation
followed by treatment with 2-chloro-1,3-dimethylimi-
dazolinium chloride, NaH, and DMAP9 yields the c-lac-
tone 18.6b
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O O
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13
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11 R = TBS
12 R = H


Scheme 2. Reagents and conditions: (a) LiOH, THF, H2O, D, 94%; (b)


HF, CH3CN; (c) 2,4,6-trichlorobenzoyl chloride, Et3N, DMAP,


CH2Cl2 (0.1 M), 42% yield from 11.

The in vitro antiproliferative activity was evaluated
using the National Cancer Institute (NCI) protocol.10


We screened growth inhibition and cytotoxicity against
the panel of human solid tumor cell lines A2780,
SW1573, and WiDr after 48 h of drug exposure using
the sulforhodamine B (SRB) assay.11 In addition to
the biological activity, for each compound the lipophil-
icity expressed as ClogP12 was calculated to correlate
lipophilicity with antitumor activity.13 The ClogP values
together with the growth inhibition data are listed in
Table 1. Overall, lipophilicity is not sufficient to explain
the observed differences in growth inhibition.


The growth inhibition results allow us to classify the
compounds according to their activity profile. A first
group of active compounds comprises five cis-THPs: 4,
6, 7, 13, and 16. The remaining products are considered
inactive (GI50 > 80 lM). Derivatives 7 and 13 are the
most antiproliferative compounds of the series with
GI50 values in the range 5.7–8.3 lM against A2780
and SW1573 cells. However, the activity decreases in
WiDr cells (38–39 lM). Interestingly, compounds 6
and 16 show selectivity for the highly refractory cancer
cell line WiDr with GI50 values in the range 19–
20 lM. The ovarian cancer cells A2780 and the NSCLC
cells SW1573 are the most sensitive to the drugs. On the
contrary, the colon cancer cell line WiDr is the least sen-
sitive to the drugs. This observation is consistent with a







Table 2. Comparison of in vitro antiproliferative activity between


(2R,3R)- and (2R,3S)-disubstituted THPsa


Compoundb Cell line


A2780 SW1573 WiDr


7 7.3 6.3 38


trans-7 54c 94c 96c


8 >100 >100 >100


trans-8 11c 20c 17c


9 98 >100 >100


trans-9 28 47c 84c


a Values representing GI50 are given in lM.
b The nomenclature trans refers to the (2R,3S)-disubstituted THP


isomers.
c Ref. 3a.


Table 1. Lipophilicity and in vitro antiproliferative activity of (2R,3R)-disubstituted tetrahydropyrans against human solid tumor cellsa


Compound ClogPb A2780 SW1573 WiDr


GI50 TGI LC50 GI50 TGI LC50 GI50 TGI LC50


2 5.72 >100 >100 >100


3 2.34 >100 >100 >100


4 5.26 32 (±2.7) 37 (±5.7) 90 (±14)


5 1.87 >100 >100 >100


6 5.26 29 (±8.7) 77 (±19) 26 (±6.2) 92 (±16) 20 (±2.9) 64 (±31)


7 3.52 7.3 (±1.7) 39 (±20) 86 (±20) 6.3 (±2.9) 68 (±45) 38 (±10)


8 2.54 >100 >100 >100


9 3.52 98 (±2.6) >100 >100


10 0.14 >100 >100 >100


11 3.03 >100 >100 >100


13 �0.55 8.3 (±1.0) 35 (±1.1) 5.7 (±0.4) 39 (±7.6)


14 3.79 86 (±13) >100 >100


16 4.97 23 (±4.5) 30 (±2.9) 19 (±1.6)


17 2.17 >100 >100 >100


18 �0.53 >100 >100 >100


a Values representing GI50 are given in lM and are means of two to four experiments, standard deviation is given in parentheses. TGI and LC50


values are given only if they are less than 100 lM, which is the maximum concentration test.
b Ref. 13.
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previous study in which colon cancer cells showed more
drug resistance than ovarian cancer cells.14 When con-
sidering total growth inhibition (TGI) values, com-
pounds 6, 7, and 13 appear as the most potent
products of the series. However, cytotoxicity (expressed
as LC50) is only observed for compound 7 against the
most sensitive cell line A2780. Therefore, these cis-THPs
may be considered as cytostatic drugs. Cytostatic drugs
play an important role in antiangiogenic therapy be-
cause they do not kill cells in the same way as cytotoxic
drugs do. In addition, they could be used in cancer
therapy in combination with cytotoxic drugs or
radiotherapy.


A direct comparison of the growth inhibition parame-
ters allows identifying the following structure–activity
relationship. The role of the TBS group in the enhance-
ment of tumor cell growth inhibition was established in
a series of trans-THP derivatives.3 In this new series of
cis-THPs we find similar results, being the compounds
bearing TBS ethers more active than the corresponding
free hydroxyl derivatives (4 vs 5, and 16 vs 17). That
condition is not sufficient for activity as shown with
the inactive compounds 9 (OTBS) and 10 (OH). The
substituent at position 2 of the tetrahydropyran ring is
responsible for the activity exerted by the compounds.
In general, a,b-unsaturated esters together with saturat-
ed benzyl ester 16 give the best results. Other functional
groups such as silyl ether (2), primary hydroxyl (3), (Z)-
allylic alcohol (8), and a,b-unsaturated acid (11) proved
inactive. In this particular context, vinyl derivative 14
has a low activity against A2780 ovarian cells. A similar
2-vinyl-6-alkyl-THP showed GI50 values of 18 and
24 lM against A2780 and SW1573 cells, respectively.15


We speculate that the steric hindrance of the TBS group
in compound 14 may induce a negative effect on the
activity of the vinyl group.


The stereochemistry of the double bond seems to
play an important role in activity. Thus, (Z)-a,b-un-

saturated esters are more active than the correspond-
ing (E) products (6 vs 4, and 7 vs 9). This result is
the opposite of that found in trans-THPs, where
the (E)-a,b-unsaturated esters showed to be more ac-
tive.3 In addition, the (Z)-a,b-unsaturated methyl es-
ter 7 is more potent than the corresponding benzyl
ester 6, whilst the (E)-a,b-unsaturated benzyl ester 4
is more active than the corresponding methyl ester
9. It is noteworthy that the a,b-unsaturated-d-lactone
13, which lacks the TBS group and has a very low
ClogP value, exhibits similar biological activity as
derivative 7. On the contrary, the c-lactone 18 is
inactive signifying the role of the unsaturation in
the biological activity.


Table 2 shows the antiproliferative activities of some cis-
THPs compared to those of their corresponding trans-
THPs reported earlier. The results do not point out a
clear correlation between biological activity and the ste-
reochemistry of the substituent at position 3 of the THP
ring. A common feature to both series is that the most
active cis- and trans-THPs bear an unsaturated side
chain at position 2 of the THP ring.
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In summary, we have synthesized a series of (2R,3R)-di-
substituted THPs in a simple and direct way from a
common precursor. On the basis of growth inhibition
parameters, a structure–activity relationship was ob-
tained. Although the results are preliminary, we found
that these synthetic derivatives considerably induced
growth inhibition in a panel of three human solid tumor
cell lines of diverse origin. Overall, the results show the
relevance of the a,b-unsaturated ester at position 2 of
the THP ring.
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Abstract—A series of borinic acid picolinate esters were synthesized and screened for their minimum inhibitory concentration (MIC)
against Gram-positive and -negative bacteria. Our lead compounds were then screened for anti-inflammatory activity. From these
studies, we identified 3-hydroxypyridine-2-carbonyloxy-bis(3-chloro-4-methylphenyl)borane (2g, AN0128) as having the best com-
bination of anti-bacterial and anti-inflammatory activities. This compound is now in clinical development for dermatological
conditions.
� 2006 Elsevier Ltd. All rights reserved.

Atopic dermatitis (AD), or eczema, is an inflammatory
disease affecting around 10–20% of children and 1–3%
of adults.1 It is commonly characterized by flaky, itchy
skin and sufferers will often scratch the affected area un-
til it bleeds, compromising skin barrier function and
causing bacterial infection. In 90% of cases there is a
bacterial component involving the Gram-positive bacte-
rium Staphylococcus aureus.2 AD is caused by type 2
helper T (Th2) cells involved in the allergic response
and is aggravated by allergens contacting the skin.2


Depending on the severity of the condition, the primary
treatment is management of environmental factors
along with administration of topical or systemic cortico-
steroids to reduce inflammation.3 However, steroids are
known to have a number of side effects and their chronic
use is not without risk. Other treatments include the cal-
cineurin inhibitors tacrolimus (FK-506)2 and picroli-
mus.2 These drugs inhibit production of Th2
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cytokines, but also Th1 cytokines, which are involved
in immune response. Recently, the US-FDA issued a
public-health advisory for these treatments.4


Since a bacterial component exists in most cases of AD,
parallel treatment with antibacterial and anti-inflamma-
tory agents produced an improved clinical response.5


Therefore, it would be desirable to develop a single drug
that possesses both these activities and has a superior
safety profile.


We previously reported a new class of antibacterial
agents, borinic acid quinoline esters (1).6 In this report,
we describe a related class, borinic acid picolinate esters
(2) and the identification of a new antibacterial agent,
3-hydroxypyridine-2-carbonyloxy-bis(3-chloro-4-methyl-
phenyl)borane (2g), which has additional activity
against pro-inflammatory cytokines. This combination
of activities is ideal for the treatment of AD and
also acne, where the inflammatory response is mediated
by the anaerobic bacterium, Propionobacterium acnes
(Fig. 1).


Borinic acid picolinate esters (2), were synthesized as
outlined in Scheme 1. Symmetrical borinic acids (5,
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R2 = R1–Ph) were synthesized by Method A. Two molar
equivalents of an arylmagnesium bromide (3,
X = MgBr) was treated with one molar equivalent of
trimethylborate under anhydrous conditions. Alterna-
tively, 5 (R2 = R1–Ph) was synthesized by treating two
molar equivalents of an arylhalide (3, X = Br or I) with
either butyllithium or isopropylmagnesium chloride fol-
lowed by one molar equivalent of trimethylborate under
anhydrous conditions to give the borinic acid (5,
R2 = R1–Ph). Non-symmetrical borinic acids (5,
R2 5 R1–Ph) were prepared using Method B. Boronic
acid esters (4, R 5 H) were either purchased commer-
cially or prepared by treating the corresponding boronic
acid (4, R = H) with ethylene glycol and heating to re-
flux in THF or toluene to yield boronic acid ethylene
glycol esters. If the boronic acid (4, R = H) was not
commercially available then it was prepared by treating
the arylanion of 3 with an equimolar amount of trimeth-
ylborate. The boronic acid esters of (4) were treated with
Grignard reagents or aryllithiums to give the borinic
acid (5). When R2 of the borinic acid (5) was (substitut-
ed)pyridyl then butyllithium was added slowly to the
corresponding bromopyridine in the presence of the gly-
col esters of 4 at �78 �C.7 The borinic acids (5) were
usually taken onto the final step as a crude mixture,
but occasionally they were purified by column chroma-
tography. In the final step the borinic acid (5) was heat-
ed to reflux with a picolinic acid in a mixture of ethanol/
water to give the borinic acid picolinate esters (2a–x),
which usually precipitated from the solution upon
cooling.8

(e
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R2 B OR


X = MgBr, Br, or I
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(c) oOR


Method A


Method B


Scheme 1. Synthesis of borinic acid picolinate esters (2). Reagents and cond


BuLi, B(OMe)3 (0.5 equiv), THF, �78 �C to rt (when X = Br); (c) 3 (X = Mg


picolinic acid, EtOH, water, reflux.

In general, these borinic acid picolinate esters (2) were
found to be easy to handle and required no specialized
equipment. We could purify the intermediate borinic
acids (5) using standard column chromatography condi-
tions and we found their esters (2) to be very stable un-
der most conditions. These esters (2) can be stored at
room temperature for prolonged periods.


Compounds were screened for their minimum inhibitory
concentration (MIC) against Gram-positive and -nega-
tive bacteria. The results are given in Table 1. We iden-
tified two initial lead compounds. Both possessed a
symmetrical borinic acid moiety containing a 3- or 4-
chloro-substituent on each ring and a 3-hydroxy group
on the picolinic acid unit giving 2a or 2b, respectively.
These had reasonable activity against all pathogens.
The bis(4-chlorophenyl) derivative was slightly more ac-
tive against Staphylococcus epidermidis, P. acnes, and
Bacillus subtilis, however, the bis(3-chlorophenyl) deriv-
ative was more active against S. aureus (Table 1). We
first set out to determine the SAR of the diphenyl bori-
nic acid unit by substituting R2 with various groups.
Substitution of one chlorophenyl group of either 2a or
2b with a pyridin-3-yl group to give 2c and 2d, respec-
tively, essentially eliminated all activity against Gram
positive bacteria, even when the chloro group was intro-
duced back in the same place on the pyridine ring (2e).
Interestingly, when R2 was thiophen-3-yl (2f) activity
was lost only against S. aureus and S. epidermidis. When
methyl groups were added to the 4-position of 2a, to
give 2g, activity was increased against most strains
except Haemophilus influenzae, where activity was lost
(Table 1). Since activity against Gram-positive patho-
gens was most important to us, 2g became our new lead
compound. We investigated the effect of adding alkyl
groups at R2 and synthesized the methyl (2h) and phen-
ethyl (2i) derivatives of 2g. The methyl derivative (2h)
was less active but showed the similar activity profile
to the thiophene derivative (2f). The phenethyl deriva-
tive showed remarkably similar activity to 2g, however,
stability studies found that these alkyl derivatives were
not as stable as the diphenyl borinic acid picolinate ester
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Table 1. Minimum inhibitory concentration (MIC, lg/mL) results for compounds 2 containing a 3-hydroxypicolinic acid moiety


B
R1


R2 O O


N
OH


Compound Method of synthesisa R1 R2 S. aureus S. epidermidis P. acnes B. subtilis H. influenzae


Erythromycin 0.5 0.15 0.1 0.1 4


2a A 3-Cl 3-Cl–Ph 60.125 8 10 16 16


2b A 4-Cl 4-Cl–Ph 4 1 1 1 16


2c B 3-Cl Pyridin-3-yl 16 32 nt nt 32


2d B 4-Cl Pyridin-3-yl 64 32 nt nt 16


2e B 4-Cl 2-Cl-pyridin-5-yl 32 32 nt nt 32


2f B 3-Cl Thiophen-3-yl 32 32 10 16 32


2g A 3-Cl–4-Me 3-Cl–4-Me–Ph 1 0.5 0.3 1 >64


2h B 3-Cl–4-Me 4-Me 32 32 10 16 32


2i B 3-Cl–4-Me Phenethyl 0.5 1 1 1 >64


2j A 3-F 3-F–Ph >64 >64 >100 >64 >64


2k B 3-Cl 3-SMe–Ph 8 8 3 4 >64


2l B 3-Cl 2-Me–Ph 8 8 3 4 >64


2m A 3-Cl–4-F 3-Cl–4-F–Ph 1 8 3 8 4


2n A 3-Cl–4-OEt 3-Cl–4-OEt–Ph 2 2 1 2 >64


2o A 3-Cl–4-NMe2 3-Cl–4-NMe2–Ph 32 32 nt 64 >64


2p B 3-Cl–4-Me 4-Me–Ph 4 2 3 2 >64


2q A 4-Cl–2-Me 4-Cl–2-Me–Ph 4 2 0.3 0.5 16


a Refer to Scheme 1; nt, not tested.
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(2g) (unpublished data) and so this substitution was not
considered for further development. From these results
we concluded that a phenyl group at R2 would be the
best for activity.


Next, we investigated the SAR of substituents on the
diphenylborinic acid moiety, using the bis(3-chlorophe-
nyl) (2a) and bis(3-chloro-4-methylphenyl) (2g) deriva-
tives as leads. Initially, we replaced the 3-chloro- groups
of 2a with fluoro groups, to give 2j, however, this simple,
homologous substitution led to a total eradication of
antibacterial activity against all strains tested. Replace-
ment of one 3-chloro group of 2a with either 3-methylth-
iol group, to give 2k, or 2-methyl, to give 2l, resulted in
reduced activity against S. aureus and H. influenzae, but
increased activity against P. acnes and B. subtilis by
3- to 4-fold. Turning our attention to the bis(3-chloro-
4-methylphenyl) derivative (2g), we replaced the methyl
groups with fluoro groups to give 2m. This showed an 8-
to 16-fold reduction in activity against S. epidermidis, P.
acnes, and B. subtilis but, interestingly, this compound
had greatly increased activity against the Gram-negative
bacterium H. influenzae. Replacement of the 4-methyl
group of 2g with ethoxy groups, to give 2n, showed only
a marginal decrease in activity, while replacement with
dimethylamino groups, to give 2o, rendered the mole-
cule almost inactive. Removal of one 3-chloro group
of 2g, to give 2p, showed reduction in activity of 2- to
10-fold, confirming the importance of both chloro
groups. Finally, moving the methyl- and chloro- groups
to the 2- and 4-positions, respectively, to give 2q,
showed an increase in activity against B. subtilis and
H. influenzae, at the expense of activity against Staphy-
lococcus species, which decreased 4-fold. From this
study we concluded that one methyl and one chloro

substituent on both phenyl rings gave the most potent
activity.


In a final study, we investigated the importance of the
substituent on the pyridine ring of picolinic acid. The
results are shown in Table 2. We kept the bis(3-chlo-
ro-4-methyl)borinic acid unit constant while modifying
the 3-hydroxy group on the picolinic acid part of 2g.
Removal of the 3-hydroxy group, to give 2r, led to
a loss of activity except against S. aureus, where the
activity remained approximately equal. Since the 3-hy-
droxy group of 2g can form a 6-membered hydrogen
bonded ring with the carbonyl group at the 2-position,
we synthesized the 3-acteoxy derivative (2s) to disrupt
this potential ring structure and to determine if a pro-
ton donor was important for activity. This derivative
was approximately as active as the lead compound
(2g), implying that this hydrogen bonding and the
proton on the 3-hydroxy group may not be important
for activity. Next we increased steric bulk at the 3-po-
sition with a benzoyl group to give 2t. This modifica-
tion was not tolerated by most bacteria tested with a
loss of activity of 30-fold or greater. Placement of a
3-amino group also led to a dramatic loss in activity
except against P. acnes and B. subtilis. Lastly, we were
able to determine the importance of the position of
the substituent using a carboxylic acid group as a
probe. The 3-carboxy derivative (2v) showed better
activity than 2g against S. aureus, and also showed
surprisingly good activity against H. influenzae, how-
ever, it was not so effective against S. epidermidis
and P. acnes. As the carboxy group was moved to
the 4- and 5-positions, giving 2w and 2x, respectively,
activity was approximately equivalent to 2v. We con-
cluded that the 3-hydroxy group was optimal for







Table 2. Minimum inhibitory concentration (MIC, lg/mL) results for compounds 2 containing a bis-(3-chloro-4-methylphenyl) borinic acid moiety


B
O O


N
R3


Me


Cl


Cl


Me


Compound R3 S. aureus S. epidermidis P. acnes B. subtilis H. influenzae


2r H 0.5 >64 nt nt nt


2g 3-OH 1 0.5 0.3 1 >64


2s 3-OAc 2 1 1 0.5 >64


2t 3-COPh 0.5 32 30 64 >64


2u 3-NH2 >64 >64 1 2 >64


2v 3-CO2H 0.125 4 3 8 8


2w 4-CO2H 2 4 3 nt nt


2x 5-CO2H 0.5 8 3 8 8


nt, not tested.
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activity against the major cutaneous bacterial patho-
gens S. aureus and P. acnes.


In order to test for concomitant anti-inflammatory
activity, compounds 2g, 2s, 2q, and 2x were evaluated
for their ability to inhibit release of inflammatory cyto-
kines from human peripheral blood mononuclear cells
(PBMCs). Either lipopolysaccharide (LPS, 1 lg/mL),
Concanavalin A (1 lg/mL) or phyto-hemagglutinin
(PHA, 2 lg/mL) was used to induce the release of cyto-
kines from the PBMCs. These compounds were screened
at a concentration of 10 lM. ELISA kits were used to
measure for two pro-inflammatory cytokines, TNF-a
and IL-1b, a Th1 cytokine, IFN-c, and a Th2 cytokine,
IL-4. The inhibition of cytokine release for each com-
pound was recorded as a percent of untreated control9


and the results are shown in Table 3. Compound 2g
showed strong inhibition of the release of pro-inflamma-
tory cytokines but no inhibition of IFN-c or IL-4 re-
lease. Compound 2s showed no inhibition of IL-1b
release, so this was not tested for inhibition of IFN-c

Table 3. Percent inhibition of cytokine release from PBMCs, stimulated w


picolinate ester screened at 10 lM


B
O


NR1


R1


Compound R1 R3 TNF-a


Erythromycin 22


2g 3-Cl–4-Me– 3-OH 100


2s 3-Cl–4-Me– 3-OAc 101


2q 4-Cl–2-Me– 3-OH 101


2x 3-Cl–4-Me– 5-CO2H 100


nt, not tested.
a LPS stimulation (1 lg/mL) for 24 h (%).
b PHA stimulation (2 lg/mL) for 24 h.
c Concanavalin A stimulation (20 lg/mL) for 48 h.

or IL-4 release. Compounds 2q and 2x showed a similar
profile to that of compound 2g. By comparison, the anti-
biotic erythromycin showed no inhibition of pro-inflam-
matory cytokines. From these studies, compound 2g was
shown to have the best combination of anti-bacterial
and anti-inflammatory activities.


In conclusion, we report the identification and struc-
ture–activity relationship of a new class of antibacterial
agents, diphenylborinic acid picolinate esters. These
compounds primarily show activity against Gram-posi-
tive bacteria and SAR showed the diphenyl borinic acid
moiety was essential for activity. Potency was increased
with the positioning of methyl- and chloro-substituents
on the diphenyl borinic acid moiety in combination with
a 3-hydroxyl group on the pyridine ring. The most po-
tent derivative from this effort was 2g, which was also
found to inhibit the production of pro-inflammatory
cytokines. As a result, 2g (AN0128) was selected as a
clinical candidate and is currently in clinical develop-
ment for the treatment of dermatological diseases

ith either LPS, Concanavalin A, or PHA, by selected borinic acid


O


R3


a IL-1b a (%) IFN-cb (%) IL-4c (%)


�32 nt nt


99 �20 �21


�49 nt nt


103 15 57


80 24 9
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including acne and atopic dermatitis. Results of these
trials will be described in future publications.
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8. Typical procedures for the synthesis of borinic acid picoli-
nate esters: (a) Preparation of 3-hydroxypyridine-2-carbon-
yloxy-bis(3-chloro-4-methylphenyl)borane (2g, AN0128):
2-chloro-4-iodotoluene (50 g, 200 mmol) was dissolved in
THF (250 mL) at 0 �C and treated with isopropyl magne-
sium chloride (122 mL, 2.0 M in THF, 244 mmol) for 5 h.
Trimethylborate (9.7 g, 93 mmol) was added and the reac-
tion mixture was stirred overnight allowing to warm to
room temperature. The reaction was quenched with 3 N
HCl (100 mL) and the resulting mixture was extracted into
ethyl acetate giving the crude intermediate, bis(3-chloro-4-
methylphenyl)borinic acid, as a white solid in quantitative
yield. A portion of this intermediate (14.6 g, 52.5 mmol) was
dissolved in ethanol (120 mL) and heated to reflux. 3-
Hydroxypicolinic acid (5.83 g, 42 mmol) was added in
portions to the hot solution. The reaction mixture was
stirred at reflux for 15 min after the addition of the last
portion of 3-hydroxypicolinic acid and then cooled to room
temperature. The reaction mixture was concentrated by
removal of some ethanol and the product precipitated from
the solution. The solid was removed by filtration and
recrystallized from ethanol to give the title product (2g) as
white crystals (13.4 g, 64%): mp 165.0–166.5 �C; ESI-MS
(m/z) = 400, 402, 404 (M+H)+; 1H NMR (300 MHz,
DMSO-d6) d (ppm) 2.25 (s, 6 H), 7.08–7.11 (d, J = 7.5 Hz,
2H), 7.19–7.21 (m, 4H), 7.91–7.92 (d, J = 3.3 Hz, 2H), 8.56
(t, J = 2.9 Hz, 1H). (b) Preparation of 3-hydroxypyridine-2-
carbonyloxy- (3-chloro-4-methylphenyl)(p-tolyl)borane
(2p): 3-chloro-4-methylphenylboronic acid (5.0 g,
29.3 mmol) was heated to reflux with ethylene glycol (1:1
molar ratio) in toluene using a Dean–Stark trap. Rotary

evaporation of the solvent gave 3-chloro-4-methylphenylbo-
ronic acid ethylene glycol ester (5.42 g, 27.6 mmol, 94%),
which was then treated with p-tolylmagnesium bromide
(28 mL, 1.0 M THF solution, 28 mmol) in anhydrous THF
(100 mL) at �78 �C. The cooling bath was removed and the
reaction mixture was stirred for 1 h before a room temper-
ature water bath was placed for additional 2 h of stirring.
The reaction was quenched with 6 M HCl and the resulting
solution was rotary evaporated. The residue was extracted
with ethyl acetate and purified by flash column chromatog-
raphy over silica gel eluted with a mixed solvent of ethyl
acetate and hexane (1:5) giving the desired (3-chloro-4-
methylphenyl)(p-tolyl)borinic acid as a yellow liquid (6.35 g,
26 mmol, 94%). This material was mixed with 3-hydroxypi-
colinic acid (3.07 g, 22.1 mmol) in pure ethanol (150 mL)
and stirred overnight at room temperature. The precipitates
formed were collected by filtration and washed with hexane
to give 2p as a cream solid (6.99 g, 87%): mp 192–194 �C;
ESI-MS (m/z) = 366 (M+H)+, 364 (M�H)�; 1H NMR
(300 MHz, DMSO-d6) d(ppm) 2.22 (s, 3H), 2.25 (s, 3H), 7.03
(d, J = 7.5 Hz, 2H), 7.09–7.13 (m, 3H), 7.19 (d, J = 6.0 Hz,
2H), 7.90 (d, J = 3.0 Hz, 2H), 8.48–8.49 (m, 1H), 12.10 (br s,
1H). (c) Preparation of 3-hydroxypyridine-2-carbonyloxy-
(3-chlorophenyl)(3-pyridynyl)borane (2c): 3-chloro-phen-
ylboronic acid (1.00 g, 6.09 mmol) was heated to reflux with
ethylene glycol (0.340 mL, 6.09 mmol) in toluene using a
Dean–Stark trap. Rotary evaporation of the solvent gave 3-
chlorophenylboronic acid ethylene glycol ester (3.66 g,
20.0 mmol 91%), which was mixed with 3-bromopyridine
(2.64 g, 16.7 mmol) and THF (100 mL), and treated with n-
BuLi (1.6 M, 12 mL) over 4 h at �78 �C. The mixture was
stirred overnight and allowed to warm to room temperature.
Water was added and the pH was adjusted to 7 with
hydrochloric acid. The mixture was extracted with Et2O
several times. The organic extracts were combined and dried
on anhydrous MgSO4. The solvent was removed under
reduced pressure to give the crude borinic acid (2.05 g),
which was used for the next step without purification. To a
heated solution of the borinic acid (2.05 g, 9.43 mmol) in
EtOH (10 mL) was added 3-hydroxypicolinic acid (1.04 g,
7.50 mmol) in EtOH (7 mL) and water (5 mL). The mixture
was stirred for 4 h while cooling down to room temperature.
Precipitates formed were collected by filtration and dried to
give 2c (1.56 g, 28% overall) as a tan solid: mp > 250 �C;
ESI-MS (m/z) 339, 341, 343 (M+H)+; 1H NMR (300 MHz,
DMSO-d6) d (ppm) 7.07 (m, 1H), 7.16 (dd, J = 7.9, 7.2 Hz,
1H), 7.3–7.4 (m, 4H), 7.86 (dd, J = 7.6, 5.6 Hz, 1H), 8.01
(dd, J = 3.9, 1.9 Hz, 1H), 8.49 (d, J = 7.9 Hz, 1H), 8.6–8.7
(m, 2H).


9. Dexamethasone was used as a positive control for inhib-
iting release of TNF-a, IFN-c, and IL-4, and cyclohexa-
mide was used as a positive control for inhibiting release of
IL-1b.
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Abstract—To find new derivatives that block different virus strains entry in cells bearing specific surface receptors represent an inter-
esting challenge for medicinal chemists. Here, we report the synthesis and the anti-HIV properties of a new series of analogues based
on the introduction of quinoline moiety on various polyamine backbones, including polyazamacrocycles. Three compounds 7, 8,
and 10 of this series were found active on PBMCs cells infected by HIV-1 LAV or by HIV-1 BaL, in contrast the well-known ref-
erence compound 1a (AMD 3100) was found only active on HIV-1 LAV strain.
� 2006 Elsevier Ltd. All rights reserved.

Viruses that are broadly resistant to currently available
anti-retroviral medications represent a growing chal-
lenge for HIV therapy. Unlike many existing HIV drugs
that target the virus after it has infected a healthy cell, it
had been shown that compounds like AMD3100 1a, its
analogue 1b (Fig. 1) and other related analogues block
the virus from entering a healthy cell preventing the rep-
lication process. These compounds block cell surface G-
protein coupled receptors, such as CCR5 or CXCR4.1–3


AMD 3100 has reached phase II clinical trials and is
presently considered as a prototype of this class of com-
pounds. A recent review on these analogues has been
published by Hatse et al.4 Nevertheless, the existence
of two azamacrocycles is not a prerequisite for anti-
HIV activity.


In order to enter and infect cells, HIV must bind to
either CXCR4 or CCR5 chemokine receptors. Different
HIV strains prefer one receptor to the other. Blocking

0960-894X/$ - see front matter � 2006 Elsevier Ltd. All rights reserved.
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CXCR4 and CCR5 receptors can prevent the relevant
HIV strains from entering and infecting the target cells.
An infected individual cell may harbor different levels of
both CXCR4 and CCR5. Research on HIV disease sug-
gests that approximately one-half of patients are infect-
ed with HIV strains that use CXCR4 as an entry
receptor as well as strains that use CCR5.


AMD3100 1a is extremely specific in its affinity for the
CXCR4 receptor, and this property depends, at least
in part, on an electrostatic interaction between the basic
(positively charged) nitrogens of the cyclam moieties
and the acid (negatively charged) carboxylates of the
aspartic acid residues located at positions 171, 182,
193, and 262 of the CXCR4 receptor. In particular,
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Figure 1. AMD 3100 structure 1a and a related analogue 1b.
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the aspartate residues 171 and 262, located at the junc-
tion of the transmembraneous segments with the extra-
cellular loops of the CXCR4, have proven to be
crucial in the binding of 1a with its receptors.5 Analogue
1a affinity for CXCR4 can be enhanced by its complex-
ation with Cu2+, Zn2+ or Ni2+ metal ions6,7 and this en-
hanced affinity is explained through a better interaction
with the aspartate in position 262 (For additional details
on the anti-HIV activities of polyazamacrocycle metal
complexes, see references Hatse et al.4 and Princen
et al.8). These observations led us to investigate the pos-
sibility to design new anti-HIV drugs incorporating in
their structure specific ligands with transition metal che-
lating properties, which could block virus entry in
healthy cells mediated either by CXCR4 or CCR5 recep-
tors. As far as, 8-hydroxy-quinolines were known to
form tetradentate complexes with transition metals such
as copper and zinc with good binding affinity values9


(log Ks values being around 10) they were selected as
suitable ligands for the design of new chemokine recep-
tor antagonists. As far as clioquinol 2 (5-chloro-7-iodo-
8-hydroxy-quinoline), a drug in clinical trials for Alzhei-
mer’s disease treatment, being known to form zinc and
copper complexes.10 We attempt to introduce 8-hy-
droxy-quinoline moieties on different polyamine back-
bones, to give rise to mono- or di-quinoline analogues
of general structures represented in Figure 2. Since
length and chemical structure of the linker joining the
two polyazamacrocycles in AMD3100 were determina-
tive for the anti-HIV activity, it was of interest to use
different diamines, polyamines or related conjugates as
clioquinol linkers. Finally, we report the synthesis of
new polyamine-conjugate and their anti-HIV properties.
Polyamine can be either: (a) a monocyclam or bicyclam

N
OH


X


R


2 R=Cl, X=I (clioquinol)


3 R=CH2Cl, X=H (chloromethyl quinoline)
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NH


N
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HN
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10
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Figure 2. General structures of the new synthesized polyamine–quinoline co

AMD 3100 or (b) the diamines: 1,3-diamino propane,
1,4-diaminomethylbenzene, and piperazine.


The new analogues were synthesized according to meth-
odologies summarized in Schemes 1 and 2.


The whole new analogues were obtained starting from a
common intermediate, chloromethyl quinoline 3 which
was synthesized from chloromethylation of commercial-
ly available quinoline, according to a method described
by Zheng.11


Several diamino linkers 1,3-diamino propane, 1,4-diami-
no xylene, piperazine, 1,4,8-tri-terbutoxy carbonyl
1,4,8,11-tetraazacyclotetradecane, 1,8,12-tri-terbutoxy
carbonyl 1,4,8,12-tetraazacyclopentadecane, and penta
Boc-protected bis-polyazamacrocycles 10d (The synthet-
ic scheme for 10d starting from cyclam is shown on
Scheme 2) were condensed on intermediate 3, in acetoni-
trile as solvent in the presence of K2CO3 as base. Final
compounds (4, 5, and 6), were obtained, respectively,
in 55%, 60%, and 50% yields, while the Boc-protected
analogues 7a and 8a were obtained in 45% and 55%
yields. After Boc-deprotection in acidic media, the final
corresponding analogues (7 and 8) were isolated in
quantitative yields (Scheme 1).


The synthesis of bis-polyazamacrocycle–quinoline con-
jugate 10 required a specific synthetic route summarized
in Scheme 2. Final compound 10 was obtained through
the synthesis of the key intermediate 1,11-diBoc-poly-
azamacrocycle 10b. This later was synthesized starting
from cyclam (three equivalents) by addition of one
equivalent of di terbutyldicarbonate reagent. After a
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Scheme 1. Reagents and conditions: (a) HCHO, HCl, 0 �C, overnight; (b) diamino propane–K2CO3, CH3CN, rt, overnight; (c) a,a 0-diamino xylene,


CH3CN, rt, 3 days; (d) piperazine, K2CO3, CH3CN, rt, 3 days; (e) 1,4,8-tri-terbutoxy carbonyl-1,4,8,11-tetraazacyclotetradecane or 1,8,12-tri-


terbutoxy carbonyl-1,4,8,12-tetraazacyclopentadecane, DIEA, CH2Cl2, overnight, rt; (f) HCl, ether, rt; (g) analogue 10b (Scheme 2), DIEA, CH2Cl2,


overnight, rt; (h) HCl, ether, rt, overnight.
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tedious column chromatography, 1,11-diBoc-protected
10b was isolated in 20% overall yield and its structure
was unambiguously assigned through NMR studies
consistently with NMR published data.12 The other pos-
sible expected analogue (1,8-diBoc-polyazamacrocycle)
which differs from analogue 10b (1,11-diBoc-polyaza-
macrocycle), only by the position of the Boc protecting

groups on the polyazamacrocyclic core, was isolated in
very low yield (less than 5%) (not shown in Scheme 2).
Condensation of one equivalent of the triprotected tetra-
azamacrocycle 10a already described in the literature13


with one equivalent of a,a 0-dibromoxylene led to inter-
mediate 10c, which after condensation on the diBoc-
protected polyaza macrocycle 10b gave intermediate







Table 1. Anti-HIV activities of the new conjugates on BaL and LAV HIV strains


Compound HIV-1 LAV EC50(lM) HIV-1 BaL EC50(lM) CC50
a (lM)


1a 0.47 Inactive >10


1b 0.05 Inactive >10


2 Inactive Inactive 2


3 5.10 Inactive >10


2,3,2,3-Polyazamacrocycle Inactive Inactive >10


2,3,3,3-Polyazamacrocycle Inactive Inactive >10


4 Inactive Inactive >10


5 Inactive Inactive >10


6 Inactive Inactive >10


7 4.10 4.35 >10


8 1.50 1.25 >10


9 4.10 toxic 8


10 0.70 3.50 >10


EC50: concentration in lM required to inhibit HIV RT activity by 50%.
a CC50: concentration in lM to cause 50% death of uninfected cells. The highest tested concentration being 10 lM.


V. Moret et al. / Bioorg. Med. Chem. Lett. 16 (2006) 5988–5992 5991

10d (overall yield 40%). Condensation of this later on
chloromethyl quinoline 3 led after Boc-standard depro-
tection to the desired analogue 10 (overall yield 60%).
The structures of the whole final analogues were clearly
identified by spectroscopic methods: 1H NMR, 13C
NMR, and MS (data available on request).


The anti-HIV activities of the whole series of com-
pounds were assayed according to previously described
methods.14,15 PBMCs were infected with two virus
strains: HIV-1 LAV15 and HIV-1 BaL.16 It was of inter-
est to assay the new analogues against these two strains
which use two different chemokines (GPCRs, CXCR4,
and CCR5) to enter the cells. Results are expressed as
means of 50% effective concentrations (EC50) and cyto-
toxic concentrations (CC50) represent concentrations re-
quired to cause 50% death of uninfected PBMCs. The
results are presented in Table 1. Clioquinol 2, 5-chloro-
methyl-8-hydroxy-quinoline 3, and bis-polyazamacrocy-
cle 1a were used as benchmarking compounds for
comparative anti-HIV activity with that of the new ana-
logue antiviral activity.


As it can be observed in Table 1, compounds 7, 8, and 10
show anti-HIV activities on both strains HIV-1 LAV and
HIV-1 BaL with EC50 values ranging from 0.5 to 5 lM
(LAV strain) and from 1.2 to 5 lM (BaL strain). The
case of compound 9 should be dissociated from the other
active derivatives since its EC50 value is very close to its
CC50 value, it cannot be considered as an active com-
pound. In contrast, Biscyclam 1a or AMD 3100 or its
analogue 1b was found totally inactive on HIV-1 BaL
strain. This result was quite interesting since these bis-
polyazamacrocycles are reported specific CXCR4 antag-
onist prototypes. They do not interact with any other
CXCR or CCR receptors, they block X4 HIV-1 replica-
tion only through CXCR4 antagonization.17


It can be also observed that the structure of diamino
spacers on which the quinoline moiety is linked appears
to be determinative for the HIV-activities on both viral
strains. Compounds 4, 5, and 6, including 1,3-diamino-
propane, piperazine or 1,4-diaminomethylbenzene as

respective spacers, were totally denied of any anti-HIV
activity. Moreover monopolyazamacrocycles such as cy-
clam (2,3,2,3) or its larger analogue (2,3,3,3) were also
ineffective on both HIV virus strains. Clioquinol 2 it self
was found inactive.


Since it is known that in specific conditions, CD4+ cells
express both CXCR4 and CCR5 mRNA co-receptors,18


it could be possible that PBMCs used in this screening
express both co-receptors, in this hypothesis the struc-
ture of new analogues allows interactions with both
receptors, which results in both cases to a blockade of
virus entry. BaL strains use CCR5 receptors to penetrate
specific cells while HIV-1 LAV strains use more specifi-
cally CXCR4 receptors to enter in MT4 cells (classifica-
tion of different HIV strains for the cells expressing
different kind of receptors has been given by Princen
et al.19). At present, we have no evidence that introduc-
tion of quinoline moiety on the bis-polyazamacrocycle
backbone allows interactions with both CXCR4 and
CCR5. It could be hypothesized that the bis-polyazama-
cycle moiety interacts with CXCR4 receptors, while
quinoline moiety allows interactions with CCR5 co-re-
ceptors. Nevertheless, this hypothesis of inhibitors en-
dowed with a dual activity on both types of receptors
(CXCR4 and CCR5) could be a new concept of interest,
if it can be confirmed by additional studies. Moreover
such HIV drugs could find therapeutic application in
the case of AIDS-related dementia complex (ADC) very
often caused by HIV-1 BaL strain infections. Indeed it is
known that productive HIV infection in the CNS is
limited to macrophages and microglial cells, which con-
tribute to the production of a number of putative neuro-
toxins including quinolinic acid.20 Elevated levels of
quinolinic acid are observed in vivo in cerebrospinal flu-
id of patients with AIDS-related dementia complex
(ADC).21 In this feature, such new analogues after opti-
mization could be of potential value for ADC treatment.


Nevertheless, other action mechanisms for these new
drugs cannot be ruled out since the new analogues can
also interact with other targets within the viral replica-
tion cycle.
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Abstract—The preparation of 18F-labeled ligands for positron emission tomography (PET) and the subsequent imaging have to be
completed within a half-life of the neutron-deficient isotope (18F = 110 min). In this paper, we report a rapid fluorination approach
to obtain 5 0-deoxy-5 0-fluoro-substituted uracil nucleoside analogues. Nucleophilic substitution at the 5 0-position of the nucleosides
was achieved within 45 min providing excellent yields of 75–92% by application of microwaves.
� 2006 Elsevier Ltd. All rights reserved.
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Fluorine-18-labeled bioorganic molecules such as nucleo-
sides have been utilized as useful tracers for positron
emission tomography (PET), which has recently become
a powerful diagnostic method.1 PET diagnostics are used
in research as well as in hospitals for diagnosis, for exam-
ple, of heart diseases, seizure disorders, and in oncology.2


Furthermore, the monitoring of (patho)physiological
processes in vivo by PET is very useful for the prediction
of the performance of a therapy.1


PET is based on the labeling of physiological com-
pounds or pharmacological agents with neutron-defi-
cient nuclides, such as carbon-11, fluorine-18,
nitrogen-13, oxygen-15, or gallium-68. Fluorine-18 is
the most commonly used nuclide for PET studies be-
cause of its half-life of 110 min, which is considerably
longer than that of other positron-emitting nuclides
(e.g., 11C: 20 min, 15O: 2 min). In the synthesis of PET
ligands, the radiolabel (e.g., 18F) should be introduced
in the last or one of the last reaction steps, and its intro-
duction has to be performed fast and efficiently due to
the short half-life.1


Apart from their use as PET ligands in 18F-labeled form,
non-radioactive fluorinated nucleosides have become an
important subject of research3–5 in medicinal chemistry
due to their antiviral and anticancer activities. Many
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bioorganic structures containing fluorine have been syn-
thesized and investigated. Specially, 5-fluorouracil
(5FU, Fig. 1) is widely used as an antimetabolite in anti-
cancer therapy. However, the cytotoxic properties of
5FU are a significant problem and limit the clinical effi-
cacy of such agents.6 To improve its pharmacological
and pharmacokinetic properties, 5-FU nucleosides and
nucleoside analogues have been prepared. Currently,
5 0-deoxy-5-fluorouridine (5 0-DFUR) is under investiga-
tion as well-tolerated drug, showing promising effects/re-
sults for long-term chemotherapy in treatment of
patients with recurrent breast cancer.7


In addition, the existence of a specific membrane recep-
tor for uridine has recently been postulated.8,9 N(3)-Phe-
nacyluridine was identified as a potent hypnotic
compound10 and found to be the most potent known
ligand of the uridine binding site in rat and bovine brain
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Figure 1. Fluorinated pyrimidine and its derivative.
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membrane preparations, for example, of striatum,
thalamus, and cortex.8


A renaissance of interest in the field of antimetabolites
of nucleic acid biosynthesis reports that specific binding
sites or receptors for uridine on cell membranes may ex-
ist and particularly the requirement for procedures that
will allow the preparation of 18F-labeled PET ligands
prompted us to develop an efficient synthetic strategy
for 5 0-deoxy-5 0-fluorinated uridine and base-modified
derivatives. The preparation of 18F-labeled PET ligands
may also be a useful tool for the investigation of uridine
receptors.


The described rapid microwave-assisted fluorination in
the 5 0-position of nucleosides and nucleoside analogues
is superior to previously described synthetic strate-
gies,11–15 some of which suffer from poor yields, require
numerous synthetic steps, or long reaction times. For
the preparation of fluorine-18-labeled bioorganic mole-
cules, the application of microwave irradiation is advan-
tageous and would lead to high yield with very short
reaction time.21,22 For aliphatic nucleophilic radiofluori-
nation, a reactive leaving group like tosylate is re-
quired.21 In contrast, in aromatic nucleophilic
substitutions halogen atoms are preferred as efficient
leaving groups.22


Commercially available uridine 1 was alkylated accord-
ing to patent literature16 with commercially available
phenacyl bromide or 4-chlorophenacyl bromide to gen-
erate the intermediates 2 and 3 (Scheme 1).
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Scheme 1. Reagents and conditions: (i) acetone, DMSO, potassium


carbonate, phenacyl bromide or 4-chlorophenacyl bromide, 10 h,


70 �C; (ii) acetone, p-toluenesulfonic acid monohydrate, 4 Å molecular


sieves, 2.5 h, pyridine; (iii) dry pyridine, p-toluenesulfonic acid


chloride, 2 h, rt; (iv) dioxane, TBAFÆHF, pyridine, sealed tube,


15.0 bar, 160 W, 130 �C, 45 min; (v) hydrogen chloride (10%) in


methanol and water, 10 min, reflux.

The vicinal 2 0- and 3 0-hydroxyl groups of the nucleoside
intermediates were protected with an isopropylidene
group to afford the 2 0,3 0-O-isopropylidene nucleosides
4 and 5. Then the free primary alcohol function at the
5 0-position was tosylated17,18 yielding compounds 6
and 7, and subsequently replaced by fluoride.19 The pro-
cedure for the fluorination described in the literature
generally takes more than 20 h, which is far too long
for the synthesis of PET tracers.15 However, the applica-
tion of microwaves considerably reduces the reaction
time. By the application of microwave-assisted fluorina-
tion, compounds 8 and 9 were obtained in very good
yields (75–83%) within a short reaction time of only
45 min.


The removal of the isopropylidene protecting group by
standard methods11 delivered high yields but took more
than 30 min. Thus a compromise between yield and
reaction time had to be found in order to meet the needs
of the synthesis of PET ligands. The intermediate prod-
ucts 8 and 9 were treated with a solution of hydrogen
chloride (10%) in methanol and water, and refluxed
for 10 min. These reaction conditions17,18 led to the for-
mation of the desired fluorinated nucleosides 10 and 11
without side products in acceptable yields of 33–35%.23


The deprotection in acidic milieu gave poor results due
to the instability of the nucleosidic bond at lower pH
values and the high temperature. By applying an analo-
gous synthetic strategy the fluorinated nucleosides 19
and 20 (Scheme 2) were successfully prepared with sim-
ilarly high yields for the fluorination step (92% for 19,
78% for 20).


The synthesized fluorine-substituted nucleoside deriva-
tives were characterized by 1H, 13C-NMR, and CHN
elemental analysis. The typical coupling constants be-
tween carbon and fluorine atoms were observed for
the products 10, 11, 19, and 20 (1J (C-5 0, F) = 167–
171 Hz, 2J (C-4 0, F) = 20.0 Hz and 3J (C-3 0,
F) = 5.0 Hz).


The results obtained in this study underline the efficiency
of the microwave-assisted, rapid fluorination of nucleo-
sides delivering high yields in a very short time. No sig-
nificant formation of side products was observed. The
chromatographic purification of the intermediate as well
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Scheme 2. Reagents and conditions: (i) acetone, p-toluenesulfonic acid


monohydrate, 4 Å molecular sieves, 2.5 h, pyridine; (ii) dry pyridine,


p-toluenesulfonic acid chloride, 2 h, rt; (iii) dioxane, TBAFÆHF,


pyridine, sealed tube, 15.0 bar, 130 �C, 160 W, 45 min; (iv) hydrogen


chloride (10%) in methanol and water, 10 min, reflux.
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as the final products was quick and convenient. Final
yields may be further optimized, for example, by
introduction of different protecting groups, and the
duration of the fluorination reaction may be further
shortened by optimizing the reaction conditions. The
synthesized novel uracil nucleoside derivatives 10, 11,
as well as the rapid preparation of the chemotherapeuti-
cally highly active nucleosides 19 and 2020 (Scheme 1)
will be investigated for their biological properties,
including their interaction with the uridine binding site,
and with enzymes of the uracil nucleoside metabolic
pathway. It is expected that the 5 0-flourine atom, which
can be envisaged as a bioisosterical replacement of the
5 0-hydroxy group, can imitate the corresponding ribo-
nucleosides in many aspects, however phosphorylation
at the 5 0-position will no longer be possible.
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(C2), 142.7 (C6), 142.6 (C12 0), 135.0 (C9 0), 131.1 (C10 0,
C14 0), 130.6 (C11 0, C13 0), 115.6 (C6 0), 102.3 (C5), 96.2
(C1 0), 88.0 (d, C4 0, JF-50–C-40 ¼ 20:5 Hz), 86.0 (C2 0), 85.0
(d, C5 0, JF-50–C-50 ¼ 169:0 Hz), 82.0 (d, C3 0, J F-50–C-30 ¼
7:0 Hz), 48.0 (C7 0), 27.7 (CH3), 25.7 (CH3). The obtained
intermediate 8 (0.4 g, 1.0 mmol) was dissolved in 5 mL of
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30 mL). The organic phases were combined and dried over
Na2SO4. After filtration and removal of the solvent under
reduced pressure, the product was recrystallized from
7 mL of diethyl ether. Pure product of 10 (0.128 g,
0.35 mmol, 35% yield) was obtained as an off-white solid;
1H NMR in CD3OD, d (ppm): 8.1 (m, 2H, H-10 0, H-14 0),
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7.8 (d, 1H, H-6, J = 7.6 Hz), 7.7 (m, 1H, H-12 0), 7.6 (m,
2H, H-11 0, H-13 0), 5.9 (d, 1H, H-1 0, J = 3.3 Hz), 5.8 (d,
1H, H-5, J = 7.6 Hz), 5.5 (s, 2H, H-7 0), 5.4 4.85 (m, 1H, H-
40), 4.8 (m, 1H, H-3 0, J = 4.3 Hz, J = 5.2 Hz,
JF-50–H-40 ¼ 19:5 Hz), 4.65 (dd, 1H, H-2 0, J = 3.3 Hz,
J = 5.2 Hz), 4.25 (m, 2H, H-5 0, J = 4.3 Hz, JF-50–H-50 ¼
47:0 Hz); 13C NMR in CD3OD, d (ppm): 194.2 (C80),
165.0 (C4), 152.6 (C2), 140.6 (C6), 136.5 (C9 0), 135.4
(C12 0), 130.3 (C10 0, C14 0), 129.4 (C11 0, C13 0), 102.4 (C5),
92.5 (C1 0), 84.5 (d, C4 0, JF-50–C-40 ¼ 20:5 Hz), 84.0 (d, C5 0,
JF-50–C-50 ¼ 169:0 Hz), 76.0 (C2 0), 70.5 (d, C3 0,
JF-50–C-30 ¼ 5:0 Hz), 48.0 (C7 0); IR (KBr) V� (cm�1)
3508-3289 (2· O–H), 3106 (C–Harom), 2950 (C–H2), 1707
(OCNCO), 1695 (CO), 1662 (CON), 1597 (C@C),
1229(CH2–F); MS (EI, 75 �C): m/z (%) 364 (21) [M+],
346 (50), 329 (55), 289 (12), 259 (7), 170 (8), 105 (100), 77
(44), 59 (7); HRMS: Calcd for C17H17FN2O6: 364.1071.
Found: 364.107. Anal. Calcd for C17H17FN2O6 (364.34):
C, 53.40; H, 5.01; N, 7.33. Found: C, 53.20; H, 5.21; N,
7.53. Applying the described procedure described above
for 10 to the starting material 9 (0.35 g, 0.8 mmol), 11
(0.108 g, 0.27 mmol, 33% yield) was obtained as a white

solid; 1H NMR in CD3OD, d (ppm): 8.1 (d, 2H, H-10 0,
H-14 0, J = 8.2 Hz), 7.8 (d, 1H, H-6, J = 7.6 Hz), 7.6 (d,
2H, H-11 0, H-13 0, J = 8.2 Hz), 5.9 (d, 1H, H-1 0,
J = 3.3 Hz), 5.8 (d, 1H, H-5, J = 7.6 Hz), 5.45 (s, 2H,
H-7 0), 4.85 (m, 1H, H-4 0, J = 4.4 Hz, J = 5.1 Hz,
JF-50–H-40 ¼ 20:5 Hz), 4.75 (dd, 1H, H-3 0, J = 4.4 Hz,
J = 5.1 Hz), 4.65 (dd, 1H, H-2 0, J = 3.3 Hz, J = 5.1 Hz),
4.2 (m, 2H, H-5 0, J = 4.4 Hz, JF-50–H-50 ¼ 46:9 Hz); 13C
NMR in CD3OD, d (ppm): 193.2 (C8 0), 165.0 (C4), 153.0
(C2), 142.0 (C6), 140.5 (C12 0), 135.0 (C9 0), 131.2 (C10 0,
C14 0), 130.6 (C11 0, C13 0), 102.3 (C5), 92.5 (C1 0), 84.5 (d,
C4 0, J F-50–C-4 ¼ 20:0 Hz), 83.4 (d, C5 0, JF-50–C-50 ¼
169:0 Hz), 76.0 (C2 0), 70.5 (d, C3 0, JF-50–C-30 ¼ 5:0 Hz),
48.4 (C7 0); IR (KBr) V� (cm�1) 3598–3359 (2· O–H),
3104 (C–Harom), 2951(C–H2), 1710 (OCNCO), 1698
(CO), 1661 (CON), 1589 (C@C), 1229 (CH2–F); MS
(EI, 75 �C): m/z (%) 398 (41) [M+], 382 (25), 380 (75), 363
(32), 323 (57), 304 (35), 293 (20), 137 (100), 96 (7), 73 (4),
57 (5); HRMS: Calcd for C17H16ClFN2O6: 398.0681.
Found: 398.0682. Anal. Calcd for C17H16ClFN2O6ÆH2O
(416.79): C, 48.99; H, 4.35; N, 6.72. Found: C, 48.50; H,
4.34; N, 6.70.
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Abstract—Structure–activity relationships for a recently discovered thiazolyl phenyl ether series of acetyl-CoA carboxylase (ACC)
inhibitors were investigated. Preliminary efforts to optimize the series through modification of the distal aryl ether moiety of the lead
scaffold resulted in the identification of compounds exhibiting low-nanomolar potency and isozyme-selective ACC2 activity.
� 2006 Elsevier Ltd. All rights reserved.
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Figure 1.

The obesity epidemic in developed countries is linked to
an alarming rise in the prevalence of type 2 diabetes.
Although the precise mechanisms underlying this associ-
ation are unclear, the accumulation of fat in non-lipo-
genic tissues is increasingly recognized as a key causal
factor in the development of insulin resistance, an ante-
cedent of type 2 diabetes and other obesity-related disor-
ders.1–5 As critical regulators of fatty acid metabolism,
acetyl-CoA carboxylases (ACCs) present attractive tar-
gets for the reduction of whole body lipid content and
normalization of insulin sensitivity.6–9 In humans and
other mammals ACC exists in two tissue-specific iso-
forms. ACC1 catalyzes fatty acid synthesis in liver and
adipose tissue while ACC2 regulates fatty acid oxidation
in oxidative tissues such as heart and skeletal mus-
cle.10,11 Recent findings reported by Pfizer researchers
for isozyme-nonselective ACC inhibitor 1 (CP-640186,
Fig. 1)12,13 as well as studies conducted by Wakil and
co-workers on ACC2-deficient mice14–16 have validated
the therapeutic potential of ACC inhibition. Significant-
ly, the latter studies demonstrated that while ACC2�/�


mice were healthy and displayed a favorable metabolic
profile, ACC1 knockout resulted in embryonic lethali-
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ty,17 suggesting that selective ACC2 inhibition may pro-
vide a safer therapeutic approach for chronic treatment
of obesity, diabetes, and other symptoms of the meta-
bolic syndrome.


Although several classes of isozyme-nonselective inhibi-
tors, exemplified by 1, have been described,6,7 reports of
isozyme-selective ACC2 inhibitors are lacking. Recently
our laboratories reported the identification of com-
pound 2 as a potent and selective inhibitor of ACC2.18


Based on the promise of these preliminary findings we
investigated the potential for further ACC2 potency
improvements within the series through modification
of the synthetically attractive isopropyl ether region of
the lead scaffold.
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As depicted in Scheme 1, a convergent and general route
for the rapid synthesis of target analogs was devel-
oped.19 Selective displacement of 2,5-dibromothiazole

i—LiOH, EtOH, rt, 79–87%; ii—oxalyl chloride, DMF (cat.), CH2C


azodicarboxylate, PPh3, THF, rt, 24–67%; (f) i-PrNCO, Et3N, THF, r

b, c


OH


10


Scheme 2. Reagents and conditions: (a) i-PrMgBr, THF, 0 �C, 57%;


(b) Et3SiH, CF3COOH, CH2Cl2, rt, 97%; (c) BBr3, CH2Cl2, 0 �C to rt,


94%.

by readily available phenols (3) at elevated temperatures
provided intermediates 4 which were elaborated in good
yields to the corresponding alkynyl products 6 and 7 un-
der Sonogashira coupling conditions either directly or
after subsequent functionalization as outlined. Requisite
alkyne 5 was prepared from 3-hydroxy-3-methyl-1-bu-
tyne by the Ritter reaction using a published proce-
dure.20 With the exception of compound 6f, all 4- and
3-substituted alkyl ethers represented in Table 1 (7a–
7k, 7n–7p, and 7v–7z) were synthesized from advanced
intermediates 6 (X = 3- or 4-OH), using the Mitsunobu
reaction and an appropriate alcohol. Carbamate 7r
was also prepared from 6 (X = 4-OH) employing isopro-
pyl isocyanate in the presence of triethylamine. Con-
versely, the synthesis of 2-alkoxy derivatives 6g–6i,
phenyl ethers 6d and 6e, and trifluoromethoxy analog
6f utilized fully functionalized phenol precursors. Acid
7l and amide 7m were derived from ester 7k by sequen-
tial saponification and coupling to methylamine in the
presence of TBTU. Heteroaryl ethers 7i and 7j were ac-
cessed through the displacement of 2-fluoropyridine and
2-bromothiazole, respectively, with intermediate 4
(X = 4-OH) prior to palladium-catalyzed coupling with
alkyne 5. Similarly, ethyl esters 4 (X = 3- or 4-CO2Et)
were transformed to corresponding isopropyl and isobu-
tyl amides before conversion to final products 7s–7u.
Synthesis of 6a, the carbon-linked homolog of parent
isopropyl ether 2, required the preparation of 4-isobu-
tylphenol 10, which was synthesized according to the
reaction sequence shown in Scheme 2. Treatment of 4-
formylanisole with isopropylmagnesium bromide at
0 �C followed by reduction of the resulting alcohol with
triethylsilane–trifluoroacetic acid provided 4-isobutylan-

isole which upon deprotection in the presence of boron
tribromide gave the desired phenol (10) in good overall
yield. Sulfur- and nitrogen-linked derivatives 6b and 6c
were prepared as previously described.18 In turn, oxida-
tion of thioether 6b under standard conditions with 3-
chloroperbenzoic acid yielded sulfone 7q.


Our initial structure–activity relationship (SAR) efforts
sought to define preferred steric and physicochemical
parameters for substitution at the C-4 isopropyl ether
position in parent compound 2. As shown in Table 1,
the size and nature of distal ether adducts were key
determinants of both potency and selectivity within the
series. In general, a hydrophobic binding element was
required to achieve optimal activity against ACC2.
Incorporation of polar functionality into position 4
ether extensions led to uniform reductions in potency.
Although acid, ester, amide, and amine side chains were
particularly detrimental (7k–7n), the introduction of less
hydrophilic ether and heteroaromatic groups was better
tolerated (7o, 7p vs 7e, 7g, and 7i vs 6d). As exemplified
by compounds 6d and 7a–7h a variety of lipophilic ether
groups exhibited excellent ACC2 activity. Compared to







Table 1. ACC inhibitory activitya for derivatives 6, 7, and 9


Compound X or Y ACC1 IC50 (lM) ACC2 IC50 (lM) ACC1/ACC2b


1c CP-640186 0.41 0.038 11


2 4-O(i-Pr) >30 0.019 >1579


6a 4-CH2(i-Pr) 1.12 0.081 14


6b 4-S(i-Pr) 0.37 0.055 7


6c 4-NH(i-Pr) >30 0.150 >200


6d 4-OPh 0.26 0.011 24


6e 3-OPh 0.65 0.076 9


6f 3-OCF3 >30 0.13 >227


6g 2-OMe >30 1.32 >23


6h 2-OEt >30 1.31 >23


6i 2-O(i-Pr) >30 6.16 >5


6j 4-H >30 1.96 >15


6k 4-OH >30 1.70 >18


7a 4-OMe >30 0.47 >64


7b 4-OEt >30 0.037 >811


7c 4-OPr 0.14 0.004 35


7d 4-O(i-Bu) 0.23 0.010 23


7e 4-O(Cyclopentyl) 0.47 0.013 36


7f 4-O(Cyclohexyl) 0.12 0.016 7


7g 4-OCH2(Cyclopentyl) 0.028 0.005 6


7h 4-OCH2(Cyclohexyl) 0.086 0.027 3


7i 4-O(Pyridin-2-yl) 2.12 0.057 37


7j 4-O(Thiazol-2-yl) 6.79 0.29 23


7k 4-OCH2CO2Me >30 1.62 >19


7l 4-OCH2CO2H >30 >30 1


7m 4-OCH2CONHMe >30 26.50 >1


7n 4-O(CH2)3NMe2 >30 >30 1


7o 4-O(THFd-3-yl) >30 0.37 >82


7p 4-OCH2(THFd-3-yl) 0.76 0.067 11


7q 4-SO2(i-Pr) 3.70 4.05 1


7r 4-OCONH(i-Pr) 2.42 0.34 7


7s 4-CONH(i-Pr) >30 19.48 >1


7t 4-CONH(i-Bu) 1.28 0.35 4


7u 3-CONH(i-Bu) 3.78 0.38 10


7v 3-OMe >30 0.85 >35


7w 3-O(i-Pr) 0.066 0.014 5


7x 3-O(Cyclohexyl) 0.056 0.026 2


7y 3-O(i-Bu) 0.072 0.013 6


7z 3-O(THFd-3-yl) 1.15 0.21 6


9a 3,4-dimethoxy >30 >30 1


9b 3,5-dimethoxy >30 >30 1


a Inhibitory activity was determined using recombinant human ACC1 and ACC2 in an assay measuring ACC-mediated [14C]CO2 incorporation into


malonyl-CoA. Detailed protocols are described in Ref. 18.
b ACC2 selectivity expressed as rounded ratio of ACC1 IC50/ACC2 IC50.
c Published IC50 values for compound 1 (Ref. 13) utilizing rat ACC1 (IC50 = 53 nM) and ACC2 (IC50 = 61 nM) enzyme sources were less ACC2


selective than corresponding values generated under our assay conditions.
d Tetrahydrofuran (THF).
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2, position 4 side chains smaller than ethoxy were signif-
icantly less potent (6j, 6k, and 7a) while larger, chain-ex-
tended ether groups with enhanced flexibility resulted in
4- to 5-fold improvements in ACC2 activity (7c and 7g).
In fact, compounds 7c (IC50 = 4 nM) and 7g
(IC50 = 5 nM) were among the most potent ACC2 inhib-
itors identified in our study. However, since productive
binding to the ACC1 isozyme is also dependent on rela-
tively large C-4 alkoxy substituents (7c–7h vs 7a, 7b, 2),
the excellent potency associated with these analogs was
realized at the expense of ACC2 selectivity. Therefore,
relative to other potent derivatives, only the ethyl and
isopropyl ether adducts (7b and 2) appear to provide de-
grees of hydrophobicity and steric compactness suffi-
cient for both good potency (19–34 nM) and robust
ACC2 selectivity (>800-fold).

Having defined general SAR patterns for C-4 aryloxy
substitution we then investigated alternative linking
groups (6a–6c and 7q–7t). While replacement of the oxy-
gen linker in 2 with carbon (6a), sulfur (6b), or nitrogen
(6c) atoms produced good ACC2 activity as anticipated,
only the nitrogen-linked variant exhibited ACC2 selec-
tivity approximating that of the parent compound. In
line with SAR findings discussed above, the slightly larg-
er atomic size of sulfur relative to oxygen may explain
the improved ACC1 activity and corresponding loss of
selectivity observed for thioether 6b. However, the rela-
tively good ACC1 potency displayed by carbon-linked
analog 6a is more difficult to rationalize within this sub-
series. The introduction of sulfone (7q), carbamate (7r),
and amide (7s) groups in place of oxygen resulted in
more dramatic potency losses, although these effects
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appear to be mitigated by incorporation of more flexi-
ble, hydrophobic side chains that compensate for the rel-
ative rigidity and polarity of these linkers (7s vs 7t).


Regioisomeric preferences were also studied. In terms of
overall activity, positions 3 and 4 on the phenyl ring
were found to be preferred points of attachment for dis-
tal binding substituents. C-2 alkoxy ethers were uni-
formly less favored (6g–6i), particularly when larger,
sterically demanding groups were introduced (6i vs 2
and 7w). Generally, C-3 adducts displayed similar
ACC2 potency, enhanced ACC1 activity, and conse-
quently, reduced ACC2 selectivity in comparison to cor-
responding C-4 derivatives (2 vs 7w, 7d vs 7y, 7f vs 7x,
and 7o vs 7z). Despite the inherent lack of selectivity
for position 3 analogs, it is interesting that replacement
of the C-3 methoxy group in 7v with the similarly com-
pact yet more hydrophobic trifluoromethoxy variant
(6f) resulted in reasonably potent and selective ACC2
inhibition. These findings are consistent with trends ob-
served for C-4 substitution and reveal a general require-
ment for sterically compact hydrophobic substituents,
regardless of regiochemistry.


Finally, given the favorable ACC2 activity exhibited by
monoalkoxy groups tethered to either the C-3 or C-4
position of the phenyl ring, we also preliminarily inves-
tigated whether further potency improvements might be
gained by installing additional alkyl ether groups at
these positions. Compared to methoxy derivatives 7a
and 7v, 3,4- and 3,5-dimethoxy ethers 9a and 9b21 dis-
played greatly reduced activity indicating that multiple
distal alkoxy ring substituents have detrimental rather
than additive effects.


In summary, we have investigated the tolerance for varia-
tion of the isopropyl ether moiety in recently discovered
lead compound 2. SAR requirements for potent, selective
ACC2 inhibition were established. By tuning the size, nat-
ure, and regiochemistry of distal binding elements, excep-
tional levels of potency and selectivity were realized
within the structural series. Sterically compact alkoxy
substituents tethered to the C-4 position of the phenyl ring
provided the most selective ACC2 activity (>800-fold)
while larger, more flexible hydrophobic ethers produced
superior, though non-selective ACC2 potency
(IC50s � 4–5 nM). Although no modification in our study
resulted in a better overall profile than parent compound
2, the insights gained from this work will facilitate future
optimization efforts in other domains of the lead template.
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Abstract—Compounds 10a–10d and 10i are very potent inhibitors of Eimeria tenella cGMP-dependent protein kinase (0.081–
0.32 nM) and are very efficacious antiparasitic agents in vivo when administered to chickens at 12.5–25 ppm levels in the feed.
� 2006 Elsevier Ltd. All rights reserved.

Coccidiosis is the major cause of morbidity and mortal-
ity in the poultry industry. It is a disease of the avian
intestinal lining due to invasion by protozoan parasites
of the genus Eimeria. Some of the most significant Eime-
ria species in poultry are E. tenella, E. acervulina, E.
necartrix, E. brunetti, and E. maxima. Over 35 billion
chickens are raised annually worldwide and all major
poultry operations use anticoccidial agents prophylacti-
cally. Resistance to current coccidiostats is becoming
widespread1 and new broad spectrum drugs with novel
mechanisms are needed.
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The 2-(4-fluorophenyl)-3-pyrimidin-4-ylimidazo[1,2-a]-
pyridine derivatives (10) are potent inhibitors of the E.
tenella cGMP-dependent protein kinase2 (Et-PKG).
Genetic studies in Toxoplasma gondii, a protozoan par-
asite closely related to Eimeria, demonstrate that PKG is
essential for survival and represents a desirable thera-
peutic target.3 In this paper, the synthesis, SAR studies,
and biological data in vitro and in vivo of modified imi-
dazopyridine derivatives which are more potent than
our previously reported pyrrole analogs4 will be
discussed.


Synthesis. The imidazopyridine derivatives in Tables 1
and 25 were prepared as shown in Scheme 1.6 Methyla-
tion of 4-methyl pyrimidine-2-thiol 1 with DMF-DMA
gave 4-methyl-2-(methylthio)pyrimidine 2. The ketone3
was made by coupling the anion generated from 4-meth-
yl-2-(methylthio)pyrimidine 2 and lithium diisopropyla-
mide with 4-fluorobenzoate in tetrahydrofuran. The
bromo ketone 4 was made by brominating ketone 3 with
tetra-n-butylammonium tribromide in methylene chlo-
ride. The imidazopyridine 5 was made by cyclization
of bromo ketones 4 with 2-amino-4-hydroxymethylpyri-
dine 6 by refluxing in ethanol. The primary alcohol 5
was oxidized to the sulfone 7 with oxone and displace-
ment of the sulfone with amines or alcohols gave the
pyrimidine 8. The pyrimidine 8 was easily converted to
the mesylate 9 and displaced with different amines to
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Table 1.


N


N


N N


F


R1


N


Compound R1 Ten_K IC50(nM) ppm Et Ea


10a NH–Bn 0.081 25 3 3


10b NH2 0.11 12.5 3 3


10c NHMe 0.17 25 3 3


10d


NH


0.32 25 3 3


10e


HN


0.47 25 3 0


10f N(Me)–Bn 3.0 25 0 2


10g OBn 0.27 50 0 0


10h OMe 2.6 25 0 0


Table 2.


N


N


N N


F


NH


N


R2


R3


Compound R2 R3 Ten_K IC50 (nM) ppm Et Ea


10i CH2CH2OH Et 0.1 25 3 3


10j CH2CH2OH Me 0.11 25 3 0


10k Et Me 0.13 50 3 3


10l Et H 0.14 N.A. N.A. N.A.


10m Me H 0.16 25 0 2


10n t-Bu H 0.16 50 3 3


10o Et Et 0.16 25 3 0


10d Me Me 0.32 25 3 3


10p OH Me 0.81 50 3 0


10q OMe Me 0.93 25 2 0


10r COMe H 0.99 50 3 0


10s H H 1.4 50 3 0


N.A., not available.
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yield 10. Compounds in Tables 1 and 2 were made in a
similar manner.


Preparation of intermediate 5 is outlined in Scheme 2.7


2-Aminopicoline 11 was converted to 12 with acetic

anhydride. Oxidation of the 12 by potassium permanga-
nate gave the acid 13. Bubbling of hydrochloric gas into
ethanolic solution of the 13 provided the ester 14 and
reduction of the 14 by lithium aluminum hydride yielded
the alcohol 5.
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Biological assays. To evaluate these compounds as anti-
coccidial agents, an enzyme inhibition assay against E.
tenella cGMP-dependent protein kinase (Et-PKG) was
used as the initial in vitro screening assay; oocyst reduc-
tion against two major Eimeria species in poultry (E.
tenella (E.t.) and E. acervulina (E.a.)) was used for in vi-
vo assay. Treatments which provide at least 80% reduc-
tion in oocyst production are rated 3, those with 50–79%
are rated 2, and those with <50% are rated 0. Details of
these procedures and rules of scoring were published in
the preceding paper.4,6


Results and discussion. The data shown in Table 1 sum-
marize the effect of substituents in the 2-position of the
pyrimidine ring on PKG activity and in vivo efficacy. In
general, primary amine (10b) and secondary amines
(10a, 10c, and 10d) in this position have excellent
PKG activity (0.081–0.32 nM). However, a tertiary
amine (10f) is at least 14-fold less potent. Steric interac-
tion may not be very important in this position, since the
1-phenylethaneamine (10d) retains activity. Orientation
of methyl group plays a very important role in the
PKG activity since the S isomer (10d) is more potent
than the R isomer (10e). Strong hydrogen bonding
reduces the PKG activity as shown for the methoxy
(10h) and benzyloxy (10g) analogs which are less potent
than the methylamine (10c) and benzylamine (10a),
respectively. Anticoccidial activity of 10a–10d in vivo
is better than that of 10e–10h, and is consistent with
PKG activity in vitro.


As shown in Table 2, basicity in the 7-position of imi-
dazopyridine is very important for PKG activity. Sub-
stituents such as hydroxyl and methoxy amine (10p
and 10q), amide (10r), and primary amine (10s) are
much less potent than the secondary and tertiary amines
10i–10o. For active PKG inhibitors, in vivo efficacy is
determined by many factors (including absorption in

both host and parasites) that could be affected by the
basicity and lipophilicity of the compounds. In general,
for compounds listed in Tables 1 and 2, the in vivo activ-
ity tracks with the PKG activity fairly well. Potent PKG
inhibitors (10a–10d, 10i,10k, and 10o) are active in in vi-
vo assays when administered to birds in feed. The most
potent analogs are 10a–10d and 10i. These compounds
are active in feed at a level of 12.5–25 ppm. Commercial
coccidiostats such as salinomycin and amprol are active
at 66 and 130 ppm, respectively.


Conclusion. Novel imidazopyridine analogs were found
to be potent inhibitors of parasite PKG activity. The
most potent compounds are the tertiary amines 10a–
10d and 10i (PKG activity 0.081–0.32 nM). These com-
pounds were also fully active in in vivo assays as anti-
coccidial agents at 12.5–25 ppm level in feed.
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Abstract—Homology model of Leishmania SIR2 shed new light on the ligand binding features of this enzyme. The molecular elec-
trostatic potentials (MESP), the cavity depth analysis, and LmSIR2–hSIRT2 models’ superposition suggested that the nicotinamide
binding catalytic domain has several minor but potentially important structural differences. These differences could be exploited for
designing antileishmanial compounds.
� 2006 Published by Elsevier Ltd.

Leishmaniasis is a complex disease caused by at least 17
different species of the protozoan parasite Leishmania.
The parasite exists in two forms; the flagellated promas-
tigote in the female phlebotomine sandfly vector and the
amastigote in the mammalian host. Amastigotes are obli-
gate intracellular parasites of macrophages (and rarely
other cell types), where they survive and multiply within
a phagolysosome compartment. Leishmaniasis has tradi-
tionally been classified in three different clinical forms,
visceral leishmaniasis (VL), cutaneous leishmaniasis
(CL), and mucocutaneous leishmaniasis (MCL), which
have different immunopathologies and degrees of mor-
bidity and mortality. VL caused by Leishmania donovani
is fatal if untreated, whereas CL, caused by species such
as Leishmania major, Leishmania mexicana, Leishmania
braziliensis, and Leishmania panamensis, frequently self-
cures within 3–18 months, leaving disfiguring scars.
Although human leishmaniasis is distributed worldwide,
it is more frequent in the tropics and sub-tropics, with a
prevalence of over 12 million cases and an approximated
incidence of 0.5 and 1.5 million cases of VL and CL,
respectively. General aspects of leishmaniasis and overall
control strategies have been reviewed recently.1,2 In the
recent years, visceral leishmaniasis is reported to be
rapidly emerging as an opportunistic infection in HIV
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patients,3,4 in pregnant females, and in organ transplant
patients.5,6 Globalization and consequent travel of peo-
ple across the world has increased the chances of spread-
ing the infection.7,8


Pentavalent antimonials were brought into use against
this disease more than 50 years ago. Along with pen-
tamidines, polyene antibiotic amphotericin B have also
proved to be successful for the treatment of L. donovani
VL. However, these have the disadvantage of high tox-
icity. Immunocompromised leishmaniasis patients, espe-
cially those co-infected with HIV, are difficult to treat
with conventional drugs because relapses can occur
and repeated treatment is required.


Since the available treatment for leishmaniasis poses
many problems, researchers are looking at novel bio-
chemical targets in order to develop new drugs. In
1996, Ouaissi group had cloned a L. major SIR2 gene
(LmSIR2) encoding a protein, bearing characteristics
of sirtuin proteins.9 Overexpression of LmSIR2
increased the survival of amastigotes10 and sirtinol, a
sirtuin inhibitor, showed a stage specific cell killing
activity against Leishmania parasites in vivo11 while
nicotinamide inhibits LmSIR2 in vitro.12 Results
depicted in the literature demonstrate that LmSIR2
protects parasites against environmental stress and
may be considered as a potential drug target. Since,
SIR2 is present in human as well; the inhibitor for
the purpose of drug design needs to have selectivity
for the parasite target. This study was performed with
the aim to understand the active site and the binding
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characteristics of the ligands in the target. Molecular
electrostatic potential surface analysis and cavity
depth analysis of both the proteins revealed character-
istic differences between LmSIR2 and hSIRT2 which
can be exploited for selective ligand design.


All computations and molecular modeling of LmSIR2
were carried out on a Silicon Graphics Fuel Work
station with IRIX 6.5 operating system using the
MOE-03 (Molecular Operating Environment)13 and
SYBYL6.914 molecular modeling packages. Homology
modeling module of the MOE was used for comparative
protein modeling. The amino acid sequence of Leish-
mania SIR2 was obtained from the NCBI protein data-
base (SIR2_LEIMA; SWISSPROT Accession No.
Q25337) and WU-BLAST (Washington University
BLAST)15 retrieved four sirtuin crystal structures from
Protein Data Bank16 (Table 1).


Sequence alignment was done using ‘Roundrobin itera-
tive refinement option’ and ‘tree based alignment ap-
proach’ in MOE-Align module. BLOSUM62 matrix
was used and all the templates were aligned against
SIR2_LEIMA sequence. Manual alignment was done
at certain regions.


Homology modeling module of MOE was used for the
model building. Employing Coarse model refinement
10 independent models were constructed by the Boltz-
mann-weighted randomized modeling procedure. Each
of these intermediate models was subjected to a suffi-
cient degree of minimization to relieve any serious steric
clashes. The model with the best packing quality was
chosen and subjected to minimization steps. Validation
of the model was done with PROCHECK.17 Subse-
quently, homology model of LmSIR2 was superimposed
onto the hSIRT2 crystal structure (1J8F) and corre-
sponding residues within a radius of 7 Å of the substrate
(NAD) binding in the 1J8F crystal structure were
identified.


The electrostatic interaction is a crucial part of the non-
covalent interaction energy between molecules. The elec-
trostatic potential on a molecular surface can be used to
visually compare two molecules, guiding docking studies
and identifying sites that interact with ligands because of
opposite electrostatics. The following equation is used to
calculate the MEP values.

Table 1. Selected templates for modeling, showing percentage identity


with LmSIR2 using MOE-align, along with PDB CODE and


resolution in (Å) unit


Name Source Identity with


LmSIR2 (%)


PDB


code


Resolution (Å)


SIRT2 Homo sapiens 42 1J8F 1.700


yHST2 Saccharomyces


cerevisiae


36 1Q14 2.500


Sir2Af2 Archaeoglobus


fulgidus


32 1ICI 2.100


Sir2 Escherichia coli 30 1S5P 1.960

EPðiÞ ¼
XN


j¼1


qi


rij
ð1Þ


where EP(i) is the electrostatic potential at the surface
point i due to atom j having the partial charge qj and
separated by distance rij. The electrostatic potential
(EP) on the surface is generally colored according to
the sign and magnitude of the potential. The color ramp
for EP ranges from red (most positive) to purple (most
negative). To understand more characteristic differences
in active site of LmSIR2 and hSIRT2, we performed
cavity depth analysis along with MEP calculation.


The cavity depth measures how deep a surface point is
located inside a cavity of a molecule. The calculation
of this property is based on the difference of two molec-
ular surfaces. The unit of the cavity depth is Å. The col-
or ramp for cavity depth ranges from blue color (low
depth value) to light red (high depth value).


All MEP and cavity depth analysis calculations and
visualization were carried out using the MOLCAD pro-
gram implemented in the SYBYL6.9 molecular model-
ing package. The Gasteiger-Hückel charges were
assigned to the atoms of both structures (LmSIR2 and
hSIRT2) and surfaces were generated and visualized.


Strategy used for homology modeling of the LmSIR2 is
described below. WU-Blast2 server (Washington Uni-
versity Basic Local Alignment Search Tool; http://
www.ebi.ac.uk/blast2/) and BLOSUM 62 matrix with
an E-value cut off of 10 were used for the template
search. The results revealed the presence of four sirtuin
crystal structures, which could be used as template for
LmSIR2 modeling (Table 1). The best hit, human
SIRT2 (1J8F), was aligned pairwise (globally) with
LmSIR2 using Needleman–Wunsch Dynamic program-
ming to identify the overall similarity between the pro-
tein sequences (needle program in EMBOSS).18 The
identity and similarity between the target and template
was 33.5% and 49.6%, respectively. Since the two pro-
teins presented good alignment in the N-terminal region,
250 amino acid sequences in N-termini of both the pro-
teins were taken for local alignment using water algo-
rithm in EMBOSS package. This alignment showed
45.7% identity and 65.8% similarity between the
sequences indicating high conservation along the N-ter-
mini of the two proteins. This region includes the sub-
strate-binding site of the enzyme.


The four crystal structures from WU-BLAST search
were used to provide overlapping structural data for
the model building. Structure based information was
incorporated to the process for final multiple-sequence
alignment (Fig. 1) which showed regions corresponding
to residues R270 to E287 and A304 to D328 in LmSIR2
sequence as difficult to model regions. These regions did
not have any structural coordinate information from
any templates from PDB. The consensus secondary
structure prediction programs in Expasy predicted the
regions to be predominantly random coils. This indicat-
ed that modeling of these regions could be difficult and
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Figure 1. Multiple-sequence alignment of Leishmania SIR2 with the templates (SIRT2, yHST2, Sir2Af2, and Sir2). Gray areas indicate the highly


conserved regions in sirtuin family.
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may be unreliable. BLASTP against non-redundant pro-
tein database in NCBI showed these regions have simi-
larity only to Trypanosoma brucei Sir2 homologue
(EMBL: O96670) (similarity 63%) apart from similarity
to homologues in other Leishmania species. This indi-
cates that these regions may be characteristic of these
closely related species. Manual alignment was done at
region where the cysteine disulfide bridge was present
which corresponds to region C152 to C193 of LmSir2

(Fig. 1). Since default alignment did not align this region
properly cysteine residues were aligned manually.


Accordingly, structurally conserved regions (SCR) and
structurally variable regions (SVR) were defined, and
the model was built using human SIRT2 as the primary
template. The best of the 10 models built with good
packing quality was chosen as the final model. To con-
trol the degree of refinement by molecular mechanics







Figure 3. Structural topology of LmSIR2. Carton model represents


overall folds of LmSIR2, NAD is colored magenta in a ball and stick


model.


6016 R. U. Kadam et al. / Bioorg. Med. Chem. Lett. 16 (2006) 6013–6018

to apply to the final model, the model was subjected to a
highly tethered series of conjugate gradient minimiza-
tion steps. The medium minimization options using
Truncated Newton optimization algorithm, with RMS
gradient tests of 1 Å, were employed.


The quality of the modeled structure was assessed using
Ramachandran plot in PROCHECK validation pack-
age. After refinement, 95.7% of the residues were in
the allowed region, 2.7% were in the generously allowed
region. This indicated that the backbone dihedral an-
gles, phi and psi, in the model were reasonably accurate.
The residues in the disallowed region accounted only for
1.6% of the total protein. As the four residues in this dis-
allowed region were not a part of the active site under
investigation (Fig. 2), attempts to further refine the
model were not performed.


The LmSIR2 model exhibited the same overall folds of
the sirtuin family consisting of a large domain, a small
domain, and a long loop. The large domain of LmSIR2
contains parallel beta sheets forming a Rossmann fold
that is characteristic of many NAD/NADP binding en-
zymes. The small domain forms the roof of the nicotin-
amide group binding site. The large and small domains
do not make direct interactions, but, have fixed orienta-
tion to each other by virtue of interactions that are med-
iated by the extended connection loops. The region
between the small and large domains forms a pro-
nounced groove that runs roughly perpendicular to the
long axis of the molecule (Fig. 3). Studies on Sir2 family
members have revealed that hydrolysis of NAD to nico-
tinamide and ADP-ribose is tightly coupled to the
deacetylation of acetyl-lysine. Moreover, it has been
suggested that this coupled reaction generates a novel
product, 1-O-acetyl-ADP ribose, in which the acetyl
group from acetyl-lysine is transferred to the nicotin-
amide position of NAD.19–24


According to functionality of the active site regions,
the location of the active site has been referred to as

Figure 2. Ramachandran plot of LmSIR2 model by PROCHECK


validation package.

sites B and C.19 Site B is located on the extreme edge
of the conserved region close to the nicotinamide side
of the NAD and contains an accessible and deep chan-
nel that possibly is the binding site for the substrate.
This site has a chemical environment that is consistent
with a putative role in acetyl-binding. Specifically, at
the bottom of channel is a histidine residue, which is
strictly conserved within the Sir2 family (His187 in

Figure 4. The active site residues of hSIRT2 (magenta) superposition


onto the LmSIR2 (blue), along with ligand Nam interaction with


active site.







R. U. Kadam et al. / Bioorg. Med. Chem. Lett. 16 (2006) 6013–6018 6017

hSIRT2) and is likely to play an important role in
catalysis. In addition, the region close to the histidine
residue and towards the outside of the channel contains
conserved hydrophobic residues that may serve to com-
plement the aliphatic chain acetyl-lysine. Subsequently,
superposition of LmSIR2 and hSIRT2 reveals the char-
acteristic differences in the active site (Fig. 4). The res-
idues, Lys131, Ser146, Asn186, Val187, and Ala148 in
LmSIR2 are replaced by Arg174, Thr189, Asp231,
Ile232 and Tyr191 in hSIRT2, respectively. These rela-
tive differences in the active site should undoubtedly
affect the steric and electrostatic interactions with
inhibitors.


The MEP is a popular indicator of electrophilic and
nucleophilic centers, which governs the strength of
bonds, the strength of non-bonded interactions, and
molecular reactivity. It affects the strength of the inter-
action of the ligand with the receptor protein. Bhatta-
charrjee and Karle have used the MEP to relate the
antimalarial potency of carbinolamine analogs25 and
neurotoxicity of artemisinin analogs.26 In case of a li-
gand–protein interaction at the active site, the ligand
experiences a unique environment in terms of electro-
static, steric, and hydrophobic properties. Variations
in these properties in the active sites of different proteins
can contribute to selective/specific or tighter binding of
the ligand to enzyme proteins. Thus, a comparison of

Figure 5. Absolute molecular electrostatic potential (MEP) values displayed


indicates the highest negative potential, whereas the most positive potential i


the gradation of electrostatic potential in the respective enzymes. In order to m


have been put on the same scale (C).

the MEPs of LmSIR2 and hSIRT2 is one step toward
understanding selectivity in LmSIR2 inhibition.


The MEP surfaces depicted in Figure 5A and B are
shown with absolute values of the electrostatic potential
for LmSIR2 (�7688 to �15,569 kcal/mol Å


´
; Fig. 5A)


and hSIRT2 (�7892 to �14,833 kcal/mol Å
´


; Fig. 5B).
Since the range of potentials in the two proteins is vary-
ing, electrostatic potential of the two proteins was
placed on the same scale (�7688 to �15,569 kcal/mol Å


´
;


Fig. 5C) to make the comparison easier. As is evident in
Fig. 5C, the electrostatic potential covering the active
site residues in the two proteins has sharply differing val-
ues. Within the LmSIR2 active site, the surface around
Phe147, Asp127, Gly128, and Asn125 residues has a rel-
atively more electronegative potential than that created
by Ile169, Asp170, Thr171, and Ile175 residues within
hSIRT2 active site. Moreover, a contrasting feature is
also visible for the region encompassing residues
Phe51 and Leu93 within the LmSIR2 active site which
is less electropositive as compared to the corresponding
residues, Pro140 and Phe96, within hSIRT2 active site.
Further, the difference in the value of the potential at
Asp127 in LmSIR2 (�15,569 kcal/mol ’Å) and Asp170
in hSIRT2 (�14,371 kcal/mol Å


´
) might have a good im-


pact on the variable binding of NAD+ which is respon-
sible for the catalytic activity in sirtuins.19 This means
that the two proteins will bind the co-substrate

for active sites of LmSIR2 (A) and h SIRT2 (B). The deep blue color


s seen as a deep red color. The color spectrum shown to the left shows


ake valid comparisons between two models the electrostatic potentials
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(NAD+) in the same relative sense, but with different
binding affinities, due to the differences in the absolute
values of the electrostatic potential.


Subsequent cavity depth analysis of both proteins
revealed characteristic differences in the active site cleft
near to B- and C-pocket. (Supplementary material-1;
Fig. 1). In case of LmSIR2, area surrounding Ile126,
Asp127, and Phe147 has depth value of 8.5 Å


´
which is


different from the corresponding Ile169, Asp170,
Phe190 area in hmSIR2 which has a depth value of
6.7–7.3 Å


´
. These differences in active sites of the two


proteins can possibly make a reasonable contribution
toward selective binding of substrates and affect the ste-
ric and electrostatic interactions of NAD+ analogues if
designed as inhibitors. Thus, along with MEPS and cav-
ity depth analysis of LmSIR2 and hmSIR2 provides ba-
sic differences of active sites. However, molecular
dynamics simulations on active site of both proteins
may provide more clear and accurate understanding of
active site and selective binding of substrates. These dif-
ferences can possibly make a reasonable contribution to-
ward selective binding of substrates.


The chemotherapy currently available for leishmaniasis
is far from satisfactory and there is an urgent need for
discovering and developing safe, inexpensive, and orally
available drugs. The early stages of drug discovery are
done in phases of target identification, validation, and
hit/lead identification. In computer-aided drug design,
knowledge of the three-dimensional structure of a pro-
tein is of immense importance. Predictions of tertiary
structure can be made in the absence of crystallographic
structures by the study of sequence–structure–function
relationships. The most reliable method of protein struc-
ture prediction until now is modeling by homology. A
3D model of SIR2 in L. major was constructed by
homology modeling technique. This resulted in reliable
modeling of the ligand binding domain and shed new
light on the binding features of this enzyme, which has
not yet been crystallized. In particular, significant differ-
ences in the active sites for leishmania and human sirtuin
were identified. The model suggested several minor but
potentially important structural differences in the nico-
tinamide binding catalytic domain of the two proteins.
These differences could be possibly exploited in future
for design of antileishmanial compounds.

Supplementary data


Supplementary data associated with this article can be
found, in the online version, at doi:10.1016/
j.bmcl.2006.08.128.
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