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A series of 2-pyrimidyl-5-amidothiophenes has been synthesized and evaluated for AKT


inhibition. Compound 2aa is a potent AKT inhibitor and showed cellular activity including


antiproliferation and downstream target modulation. Selectivity profile is described. A co-


crystal of 2aa with PKA is determined and discussed.
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NH


N


OH


OMe


OMe


OH


OH


OMe


OH


OH


OH


R


R


OH


R


R


R


OH


R
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stilbene constrained analogue


Ring contraction Bioisosteric replacement


Stilbene framework


12: IC50= 1.19 µM


The design of compounds explores the hypothesis that the stilbenoid framework could be mimicked with an appropriate 2-


(Alkyloxyphenyl)benzimidazole scaffold. This framework has a similar structural motif as the 6-phenylnaphthalene and behaves like


stilbene bioisosteres. Compounds were synthesized through a rapid one-pot three component reaction via microwave irradiation.


Synthesis and biological evaluations of sulfanyltriazoles as novel HIV-1 non-nucleoside
reverse transcriptase inhibitors
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Zhiwei Wang, Baogen Wu, Kelli L. Kuhen, Badry Bursulaya,
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Identification of a lead pharmacophore for the development of potent nuclear receptor modulators as
anticancer and X syndrome disease therapeutic agents


pp 4178–4183


Hsiang-Ru Lin and Donald J. Abraham*
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The synthesis and evaluation of 1, 2, 3, 4-tetrahydroisoquinoline-N-phenylamide derivatives as androgen receptor and farnesoid


x receptor modulators are reported.


Synthesis of biotinylated photoaffinity probes based on arylsulfonamide c-secretase inhibitors pp 4184–4189


Haruhiko Fuwa,* Kenichi Hiromoto, Yasuko Takahashi, Satoshi Yokoshima, Toshiyuki Kan,
Tohru Fukuyama, Takeshi Iwatsubo, Taisuke Tomita and Hideaki Natsugari*
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Synthesis and biological evaluation of an arylsulfonamide class of c-secretase inhibitors are described. Design, synthesis, and


biological evaluation of multifunctional molecular probes harboring a benzophenone photophore as a cross-linking group and a


biotin tag are also reported.


Synthesis of 2-C-hydroxymethylribofuranosylpurines as potent anti-hepatitis C virus (HCV) agents pp 4190–4194


Byul Nae Yoo, Hea Ok Kim, Hyung Ryong Moon, Su Kyung Seol, Sung Key Jang,
Kang Man Lee and Lak Shin Jeong*
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On the basis of potent anti-HCV activity of 20-C-methyladenosine, novel 20-C-hydroxymethyladenosine analogues 2a–c were


synthesized from DD-ribose in order to lead to favorable interaction with HCV polymerase.


Synthesis of 13-amino costunolide derivatives as anticancer agents pp 4195–4199


Sanjay K. Srivastava,* Aji Abraham, Beena Bhat, Manu Jaggi,* Anu T. Singh, Vinod K. Sanna,
Gurvinder Singh, Shiv K. Agarwal, Rama Mukherjee and Anand C. Burman


O
O


N
R1


R2


4a-p


13


A number of 13-amino costunolide derivatives (4a–p) have synthesized and several of them have shown better cytotoxicity with


better safety index as compared to costunolide.
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Synthesis and antitumor activity of two natural N-acetylglucosamine-bearing triterpenoid saponins:
Lotoidoside D and E


pp 4200–4204


Mao-Cai Yan, Yang Liu, Hong Chen, Ying Ke,
Qing-Chun Xu and Mao-Sheng Cheng*


Two antiproliferative triterpenoid sapo-


nins bearing N-acetylglucosamine were


facilely synthesized. Antitumor activity


was preliminarily investigated (IC50 =


2.74 lM against HeLa cell).


Lactones from a brown alga endophytic fungus (No. ZZF36)
from the South China Sea and their antimicrobial activities


pp 4205–4208


Rui-yun Yang, Chun-yuan Li, Yong-cheng Lin,* Guang-tian Peng,
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Two new metabolites named 6-oxo-de-O-methyllasiodiplodin (1) and (E)-9-etheno-lasiodiplodin (2), with three known compounds,


were isolated from a brown alga endophytic fungus (No. ZZF36). Their antimicrobial activity had been tested and compared for the


first time.


Synthesis and hypoxic–cytotoxic activity of some 3-amino-1,2,4-benzotriazine-1,4-dioxide derivatives pp 4209–4213


Faqin Jiang, Bo Yang, Lingling Fan, Qiaojun He and Yongzhou Hu*


The synthesis and hypoxic–cytotoxic activity of 3-amino-1,2,4-benzotriazine-1,4-dioxide derivatives are reported.


Dithiocarbamic acid esters as anticancer agent. Part 1: 4-Substituted-piperazine-1-carbodithioic acid
3-cyano-3,3-diphenyl-propyl esters


pp 4214–4219


Xueling Hou, Zemei Ge, Tingmin Wang, Wei Guo, Jingrong Cui,*


Tieming Cheng, Chingshan Lai and Runtao Li*
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Hassallidin B—Second antifungal member of the Hassallidin family pp 4220–4222
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Antiproliferation and apoptosis induced by C-glycosides in human leukemia cancer cells pp 4223–4227


Carlos A. Sanhueza, Carlos Mayato, Marı́a Garcı́a-Chicano, Raquel Dı́az-Peñate,
Rosa L. Dorta and Jesús T. Vázquez*
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IC50 = 4.1 µM


A large series of alkyl C-glycosides was synthesized and screened against the human promyelocytic leukemia cell line (HL60),


showing significant activity and apoptosis.


Gram-scale synthesis of pinusolide and evaluation of its antileukemic potential pp 4228–4232


E. E. Shults,* J. Velder, H.-G. Schmalz,* S. V. Chernov, T. V. Rubalova,
Y. V. Gatilov, G. Henze, G. A. Tolstikov and A. Prokop*


Synthesis and evaluation of novel 1-(2-acylhydrazinocarbonyl)-cycloalkyl carboxamides
as interleukin-1b converting enzyme (ICE) inhibitors


pp 4233–4236


David L. Soper, Justin Sheville, Steven V. O�Neil, Yili Wang, Michael C. Laufersweiler,
Kofi A. Oppong, John A. Wos, Christopher D. Ellis, Amy N. Fancher, Wei Lu,
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Novel 1-(2-acylhydrazinocarbonyl)cycloalkyl carboxamides were designed and synthesized as selective peptidomimetic inhibitors of


interleukin-1b converting enzyme (ICE IC50 values <100 nM).
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Substituted chromones and quinolones as potent melanin-concentrating hormone receptor 1 antagonists pp 4237–4242
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A series of substituted chromones were designed, synthesized, and evaluated for their ability to bind melanin-concentrating hormone


receptor 1. Compounds with subnanomolar binding affinity and 66% oral bioavailability in rats were discovered.


In vivo antitumor activity of chitosan nanoparticles pp 4243–4245


Lifeng Qi* and Zirong Xu
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Effects of administration routes on antitumor efficacy of chitosan nanoparticles (CNP) against Sarcoma-180 subcutaneous tumor


formation and growth in ICR mice.


Design, synthesis, and biological evaluations of novel quinolones
as HIV-1 non-nucleoside reverse transcriptase inhibitors


pp 4246–4251


David Ellis, Kelli L. Kuhen, Beth Anaclerio, Baogen Wu, Karen Wolff, Hong Yin,
Badry Bursulaya, Jeremy Caldwell, Donald Karanewsky and Yun He*


Design and synthesis of potent, non-peptidic inhibitors of HPTPb pp 4252–4256


Kande K. D. Amarasinghe,* Artem G. Evidokimov, Kevin Xu, Cynthia M. Clark,
Matthew B. Maier, Anil Srivastava, Anny-Odile Colson, Gina S. Gerwe, George E. Stake,
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The development of novel 1,2-dihydro-pyrimido[4,5-c]pyridazine based inhibitors of lymphocyte
specific kinase (Lck)
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Bicyclo[3.1.0]hexyl urea melanin concentrating hormone (MCH)
receptor-1 antagonists: Impacting hERG liability via aryl modifications


pp 4262–4265


Mark D. McBriar,* Henry Guzik, Sherry Shapiro, Ruo Xu, Jaroslava Paruchova,
John W. Clader, Kim O�Neill, Brian Hawes, Steve Sorota, Michael Margulis,
Kristal Tucker, Daniel J. Weston and Kathleen Cox


1,4-Dihydroindeno[1,2-c]pyrazoles as novel multitargeted receptor tyrosine kinase inhibitors pp 4266–4271


Jürgen Dinges,* Kimba L. Ashworth, Irini Akritopolou-Zanze, Lee D. Arnold, Steven A. Baumeister,
Peter F. Bousquet, George A. Cunha, Steven K. Davidsen, Stevan W. Djuric, Vijaya J. Gracias,
Michael R. Michaelides, Paul Rafferty, Thomas J. Sowin, Kent D. Stewart, Zhiren Xia and Henry Q. Zhang


A series of 1,4-dihydroindeno[1,2-c]pyrazoles with urea-type side chains was


identified as potent multitargeted (VEGFR and PDGFR families) receptor


tyrosine kinase inhibitors. A KDR homology model suggested that the urea


moiety is able to interact with a recognition motif in the hydrophobic specificity


pocket of the enzyme.


CA224, a non-planar analogue of fascaplysin, inhibits Cdk4 but not Cdk2
and arrests cells at G0/G1 inhibiting pRB phosphorylation


pp 4272–4278


Sachin Mahale, Carine Aubry, A. James Wilson, Paul R. Jenkins,
Jean-Didier Maréchal, Michael J. Sutcliffe and Bhabatosh Chaudhuri*
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CA224, a tryptamine analogue of fascaplysin, is a specific inhibitor of Cdk4-D1 against Cdk2-A in enzyme assays, blocks cancer


cells at G0/G1 and prevents pRB hyperphosphorylation, but does not bind or intercalate DNA like fascaplysin.
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Mapping the bound conformation and protein interactions of microtubule
destabilizing peptides by STD–NMR spectroscopy


pp 4279–4282
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Using HTI-286 as a model we demonstrate that relaxation-compensated


STD–NMR can be an effective tool to provide a qualitative epitope map


for microtubule destabilizing peptides. It was essential to collect STD


with short saturation times to render an accurate picture of the binding


interaction.


Aryloxyethylamines: Binding at a7 nicotinic acetylcholine receptors pp 4283–4286


Hanan M. Ragab, Jin Sung Kim, Małgorzata Dukat, Hernán Navarro and Richard A. Glennon*
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An examination of several aryloxyalkylamine analogs 4 and 5 was undertaken to determine the role of various structural features for


binding at homomeric a7 nicotinic acetylcholine receptors. In general, the ring N atom might contribute to affinity but is not


essential. In contrast, the N,N,N-trimethyl quaternary amine is a major contributor to a7 binding.


Discovery of potent CRTh2 (DP2) receptor antagonists pp 4287–4290


Timothy N. Birkinshaw,* Simon J. Teague,* Claire Beech, Roger V. Bonnert,
Stephen Hill, Anil Patel, Sara Reakes, Hitesh Sanganee, Iain G. Dougall,
Tim T. Phillips, Sylvia Salter, Jerzy Schmidt, Elizabeth C. Arrowsmith,
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The discovery and optimisation of potent antagonists of the CRTh2 receptor is described culminating


in the synthesis of 12, a novel, potent, selective and metabolically stable lead compound.


Opiate receptor binding properties of morphine-, dihydromorphine-, and codeine 6-O-sulfate
ester congeners


pp 4291–4295


Peter A. Crooks,* Santosh G. Kottayil, Abeer M. Al-Ghananeem,
Stephen R. Byrn and D. Allan Butterfield
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CH3R2A series of 3-O-acyl-6-O-sulfate esters of morphine, dihydromorphine, N-methylmorphinium


iodide, codeine, and dihydrocodeine were prepared and evaluated for their ability to bind to l-,
d-, j1-, j2-, and j3-opiate receptors. Several compounds exhibited good affinity for the l-opiate
receptor. Morphine-3-O-propionyl-6-O-sulfate had four times greater affinity than morphine


at the l-opiate receptor and was the most selective compound at this receptor subtype.
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Design and synthesis of tetracyclic nonpeptidic biaryl nitrile inhibitors of cathepsin K pp 4296–4299
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A novel series of potent and selective inhibitors of cysteine protease cathepsin K is described.


The interaction between tylophorine B and TMV RNA pp 4300–4304


Zhen Xi,* Ruoyu Zhang, Zhihong Yu and Di Ouyang


Tobacco mosaic virus (TMV) inhibitor tylophorine B binds to TMV RNA in multiple binding sites with IC50 of 2.4 nM. It also


binds to assembly origin of TMV RNA with one binding site of Kd of 9 nM. We speculate that tylophorine B likely exerts its virus


inhibition by binding to assembly origin, and interfering with virus assembly initiation.


Design and synthesis of 4-substituted-8-(2-phenyl-cyclohexyl)-2,8-diaza-spiro[4.5]decan-1-one as
a novel class of GlyT1 inhibitors: Achieving selectivity against the l opioid
and nociceptin/orphanin FQ peptide (NOP) receptors


pp 4305–4310


Daniela Alberati, Simona M. Ceccarelli, Synèse Jolidon, Eva A. Krafft, Anke Kurt, Axel Maier,
Emmanuel Pinard, Henri Stalder, Deborah Studer, Andrew W. Thomas* and Daniel Zimmerli
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GlyT1 EC50 (µM): 0.246 


NOP IC50 (µM): >10


µ IC50 (µM): >10


GlyT1 EC50 (µM): 0.073 


NOP IC50 (µM): 0.310


µ IC50 (µM): 0.520


A novel class of 4-substituted-8-(2-phenyl-cyclohexyl)-2,8-diaza-spiro[4.5]de-


can-1-ones have been discovered and developed as potent and selective GlyT1


inhibitors. The molecules display excellent selectivities (when compared to their


triazaspiropiperidine analogues) against the l opioid receptor as well as the


nociceptin/orphanin FQ peptide (NOP) receptor.


Discovery of 4-substituted-8-(2-hydroxy-2-phenyl-cyclohexyl)-2,8-diaza-spiro[4.5]decan-1-one
as a novel class of highly selective GlyT1 inhibitors with improved metabolic stability


pp 4311–4315


Daniela Alberati, Dominik Hainzl, Synèse Jolidon, Eva A. Krafft, Anke Kurt,
Axel Maier, Emmanuel Pinard, Andrew W. Thomas* and Daniel Zimmerli
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X = N; Y = H: CLint (µL/min/mg protein): 240
X = N; Y = OH: CLint (µL/min/mg protein): 499


X = CH; Y = H: CLint (µL/min/mg protein): 36


X = CH; Y = OH: CLint (µL/min/mg protein): 13


A novel class of 2,8-diaza-spiro[4.5]decan-1-ones have been discovered and developed


as potent and selective GlyT1 inhibitors. In general, the diaspiropiperidine series show


improved metabolic stability (when compared to the triazaspiropiperidine series) and


we have also identified a key relationship between reducing basicity of the piperidine


nitrogen and reducing hERG affinity.
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N-Hydroxyurea—A versatile zinc binding function in the design of metalloenzyme inhibitors pp 4316–4320


Claudia Temperini, Alessio Innocenti, Andrea Scozzafava and Claudiu T. Supuran*
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4-Substituted-8-(1-phenyl-cyclohexyl)-2,8-diaza-spiro[4.5]decan-1-one as a novel class of highly
selective GlyT1 inhibitors with superior pharmacological and pharmacokinetic parameters


pp 4321–4325


Daniela Alberati, Dominik Hainzl, Synèse Jolidon, Anke Kurt, Emmanuel Pinard,
Andrew W. Thomas* and Daniel Zimmerli
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A novel class of 4-substituted-8-(1-phenyl-cyclohexyl)-2,8-diaza-spiro[4.5]decan-1-ones have been


discovered and developed as potent and selective GlyT1 inhibitors. These molecules also exhibit


superior pharmacological and pharmacokinetic parameters, relative to all GlyT1 inhibitors of the


spiropiperidine family, culminating in the identification of 16b with an oral bioavailability of ~60%. A


straightforward two-step procedure for the assembly of the target molecules is also presented.


Isothiazolopyrimidines and isoxazolopyrimidines as novel multi-targeted inhibitors of
receptor tyrosine kinases


pp 4326–4330


Zhiqin Ji,* Asma A. Ahmed, Daniel H. Albert, Jennifer J. Bouska, Peter F. Bousquet,
George A. Cunha, Keith B. Glaser, Jun Guo, Junling Li, Patrick A. Marcotte,
Maria D. Moskey, Lori J. Pease, Kent D. Stewart, Melinda Yates,
Steven K. Davidsen and Michael R. Michaelides
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A series of isothiazolopyrimidines and isoxazolopyrimidines were synthesized and identified as


potent RTK inhibitors. SAR studies led to isothiazolopyrimidine urea analogs that potently


inhibit VEGFR tyrosine kinases (KDR enzymatic and cellular IC50values below 10 nM) as


well as cKIT and TIE2.


Identification of potent and highly selective chiral tri-amine and tetra-amine l opioid
receptors ligands: An example of lead optimization using mixture-based libraries


pp 4331–4338


Adel Nefzi, John M. Ostresh, Jon R. Appel, Jean Bidlack, Colette T. Dooley and Richard A. Houghten*
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Screening of a mixture based heptaamine library (34,012,170 compounds) against l opioid receptor and identification of highly


active heptaamine compounds.
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Structure–activity relationships of triazolopyridine oxazole p38 inhibitors: Identification
of candidates for clinical development
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N-(1,2-Diphenylethyl)piperazines: A new class of dual serotonin/noradrenaline reuptake inhibitor pp 4345–4348


M. Jonathan Fray,* Gerwyn Bish, Alan D. Brown, Paul V. Fish, Alan Stobie,
Florian Wakenhut and Gavin A. Whitlock
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human amine transporter IC50 (nM)
14 R = 2-Cl 5.4 (5-HT); 22 (NA); 1300 (DA)


R = 2-OEt 13 (5-HT); 16 (NA); >4000 (DA)


The synthesis and structure–activity relationships are described for a


series of 20 mono-substituted N-(1,2-diphenylethyl)piperazines as dual


serotonin/noradrenaline reuptake inhibitors. Compound 14 possessed a


similar in vitro potency selectivity profile to duloxetine.


Structure–activity relationships of N-substituted piperazine amine reuptake inhibitors pp 4349–4353


M. Jonathan Fray,* Gerwyn Bish, Paul V. Fish, Alan Stobie, Florian Wakenhut
and Gavin A. Whitlock
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Ar = Ph, C6H4F, 3-pyridyl,
2-thiazolyl, 5-thiazolyl 
R = pyridyl, naphthyl, o-C6H4Cl,
o-C6H4OEt


The synthesis and structure–activity relationships are described for 26 variously


N-substituted piperazines as dual serotonin/noradrenaline reuptake inhibitors.


Compound (R)())-2 was a potent, balanced 5-HT/NA reuptake inhibitor with high


selectivity over a wide range of GPCRs and demonstrated only weak inhibitory activity


versus cytochromes P450.


b-Secretase inhibitors: Modification at the P4 position and improvement of inhibitory
activity in cultured cells


pp 4354–4359


Yoshio Hamada, Naoto Igawa, Hayato Ikari, Zyta Ziora, Jeffrey-Tri Nguyen, Abdellah Yamani,
Koushi Hidaka, Tooru Kimura, Kazuki Saito, Yoshio Hayashi, Maiko Ebina, Shoichi Ishiura
and Yoshiaki Kiso*
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The development of novel C-2, C-8, and N-9 trisubstituted purines as inhibitors of TNF-a production pp 4360–4365
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Analysis of complexes of inhibitors with Cryptosporidium hominis
DHFR leads to a new trimethoprim derivative


pp 4366–4370


Veljko M. Popov, David C. M. Chan, Yale A. Fillingham, W. Atom Yee,
Dennis L. Wright and Amy C. Anderson*


A trimethoprim derivative with an ethyl substitution at the C7 position forms van der


Waals contacts with Cys 113 and shows increased potency.


Hit-to-lead optimization of 1,4-dihydroindeno[1,2-c]pyrazoles as a novel class of KDR kinase inhibitors pp 4371–4375


Jürgen Dinges,* Irini Akritopoulou-Zanze, Lee D. Arnold, Teresa Barlozzari, Peter F. Bousquet,
George A. Cunha, Anna M. Ericsson, Nobuhiko Iwasaki, Michael R. Michaelides, Nobuo Ogawa,
Kathleen M. Phelan, Paul Rafferty, Thomas J. Sowin, Kent D. Stewart, Ryukou Tokuyama,
Zhiren Xia and Henry Q. Zhang


A series of 1,4-dihydroindeno[1,2-c]pyrazoles was evaluated as KDR kinase inhibitors. Hit-to-lead optimization studies led to 19, a
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A structurally novel series of selective PPARd agonists is reported.
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Fluorescence-labeled aptamer for LL-argininamide was developed by a combination of


DNA aptamer and fluorophore–quencher pairs. The fluorescence intensity of the


aptamer was reduced to about one-fifth by the addition of LL-argininamide. The binding


affinities of the modified aptamers were nearly equal to that of its original aptamer.
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A series of nimbolide derivatives have been synthesized and evaluated for in vitro cytotoxic activity against a panel of human cancer


cell lines.
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Synthesis and anthelmintic activity of substituted (R)-phenyllactic acid containing cyclohexadepsipeptides pp 4410–4415
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The substituted (R)-phenyllactic acid containing cyclohexadepsipeptides


(CHDPs) 3–7 represent novel enniatin derivatives with strong in vivo activities


against the parasitic nematode Haemonchus contortus Rudolphi in sheep. 2D


NMR spectroscopic analysis revealed for the substituted (R)-phenyllactic acid


containing CHDPs one major conformer with an unsymmetrically folded


conformation lacking a cis-amide bond. A correlation between the substitution


pattern and its anthelmintic activity was found. Here we report on a simple total


synthetic pathway of the precursor for this particular type of CHDPs and an


efficient modification of the benzylic side chain (R-PhLac2).
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The synthesis of a series of tricyclic oxazolidinones employing a tandem SN2 and SNAr reaction as the key step is disclosed. SAR


studies on these novel compounds resulted in certain potent antibacterial compounds.
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N-(1,2-Diphenylethyl)piperazines: A new class of dual serotonin/
noradrenaline reuptake inhibitor
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Abstract—The synthesis and structure–activity relationships of a novel series of piperazine derivatives as dual inhibitors of serotonin
and noradrenaline reuptake is described. Two compounds possessed comparable in vitro profiles to the dual reuptake inhibitor
duloxetine.
� 2006 Elsevier Ltd. All rights reserved.
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1 fluoxetine 2 sertraline 3 paroxetine


4 (+)-reboxetine 5 venlafaxine 6 duloxetine

Release of the neurotransmitters serotonin (5-hydroxy-
tryptamine, 5-HT), noradrenaline (norepinephrine,
NA) and dopamine (DA) into the synaptic cleft results
in receptor activation, and is followed by reuptake of
the neurotransmitters by their respective cognate trans-
porter proteins. Inhibition of these transporters consti-
tutes an attractive approach to the treatment of a
number of diseases.1 For example, the selective seroto-
nin reuptake inhibitors fluoxetine (1), sertraline (2) and
paroxetine (3) are all established anti-depressants.2


Reboxetine (4), a selective NA reuptake inhibitor, is also
used to treat depression,3 and clinical studies have been
conducted in patients with seasonal affective disorder,
Parkinson’s disease, panic disorder and attention deficit
hyperactivity disorder. Dual 5-HT/NA reuptake inhibi-
tors, for example, venlafaxine (5)4 and duloxetine (6),5


have shown efficacy as anti-depressants. Duloxetine
has also shown efficacy in stress urinary incontinence.6


Inhibitors of dopamine reuptake are of interest as agents
to treat Parkinson’s disease and cocaine dependency,7


and more recently the role of neurotransmitter uptake
inhibitors has been examined in clinical trials and
animal models of chronic and inflammatory pain.8


It is notable that the compounds shown above are able
to span a range of activities from selective 5-HT to
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selective NA and dual 5-HT/NA transporter inhibition,
according to the particular structural features.9 To iden-
tify novel leads as dual 5HT/NA reuptake inhibitors, the
Pfizer compound files were searched for compounds
sharing some of the structural features of compounds
1–6. One particularly interesting compound was 7,
which had been prepared some years previously as an
intermediate for a d-opioid ligand programme.10


N


NH


OH


5-HT IC50 =   9.5 nM
NA   IC50 =    14 nM
DA   IC50 =   1400 nM


7
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Compound 7 potently inhibited both [3H]-5-HT and
3

[ H]-NA reuptake in HEK293 cells transfected with


the human amine transporters with 100-fold selectivity
over the dopamine transporter.11 We therefore under-
took to explore the structure–activity relationships of
analogues of compound 7.


Compounds 8–26 were conveniently prepared using mod-
ifications of Katritzky’s amine synthesis (Scheme 1).12,13


Thus, condensation of equimolar quantities of benzalde-
hyde, N-Boc-piperazine and benzotriazole in refluxing
toluene with azeotropic removal of water afforded 27,
which was not isolated, but added directly as a solution
in toluene to a solution of the relevant benzylic
Grignard reagent (2 equiv) or zinc reagent.14 The result-
ing N-Boc piperazines were then deprotected under stan-
dard conditions to give 8–10 and 12–24.15 Compounds
11 and 25 were prepared by hydrolysis of the
corresponding nitriles 10 and 23 (3 equiv KOH,
t-BuOH, reflux).16 Compound 26 was prepared by the
reaction of 27 with (2-methanesulfonyl)benzyl zinc
bromide (from (2-methanesulfonyl)benzyl bromide17


and activated zinc dust), followed by Boc-deprotection.


Compounds 8–27 were assayed for their ability to inhib-
it the uptake of [3H]-5-HT and [3H]-NA in HEK293 cells
expressing a single human amine transporter.11 Refer-
ence data were also measured for fluoxetine, reboxetine
and duloxetine. In addition, selected compounds were
also assayed against the dopamine transporter in
HEK293 cells. Results are shown in Table 1.


Compound 7 has comparable potency to duloxetine ver-
sus both the 5-HT and NA transporters, with at least
100-fold selectivity over the DA transporter. The unsub-
stituted derivative 8 was marginally less potent against
all three transporters. Of the other analogues bearing a
single substituent in the 3-position (9–13), most retained
good potency versus 5-HT reuptake, but were less po-
tent than 7 versus NA reuptake, with the 3-carboxamide
11 derivative being particularly weak. This may indicate
a severe steric restriction at this position.


A series of close 2-position analogues was then exam-
ined (compounds 14–26). The chloro-substituted ana-
logue 14 was comparable in potency and selectivity to
duloxetine, whereas the bromo analogue 15 and the

N


N


N


N


N


NH


N


O


OBut


27


a


Scheme 1. Reagents and conditions: (a) benzaldehyde, benzotriazole, toluene


to 0 �C, 30 min or ArCH2ZnHal, THF, 20 �C, 3 h, 35–75%; (c) 50% TFA, C

CF3O (16), which is often considered a good isostere
of chlorine, were about 2-fold less potent. The trifluoro-
methyl analogue 17 was similar, with a 3-fold difference
between 5-HT and NA activities, but had >100-fold
selectivity versus the DA transporter. In contrast, the
methyl and ethyl analogues, 18 and 19, possessed good
potency versus 5-HT reuptake but were 3.5- to 4.5-fold
less potent than duloxetine versus NA reuptake. The
alkoxy analogues 20–23 showed a slight trend to
decreasing potency with increasing size. Thus, in this
series, the methoxy (20) and ethoxy (21) analogues were
the best, and exhibited 2-fold lower potency than
duloxetine versus 5-HT reuptake, but comparable
potency to duloxetine versus NA reuptake and superior
selectivity versus DA reuptake. The structure–activity
relationships for substituents at the 2-position are rela-
tively flat with both electron-withdrawing and elec-
tron-donating substituents giving good potency as long
as they were not too large. Introduction of more polar
substituents, as in 24–26, led to a significant loss of
potency.


We have found that in this series of N-substituted pip-
erazines it is possible to obtain dual 5-HT/NA reuptake
inhibition similar to duloxetine (e.g., compounds 7 and
14) or at slightly lower potency (e.g., compounds 8, 15–
17) or with slightly modified 5-HT:NA reuptake inhibi-
tion ratios (duloxetine = 3:1, compounds 20 and
21 = approx 1:1). In the context of treating urinary
incontinence, duloxetine, with a 5-HT:NA reuptake
inhibition ratio of 3:1, has been shown to be effica-
cious, however, it is as yet unclear whether this ratio
is optimal. It was, however, not possible to achieve
very high potency (<10 nM) versus NA reuptake. It
is of interest that an ortho substituent in one of the
phenyl rings (optimally ethoxy, as in compound 22)
was necessary to obtain potent activity versus the nor-
adrenaline transporter, cf. reboxetine, a highly selective
NA reuptake inhibitor, yet potent blockade of the 5-
HT transporter was also achieved. Of the compounds
screened versus DA reuptake, most possessed very
low potency. A recent paper18 describes diaryl tropane
derivatives as selective DA reuptake inhibitors, which
would at first glance appear to have some similarity
with the compounds described here, although the dis-
tance between the phenyl rings and the basic centre
seems shorter. Such observations show just how subtle
the dependence of activity is on structure.
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, Dean–Stark apparatus, reflux, 18 h; (b) ArCH2MgHal, THF, �78 �C
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Table 1. Inhibition of Human amine reuptake by N-substituted


piperazines


N


NH


R
2


3


4


Compound R IC50 (nM)


5-HT NA DA


7 3-OH 9.5 14 1400


8 H 14 39 >4000


9 3-Cl 9.4 54 NT


10 3-CN 4 300 NT


11 3-CONH2 210 >400 NT


12 3-OMe 25 130 >4000


13 3-CF3 13 >400 NT


14 2-Cl 5.4 22 1300


15 2-Br 15 35 NT


16 2-CF3O 13 38 NT


17 2-CF3 10 31 >4000


18 2-Me 12 90 NT


19 2-Et 16 72 >4000


20 2-MeO 18 22 11,000


21 2-EtO 13 16 >4000


22 2-n-PrO 22 31 NT


23 2-CF3CH2O 38 61 >4000


24 2-CN 87 73 NT


25 2-CONH2 >400 >400 NT


26 2-SO2CH3 >400 270 NT


Fluoxetine 16 5200 4400


Reboxetine 590 11 >25,000


Duloxetine 6.0 19 870


Notes: IC50 values are a geometric mean of at least n = 4. A difference


of <2-fold should not be considered significant.


NT, not tested.
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These results were very encouraging and we therefore
prepared further analogues, which are the subject of
the following communication.
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Abstract—Nimbolide (1), a limonoid isolated from Azadirachta indica, is the chief cytotoxic principle in Neem leaves extract. Using
nimbolide as a lead compound for anti-cancer analogue design, a series of nimbolide derivatives have been synthesized and evalu-
ated for in vitro cytotoxic activity against a panel of human cancer cell lines. Out of 10 compounds screened 2g, 2h and 2i showed
potent activity.
� 2006 Elsevier Ltd. All rights reserved.

Cancer is a disease of striking significance in the world
today. It is second leading disease cause of death in most
of the countries after cardiovascular disease and it is
projected to becoming the primary cause of death within
the coming years.1 Azadirachta indica popularly known
as ‘neem’ or ‘nimba’ is indigenous to Indo-Pakistan sub-
continent and almost all parts of the tree offer tremen-
dous potential for medicinal, agricultural and
industrial exploitation.


Among the various constituents of A. indica, limonoids
are the major compounds. These compounds are identi-
fied to possess a wide range of biological activities. Nim-
bolide (1), the major component of leaves of A. indica
(Neem), has been shown to exhibit numerous biological
activities such as anti-feedent,2 anti-malarial3 and anti-
microbial activities.4 It has also exhibited significant
anti-cancer activity.5,6


Chemically, nimbolide has a classical limonoid skeleton
with a,b-unsaturated ketone system and d-lactonic ring.
However, literature search reveals that a,b-unsaturated
ketone structural element is responsible for its anti-can-
cer activity.7 On this basis, our studies on nimbolide
have been targeted to prepare its derivatives without
effecting the unsaturated ketone. So, we focused on lac-
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tone ring at C-28 position and prepared several deriva-
tives by opening the lactone ring.


This was achieved by reacting nimbolide (1) with the pri-
mary amines for 24–36 h under reflux condition in anhy-
drous THF (Scheme 1). In order to understand the
amine structural requirement, different amines with di-
verse structures are used in the reaction for studying
the activity variations. In continuation of our ongoing
research programme on natural product-based drug de-
sign,8 we report here the synthesis of nimbolide deriva-
tives and the evaluation of their biological activity in
in vitro growth inhibition of cancer cell lines.


Nimbolide and its derived analogues were assayed for
in vitro cytotoxicity against human cancer cell lines,
HT-29, SW-620 (colon) and HOP-62, A-549 (lung),
PC-3 (prostate), and OVCAR-5 (ovary) using sulforho-
damine.9 The cells were allowed to proliferate in the
presence of test material for 48 h and results are report-
ed in terms of their IC50 values (Table 2). It has been ob-
served that all the compounds displayed negligible
activity on A-549 cell line. All the tested compounds
exhibited varying degrees of activity against the tested
cell lines with each one showing some degree of cell spec-
ificity against particular cell lines. It is evident from
Table 2, compounds 2g, 2h and 2i showed potent cyto-
toxicity in comparison with the parent compound. Com-
pound 2g was highly active against HT-29, HOP-62 and
PC-3 cell lines. Compound 2h displayed remarkably
high activity against all the tested cell lines except for
A-549. Similarly, 2i showed a high degree of cytotoxicity
against SW-620, HT-29, OVCAR-5 and PC-3 cell lines.
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Table 1. Synthesis of nimbolide analogues


Compound R Time (h) Yielda (%)


2a CH2-NH- 24 80


2b CH2-NH-MeO 24 90


2c
CH2-NH-


MeO


24 86


2d CH2-NH-F 26 92


2e CH2-NH-CF3 24 96


2f
CH-NH-


CH3


30 80


2g CH-CO2Me
NH-


24 95


2h


NH-
24 96


2i O N- 24 80


2j N- 36 70


a Isolated yields.


Table 2. IC50 values (lM) for nimbolide and its analogues


Compound HT-29 SW-620 HOP


Nimbolide 6.94 8.25 10.3


2a 43.25 NA 26.2


2b NA NA 102.3


2c 63.12 NA 79.1


2d 78.14 NA NA


2e 17.48 26.40 14.1


2f 47.16 NA NA


2g 8.62 NA 13.4


2h 0.05 0.08 4.8


2i 3.38 5.72 NA


2j 91.46 NA NA


NA, not active.
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Scheme 1. Synthesis of amide derivatives of nimbolide.
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By comparing the cytotoxic potentials of the com-
pounds with different substitutions as well as different
positions the following conclusions were drawn: (i) the
compounds that had a substitute at para position (2b,
2d, and 2e) of the benzene ring showed poor cytotoxicity
than the hit compound 1; (ii) derivatives with meta sub-
stituent (2c) weakened the activity towards all cell lines;
(iii) introducing the amino acid group (2g) led to
enhancement of the activity particularly and (iv) accord-
ingly, introduction of cylic secondary amines also en-
hanced the activity to a greater extent. This result
indicates that introduction of morpholine and methyl es-
ter of phenyl glycine can lead to increasing the perme-
ability and stability, which significantly improve
inhibitory effect of cancer cell growth.


All the chemicals and solvents were used as purchased.
The 1H NMR spectra in CDCl3 were recorded either
on a Bruker AV-300 or Gemini 200 MHz spectrometers
and all chemical shifts are reported in ppm. The IR spec-
tra were recorded on Perkin-Elmer spectrophotometer.
Mass spectral data were obtained on a Agilent 1100 ser-
ies LC-MSD ion trap detector. 1H NMR, IR and MS
analyses characterized all the target compounds.10


In a typical experiment, nimbolide (1) (46 mg) was
taken in anhydrous THF and to that benzyl amine
(21 mg, 2 equiv) was added and the contents were
refluxed under stirring for a period of 24 h. The
reaction is monitored over TLC and at the end THF
is removed under reduced pressure and the crude
product is loaded on a silica gel column and eluted
with 50% EtOAc in hexane to obtain pure 2a in 80%
yield. The various analogues prepared and their
isolated yields are tabulated in Table 1.

-62 A-549 PC-3 OVCAR-5


7 15.56 4.59 4.17


8 NA NA 82.40


4 NA 21.50 93.13


7 NA NA NA


NA NA 84.11


0 37.28 32.34 NA


NA 43.14 89.18


8 NA 8.11 NA


3 NA 7.43 1.53


NA 2.26 2.11


78.34 48.18 62.34
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In summary, we prepared a novel class of nimbolide
derivatives modified on lactone ring under catalyst-free
conditions. The position and nature of the substituent
seems to be crucial for the cytotoxic activity. We found
that compounds 2g and 2i possessed strong inhibitory
activities than nimbolide (1). In vivo studies and SAR
studies are currently under investigation.
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19), 0.98 (6H, s, H-3 0, -4 0). 13C NMR (300 MHz, CDCl3) d
201.75 (C-1), 126.18 (C-2), 150.05 (C-3), 42.08 (C-4), 28.19
(C-5), 66.15 (C-6), 85.34 (C-7), 47.96 (C-8), 39.00 (C-9),
50.88 (C-10), 34.08 (C-11), 174.98 (C-12), 148.02 (C-13),
135.26 (C-14), 86.97 (C-15), 40.96 (C-16), 49.78 (C-17),
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Compound 2i. IR (KBr) mmax, cm�1: 3497 (OH), 2956,
2851, 1760 (COOMe), 1700 (C@O), 1617 (amide C@O),
1540, 1353, 1219, 772. 1H NMR 200 MHz, CDCl3: d 7.31
(1H, d, J = 1.0 Hz, H-23), 7.22 (1H, s, H-21), 6.42 (1H,
d, J = 9.6, H-3), 6.30 (1H, d, J = 1 Hz, H-22), 5.74 (1H,
d, J = 9.6 Hz, H-2), 5.55 (1H, t, J = 6.6, H-15), 4.64 (1H,
dd, J = 12.2, 3.4 Hz, H-6), 4.20 (1H, d, J = 3.5 Hz, H-7),
3.70 (1H, t, J = 6.2 Hz, H-17), 3.62–3.68 (2H, m, H-2 0,
C-6 0), 3.58 (3H, s, OMe), 3.55–3.50 (2H, m, H-3 0, 50),
2.85 (1H, dd, J = 15.6, 5.3 Hz, H-11a), 2.68 (1H, 1H, d,
J = 5.3 Hz, H-9), 2.64 (1H, d, J = 12.0, H-5), 2.35 (1H,
dd, J = 15.5, 5.4 Hz, H-11b), 2.20 (1H, dd, J = 12.0,
6.5 Hz, H-16a), 2.08 (1H, dd, J = 12.0, 6.5 Hz, H-16b),
1.75 (3H, s, H-18), 1.54 (3H, s, H-30), 1.25 (3H, s, H-19).
13C NMR (300 MHz, CDCl3): d 200.15 (C-1), 126.33 (C-
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2), 150.65 (C-3), 42.24 (C-4), 28.22 (C-5), 66.19 (C-6),
85.58 (C-7), 47.78 (C-8), 39.12 (C-9), 50.54 (C-10), 34.25
(C-11), 174.90 (C-12), 148.25 (C-13), 135.58 (C-14), 86.78
(C-15), 40.87 (C-16), 49.98 (C-17), 12.82 (C-18), 16.69 (C-

19), 126.98 (C-20), 139.56 (C-21), 110.98 (C-22), 143.16
(C-23), 179.19 (C-28), 13.85 (C-29), 16.08 (C-30), 52.00
(OMe), 66.87 (C-2 0, -3 0), 43.65 (C-1 0, -4 0). FABMS: 576
(M++Na).
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Abstract—A number of costunolide derivatives (4a–p) have been synthesized and evaluated for their in vitro cytotoxicity against
eight tumor and a non-tumor cell lines. Compound 4d showed around 2-fold better cytotoxicity against SW-620 (colon) cell line
with improved safety index than costunolide (1). While compounds 4e, 4g, and 4p have shown around 2- to 3-fold better cytotoxicity
against MIAPaCa2 (pancreas), K-562 (leukemia) and PA-1 (ovary) cell lines as well as better safety index in comparison to costuno-
lide (1). Compound 4p also exhibited cytotoxicity against HBL100 (breast) cell line with 2-fold better safety index. Structure–activity
relationship has been described.
� 2006 Elsevier Ltd. All rights reserved.

Thousands of sesquiterepene lactones have been isolated
from the natural plants and several of them have shown
a variety of biological activities.1 Sesquiterpenes are
reported to exert antitumor activity by triggering apop-
tosis in human leukemia cells.2 One of the sesquiterpene
lactones, costunolide (1) is being isolated from Saussu-
rea radix, the dried root of Saussurea lappa Clarks.3


Costunolide (1) has shown potential anticancer activity
and is considered as a potential candidate for various
types of tumors.1,4–6 However, structural modifications
in costunolide (1), is required to improve the cytotoxic-
ity as well as to establish the meaningful structure–activ-
ity relationship.


It has been reported that exo-methylene group on lac-
tone part of sesquiterpene lactones is required for elicit-
ing cytotoxicity.1,6 However, we assumed that upon
introduction of nitrogen containing functionality at po-
sition-13 in costunolide (1), additional hydrogen bond-
ing potential and selectivity might be realized and may

0960-894X/$ - see front matter � 2006 Elsevier Ltd. All rights reserved.
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lead to derivatives with improved cytotoxic profile. We
therefore designed, synthesized a number of 13-amino
costunolide derivatives and evaluated them for their
anticancer activity in vitro (4a–p). The details are being
reported here.
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Synthesis of costunolide derivatives (4a–p) from
costunolide (1) has been described in Scheme 1. Mi-
chael-type addition of amine (R1R2NH) with a-methy-
lene-c-lactone part of the costunolide (1) afforded the
corresponding 13-amino derivatives (4a–p).7 Matsuda
et al.8 reported that Michael-type addition for a-methy-
lene-c-lactone of costunolide with LL-proline resulted
saussureamine (2), selectively. In addition, the Mi-
chael-type addition for a-methylene-c-lactone of
costunolide (1) or dehydrocostus lactone (3) with other
amino acids afforded, stereoselectively, the less hindered
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Table 1. List of 13-amino costunolide derivatives (4a–p)


Compound R1


N
R2


4a N


4b N


4c N CH3


4d
N


CH3


4e N OH


4f N
OH


4g N


OH


4h ON


4i SN


4j NN CH3


4k NN
O


CH3


4l NN Ph


4m NN OH


4n NN F


4o NN Ph


4p N
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O
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Scheme 1.
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11a-configurated derivatives.8 Based on these literature
results, the stereochemistry at position-11 in the synthe-
sized costunolide derivatives (4a–p) has been assumed.
The synthesized 13-amino costunolide derivatives
(4a–p) have been listed in Table 1.


Results and discussion. Costunolide (1) and its deriva-
tives (4a–p) were tested for in vitro cytotoxicity on
tumor as well as a non-tumorous cell lines and IC50


values were calculated in micro mole (lM).9 The
human tumor cell lines used in the study are breast
(HBL100), lung (A-549), pancreas (MIAPaCa2), leuke-
mia (K562), ovary (PA1), prostate (DU145), oral
(KB), and colon (SW620) cancers. Costunolide (1)
and its derivatives (4a–p) were also screened against
normal mouse fibroblast (NIH3T3) to evaluate their
cancer cell specificity (safety index).9 The cytotoxicity
data are summarized in Table 2. It is evident from
Table 2 that the parent molecule, costunolide (1),
exhibited broad spectrum of cytotoxicity
(IC50 > 10 lM except against SW-620 cell line) and
had shown poor safety index (<2). While several deriv-
atives of 13-amino costunolide have shown, in general,
better cytotoxicity and selectivity with improved safety
index. Structure–activity relationship (SAR) of these
derivatives has been discussed below.


The unsubstituted piperidine or pyrrolidine derivatives
(compounds 4a and 4b) did not show major improve-
ment in the cytotoxicity. While amongst substituted
piperidine or pyrrolidine derivatives (4c–f), nature of
the group and its position in the ring played an impor-
tant role in eliciting cytotoxicity. For example, 4-methyl
piperidine derivative (4c) did not show improvement in
the cytotoxicity, whereas 3-methyl piperidine derivative
(4d) exhibited 2-fold better cytotoxicity (IC50 = 3.3 lM)
than costunolide (1, IC50 = 7.8 lM) against SW-620 cell
line. In addition, compound 4d has shown safety index
>6 for colon cancer cell line. It indicated that the posi-
tion of methyl group was critical for eliciting cytotoxic-
ity. While those costunolide derivatives, which possess
hydroxy group in place of methyl, exhibited a different
cytotoxicity profile. For example, upon replacement of
4-methyl group in compound 4c with 4-hydroxy (com-
pound 4e), the cytotoxicity (IC50 = 4.3–8.0 lM) im-
proved up to 2- to 3-fold as compared to costunolide
(1) and 3- to 5-fold when compared to compound 4c,
against MIAPaCa2, K-562, and PA-1 cell lines. More-
over, compound 4e has also shown improvement in safe-
ty index (>2) in the same cell lines. On the other hand,
4-hydroxymethyl derivative (4f) did not provide better

cytotoxicity. While, as described the cytotoxicity profile
for 4-hydroxypiperidine derivative (4e), 3-hydroxypyr-
rolidine derivative (4g) also showed strong cytotoxicity







Table 2. In vitro cytotoxicity data of costunolide (1) and its 13-amino derivatives (4a–p)


Compound Cell lines (IC50 lM)


HBL


100


Cancer


cell


specificity


A549 Cancer


cell


specificity


MiaPaca2 Cancer


cell


specificity


K 562 Cancer


cell


specificity


PA1 Cancer


cell


specificity


DU145 Cancer


cell


specificity


KB Cancer


cell


specificity


SW 620 Cancer


cell


specificity


NIH3T3


1 10.3 1.3 12.3 1.1 17.7 0.8 14.5 1.0 10.6 1.3 29.2 0.5 28.9 0.5 7.8 1.8 13.9


4a 28.5 0.9 31.1 0.8 12.9 2.0 15.7 1.6 11.4 2.3 26.5 1.0 28.3 0.9 56.1 0.5 25.8


4b 20.3 0.9 32.5 0.6 10.9 1.7 10.6 1.7 9.4 2.0 25.1 0.7 28.7 0.6 19.9 0.9 18.5


4c 55.1 0.3 22.7 0.8 23.4 0.8 21.4 0.8 27.5 0.7 30.6 0.6 17.3 1.0 12.4 1.4 17.9


4d 28.6 0.7 21.3 0.9 17 1.2 12.2 1.6 33.4 0.6 35.1 0.6 20.9 1.0 3.3 6.0 19.9


4e 14.6 1.3 27.7 0.7 8 2.5 4.3 4.6 5.3 3.7 28.7 0.7 37 0.5 20.9 0.9 19.7


4f 12.8 1.3 18.1 0.9 9.7 1.8 10.2 1.7 16.8 1.0 26.3 0.7 12.6 1.4 10.7 1.6 17.1


4g 11.2 2.0 26.3 0.9 5.3 4.3 4.8 4.8 4.3 5.3 23.8 1.0 34.9 0.7 8.9 2.6 22.8


4h 36.5 0.8 57.1 0.5 33.9 0.8 57 0.5 14.3 2.0 62.9 0.4 85.2 0.3 20.2 1.4 28.3


4i 63.3 0.5 73.1 0.5 22.9 1.5 84.4 0.4 47.8 0.7 67.4 0.5 43.1 0.8 23.1 1.5 34.7


4j NA — NA — NA — NA — NA — NA — NA — NA — NA


4k NA — NA — NA — NA — NA — NA — NA — NA — NA


4l NA — NA — NA — NA — NA — NA — NA — NA — NA


4m 54.7 0.4 74.7 0.3 51.7 0.4 159.3 0.1 453.1 0.0 120.8 0.2 285.2 0.1 280.4 0.1 19.3


4n NA — NA — NA — NA — NA — 247.1 >1.0 195.1 >1.3 92.8 >2.7 NA


4o 31.5 1.3 62.1 0.7 98.9 0.4 42.2 1.0 36.4 1.1 117.6 0.3 102.6 0.4 54.1 0.8 40.8


4p 6.1 2.6 27 0.6 5.4 2.9 4.4 3.6 3.4 4.6 22.7 0.7 21.1 0.7 9.1 1.7 15.7


NA, not active with IC50 greater than the highest concentration tested; —, cancer cell specificity cannot be calculated.
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(IC50 = 4.3–5.3 lM) against MIAPaCa2, K-562, and
PA-1 cell lines and found 2- to 3-fold better than
costunolide (1) against the same cell lines. However,
unlike compound 4e, compound 4g showed relatively
better activity against SW-620 cell line. The safety index
for compound 4g was observed in the range of 2.6–5.3.
Thus, it seemed that hydroxy group in piperidine or
in pyrrolidine ring was found crucial for eliciting
cytotoxicity.


Upon replacing piperidine substituent with morpholine
(4h) or thiomorpholine (4i), a low order of cytotoxicity
was observed. Furthermore, the cytotoxicity was com-
pletely lost when 4-methylpiperazine (4j) or 4-acetyl-
piperazine (4k) or 4-benzylpiperazine (4l) was
introduced, separately, at position-13 in costunolide
(1). Further, upon incorporating bulkier group at posi-
tion-4 in piperazine like 4-hydroxyphenyl (4m) or 4-flu-
orophenyl (4n) or longer chain like trans-cinnamyl
group (4o), the cytotoxicity did not get better. It ap-
peared that the presence of a heteroatom at position-
4 in piperidine ring was not a good option to improve
the cytotoxicity.


It was interesting to note that the substitution at posi-
tion-13 with an open chain like N,N-dimethyl (com-
pound 4p) afforded a potent cytotoxic derivative. The
cytotoxicity of compound 4p was improved in all cancer
cell lines except for A-549 and SW-620. However, as dis-
cussed for hydroxy derivatives 4e and 4g, compound 4p
also showed strong cytotoxicity (IC50 = 3.4–5.4 lM)
against MIAPaCa2, K-562, and PA-1 cell lines and the
safety index was found in the range of 2.9–4.6. In addi-
tion, compound 4p also showed around 1 1


2
-fold better


cytotoxicity and 2-fold better safety index against
HBL100 cell line when compared to costunolide (1).
The cytotoxicity and safety index of compound 4p and
costunolide (1) were roughly identical against SW-620
cell line.


It clearly indicated that the piperidine or pyrrolidine
substituents at position-13 in costunolide (1) played
an important role in eliciting cytotoxicity. The
hydroxy and methyl groups located either in piper-
idine or in pyrrolidine ring, separately, played cru-
cial role in determining their selectivity toward
cancer cell lines. However, it was noteworthy that
N,N-dimethyl substituent at position-13 in costuno-
lide played a significant role in order to improve
the cytotoxicity.


In general, 13-amino costunolide derivatives were
found selective towards pancreas, leukemia, and ovari-
an cancer cell lines except for 3-methylpiperidine deriv-
ative (4d), which was found selective for colon cancer.
The 4-hydroxypiperidine (4e), 3-hydroxypyrrolidine
(4g), and N,N-dimethyl (4p) derivatives have shown
strong cytotoxicity against pancreas, leukemia, and
ovarian cancer cell lines. All these derivatives have
showed not only several fold better cytotoxicity but
also exhibited better safety profile than costunolide
(1). These molecules are under further biological
studies.
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Aryloxyethylamines: Binding at a7 nicotinic acetylcholine receptors
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Abstract—Structure–affinity relationships for the binding of 3-[2-(N,N,N-trimethylammonium)ethoxy]pyridine (AXPQ) at a7 nACh
receptors were investigated due to its close structural similarity to a known a7 antagonist.
� 2006 Elsevier Ltd. All rights reserved.
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Acetylcholine produces many of its effects by interaction
with nicotinic acetylcholine (nACh) receptors, and the
two most abundant receptor types in brain are the
a4b2 and a7 nACh receptors. The medicinal chemistry
of a4b2 receptors has been relatively well studied.1


The latter population, about which much less is known,
is of interest because of its possible role in certain central
disorders such as cognitive and perceptual distur-
bances—especially those associated with schizophrenia.2


There also is evidence that a7 nACh receptors are asso-
ciated with the release of neurotransmitters that are in-
volved in schizophrenia, depression, and anxiety, such
as dopamine, norepinephrine, and serotonin.3,4


(±)6-(2-Phenylethyl)nicotine (6-PEN; 1) is a nicotinic
acetylcholine (nACh) receptor antagonist with reason-
able selectivity for a4b2 (Ki = 0.015 lM) over other
nACh receptors,5 and AXPQ (2) is a high-affinity a4b2
agonist (Ki = 0.0005 lM).6 Recently, Gotti et al.,7


reported that choline ether F3 (3) is an a7-selective
antagonist (a7 Ki = 0.057 lM) with little affinity
(Ki = 39 lM) for b2-containing nACh receptors. As
such, 3 might represent a novel template for further
development of a7 ligands.


6-PEN (1), and even more so AXPQ (2), bear structural
similarity to 3 but their binding at a7 receptors has not
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yet been examined. Furthermore, very little structure–
affinity data are available for F3 (3). Due to this
structural similarity, and because 3 is reportedly an
a7-selective agent, it was of interest to determine the
affinity of 6-PEN (1) and AXPQ (2) for a7 receptors,
and to examine what common structural features might
account for the affinity of 3-related aryloxyalkylamines.
For example, the presence and position of a pyridyl
nitrogen atom is known to be a major determinant for
high-affinity binding at a4b2 receptors;1 compound 3
lacks this feature. If it could be verified that a pyridyl
nitrogen atom is not required for a7 binding, this would
provide a useful lead for further exploitation. Other is-
sues needing to be addressed include the role of the ether
oxygen atom, the nature of the amine, and the necessity
of the phenylethenyl moiety for a7 binding. The present
investigation was undertaken to address these issues.
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Scheme 1. Reagents and conditions: (a) PdCl2(dppf)ÆCH2Cl2, potas-


sium trans-styryltrifluoroborate, Et3N, iPrOH:H2O, 2:1; (b) MeI,


CH2Cl2; (c) H2, 10% Pd/C, EtOH.
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Specifically targeted were compounds 4 (where X = N)
and 5 (where X = CH) where R1 and/or R2 are H or
small alkyl groups, and R is either H, or a 2-phenylethyl
or 2-phenylethenyl substituent as found in 1 and 3,
respectively. Also, examined, to determine the role of
the ether oxygen atom, were a few derivatives where
the ether oxygen was replaced by carbon (i.e., 6), and
an example of ether analog 2 where chain length was in-
creased by one methylene unit (i.e., 7).


Certain of the necessary compounds were available from
studies previously conducted in our laboratories.6,8,9


The physicochemical properties of the other target
compounds are shown in Table 1.


Compound 4e was prepared from halogenated aryl ether
86 by a palladium-catalyzed reaction with potassium
trans-styryltrifluoroborate10 (Scheme 1). Careful quat-
ernization of 4e with MeI afforded 4g.11 Compound 4f
was obtained by catalytic reduction of 4e followed by
quaternization with MeI.11


Compounds 5a12 and 5d13 were prepared as their HCl
salts according to literature procedures. The remaining
analogs were prepared from 5d in the same manner as
shown in Scheme 1. That is, 5d was quaternized to 5f,
or reduced to 5c, and 5c was quaternized to 5e.


Although 6-PEN (1) bears some structural semblance to
3, it was found to lack affinity for a7 receptors
(Ki > 10 lM). The mere presence of the 6-position
substituent in this molecule detracts from a7 binding
when compared with (�)-nicotine (Ki = 0.75 lM).

Table 1. Physicochemical properties and a7 nACh receptor binding affinitie


X


O


R


Compound R R1 R2 X Recrystalliz


4ac –H H H N —


4bc –H H Me N —


2c –H Me Me N —


4cc –H H Et N —


5a –H H Me CH iPrOH


5b –H Me Me CH abs EtOH


4d –CH2–CH2–Ph H Me N abs EtOH/E


5c –CH2–CH2–Ph H Me CH abs EtOH


4e –CH@CH–Ph H Me N abs EtOH


5d –CH@CH–Ph H Me CH abs EtOH


4f –CH2–CH2–Ph Me Me N MeOH/abs


5e –CH2–CH2–Ph Me Me CH abs EtOH


4g –CH@CH–Ph Me Me N MeOH/abs


5f –CH@CH–Ph Me Me CH MeCN


a All compounds were homogeneous on thin-layer chromatography, analyze


consistent with assigned structures. C2H2O4 = oxalate salt.
b See Ref. 18 for assay conditions. For comparison, (�)-nicotine was found
c The synthesis of compounds 4a,8 4b,8 2,6 and 4c8 has been previously repo
d Lit.,12 mp = 163 �C for HCl salt.
e Lit.,14 mp = 167–169 �C for bromide.
f Lit.,13 mp = 238–240 �C for HCl salt.

The first issue to be addressed with regard to the aryl-
oxyalkylamines was whether their carbon analogs bind
at a7 receptors; the ethoxy group of several N-substitut-
ed 3-(2-aminoethoxy)pyridines was replaced by an
n-propyl group (i.e., 6a and 6b),8 and by a propenyl
group (6c–e),8 but none of the compounds displayed
significant affinity (i.e., Ki > 10 lM). Initially, these

s of target compounds


N
CH3


R2
R1


ation solvent Mp (�C) Empirical formulaa Ki
b (lM)


— — >10


— — >10


— — 0.28


— — >10


163–164d — >10


164–165e — 1.10


t2O 164–166 C17H22N2OÆ2C2H2O4 >10


173–175 C18H23NOÆHCl >10


219–221 C17H20N2OÆ1.25HCl >10


238–240f — >10


EtOH 210–212 C18H25IN2O 4.32


208–210 C19H26INO 7.50


EtOH 246–248 C18H23IN2O 1.25


274–276 C19H24INO 2.17


d within 0.4% of theory for C, H, and N, and 1H NMR spectra were


to bind with Ki = 0.75 lM.


rted from this laboratory.
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compounds were of particular interest because of their
known lack of affinity for a4b2 receptors8 and, had they
shown affinity, might have been selective for a7
receptors.


6a R = H
6b R = CH3


N N


6e


N
R


CH3N


N
R


CH3 NH-CH3


6c R = H
6d R = CH3


The simple secondary and tertiary (i.e., N-methyl and


N,N-dimethyl) amine derivatives of AXPQ (2) also
failed to bind at a7 receptors (4a and 4b; Ki > 10 lM;
Table 1). Extension of the N-methyl group of 4b to an
N-ethyl group likewise resulted in a compound with
low affinity (i.e., 4c; Ki > 10 lM). However, AXPQ
itself (2; Ki = 0.28 lM) displayed twice the affinity of
(�)-nicotine (Ki = 0.75 lM). Similar findings were ob-
tained with phenyl counterparts 5a and 5b; that is, the
N,N-dimethyl tertiary amine 5a (Ki > 10 lM) failed to
bind, whereas the quaternary amine 5b displayed en-
hanced affinity (Ki = 1.10 lM). Evidently, higher affinity
is associated with a quaternary amine in both series.
Nevertheless, there must also be a chain-length require-
ment because the n-propoxy counterpart of 2 lacked
appreciable affinity (7;6 Ki > 10 lM).


7
N


O N
CH3


CH3


CH3

It might be noted that while our work was in progress
Gündisch et al.14 reported that 5b binds at a7 receptors
with Ki � 0.2 lM. Possible explanations for the nearly
6-fold difference in affinity are that the published study
employed [3H]MLA rather than [125I]iodo-MLA as
radioligand, and used rat forebrain rather than rat
cerebral cortical homogenates.


Introduction of a 6-(2-phenylethyl) group had no appar-
ent effect on the affinity of 4b or 5a (4d and 5c, respec-
tively; Ki > 10 lM). Likewise, their phenylethenyl
counterparts 4e and 5d (Ki > 10 lM) lacked affinity for
a7 receptors. Again, affinity seems to be associated only
with the quaternary amines. The N,N,N-trimethyl
quaternary amine counterpart of 4d (i.e., 4f; Ki =
4.32 lM) and 5b (i.e., 5e; Ki = 7.50 lM) showed en-
hanced affinity (Table 1). The corresponding phenyl-
ethenyl quaternary analogs 4g (Ki = 1.25 lM) and 5f
(Ki = 2.17 lM) displayed about 3-fold enhanced affinity
both in the pyridyl and phenyl series.


The results of this structure–affinity investigation indi-
cate that the quaternary amine nature of both the pyridyl
(i.e., 4) and phenyl (i.e., 5) series is a major determinant
of affinity; N-methyl secondary amines and N,N-dimeth-
yl tertiary amines bind with reduced affinity. The results
also show that the phenylethenyl compounds 4g and 5f

bind with about three times the affinity of their phenyl-
ethyl counterparts 4f and 5e, respectively. Furthermore,
although the presence of the pyridyl nitrogen atom was
found unnecessary for a7 binding, the pyridyl series
seems to bind with 2- to 3-fold higher affinity than the
phenyl series (compare 2 with 5b, 4f with 5e, and 4g with
5f). Interestingly, neither the phenylethyl nor the phenyl-
ethenyl analogs of AXPQ (2), 4f and 4g, respectively, dis-
played higher affinity than AXPQ itself.


Compound 5f differs in structure from choline ether F3
(3) only in that the latter possesses a methyl group a to
the terminal amine, yet 5f binds with >35-fold lower
affinity than that reported for 3. The affinity of 5f at a7
receptors was re-determined and found (Ki = 2.03 ±
0.2 lM) to be comparable to the result shown in Table
1. Evidently, the a-methyl group of 3 might play a major
role in its higher affinity for a7 receptors. Consistent with
this concept, Gotti et al.7 have shown that moving this
methyl group to the adjacent chain position is detrimen-
tal to binding. Future studies might wish to retain this
substituent. In addition, it is rather interesting that
AXPQ (2) binds with several-fold higher affinity at a7
receptors than either its phenylethyl or phenylethenyl
counterparts 4f and 4g, respectively; because AXPQ
binds with such high affinity at a4b2 receptors
(Ki = 0.0005 lM; 560-fold a4b2 vs a7 selectivity), the
phenylethenyl group of 3 might contribute to its selectiv-
ity for a7 receptors. Finally, although the 3-pyridyl
substituted analogs tended to display several-fold higher
affinity than their phenyl counterparts for a7 receptors,
the presence of the pyridyl nitrogen atom is known to
be important for a4b2 binding; hence, the absence of this
feature in F3 (3) might additionally contribute to its
selectivity for a7 versus a4b2 receptors, and it might be
profitable to continue targeting phenyl rather than pyr-
idyl analogs to achieve enhanced a7 selectivity.


Since this work was initiated, several investigative
groups have identified novel a7 nACh receptor ligands
that bind in the nanomolar range.15–17 Nevertheless,
we have extended the findings of Gotti et al.7 on the
binding of aryloxyalkylamines to a7 nACh receptors
by providing additional structure–affinity data, and
have shown that 6-PEN (1) and AXPQ (2) lack signifi-
cant affinity for a7 nACh receptors relative to their
affinity for a4b2 receptors.
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F. I. J. Med. Chem. 2000, 43, 142.


20. Cheng, Y.; Prusoff, W. H. Biochem. Pharmacol. 1973, 22,
3099.
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Abstract—p38 inhibitors based on 3,4-dihydropyrimido[4,5-d]pyrimidin-2-one and 3,4-dihydropyrido[4,3-d]pyrimidin-2-one plat-
forms were synthesized and preliminary SAR explored. Among the pyrimido-pyrimidones the emergence of two sub-types of ana-
logs—C7-amino-pyrimidines such as 24 and C7-amino-piperidines such as 42—characterized with good p38 inhibition and better
off-target profiles in terms of ion channel activities was significant. Representative compound 54 in the pyrido-pyrimidone class
was found to be equipotent with corresponding analog in the quinazolinone series.
� 2006 Elsevier Ltd. All rights reserved.
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VX-7451 (1, Fig. 1), harbinger of a new class of exqui-
sitely selective2 p38 MAP kinase inhibitors, inspired
the development of two novel series3 of inhibitors typi-
fied by dihydro-pyridopyrimidones 3 and 4, and dihy-
dro-quinazolinones 5 and 6 (Fig. 1).


Dihydro-quinazolinone analogs such as 5 (p38a
IC50 = 1 nM), 6 (p38a IC50 = 6 nM), 7 (p38a
IC50 = 2 nM), and 8 (p38a IC50 = 2 nM) that are devoid
of a C7-piperidine substituent were found to lack signif-
icant cellular and functional activity. Introduction of a
solubilizing amine at the C7-position imparted function-
al activities to this scaffold. Benchmark compounds3b 9
(0.2 nM) and 10 (0.2 nM) were not only very potent
in vitro, they also showed good functional activity (hu-
man whole blood IC50s were 10 nM and 20 nM, respec-
tively) and oral bioavailability. Compounds in this class
bearing the basic amine appendage such as the piperi-
dine moeity in 9 and 10 also displayed potent ion chan-
nel activities which correlate with increased
cardiovascular risk. Compounds in chronic usage neces-
sitate greater cardiovascular safety profiles. VX-745 (1)
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Figure 1. Novel p38 inhibitors, VX-745 and homologs.
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Figure 2. Pyrimido[4,5-d]pyrimidone and pyrido[4,3-d]pyrimidones as


heterocyclic versions of quinazolinone p38 inhibitors.
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Scheme 1. Synthesis of pyrimido[4,5-d]pyrimidone-based p38 inhibi-


tors. Reagents and conditions: (a) 1.1 equiv of imidazole, 2 h then


0.75 equiv of Mg(COOEtCH2COO)2, THF, rt, 10 h, 75%; (b) 1.2 equiv


of NaO-t-Bu, 2 equiv of MeI, THF, 45%; (c) i—1.1 equiv of thiourea,


2.2 equiv NaOEt, EtOH, 85 �C, 2 h, 90%; ii—1.1 equiv of KOH,


1.0 equiv of MeI, H2O, 95%; (d) POCl3, 120 �C, 85%; (e) i—1.1 equiv


of NBS, 0.1 equiv of Bz2O2, CCl4,95 �C, 95%; (ii) 2.2 equiv of PMB-


NH2, CH2Cl2, rt, 70%; (f) 1.1 equiv of 2,6-dichloro phenyl isocyanate,


95%; (g) 1.5 equiv of K2CO3, 1.3 equiv of CuI, py, 150 �C, 0.5 h, 85%;


(h) TFA, CH2Cl2, 100 �C, 78%; (i) 1.5 equiv of MMPP, THF, 84%; (j)


1.5 equiv of amine, DMF, 150 �C, 0.5 h.
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did not display significant binding affinity to either the
potassium or calcium ion channels. The use of heterocy-
clic templates was explored in the hopes of dialing out
ion channel activities while maintaining p38 inhibitory
properties. This communication describes synthetic
routes to the pyrimido-pyrimidinone- and pyrido-pyri-
midinone-based p38 inhibitors along with a preliminary
assessment of their drug profiles ( Fig. 2).


The synthesis of pyrimido-pyrimidone scaffold is shown
in Scheme 1. Masamune homologation of 2-chloroben-
zoic acid gave b-keto ester 12, which was monoalkylated
with methyl iodide to give 13 in meager yield. Com-
pound 13 could also be synthesized by carbo-ethoxyla-
tion of 2-chlorophenyl ethyl ketone. Pyrimidine 14 was
assembled by the condensation of 13 with thiourea fol-
lowed by selective S-alkylation. The cyclization precur-
sor 17 was obtained in three steps from 14 by
chlorination with POCl3, followed by benzylic bromina-
tion, displacement of bromide with PMB amine, and
urea formation by treatment with 2,6-dichloro phenyl
isocyanate. The key cyclization step was efficient, yield-
ing 18 in 85% yield. Removal of PMB group followed by
oxidation of the methyl sulfide with MMPP gave desired
sulfone 20.


For profiling the pyrimido-pyrimidine-templated p38
inhibitors the Ar-substituent chosen was either a 2-
chlorophenyl or a 2,4-dichlorophenyl group, both of
which contributed equally to potency. The analogs in
Table 1, generated by displacement of sulfone in 20,
can be loosely rank-ordered based on the impact of
C7-substituent on either overall polarity (logD’s) and/
or aqueous solubility of resulting p38 inhibitors. Com-
pound 19 with a C7 methyl sulfide substituent inhibits
p38 with good potency. However, in cell-based assays
(THP-1 cells) a 70-fold shift was observed and there
was no discernable inhibition of p38 in human whole
blood. This apparent loss in functional activity arises
due to some combination of poor aqueous solubility
and the lipophilic nature of this analog. Compound 20
with a methyl sulfone substituent at the C7-position be-
haved in a similar manner. Since both 19 and 20 were
weak blockers of the calcium (DLZ) and potassium
(iKr) ion channels. It was gratifying to show that the
pyrimido-pyrimidine scaffold in itself did not contribute
to increased ion channel binding affinities.


A series of amino-pyrimidines 24–29 were subsequently
investigated. Although aqueous solubility did not im-

prove, the resulting amino-pyrimidine derivatives were
more polar than 19 and 20 as judged by TLC and HPLC
retention times as well as calculated logD values. Com-







Table 1. p38 inhibitory properties for pyrimido-pyrimidines


N


NN


HN


O R


Cl Cl


Ar


Compound R p38b (nM) THP-1b (nM) WBb (nM) Ca2+ (lM) iKr (lM)


19 SMe 10.0 700 NA 6.0 6.8


20 SO2Me 4.2 500 NA >10.0 9.0


24 NH2 5.3 81 2000 9.2 7.2


25 NH–Me 2.0 22 850 10.0 6.4


26 NMe2 3.0 NA NA >10.0 6.0


27 HN 1.1 38 NA 10.0 4.5


28
HN


0.8 21 1000 >30 10.0


29
N


N


H
N 1.9 28 500 >30 10


30 OH 4.0 170.0 NA 7.0 4.6


31a


HN
OMe 2.0 97.0 270.0 >10.0 3.0


32a


HN
NMe2 5.6 20.0 32.0 1.0 0.5


33
O


NMe2 4.2 21.0 250.0 8.8 10.0


34 N N
NMe2


0.5 2.3 100.0 1.7 3.8


35a N N
NMe2


1.0 22.0 42.0 0.22 2.3


36a
N N 20.0 330.0 1940.0 0.7 0.2


37 N OHN 4.0 99.0 1000.0 7.0 6.9


38 N O 2.0 500.0 NA 6.0 5.0


39a
N O 2.0 500.0 NA 6.0 5.0


40
N


HN 1.2 34.0 360.0 1.3 5.8


41 NHN 0.5 2.6 17.0 2.2 8.9


42 NHN 0.6 1.0 15.0 3.3 6.4


43 NHHN 0.7 2.6 38.0 1.2 4.5


For all analogs Ar is 2-chlorophenyl. Those marked with ‘a’ Ar is 2,4-di-chlorophenyl.


NA, not active below 15 lM.
b Refs. 3a and 5.
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pound 24 displayed excellent in vitro potency, was active
in cell-based assays losing potency only 20-fold, and
inhibited TNF-a release in LPS-stimulated human

whole blood with an IC50 of 2000 nM. It was encourag-
ing to note that the increased functional activities
among the amino-pyrimidines were not accompanied
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Scheme 2. Synthesis of pyrido[4,3-d]pyrimidone-based p38 inhibitors.


Reagents and conditions: (a) 1.1 equiv of 2-chlorophenyl boronic acid,


2.5 equiv of Cs2CO3, toluene/MeOH/H2O (8:1:1), 0.02 equiv of


Pd(PPh3)4, reflux, 12 h, 88%; (b) Raney Ni, MeOH, rt, 7 h, 85%; (c)


2.1 equiv of Br2, THF/1 M HCl (1:2), 2 h, 85%; (d) 1.65 equiv of
iamylONO, THF, reflux, 1 h, 80%; (e) 1.1 equiv of NBS, 0.1 equiv of


Bz2O2, CCl4, 95 �C, 85%; (f) 2.2 equiv of PMB-NH2, CH2Cl2, rt, 75%;


(g) 1.1 equiv of 2,6-dichloro phenyl isocyanate, 95%; (h) 1.5 equiv of


K2CO3, 1.3 equiv of CuI, py, 150 �C, 0.5 h, 89%; (i) TFA, CH2Cl2,


100 �C, 75%; (j) 1.1 equiv of 56, 0.04 equiv of Pd(PPh3)4, DMF,


110 �C, 85%; (k) H2, Pt2O (10%), 0.15 h, 20 psi, 65%; (l) TFA, rt, 0.5 h,


95%; (m) 2.5 equiv of Me2CO, 1.5 equiv of NaCNBH3, MeOH, rt, 5 h,


76%.
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with a concomitant increase in their ion-channel affini-
ties. In rats 24 was 100% orally bioavailable with a
half-life of 1.1 h, low clearance, and an AUC (po/
1 mpk) of 3.5 lM. Amino-pyrimidines 25–28 were simi-
larly active in vitro with excellent cellular transport
properties and appreciable functional activity in whole
blood. Compound 29 was particularly interesting on ac-
count of its good activity in human whole blood and
lack of activity against ion channels. It was disappoint-
ing to find pyridone 30 to be functionally inactive unlike
the amino-pyrimidines.


Compounds 31–39 represented various 1,2-diamine or
1,2-oxo-amine derivatives. Although most of these com-
pounds were potent in vitro and functionally active,
compounds 32 and 35 inhibited p38 in human whole
blood with an IC50 of 32 and 42 nM, respectively, they
were potent blockers of ion channels. The pharmacoki-
netic profile of 35 in rats was unremarkable, high clear-
ance coupled with poor absorption resulted in very low
oral bioavailability of 3%. The piperazine and morpho-
line series of analogs did not evoke enough curiosity to
warrant further work.


A series of 4-amino piperidines were also profiled. Com-
pound 42, a 4-amino piperidine capped with an iso-pro-
pyl group, showed excellent potency in whole blood at
the same time offering greater than 100-fold safety win-
dow vis-à-vis affinity toward ion channels. Compound
42 exhibited modest pharmacokinetic properties when
dosed in rats with a t1/2 of 2 h, moderate clearance,
and 24% oral bioavailability. The synthesis of 40, 41,
and 43 was motivated by the need to attenuate piperi-
dine metabolism and further improve PK profiles. How-
ever, 40 did not display adequate functional potency,
while 41 and 43 though equally active did not withstand
metabolism anymore than 42.


The comparator to benchmark quinazolinone com-
pound 10 in the pyrido-pyrimidone series was accessed
via a synthetic route outlined in Scheme 2. Suzuki
coupling on 444 with 2-chlorophenyl boronic acid gave
biaryl 45. Reduction of the nitro group in 45 followed
by ortho dibromination and deamination gave 47. The
scaffold core 51 was then accomplished in a parallel
fashion to the one described for the pyrimido-pyrimi-
done core in Scheme 1. That the bromide 51 was not
functionally active came as no surprise. Compound 51
was coupled to stannane derivative 55 in a Stille reac-
tion, followed by reduction of the double bond,
deprotection of the Boc group, and reductive amina-
tion on the liberated piperidine with acetone gave
comparator compound 54. While 10 inhibited p38
more potently than 54 in vitro, they were equipotent
in inhibiting TNF-a in human whole blood. 54 dis-
played a remarkably similar pharmacokinetic profile
as 10 in rats. Thus, 54 was 18% orally bioavailable
with a t1/2 of 2.1 h, AUC (po/1 mpk) of 365 nM,
and relatively high clearances. Compound 54 dis-
played significantly better ion channel activity profile
and it is thought that this advantage accrued over qui-
nazolinone 10 is attributed to the heterocyclic tem-
plate and hence generally useful.

In conclusion, the pyrimido-pyrimidones and pyrido-
pyrimidones were found to be viable platforms
for accessing potent p38 inhibitors. Among the
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pyrimido-pyrimidone analogs profiled in Table 1 two
sub-types evoke particular interest for follow-up dis-
covery. Amino-pyrimidines such as 24 displayed a use-
ful compromise between their p38 inhibitory
properties yet poor ion channel affinities. There clearly
exists an opportunity to optimize the potency without
concomitantly increasing ion channel affinities and
thereby identify a safe clinical compound. The ami-
no-piperidine derivative such as 42, representing the
second sub-type, was very potent in human whole
blood, offered a slightly diminished safety margin
(100-fold) vis-à-vis ion channels. It is reasoned that
modulating the basicity of the piperidine would be
one way to decrease affinities of these compounds
for ion channels, while maintaining good p38-medi-
ated therapeutic activity. Compound 54, comparator
to benchmark quinazolinone compound 9, was found
to be equipotent, orally bioavailable, and displayed
much weaker ion channel affinities. In general, the
heterocyclic templated p38 inhibitors match quinazoli-
nones in terms of potency and functional activities
while offering favorable ion channel profiles. The
impetus provided by these findings has directly
impacted the goal of finding suitable pre-clinical can-
didates and will be reported.
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Abstract—A series of 3-O-acyl-6-O-sulfate esters of morphine, dihydromorphine, N-methylmorphinium iodide, codeine, and dihy-
drocodeine were prepared and evaluated for their ability to bind to l-, d-, j1-, j2-, and j3-opiate receptors. Several compounds
exhibited good affinity for the l-opiate receptor. Morphine-3-O-propionyl-6-O-sulfate had four times greater affinity than morphine
at the l-opiate receptor and was the most selective compound at this receptor subtype.
� 2006 Elsevier Ltd. All rights reserved.

Opium contains a number of alkaloids, of which only a
few, that is, morphine, codeine, noscapine, and papaver-
ine, have found clinical use.1 Metabolites of codeine,
other than CYP2D6-dependent formation of morphine,
have also been reported to have central nervous system
effects.2


Metabolic conjugation (phase II metabolism) usually
terminates the pharmacological action of a drug; howev-
er, in the case of morphine it has been observed that the
metabolite morphine-6b-glucuronide (M6G) is almost
100-fold more potent than morphine when administered
via the intracerebroventricular (icv) route in animals.3


The 3-O- and 6-O-sulfate conjugates of morphine (1)
have been known for many years.4–6 Morphine-3-O-sul-
fate (2, M3S) is a known phase II metabolite of mor-
phine,7 and has been detected in rat tissues after
administration of morphine.8 However, morphine-6-O-
sulfate (3a, M6S) has not been detected as a biotransfor-
mation product of morphine.7,9 While M3S has been
reported by several groups4–6 to have little or no in vivo
analgesic potency, Brown et al.10 have reported this
compound to be three times more potent than morphine

0960-894X/$ - see front matter � 2006 Elsevier Ltd. All rights reserved.
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as an analgesic when both compounds are administered
by the icv route in mice.


Structural analogs of morphine that contain a 3-hy-
droxy group in their structure are generally 30- to 100-
fold more potent than their corresponding 3-methoxy
analogs at the l-receptor, and these compounds general-
ly exhibit greater efficacy (e.g., morphine produced 2-
fold greater maximal stimulation than its 3-methoxy
analog, codeine).11 Furthermore, analgesic potency has
been shown to increase by sulfation of the 6-hydroxy
group of morphine.6,10 Morphine-6-O-sulfate (3a,
M6S) has been shown to displace [3H]-morphine and
[3H]-leucine enkephalin binding in rat brain membranes
with Ki values of 1.8 and 4.8 nM, respectively;12 this
study indicated that 6-O-sulfation of morphine results
in reduced affinity for the l-receptor but enhanced affin-
ity for the j-receptor.


M6S is an effective analgesic, with a 30-fold greater
potency than morphine in the mouse radiant heat tail-
flick assay, and is similar in potency to the active mor-
phine metabolite, morphine-6b-glucuronide (M6G).13


3-O-acylation of the M6S molecule affords more lipo-
philic derivatives that are considered to be prodrugs of
M6S.14,15 These O-acylated derivatives were found to
be relatively stable in phosphate-buffered saline over
the pH range 6–8, and were slowly hydrolyzed in blood
and brain homogenate to M6S.16 It has been demon-
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strated that the 3-O-acetyl derivative of M6S (M3A6S,
3b) exhibits enhanced in vivo duration of antinocicep-
tive activity compared to both M6S and morphine,
when given subcutaneously (sc) to rats, and has greater
potency and duration of action than morphine when
given to rats via the icv route.16,17


The relative stability and interesting antinociceptive pro-
file of M3A6S and other structurally related O-acyl ana-
logs of M6S prompted us to undertake a comprehensive
structure–affinity study of a number of 3-O-acyl deriva-
tives of M6S and other congeners (Fig. 1)18 to determine
the affinity of these compounds for opiate receptors.


Compounds 3a–i were prepared from 6-O-sulfation of
codeine or the appropriate 3-O-acyl analog of mor-
phine, with pyridine-SO3 reagent (Scheme 1).


The dihydro analogs 4a–d were synthesized in a simi-
lar manner from dihydrocodeine or the appropriate 3-
O-acyl analog of dihydromorphine. The betaines 3g
and 3h were obtained from pyridine-SO3 sulfation of
3-O-acetyl-N-methylmorphinium iodide and 3-O-ben-
zoyl-N-methylmorphinium iodide, respectively. M3S
(2) was prepared from direct sulfation of morphine,
and M6S (3a) and DM6S (4a) were prepared from
deacetylation of 3-O-acetylmorphine-6-O-sulfate and
3-O-acetyl-dihydromorphine-6-O-sulfate, respectively,
in MeOH–NaOH. X-ray crystallographic studies on
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Figure 1. Structure of morphine, dihydromorphine, and codeine 6-O-sulfate

M3A6S demonstrated the presence of two independent
zwitter-ionic molecules per asymmetric unit.17 The ste-
reotopic crystal structures of the two molecules indi-
cated that they differ from one another in the
relative conformation of the C- and D-rings. Similar
to the parent morphine molecule,19 one of the struc-
tures incorporates the C- and D-rings in their boat
and chair conformations, respectively. However, in
the second structure, rings C and D exist in the
skew-boat and skew-chair forms. The presence of
two independent molecules in the crystal structure of
M3A6S provides an explanation for the observation
of the presence of several doublets in the solid state
13C NMR spectrum of this molecule.17


Hartley guinea pigs were decapitated and their brains
were quickly removed and weighed. The brains were
then homogenized in 50 mM Tris–HCl buffer, pH
7.7 (about 25 ml/brain), using a Polytron. The homog-
enate was centrifuged at 40,000g for 15 min, re-ho-
mogenized, and centrifuged. The final pellet was
suspended in Tris–HCl, pH 7.7, at a final concentra-
tion of 6.67 mg original wet weight of tissue per mil-
liliter, except for tissue prepared for NalBzOH
(naloxone benzoylhydrazone) binding, which was sus-
pended in buffer containing 5 mM EDTA. The 6-O-
sulfate congeners of morphine, dihydromorphine, co-
deine, and dihydrocodeine in Table 1 were evaluated
for their binding affinities for l-, d-, j-1, j-2, and
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Scheme 1. Synthesis of 3-O-acyl derivatives of morphine, dihydromorphine, and codeine 6-O-sulfate ester congeners.
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j-3 opiate receptors utilizing guinea pig brain homog-
enate preparations. Around 1 nM of morphine, Met-
enkephalin, DAMGO (a l-selective agonist),
DPDPE-Cl (a d-selective agonist), U69,593 (a j-1-se-
lective agonist), and NalBzOH (a j-3-selective agonist)
were utilized as standard radioligands at these opiate
receptors. Affinities at j-2 receptors were determined
utilizing [3H]-bremazocine in the presence of 100 nM
DAMGO, U69,593, and DSLET.


The guinea pig brain suspension (1.8 ml) was incubated
in 50 mM Tris–HCl. Nonspecific binding was deter-

mined by incubating in the presence of 1 lM of the
‘cold’ unlabeled counterpart of each labeled ligand, ex-
cept that 10 lM NalBzOH was used for the j-3 receptor
assay. The samples were then filtered through glass fiber
filters on a 48-well Brandel cell harvester. The filters
were washed three times with 3 ml of buffer. Filters were
incubated overnight with 5 ml of scintillation cocktail
before counting.


Results are reported in terms of IC50 (concentration of
test compound that produces 50% inhibition of labeled
ligand binding). Ki values (inhibitory dissociation







Table 1. Inhibitory effects (Ki values) of opiate receptor ligands and morphine-6-O-sulfate congeners on the binding of titrated ligands to l-, d-, and


j-receptors in guinea pig brain homogenates


Compound Ki; nM ± SEM (Hill slope)


l d j-1 j-3


Morphine (1) 2.5 ± 0.3 (1) 58 ± 3.8 (0.9) 33.9 ± 4.1 (0.8) 13.9 ± 4.1 (0.7)


DAMGO 1.1 ± 0.2 (1) 127 ± 13.9 (0.9) 1841 ± 230 (0.8) 26.9 ± 6.3 (0.8)


DAMGO 1.1 ± 0.2 (1) 127 ± 13.9 (0.9) 1841 ± 230 (0.8) 26.9 ± 6.3 (0.8)


DPDPE-C 180 ± 1.2 (1) 0.3 ± 0.07 (1) >10,000 1028 ± 219 (0.8)


U69 692 ± 97 (0.9) 1358 ± 118 (0.8) 0.7 ± 0.05 (0.9) 1099 ± 0.2 (0.9)


NalBzOH 0.2 ± 0.01 (1) 1.4 ± 0.13 (0.8) 0.4 ± 0.1 (0.9) 0.3 ± 0.07 (1)


Met-Enkephalin 6.9 ± 1.5 (0.9) 1.1 ± 0.2 (0.9) 4467 ± 865 (0.8) 277 ± 29 (0.9)


M3S (2) 101 ± 0.7 (1) >10,000 >10,000 1694 ± 287 (0.7)


M6S (3a) 0.9 ± 0.01 (1) 18 ± 0.4 (1) 1192 ± 697 (0.8) 6.3 ± 0.3 (0.9)


M3A6S (3b) 0.8 ± 0.01 (1) 154 ± 16.4 (0.4) 1165 ± 185 (0.6) 5.5 ± 1.2 (0.8)


M3Pr6S (3c) 0.6 ± 0.15 (1) 40 ± 1.9 (0.9) 252 ± 38.6 (0.9) 19.9 ± 16 (0.8)


M3IBu6S (3d) 19.8 ± 0.6 (1) 584 ± 28.8 (0.6) 4558 ± 229 (0.8) 266 ± 68.5 (0.7)


M3P6S (3e) 0.7 ± 0.15 (1) 15.2 ± 4.25 (0.9) 1940 ± 198 (0.8) 11.2 ± 3.16 (0.7)


M3B6S (3f) 36.9 ± 1.3 (1) 600 ± 150 (1.2) >10,000 513 ± 14.7 (0.8)


DM6S (4a) 1.5 ± 0.25 (0.9) 18.8 ± 3.35 (0.9) 3129 ± 368 (1.3) 7 ± 0.2 (0.7)


DM3A6S (4b) 13.7 ± 0.55 (0.8) 325 ± 71.2 (0.9) >10,000 838 ± 744 (0.8)


DM3B6S (4c) 61.8 ± 13.15 (0.9) 1598 ± 422 (0.8) >10,000 822 ± 83.1 (0.9)


MM3A6S (3g) 34.2 ± 12.1 (0.9) 842 ± 189 (1) >10,000 400 ± 58.4 (0.8)


MM3B6S (3h) 444 ± 169 (1) >10,000 >10,000 >10,000


C6S (3i) 38.7 ± 7.95 (0.9) 414 ± 140 (0.8) >10,000 455 ± 224 (0.8)


DC6S (4d) 196 ± 57.7 (0.8) 1152 ± 184 (0.9) >10,000 760 ± 83.4 (1.2)
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constant) are derived from the following equation:
Ki = IC50/1 + [L]/Kd. The Kd values were obtained by
computer analysis of detailed self-inhibition curves for
each of the labeled ligands (L), using the curve-fitting
program LIGAND.


The compounds listed in Table 1 exhibited no affinity
for j-2 receptors (data not shown) and only weak affin-
ity at j-1 receptors was observed. Sulfation of the 6-hy-
droxy group of morphine afforded the compound M6S,
which exhibited slightly improved affinity over mor-
phine for l-, d-, and j-3-receptors, and reduced affinity
at j-1-receptors. The 7,8-dihydro analog, DM6S, had
similar activity to M6S.


Sulfation of the 3-hydroxy group of morphine afforded
M3S, which had little or no affinity at any of the opiate
receptors examined. Both codeine 6-O-sulfate (C6S) and
its dihydro derivative, DC6S, exhibited a significant loss
in affinity compared to M6S at all opiate receptors.
However, M3A6S, the 3-O-acetylated derivative of
M6S, exhibited comparable Ki values to M6S at l-
and j-3-receptors, but showed decreased affinity for d-
receptors, whereas the dihydro derivative, DM3A6S,
and the quaternary ammonium analog, MM3A6S both
had reduced affinity compared to M3A6S in all the opi-
ate receptor assays employed. The 3-O-propionyl
(M3Pr6S), 3-O-isobutyryl (M3IBu6S), and 3-O-pivaloyl
(M3P6S) analogs of M6S all showed high affinity for l-
receptors and low affinity for j-1 receptors. The sterical-
ly hindered ester, M3P6S, exhibited a very similar recep-
tor affinity profile to the parent compound, M6S. Both
the benzyl ester, M3B6S, and its dihydro derivative,
DM3B6S, were less potent than their respective parent
compounds, M6S and DM6S, at all the opiate receptors
examined. Interestingly, the betaines, MM3A6S and

MM3B6S, had low affinity in all the opiate receptor as-
says employed.


The above data clearly demonstrate that 3-O-acylation
of M6S and related compounds gives rise to molecules
with high affinity for the l-receptor. The 3-O-propionyl
analog, M3Pr6S, was the most potent l-receptor ligand
in the series, exhibiting a Ki of 600 nM. M3Pr6S exhib-
ited a profile similar to morphine, but was slightly more
potent at l-receptors. It is unlikely that these com-
pounds are hydrolyzing to M6S in the binding assay
buffer, since previous studies have shown that M3A6S,
the compound likely to be the most labile 3-O-acyl ana-
log of M6S, hydrolyzes relatively slowly to M6S in phos-
phate-buffered saline over the pH range 6.0–8.0 and is
not converted to morphine under these conditions.16


Interestingly, the rates of enzymatic hydrolysis of
M3A6S in blood and brain were relatively faster than
in buffer, and hydrolysis in rat brain was considerably
faster than in blood.16 Thus, these 3-O-acyl derivatives
of M6S, although originally considered to be prodrugs,
also exhibit high affinity for l-receptors. This may ex-
plain the relatively prolonged duration of analgesia pro-
duced by these compounds in in vivo experiments in the
rat when compared to morphine. This is likely due to
these active 3-O-acyl compounds having plasma half-
lives greater than 1 h, and to the fact that subsequent
metabolism by plasma esterases will afford the 3-O-
deacylated active parent compound.
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Abstract—Novel 1-(2-acylhydrazinocarbonyl)cycloalkyl carboxamides were designed as peptidomimetic inhibitors of interleukin-1b
converting enzyme (ICE). A short synthesis was developed and moderately potent ICE inhibitors were identified (IC50 values
<100 nM). Most of the synthesized examples were selective for ICE versus the related cysteine proteases caspase-3 and caspase-
8, although several dual-acting inhibitors of ICE and caspase-8 were identified. Several of the more potent ICE inhibitors were also
shown to inhibit IL-1b production in a whole cell assay (IC50 < 500 nM).
� 2006 Elsevier Ltd. All rights reserved.
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Figure 1. Known ICE inhibitors and proposed binding interactions.

Interleukin-1 (IL-1) produces both inflammatory and
immunoregulatory responses in the cell and can contrib-
ute to a variety of disease states. IL-1 is comprised of
two proteins IL-1a and IL-1b. Both have roles in the
progression of inflammation, but IL-1b is produced in
larger quantities by the cell.1 IL-1b is synthesized as a
biologically inactive precursor (pro-IL-1b) that requires
processing by interleukin-1b converting enzyme (ICE or
caspase-1) at the Asp116-Ala117 site for activation.2


Increased cellular levels of ICE were found in explant
cartilage under osteoarthritic conditions, and concur-
rently increased levels of IL-1b were found in the
surrounding synovial fluid.3 The inhibition of ICE
may become a treatment for IL-1b mediated diseases,
which includes the potential treatment of rheumatoid
and osteoarthritis.


The tetrapeptide Ac-YVAD-CHO (1, Fig. 1) is a potent
competitive inhibitor of ICE and showed that inhibition
of ICE in whole blood prevented the secretion of IL-1b.4


Since the discovery of peptide 1, several other ICE
inhibitors have been reported.5 A number of these inhib-
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itors possessed a geometrically constrained bicyclic
backbone which preserved key hydrogen bonding inter-
actions and allowed the proper positioning of the P1
aspartic aldehyde moiety and the P4 hydrophobic moiety.
One of the most advanced inhibitors is based on a
pyridazinodiazepine bicyclic scaffold of the P2 and P3
areas of peptide 1 (2, Pralnacasan free drug).6 However,
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the synthesis of 2 and related bicyclic inhibitors is
lengthy, requiring >10 steps.


We now report the synthesis and evaluation of 1-(2-acy-
lhydrazinocarbonyl)cycloalkyl carboxamides (3, Fig. 2)
as reversible ICE inhibitors. The target compounds were
designed to hold the positioning of the aspartic aldehyde
moiety in the S1 pocket, and to present an aryl group
into the S4 hydrophobic region. We hypothesized that
the azapeptide scaffold would also maintain key hydro-
gen bonding interactions in the ICE active site.7


The 1-(2-acylhydrazinocarbonyl)cycloalkyl carboxam-
ide scaffold allowed for the removal of a several points
of chirality, and greatly simplified the synthesis the tar-
get inhibitors.


A series of 1,1-dicarboxycycloalkanes was used as the
core building blocks in order to mimic the P2 area of
the inhibitor 1. 1,1-Dicarboxycyclopropane and cyclob-
utane were obtained commercially. The cyclopentyl,
cyclohexyl, and indanyl dicarboxylates were synthesized
in two steps using a literature procedure.8 The valine
(P3) moiety of compound 1 was replaced by an acyl
hydrazide linkage allowing for diversity to be conve-
niently introduced at the P4 region using an acylation
reaction. Finally, the remaining carboxy group provided
the attachment point for the aspartic aldehyde moiety as
P1.


The synthesis of compound 16 is representative
(Scheme 1).9 1,1-Dicarboxycyclopentane was coupled
to 1-naphthoyl hydrazide using 1-ethyl-3-dimethylami-
nopropyl-carbodiimide (EDAC) and hydroxybenzo-
triazole (HOBt) to give compound 4. For other
examples, the synthesis was altered to produce higher
yields in this coupling step through the use of the
mono-ethyl ester of the malonate precursor. The
mono-esters were then saponified to give analogs of
compound 4.


Compound 4 was then coupled (EDAC and HOBt) with
the protected aspartic aldehyde moiety 5.10 The reaction
proceeded via an in situ deprotection of the amine of 5
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Figure 2. 1-(2-Acylhydrazinocarbonyl)cycloalkyl carboxamides.
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acid, (Ph3P)4Pd, CH2Cl2, HOBt, EDAC, 40–80%; (d) TFA, CH3CN, H2O,

with dimethylbarbituric acid and triphenylphosphine
in dichloromethane at room temperature. Final conver-
sion to provide compound 16 occurred by treating the
semi-purified coupling product with TFA in acetonitrile
and water.


The synthesized 1-(2-acylhydrazinocarbonyl)cycloalkyl
carboxamides were evaluated for their ability to inhibit
ICE and the related cysteine proteases caspase-3 and
caspase-8.11 In addition, the compounds were tested in
a whole cell THP-1 assay to measure their ability to
inhibit the production and secretion of IL-1b.12 The re-
sults are presented in Table 1. Several of the analogs
possessed strong activity as ICE inhibitors with IC50 val-
ues <100 nM. Particularly noteworthy were compounds
12, 16, 20, 25, and 26.


All of the described compounds were inactive as inhibi-
tors of caspase-3 (IC50 values >10 lM), but they were
found to be variously active against caspase-8. Although
a majority of the analogs tested were selective for ICE
over caspase-8, a number of compounds exhibited com-
parable potency. In particular, it was observed that most
of the 1-naphthyl substituted compounds (e.g., com-
pounds 12, 16, and 20) were comparably potent ICE
and caspase-8 inhibitors (IC50 values <150 nM). It was
also observed that compound 9 (an analog possessing
an ortho-substituted aryl group in the P4 position) was
equipotent at inhibiting ICE and caspase-8. This led to
the investigation of the 2,6-disubstituted compounds
22 and 23, which displayed a reversed selectivity, being
more potent inhibitors of caspase-8 over ICE.


The structure–activity trends observed for variations at
the P4 position of these 1-(2-acylhydrazinocarbon-
yl)cycloalkyl carboxamides revealed that ortho- and
meta-substituted aromatic moieties were preferred over
para-substitution. For example, in the cyclobutyl series,
the methyl-containing compounds 9–11 showed a pref-
erence for ortho- and meta-substitution on the phenyl
ring, with the para-substituted analog being 2- to 4-fold
less potent. The 1-naphthyl derivatives (12, 16, 20, and
25) were among the most potent analogs.


For the P2 site, the various cycloalkane moieties showed
minor changes in potency with the exception of the
cyclopropane analogs. The activity of derivatives based
on cyclopropane (6 and 7) was dramatically decreased
relative to the larger ring analogs. In contrast, the com-
pounds in the indanyl series (24–26), which were de-
signed as larger and more hydrophobic analogs, were
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Table 1. In vitro enzyme inhibition and whole cell THP-1 IC50 data for compounds 8–26
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Compounds 6-23 Compounds 24-26


Compound n R Enzyme IC50
a (nM) Whole Cell IC50


b (nM) THP-1


ICE Caspase-8


2 Pralnacasan (free drug) 3.6 40 190


6 1 m-Methoxyphenyl P10,000 P10,000 P10,000


7 1 2-Naphthyl 2900 P10,000 6400


8 2 m-Methoxyphenyl 260 2200 400


9 2 o-Methylphenyl 310 310 610


10 2 m-Methylphenyl 150 2700 620


11 2 p-Methylphenyl 580 4300 6900


12 2 1-Naphthyl 50 130 470


13 2 2-Naphthyl 240 6300 Not tested


14 3 m-Methoxyphenyl 200 1170 550


15 3 m-Methylphenyl 490 1200 2000


16 3 1-Naphthyl 40 90 480


17 3 2-Naphthyl 150 3200 570


18 4 m-Methoxyphenyl 240 1800 1300


19 4 m-Methylphenyl 430 3900 470


20 4 1-Naphthyl 50 70 450


21 4 2-Naphthyl 90 2600 790


22 4 2,6-Dimethylphenyl P10,000 230 P2500c


23 4 2,6-Dimethoxyphenyl 700 300 P2500c


24 2-Indanyl m-Methylphenyl 430 3120 P2500c


25 2-Indanyl 1-Naphthyl 40 420 690


26 2-Indanyl 2-Naphthyl 30 2100 500


a Enzyme IC50 results are expressed as ±30% or less.
b Whole cell THP-1 IC50 results varied approximately ±2-fold.
c 2500 nM was the maximum drug concentration used for this compound.
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found to possess activity as ICE inhibitors that was
comparable to the simpler cycloalkyl analogs.


The more potent ICE inhibitors were found to exhibit
good activity in the whole cell THP-1 assay with IC50


values <1 lM. With the current series, a 2- to 10-fold
reduction in potency for the THP-1 assay relative to
the ICE enzyme activity was observed. We interpreted
the whole cell results as a combined measure of the com-
pounds’ ability to penetrate the cell membrane and their
potencies as enzyme inhibitors.


In conclusion, we developed an expedient synthesis of 1-
(2-acylhydrazinocarbonyl)cycloalkyl carboxamides, a
unique class of monocyclic ICE inhibitors. Of the vari-
ous substitutions evaluated, the indanyl analog 26
showed the best overall activity profile: good enzyme
potency for ICE (albeit, approximately 10-fold less ac-
tive than the bicyclic inhibitor 2), good selectivity for
ICE over caspase-8, and moderate activity in the THP-
1 assay. Finally, the potency against caspase-8 was
shown to be tunable based on the selection of an appro-
priate P4 substitution. For example, the 1-naphthyl P4
substituted analogs generally provided potent dual-act-
ing inhibitors of ICE and caspase-8, as exemplified by

compounds 12, 16, and 20. These compounds may serve
as prototypes for identifying selective caspase-8 inhibi-
tors with potential therapeutic utility in modulating
apoptosis, NF-jB signaling, and T-cell activation.13


Due to the modest overall potency of these compounds,
further work on this class was terminated. However, this
activity in combination with the comparative ease of
synthesis did prompt us to further evaluate other classes
of monocyclic ICE inhibitors. The results of these stud-
ies are reported separately.14
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Abstract—Herein, we report the discovery of an effective strategy to modulate liabilities related to affinity of previously disclosed
bicyclohexane MCHR-1 antagonists for the hERG channel. This paper describes one of several strategies incorporated to limit
hERG binding via modifications of a terminal aryl group in an otherwise promising bicyclohexyl urea series.
� 2006 Elsevier Ltd. All rights reserved.

Melanin concentrating hormone (MCH) is a 19-amino
acid cyclic peptide found in the brains of all vertebrate
species which has been clearly established as an impor-
tant regulator of food intake and energy homeostasis.1,2


Central administration of MCH in rats stimulates food
intake,3 and chronic infusion induces hyperphagia lead-
ing to obesity.4 Similarly, mice overexpressing the MCH
gene are hyperphagic, obese, hyperglycemic, and insulin
resistant.5 In contrast, mice null for the gene encoding
MCH (prepro-MCH) are lean and hypophagic.6 Two
MCH receptor subtypes have been identified, of which
MCHR-1 is only found in rodents. Several groups,
including our own, have disclosed small molecule
MCH receptor antagonists which have demonstrated
oral efficacy in rodent feeding models.7,8


We recently reported the discovery of bicyclo[3.1.0]hexyl
urea 1 as a potent and selective MCH-R1 antagonist
which exhibited in vivo efficacy in rodents.8 As a result
of efforts aimed at removing a mutagenic biaryl aniline
substructure from an earlier series,9 the bicyclohexane
1 served as a structurally unique substitute. Unique in
an alternative sense, the SAR of the distal aryl substitu-
ent of the bicyclo[3.1.0]hexane indicated that, contrary
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to the biaryl anilines and related bicyclo[4.1.0]hep-
tanes,10 the substituent could be appended at the m- or
p-positions of the aryl ring. As a result, further explora-
tion of both structure and positional attachment of sub-
stitution on this ring was undertaken.8


During biological profiling of the bicyclo[3.1.0]hexane
series, in vitro assays aimed at estimating cardiovascular
liabilities related to hERG (human ether-a-go-go-related
gene) affinity were employed.11 The potassium channel
encoded by hERG is a voltage gated ion channel in-
volved in cardiac repolarization. Mutations in hERG
are responsible for one type of congenital long QT syn-
drome (LQT2), which is associated with an increased
risk of torsade de points, ventricular fibrillation, and sud-
den death. Pharmacological blockade of this potassium
channel is a side effect profile of many drug candidates,
and is also associated with QT prolongation, proar-
rhythmia, and death.12–14 Recent methods in drug dis-
covery have been aimed at measuring inhibition of
hERG currents of potential drug candidates. The most
reliable procedure in this regard is the whole-cell voltage
clamp technique, however, the labor intensive nature of
this procedure limits throughput. One of the higher
throughput screens for evaluation of hERG liability is
the rubidium efflux assay which, while serving as a use-
ful screen, does not exhibit ideal potency correlations
with the voltage clamp method. This limitation notwith-
standing, the correlation between Rb efflux data and
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voltage clamp enables one to employ the Rb efflux assay
as a useful tool for the preliminary evaluation of hERG
liabilities in the discovery process.


As a preliminary screen, a rubidium efflux assay (Rb
efflux) was used to determine inhibition of the volt-
age-gated potassium channel encoded by hERG.15 In
this assay, bicyclohexyl urea 1 (Fig. 1) showed 86%
inhibition at 5 lg/mL, which was of significant concern
recognizing the potential for widespread patient use of
an antiobesity agent and the inherent necessity of lim-
iting the side effect profile. Follow up in a voltage
clamp assay showed that 1 had an IC50 of 52 nM for
the hERG channel, which validated our concerns.16


Experimentally determined potency shifts of the Rb ef-

Figure 1. Bicyclo[3.1.0]hexyl urea MCHR-1 antagonist (1).


Table 1. Selected bicyclohexane aryl SAR


Compound R1 R2 MCH-R1


Ki
a (nM)


Rb effluxb


(% inh.)


1 p-CN 3-CF3, 4-F 2.7 86


2 H 3-Cl, 4-F 8.9 58


3 p-CO2Me 3-CF3, 4-F 5.4 63


4 m-NH2 3-Cl, 4-F 9.6 25


5 p-F 3-Cl, 4-F 2.6 87


6 m-OCH3 3-Cl, 4-F 2.7 70


7 p-SO2Me 3-CF3, 4-F 8.5 46


8 p-CONHMe 3-CF3, 4-F 17 25


a Mean values (n = 8) ± SEM.
b Measured at 5 lg/mL.


Scheme 1. Reagents and conditions: (a) carbamate or amide, N,N 0-dimethyle


methylpiperazine, Ti(O-i-Pr)4, 18 h, then NaBH4, MeOH; (c) aryl isocyanat


NaB(OAc)3H, CH2Cl2; (f) acid chloride, isocyanate or sulfonyl chloride, i-P

flux data relative to conventional patch clamp methods
have been detailed elsewhere.16 Efforts to limit or elim-
inate the cardiovascular liabilities associated with inhi-
bition of hERG were then undertaken in the
bicyclohexane series, of which we chronicle our focus
on aryl modifications in this letter.


To assess binding to the hERG channel in our bicyclo-
hexane series, several compounds were tested in the
rubidium (Rb) efflux assay. Table 1 shows the MCH-
R1 activities of several representative bicyclohexanes,8


along with percent inhibition of the hERG channel as
measured in the Rb efflux assay.


Preliminary results indicated that several substituents at
the aryl terminus provided little or no improvement with
respect to hERG liabilities. Electron withdrawing or
electron donating groups were equally offensive. Nota-
bly, sulfones such as 7, amines (4), and amides (8)
showed a significant reduction of hERG inhibition.
Having established the requirements for electron with-
drawing groups on the aryl urea and the presence of
an ionizable nitrogen atom on the side chain, it was
decided to further pursue reduction of hERG liability
by exploration of aryl variations, as several different aryl
functional groups were tolerated.


The synthesis of the bicyclohexyl ureas has been previ-
ously detailed; however, specific modifications of the
aryl region are included in Schemes 1 and 2.8 For the
aminoaryl bicyclohexanes, the synthetic sequence pro-
ceeded according to Scheme 1. Amination of the aryl
bromide 9 was followed by side chain installation and
isocyanate treatment to provide the fully elaborated ure-
as 11–13. Unmasking of the aniline nitrogen atom with
TFA was followed by reductive amination, acylation or
sulfonylation to provide the aminoaryl bicyclohexanes
4, 14–21.


Heteroaryl bicyclohexyl ureas were synthesized as
shown in Scheme 2. Methoxypyridine 2217 was treated
with TMSI to provide pyridone 23. The aminobenzisox-
azoles 26 and 27 were derived from 24 17 and 2517,
respectively, via treatment with acetohydroxamic acid
and in situ cyclization. The pinacol derivative of
oxindole was coupled to vinyl bromide 28, followed by
standard manipulations to provide the oxindolyl bicy-
clohexyl urea 32.

thylenediamine, CuI, K2CO3, toluene, 110 �C; (b) 1-(3-aminopropyl)-4-


e, i-Pr2NEt, CH2Cl2; (d) TFA, CH2Cl2 (for R = BOC); (e) aldehyde,


r2NEt, CH2Cl2.







Scheme 2. Reagents: (a) TMSI, CH2Cl2; (b) acetohydroxamic acid, K(O-t-Bu), DMF; (c) Pd(dppf)Cl2, K3PO4, DME/H2O; (d) Et2Zn, ClCH2I,


CH2Cl2; (e) TBAF, THF; (f) Dess–Martin periodinane, pyridine, CH2Cl2; (g) 1-(3-aminopropyl)-4-methylpiperazine, Ti(O-i-Pr)4, 18 h, then NaBH4,


MeOH; (h) aryl isocyanate, i-Pr2NEt, CH2Cl2.
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Given the promising reduction of hERG affinity ob-
served with aniline 4, a series of derivatives were made
from the parent anilines in order to probe the bound-
aries of acceptable changes that would reduce hERG
inhibition while retaining activity for MCH-R1 (Table
2). Substitution at either the m- or p-positions with
amines and relatively small alkyl amides (branched or
n-alkyl) proceeded with good retention of MCH-R1
binding while significantly reducing hERG inhibition.
Unfortunately, pharmacokinetic properties suffered as
indicated by low rat AUC data. It was speculated that
cyclic amides would impart increased stability in vivo,
which was indeed the case with pyrrolidinone 13, though
a significant loss in MCH-R1 affinity was observed. The
cyclopropylamide 19 served to improve binding and

Table 2. Aminoaryl bicyclohexane SAR


Compound R1 MCH-R1 Ki
a (nM


4 m-NH2 9.6


11 p-NHBOC 139


12 m-NH-azetidinyl 25


13 m-NH-pyrrolidinyl 57


14 p-NH2 4.4


15 m-NHAc 2.5


16 p-NHAc 4.8


17 m-NH-propionyl 3.1


18 m-NH-isopropionyl 15.1


19 m-NH-cyclopropionyl 6.8


20 m-NH-pivaloyl 115


21 m-NHCONHEt 28


a Mean values (n = 8).
b Measured at 5 lg/mL.
c Mean values (n = 3). Dosed at 10 mg/kg po.

AUC, however, increased hERG inhibition as well.
Small alkyl ureas such as 21 also served to balance affin-
ity and hERG liability, while sulfonamides, t-butyl car-
bamates, and pivaloyl amides all were inferior.


Further efforts to reduce hERG channel affinity focused
on heterocyclic aryl groups (Table 3). Heterocycles such
as pyridines17 and thiophenes17 were tolerated; however,
these did not significantly affect hERG affinity. In con-
trast, thiazole 3517 produced a significant drop in hERG
liability along with a decrease in MCH-R1 activity.
Elaboration to methoxypyridine 22 provided a promis-
ing reduction in hERG affinity, as did the pyridone
derivative 23, however, the pyridones suffered from infe-
rior activity for MCH-R1. Oxindoles such as 32 retained

) Rb effluxb (% inh.) Rat AUC0–6 h
c (ng h/mL)


25


87


29


14 822


16


19 251


18


34 533


37 339


46 634


27


17 127







Table 3. Heteroaryl bicyclohexane SAR


Compound Ar MCH-R1


Ki
a (nM)


Rb effluxb


(% inh.)


Rat AUC0–6 h
c


(ng h/mL)


33 3-Pyridyld 2.0 97 1001


34 3-Thienyl 13 75


35 2-Thiazolyl 56 27


22
NMeO


8.6 36 757


23 N
H


O 43 9


26
N O


H2N 21 26 733


27 O
N


NH2


46 46


32 HN


O


15 50


a Mean values (n = 8).
b Measured at 5 lg/mL.
c Mean values (n = 3). Dosed at 10 mg/kg po.
d 3-Cl, 4-F aryl urea.
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acceptable MCH-R1 inhibition, and showed significant
reductions in hERG binding, as did aminobenzisoxazole
26. Follow up in a voltage clamp assay showed that 26
had an IC50 of 0.69 lM in a voltage clamp assay. Phar-
macokinetic studies with 26 indicated that acceptable
exposure in rodents could be obtained. Interestingly,
the regioisomeric derivative 27 exhibited a 2-fold reduc-
tion in affinity relative to 26.


In summary, the Rb efflux assay provided a reliable ini-
tial screen for evaluation of hERG liabilities in bicy-
clohexyl MCH-R1 antagonists.16 Changes in the
terminal aryl region provided impact on the hERG
binding properties, with amide substituents providing
consistent reductions in hERG affinity. Further studies
revealed that aminomethyl substituents and several het-
eroaryl derivatives also exhibited significant reductions
in hERG binding while maintaining acceptable activity
for MCH-R1 and reasonable pharmacokinetic proper-
ties such as AUC.
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Abstract—A variety of 4-N atom substituted derivatives were synthesized and evaluated for their in vitro anticancer activities using
4-methylpiperazine-1-carbodithioic acid 3-cyano-3,3-diphenyl-propyl ester 4 as lead compound. Among them, compound 6a with-
out any substituent on 4-N atom (R1 = H) was found to be the most active anticancer agent with IC50 = 5.3 lM against HL-60 and
IC50 = 11.5 lM against Bel-7402, respectively. Increase in the polarity and/or introduction of suitable acyl groups at the 4-N atom of
the lead compound 4 are favorable for the improvement of activity.
� 2006 Elsevier Ltd. All rights reserved.
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Despite major breakthroughs in many areas of modern
medicine over the past 100 years, the successful treat-
ment of cancer remains a significant challenge at the
start of the 21st century. Because it is difficult to discov-
er novel agents that selectively kill tumor cells or inhibit
their proliferation without the general toxicity, the use
of traditional cancer chemotherapy is still very limited.


Dithiocarbamic acid ester is a common class of organic
molecules. They exhibit a variety of valuable biological
effects, including antibacterial activity,1,2 antifungal
activity,3 the ability to chelate heavy metals,4,5 and to
function as NO scavengers.6 Recently, it was found by
Hirschelman’s group that (4-methanesulfinyl-butyl)-
dithiocarbamic acid methyl ester (sulforamate 1,
Fig. 1) and 5-oxohexyl dithiocarbamic acid methyl ester
(oxomate 2, Fig. 1) are potent phase II enzyme inducers
which could be used as cancer chemopreventive
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agents.7–9 Another group from Italy also found that
the metal complex of dithiocarbamic acid esters exhibit-
ed anticancer activity. For example, the platinum com-
plexes have similar activity but less toxicity than the
cisplatin.10–12 However, little systematic research has
been reported about anticancer activity of this class of
compounds, although compound RWJ-025856 (3) was
unexpectedly found to have attenuating effects on tumor
necrosis factor a (TNFa)-induced apoptosis in murine
fibrosarcoma WEHI 164 cells.13


We have developed a convenient one-pot method for the
synthesis of dithiocarbamic acid ester and have prepared

NN SH3C


S NC
NN


Cl


S NMe2


S


RWJ-025856(3) 990207(4)


Figure 1. Structures of compounds 1–4.
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many compounds using this method.14–16 Random
screening of those compounds led to the discovery of
several compounds possessing significant antitumor
activity.17,18 One of the best compounds is 4-methyl-pi-
perazine-1-carbodithioic acid 3-cyano-3,3-diphenyl-pro-
pyl ester (4, Fig. 1) with 79% and 75% inhibition rates
against HL-60 and Bel-7402 cell lines at 33 lM in vitro,
respectively. A further in vivo test of its hydrochloride
salt (4ÆHCl), which has better solubility, indicated that
the inhibition rates against tumor growth of sarcoma
180 (S180), hepatocyte carcinoma 22 (H22), and implant-
ed human gastric carcinoma in nude mice were 46.4–
59.6% (P < 0.01), 39.3–51.6% (P < 0.05 � 0.01), and
18.1–59.0% (P < 0.01) at different doses from 50 to
200 mg/kg, respectively. More importantly, 4ÆHCl
showed very low toxicity. Taking it orally at a dose of
10 g/kg continuously for 10 days, the rats are neither
dead nor damage of organs observed by visual examina-
tion. Furthermore, the body weight of tested group is
similar to that of control group.19


To the best of our knowledge, dithiocarbamic acid ester
4 represents a new kind of compound with a novel struc-
ture, significant anticancer activity, and very low toxici-
ty. Encouraged by this result, we selected compound 4
as a lead compound to further explore the structure–
activity relationships (SAR) with the aim of optimizing
potency and anticancer activity. In this article, we focus
our attention on the optimization of substituents at the
4-N atom of piperazine in the lead compound 4.


The synthetic routes of all the target compounds are
shown in Scheme 1. According to our improved and
well-established method,20 a variety of 1-N-substituted
piperazines, which were commercially available or pre-
pared by standard methods, were reacted with carbon
disulfide and 3-cyano-3,3-diphenyl-propyl bromide 5 in
the presence of anhydrous potassium phosphate at room
temperature to afford the corresponding dithiocarbamic
acid esters 6a–6y in high yields. Direct sulfonation of 6a

NHNR1 +  CS2 +


NC


Br
5


NN SS


S NC


7a-7i (from 6a, R1=H)


O
O


R2


e
NN S


S NC


11 (from 10)


O


O
S


O O


Scheme 1. Reagents and conditions: (a) K3PO4, acetone, rt; (b) R2SO2Cl, Et3N


NaHCO3, CH2Cl2, reflux, 0.5 h, 57% for 9, 73% for 10; (e) CH3SO3Ag, CH

(R1 = H) with methylsulfonyl chloride and various
substituted phenylsulfonyl chloride under basic
conditions afforded 4-methylsulfonylpiperazine-1-carbo-
dithioic acid 3-cyano-3,3-diphenyl-propyl ester 7a and
4-phenylsulfonylpiperazine-1-carbodithioic acids 3-cya-
no-3,3-diphenyl-propyl esters 7b–7i. The hydroxylethyl
analgoue 6e (R1 = HOCH2CH2–) was reacted with thio-
nyl chloride in dichloromethane at room temperature to
give the corresponding chloride product 8. The direct
N-acylation of 6a with b-chloropropionyl chloride
provided the b-chloropropionyl derivative 9. Using b-
bromopropionyl chloride under identical conditions
gave the desired b-bromopropionyl derivative 10. The
compound 11 was synthesized from the reaction of 10
with silver methanesulfonate21 in refluxing acetonitrile
for 4.5 h in 58% yield.


All of the synthesized compounds were screened for the
preliminary in vitro anticancer activity against six differ-
ent cell lines: a human promyelocyticfina leukemic cell
line (HL-60), a human hepatocellular carcinoma cell line
(Bel-7402), a human gastric carcinoma cell line (BGC-
823), a human cervical carcinoma cell line (HeLa), a hu-
man prostatic carcinoma cell line (PC 3MIE8), and a
human breast carcinoma cell line (MDA-MB-435), at
four different concentrations. Because most of com-
pounds showed inhibition activity only on HL-60 and
Bel-7402 cells at concentration of >33 lM, we herein
merely listed biological results at concentration of
33 lM in Table 1 in order to discuss the SAR.22–24


Meantime, the IC50 values for the most potent com-
pounds, 4, 6a, and 6e were tested.


As seen in Table 1, in order to obtain the diversity of 4-
N substituted derivatives of 4, substituents such as alkyl,
aryl, heteroaryl, sulfonyl benzyl, and benzoyl groups
were chosen to replace the 4-N methyl group of com-
pound 4. Although most of the compounds showed
weak or no activity, it is interesting to note that the com-
pound 6a without a substituent on 4-N atom (R1 = H)

NN SR1


S NC


6a-6y


a


b c


d


NN S


S NC


8 (from 6e, R1=CH2CH2OH)


Cl


NN S


S NC


9 (X=Cl, from 6a, R1=H)


10 (X=Br, from 6a, R1=H)


X


O


, CH2Cl2, rt; (c) SOCl2, CH2Cl2, reflux, 2 h, 79%; (d) XCH2CH2COCl,


3CN, reflux, 4.5 h, 58%.







Table 1. The biological activities of compounds 6a–y, 7a–i, and 8–11 at a concentration of 3.3 · 10�5 lM


NN SR1


S NC


6a-6y, 8-11


NN SS


S NC


7a-7i


O
O


R2


Compound R1 or R2 Inhibition rate against HL-60 (%) Inhibition rate against Bel-7402 (%)


4 CH3– 79.0 (9.9a) 75.2 (27.1a)


6a H– 98.7 (5.3a) 95.5 (11.5a)


6b C2H5– �7.81 4.97


6c n-C4H9– �13.5 11.0


6d n-C6H13– 2.57 12.7


6e HO(CH2)2– 92.5 (24.5a) 57.7 (11.7a)


6f 10.5 0


6g
F


0 4.3


6h F 0 15.9


6i
F3C


8.5 26.3


6j
Cl


0 0


6k
Cl


4.2 0


6l
Cl


Cl
0.7 23.3


6m


Cl


Me


0 14.6


6n
OMe


4.8 0


6o MeO 8.5 14.9


6p
MeO


9.8 15.5


6q
Me


0 0


6r O2N 7.8 2.2


6s
N


31.8 22.6


6t
N


N
24.2 33.2


6u C6H5 CH2– 12.5 4.7


6v
O


O 0 16.6


(continued on next page)
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Table 1 (continued)


Compound R1 or R2 Inhibition rate against HL-60 (%) Inhibition rate against Bel-7402 (%)


6w
Cl


2.7 18.0


6x O
O


30.4 17.7


6y
O


O
0 35.0


7a H3C 24.9 13.4


7b 0 0


7c MeO 1.5 5.4


7d O2N 0 0.2


7e
O2N


0 5.5


7f
NO2


0 0


7g


Cl


Cl


0 0


7h
F3C


0 0


7i F 0 9.7


8 ClCH2CH2– 53.6 28.7


9 Cl(CH2)2CO– 43.3 22.0


10 Br(CH2)2CO– 82.2 23.4


11 MeSO3CH2CH2CO– 0 1.09


a IC50 value.
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exhibited better activities (98.7% against HL-60,
IC50 = 5.3 lM; 95.5% against Bel-7402, IC50 = 11.5 lM)
than those of the lead compound 4 (R1 = Me, 79.0%
against HL-60, IC50 = 9.9 lM; 75.2% against Bel-7402,
IC50 = 27.1 lM). This result demonstrates that the
introduction of bulky substituent is unfavorable for
the improvement of activity.


Comparing compound 6b (R1 = –C2H5) with 6e (R1 =
–CH2CH2OH), it was found that despite only slight

differences between their structures, their activities were
completely different. Compound 6b showed no activity,
while 6e showed inhibition rates of 92.5% against HL-60
and 57.7% against Bel-7402. Based on the above results
and the activity data of compound 6a, we consider that
the polarity of the molecule might be a very important
factor affecting the activity.


Introduction of heteroaryl groups (6s, R1 = pyridyl; 6t,
R1 = pyrimidinyl) led to a significant decrease of activity
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compared with the lead compound 4. However, their
activities are obviously higher than those of the aryl
substituted derivatives (6f–6r). This result suggested that
it is possible to improve the activity by introducing suit-
able heteroaryl groups into the 4-N atom of the lead
compound 4. Furthermore, the activity improvement
of 6s and 6t may be related to the increase in polarity
of molecule caused by introduction of heteroaryl group.
The activity results of compounds 6x (R1 = furoyl,
30.4% against HL-60) and 6y (R1 = ethoxycarbonyl,
35.0% against Bel-7402) also support the above
suggestions.


Because the furoyl substituted analogue 6x showed
better activity than other substituted analogues, we
speculate that replacement of the 4-N-Me of the lead
compound 4 by acyl groups with anticancer action
would improve the pharmacological properties. There-
fore, 3-chloropropionyl, 3-bromopropionyl, and 3-
methanesulfonyloxy-propionyl were selected as substit-
uents to obtain the compounds 9–11. At the same
time, as the analogue of compound 6e, the chloroethyl
substituted compound 8 was also prepared. As shown
in Table 1, except for compound 11, all of the com-
pounds 8–10 exhibited higher activities than that of
the compound 6x. Most importantly, the 3-bromopro-
pionyl derivative 10 showed 82.2% inhibition rate
against HL-60. This result demonstrates that it is pos-
sible to improve the anticancer activity by introducing
suitable acyl groups at the 4-N atom of the lead com-
pound 4.


In summary, we have synthesized various 4-N atom
substituted derivatives of the lead compound 4 and
tested their preliminary in vitro anticancer activities.
Compound 6a without substituent on the 4-N atom
was found to be more potent than the lead compound
4. Increase in the polarity and/or introduction of suit-
able acyl groups at 4-N atom of the lead compound 4
are favorable to improve the activity. These results
provide promising information for further develop-
ment of potent inhibitors. Further optimization results
for the lead compound 4 will be reported in due
course.
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Abstract—We report the structure–activity relationships of further analogues in a series of piperazine derivatives as dual inhibitors
of serotonin and noradrenaline reuptake, that is, with additional substitution of the phenyl rings, or their replacement by hetero-
cycles. The enantiomers of compounds 1 and 2 were also profiled, and possessed drug-like physicochemical properties. In particular,
compound (�)-2 lacked potent inhibitory activity against any of the important cytochromes P450 and high selectivity over a wide
range of receptors, which is unusual for a compound that inhibits human amine transporters.
� 2006 Elsevier Ltd. All rights reserved.

In the preceding paper, we reported the discovery of a
series of N-substituted piperazines, for example 1 and
2, as inhibitors of serotonin (5-HT) and noradrenaline
(NA) reuptake, with selectivity over the dopamine
(DA) transporter.1 Such compounds have potential
utility in treating depression and stress urinary inconti-
nence.2


N


NH


R


1 R = Cl
2 R = OEt


We report here the structure–activity relationships of
further analogues in the series: additional substitution
of the phenyl rings, or their replacement by heterocycles
(compounds 3–22); the spatial requirements of the two
aromatic rings in relation to the piperazine (compounds
23, 24); and replacement of the piperazine ring by homo-
piperazine (compounds 25, 26). The enantiomers of
compounds 1 and 2 have also been separated and
profiled.


Compounds 3–22 were conveniently prepared by the
methods previously reported (Scheme 1).1,3,4
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Thus, condensation of the appropriate aryl or heterocy-
clic aldehyde,5 N-Boc-piperazine and benzotriazole in
refluxing toluene with azeotropic removal of water affor-
ded intermediates 27, which were not isolated, but added
directly as a solution in toluene to a solution of the rel-
evant benzylic Grignard reagent (2 eq.) or zinc reagent.6


The resulting N-Boc piperazines were then deprotected
under standard conditions to give 3–22. Compounds
23 and 24 were prepared in the same way, using phen-
ethylmagnesium bromide as the Grignard component
for the former and phenylacetaldehyde instead of benz-
aldehyde for the latter. Replacement of N-Boc pipera-
zine with N-Boc homopiperazine afforded compounds
25 and 26. The structures of all the compounds made
are shown in Table 1 and Figure 1.


We also separated7 and profiled the enantiomers of com-
pounds 1 and 2, and, for compound 2, determined the
absolute configuration of the (�) isomer to be (R).8


Compounds 3–26 were assayed for their ability to inhib-
it the uptake of [3H]5-HT, [3H]NA and [3H]DA in
HEK293 cells expressing a single human amine trans-
porter.9 Reference data were measured for fluoxetine,
reboxetine, and duloxetine. Results for 1–22 are shown
in Table 1 and will be discussed first; those for 23–26
and the enantiomers of 1 and 2 are in Figures 1 and 2,
respectively.


In the series of analogues 3–10, where the chlorophenyl
ring of 1 was replaced, most of the structural changes
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Table 1. Inhibition of human amine reuptake by N-substituted piperazines


N


NH


Ar


R


Compound IC50 (nM)


Ar R 5-HT NA DA


1 Ph 2-Cl phenyl 5.4 22 1300


2 Ph 2-OEt phenyl 13 16 >4000


3 Ph 2-Naphthyl 17 >400 NT


4 Ph 1-Naphthyl 12 >400 NT


5 Ph 2-Pyridyl 230 >400 NT


6 Ph 4-Pyridyl 38 >400 NT


7 Ph 2,3-Cl2 phenyl 3.9 100 NT


8 Ph 2,4-Cl2 phenyl 11 >400 >4000


9 Ph 2,5-Cl2 phenyl 8.2 120 >4000


10 Ph 2,6-Cl2 phenyl 12 82 970


11 3-Pyridyl 2-Cl phenyl 14 75 9200


12 3-Pyridyl 2-OEt phenyl 46 15 >4000


13 2-Thiazolyl 2-Cl phenyl 79 45 NT


14 2-Thiazolyl 2-OEt phenyl 39 340 NT


15 5-Thiazolyl 2-Cl phenyl 12 120 NT


16 5-Thiazolyl 2-OEt phenyl 40 21 NT


17 2-F phenyl 2-Cl phenyl 30 130 NT


18 2-F phenyl 2-OEt phenyl 10 38 NT


19 3-F phenyl 2-Cl phenyl 15 25 2300


20 3-F phenyl 2-OEt phenyl 28 22 NT


21 4-F phenyl 2-Cl phenyl 13 94 1600


22 4-F phenyl 2-OEt phenyl 17 28 NT


Fluoxetine 16 5200 4400


Reboxetine 590 11 >25,000


Duloxetine 6.0 19 870


Note: IC50 values are a geometric mean of at least n = 4. A difference of <2-fold should not be considered significant. NT, not tested.


N


NH
N


Cl


NH
N


NH


OEt


N


NH


5-HT IC50 = 23 nM
NA   IC50 = 48  nM
DA   IC50 =  400 nM


24


5-HT IC50 =   42 nM
NA  IC50 =   76  nM


25


5-HT IC50 = 300  nM
NA IC50 = 8.8 nM


26


5-HT IC50 = 23  nM
NA  IC50   >400  nM


23


Figure 1. Inhibition of human amine reuptake by compounds 24–26.


NAr


R


NH


NAr


N


N


N


NBoc


NH


NBocAr
CHO


3-2227


+ a b,c


Scheme 1. Reagents and conditions: (a) benzotriazole, toluene, Dean–Stark apparatus, reflux 6–24 h; (b) RCH2MgHal, THF, �78–0 �C, 30 min or


RCH2ZnHal, THF, 20 �C, 3 h, 35–80%; (c) 50% TFA, CH2Cl2, 20 �C, 80–95%.
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Figure 2. Inhibition of human amine reuptake by compounds 1, 2, and their enantiomers.
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(benzene annelation, replacement with pyridyl, addi-
tional chlorine atom) had a dramatically deleterious ef-
fect on potency against the NA transporter, whereas
good potency against the 5-HT transporter was fre-
quently retained. These data confirm, as we had ob-
served in other analogues,1 that the NA transporter
cannot tolerate much steric bulk (as in naphthyl) or
polarity (as in pyridyl) in the substituent R. Only com-
pounds 7 and 9 possessed comparable potency to 1
against the 5-HT transporter, but were still 5- to 6-fold
less potent than 1 against the NA transporter. The next
part of Table 1 shows the results for compounds 11–22,
in which the 2-chlorophenyl or 2-ethoxyphenyl substitu-
ent was retained, and the other phenyl ring replaced by
heterocycles or substituted with a single fluorine atom.
Overall, these alterations generally led to a loss of poten-
cy against both the 5-HT and NA transporters. Com-
pound 1 had an IC50 ratio 5-HT/NA 1:4, whereas for
compound 2 this ratio is near unity. The nature of the
heterocyclic group affected the relative potencies, as dis-
cussed below. For example, the 3-pyridyl and 5-thiazolyl
analogues (11, 15) with a chlorophenyl substituent re-
tained a similar IC50 ratio to 1 (i.e. 5-HT/NA 1:4–6) at
about 3-fold lower potency. In the same way that 1
was 3-fold more potent vs. the 5-HT transporter than
2, 11, and 15 were 3–4 more potent than 12 and 16,
respectively, against the 5-HT transporter; however,
the corresponding ethoxy analogues (12, 16) showed en-
hanced potency (5- to 6-fold) for the NA transporter
compared with 11 and 15. Consequently, 12 and 16 dem-
onstrated 2- to 3-fold selectivity for the NA transporter
compared to 11 and 15, which were selective for the 5-
HT transporter. In the series of fluorophenyl analogues
17–22, the compounds were 2- to 6-fold less potent than
1 versus 5-HT; vs. the NA transporter, the ethoxy ana-
logues (18, 20, 22) were 62-fold less potent than 2,
whereas in the chloro analogues (17, 19, 21) the fluoro
substituent was clearly preferred in the 3-position of
the phenyl ring. None of the analogues’ profiles was
superior to the parent analogues 1 and 2, although all
the compounds that were screened against the DA trans-
porter had low potency.


Figure 1 shows the results for compounds 23–26. Both
compounds 23 and 24 were reasonably potent against
the 5-HT transporter (IC50 = 23 nM). The former was
very significantly less active versus NA (IC50 > 400 nM),
and the latter was moderately potent versus DA, so nei-
ther analogue was considered a very interesting lead.
Likewise, the homopiperazines 25 and 26 were not

progressed further, as, although 25 possessed a balanced
profile, it lacked potency, and 26 possessed significant
selectivity for the NA transporter.


Figure 2 shows the potency of the enantiomers of
compounds 1 and 2 compared with the racemates. The
enantiomers in both series possessed significant activity.
In the case of compound 1, the (�)-isomer was about
3-fold more potent than the (+)-enantiomer against both
5-HT and NA transporters, but around 2-fold less
potent versus the DA transporter. The differences in
potency for the ethoxy enantiomers are probably not
significant. It is interesting to note that the enantiomers
of duloxetine both have similar potencies for 5-HT and
NA reuptake inhibition.10


Further profiling was conducted on (+)-1, (�)-1, (+)-2
and (�)-2. All four compounds possess moderate lipo-
philicity (log D7.4 octanol = 1.8 and 1.5 for the chloro
and ethoxy analogues, respectively), and formed sta-
ble, high-melting, crystalline hydrochloride salts with
good aqueous solubility (1–5 mg/ml at pH 7.4). Com-
pounds (±)-1, (+)-2, and (�)-2 demonstrated rapid
flux rates across Caco2 cells (Table 2), without evi-
dence for any affinity for efflux transporter proteins,
suggesting that absorption in vivo should be complete.
The set of enantiomers was profiled against a panel of
cytochrome P450 (CYP) enzymes in comparison with
known inhibitors (Table 2). Although (+)-1 and (�)-
1 were weak inhibitors of CYPs 3A4, 2C9, 2C19,
and 1A2, they were both potent inhibitors of 2D6
(comparable potency to fluoxetine). In contrast, (+)-2
and (�)-2 were both relatively weak inhibitors of
2D6 (comparable potency to venlafaxine), as well as
the other CYPs. One interesting property of all the
enantiomers was that they demonstrated good meta-
bolic stability in human liver microsome preparations,
but very poor stability when incubated with rat or dog
liver microsomes (Table 2). The reason for these dif-
ferences is not understood, but may indicate the com-
pounds are metabolised by different enzymes in
different species.


Further data obtained with (�)-2 indicated it possessed
>100-fold selectivity for 5-HT/NA transporters over a
wide variety of G-protein coupled receptors, including
adrenergic, dopaminergic, muscarinic, nicotinic, and
opiate receptors. It did, however, demonstrate modest
binding affinity for sodium channels (site 2, IC50


0.41 lM), calcium channels (LL-type, diltiazem site, IC50







Table 2. Caco flux rates, metabolic half-lives, and CYP inhibition IC50 data


Compound Caco fluxa HLMbt1/2 (min) RLMc t1/2 (min) DLMd t1/2 (min) CYP inhibition IC50 (lM)


2D6 3A4 1A2 2C9 2C19


(±)-1 20/17 120 NTe NT NT NT NT NT NT


(+)-1 NT >120 2 NT 0.6 >30 >30 23 14


(�)-1 NT >120 2 NT 0.5 >30 26 23 14


(+)-2 30/41 76 4 9 10 10 NT NT NT


(�)-2 33/36 96 5 4 30 30 >30 >30 >30


Notes to Table 2.
a Flux across Caco2 cells was measured at 25 lM concentration. Figures quoted correspond to the initial flux rates (·10�6 cm�1) for apical to


basolateral (first figure) and basolateral to apical (second figure) sides of the cells.
b HLM, human liver microsomes; the maximum t1/2 measurable was 120 min.
c RLM, rat liver microsomes.
d DLM, dog liver microsomes.
e NT, not tested.
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0.73 lM) and the hERG potassium channel (dofetilide
binding IC50 16 lM).


We have described the structure–activity relationships
for a series of N-alkylated piperazine derivatives.
Although none of the new analogues were superior to
either compound 1 or 2, the profiles of the enantiomers
of 2 were very promising. It is notable that both enanti-
omers had very similar profiles and possessed good,
drug-like physicochemical properties. Compound (�)-2
lacked potent inhibitory activity against any of the
important CYPs450 and possessed high selectivity over
a wide range of receptors, which is unusual for a com-
pound that inhibits human amine transporters.
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Abstract—A novel class of 4-aryl-8-(2-hydroxy-2-phenyl-cyclohexyl)-2,8-diaza-spiro[4.5]decan-1- ones have been discovered and
developed as potent and selective GlyT1 inhibitors. The molecules are devoid of activity at the GlyT2 isoform and display excellent
selectivities against the l-opioid receptor as well as the Nociceptin/Orphanin FQ peptide (NOP) receptor. In particular these novel
compounds 4 as well as the 4-substituted-8-(2-phenyl-cyclohexyl)-2,8-diaza-spiro[4.5]decan-1-one 3 show improved metabolic sta-
bility and pharmacokinetic profiles in rodents compared to previous triazaspiropiperidine series 1 and 2. We have also identified
within these diazaspiropiperidine series a key relationship between reducing basicity of the piperidine nitrogen and reducing hERG
affinity.
� 2006 Elsevier Ltd. All rights reserved.

GlyT1 is a selective transporter of the neurotransmitter
glycine that is localized in the brain in close vicinity with
the NMDA receptor for which glycine is an obligatory
co-agonist.1,2 In vitro experiments have recently shown
that GlyT1 inhibition results in an elevation of glycine lev-
els with a consequent enhancement of NMDA receptor
activity.3 This observation strongly suggests a role for
GlyT1 inhibitors in the treatment of CNS disorders like
schizophrenia where NMDA-R hypofunction is believed
to be involved.4 Additional support for this approach in
the treatment of schizophrenia comes from clinical studies
where sarcosine,5 a prototypical weak GlyT1 inhibitor,
improved positive, negative and cognitive symptoms in
schizophrenic patients, when administered together with
risperidone. As a result, considerable effort has been fo-
cused on the development of selective GlyT1 inhibitors.6


We have recently described the discovery of N-(2-aryl-
cyclohexyl) substituted spiropiperidines 17, 28 and 39

0960-894X/$ - see front matter � 2006 Elsevier Ltd. All rights reserved.
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as a novel class of GlyT1 inhibitors which all display
excellent selectivity against the GlyT2 isoform.
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The main liability of 1 was identified early whereupon
only very low selectivity against the l-opioid receptor
and the Nociceptin/Orphanin FQ peptide (NOP) recep-
tor was achievable. However, we successfully addressed
these issues in a focused programme culminating in the
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discovery of 2 and 3. Since we had already demonstrated
significant improvement towards our desired pharmaco-
logical properties within the triazaspiro series by
performing the structural changes 1 to 2 (addition of a
2 0-OH group) and also within the diazaspiro series 1–3
(replacement of the 4-N with CH group), herein we wish
to report on our successful efforts to identify another
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Scheme 1. Synthesis of compounds 8–25. Reagents and conditions: (a)


EtOH, reflux, 95–99%; (b) SO3–pyridine complex, DMSO, TEA,


DCM, rt, 58–76%; (c) i—R1Br, BuLi, THF, �78 �C to rt, 45–90%.


Table 1. In vitro inhibitory activity at the GlyT1 transporter for compound


N


O


R
1


OH


8-25
(1'R 2'R or 1'S


Compound R1 R2


8 4-MeO–Ph H


9 3-MeO–Ph H


10 4-MeO–Ph F


11 3-MeO–Ph F


12 4-F–Ph H


13 3-F–Ph H


14 3-F–Ph F


15 2-F–Ph F


16 3-Cl–Ph F


17 4-CN–Ph F


18 4-CF3–Ph F


19 4-MeSO2–Ph F


20 4-Me–Ph F


21 3-Me–Ph F


22 2-Me–Ph F


23 4-t-Bu–Ph F


24 2-CF3O–Ph F


25 4-Imidazole–Ph F


a Radiometric assay using [3H]-glycine8.
b Mix of a, b, c and d.
c Mix of c and d.
d Mix of a and b.

new class of GlyT1 inhibitors 4 by the incorporation
of both of the fore-mentioned chemical mutations into
one series.10


The synthetic strategy to access the target molecules 4
closely follows our previous work and was designed to
prepare a (1:1:1:1) mixture of four diastereoisomers with
a 1,2-cis relationship (Scheme 1). In analogy, the synthe-
sis commenced with an efficient opening of the commer-
cially available cyclohexene epoxide, however this time,
with the 4-substituted diazaspiropiperidine 511 to afford
the a-aminoalcohols 6 in excellent yield. Installation of
the appropriately substituted aryl residue (R1) with
excellent stereoselectivity was efficiently achieved
through a two-step process involving oxidation of 6 to
the a-aminoketone 7 by SO3–pyridine complex, fol-
lowed by reaction with the appropriate aryl-lithium
(R1-Li) reagent formed in situ.


In order to aid interpretation of the biological results,
where possible we endeavoured to separate the diastere-
oisomers by the implementation of chiral-phase HPLC
(Chiralpak AD�) and did not routinely test the
(1:1:1:1) mixture of four stereoisomers formed in the
reaction sequence. This was not always possible and
Table 1 shows the activity for the pure or the mixture
of stereoisomers with the fastest eluting component des-
ignated a and the slowest eluting designated d.

s 8–25


N
H


R
2


 2'S)


GlyT1 EC50
a (lM)


a b c d


4.48b


>30b


3.300 1.181 1.128 0.158


0.158 2.599 0.127 5.301


0.129d 0.07 0.825


0.158 2.599 0.127 5.301


0.095 0.077 0.474 0.646


0.596 0.110 1.769 0.069


6.251 2.34 0.118 0.073


1.953 11.33 >30c


1.313b


18.646b


0.42 >30 0.437 0.132


2.638 10.71 >30c


0.596 0.110 17.690 0.069


>30 >30 >30c


1.394d 0.646c


7.345 >30 27.544 0.175







Table 3. Microsome stability data for compounds 1, 12c, 14b, 15d, 26,


and 27


Compound GlyT1


EC50 (lM)


CLint
a


Mouse


microsomes


Human


microsomes


1 0.026 240b 68


26 0.024 499b 78


27 0.061 36 23


15d 0.069 39 28


14b 0.077 16 11


12c 0.070 13 44


a CLint, intrinsic, lL/min/mg protein.
b Rat data.
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For exploration of our preliminary SAR (Table 1), we
initially focused on derivatives where R2 = H or F, since
these were found to be optimal in the previous series 1, 2
and 3. Overall the SAR of this class of molecules 4 did
not follow the same SAR pattern previously established
with the series 1–3. For example, although only tested as
a mixture, compounds 8 and 9 bearing p-OMe and m-
OMe groups, respectively, were surprisingly found to
be inactive in sharp contrast to their potent congeners
in the triazaspiropiperidine series 1 and 2 which had
EC50 in the nanomolar range. Much improved activity
was obtained for R2 = F, with 10d and 11a,c also show-
ing affinity in the nM range. We then explored the effects
of the favoured halogen substituents at R1 with com-
pounds 12–16 each demonstrating a dramatic increase
to low nanomolar affinity at GlyT1. Electron-withdraw-
ing groups such as those evident in 17–19 provided only
inactive compounds. Methyl substituents were also well
tolerated at the p- and o-positions where 22 even provid-
ed three active diastereoisomers. Intriguingly, m-Me
substitution as in 21 was not tolerated in this series.


Before moving further ahead with this novel diazaspiro-
piperidine class 4 it was essential to establish superiority
over the previous series 1–3 and we therefore selected
12a–d as a focus for further evaluation. Initially we set
out to demonstrate that the introduction of an addition-
al 2 0-OH group together with an N to CH mutation
would completely remove any off-target liabilities ob-
served in 1. Indeed, pleasingly these efforts were reward-
ed when we could demonstrate excellent selectivity over
GlyT2, NOP and most importantly we had completely
removed activity at the l-opioid receptor as shown in
Table 2.


As a result, of these encouraging results, we proceeded
to explore the key liabilities identified in the previous
series in much more detail. A key impediment in the gen-
eral class of triazaspiropiperidines 1 and 2 has been the
non-optimal metabolic stability. This was vastly im-
proved upon in the triazaspiropiperidine series by
replacement of the R2 aryl residue with an alkyl
substituent.8

Table 2. In vitro inhibitory activity at the GlyT1 and the GlyT2


transporters and potency in inhibiting the NOP and l receptors for


compounds 1–3, 12a–d


Compound EC50
a (lM) NOP IC50


b (lM) l IC50
c (lM)


GlyT1 GlyT2


1 0.026 12 6 0.15


2 0.044 72 15 2.7


3d 0.232 25 >10 3.92


12d 0.481 >30 >10 24


12ab 0.129 — >10 >10


12c 0.07 >30 >10 >10


12d 0.825 — >10 >10


a Radiometric assay using [3H]-glycine.8


b Displacement of [3H]NOP in membranes prepared from permanently


transfected HEK293 cells expressing hNOP receptors.12


c Displacement of [3H]naloxone in membranes prepared from BHK


cells transiently expressing hl receptors.12


d Mixture of four diastereoisomers (see Table 1).

However, we endeavoured to retain the aryl moiety in
the diazaspiropiperidine series and we were delighted
to observe a significant improvement in metabolic stabil-
ity of nearly all related derivatives in the diazaspiro ser-
ies 3 and 4 compared to the triazaspiro series 1 and 2
(Table 3). For example, the predicted maximum achiev-
able bioavailability (MAB), in human microsomes, for 1
was only �18%, whereas effecting the N to CH replace-
ment resulted in a significant improvement of the MAB
to �45% for 27.


This trend was also observed in a single dose in vivo
pharmacokinetic study in mice and rats for this series
where a much lower in vivo clearance was recorded
(Table 4). This resulted in an increase of oral bioavail-
ability (F) from 8% to 27%. In addition, we had also
achieved greater brain penetration for 27 compared to 1.


In the 2 0-OH series a significant improvement of MAB
was also observed by examining the pair 26 and 12c
where an improvement in predicted MAB, in human
microsomes, from 14% to �55% was observed. In gener-
al, it was not possible to increase further the metabolic
stability within these subseries of the diazaspiropiperi-
dines 3 and 4 with all derivatives in Table 1 generally
displaying comparable microsomal stability.


After achieving our desired in vitro pharmacological
profile with suitable pharmacokinetic properties in vitro
and in vivo, we then proceeded to further develop these
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Table 4. Selected pharmacokinetic parameters for compounds 1 and


27


Compound F (%) CLa Vss (L/kg) B/P


1b 8 120 7.3 1.6


27b 63 4.3 5.2


27c 27 99 8.9 4.1


a CL, total clearance, mL/min/kg protein.
b Measured in rat.
c Measured in mouse, B/P = brain to plasma ratio; Vss = volume of


distribution.


Table 5. In vitro inhibitory activity at the hERG K channel for


compounds 12c, 27 and 28


Compound hERG IC50
a (lM) pKa


b


27 1.400 8.85


12c 1.800 8.54


28 >24.000 6.89


a Inhibition of hERG K channel determined by whole-cell patch-clamp


experiments on a transfected CHO cell line.
b Determined by potentiometric titration in a MeOH/water mixture at


rt with the GLpKa instrument from Sirius Analytical Instruments.
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molecules. However, we were concerned with the poten-
tial liability for blocking the hERG K channel where
overlapping pharmacophoric elements within our spiro-
piperidine class of molecules were known to exist. When
tested, as expected, low micromolar activity was ob-
served for 27 (Table 5) at the hERG K channel and
we believed that we could reduce these effects by modu-
lation of basicity of these compounds. Indeed, the intro-
duction of an additional b-oxygen relative to a nitrogen
atom is known to reduce its basicity and as expected 12c
and congeners show a slightly reduced effect at the
hERG K channel in line with the reduction of basicity
of the piperidine nitrogen. In order to reduce even fur-
ther the effects at the hERG K channel, we introduced
a second b-oxygen atom, this time within the cyclohexyl
ring, as shown in the tetrahydropyran compound 28,
which gratifyingly had the desired outcome of completely
removing activity at the hERG K channel.
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Scheme 2. Synthesis of compound 28. Reagents and conditions: (a) EtOH, re


PhLi, THF, �78 �C to rt, 59%.

The synthesis of 28 was efficiently achieved as outlined
in Scheme 2. The 3,4-epoxytetrahydropyran 30 was pre-
pared according to literature precedent,13 and then
reacted with 29 to give a mixture of regioisomeric
a-aminoalcohols 31 and 32. The major product in the
reaction was the desired diastereoisomer 32 which was
then separated by chromatography on silica gel, oxi-
dized to the a-aminoketone 33 in good yield by SO3–
pyridine complex. Subsequent reaction with phenyl
lithium afforded the final product 28 in 59% yield. Pleas-
ingly, compound 28 apart from showing no activity at
the hERG K channel also demonstrated good affinity
(91 nM) at the GlyT1 transporter and was inactive at
the GlyT2 transporter.


In conclusion, replacement of the sp2 nitrogen atom at the
position 4 of the imidazolidinone ring in our original ser-
ies 1 with a sp3 carbon followed by introduction of a 20-OH
group resulted in a novel and potent class of 4-aryl-8-(2-hy-
droxy-2-phenyl-cyclohexyl)-2,8-diaza-spiro[4.5]- decan-
1-one GlyT1 inhibitors. This diazaspiropiperidine series
display, as we had anticipated, high selectivities against
the l- and NOP-opioid receptors. In general, the diazaspi-
ropiperidine series are superior to the triazaspiropiperi-
dine series where a significant increase in microsomal
stability was achievable and related into an improved
PK profile in vivo in mouse and rat. We have also identi-
fied a key relationship between reducing basicity of the
piperidine nitrogen and reducing hERG affinity which al-
lowed us to design derivatives such as 28 free of activity at
the hERG K channel. The subsequent paper will describe
additional pharmacological improvements within the
diazaspiropiperidine family of GlyT1 inhibitors in the
development of another novel class of 4-substituted-8-
(1-phenyl-cyclohexyl)-2,8-diaza-spiro[4.5]decan-1-one
GlyT1 inhibitors.
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Abstract—A simple, fast, and efficient method for the preparation of several 2-(alkyloxyaryl)-1H-benzimidazole derivatives is
reported. Compounds were synthesized through a rapid one-pot three component reaction via microwave irradiation, starting from
commercially available aldehydes and o-phenylenediamine, in the presence of Na2S2O5 and solvent-free conditions. The design of
these compounds explore the hypothesis that the stilbene framework could be mimicked with an appropriate 2-(Alkyloxyphe-
nyl)benzimidazole scaffold. This framework has a similar structural motif as the 6-phenylnaphthalene and behaves like stilbene
bioisosteres. The spasmolytic activity of these compounds was recorded using isolated rat ileum test. Compound 12 was the most
active of the series, showing an IC50 of 1.19 lM.
� 2006 Elsevier Ltd. All rights reserved.

In an attempt to identify novel compounds to treat dis-
orders of smooth muscle function, our group initially fo-
cused on the modestly selective structure of stilbene and
bibenzyl (Scheme 1) as starting points. Stilbenoids are
compounds that show a variety of biological activities
such as antineoplasic and vasorelaxing properties (e.g.,
resveratrol).1–4 Moreover, gigantol (Scheme 1) also be-
longs to this class of natural products and it induces a
concentration-dependent inhibition of the spontaneous
contractions of the rat ileum with potency higher than
or comparable to that of papaverine.5 Our initial efforts
focused on whether the stilbene framework could be
mimicked with an appropriately substituted 2-(alkyloxy-
aryl) benzimidazole scaffold (Scheme 1). Cyclizing open
structures or creating an additional ring system in a

0960-894X/$ - see front matter � 2006 Elsevier Ltd. All rights reserved.
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given structure represents one of the useful methods in
the search for biologically active conformation. The
end result is a more constrained molecule, with an im-
posed conformation. It is well known that the benzimid-
azole pharmacophore is an important structural core in
medicinal chemistry that shows a broad spectrum of
pharmacological activities.6–8 Several compounds con-
taining the benzimidazole scaffold have been used as
antiparasitic,9 antimicrobial,10 antitumoral,11 antihista-
minic,12 antifungal,13 and vasorelaxant agents.14


Usually, 2-arylbenzimidazoles have been prepared by
classical cyclocondensation of o-phenylenediamines
with the corresponding carboxylic acids under harsh
dehydrating reaction conditions15,16 or aldehydes under
oxidative conditions.17 The condensation of o-phenyl-
enediamines and the aldehydes requires an oxidative re-
agent to generate the benzimidazole core. Various
reagents such as nitrobenzene,18 benzoquinone,19 sodi-
um metabisulfite,10,17,20 In(OTf)3,21I2/KI,22 and even
air23 have been employed for this purpose. Due to the
availability of commercial aldehydes, this method has
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been chosen as a general procedure for their prepara-
tion. However, in most of the cases the reaction requires
at least 4–48 h, giving yields between 30 and 75%.


Microwave as heating source has been used for the rapid
synthesis of a variety of heterocyclic compounds both in
solution phase as well as under solvent-free conditions.24


Using microwave irradiation, the rates of reactions
involving polar components are usually very fast. Reac-
tions that require hours or even days by conventional
heating may often be accomplished in seconds by micro-
wave heating,25 and that is the reason why this technol-
ogy is widely applied to drug discovery.


Taking this into consideration, we plan to apply this
methodology in our research projects aimed at the dis-
covery of new spasmolytic agents based on benzimid-
azole scaffold. As a part of our search for basic
information about the structural requirements for
smooth muscle relaxant activity, we have synthesized a
series of eighteen 2-(alkyloxyaryl)-1H-benzimidazole
derivatives related to the natural stilbenoid family,
reported in Table 1. The in vitro spasmolytic activity
of these compounds on the spontaneous contractions
of the rat ileum is also reported. A preliminary study
concerning the structure–activity relationships in these
compounds was also performed.


The design of these benzimidazole derivatives explores
the hypothesis that the stilbene framework could be
mimicked with an appropriate 6-phenylnaphthalene
scaffold. The toxicity related to the naphthalene core
caused us to design a constrained indene ring. However,
the synthetic inaccessibility of certain functional groups
prompted us to investigate the 2-arylbenzimidazole scaf-
fold (Scheme 1), which has a similar structural motif as
the 6-phenylnaphthalene. The facile assembly of benz-
imidazole core allows us to further explore the effects
of substitution at positions 2, 3, 4, and 5 of the 2-phenyl
ring with oxygenated radicals.


Restriction of conformation is the most commonly used
technique in SAR development.26 The conformational
restrictions of a lead structure are often associated with
decreased entropy and increased binding affinity and
specificity with targets if the elements are oriented

toward the correct binding pockets of the targets. Addi-
tionally, by systematically reducing the rotatable bonds
in the lead compounds, the resulting compounds may
have better chance to have oral bioavailability. The con-
cept of transforming a chain structure into a heterocy-
clic ring moiety is another well-explored method of
bioisosteric replacement. Applying a chain-to-ring
transformation usually induces some conformational
restriction in the lead compound, keeping key binding
functionalities in a fixed position. This may improve
the selectivity of the lead compound, as a flexible mole-
cule may interact with several closely related molecular
targets.27


In this study, 17 benzimidazole derivatives (1–17, Table
1) have been synthesized by the reaction of 1,2-phenyl-
enediamine with adequate aromatic substituted alde-
hydes, utilizing sodium metabisulfite under microwave
irradiation (Scheme 2).28 All reactions were performed
without solvent in only 60 s as a maximum time, con-
firming that the focused microwave irradiation is a very
effective technique for accelerating thermal organic reac-
tions in solvent-free conditions. Solid compounds were
purified by recrystallization and the structure of the pure
compounds was established by spectroscopic and spec-
trometric data.29 All prepared compounds showed blue
emissions under UV irradiation in methanol solutions.
The reaction between o-phenylenediamine and the
corresponding aromatic aldehyde was carried out in
36–60 s under microwave irradiation and afforded the
corresponding products 1–17 in good yields (Table 1).
After the first irradiation for 10 s, the reaction mixture
was taken out, mixed again, and then heated at the same
power level for an additional 10 s. This step was repeat-
ed until the starting materials were consumed, moni-
tored by TLC analysis. Compound 18 was obtained
with low yield from 1, using an excess of alkylating
agent iodoethane (Scheme 3). When microwave irradia-
tion time was extended, it was possible to observe a
decrease of the yield due to formation of several by-
products. For comparison, a classical method for the
preparation of the benzimidazoles 1–17 was also done
by refluxing the adequate o-phenylenediamine, the alde-
hyde and sodium metabisulfite in DMF for 3–4.5 h. It
was demonstrated that the classical heating afforded
low yields of almost all compounds, in addition to other







Table 1. Physicochemical properties and pharmacological activity of synthesized 2-(alkyloxyaryl)-1H-benzimidazole derivatives 1–17


Compound R1 Ar Mp (�C) C logP Reaction


time


Yielda


(%)


Spasmolytic activity Potency


indexb


IC50 (lM) Emax (%)


1 –H 2-Hydroxyphenyl 242.1–243.5 3.97 ± 0.34 36 s 81 5.15 ± 0.58 42.4 ± 1.93 1.13


2 –H 2-Methoxyphenyl 171.7–173.9 3.43 ± 0.30 49 s 89 7.7 ± 1.17 52.8 ± 1.8 0.75


3 –H 2-Ethoxyphenyl 149.4–150.3 3.97 ± 0.30 48 s 88 1.94 ± 0.20 50 ± 2.46 3.0


4 –H 2-Propoxyphenyl 219.6–220.2 4.50 ± 0.30 50 s 87 1.9 ± 0.20 80 ± 7.11 3.06


5 –H 2-(Benzyloxy)phenyl 141.2–143.3 5.09 ± 0.32 47 s 75 28.2 ± 9.4 51.4 ± 2.03 0.21


6 –H 2-(4-Chlorobenzyloxy)phenyl 194.0–196.0 5.68 ± 0.34 48 s 78 59 ± 9.14 38.2 ± 2.18 0.09


7 –H 2-(4-Methylbenzyloxy)phenyl 229.2–231.1 5.55 ± 0.32 56 s 68 15 ± 0.29 47.7 ± 0.98 0.38


8 –H 2-Nitrophenyl 168.0–170.0 3.20 ± 0.30 48 s 88 78.6 ± 0.16 11.1 ± 0.99 0.07


9 –H 4-Hydroxyphenyl 254.1–256.6 3.34 ± 0.29 50 s 92 5.25 ± 0.39 61.2 ± 1.32 1.11


10 –H 4-Methoxyphenyl 229.9–231.4 3.87 ± 0.30 60 s 90 10.6 ± 0.22 54.9 ± 3.06 0.55


11 –H 4-(N,N-Dimethylamino)phenyl 294.2–296.3 4.12 ± 0.31 60 s 87 30 ± 5.6 34.9 ± 5.28 0.19


12 –H 4-Hydroxy-3-methoxyphenyl 224.7–225.4 3.29 ± 0.33 60 s 83 1.19 ± 0.20 70 ± 1.66 4.90


13 –H 3,4-(Dimethoxy)phenyl 235.5–236.7 3.94 ± 0.33 60 s 85 5.6 ± 0.32 55 ± 3.33 1.04


14 –H 2,3,4-(Trimethoxy)phenyl 259.9–262.1 3.89 ± 0.39 50 s 94 1.8 ± 0.39 65 ± 5.89 3.23


15 –H 2,4,5-(Trimethoxy)phenyl 258.7–259.7 3.64 ± 0.39 40 s 86 4.0 ± 0.86 90 ± 1.45 1.45


16 –H 3,4-(Methylenedioxy)phenyl 251.6–253.0 3.12 ± 0.37 40 s 88 3.4 ± 0.83 59 ± 3.34 1.71


17 –H 4-Pyridyl 153.0–155.0 2.44 ± 0.29 50 s 75 190 ± 19.8 50 ± 1.94 0.03


18 CH2CH3 2-Ethoxyphenyl 232.1–233.0 4.68 ± 0.59 8 h 46 1.72 ± 0.23 60 ± 1.23 3.39


Gigantol — — — 2.96 ± 0.25 — — 5.83 ± 0.55 93.5 ± 3.02 1


Papaverine — — — 3.42 ± 1.03 — — 1.55 ± 0.12 96.7 ± 5.02 3.76


a Isolated yield, characterized by HR-MS, 1H NMR, 13C NMR.
b Potency related to gigantol.
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by-products, in which separation was difficult compared
with products obtained by microwave heating. The reac-
tion was found to proceed smoothly under microwave
irradiation within 36–60 s. whereas under reflux condi-
tions in 3–4.5 h. In previous reports10,16 benzimidazole
derivatives were obtained by the reflux of 1,2-phenylen-
ediamines with the Na2S2O5 adduct of appropriated
aldehyde, which was previously prepared and kept in a
refrigerator for several hours. The most important result
of our approach is the optimization of yields and reac-
tion times using microwave irradiation.


The isolated rat ileum test30 allowed us to evaluate the
spasmolytic activity of all the synthesized compounds
(Table 1). Pharmacological assay results indicate that
compounds 3, 4, 12, 14, and 18 produced a significant

antispasmodic effect in a concentration-dependent man-
ner. These compounds were three to five times more ac-
tive than gigantol. In order to establish a preliminary
structure–activity relationship, the contribution of oxy-
genated radical substituting the C-2 (compounds 3, 4,
and 18) or C-4 (compounds 12, 14, and 16) of the phenyl
ring was analyzed for their selective and potent relaxant
smooth muscle activity. On the other hand, the presence
of the –N(CH3)2 and –NO2 groups in C-4 or C-2
(compounds 8 and 11, respectively) and those bearing
a hindered substituent (5–7) proved detrimental to spas-
molytic activity. Finally, the absence of oxygenated sub-
stituent groups, as in compound 17, with a pyridyl
instead of alkyloxyphenyl substituent, did not show
activity. This suggests that bioactivity of compounds de-
pends on the presence of oxygenated radicals attached in
positions 2 and/or 4 of the phenyl ring. Further experi-
ments are in progress to determine the mechanisms
underlying spasmolytic activity of these compounds.


In conclusion, we have developed a simple, rapid, and
efficient method for the preparation of 2-(alkyloxy-
aryl)-1H-benzimidazole compounds under solvent-free
conditions using readily available and inexpensive
reagents utilizing microwave irradiation. These
compounds behave like stilbene bioisosteres, retaining
spasmolytic activity, and could be considered leads for
the development of new therapeutic agents, including
drugs to treat disorders of smooth muscle function.
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7.74 (d, 1H, H-2, J = 1.5 Hz), 9.57 (s, 2H, N–H, O–H)
ppm; 13C NMR (75.5 MHz, DMSO-d6) d 55.67 (CH3),
110.24 (C-2 0), 116.07 (C-4, C-7), 117.28 (C-5 0),123.08 (C-
10), 123.48 (C-5, C-6), 124.72 (C-6 0), 139.73 (C-3a, C-7a),
146.81 (C-4 0), 150.22 (C-3 0), 151.67 (C-2) ppm; EIMS: m/z
(% rel. int.) 240 (M+, 100), 225 (20), 210 (60), 197 (25);
HR-MS: calcd for C14H12N2O2: 240.0898. Found:
240.0900.


30. Rat ileum test. Determination of spasmolytic activity:
male Wistar rats (200–250 g) were used. The animals were
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killed by ether exposure. The ileum was dissected and
placed in Krebs solution, pH 7.4, with the following
composition (in mM): NaCl, 118; KCl, 4.7; CaCl2, 2.5;
MgSO4, 1.2 mM; KH2PO4, 1.2; NaHCO3, 25.0; EDTA,
0.026 and glucose, 11.1. Ileum strips (1–1.5 cm long)
were dissected and mounted in organ baths containing
Krebs solution gassed with a mixture of O2/CO2 (19:1)
and under a constant tension of 1 g. After 30 min
stabilization time, a 10 min control period was recorded.
The test compounds dissolved in DMSO were added to
the bath in a volume of 100 lL at different concentra-
tions. Cumulative concentration–response curves were
obtained for each ileum, from 0.01 to 500 lM. The effect

of the compounds and positive control was determined
by comparing the muscular tone, inscribed by the
frequency and amplitude of the ileum contractions
before and after the application of the test materials.
Muscular tone was calculated from the tracings, using
Acknowledge software (BIOPAC� Systems Inc.). All the
results are expressed as means of six experiments ± SEM.
Concentration–response curves (CRC) for compounds
were plotted and the experimental data from the CRC
were adjusted by the nonlinear, curve fitting program
(ORIGIN� 6.0). The statistical significance (p < 0.05) of
differences between means was assessed by an analysis of
variance (ANOVA).
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3,4,5-Trisubstituted isoxazoles as novel PPARd agonists: Part 1


Robert Epple,a,* Ross Russo,a Mihai Azimioara,a Christopher Cow,a


Yongping Xie,a Xing Wang,a John Wityak,a Don Karanewsky,a Andrea Gerken,b


Maya Iskandar,b Enrique Saez,b H. Martin Seidelb and Shin-Shay Tianb


aDepartment of Medicinal Chemistry, The Genomics Institute of the Novartis Research Foundation,


10675 John Jay Hopkins Drive, San Diego, CA 92121, USA
bDepartment of Lead Discovery, The Genomics Institute of the Novartis Research Foundation,


10675 John Jay Hopkins Drive, San Diego, CA 92121, USA


Received 27 March 2006; accepted 16 May 2006


Available online 5 June 2006

Abstract—We report the identification of a novel series of trisubstituted isoxazoles as PPAR activators from a high-throughput
screen. A series of structural optimizations led to improved efficacy and excellent functional receptor selectivity for PPARd. The
isoxazoles represent a series of agonists which display a scaffold that lies outside the typical PPAR agonist motif.
� 2006 Elsevier Ltd. All rights reserved.
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Figure 1. Early PPARd agonists with reported EC50 values for


transactivation of the three PPAR subtypes in micromolar.

The metabolic syndrome is defined by the presence of
conditions associated with lipid and/or glucose homeo-
stasis abnormalities. These conditions comprise dyslipi-
demia, obesity, elevated blood pressure, insulin
resistance, and a pro-inflammatory state. All of the
above are recognized risk factors for cardiovascular dis-
ease and type 2 diabetes.1–4


The peroxisome proliferator-activated receptors
(PPARs) are ligand-activated transcription factors in-
volved in the regulation of lipid and glucose homeosta-
sis. Dyslipidemia and insulin resistance, two major
components of the metabolic syndrome, are commonly
treated with fibrates and TZDs, drugs that target
PPARa and PPARc, respectively. The pharmacological
role of these receptors has been elucidated by the avail-
ability of these compound classes.5,6 The synthetic li-
gands for the PPARa and PPARc subtypes have been
reviewed extensively.7–11


A third subtype, PPARd, is the least well understood,
and is believed to also play a role in energy homeosta-
sis.12 To date only a few reports claim the synthesis of
PPARd agonists.13–16 GW501516 and L-165461

0960-894X/$ - see front matter � 2006 Elsevier Ltd. All rights reserved.
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(Fig. 1) have been used for in vivo studies in rodents
and NHPs,12,17–21 and GW501516 is currently in phase
II clinical trials for its antihyperlipidemic properties.
However, the considerable crossactivity of these com-
pounds to other PPAR subtypes makes it difficult to as-
sign their pharmacological effects solely to PPARd.
Herein, we report a compound class with novel structur-
al features and improved selectivity to further investi-
gate the role of PPARd in energy metabolism.


The PPARd agonists reported to date were discovered
using several strategies: GW501516 was optimized from
a library of hydrophobic carboxylates,13 L165461 was
derived from an in silico approach to find novel PPARc
agonists using TZDs as structural templates.14 Recently,
the selective Bayer compound 33 was identified from a
PPARa agonist program,15 and we reported the emer-
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transactivation of the three PPAR subtypes in micromolar.
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gence of LBX001 from computer-aided drug design
(Fig. 2).16


In order to discover PPARd selective agonists on novel
structural scaffolds, we performed a high throughput
screen (HTS) on an unbiased library of �1 million
compounds based on a cell-based transactivation assay
using a Gal4-PPARd LBD chimeric construct. A
number of hits sharing a common isoxazole motif such
as compound 1 were identified (Fig. 3).


A typical PPAR pharmacophore consists of three parts,
namely a head group (HG), a linker (L), and a tail group
(TG).8 The HG usually consists of a phenyl ring bearing
a carboxylate (or surrogate) functionality, which enables
the molecule to form the key hydrogen bonding interac-
tion with the AF2 helix of the receptor and holds the
receptor in an active conformation. A flexible linker L
connects the HG to a hydrophobic TG (usually a het-
eroaromatic system), which fills the rest of the large
and predominantly hydrophobic binding pocket.


The isoxazole hits from our HTS did not display a car-
boxylate moiety or a surrogate commonly seen in PPAR
agonists (except for the ortho nitro group in the phenol
substituent), which may explain their low efficacy in the
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Figure 3. An isoxazole HTS hit from the PPAR screen with EC50 (lM)


and efficacy values for PPAR transactivation.
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Scheme 1. Reagents and conditions: (a) LAH, THF, rt, 12 h (92%); (b) SOC


PPh3, DEAD, DCM, rt, 5 h (70%); (e) 1 N LiOH, dioxane, 60 �C, 5 h (95%

in vitro PPARd transactivation assays (<20% efficacy
compared to GW501516). To increase activity to a de-
sired full agonist, we first tried to incorporate a carbox-
ylate into the isoxazole scaffold. Based on a comparison
of compound 1 with the above mentioned common ago-
nist motifs and a recent communication of an isoxazole
agonist for the FXR nuclear receptor,22 we hypothesized
that the p-CF3-o-NO2-phenyl group in position 4 of the
isoxazole ring could be replaced by a HG typical for
PPAR activation. The commercially available isoxazole
2 was reduced and chlorinated to intermediate 3, the
chloride was then displaced in neat ethylene glycol
(Scheme 1). Mitsunobu coupling with the HG interme-
diate 4 followed by saponification gave compound 5.
Surprisingly, neither compound 5 nor any other analogs
displaying various L and HG in position 4 showed activ-
ity for the PPARs.


Next, we rationally designed compound 9 from a
superposition of compound 1 with GW501516, which
places the HG in position 5 of the isoxazole ring
(Scheme 2). The oxime 6 was in situ transformed into
the nitrile oxide by NCS chlorination and regioselec-
tively cyclized with propargyl alcohol. The hydroxyl
functionality was mesylated to yield isoxazole 7. Sub-
stitution of intermediate 8 with HG 4 and saponifica-
tion of the corresponding methyl ester gave isoxazole
9. Again, compound 9 was inactive against all three
PPAR subtypes.


Finally, the docking results of compound 1 with the
structure of the PPARd ligand-binding domain co-crys-
tallized with GW243323 revealed best scores when
substituting the aryl ring in position 3 of the isoxazole
with a carboxylate bearing HG. Starting from 3-chlo-
ro-4-hydroxy-phenylacetic acid 10 esterification, trifla-
tion, and palladium-mediated cyanide displacement
gave intermediate 11 (Scheme 3). The cyanide of inter-
mediate 11 was reduced to the aldehyde with Raney-
Nickel alloy, reacted to the oxime with hydroxylamine,
and activated to the chloroxime 12 by NCS chlorina-
tion. The phenol of intermediate 13 was alkylated with
excess 1,2-dibromoethane, then reacted with 2-butyne-
1-ol to give alkyne 14. Cyclization of intermediates 12
and 14 under basic conditions gave a mixture of two reg-
ioisomeric isoxazoles, which could be chromatographi-
cally separated. Saponification of the regioisomer with
the methyl group in position 5 gave the isoxazole 15.
Compound 15 displayed improved potency and efficacy
for activation of PPARd, but was also active on the
PPARa subtype (Table 1). The other regioisomer was
inactive (data not shown).
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Table 1. In vitro activities for PPARs (subtypes a, c, and d) in cell-based transactivation assays (GAL4-PPAR LBD)


ON
R1Cl


HO2C X O
R2


R3


Compound X R1 R2 R3 a (lM) c (lM) d (lM) %eff


15 CH2O Me NO2 CF3 0.22 >10 0.13 48


21a CONH Me NO2 CF3 0.34 1.25 0.004 67


21b CONH Me H CF3 >10 >10 >10 —


21c CONH Me NO2 H >10 >10 >10 —


21d CONH Me CF3 CF3 >10 >10 0.26 43


21e CONH Me Cl Cl >10 >10 0.31 63


24a CONH Et Cl Cl >10 >10 0.11 71


24b CONH i-Pr Cl Cl 7.11 >10 0.09 67


24c CONH t-Bu Cl Cl >10 >10 2.59 26


24d CONH cyPr Cl Cl 1.67 3.23 0.03 68


24e CONH 2Fur Cl Cl >10 >10 0.01 72


24f CONH Ph Cl Cl >10 >10 0.08 66


25 CONMe Ph Cl Cl >10 >10 3.67 19


26 CH2O Ph Cl Cl >10 >10 0.19 44


29a COCH2 Ph Cl Cl >10 >10 0.03 80


GW501516 1.23 >10 0.003 100


Efficacies are reported relative to GW501516 (%eff = 100%).
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Scheme 3. Reagents and conditions: (a) MeOH, H2SO4, reflux, 8 h, (quant.); (b) Tf2O, NEt3, DCM, 0 �C, 1 h (95%); (c) Zn(CN)2, Pd(PPh3)4, DMF,


80 �C, 30 h (70%); (d) Raney–Nickel alloy, HCO2H, 110 �C, 10 h (55%); (e) H2NOHÆHCl, Na2CO3, H2O, rt, 2 h, (90%); (f) NCS, DMF, HCl (g), rt,


30 min; (g) 1,2-dibromoethane, Cs2CO3, CH3CN, 90 �C, 1 h (75%); (h) 2-butyne-1-ol, 4 M NaOH, lW (150 �C, 3 min) (30%) (i) NEt3, DCE, 90 �C,


6 h (60%); (j) 1 N LiOH, THF, 60 �C, 36 h (95%).
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(85%); (d) Cs2CO3, CH3CN, rt, 18 h (95%); (e) 1 N LiOH, THF, rt, 12 h (95%).
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After identification of the HG location in position 3 of
the isoxazole core, we turned our attention to the substi-
tuent in position 4. In order to investigate different sub-
stituents in position 4, we replaced the ether with an

amide functionality. The synthesis shown in Scheme 4
gave not only better access to various analogs, but
also implemented a higher yielding, regioselective cycli-
zation step. t-Butyl acetoacetate 16 was deprotonated
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reflux, 3 h (90%); (e) BrCH2CH2NHBoc, Cs2CO3, CH3CN, 90 �C, 6 h, (50–90%); (f) DCM/TFA 95:5, rt, 1 h (quant.); (g) NEt3, DCM, rt, 30 min


(60%); (h) 1 N LiOH, THF, 60 �C, rt (95%).
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to intermediate 17 using potassium bis(trimethylsi-
lyl)amide. Intermediate 12 was in situ transformed into
the nitrile oxide with triethylamine, then cyclized with
enolate 17 at low temperature to give selectively the cor-
rect isoxazole regioisomer. Selective saponification of
the t-butyl protected ester in TFA and activation of
the carboxylate to the acid chloride intermediate 18
was followed by amide formation with the correspond-
ing amines such as 20a–e. Saponification of the head
group methyl ester gave final products 21a–e.


Switching from the ether of compound 15 to the amide
of compound 21a is not only tolerated, but also im-
proves both potency (4 nM) and selectivity for PPARd
activation (Table 1). We quickly realized that many
amines employed as part of a first round broad survey
in the amide formation gave inactive compounds (data
not shown). The narrowness of the SAR in position 4
was best exemplified by the fact that omitting either
the nitro (21b) or the trifluoromethyl group (21c) in

R1 OMe
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22a: R1 = Et
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22e: R1 = 2-furyl
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Scheme 5. Reagents and conditions: (a) 20e, toluene, lW (160 �C, 10 min) (40


(d) 1 N LiOH, THF, rt, 12 h (95%).
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Scheme 6. Reagents and conditions: (a) 19e, Cs2CO3, CH3CN, 50 �C, 7 h,


CH3CN, rt, 1 h; (d) 12, CH3CN, rt, 3 h (75%); (e) 1 N LiOH, THF, rt, 12 h

otherwise identical molecules compared to compound
21a led to complete loss of activity. Since a nitro group
presented a potential toxicological liability, we contin-
ued to search for a replacement. A 2,4-bistrifluorometh-
ylphenyl (21d) or a 2,4-dichlorophenyl group (21e) were
the only replacements that maintained some PPARd
activity, although it dropped by a factor of 100.


Last, we examined different substituents in position 5 of
the isoxazole ring. We found that analogs were best
accessible by reacting the appropriate b-ketoester with
amine 20e to give amides 23a–e (Scheme 5), which were
then cyclized and saponified to compounds 24a–e in a
similar fashion to earlier described procedures. The
SAR in this part of the molecule turned out to be rather
broad, with aromatic rings such as a 2-furanyl (com-
pound 24e) or a phenyl (compound 24f) displaying best
activity and selectivity. Other heteroaromatic systems or
introducing substituents into the phenyl ring did not
lead to any further improvement (data not shown).
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Methylation of the amide nitrogen (compound 25; using
MeI and NaH) or switching back to the ether linkage
(compound 26; synthetic procedure according to
Scheme 3) resulted in a drastic reduction of activity,
whereas a ketomethylene replacement of the amide
(compound 29a) slightly improved both potency and
efficacy. Unfortunately, the depicted synthesis route to
compound 29a (Scheme 6) predominantly gave the
undesired, inactive regioisomer 29b (ratio 29a/
29b � 1:7).


In summary, we were able to identify a novel isoxazole
scaffold displaying PPAR activity based on hits derived
from a high throughput screen. In an attempt to im-
prove the activity to a full agonist profile, we designed
and synthesized a number of analogs showing various
degrees of potency, efficacy, and selectivity for the
PPAR subtypes. Compounds 24e and 29a are potent
and highly selective activators of the PPARd receptor.
Notably this series is different from the common PPAR
agonist motifs reported in the literature. The com-
pounds do not seem to require a flexible linker between
functional head and hydrophobic tail, a unique feature
distinct from most reported PPAR modulators. The
isoxazoles presented may be used as tool compounds
for further elucidation of the specific biological roles
of PPARd.
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Abstract—The indenoisoquinolines are a novel class of non-camptothecin topoisomerase I (Top1) inhibitors whose mechanism of
action involves trapping the covalent complex formed between DNA and Top1 during cellular processes. As an ongoing evaluation
of the indenoisoquinolines for Top1 inhibition and anticancer activity, indenoisoquinoline analogs have been screened in the
National Cancer Institute’s hollow fiber assay (HFA). Some of the derivatives demonstrated significant activity at intraperitoneal
and subcutaneous fiber placement sites, along with net cancer cell kill in one or more cell lines.
� 2006 Elsevier Ltd. All rights reserved.

The development of a therapeutic agent is costly and
time consuming with thousands of potential agents
needing to be evaluated every year. For the past 20
years, the National Cancer Institute (NCI) has carried
out a rational evaluation of anticancer agents with a
goal of streamlining discovery and development from
in vitro cellular assays to clinical trials.1–6 Initial steps
in the drug discovery process involve solicitation of sam-
ples for screening against 60 human tumor cell lines, rep-
resenting nine histological types.1 Efficacy in this model
is used as a prerequisite for further testing and also pro-
vides opportunities for guiding the elucidation of molec-
ular targets using the COMPARE analysis7 (which was
instrumental for determining the role of indenoisoquin-
olines as Top1 inhibitors).1–6 Recognizing that the bot-
tleneck in the evaluation process involved in vivo
xenograft analyses, the NCI instituted a novel assay in
the mid-1990s to allow the rapid screening of anticancer
agents in an in vivo process prior to xenograft analysis,

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


doi:10.1016/j.bmcl.2006.05.048


Keywords: Indenoisoquinoline; Topoisomerase I inhibitor; Anticancer;


Hollow fiber assay.
* Corresponding author. Tel.: +1 765 494 1465; fax: +1 765 494


6790; e-mail: cushman@pharmacy.purdue.edu

thereby minimizing time and cost by eliminating poorly
performing molecules.1,2 This new assay involved the
implantation of polyvinylidene fluoride (PVDF) ‘hollow
fibers’ containing tumor cells into immunologically com-
promised mice to provide an assay that mimicked xeno-
graft implantation.2 This would allow researchers to
pre-screen molecules by dosing the mice at a set interval
and evaluating cytotoxicity by simply removing the
implanted fibers containing the tumor cells and perform-
ing a standard cellular viability assay.2 This hollow fiber
assay (HFA) has been adopted as standard practice by
the NCI’s Developmental Therapeutics Program for
the evaluation of therapeutic agents since its implemen-
tation.1–6 Furthermore, the HFA has been modified
beyond its initial scope to provide a method to evaluate
angiogenesis, microtubule and cell cycle disruption.8–13


Several years ago, NSC 314622 (1) was implicated as a
topoisomerase I (Top1) inhibitor after a COMPARE
analysis7 of its cytotoxicity profile revealed a strong
resemblance to that of other known Top1 inhibitors,
including camptothecin (2) and the clinically useful anti-
cancer drugs irinotecan (3) and topotecan (4) (Fig. 1).14


Follow-up in vitro testing confirmed this correlation,
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Figure 1. Camptothecin and non-camptothecin topoisomerase I inhibitors.
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but indicated distinct differences in the biological activ-
ities of NSC 314622 (1) in comparison with the clinically
useful camptothecin derivatives. This finding warranted
further development of the indenoisoquinolines. Nota-
ble distinctions included DNA cleavage site specificity,
cleavage complex stability, and chemical stability of
the indenoisoquinolines.14 Development of NSC
314622 (1) as an anticancer agent was limited by its
moderate potency, both as a cytotoxic agent in cancer
cells and as a Top1 inhibitor. Thus, a number of addi-
tional indenoisoquinolines related to 1 have been syn-
thesized and evaluated for cytotoxicity, Top1
inhibition, and activity in the National Cancer Insti-
tute’s hollow fiber assay, which is the focus of this
communication.


Indenoisoquinoline analogs 1 and 5–25 (Fig. 2) were
synthesized according to previously published methods
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Figure 2. Indenoisoquinoline analogs evaluated in the hollow fiber assay.

and were supplied to the Biological Testing Branch of
the Developmental Therapeutics Program of the NCI
as 450 mg samples for evaluation in the HFA.15–23


A number of indenoisoquinoline derivatives have been
evaluated as anticancer agents in an in vivo hollow fiber
animal model, in which polyvinylidene fluoride hollow
fibers containing various cancer cell cultures are
implanted intraperitoneally (IP) and subcutaneously
(SC) into mice and the derivatives were administered
by the IP route.24 The effects of the compounds on the
reduction of viable cancer cell mass compared to those
of controls were determined. Each compound was tested
in the hollow fiber assay against a panel of 12 human
tumor cell lines as described previously.2 The com-
pounds were solubilized in 10% DMSO in saline/Tween
80R and administered intraperitoneally once daily for a
total of four doses at each of two dose levels. The two
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doses were selected based on single dose toxicity studies
for each derivative. The highest single dose that did not
produce toxicity was determined and multiplied by 0.375
and 0.25 to provide the highest and lowest administered
dose level, respectively.2 The day after the last dose, the
fibers were collected and assessed for viable cell mass
using an MTT dye conversion assay.2 A score of 2 was
assigned each time the compound produced a 50% or
greater reduction in viable cell mass compared to vehi-
cle-treated controls. The score for each compound was
summed for the intraperitoneal fibers and the subcuta-
neous fibers to provide the total score for each deriva-
tive. Using this scoring system, a maximum total score
of 96 can be achieved (12 cell lines · 2 sites · 2 doses · 2
points per positive result).2 Generally speaking, com-
pounds with a combined IP + SC score of 20, an SC
score of 8, or a net cell kill of one or more of the cell
lines are referred for further studies.2 The results of
the HFA are summarized in Table 1, along with the abil-
ity of the derivatives to inhibit Top1 and their mean
graph midpoints (MGM) from their evaluation in the
NCI’s 60 cell screen. For comparison purposes, the
activities of lead compounds 1,21 22,21 taxol,25 vinblas-
tine sulfate,25 and cisplatin25 are also provided.


The indenoisoquinolines had various biological activi-
ties with regard to Top1 inhibition and the NCI’s 60
cell screen ranging from weak to excellent activity in

Table 1. Cytotoxicities, topoisomerase I inhibitory activities, and hollow fib


Compound MGMa (lM) Top1 inhibitionb


1 20.0 ++


2 0.0405 ± 0.0187 ++++


5 41.6 +


6 0.338 ± 0.154 ++++


7 0.160 ± 0.02 +++


8 3.20 +


9 41.6 +


10 0.347 +++


11 2.40 ± 0.877 ++++


12 45.0 +


13 0.251 ± 0.072 +


14 15.5 ++++


15 0.098 ± 0.081 ++++


16 0.315 ± 0.293 +++


17 0.156 ± 0.015 +++


18 1.01 ± 0.444 ++


19 14.4 +


20 0.146 ± 0.141 ++++


21 0.690 ± 0.00 +


22 1.18 NT


23 0.016 ± 0.004 +


24 8.49 ± 8.11 0


25 0.271 ± 0.259 ++


Taxol25 0.0253 NT


Vinblastine sulfate25 25 pM NT


Cisplatin25 0.935 NT


a Mean graph midpoint for growth inhibition of all human cancer cell lines
b The compounds were tested at concentrations ranging up to 10 lM. The ac


expressed semi-quantitatively as follows: +, weak activity; ++, similar activ


parent compound 1; ++++, similar activity as 1 lM camptothecin; NT, N
c The IP and SC scores listed are the sums of all the IP and SC scores for ea
d A net cell kill at one or more implant sites is indicated with a Y.

both assays. Table 1 indicates that in general, correla-
tions exist between MGM values and Top1 inhibition.
Assuming potent Top1 inhibition to be a score of
+++ or better, then compounds 6, 7, 10, 11, 14, 15,
16, 17, and 20 should have potent MGM values.
Compounds 21 and 23 should be disregarded due to
a prodrug activation hypothesis27 (explained below).
Therefore, of the nine remaining compounds, only
compounds 11 and 14 are outliers, which indicates a
high degree of correlation. The data in Table 1 also
support a correlation between MGM values and per-
formance in the HFA. As noted above, the NCI uses
a combined IP + SC score of 20, an SC score of 8 or
better, or a net cell kill to merit advancement. If one
uses this as the standard for validating a correlation,
then of the thirteen compounds reported in Table 1
that met criteria for advancement, nine of the com-
pounds had submicromolar MGM values. A more
modest correlation existed between Top1 inhibition
and performance in the HFA. Of the nine compounds
that had Top1 inhibition values of +++ or better,
only five compounds (6, 7, and 14–16) met the criteria
for advancement. Although this correlation was not
great, one must realize the inherent flaws in compar-
ing in vitro and in vivo assays. Metabolism, clearance,
and excretion all complicate matters so it was not sur-
prising that the correlation was less between Top1
inhibition and performance in the HFA. A more

er activities of indenoisoquinoline analogs
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2 6 8 Y


NT NT NT NT


2 6 8 N
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logical comparison would be between the cell screen
and HFA since cellular penetration is required in both
assays.3


Interestingly, there are several trends in performance at
the IP and SC sites and the MGM values of the tested
derivatives. In general, compounds with sub-micromo-
lar MGM’s performed equal to or better at IP implant
sites (the lone exception being compound 25) and com-
pounds with greater than 1 lM MGM’s always per-
formed equal to or better at the SC implant site. The
reason for this trend is not entirely clear at this time,
but it may involve ‘activation’ of the molecules by the
animal prior to cellular uptake as a prerequisite for
activity at the SC implant site, and this ‘activation’
may not occur during the in vitro 60 cell screen. On
the other hand, compounds with a total score of 18 or
better (compounds 6, 7, 15, 16, and 20) always had supe-
rior activity at the IP site compared to the SC site. This
could imply efficient clearance or metabolism by the ani-
mal, thereby attenuating activity at the SC site. Lastly,
sub-micromolar MGM values tend to indicate an
increased tendency for net cell kill, but there are excep-
tions (such as compound 1).


Nine of the twenty-two evaluated compounds (1, 5, 8, 9,
14, 19, 22, 24, and 25) performed better at the SC im-
plant site than at the IP implant site. As noted in the
requirements for advanced xenograft testing, an SC
score of 8 automatically satisfies the criteria for further
xenograft study. This is due, in part, to the physiological
requirement of uptake and distribution for a molecule to
exert activity at the SC implant site when it is adminis-
tered intraperitoneally.2 Focusing on the SC site, the
largest gain in activity (with respect to the SC site) was
an increase of 8 relative to the IP site accomplished by
both compounds 8 and 22. However, both of these mol-
ecules possess functionalities that may be oxidized with-
in the animal (such as the pendent hydroxyl group for 8
and the dihydro aromatic skeleton for 22), thereby mak-
ing these compounds prodrugs with the oxidation prod-
uct being responsible for the increased subcutaneous
activity. Further supporting this rationale, compound
19 also possessed a pendent hydroxyl group and demon-
strated increased activity at the SC site (6) compared to
the IP site (2). With regard to net cell kill, the dihydro-
indenoisoquinoline subclass (21–23) were more effective
than the other subclasses, with two of the three mole-
cules being promoted to xenograft studies as a result
of net cell kill.


It is likely that the indenoisoquinoline derivatives are
not producing their anticancer effects in exactly the same
way. For example, dihydro compounds 21–23 are gener-
ally weak inhibitors of Top1. In spite of this, both com-
pounds 21 and 22 had sufficient activity in the HFA (net
cell kill in one or more cell lines) to qualify them for
advanced xenograft study. Interestingly, the crystal
structures of two indenoisoquinolines in complex with
DNA and Top1 have been solved (PDB ID: 1SC7 and
1TL8)23,26 and indicate that for steric reasons, the
dihydroindenoisoquinolines (which are not planar)
could not possibly be intercalating with the DNA at

the break site.23,26 Thus, our hypothesis has been that
the dihydro compounds are metabolized in vivo by a
2-electron oxidation, thereby providing the correspond-
ing planar indenoisoquinolines that are sterically able to
intercalate between the DNA base pairs.27 This mecha-
nism of action is also supported, in part, by a COM-
PARE analysis.7,27 Furthermore, we know that
chemically, the dihydro compounds are very prone to
dehydrogenation, which reflects the fact that the double
bond formed upon oxidation is tetrasubstituted and
highly conjugated. Consistent with this hypothesis, dihy-
dro compound 22 was more active at the SC implant site
after IP administration than it was at the IP implant site.
In other words, the compound appears to have to ‘travel
through’ the animal to be activated. This would be con-
sistent with it being a prodrug that is converted into the
active species. However, the presumed oxidation prod-
uct of 22 would be 9, and this compound showed poor
activity as a Top1 inhibitor (Top1 +) as well. Addition-
ally, compounds 21 and 23 were less active at the SC im-
plant site than at the IP implant site, suggesting that the
pro-drug hypothesis is not definitively supported by the
HFA, but subtle differences in the pharmacokinetic
properties of the individual dihydro compounds and
their metabolism may significantly affect their ability
to function as prodrugs, and this may explain the dis-
crepancies among the molecules studied in the HFA.


Table 1 also provides for comparisons between the
indenoisoquinoline derivatives studied in the HFA and
the clinically useful drugs taxol, vinblastine sulfate,
and cisplatin.25 Regarding the mean graph midpoint
(MGM) values derived from the NCI 60 cell screen,
many of the indenoisoquinoline derivatives are more
cytotoxic than cisplatin and compounds 7, 13, 15, 17,
20, and 23 have comparable cytotoxicities to that of tax-
ol (one order of magnitude difference or less). However,
of the twenty-two tested indenoisoquinoline analogs,
none were more potent in the hollow fiber assay than
taxol, but compound 15 was equal in potency to vinblas-
tine sulfate and more potent than cisplatin.


The nitro substituent present in compound 15 was
previously reported18 to improve in vitro biological
activity of the indenoisoquinolines through improved
p-stacking interactions with DNA and second
generation analogs further exploring the effect of the
nitro substituent are currently being evaluated. The
potency of 16 was equal to that of cisplatin in the
HFA. In general, indenoisoquinolines possessing an
amino-substituted lactam sidechain display potent
activity in cytotoxicity assays.16–18,20–23 Consequently,
it would be expected that these compounds would show
significant activity in the HFA. However, only half of
the amino-substituted compounds met the HFA criteria
for advanced study. Thus, subtle differences between
amino-substituted compounds must play a significant
role in their in vivo activity and further studies are
warranted.


In summary, a variety of cytotoxic indenoisoquinoline
Top1 inhibitors were screened in the HFA, with nearly
half of the molecules satisfying the requirements for fur-
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ther in vivo testing. In general, highly cytotoxic molecules
demonstrated better activity in the HFA at the IP implant
site, while less cytotoxic indenoisoquinolines exerted
more activity at the SC implant site. This may imply that
individual molecules require ‘activation’ prior to eliciting
activity (further supported by hydroxyl-substituted and
dihydro compounds). Furthermore, several indenoiso-
quinolines performed equally as well as clinically useful
agents in the HFA, helping to validate the indenoisoquin-
olines as potential therapeutic agents and supporting their
further development as anticancer agents.
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Abstract—A novel class of 4-substituted-8-(1-phenyl-cyclohexyl)-2,8-diaza-spiro[4.5]decan-1-ones have been discovered and devel-
oped as potent and selective GlyT1 inhibitors. The molecules are devoid of activity at the GlyT2 isoform and display excellent selec-
tivities against the l opioid receptor as well as the nociceptin/orphanin FQ peptide (NOP) receptor. These molecules also exhibit
superior pharmacological and pharmacokinetic parameters, relative to all GlyT1 inhibitors of the spiropiperidine family, culminat-
ing in the identification of 16b with an oral bioavailability of �60%. In addition, a straightforward two-step procedure for the
assembly of the target molecules is also presented.
� 2006 Elsevier Ltd. All rights reserved.
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Compelling evidence suggests that an impairment in
NMDA neurotransmission is involved in the pathophys-
iology of schizophrenia.1 This hypothesis originated
from the observation that PCP, a recreational drug
which has been demonstrated to be a potent and selec-
tive NMDA-R blocker, is able to reproduce, in healthy
subjects, the positive, negative and cognitive symptoms
of schizophrenia.2 Thus, therapeutic intervention aimed
at increasing NMDA synaptic tone is expected to show
beneficial effect in schizophrenic patients. As glycine is
known to act as a positive allosteric modulator of the
NMDA receptor,3 one strategy to enhance NMDA
receptor activity is to elevate extracellular levels of gly-
cine in the local microenvironment of the synaptic
NMDA receptor. Glycine elevation can be achieved by
inhibition of the glycine transporter 1 (GlyT1) which is
co-expressed in the brain together with the NMDA
receptor and is responsible for the maintenance of low
extracellular glycine concentrations.4,5 Strong support
for this novel therapeutic approach comes from clinical

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


doi:10.1016/j.bmcl.2006.05.063


Keywords: GlyT1; GlyT2; NMDA; Schizophrenia; Transporter;


Glycine; Spiropiperidine.
* Corresponding author. Tel.: +41 61 688 50 48; fax: +41 61 688 87


14; e-mail: andrew.thomas@roche.com

studies where glycine6 and sarcosine7 (a prototypical
weak GlyT1 inhibitor) displayed benefits to schizo-
phrenic patients as an add-on to conventional therapy.
As a result, considerable efforts have been focused on
the development of selective GlyT1 inhibitors.8


We have recently introduced a novel series of N-(2-aryl-
cyclohexyl) substituted spiropiperidines 1a,9 1b,10 211


and 312 as a novel class of GlyT1 inhibitors which
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Table 1. In vitro inhibitory activity at the GlyT1 transporter for
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display excellent selectivity against the GlyT2 isoform.
These series evolved through the stepwise incorporation
of specific chemical mutations within the structures that
allowed us to successfully address all relevant off-target
liabilities with the accomplishment of excellent selectivi-
ties against the l opioid receptor as well as the nocicep-
tin/orphanin FQ peptide (NOP) receptor achieved for
1b, 2 and 3. The main deficiency within these triaza-
and diazaspiropiperidine series was the relatively low
microsomal stability which translated into non-optimal
in vivo pharmacokinetic properties.


Herein we wish to report on our recent efforts13 to dis-
cover and develop a further structurally novel, potent
and selective chemotype of GlyT1 inhibitors 4 which
have inherently improved pharmacological and pharma-
cokinetic properties when compared to 1–3.


The rationale for the design of this novel chemotype 4 of
GlyT1 inhibitors with a goal to improve upon the phar-
macokinetic properties when compared to 1–3 was de-
rived from some proprietary in-house knowledge that
the poor metabolic stability of this class of compounds
was due to oxidative processes taking place resulting
in cleavage of the N–C1 0 bond. Therefore, we postulated
that relocating the substituents from C2 0 to the C1 0 po-
sition, as shown in 4, would offer some protection to the
molecule from rapid oxidative clearance. More impor-
tantly, to explore this hypothesis, we also significantly
simplified the stereocomplexity of the diazaspiropiperi-
dine series moving from three stereocentres in 2 to only
one stereocentre in 4 where we had already been able to
ascertain the absolute configuration of our key diazaspi-
ropiperidine building block 5.14


The synthetic strategy to access the target molecules 4
relied on a straightforward two-step procedure involving
a Bruylants amination reaction15 as shown in Scheme 1.
In our hands, in order to achieve, on a preparatively use-
ful scale, useful yields we found it best to allow the first
step of the sequence (Strecker-type reaction with
TMSCN and AcOH) to proceed slowly (up to 5 days
at rt) followed by isolation of the intermediate amino

O N
H


N


O


R
1


N


N
H


N


O


R
1


R
2


N
H


NH


O


R
1


R
2


MgBr


R
2


Br


+


7-27 (see Table 1)


6


a)


b)


(rac 5)
R1 = H, F (R or S),
Me, CF3 Ref. 14 c)


i-PrMgCl


Scheme 1. Synthesis of compounds 7–27. Reagents and conditions: (a)


TMSCN, AcOH, rt, 3–5 days, 50–62%; (b) THF, rt, on, 73–94% or (c)


THF, 0 �C to rt, 2 h, on, 10–75%.

nitriles 6. Encouraging the reaction to proceed to com-
pletion within a few hours, by heating, normally resulted
in isolated yields of the desired product 6 of <40%.
Thereafter, reaction of 6 with either a range of commer-
cially available Grignard reagents at room temperature
(step b) or through reaction with Grignard reagents
formed in situ using i-PrMgCl (step c) normally afforded
high yields of the final products 7–27.


As in part of our previously described work we specifi-
cally used rac-5 in the synthesis strategy and preferred
to separate the enantiomers routinely by chiral-phase
HPLC (Chiralpak AD�). Table 1 shows the activity at
GlyT1 for the racemate derivatives and also details the
activity for individual enantiomers in the cases where
we decided to separate them with the fastest eluting
component designated a and the slowest eluting desig-
nated b.


For exploration of our preliminary SAR (Table 1), we
initially focused on derivatives where R1 = H and F
since these substituents were found to be optimal in all
of the previous series 1–3. In general the SAR parallels
what we earlier established for 1–3 with even the race-
mates, of nearly all derivatives, prepared showing nano-
molar affinity as GlyT1 inhibitors. Without exception,
strongly electron-withdrawing substituents such as CF3

8 H 4-CF3–Ph 1.212 6.969


9 H 4-CN–Ph >30 16.00


10 H 4-CF3O–Ph 4.563


11 H 4-Cl–Ph 0.45 0.81


12 H 4-Me–Ph 0.284 0.480


13 H 3-F–Ph 0.423 0.684


14 H 3-MeO–Ph 5.61 26.231


15 H 3-Thienyl 0.682


16 F 4-F–Ph 0.095 0.056 0.097


17 F 4-Me–Ph 1.474 0.419


18 F 3-F–Ph 0.393


19 F 3-CN–Ph >30


20 F 3-CF3O–Ph 16.728 21.519


21 F 3-Me–Ph 0.563 4.000 0.949


22 F 2-Me–Ph 0.350


23 F 2-Thienyl 0.381 0.281


24 F 3-Thienyl 0.213 0.099


25 Me Ph 0.139


26 Me 4-F–Ph 0.073


27 CF3 4-F–Ph 0.433


a Radiometric assay using [3H]-glycine.9
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and CN were not well tolerated as demonstrated by 8, 9
and 19. As we had observed in an earlier series, m- and
p-CF3O, as exemplified in 10 and 20, was not a favoured
substituent and neither was a m-OMe substituent, for
example, 14. Methyl substituents were well tolerated at
all of the p-, m- and o-positions providing low nanomo-
lar GlyT1 inhibitors for the racemates in 12, 17, 21 and
22.


We also examined some small heterocyclic groups and
pleasingly, the 2- and 3-thiophene substituents 15, 23
and 24 provided very potent compounds. In the previ-
ous series, simple Ph, 4-Cl-phenyl 3-F-phenyl and 4-F-
phenyl were optimal substituents based on their affinity
as GlyT1 inhibitors, and this was found to be the case
also as shown for 7, 11, 13, 16, 18, 26 and 27. In fact,
some of these compounds showed good potency as their
individual enantiomers as tabulated for 7a,b, 11a,b,
13a,b and 16a,b. We also briefly explored changes at
R1 by the introduction of Me (25 and 26) and CF3


(27) groups which were also found to provide potent
derivatives.


In order to further expand the SAR opportunities within
this class, we examined the influence of more diverse
changes to R1 and R2 detailed in Table 2. It was found,
in analogy to our previous work,10 that it was possible
to replace the R1 aryl group with an alkyl group. In this
case the prototypical n-Pr group in combination with
the 4-F-phenyl group provided the most potent deriva-
tive 29 even as a mixture of enantiomers. Separation
of 28 into its enantiomers provided two compounds with
an EC50 of 82 and 62 nM at GlyT1. In the previous ser-
ies, the R2 aryl group was essential for good inhibition
at GlyT1. For this new series cyclic aliphatic units such

Table 2. In vitro inhibitory activity at the GlyT1 transporter for


compounds 28–42


N
H


N


O


R
1


R
2


Compound R1 R2 GlyT1 EC50
a


(lM) rac


28 n-Pr Ph 0.161


29 n-Pr 4-F–Ph 0.093


30 n-Pr 2-Thienyl 0.229


31 n-Pr 2-Thienyl-5-Me 0.113


32 Ph 2-Thienyl 0.147


33 Ph c-Hexyl 15.237


34 Ph c-Pentyl 6.287


35 Ph c-Pr >30


36 Ph i-Pr 0.970


37 Ph Me2C@CH 0.979


38 4-F–Ph 2-Thienyl 0.067


39 4-F–Ph 3-Thienyl 0.099


40 4-F–Ph c-Pr >30


41 4-F–Ph i-Pr 0.787


42 4-F–Ph Et 1.466


a Radiometric assay using [3H]-glycine.9

as those shown in 33–35 and 40 were also shown to be
inactive. However, replacement with an i-Pr group (36
and 41) provided the first examples of potent derivatives
of this type within the diazaspiropiperidine class.


An additional structural modification examined was the
replacement of the cyclohexyl unit of 4 as demonstrated
in the preparation of the derivatives 43–45. Interesting-
ly, the cycloheptane unit was well tolerated with 43
showing a potency of 245 nM as an inhibitor at the
GlyT1 transporter and was free of activity (>30 lM)
at the GlyT2 isoform. However, in stark contrast the
cyclobutane ring was not tolerated since 44 showed an
EC50 > 30 lM. Unfortunately, it was not possible to
prepare the corresponding cyclopentane 45 derivative
following the same protocol as described in Scheme 1.
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Following the strategy outlined below in Scheme 2 it
was possible to prepare the pyrano-derivatives 46 as
an enantiomeric mixture (GlyT1 EC50 = 1.419 lM)
and 47 as a mixture of four diastereoisomers which we
managed to separate (GlyT1 EC50 (lM) = a 3.661, b
7.290, c >30 and d 0.525).


With the difficulties we had previously encountered with
1a it was essential to fully establish excellent levels of
selectivity against the GlyT2 isoform as well as the l
opioid receptor and the nociceptin/orphanin FQ peptide
(NOP) receptor. Table 3 nicely illustrates the levels of
selectivity achieved against each of these receptors for
the main molecules of interest. These results are partic-
ularly exceptional bearing in mind the remarkably high
affinity (15 nM) towards the l opioid receptor and the
NOP receptor for the corresponding triazaspiropiperi-
dine derivative 52 prepared in analogy to Scheme 1
using the commercially available 1-phenyl-1,3,8-triaza-
spiro[4.5]decan-4-one 53.


Next, we examined the effect on the metabolic stability
in microsomes within this class since this was a key
parameter which remained to be optimized. For exam-
ple, the triazaspiropiperidine derivative 52 was a high
clearance compound resulting in very low predicted
maximum achievable bioavailability (MAB) of 6% and
16% in mouse and human, respectively. As can be seen
Table 4 confirms our hypothesis since the structural
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Table 3. In vitro inhibitory activity at the GlyT1 and the GlyT2


transporters and potency in inhibiting the NOP and l receptors for


compounds 7, 11–13, 16–18, 21, 22, 28, 29 and 52


Compound GlyT1


EC50
a (lM)


GlyT2


EC50
a (lM)


NOP


IC50
b (lM)


l IC50
c


(lM)


7a 0.077 >30 >10 5.5


7b 0.107 >30 6.15 7.64


11a 0.45 >30 >10 19.8


11b 0.81 >30 >10 3.60


12a 0.284 >30 >10 9.12


12b 0.48 >30 >10 11.9


13a 0.423 >30 >10 8.04


13b 0.684 >30 >10 13.50


16 0.095 >30 >10 7.80


16a 0.056 >30 >10 >10


16b 0.097 >30 >10 7.40


18 0.393 >30 >10 7.18


21 0.563 >30 >10 7.83


21b 0.949 >30 >10 24.83


22 0.350 >30 >10 3.851


28 0.161 — — 2.76


28a 0.082 — — 2.73


28b 0.062 — — 1.87


29 0.093 — — 3.03


52 0.072 >30 0.015 0.015


a Radiometric assay using [3H]-glycine.9


b Displacement of [3H]-NOP in membranes prepared from perma-


nently transfected HEK293 cells expressing hNOP receptors.16


c Displacement of [3H]-naloxone in membranes prepared from BHK


cells transiently expressing hl receptors.16


Table 5. Selected pharmacokinetic parameters for compound 16b


Compound F (%) CLa T0.5 (h) Vss (L/kg) B/P


16bb 60 35 2.8 7.6 3.0


a CL, total clearance (mL/min/kg protein).
b Determined in mouse, B/P, brain to plasma ratio; Vss, volume of


distribution.


Table 4. Microsome stability data for compounds 7, 11, 16, 28, 29, 38,


39 and 52


Compound CLint
a (mouse


microsomes)


CLint
a (human


microsomes)


MAB (%)


Mouse Human


7 5 9 86 63


7a 0 8 100 67


7b 2 16 93 50


11a 10 114 76 12


16a 38 8 46 67


16b 1 3 98 84


28 39 10 45 60


28a 30 13 51 54


28b 34 18 48 47


29 24 14 57 53


38 80 9 28 64


39 39 4 45 78


52 470 82 6 16


a CLint, intrinsic clearance (lL/min/mg protein).
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Scheme 2. Synthesis of compounds 46 and 47. Reagents and condi-


tions: (a) TMSCN, AcOH, rt, 1 day, 25–30%; (b) PhMgBr, THF,


reflux, 1 h, 30–32%.
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changes made in the development of 4 led to compounds
with superior microsomal stability relative to all previ-
ous series. In close examination we can conclude that
the 4-propyl-8-(1-phenyl-cyclohexyl)-2,8-diaza-spiro-
[4.5]decan-1-one derivatives 28 and 29 displayed similar
MAB values (60% and 47%, respectively, in human
microsomes and 45% and 48%, respectively, in mouse
microsomes), compared to their triazaspiropiperidine
congeners.10 However, the best improvements were ob-
served in the 4-aryl-8-(1-phenyl-cyclohexyl)-2,8-diaza-
spiro[4.5]decan-1-one derivatives with the microsomal
data for nearly all derivatives examined predicting
MAB values generally superior to all our previous series.
In particular, we were encouraged by the derivatives 7

and 16 where we had demonstrated levels of microsomal
stability for both species (human and mouse) in the de-
sired range.


We then examined our most favoured derivative 16b17 in
a single dose in vivo pharmacokinetic study as a repre-
sentative of the 4-aryl-8-(1-phenyl-cyclohexyl)-2,8-dia-
za-spiro[4.5]decan-1-one series (Table 5). As expected
the excellent parameters obtained in vitro resulted in
the highest achieved oral bioavailability (F) of 60% for
all the spiropiperidine classes we have examined which
was also concomitant with excellent levels of brain
penetration.


Since the derivatives of type 4 have structural similarity
with PCP we have also demonstrated that they do not
have ‘PCP-like’ behaviour by examining 7, 7a, 7b and
16b in a displacement experiment with 3H-MK801 in
NMRI mouse forebrain membranes where an
IC50 > 30 lM was obtained for each.


Moreover, derivatives from the 4-aryl-8-(1-phenyl-cy-
clohexyl)-2,8-diaza-spiro[4.5]decan-1-one class 4 have
shown no significant inhibition of the hERG K channel
as outlined in Table 6. Notably, we were able to dimin-
ish affinity towards the hERG K channel by incorpora-
tion of a b-oxygen atom as revealed in the structures 46
and 47 which closely follows the relationship12b we gen-
erated in the design of the GlyT-1 inhibitors 3 also free
of hERG K channel activity.


In conclusion, our work in the spiropiperidine class has
culminated in the discovery of a novel, potent and selec-
tive chemotype of GlyT1 inhibitors 4. We stepwise
designed the 4-substituted-8-(1-phenyl-cyclohexyl)-2,8-







Table 6. In vitro inhibitory activity at the hERG K channel for


compounds 12c, 27 and 28


Compound HERG IC50
a (lM) pKa


b


16b 1.300 8.75


46 >11.000 7.1


47 >14.000 7.71


a Inhibition of hERG K channel determined by whole-cell patch-clamp


experiments on a transfected CHO cell line.
b Determined by potentiometric titration in a MeOH:water mixture at


rt with the GLpKa instrument from Sirius Analytical Instruments.
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diaza-spiro[4.5]decan-1-one class to display excellent
selectivities against the l opioid receptor as well as the
nociceptin/orphanin FQ peptide (NOP) receptor. In
addition, this work has described in detail our strategy
to improve upon the pharmacological properties and
pharmacokinetic properties of the diazaspiropiperidine
series by specific chemical mutations throughout the
development of the class. Compound 16b has demon-
strated for the first time that GlyT1 inhibitors of the spi-
ropiperidine family can achieve high oral bioavailability.
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Abstract—A series of substituted chromones were designed, synthesized, and evaluated for their ability to bind melanin-concentrat-
ing hormone receptor 1. Compounds with subnanomolar binding affinity and 66% oral bioavailability in rats were discovered.
� 2006 Elsevier Ltd. All rights reserved.

The epidemic spread of obesity throughout the devel-
oped world has given the pharmaceutical industry great
incentive to develop novel antiobesity medications.1


Many molecular targets for this disease are being pur-
sued, including the cannabinoid receptor 1, for which
the inverse agonist rimonabant is currently under review
by the FDA.2 Among the newer biological targets, mel-
anin-concentrating hormone receptor 1 (MCH1R) has
emerged at the forefront, demonstrating convincing pre-
clinical evidence that suggests the potential for efficacy
in humans. Central administration of melanin-concen-
trating hormone (MCH) produces hyperphagia upon
acute treatment and weight gain upon chronic exposure
in rodents.3,4 Mice deficient in MCH or its receptor are
lean and the latter are resistant to diet-induced obesi-
ty.5,6 A number of MCH1R antagonists are active in
rats and mice in various sub-chronic and chronic obesity
models and efficacy was also demonstrated in dogs
which, like humans, have a second functional MCH
receptor.7,8 Moreover, at least two companies have ad-
vanced MCH1R antagonists into clinical trials.9 There
is also a growing body of evidence suggesting a role
for MCH1R antagonists in the treatment of anxiety
and depression.7a,10,11

0960-894X/$ - see front matter � 2006 Elsevier Ltd. All rights reserved.
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A number of structurally diverse MCH1R antagonists
have been patented and published, and this literature
was recently reviewed.12 Figure 1 shows three such
compounds (1–3), which have demonstrated efficacy
in preclinical obesity models and appear to have a
related pharmacophore. We discovered the pyridine
derivatives 3, which were designed in part based on
the first published MCH1R antagonist 1.7h,b In the
case of these pyridines, although they are potent in vitro
and show good oral bioavailability in rats, the lead
compound was rapidly cleared, which resulted in a ter-
minal half life of less than three hours. Our goal was to
improve the pharmacokinetics of these compounds
while maintaining high levels of brain penetration, an
essential feature of a drug for this CNS target. The
strategy used was to replace the metabolically labile
benzamide moiety with heterocyclic groups. The car-
bonyl group of compound 3 is essential for binding
affinity; therefore, the bicyclic group was designed such
that it would retain this feature. We envisaged that a
chromone- or quinolone-based molecule (i.e., 4 or 5)
would be active, and the fact that there are a number
of related molecules in various drug programs suggest-
ed the possibility of producing an orally absorbed com-
pound.13 The potential success of this strategy was
further supported by the activity of the putative clinical
compound 2, in which a carbonyl group is also con-
tained within a bicyclic ring system.8,12 An alternative
series of chromone-containing MCH1R antagonists
was recently reported.14
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Figure 1. Published and proposed MCH1R antagonists.
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The synthesis of the chromone-based compounds
is shown in Scheme 1. The more active bromide
of 1,5-dibromopyridine (6) was displaced with
3-(dimethylamino)pyrrolidine to produce 7. This com-
pound was coupled with 2 0,4 0-dimethoxyacetophenone
using the conditions reported by Buchwald to afford
ketone 8.15 Reaction with boron tribromide allowed
for the chelation-controlled demethylation of the
methoxy group ortho to the carbonyl substituent, while
leaving the 4-methoxy group untouched.16 The resulting
phenol 9 underwent cyclization with dimethylformam-
ide dimethyl acetal thereby providing the chromone core
10. Demethylation of the remaining methoxy group
required more forcing conditions without the participa-
tion of an ortho acyl group, and so the material was
heated in concentrated hydrobromic acid. The resulting
phenol 11 was converted to the corresponding triflate,
and an ensuing Suzuki coupling provided target
compounds 12. Alternatively, the phenol 11 was also
subjected to Ullmann-type coupling with aryl halides
to provide the aryloxy derivatives 13.17


The synthesis of the quinolone derivatives is shown in
Scheme 2. Bromopyridine 7 was coupled to 4 0-benzyl-
oxy-2 0-fluoroacetophenone in the same manner as above
to provide 14. Aminomethylenation with dimethylform-
amide dimethyl acetal provided the pre-cyclization
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a b
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Scheme 1. Reagents and conditions: (a) 3-Dimethylaminopyrrolidine, toluen


sodium tert-butoxide, 2-(dicyclohexylphosphino)-2 0-methylbiphenyl, palladiu


dimethylformamide dimethyl acetal, DCM, 20 �C; (e) sodium iodide, 48%


DIEA, DCM, 0 �C; ii—ArB(OH)2, Pd(dppf)2Cl2, potassium carbonate, aque

intermediate which, upon reaction with methylamine,
provided the quinolone core (15). Removal of the benzyl
protecting group gave the phenol, which was converted
to the triflate and coupled with aryl boronic acids as de-
scribed above to provide the target quinolones 16.


The binding affinity of the chromones and quinolones
for MCH1R is shown in Table 1, combined with the
data from a GTPcS functional assay, and intrinsic
clearance values obtained in vitro from human liver
microsomes (HLM). The parent chromone 17a demon-
strated potent binding and functional activity, thereby
indicating that the newly incorporated ring system is
well tolerated in vitro. With the exception of larger
groups such as the trifluoromethoxy group of 17h, sub-
stitution at the four position of the phenyl ring had min-
imal influence over affinity (17b–17g), and when this
substituent was halogen, a modest improvement in the
intrinsic clearance was afforded (17b–17d). Alkyl substi-
tution at the four position, as exemplified by ethyl deriv-
ative 17e, resulted in a loss of binding affinity and
functional activity relative to 17a, and led to more rapid
clearance in HLM. Not surprisingly, fluorination of the
alkyl group, as in 17f, reduced clearance to levels com-
parable to 17a, but the binding affinity of this compound
was still suboptimal. Introduction of a 4-methoxy group
provided 17g, which demonstrated a subnanomolar Ki
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esulfonic acid monohydrate, 130 �C; (b) 2 0,4 0-dimethoxyacetophenone,
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Table 1. In vitro data for 17–19
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Compound R Ki
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a (nM) Clearanceb (mL/min/kg)


3c N.A. 5.2 12


17a H 4.1 15 22


17b 4-F 2.0 8.4 16


17c 4-Cl 2.1 10 16


17d 4-Br 3.0 20 18


17e 4-C2H5 8.8 44 36


17f 4-CF3 10 59 24


17g 4-CH3O 0.6 7.8 258
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17i 2,4-Cl2 14 30 12


17j 4-Cl,3-CH3 10 59 22


17k 4-Cl,2-CH3 7.1 24 24


17l 2-CH3,4-CH3O 3.3 12 66


17m 2,4-(CH3O)2 16 60 38


17n 3,4-OCH2O 4.7 33 112


17o 3,4-O(CH2)2O 5.4 120 65


18a 4-CH3O 18 55 22


18b 4-CF3 29 130 37


(R)-17c 4-Cl 1.6 20 N.D.d


(S)-17c 4-Cl 1.4 12 N.D.d


19a 4-Cl 24 41 53


19b 4-CF3 120 N.D.d 49


a Values are averaged from at least two experiments. Observed values typically fell within a 2-fold range of this mean. See Refs. 7n and 18 for assay


details.
b Intrinsic hepatic clearance measured in human liver microsomes.19


c Ref. 7h.
d Not determined.
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for MCH1R and the most potent functional activity of
the group. However, the inherent metabolic lability of
a methoxy substituent was apparent from the very rapid
HLM clearance of this compound. Compounds with
additional substitution on this phenyl ring exhibited
substantial loss of binding affinity and functional poten-
cy when compared to analogs which were exclusively
substituted at the four position (17i–17o). In the case

of the most potent analog 17g, even though the addition
of the 2-methyl group to give 17l resulted in a 3-fold
drop in binding affinity, the molecule was still one of
the more potent analogs. Although some other varia-
tions on alkoxy-substituted phenyl derivatives, including
the dimethoxy compound 17m and the fused dioxacycles
17n and 17o, provided sufficient in vitro potency, none
of these compounds had HLM clearance values
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Figure 2. Concentration of (R)-17c in rats after a po (10 mg/kg) or iv


(2.5 mg/kg) dose.20


Table 3. Pharmacokinetic values of (R)-17c in rats20


Parameter Value ± SD


Vd
a (L/kg) 58 ± 13


CLa (mL/min-kg) 133 ± 9.7


t1/2
a (h) 5.0 ± 0.9


AUC-poa,b (ng h/mL) 859 ± 210


Fa (%) 66 ± 16


Brain/plasmaa (1 h, 4 h) 9.5 ± 2.5, 25 ± 2.8


a Determined by administering 2.5 mg/kg iv and 10 mg/kg po to


Sprague–Dawley rats.
b Plasma area under the curve upon oral dosing.
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consistent with reasonable plasma levels upon oral
administration. Replacement of the terminal phenyl ring
with various heterocycles was detrimental as is exempli-
fied by the two 2-pyridyl derivatives 18a and 18b, which
were substantially less potent than their phenyl counter-
parts 17g and 17f, respectively.


Notably, in terms of in vitro potency, this compound
class did not demonstrate a significant stereochemical
preference as enantiomers (R)-17c and (S)-17c had near-
ly identical binding affinities and similar activity in the
GTPcS assay.


The quinolones synthesized in Scheme 2 showed some
affinity for MCH1R, but were not as potent as their oxy-
gen-containing analogs. The 4-chloro quinolone 19a had
a Ki of 24 nM and a GTPcS IC50 of 41 nM. In addition,
19a showed higher clearance in HLM relative to the
analogous chromone 17c.


In an attempt to incorporate some flexibility into an
otherwise rigid molecule, the ether-derived compounds
20 were also tested and the in vitro data are collected
in Table 2. The phenoxy compound 20a showed slightly
less binding affinity and functional activity than the
phenyl compound 17a and demonstrated an intrinsic
clearance of 31 mL/min/kg. Unlike the analogs with the
phenyl ring directly attached to the fused bicyclic core,
the in vitro affinity of the phenoxy compounds
appeared to be sensitive to the sterics of the phenyl sub-
stituent. Hence, the unsubstituted compound 20a
(Ki = 7.2 nM) was the most potent, followed by the
4-fluoro analog 20b (Ki = 13 nM), the 4-methyl analog
20d (Ki = 19 nM), and the 4-chloro analog 20c
(Ki = 28 nM). Larger substituents such as trifluorometh-
yl (20e), methoxy (20f), and a fused furyl ring (20g)
resulted in substantial loss in binding affinity. The 4-flu-
oro analog was by far the most stable compound tested
in HLM with an intrinsic clearance of only 3 mL/min/kg.


Due to the excellent in vitro profile of several of the chr-
omones, one analog was evaluated in a pharmacokinetic

Table 2. In vitro data for 20
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Compound R Ki
a (n


20a H 7


20b 4-F 13


20c 4-Cl 28


20d 4-Me 19


20e 4-CF3 (60%


20f 4-MeO 138


20g 2,3-Dihydrobenzo-furan-5-yl 78


a Values are averaged from at least two experiments. Observed values typical


details.
b Intrinsic hepatic clearance measured in human liver microsomes.19


c Not determined.

study in rats. The chloro-substituted derivative 17c was
chosen because it is one of the most potent examples,
while still demonstrating low intrinsic clearance in
HLM. There was little difference in the in vitro data
for the two enantiomers of 17c; the (R)-isomer was arbi-
trarily chosen for testing. The hydrochloride salt of this
compound was administered orally and intravenously to
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) N.D.c N.D.c
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ly fell within a 2-fold range of this mean. See Refs. 7n and 18 for assay
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rats and the results from this study are presented in
Figure 2 and Table 3. In rats, (R)-17c demonstrated
clearance of 133 mL/kg/min and 66% oral bioavailabili-
ty. The plasma half life of (R)-17c was 5.0 h and the
compound showed very high brain penetration, which
increased from nearly 10-fold at one hour to 25-fold at
4 h.


In summary, we have described the design and synthesis
of a novel class of potent MCH1R antagonists which
demonstrate very good oral bioavailability and other
pharmacokinetic parameters in rats. The remarkably
high brain penetration of these compounds makes them
useful tools in the study of centrally acting anorectic
agents operating through the MCH1R mechanism.
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Abstract—The synthesis, structure–activity relationship, in vivo activity, and metabolic profile for a series of triazolopyridine-oxa-
zole based p38 inhibitors are described. The deficiencies of the lead structure in the series, CP-808844, were overcome by changes to
the C4 aryl group and the triazole side-chain culminating in the identification of several potential clinical candidates.
� 2006 Elsevier Ltd. All rights reserved.
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Since the discovery of p38 kinase in the mid-1990s1 the
promise of p38 inhibitors as potential therapy for diseas-
es mediated by the overproduction of pro-inflammatory
cytokines has yet to be realized. This is certainly not due
to a lack of effort.2 A clear potential source of failure lies
with poorly predicting the translation of pharmacology
from in vitro assays and animal models to human. For
p38 this is complicated by the fact that no direct mea-
sures of p38 inhibition are yet possible in vivo.3


Although methods are under development4 that are
mechanistically close5 to the action of p38, the most
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common techniques involve measurement of
downstream markers such as TNF-a from blood after
exogenous stimulation.
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Figure 1. Enzyme and human whole blood IC50s for literature
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One of the disturbing trends we observed from the out-
set of our p38 discovery effort was the large loss in
potency when comparing the enzyme assay measuring
p38 inhibition to a human whole blood (HWB) screen
measuring TNF-a inhibition.6 It is noteworthy to point
out that many literature p38 inhibitors including SB-
203580,7 SB-242235,8 RWJ-68354,9,10 and VX-74511


(see Fig. 1) exhibit this same phenomenon, and further-
more, that the difference in potency cannot be accounted
for by correcting for protein binding. To the extent that
HWB is a more realistic measure of potency this was a
major concern for our program. Below we describe the
structure–activity relationship for a series of triazolo-
pyridines for which the HWB potency and ADME hur-
dles were overcome to identify compounds for clinical
development.
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Figure 2. Triazolopyridine oxazoles.


Table 1. Triazolopyridine oxazole SAR: R1 aryl group


Figure 2 Compound R2 = i-Pr R1 p38a IC50 (n


2a Ph 9.6


3 3-Me-Ph 18.3


4a 4-F-Ph 5.0


5a 3-F-Ph 37.8


6a 4-F,5-Me-Ph 6.6


7a 2-F,5-Me-Ph 4.3


8 4-Cl-Ph 17.7


9 3-Cl-Ph 13.5


10 2-Cl-Ph 3.0


11a 2,4-diF-Ph 4.6


12b 2,5-diF-Ph 5.8


13b 2,6-diF-Ph 14.6


14 3,4-diF-Ph 22.3


15b 3-Cl,4-F-Ph 12.4


16a 2-F,4-Cl-Ph 2.2


17 2-F,5-Cl-Ph 5.1


18b 2-Cl,4-F-Ph 2.5


19 3-F,4-Cl-Ph 43.2


20b 3,4,5-triF-Ph 4.1


21b 2,4,5-triF-Ph 3.2


22b 2,4,6-triF-Ph 7.2


23b 2,3,5-triF-Ph 83.3


24 2,3,4-triF-Ph 11.1


25 3,4-diCl-Ph 26.4


26b 2,4-diCl-Ph 8.3


27b 2,3-diCl-Ph 14.5


28b 2-F,4-Cl,5-F-Ph 24.5


29b 2-Cl,4-F,5-F-Ph 5.6


30b 3-Br,4-F-Ph 8.0


nd, not determined.
a Human hepatocyte extraction ratio (ErH) > 0.5.
b Human microsome and hepatocyte ErH < 0.3.
c IC50s are reported as the geometric mean of three or more experiments. Stan

Previously, we described the triazolopyridine-oxazole
CP-808844 (Fig. 2) that was shown to bind to p38 with
an unusual dual H-bond acceptor pattern,13 While this
configuration led to very good enzyme inhibition and
may contribute to the excellent kinase selectivity for
the series,14 CP-808844 was not without problems. Fore-
most amongst these was the modest HWB potency
(685 nM) which is masked by the excellent acute in vivo
efficacy (rat TNF-a ED50 = 0.8 mg/kg),15,16 consistent
with the superior rat potency (rat whole blood
IC50 = 92 nM). In addition, CP-808844 was metabolical-
ly unstable in human hepatic tissue, an attribute that
could potentially contribute to poor pharmacokinetics
in humans. As described herein, the narrowing of the
gap between enzyme and HWB potency was solved in
an empirical fashion and a clear understanding of
HWB activity was never found. The human metabolic
liability associated with CP-808844 was resolved in sub-
sequent analogs guided by a detailed understanding of
the biotransformation pathways.17


Three major areas were examined to improve the prop-
erties of the triazole series represented by CP-808844:
the C4 aryl group (R1), the side-chain (R2), and the oxa-
zole core ring (see Fig. 2). Shown in Table 1 are com-
pounds with variations to the R1 aryl group, a group
thought to be one of the biggest contributors to the en-
zyme binding affinity for the compounds. Based on

M)c TNF-a cell IC50 (nM)c TNFa HWB IC50 (nM)c


71.4 973


24.5 nd


45.3 685


135 nd


11.6 260


10.0 nd


70.0 nd


52.3 550


57.4 937


10.0 265


25.0 259


71.1 nd


49.0 nd


47.2 631


20.0 600


10.0 190


24.5 380


266 nd


480 nd


19.7 263


60.0 650


490 nd


57.4 nd


148 nd


30.0 nd


57.4 nd


60.0 nd


54.8 nd


122 nd


dard deviations for the assays are generally ±30% of the mean or less.
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structural data.18 substitutions on this aryl ring were
confined to non-polar groups. The synthesis of the com-
pounds (Tables 1 and 2) followed the chemistry already
described for CP-808844.13 What emerged from this
work is that close-in combinations of fluoro- or chloro-
phenyl substituents were enough to give important
improvements in both trouble areas for the lead struc-
ture. Preferred fluoro substitution patterns are 2,4 and

Table 2. Triazolopyridine oxazole SAR: R2 side-chain


Figure 2 Compound R2 p38a IC50 (nM)c


R1 = Ph


31a Et 54.5


32a c-Propyl 47.2


33 c-Bu 16.6


34a EtNH 5.4


35a EtMeN 9.2


36 F2CH 544


37a CF3CH2 83.2


38 Isoxazol-5-yl 285


R1 = 4-F-Ph


39b H 19.5


41 Et 21.6


42a Me2N 15.3


43 EtNH 7.6


44 EtO 55.5


45a c-Bu 17.7


46a c-Propyl 10.9


47 i-Bu 8.8


48 i-PrNH 5.5


49 n-Pr-NH 198


50 MeEtN 4.7


51 i-PrO 17.9


52a 1-Me-c-butyl 14.0


53a pyrrolidine 15.4


54a Ph 12.3


55 2-MeOPh 0.4


56a 2-EtO-Ph 0.4


57b t-Bu 3.5


58b Morpholine 11.8


59 PhCH2 19.9


R1 = 2,4-diF-Ph


60 c-Propyl 3.5


61a 1-Me-c-propyl 0.7


62a c-Butyl 3.75


63 1-Me-c-butyl 1.1


64b t-Bu 1.1


R1 = 2,5-diF-Ph


65 2-propanol-2-yl 25


66b c-Propyl 24.0


67b 1-Me-c-propyl 3.0


68 c-Butyl 9.7


69 1-Me-c-butyl 1.5


70b t-Bu 8.8


R1 = 2,4,5,-triF-Ph


71b c-Propyl 7.8


72b 1-Me-c-propyl 2.3


73 c-Butyl 9.1


74 1-Me-c-butyl 2.5


75b t-Bu 1.8


nd, not determined.
a Human hepatocyte extraction ratio (ErH) > 0.5.
b Human microsome and hepatocyte ErH < 0.3.
c IC50s are reported as the geometric mean of three or more experiments. Stan

2,5 and 2,4,5. Combinations with one chloro and one
fluoro were also well tolerated, especially with the same
2,4 and 2,5 substitution patterns. Poor monocyte cell
potency19 was generally predictive of poor HWB activity
(see 2, 46, 54, and 65), but the reverse was not always
true (see 55, 56, Table 2). Interestingly, changes in sub-
stitution patterns also increased the human microsomal
stability often in spite of large increases in lipophilicity.

TNFa cell IC50 (nM)c TNFa blood IC50 (nM)c


672 nd


150 nd


69.3 nd


40.0 1707


80.0 nd


nd nd


915 nd


> 2000 nd


>5000 nd


630 nd


165 nd


52 865


360 nd


49 nd


186 4650


70 nd


31.6 nd


nd nd


34.6 1553


470 nd


40.0 nd


52.0 935


90.0 5350


10 873


10 697


38.7 470


1440 nd


>1000 nd


45.8 910


30 245


40 nd


10 77


12.6 76


200 1395


31.6 1400


45.8 385


60 nd


10 nd


14.1 220


40 565


28.3 263


50 353


10 90


8.3 63


dard deviations for the assays are generally ±30% of the mean or less.







4342 K. F. McClure et al. / Bioorg. Med. Chem. Lett. 16 (2006) 4339–4344

For example, the majority of di-halo compounds in Ta-
ble 1 were more stable than the mono-fluoro compounds
4 and 5. Considering that oxidative metabolism on the
isopropyl and the oxazole group were the primary
routes of biotransformation,17 a potential explanation
for the improved metabolic stability is that the C4 aryl
substitution decreases the affinity of the compounds
for the cytochrome P450 responsible for metabolism.
Alternatively, an inductive effect by the C4 aryl group
could potentially deactivate the oxazole ring toward oxi-
dative metabolism.


Encouraged by these initial findings we incorporated
variations to the side-chain R2 (Table 2). In terms of
HWB potency a trend emerged favoring quaternary-
branched alkyl or cycloalkyls (cf. R2 = i-Pr to t-Bu,
cyclopropyl to 1-methylcyclopropyl and cyclobutyl to
1-methylcyclobutyl). In some cases less than a 30-fold
loss in potency is observed from the enzyme to the
HWB assay. Since P450-mediated oxidation of the R2


substituent was also a major route of metabolism in
the series, it is perhaps not surprising that changes to
this area of the molecule had influence on the metabo-
lism. One such example can be seen with 57 and 58 rel-
ative to 1. It is tempting to think that groups such as R2


equal to t-Bu lead to a general improvement in metabol-
ic stability but this interpretation is complicated by the
fact that the R1 aryl group also contributes to the overall
stability of the compounds.


The final region targeted for evaluation was the central
oxazole ring and a limited comparison of five-membered
ring heterocycles is shown in Table 3. The synthesis of
these analogs is shown in Schemes 1 and 2. As outlined
in Scheme 1 the aldehyde 76 was reacted with the N,P-
acetal 7720 to give the intermediate ketone 78 in poor
yield. The ketone was then used to prepare either the
pyrazole 79 or the isoxazole 80 by formylation with
N,N-dimethylformamide dimethyl acetal (DMF-DMA)
and subsequent reaction with either hydrazine or
hydroxylamine as appropriate.


The imidazole 81 was prepared in one step as shown in
Scheme 2.21 Alternative conditions employing aqueous
ammonium hydroxide described for pyridyl-imidaz-
oles22 led primarily to the Dimroth rearranged triazolo-
pyridine-imidazole product 82.13

Table 3. Core ring SAR and Caco-2 permeability


Schemes 1 and 2


Compound and 12


p38a IC50


(nM)a


TNF-a cell


IC50 (nM)a


TNF-a blood


IC50 (nM)a


Caco-2


AB/BAb


79 2.8 14.1 180 6/18


80 33.2 63 nd 41/29


81 6.2 24.5 297 1/32


12 Table 1 43/29


nd, not determined.
a IC50s are reported as the geometric mean of three or more experi-


ments. Standard deviations for the assays are generally ±30% of the


mean or less.
b AB, flux from apical to basolateral (·10�6 cm/s). BA, rate in reverse


direction.

The imidazole and pyrazole analogs 81 and 79 have in vi-
tro potencies comparable to their oxazole counterpart
(Table 3). Unlike the oxazole 12, however, they both
show unfavorable absorption in the Caco-2 permeability
screen (predicted oral absorption <10% based on the
flux from the apical to the basolateral direction). Fur-
thermore, the observation that the rate of translocation
from the basolateral to the apical side of the Caco-2 cells
significantly exceeds the flux from apical to basolateral
suggests that the two compounds may be substrates
for efflux transport proteins such as p-glycoprotein. In
contrast, the isoxazole 80 lacking the H-bond donor
present in 79 and 81 did exhibit good Caco-2 permeabil-
ity but was a considerably less potent p38 inhibitor.
Although specific in vivo studies were not performed
to reaffirm the Caco-2 findings on poor oral absorption,
the in vivo rat TNF-a activity for the pyrazole and imid-
azole analogs after oral absorption was generally inferi-
or to their oxazole comparators.


Based on overall in vitro properties a number of com-
pounds were evaluated for their overall pharmacokinetic
profiles. As shown in Table 4 the selected compounds
have low to moderate plasma clearance (CLp) and vol-
ume of distribution at steady state (Vdss) in the rat and
monkey that translated into low to moderate terminal
half-lives in these species. In general, the compounds
also exhibited moderate bioavailability.


In the case of 9 and 15 the lower bioavailabilities may be
attributable to their very poor thermodynamic solubility
(Table 5). Based on molecular weight (MW = 322) and
measured physicochemical properties of CP-808844
(log D = 2.18; pKa = 2.86) there was no particular reason
to suspect solubility as an issue for the series. As shown in
Table 5 melting points were only partially predictive of the
solubility. Interestingly, not only did the presence of
m-chloro group on the aromatic have a significant
influence on solubility it had a measurable effect on the
inhibition of the human ether-a-go-go-related gene
(hERG) channel expressed in human embryonic kidney
(HEK-293) cells (cf. 1, 9, 15, and 18).23 This could be
explained by some specific hydrophobic contact, but it
is also possible that it is a substituent tuning of a p–p
interaction24 given that such interactions are one of the
most important with hERG.25 While the very poor
solubility of 15 was not enough to halt its progression,
taken together with the observed inhibition of hERG
forced a consideration of other compounds. In this
regard, the acute in vivo activity was not particularly
discriminating and needed to be placed in the context of
drug concentrations and their relationship to efficacy in
human systems. To this end the HWB potency was used
as a key selection criterion. On this basis a number of
compounds looked more promising than 15. The
combined attributes of 12 and 75 including their
performance in other acute and chronic models of
inflammation led to their selection for clinical
development.


In summary, the evolution of the lead structure CP-
808844 to compounds suitable for clinical evaluation
was described. One of the significant observations is







Table 4. Rat and monkey pharmacokinetics after intravenous and oral


administration


Figure 2


Compound


CLp (mL/min/kg) Vdss (L/kg) t1/2 (h) F (%)


Rat


1 12 0.8 0.7 85


9 17 1 1.6 37


12 14 0.8 1.3 58


15 17 1.3 0.9 9.4


75 3 0.6 2.6 54


Monkey


1 16 1.8 1.3 75


9 15 1 1.1 19


12 6.0 1.3 5.4 40


15 5.7 1.4 4.7 31


75 3.4 1.2 5.2 66


Table 5. Solubility, melting point, hERG, and in vivo SAR


Figure 2


Compound


Equilibrium


solubilitya


(lg/mL)/melting


point (�C)


Inhibition of


hERG current


at 3 lM (%)


Rat LPS-TNFa
ED50 (mg/kg)


1 29.6/212 0 0.8


9 5.2/228–231 14 2.4–3


12 8.1/174 0 (at 1 lM) 0.3


15 2.8/227–228b 49 0.5


18 81/191–192 0 94% inhibc


75 41/177 5.9 0.1


a PBS, phosphate buffered saline pH 6.5.
b As HCl salt.
c at 3 mg/kg.
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the high similarity of CP-808844 to the more opti-
mized structures. Also noteworthy is the repeated
occurrence of large pharmacological, metabolic, or
physical changes attributable to small structural dif-
ferences. Ultimately, a number of promising com-
pounds with similar overall profiles were identified.
From these compounds, 12 and 75 were selected for
development with an emphasis on their potency in
HWB.
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Abstract—A series of conformationally constrained analogues of Linezolid were synthesised by employing a tandem SN2 and SNAr
reaction as the key step and tested for antibacterial activity. While the hexahydroazolo-quinoxaline compounds were inactive, the
tetrahydroazolo-benzothiazine compounds exhibited interesting antibacterial activity. The introduction of fluorine in the aromatic
ring further made the compounds more potent in acetamide compounds resulting in an interesting analogue 32. However, the intro-
duction of fluorine (analogue 34) on the already potent non-fluorine thiocarbamate 21 did not have any influence on the activity.
� 2006 Elsevier Ltd. All rights reserved.

The emergence of multidrug-resistant Gram-positive
bacteria including methicillin-resistant Staphylococcus
aureus (MRSA) and Staphylococcus epidermitis
(MRSE) and vancomycin-resistant enterococci (VRE)
is of major concern.1–5 In addition, an alarming situ-
ation has been created by the emergence of strains
of glycopeptide-intermediate S. aureus (GISA) with
reduced susceptibility to vancomycin.6,7 Strains of
common intestinal bacteria Enterococcus faecalis and
E. faecium have been resistant to vancomycin for
several years. Oxazolidinones are a new class of
synthetic antibacterials with activity against Gram-
positive bacteria and anaerobic bacteria, including
resistant pathogens.8


The discovery of Linezolid as a new class of antibacteri-
als particularly active against VREs has triggered wide-
spread research in this area.9 In an ongoing programme
on the discovery of novel second generation oxazolidi-
nones, we have earlier reported certain conformationally
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constrained analogues of Linezolid (e.g., compound 1)
after an initial lead identification and SAR studies on
the right-hand side (Fig. 1).10 However, we have not
undertaken a SAR on the left-hand side of the molecule
1 to vary the oxygen heteroatom to other heteroatoms
such as sulfur and nitrogen. In continuation of our
efforts in this tricyclic group of oxazolidinones, we
now report the synthesis and the SAR studies on the left
hand side of the molecule. We have synthesised a num-
ber of tricyclic oxazolidinones analogous of 2 and 3 pos-
sessing substituted nitrogen and sulfur atom,
respectively, instead of oxygen on the tricycle.


Synthesis of hexahydroazolo-quinoxaline compounds:
Addition of LL-prolinol onto 1-chloro-2,4-dinitrobenzene
afforded the dinitro-alcohol 4 (Scheme 1). The com-
pound 4 upon hydrogenation presumably resulted in
the corresponding diamine-alcohol, which posed diffi-

ON


O


N


O


H
N Me


O


ON


O


N


X


H
N Me


O


SAR


2: X = NMe
3: X = S1


Figure 1.



mailto:selvakumarn@drreddys.com





ON


O


N


N
R


Cl


O2N


NO2NH


OH


NO2N


OH


NH-CbzN


OH


NH-CbzN


N


O2N


Cbz-HN


NH-CbzN


Br


Cbz-HN


Cbz Cbz


+


4


5 6


7


ON


O


N


N


H
N


CHO O


ON


O


N


N


H
N


R O


j k


10


a b,c


d e


f


g,h,i8: R = OH
9: R = NHAc


11: R = COCH3
12: R = COCH2Cl


Scheme 1. Reagents and conditions: (a) Et3N, CH3CN, rt, 4 h, 94%;


(b) 10% Pd on C, H2, THF, 14 h; (c) Cbz-Cl, aq Na2CO3, acetone, rt,


2 h, 75% for two steps; (d) CBr4, PPh3, CH2Cl2, rt, 48 h, 70%; (e)


K2CO3, DMF, rt, 28 h, 62%; (f) BuLi, (R)-glycidyl butyrate, THF,


�78 �C to rt, 14 h, 58%; (g) MsCl, Et3N, CH2Cl2, 0 �C, 4 h, 96%; (h)


NaN3, DMF, 80 �C, 1 h, 91%; (i) MeCOSH, rt, 14 h, 68%; (j) 10% Pd


on C, H2 then HCOOEt, 41%; (k) 10% Pd on C, H2 then AcCl (62%)


or chloroacetyl chloride, Et3N (55%).
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culty for isolation due to its instability and thus was
directly treated with Cbz chloride in situ to produce
the di-Cbz compound 5. The compound 5 was converted
into its bromo derivative 6 with CBr4 and PPh3, which
was cyclised with K2CO3 in DMF to result in the tricy-
clic Cbz compound 7. After this point, the compound 7
was converted into the acetamide 9 as per the usual
literature procedures.9 The attempts to deprotect the
Cbz group to the corresponding free amine or as a salt
failed to give the required material because of the insta-
bility of the product. Thus, we resorted to installing
smaller groups such as formate, acetate and chloroace-
tate employing usual procedures of treating the amine
in situ with the appropriate reagents to give the com-
pounds 10, 11 and 12, respectively.


Synthesis of tetrahydroazolo-benzothiazine compounds:
Addition of LL-prolinol onto 3,4-difluoronitrobenzene
resulted in the nitro-alcohol 13 (Scheme 2). The bromo
compound 14, obtained from the nitro-alcohol 13 as
above, was converted to the thioacetate 15 with
thioacetic acid. The treatment of the thioacetate 15
with K2CO3 in MeOH resulted in the thiol 16 that
was cyclised with NaH in DMF to yield the tricyclic
nitro compound 17. The nitro compound 17 was
converted into the acetamide 3 by essentially following

the protocol described in Scheme 1.11 The acetamide 3
was further converted to the sulfone 20 with sodium
metaperiodate. The intermediate azide 19 could be
converted to the thiocarbamate 21 following usual
reaction conditions.


Synthesis of fluorine containing hexahydroazolo-quinox-
aline and tetrahydroazolo-benzothiazine compounds:
A new methodology was developed for the prepara-
tion of title compounds involving a tandem SN2 and
a SNAr reaction. The nitro-alcohol 22 (Scheme 3),
obtained as per our earlier method,10 was converted
to the bromo compound 23 as usual. The analogous
bromo compound 14 in Scheme 2 was initially con-
verted to the thiol 16, by a SN2 reaction of the anion
of thioacetic acid followed by basic hydrolysis, before
inducing the cyclisation by a SNAr reaction to result
in the tricyclic nitro compound 17. Instead of this
usual three-step protocol, we envisioned a single pot
tandem SN2 and a SNAr reaction involving thioacetic
acid and a base as it was anticipated that the anion
addition onto bromide followed by the hydrolysis
and the subsequent cyclisation should occur
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sequentially. Thus, the treatment of the bromide 23
with thioacetic acid and KOH in DMSO afforded
the tricyclic nitro compound 24 in one step albeit in
modest yield. In a similar manner, employing methyl-
amine in place of thioacetic acid in the above reaction
resulted in the tricyclic nitro compound 25 in one pot.
Having identified an efficient methodology to prepare
the tricyclic nitro compounds 24 and 25 in gram
quantities, the synthesis of the corresponding azides
28 and 29 was carried out as discussed in the previous
schemes. The amines 30 and 31, derived from their
corresponding azides, were converted to the
acetamides 32 and 33, respectively, under standard
conditions. The acetamide 32 was treated with the
Lawesson’s reagent to get the thioacetamide 37. Final-
ly, the amines 30 and 31 afforded the thiocarbamates
34 and 36, respectively, upon treatment with thiophos-
gene followed by refluxing the intermediate isothiocy-
anate in methanol. The treatment of the above
isothiocyanate intermediate obtained from the amine
30 with methylamine resulted in the thiourea 35.

The constrained analogues of Linezolid prepared
above were screened for in vitro activity against a
panel of Gram-positive organisms and the results
are summarized in Table 1. The tricyclic oxazolidi-
none analogues 9–12, possessing nitrogen atom
(bearing different substituents) instead of oxygen in
the tricycle of compound 1, exhibited no antibacte-
rial activity. It is relevant to note that the earlier
compound 1, possessing an oxygen atom, had mod-
erate activity (Table 1). Similarly, the analogue 33
containing a N-methyl group instead of oxygen in
the compound 1 with an additional fluorine atom
in the aromatic ring was also found to be inactive.
The corresponding thiocarbamate compound 36 of
the acetamide 33 was also an inactive compound.
Thus, it was concluded that varying the oxygen
atom in the constrained analogue 1 to a substituted
nitrogen atom results in loss of antibacterial
activity.


As the above SAR of varying the oxygen atom in
the constrained analogue 1 to substituted nitrogen
atom resulted in inactive compounds, we turned
our attention in introducing sulfur atom in place
of the oxygen. Thus, the acetamide analogue 3
exhibited moderate activity (8 lg/mL) against all
the organisms tested, which was more or less com-
parable to the activity of oxygen analogue 1 (4–
16 lg/mL). Encouraged by the observed results, the
thiocarbamate analogue 21 was prepared and was
found to be highly potent with in vitro activity
ranging from 0.25 to 1 lg/mL. But, the conversion
of the sulfur atom to the sulfone 20 resulted in
the loss of activity. With the view of further increas-
ing the potency, following our earlier report,10 the
tricyclic compounds having fluorine atom in the aro-
matic ring were synthesised. Thus, the acetamide
compound 32 exhibited two- to fourfold more poten-
cy (1–2 lg/mL) than the non-fluorine analogue 3.
However, the thiocarbamate analogue 34 was only
marginally more potent than the acetamide 32. In
addition, the thioacetamide 37 and the thiourea 35
also possessed similar activity as that of the thiocar-
bamate 34. This implies that the introduction of
fluorine did not lead to increased potency in the thi-
ocarbamate analogues as observed for the acetamide
compounds. The non-fluorine analogue 21 was
selected for further development based on in vitro
activity.


In conclusion, the SAR studies on the left hand
side of the tricyclic analogue 1 in varying the oxy-
gen atom in the tricycle to substituted nitrogen
atom and sulfur were completed. While the change
to substituted nitrogen resulted in complete loss of
activity, introducing sulfur generated some potent
compounds. Though the introduction of fluorine
in the aromatic ring increased the potency in the
acetamide analogue (analogue 32), the same was
not true in the thiocarbamate case (analogue 34).
The thiocarbamate analogue 21 was chosen as the
lead compound and further development is in
progress.







Table 1. In vitro antibacterial activity (MIC, lg/mL)aof selected tricyclic oxazolidinones


ON


O


N


R1
R2


X


Compound No. X R1 R2 S.a 019 S.a 213 S.a 035 E.f 034 E.f 153 E.fm 154


9 H N-COOBn NHCOCH3 >32 >32 >32 >32 >32 >32


10 H N-CHO NHCOCH3 >256 >256 >256 >256 >256 >256


11 H N-COCH3 NHCOCH3 >256 >256 >256 >256 >256 >256


12 H N-COCH2Cl NHCOCH3 >256 >256 >256 >256 >256 >256


33 F N-Me NHCOCH3 >32 >32 >32 >32 >32 32


36 F N-Me NHCSOCH3 >32 >32 >32 >32 >32 32


3 H S NHCOCH3 8 8 8 8 8 8


21 H S NHCSOCH3 0.25 1 0.5 0.25 0.25 0.5


20 H SO2 NHCOCH3 >32 >32 >32 >32 >32 >32


32 F S NHCOCH3 1 1 2 2 1 2


37 F S NHCSCH3 0.25 0.5 0.5 0.5 0.25 0.25


34 F S NHCSOCH3 0.5 1 1 1 0.5 0.5


35 F S NHCSNHMe 0.5 0.5 2 1 0.5 1


1 H O NHCOCH3 4 4 8 16 16 16


Linezolid 1 2 2 2 2 2


Vancomycin 2 1 1 2 >32 >32


a S.a 019 = Staphylococcus aureus ATCC 33591 (methicillin-resistant); S.a 213 = Staphylococcus aureus ATCC 49951; S.a 035 = Staphylococcus


aureus ATCC 29213; E.f 034 = Enterococcus faecalis ATCC 29212 (vancomycin sensitive); E.f 153 = Enterococcus faecalis NCTC 12201 (vanco-


mycin resistant) and E.fm 154 = Enterococcus faecium ATCC 12202 (vancomycin resistant).
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Abstract—Two new metabolites named 6-oxo-de-O-methyllasiodiplodin (1) and (E)-9-etheno-lasiodiplodin (2), with three known
compounds lasiodiplodin (3), de-O-methyllasiodiplodin (4), and 5-hydroxy-de-O-methyllasiodiplodin (5), were isolated from the
mycelium extracts of a brown alga endophytic fungus (No. ZZF36) obtained from the South China Sea. Their structures were elu-
cidated using spectroscopic methods, mainly 1D and 2D NMR. Additionally, the structure of compound 1 was confirmed by single
crystal X-ray diffraction analysis. The antimicrobial activities of lasiodiplodins, and the 13-acetyl and 12,14-dibromo derivatives of
lasiodiplodin were tested for the first time and the results were compared to each other.
� 2006 Elsevier Ltd. All rights reserved.

As part of an ongoing research on biologically active
products from marine endophytic fungi from the South
China Sea,1 we studied the chemical constituents of the
unidentified endophytic fungus No. ZZF36, which was
isolated from a brown alga (Sargassum sp.) collected
from Zhanjiang sea area, China. Herein we reported
the isolation2 of two new 12-membered ring lactones,
namely 6-oxo-de-O-methyllasiodiplodin (1) and (E)-9-
etheno-lasiodiplodin (2), together with three known
compounds, lasiodiplodin (3), de-O-methyllasiodiplodin
(4), and 5-hydroxy-de-O-methyllasiodiplodin (5)
(Fig. 1), from the mycelium extracts of the fungus No.
ZZF36. Their antimicrobial activity had been tested
and compared. Lasiodiplodin and its relatives are
known to be very efficient inhibitors of prostaglandin
biosynthesis, and exhibit significant anti-leukemic and
potato micro-tuber inducing activities.3 It is the first
time to report the antimicrobial test of lasiodiplodins.


Compound 1 was obtained as colorless crystals, and the
molecular formula C16H20O5 was determined by HR-EI-
MS. In the 1H NMR of 1, a methyl doublet at d 1.40, a
methine at d 5.33, and two benzene protons at d 6.19

0960-894X/$ - see front matter � 2006 Elsevier Ltd. All rights reserved.
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and 6.26 were observed. 13C NMR of 1 showed sixteen
signals, attributable to one methyl, six methylene, three
methine, and six quaternary carbons, including an ester
carbonyl carbon (d 171.61) and a ketone carbonyl carbon
(d 211.05), as determined by DEPT experiments. The
1H–1H COSY (Fig. 2) revealed contiguous sequence of
coupled signals from H-17 to H-5 and H-7 to H-9. The
HMBC data assembled the overall structure of 1
(Fig. 2 and Table 1), especially the multiple correlations
from H-4, H-5, H-7, and H-9 to C-6 established the
partial structure from C-3 to C-10. The correlations from
H-10 to C-11 and C-12, and the correlation between the
chelated hydroxyl groups and C-16 defined that the
connection points of aliphatic ring and benzene ring were
C-11 and C-16. Compound 1 was therefore identified as
6-oxo-de-O-methyllasiodiplodin.


The structure of compound 1 (Fig. 3) was confirmed by
X-ray diffraction analysis4 also. Crystals of 1 belong to
the orthorhombic system, space group P212121;
a = 6.0733 (13) Å, b = 15.263 (3) Å, c = 16.229 (4),
a = b = c = 90�; volume = 1504.3 (6) Å3, Z = 4,
Dcalcd = 1.291 mg/m3, m = 0.095 mm�1, F (000) = 624.
The final value of R was 0.0370, wR2 = 0.0912
[I > 2r(I)], GooF = 1.013.


Compound 2 was obtained as a white powder, the
molecular formula was assigned as C17H22O4 based on
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Table 1. NMR spectral data of 6-oxo-de-O-methyllasiodiplodin (1) and (E)-9-etheno-lasiodiplodin (2) (in CDCl3)a


Position 6-Oxo-de-O-methyllasiodiplodin (1)b (E)-9-etheno-lasiodiplodin (2)c


dC dH dC dH


1 171.61 (C) 168.02 (C)


3 73.02 (CH) 5.33 (1H, m) 72.37 (CH) 5.17 (1H, m)


4 31.23 (CH2) 2.23 (2H, m) 33.54 (CH2) 1.86 (1H, m)


1.48 (1H, m)


5 40.06 (CH2) 2.72 (1H, m) 27.29d (CH2) 1.52d (1H, m)


2.44 (1H, m) 1.42d (1H, m)


6 211.05 (C) 24.81d (CH2) 1.60d (1H, m)


1.58d (1H, m)


7 38.15 (CH2) 2.76 (1H, m) 21.75 (CH2) 1.37 (1H, m)


2.56 (1H, m) 1.35 (1H, m)


8 22.13 (CH2) 1.84 (1H, m) 31.80 (CH2) 2.25 (2H, m)


1.71 (1H, m)


9 30.95 (CH2) 1.60 (1H, m) 134.79 (CH) 5.83 (1H, dt, J = 15.5, 7.5 Hz)


1.48 (1H, m)


10 34.24 (CH2) 3.09 (1H, m) 128.99 (CH) 6.39 (1H, d, J = 15.5 Hz)


2.49 (1H, m)


11 148.76 (C) 139.40 (C)


12 110.45 (CH) 6.19 (1H, d, J = 2.4 Hz) 105.67 (CH) 6.33 (1H, s)


13 160.28 (C) 157.96 (C)


14 101.61 (CH) 6.26 (1H, d, J = 2.4 Hz) 97.62 (CH) 6.33 (1H, s)


15 165.89 (C) 157.38 (C)


16 105.30 (C) 115.99 (C)


17 19.11 (CH3) 1.40 (3H, d, J = 6.4 Hz) 20.11 (CH3) 1.33 (3H, d, J = 6.2 Hz)


OMe 55.94 3.81 (3H, s)


13-OH 5.21 (1H, s)


15-OH 11.94 (1H, s)


a TMS was used as internal standard, d in ppm.
b Data of 1 at 400/100 MHz.
c Data for 2 at 500/125 MHz.
d May be interchanged.


Figure 1. Structures of compounds 1–5.


Figure 3. Molecular structure of 1.


Figure 2. Important HHCOSY and HMBC correlations of 1 and 2.
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Table 2. Tests of MIC (lg/mL) of compounds 1, 3–7 against six bacterial and fungal strainsa


Strains Compounds


1 3 4 5 6 7 Ampb Nysb


Staphylococcus aureus ATCC27154 >100 25 6.25 100 >100 >100 >100 NTb


Bacillus subtilis ATCC 6633 >100 50 12.5 >100 >100 6.25 100 NT


Escherichia coli ATCC 25922 >100 >100 >100 >100 >100 >100 6.25 NT


Salmonella enteritidis ATCC 13076 >100 >100 12.5 >100 >100 >100 50 NT


Candida albicans ATCC 10231 >100 >100 100 >100 >100 >100 NT 1.56


Fusarium oxysporum f.sp.cubense >100 100 50 >100 >100 12.5 NT 3.125


a Results are expressed as the minimum inhibitory concentration (MIC).
b Ampicillin (Amp), Nystatin (Nys): positive control; NT, not tested.
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HR-EI-MS. Seventeen signals in the 13C NMR were
classified by the DEPT spectra, including two methyl,
five methylene, five methine, and five quaternary car-
bons. The 1H NMR revealed a methyl doublet (d
1.33), a methyl (d 3.81), two benzene protons (d 6.33),
and three methine singles (d 5.17, 5.83, 6.39). In the
1H–1H COSY (Fig. 2), the correlation from H-3 to H-
10 was showed. To analyze the HMBC spectrum of 2
(Fig. 2), we assembled the overall structure of 2. The
geometrical configuration of the double bond was
proved to be E by the coupling constants of
J9,10 = 15.5 Hz. So the structure of compound 2 was
confirmed as (E)-9-etheno-lasiodiplodin.


Furthermore, three known compounds 3, 4, and 5 were
identified by comparison of their spectroscopic data
with those of literature.3,5


Except the minor component 2, compounds were tested
against six aerobic reference strains for their inhibitory
activity, using a modified version of the 2-fold serial
dilutions method as Fromtling et al. described.6 Com-
pound 4 exhibited the inhibiting activities to the other
five microorganisms except for Escherichia coli, especial-
ly to Staphylococcus aureus with MIC = 6.25 lg/mL. 3
inhibited the in vitro growth of S. aureus, Bacillus subtil-
is, and Fusarium oxysporum when MIC = 25, 50 and
100 lg/mL, respectively. But 5 showed effect against S.
aureus at 100 lg/mL only and inactive to all the others.
In all the antimicrobial tests, compound 1 exhibited no
activities (Table 2).


The analysis of the in vitro antibiotic data of lasiodiplo-
dins is probably helpful for the study on the structure–
activity relationship, though the data are far from
enough. At C-15, compound 4 bears a hydroxy, and 3
bears a methoxy group. But 4 showed stronger antibac-
terial and antifungal activities than 3. When the hydrox-
yl group of 3 was acetylated, its product 67 was inactive
to all the strains (Table 2). It implied that the hydroxyls
in C-13 and C-15 probably have effect in antibiotic activ-
ities. Compound 5 bears one more hydroxyl group at
C-5 (on the lactone ring) than 4, but it exhibited worse
antibiotic activity than 4. In addition, compound 1 with
a ketone carbonyl group showed no activity to all these
six strains. An interesting result was that 12,14-dibromo
lasiodiplodin 78 showed stronger activity against F. oxy-
sporum and B. subtilis (MIC = 12.5 and 6.25 lg/mL,
respectively) than its parent compound 3 (MIC = 100
and 50 lg/mL, respectively). However, the bromination

of 3 led to a decrease of the activity against S. aureus
(from MCI = 25 lg/mL to none).
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S.; Kurtan, T.; Elsässer, B.; Krohn, K. Eur. J. Org. Chem.
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2. The fungus was cultured stationary in a 500 mL Erlenmeyer
flask containing 200 mL of liquid medium (glucose 10 g/L,
peptone 2 g/L, yeast extract 1 g/L, and NaCl 3 g/L) at 25 �C
for 30 days. The mycelium from 100 L culture filtrates was
immersed in MeOH for one month. Evaporation of the
MeOH extract gave brown oil (20 g). The oil was applied to
a silica gel column, eluted with a gradient of petroleum
ether (100%, 2 L), petroleum ether/EtOAc (90:10, v/v, 4 L)
(fraction 1–4), and petroleum ether/EtOAc (70:30, v/v, 4 L)
(fractions 5–8), successively. Every liter of eluate was
collected as one fraction. The 4th fraction was concentrated
under reduced pressure, the residue was separated by
column chromatography (silica gel, petroleum ether/
EtOAc, 90:10) and preparative TLC (silica gel F254,
petroleum ether/EtOAc, 90:10) to offer 4 (50 mg). Fraction
5 deposited crystals of 3 (2.8 g) when set aside overnight.
Fraction 6 eluted with 20% EtOAc in petroleum ether
eluate yielded 1 (4.6 mg) and further purified by preparative
TLC (silica gel F254, CHCl3) offering 2 (2.5 mg). Compound
5 (30 mg) was obtained from fraction 8 eluted by elution
with petroleum ether/EtOAc (80:20). Compound 1: mp
143–145 �C; ½a�20


D +38.89� (CHCl3, c 0.02); IR (KBr) mmax


3304, 2924, 2853, 1685, 1613, 1580, 1491, 1461, 1334, 1259,
1216, 1191, 1167, 1132, 1102, 1024, 970 cm�1; HR-EI-MS
m/z 292.1300 [M]+ (calcd for C16H20O5, 292.1305). Com-
pound 2: mp 158–159 �C; ½a�20


D �23.81� (CHCl3, c 0.02); IR
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1017 cm�1; HR-EI-MS m/z 290.1503 [M]+ (calcd for
C17H22O4, 290.1513).
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4. All single-crystal data were collected using the hemisphere
technique on a Bruker SMART 1000 CCD system diffrac-
tometer with graphite-monochromated Mo Ka radiation
k = 0.71073 Å at 293(2) K. The structure was refined by
direct methods using SHELXTL Ver. 6.12. All non-
hydrogen atoms were refined with anisotropic displacement
parameters, and all hydrogen atoms were placed in ideal-
ized positions and refined as riding atoms with the relative
isotropic parameters. CCDC (Deposit No: 294120) con-
tains the supplementary crystallographic data. Copies of
the data can be obtained, free of charge, on application to
CCDC, 12 Union Road, Cambridge CB2 1EZ, UK; Fax:
+44-(0)1223-336033; E-mail: deposit@ccdc.cam.ac.uk.
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7. A solution of 3 (20 mg) in acetic anhydride (3 mL) with
pyridine (three drops) was stirred at room temperature
overnight. The reaction mixture was separated by pre-
parative TLC (silica gel F254, petroleum ether/EtOAc,
50:50) to offer 6 (22.9 mg). Compound 6: C19H26O5; 1H
NMR (300 MHz, CDCl3) d 6.53 (1 H, d, J = 1.8 Hz), 6.47
(1H, d, J = 1.8 Hz), 5.27 (1H, m), 3.76 (3H, s), 2.69 (1H, m),
2.51 (1H, m), 2.26 (3H, s), 1.92 (1H, m), 1.64 (4H, m), 1.40
(4H, m), 1.30 (3H, d, J = 6.6 Hz), 1.20 (3H, m); 13C NMR
(75.5 MHz, CDCl3) d 169.21 (C), 167.97 (C), 157.28 (C),
152.03 (C), 142.71 (C), 122.82 (C), 114.77 (CH), 102.92
(CH), 72.66 (CH), 56.33 (CH3), 32.67 (CH2), 30.73 (CH2),
30.30 (CH2), 26.82 (CH2), 25.75 (CH2), 24.54 (CH2), 21.54
(CH2), 21.52 (CH3), 19.75 (CH3).


8. To a stirred solution of the compound 3 (20 mg) in 5 mL
CCl4 was added 2 equiv of NBS. After reflux for 24 h,
the reaction mixture was separated by preparative TLC
(silica gel F254, CHCl3) to offer 7 (9.8 mg). Compound 7:
C17H22O4Br2; 1H NMR (300 MHz, CDCl3) d 5.28 (1H,
m), 3.88 (3H, s), 2.82 (2H, m), 1.95 (1H, m), 1.71 (5H,
m), 1.38 (3H, d, J = 6.6 Hz), 1.45 � 1.28 (6H, m); 13C
NMR (75.5 MHz, CDCl3) d 166.77 (C), 154.31 (C),
151.29 (C), 140.12 (C), 124.83 (C), 108.40 (C), 102.90 (C),
73.82 (CH), 62.43 (CH3), 33.23 (CH2), 31.31 (CH2), 27.13
(CH2), 27.01 (CH2), 26.17 (CH2), 24.73 (CH2), 21.77
(CH2), 19.95 (CH3).
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Hassallidin B—Second antifungal member of the Hassallidin family
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Abstract—The cyanobacterium Hassallia sp. produces a family of four compounds which exhibit a broad spectrum of antifungal
activities. So far only one of these members has been isolated and its structure elucidated. In this study, we present a second member
of this group. Mass spectrometry, one- and two-dimensional NMR and chiral GC-MS analysis revealed the same peptidic and fatty
acid core for hassallidin B as the first member hassallidin A with an additional carbohydrate unit, a rhamnose attached to the
3-hydroxyl group of the C14-acyl side chain. The antifungal potential of hassallidin B is nearly identical to that of hassallidin A.
� 2006 Elsevier Ltd. All rights reserved.
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Figure 1. Hassallidin B.

We report on the isolation and structure determination
of an additional antifungal compound belonging to the
hassallidin family from the cyanobacterium Hassallia
sp. Mass spectrometry, one- and two-dimensional
NMR and chiral GC–MS analysis revealed the same
peptidic and fatty acid core of hassallidin B as the
known natural product hassallidin A.1 Contrary to hass-
allidin A, an additional carbohydrate unit, linked to the
lipid unit and identified as rhamnose, could be deter-
mined. This carbohydrate seems to be of little influence
on the antifungal activity since hassallidin B showed
similar MICs (minimal inhibitory concentrations) like
hassallidin A, but it may be useful for modification
and applicability of hassallidin B (see Fig. 1).


Cells were grown for 30 days in modified BG-11 medium
according to Welker2 at 20 �C in 20 L flasks and were
continuously illuminated and aerated. After filtration
and lyophilisation, 4.3 g of dry material was obtained.
The freeze-dried material was treated with MeOH to
extract the active compound from the cyanobacterial
biomass. After evaporation of solvent, the residue was
eluted from a solid-phase extraction cartridge in prepa-
ration for an HPLC (Waters 515). The biologically
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active fractions, collected on eight reversed-phase
HPLC runs [Waters Spherisorb S5 ODS2, 10 · 250
mm column; mobile phase: solvent A: H2O/formic
acid (0.05%), solvent B: acetonitrile/formic acid
(0.05%); 3 mL/min; UV detection at 220 nm], were
combined to yield 3.2 mg hassallidin B. The following
gradient was applied: solvent B from 30% to 35% in
10 min, 35% to 70% in 30 min, 70% to 100% in 4 min
and isocratic 6 min. The hassallidin B fraction eluted
at 21–22 min.



mailto:doehren@chem.tu-berlin.de





ppm


4.64.74.8 ppm


65


66


67


68


69


70


71


72


73


74


75


76


77


78


a


C5Man


CβMeThr9


C3Man


H1Man


C2Man


H1Rha


C5Rha


C3Rha


C2Rha


C3Dht


3.03.23.43.63.84.04.24.4 ppm


H4Man


H3Man


H5Man


H2Man


H3Dht


H2Dht 


HβMeThr9 


HβThr2 


HβThr4 


b


H5Rha


H4Rha


H3Rha


H2Rha


Figure 2. Two-dimensional NMR spectra of hassallidin B. (a) Region


of the 1H,13C HMBC, the attachment of the mannose and the


rhamnose to the core of the molecule are demonstrated. (b) Region of


the 1H,13C HMQC exhibiting the resonances of the sugars, the


threonine Cbs and carbon 2 and 3 of the fatty acid (Dht).


Table 1. MICs and MFCs of hassallidin B and hassallidin A against


reference strains of Candida species and Cryptococcus neoformans


Hassallidin B


(lg/ml)


Hassallidin A


(lg/ml)


MIC MFC MIC MFC


C. parapsilosis ATCC 22019 8 16 8 8


C. krusei ATCC 6258 8 16 8 8


C. albicans SC 5314 8 8 4 8


C. albicans ATCC 44374 8 16 4 4


C. albicans ATCC 90028 8 8 4 4


C. albicans ATCC 24433 16 16 4 4


C. glabrata DSM 11950 16 16 8 8


C. glabrata ATCC 90030 16 16 8 8


C. parapsilosis ATCC 90018 16 >16 8 16


C. tropicalis ATCC 90874 8 16 8 8


C. tropicalis ATCC 750 16 16 4 4–8


C. krusei ATCC 90878 16 16 8 8


C. neoformans ATCC 34543 8 8 4 8


C. neoformans DSM 6973 8 8 4 8


C. neoformans CBS 6955 8 8 4 8


C. neoformans ATCC 90112 8 8 4 8
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High-resolution electrospray Fourier transform ion
cyclotron mass spectrometry (Finnigan ThermoQuest
ESI-FTICR-MS) of hassallidin B revealed a quasi-
molecular ion [M+K]+ at m/z 1566.7085 consistent with
the calculated molecular formula of [C68H109N11O28K]+


(requires m/z 1566.70802, relative mass error
Dm = 0.31 ppm).


Amino acid analysis of the total hydrolysate was
performed by chiral gas chromatography–mass spec-
trometry (GC–MS). Approximately 50 nM sample was
hydrolysed in 200 lL of 6 N HCl (110 �C/24 h). The
dry hydrolysate was derivatized to the N-(O–) trifluoro-
acetyl/ethyl ester and analysed by GC–MS (Agilent
6890/5973 MSD) using a 20 m · 0.25 mm Lipodex
E/PS255 (30:70) capillary column.


The following amino acid composition could be deter-
mined: DD-Tyr, DD-Thr, LL-Thr, DD-allo-Thr, N-MeThr,
DD-Glu, LL-Glu, Gly and dehydroaminobutyric acid
(Dhb). The sugar and fatty acid analysis was also per-
formed by GC–MS. The sample was heated at 70 �C for
16 h with 0.65 N HCl/abs. MeOH. Excess methanol was
evaporated off. The dry residue was treated with N,O-
bis(trimethylsilyl)-trifluoroacetamide (BSTFA)/acetoni-
trile (1:1) (60 �C/30 min). The derivatized carbohydrates
and fatty acid were analysed directly by GC-MS on a
DB-5 capillary (J+W, Folson).


The sugar analysis revealed the presence of rhamnose
and mannose. The fatty acid was identified as dihydr-
oxytetradecanoic acid (Dht) by comparison of its native
mass with that of the corresponding TMS-methyl
derivative.


Mass spectral analyses were performed on a matrix-as-
sisted laser desorption/ionisation time-of-flight mass
spectrometer (Per-Septive Biosystems Voyager-DE
PRO MALDI-TOF). Sample application for MALDI-
TOF measurements was carried out directly on sample
plates with a mixture of 1 lL matrix (saturated 2,5-
dihydroxybenzoic acid in 50% acetonitrile, 0.3% TFA)
and 1 lL of a 50% MeOH solution containing about
0.2 lg hassallidin B.


The monoisotopic mass of hassallidin B was determined
in positive ion reflector mode by using delayed extraction
(DE). Additional structural information were obtained
by the fragmentation pattern using the post-source decay
(PSD) modus of monoisotopic peak [M+H]+. Formation
of the following fragment ion was detected and interpret-
ed as: m/z 1382: M—[m/z 146 (rhamnose)], m/z 1220: M—
[m/z 308 (mannose + rhamnose)], m/z 1092: M—[m/z 436
(mannose + rhamnose + Gln)], m/z 920: M—[m/z 608
(mannose + rhamnose + Gln + Gly + MeThr)] and m/z
792: M—[m/z 736 (mannose + rhamnose + Gln + Gly
+ MeThr + Gln)], m/z 546: M—[m/z 982 (mannose
+ rhamnose + Gln + Gly + MeThr + Gln + Tyr + Dhb)].


The chemical composition of hassallidin B was analysed
using multidimensional NMR spectroscopy. Since hass-
allidin B and hassallidin A are closely related, the results
of the latter could be transferred to the novel peptide.

Nevertheless a full set of two-dimensional spectra as de-
scribed for hassallidin A1 was recorded (DRX600 and
DMX750, Bruker Biospin) for hassallidin B and all
examinations were performed with hassallidin B. The
similarity of the 1H,13C HMQCs confirmed that the
two compounds are in fact identical with the exception
of the attached rhamnose moiety. The only differences
expected in the HMQC were additional signals from
the rhamnose and changes in the signals of the attach-
ment site of the additional sugar moiety. Originally we
assumed that rhamnose is attached to the mannose
forming a disaccharide, but major changes in the reso-
nances of the fatty acid (positions 2 and 3, data not
shown) were observed. The attachment of the rhamnose
to the anomeric carbon to position 3 of the fatty acid
could subsequently be demonstrated in the 1H,13C
HMBC. Fig. 2 shows a region of the HMQC and the
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HMBC of hassallidin B. A correlation of the proton in
position 1 of the rhamnose to the carbon in position 3
of the fatty acid proves the attachment unequivocally.


For the assessment of the antifungal effect of hassallidin
B and its comparison with hassallidin A, minimal inhibi-
tion concentrations (MICs) and minimal fungicidal con-
centrations (MFCs) against selected yeast species were
determined. Results are listed in Table 1. Testing was
done by microdilution assay adopting the guidelines of
the NCCLS document M27-A2.3 Growth inhibition
was measured by visual reading and a reading mirror
as well as spectrophotometrically (microplate reader
MR 5000, Dynatech laboratories). Scoring was done
according the NCCLS.3


The minimal fungicidal concentrations (MFCs) were
performed by determining the number of CFUs (colony
forming units) of the optically clear wells after the end of
the incubation. CFU counting was done by plating an
aliquot of the wells onto Sabouraud’s dextrose agar
and incubation at 35 �C for 48 h. The MFC is defined
as the lowest concentration killing at least 99% of the
inoculum.


It could be shown that the MICs of hassallidin B were
similar to those of hassallidin A, both showing fungicid-
al activity. The presented data on the antifungal activity
of hassallidin B against selected yeasts suggest that this
substance does not result in a different mode of action
compared to hassallidin A. The additional carbohydrate
moiety does not play a decisive role in the antifungal
mode of action. However, due to the additional hydro-

philic unit, hassallidin B shows a better water solubility.
Within the drug design feature the biosynthetic modifi-
cation could be important for an improved bioavailabil-
ity by enhanced water solubility, keeping the broad
spectrum of antifungal activity.4 So, hassallidin B can
be regarded as an excellent source for the development
of new antifungal drugs.
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Abstract—Fluorescent DNA probes for LL-argininamide were developed by a combination of DNA aptamers and fluorophore–
quencher pairs. These molecules were synthesized by a combination of pre- and post-synthetic modification methods. The fluores-
cence-labeled aptamer could detect LL-argininamide specifically. The binding affinities were defined by the binding affinity of the
original aptamer to indicate that the end labeling of the aptamer did not influence the affinities.
� 2006 Elsevier Ltd. All rights reserved.

A sensor-detected specific biomolecule has an important
application in chemical biology.1 These sensors can
detect biologically active molecules and determine the
concentration of these molecules. A molecular sensor
consists of a recognition moiety and a signaling moiety.
One of the most useful recognition molecules is an apt-
amer.2 Aptamers are single-stranded nucleic acids,
which bind specific ligands and are obtained by in vitro
selection, for any compounds. Fluorescence molecules
are attractive as a signaling moiety. Therefore, if the
aptamers are labeled with a fluorophore, the fluores-
cent-labeled aptamers are used for signaling aptamers.
Two kinds of signaling aptamers have been reported.
One is a single fluorophore-labeled DNA.3 This type
of probe exhibits changes in fluorescence upon binding
to a target molecule and this change in fluorescence is
based on the change in the microenvironment around
a fluorophore. The other type of probe is a doubly la-
beled DNA bearing a fluorophore and a fluorescence
quencher. The changes in fluorescence of this probe
are based on fluorescence resonance energy transfer
(FRET) and reflect the global conformational change
by binding to a ligand. The latter functions as a sensitive
probe with a high signal-to-background ratio. Yamam-
oto and Kumar4 reported the first aptamer beacon,
which is an RNA aptamer bearing a fluorophore and
a quencher. They developed a sensor molecule for
detecting the Tat protein of HIV-1. Several other signal-
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ing aptamers have been reported for sensing the corre-
sponding proteins,5 but there are few reports for
sensing small molecules, such as ATP6or cocaine.7


We designed a fluorescent DNA probe, which is com-
posed of an aptamer and a pair of a fluorophore and
a quencher to detect LL-argininamide. The amino acid,
arginine, has a charged guanidinium group and the
guanidinium group interacts with several moieties of
nucleic acids. The argininamide-binding DNA aptamers
have been selected by Harada and Frankel8 and the
structures of the complexes of LL-argininamide and its
DNA aptamer have been reported by Patel et al.9 and
Wemmer et al.10


Design of fluorescence-labeled aptamer. The sequences of
the DNA aptamer bound to LL-argininamide referred to
Harada’s report.8 We used the aptamer’s sequence of
which the structures were analyzed by NMR. The apt-
amer has a large hairpin loop. The binding of LL-arginin-
amide to this DNA aptamer leads to zipping up the loop
through Watson–Crick base pairs, mismatch pairs, and
base triplex formation. The structure of the complex
of the aptamer changes from that of the free aptamer,
that is to say that LL-argininamide stabilizes the stem-
loop structure. The stem-loop takes a random structure
without the ligand if the stem is short. We attached a
fluorophore and a quencher to oligodeoxyribonucleo-
tides at the 5 0-end and 3 0-end, respectively. Scheme 1
shows the concept of the fluorescence-labeled aptamer.
In the absence of the ligand, the aptamer cannot form
the stem-loop structure depending on its length and tem-
perature, that causes inhibition of the fluorescence of the
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Scheme 1. Fluorescence-labeled aptamer for LL-argininamide.
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fluorophore at the 5 0-end. The binding of the ligand to
the aptamer domain will lead to stabilizing the stem-
loop structure in the aptamer–ligand complex. This will
result in quenching the fluorescence. We also studied the
quencher molecule and the length of the stems to explore
the optimum detection system based on the aptamer.


Synthesis of doubly fluorescent labeled ODNs. 5 0- and 3 0-
labeled ODNs were chemically synthesized by a combi-
nation of a pre-synthetic modification method and a
post-synthetic modification method. In this method,
5 0-fluorescence-labeled ODN bearing 5-aminoalkyl-
modified 2 0-deoxyuridine at the 3 0-end (Scheme 2,
FODN1) was synthesized by a pre-synthetic modifica-
tion method. The 5 0-fluorescence group was incorporat-
ed into ODN by use of commercially available FAM
phosphoramidite. The 5-aminoalkyl-modified 2 0-deoxy-
uridine was incorporated into ODN at the 3 0-end by
using 5 0-DMTr-5-methoxycarbonylmethyl-2 0-deoxyuri-
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Scheme 2. Synthesis of doubly fluorescent labeled ODNs and struc-


tures of modified moieties in ODNs.

dine 3 0-phosphoramidite. After the assembly of the
ODN on a CPG support, it was treated with 1,6-diami-
nohexane to attach an aminoalkyl group at the 5-posi-
tion of the modified nucleoside. The nucleoside analog
and the method were developed by our group.11 The
modified ODNs were labeled by the succinimide esters
of quenchers at 5-aminoalkyl-modified 2 0-deoxyuridine.
Several quenchers were used to assess a better fluoro-
phore–quencher pair (Scheme 2, FODN2T, FODN3D,
FODN4M).


Detection of the conformational change by the addition of
LL-argininamide. We first investigated the nature of this
fluorescence-labeled aptamer in the absence of the li-
gand. Figure 1 shows the temperature dependence of
the fluorescence intensity for FODN2T. The fluores-
cence intensity of fluorescein (520 nm) in FODN2T de-
creased dramatically as the temperature was lowered.
On the other hand, the fluorescence intensity of FODN1
decreased somewhat at low temperature, at which both
FODN1 and FODN2T formed the stem-loop structure.
This result indicates that the emission from fluorescein
of FODN2T is quenched by the proximate quencher
molecule, TMRA, at the 3 0-end of FODN2T. In the
presence of LL-argininamide, the temperature-dependent
fluorescence intensity curve shifted to higher tempera-
ture. This result indicates that LL-argininamide stabilizes
the stem-loop structure of this labeled aptamer. The fol-
lowing ligand titration experiments were performed at
40 �C, at which the difference of the fluorescence inten-
sities of FODN2T with and without LL-argininamide
was largest.


The titration is shown in Figure 2 along with other li-
gand titrations. When LL-argininamide was added to
the solution of FODN2T, the fluorescence intensities
of fluorescein decreased with increasing concentration
of LL-argininamide. The selectivity did not change from
the original aptamer because this fluorescence quench-
ing was caused for only LL-argininamide and was not
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caused for other molecules, such as LL-Arg, LL-Lys, Gly,
and guanidine. As this aptamer contains many guanine
residues, the G-quartet structure is one of the possible
structures. Takenaka et al.12 reported a potassium-sens-
ing ODN containing four GGG sequences. To evaluate
the formation of the G-quartet structure, the effect of
the potassium ion on the fluorescence intensity was
investigated. The fluorescence intensities were not chan-
ged by the addition of the potassium ion (data not
shown). This result suggests that the aptamer did not
take the G-quartet structure under this experimental
condition. This is consistent with the structures of the
complexes of LL-argininamide and its DNA aptamer
reported previously.9b


The binding affinity was estimated from the change in
fluorescence intensity based on Eq. 1.


ðF � F 0Þ=ðF1 � F Þ
¼ Kbf½L�0 � ½DNA�0ðF � F 0Þ=ðF1 � F 0Þg ð1Þ


where F is the fluorescence signal in the presence of a li-
gand, F0 is the fluorescence in the absence of a ligand,
F1 is the fluorescence in the presence of an excess li-
gand, [L]0 is the total concentration of a ligand,
[DNA]0 is the total concentration of DNA, Kb is the
association constant, and Kd (Kd = 1/Kb) is the dissocia-
tion constant. Figure 3 shows the plot of (F�F0)/
(F1 � F) versus [L]0�[DNA]0(F � F0)/(F1 � F0) based
on Eq. 1. From this figure, the binding affinity (Kd) of
FODN2T against LL-argininamide was 93 lM, while the
binding affinity of the original aptamer was measured
to be �100 lM.8 These results suggest that the terminal
fluorescent and quenching groups did not influence the
binding affinity of this aptamer.


We also investigated the effect of the stem length.
FODN2T has four base pairs in the stem region. The
fluorescence intensities of an ODN, which has six base

pairs in the stem, were lower than that of FODN2T in
the absence of the ligand (data not shown). As the fluo-
rescence intensities of both ODNs were almost the same
in the presence of ca. 700 lM LL-argininamide, FODN2T
shows a larger fluorescence change in addition of
LL-argininamide than the ODN which has six base pairs.
This result suggests that the stem region must have mod-
erate stability for switching the conformation.


Fluorescence quenchers. Three kinds of quenchers were
attached to the aptamer at the 3 0-position. The struc-
tures of quenchers (TMRA, DABCYL, and MR) are
represented in Scheme 2. Fluorescence intensities of
these aptamers versus concentrations of LL-argininamide
are plotted in Figure 4. FODN3D bearing DABCYL
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was similar to FODN2T except that the fluorescence
intensities of FODN3D were higher throughout the
entire region than that of FODN2T. On the other hand,
FODN4M bearing methyl red represented a large
fluorescence change according to the concentration of
the ligand. From this figure, the fluorescence intensity
of FODN4M was larger than that of FODN2T and
FODN3D in the absence of LL-argininamide. This result
suggests that TMR and DABCYL quenched the fluores-
cence of fluorescein larger than MR at the open struc-
ture. The spectral overlap of the absorption spectra of
TMR (kmax = 540 nm) or DABCYL (kmax = 453 nm)
and the emission spectrum of FAM is larger than that
of the absorption spectrum of MR (kmax = 419 nm)
and the emission spectrum of FAM. Therefore, Fös-
ter-type of energy transfer by an induced dipole mecha-
nism occurs for FODN2T and FODN3D even at the
open structure. When FAM is brought closer to the
quenchers in the presence of LL-argininamide, the fluores-
cence is quenched by an induced dipole mechanism, a
collisional mechanism, and static quenching, which arise
from a ground state intramolecular heterodimer.13 MR
may work mainly as the quencher by a collisional mech-
anism and static quenching rather than by an induced
dipole mechanism. Therefore, the fluorescence intensity
of FODN4M in the absence of the ligand was larger
than that of FODN2T and FODN3D. Then the fluores-
cence-labeled aptamer bearing FAM as a fluorophore
and MR as a quencher is the most suitable among the
systems.


The fluorescence-labeled aptamers for LL-argininamide
were synthesized by a combination of pre- and post-syn-
thetic modification methods which was useful to change
the reporter groups. The designed and synthesized apta-
mers responded to the concentration of LL-argininamide
through changes in fluorescence. These end modifica-
tions did not affect the affinity of the aptamer. The stem
length of the aptamer affected sensitivity but did not af-

fect the binding affinity of this aptamer. The selection of
quenchers for a fluorophore–quencher pair was impor-
tant in terms of sensitivity for the detection of LL-arginin-
amide. This fluorescence-labeled aptamer will be easily
adapted to a microtiter plate assay for high-throughput
analysis.
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Abstract—Synthesis and biological evaluation of an arylsulfonamide class of c-secretase inhibitors are described. Design, synthesis,
and biological evaluation of multifunctional molecular probes harboring a benzophenone photophore as a cross-linking group and a
biotin tag are also reported.
� 2006 Elsevier Ltd. All rights reserved.

Alzheimer’s disease (AD) is a most common neurode-
generative disorder currently being a serious public
health problem in the aging society. The accumulation
of 40–42 residue amyloid b-protein (Ab) in brain
regions serving memory and cognition is a central
pathogenic feature of AD. Ab is generated through
proteolysis of amyloid precursor protein (APP)1 by
two types of membrane associated aspartic proteases
termed b- and c-secretase, both of which have been sig-
nificant therapeutic targets toward prevention and
treatment of AD.2 c-Secretase, a macromolecular com-
plex comprised of Presenilin-1 (PS1), Pen-2, Aph-1,
and Nicastrin, is known to endoproteolyze several
transmembrane proteins other than APP. Pharmaco-
logical regulation of the substrate selectivity of the
proteolytic processing mediated by c-secretase is,
therefore, an important issue toward the development
of c-secretase-targeted therapeutics without any severe
adverse effects. To date, a number of small-molecule
c-secretase inhibitors, including BMS-299,897 (1) and
related arylsulfonamides3 (Fig. 1), have been discov-
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ered. Recent in vivo studies using transgenic mice have
shown that BMS-299,897 effectively reduced brain Ab
levels without causing Notch mediated toxicity,4 which
is the major plausible adverse effect of other dipeptidic
inhibitors such as LY411575 (N2-[(2S)-2-(3,5-difluoro-
phenyl)-2-hydroxyethanoyl]-N1-[(7S)-5-methyl-6-oxo-
6,7-dihydro-5H-dibenzo[b,d]azepin-7-yl]-LL-alaninamide)
and related compounds.5 These intriguing results com-
bined with the distinct structural feature suggested that
the biological mode of action(s) of the arylsulfonamide
inhibitors would be different from those of the previ-
ously known dipeptidic class of derivatives. However,
using a photoaffinity probe DAP-BpB (4) designed
based on DAPT (3: N-[N-(3,5-difluorophenylacetyl)-LL-
alanyl]-(S)-phenylglycine tert-butylester),6,7 our recent
studies have revealed that an analogue of 1 competi-
tively inhibits labeling of the C-terminal fragment of
PS1 (PS1-CTF) by DAP-BpB in a dose-dependent
manner.7 Our finding implies the possibility that the
arylsulfonamides and DAPT derivatives interact with
the same region of PS1-CTF. However, we cannot rule
out another possibility that the arylsulfonamides affect
allosterically the binding of DAPT to PS1-CTF. To
clearly address this complicated issue, we set out to
synthesize arylsulfonamide-based photoaffinity probes,
which will provide direct evidence for the molecular
target(s) and mode of action(s) of the arylsulfonamide
inhibitors.8 Herein we report our investigation of struc-
ture–activity relationships of 1 and related analogues,
and the design and synthesis of molecular probes based
on 1.
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Figure 1. Structures of BMS-299897 (1), its analogue 2, DAPT (3), and DAP-BpB (4).
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To design probes maintaining sufficient potency, the
structure–activity relationships of the arylsulfonamide
inhibitors had to be first established. Since our prelimin-
ary attempts to modify 1 into the corresponding amide
derivatives resulted in complete loss of potency, com-
pound 2 was instead selected as a starting point. To
probe structure–activity relationships of the appendage
of the A ring,9 a series of analogues were investigated,
which could be prepared conveniently from 2-hydroxy-
acetophenone 5 (Scheme 1). Thus, Mitsunobu reaction10


of 5 with 3-bromopropanol followed by reduction affor-
ded alcohol 6. Sulfonamide 8 prepared from 2,5-difluo-
roaniline 7 was alkylated with 6 under the Mitsunobu
conditions to give rise to bromide 9. A set of side chain
modified analogues could be readily accessed from 9;
treatment of 9 with various amines led to the tertiary
amines 2 and 10–12. Their ability to inhibit Ab produc-
tion was evaluated by the cell-free in vitro assay using
recombinant C-terminal fragment of APP as a
substrate,11 and the results are summarized in Table 1.
Tertiary amines 2 and 10–12 showed good inhibitory
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Scheme 1. Reagents and conditions: (a) 3-bromopropanol, PPh3,


DEAD, toluene, 60 �C; (b) NaBH4, MeOH/CH2Cl2, 0 �C, 50% (two


steps); (c) p-ClC6H4SO2Cl, pyridine, CH2Cl2, rt, 80%; (d) PPh3,


DEAD, toluene, 0 �C to rt, 74%; (e) secondary amine, rt, 76–95%.

activity against Ab40 production with IC50 values
around the micromolar range. In contrast, other deriva-
tives such as amides, nitriles, halides, azides and carbox-
ylic acids (not shown) were only weakly active or
inactive at 10 lM, suggesting the importance of a basic
nitrogen for potency and the difficulty of drastic struc-
tural modification such as installation of a cross-linking
group and/or a biotin tag at this position. Since the
pyrrolidine derivative 10 (previously described as
HF14057)7d was easily accessible from 5 in just five steps
with high overall yield and was almost equipotent to the
racemic 1 (IC50 0.86 lM),12 we selected 10 as a lead for
further examination of structure–activity relationships.


We next investigated the effect of modification of the B
ring of 10. We elaborated compounds 13–19 from the
respective anilines by successive sulfonylation, Mitsun-
obu alkylation with alcohol 4, and treatment with
pyrrolidine (Scheme 2). Their inhibitory activities are
shown in Table 2. Interestingly, the unsubstituted
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Table 2. Ab40 production inhibitory activity for compounds 10 and
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Compound X Ab40 IC50 (lM) Relative potencya


10 2,5-F2 2.0 1


13 o-Cl 0.49 4.0


14 m-Cl 0.53 3.8


15 p-Cl 1.3 1.5


16 o-OMe 0.47 4.3


17 m-OMe 0.53 3.8


18 p-OMe 1.1 1.8


19 H 0.01 200


a Values are calculated by dividing the IC50 value of compound 10 with


that of each compound.
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derivative 19 displayed dramatically enhanced inhibito-
ry potency, being approximately 100-fold active com-
pared to the parent 10. Also noteworthy is that
compounds 13–18 exhibited potent inhibitory activity,
suggesting that the modification of the substituents of
the B ring would be well tolerated.


Structure–activity relationships of the C ring substituent
were briefly investigated. Alcohol 6 could readily be
alkylated with a series of sulfonamides under the stan-
dard Mitsunobu conditions, and ensuing treatment with
pyrrolidine afforded compounds 20–23 (Scheme 3).
Their inhibitory activities were found to be 10- to 100-
fold less potent than that of 19 (Table 3). It seems likely
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Scheme 3. Reagents and conditions: (a) arylsulfonyl chloride, pyri-
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0 �C to rt, 46–60%; (c) pyrrolidine, rt, 64–86%.


Table 3. Ab40 production inhibitory activity for compounds 19–23


Compound X Ab40 IC50 (lM) Relative potencya


19 Cl 0.01 1


20 F 0.35 0.03


21 CF3 0.40 0.03


22 Br 1.9 0.005


23 H 0.69 0.01


a Values are calculated by dividing the IC50 value of compound 19 with


that of each compound.

that the modification of the C ring moiety induces loss
of activity.


With the preliminary structure–activity relationships in
mind, we set out on the design and synthesis of multi-
functional molecular probes based on arylsulfonamides.
We planned to utilize a benzophenone group as a pho-
tophore. To establish a suitable modification position
for the incorporation of a photophore, we planned to
synthesize five compounds (24–28), each of which has
a benzoyl group at the A or B ring (Fig. 2).


Synthesis of compounds 24 and 25 was commenced with
commercially available acid 29 (Scheme 4). Conversion
of 29 to the corresponding amide 30 was followed by
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reduction of the nitro group to give amine 31, which was
transformed to the iodide 32 via diazotization. Under
modified Sonogashira conditions,13,14 iodide 32 was
coupled with trimethylsilylacetylene to afford the cou-
pling product 33. Mitsunobu alkylation of 33 with 3-
bromopropanol led to alkyne 34, which was hydrated
with formic acid to furnish acetophenone 35. Reduction
of 35 with NaBH4 afforded alcohol 36, which was react-
ed with PhMgBr to give rise to alcohol 37. Mitsunobu
coupling of 37 with appropriate sulfonamide followed
by treatment with pyrrolidine furnished 24 and 25. On
the other hand, compounds 26–28 were prepared from
the respective aminobenzophenones as described for
the other B ring analogues. Evaluation of these benzo-
phenone analogues revealed that incorporation of a ben-
zoyl group to the A ring was unexpectedly favorable for
increasing potency, as compound 24 displayed ca. 10-
fold potent inhibitory activity compared to the parent
10 (IC50 0.13 lM), while the B ring modified analogues
26–28 were almost equipotent to 10 (Table 4). Interest-
ingly, in the case of these benzophenone analogues,
elimination of two fluorine atoms from the B ring was
detrimental for potency. Therefore, incorporation of
(+)-biotin as a reporter group to 24 was next explored.


We designed two types of biotinylated photoaffinity
probes, in which (+)-biotin was attached at the B ring
(Scheme 5, 44a,b) or at the end of the benzoyl group
(Scheme 6, 49a,b). The synthesis of 44a,b is illustrated in
Scheme 5. The known phenol 3815 was alkylated with
tert-butyl bromoacetate to give 39. The nitro group was
reduced and subsequent sulfonylation of the derived aro-
matic amine furnished sulfonamide 40. At this stage, the
tert-butyl group was removed and the resultant acid was
converted to allyl ester 41. Mitsunobu alkylation of 41
with 37 afforded the coupling product 42. Deprotection
of the allyl ester of 42 [Pd(PPh3)4/pyrrolidine] was fol-
lowed by condensation with pentafluorophenol (PfpOH)
to afford the activated pfp ester 43. Coupling of 43 with
appropriate biotinylated amines16,17 followed by treat-
ment with pyrrolidine afforded the targeted probes 44a,b.


On the other hand, the synthesis of 49a,b is summarized in
Scheme 6. The benzophenone moiety was efficiently con-
structed by treatment of iodoarene 4518 with i-PrMgBr19


followed by coupling with the Weinreb amide 36 to fur-
nish benzophenone 46 in 71% yield. After coupling with
8 under Mitsunobu conditions to give 47, the silyl group
was removed by aqueous HF to afford 48. Activation of
the resultant hydroxyl group as the corresponding mixed

Table 4. Ab40 production inhibitory activity for compounds 10 and


24–28


Compound Ab40 IC50 (lM) Relative potencya


10 2.0 1


24 0.13 15


25 17.0 0.1


26 1.2 1.7


27 3.0 0.7


28 3.2 0.6


a Values are calculated by dividing the IC50 value of compound 10 with


that of each compound.
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Scheme 6. Reagents and conditions: (a) i-PrMgBr, THF, �20 �C; then


36, �78 to 0 �C, 71%; (b) compound 8, PPh3, DEAD, toluene, 0 �C to


rt, 82%; (c) HF, CH3CN/H2O, 0 �C, 95%; (d) p-NO2C6H4OCOCl,


pyridine, THF/CH3CN, rt, 97%; (e) (5-biotinamido)pentylamine or


(8-biotinamido)octylamine, Et3N, DMF, rt; (f) pyrrolidine, rt, 61%


for 49a (two steps), 53% for 49b (two steps).







Table 5. Ab40 production inhibitory activity for compounds 10, 44a,b,


and 49a,b


Compound Ab40 IC50 (lM) Relative potencya


10 2.0 1


44a 0.01 200


44b 0.02 100


49a 0.0029 690


49b 0.0061 328


a Values are calculated by dividing the IC50 value of compound 10 with


that of each compound.
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carbonate (p-nitrophenyl chloroformate, and pyridine),
coupling with appropriate biotinylated amine, and ensu-
ing displacement of the bromide with pyrrolidine fur-
nished the targeted probe 49a,b.


The biotinylated photoaffinity probes 44a,b and 49a,b
thus generated were evaluated and the results are sum-
marized in Table 5. To our delight, all compounds dis-
played significant inhibitory activities against Ab40
production, suggesting that these photoprobes maintain
sufficient affinity toward c-secretase.


In conclusion, we have investigated structure–activity
relationships of an arylsulfonamide class of c-secretase
inhibitors. Examination of the appendage of the A ring re-
vealed that the readily accessible tertiary amine deriva-
tives (2 and 10–12) were almost equipotent to the parent
compound 1. Modification of the substituents of the B
ring was well tolerated, but replacement of the chlorine
atom of the C ring with another group was detrimental
to potency. Introduction of a benzoyl group to the appro-
priate position of the A ring was unexpectedly favorable
for increasing potency. The preliminary structure–activi-
ty relationships led us to the design and synthesis of bio-
tinylated photoaffinity probes 44a,b and 49a,b that were
proved to display excellent inhibitory activity against
Ab production in our cell-free in vitro assay. Photoaffinity
labeling experiment using 44a,b and 49a,b to elucidate
molecular target(s) of arylsulfonamide c-secretase inhibi-
tors is ongoing in our laboratories and the results will be
reported shortly.
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Abstract—A novel series of quinolones was discovered as HIV-1 non-nucleoside reverse transcriptase inhibitors (NNRTIs) using a
structure-based approach. The lead quinolones exhibited single digit nanomolar potency in the HIV-1 replication assays. The
preliminary SAR of these quinolones was also established via systematic structural modifications. These novel and potent
quinolones could serve as advanced leads for further optimization.
� 2006 Elsevier Ltd. All rights reserved.
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Figure 1.

HIV-1 reverse transcriptase (RT) is a key enzyme in
HIV replication and is a well-established target for
anti-HIV drug discovery.1–3 Three non-nucleoside re-
verse transcriptase inhibitors (NNRTIs) have been ap-
proved by FDA. They are nevirapine (Viramune�),
delavirdine (Rescriptor�) and efavirenz (Sustiva�), and
are key components of the combination therapy.4–6


Since significant resistance has been developed against
these drugs, there is an urgent need to develop new
NNRTIs that would overcome the current drug resis-
tance.7 Previously, we have reported the discovery of
novel NNRTIs via HTS and SAR studies.8–11 In this let-
ter, we wish to report our discovery of a series of quin-
olones as NNRTIs based on rational design.


Among the reported NNRTIs, a number of them share
common structural features. For example, efavirenz (1),
HBY-097 (2),12 and oxindole 38,9 all share a fused aro-
matic core, which contains a hydrophobic phenyl moie-
ty, and an amide or carbamide moiety. By carefully
examining these structures, we designed a quinolone
scaffold (4). Based on molecular modeling studies,
quinolone 4 fits into the NNRTI binding site and aligns
nicely with efavirenz in space (Fig. 1). The quinolone
core of 4 and the dihydrobenzoxazinone core of efavi-
renz almost overlap in the center of the binding pocket.
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The halophenyl moieties in both molecules occupy the
same hydrophobic pocket. An alkyl R group in 4 and
the cyclopropylethynyl group in efavirenz could occupy
the same hydrophobic pocket. The cyclopropyl moiety
in 4 and the trifluoromethyl group in efavirenz fill into
another small hydrophobic space. Both molecules could
form critical hydrogen bonds between the lactam moie-
ties and K101 of the enzyme. The ethyl ester group in 4
extends out into the hydrophobic pocket and points to
the solvent exposed regions.


Encouraged by these modeling studies, we carried out
the synthesis of the designed quinolones (Scheme 1).13


Starting from the commercially available aniline 5, the
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Scheme 1. Synthesis of quinolones 4a–4p. Reagents and conditions: (a) PMBOH (1.5 equiv), p-TsOH (cat.), CH3CN, 70 �C, 12 h, 99%; (b) RMgCl


(2.0 equiv), THF, 0–25 �C, 1 h, 75–92%; (c) ClCOCH2CO2Et (2.0 equiv), benzene, 80 �C, 4 h, 73–88%; (d) (CH3)2SOCH3I (2.0 equiv), NaH (3.0


equiv), DMSO, 0–90 �C, 51–78%; (e) CAN (2.0 equiv), CH3CN/H2O = 9:1, 0–25 �C, 12 h, 74–90%.
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amino group was first protected with a PMB group, and
the nitrile was then converted into a ketone by reacting
with various Grignard regents. Treatment of the result-
ing ketone with ethyl chlorocarbonylacetate led to the
formation of the quinolone core 8. The cyclopropane
moiety was installed by reacting with dimethyloxosulfo-
nium methylide.14 Removal of the PMB group gave rise
to quinolones 4a–4p. These quinolones were tested
against the WT HIV-1 virus, and their antiviral activities
are shown in Table 1. As suggested by molecular model-
ing studies, a number of these quinolones exhibited po-
tent antiviral activity, and a clear SAR emerged. The R
group prefers straight aliphatic chains, and the best R
groups are n-butyl (4d), n-4-pentenyl (4e), and n-pentyl
(4f), and all three compounds exhibited low single digit
nanomolar potency. Either longer or shorter R groups
resulted in reduced activity (4a–4c, 4g). With the excep-
tion for the i-butyl analog 4i and phenethyl analog 4k,
all other quinolones with branched alkyl, phenyl alkyl
or phenyl groups (4h, 4j, and 4l–4p) showed poor antivi-
ral activity. These data are consistent with the modeling
studies, which suggest a narrow hydrophobic pocket in
the enzyme which can interact with this region of the
molecule (Fig. 2).


To explore the role of the ethyl ester moiety, a nitrile
analog 13 was prepared (Scheme 2). Ketone 7d was
first converted into the corresponding cyanoquinolone
10 in excellent yield by reacting with cyanoacetyl chlo-
ride. Treatment of 10 with dimethyloxosulfonium
methylide led to the isolation of the desired cyclopro-
pane analog 11. In addition to 11, another product
was isolated, which had a molecular weight of 14
mass units more than that of 11. Spectroscopic studies
established its structure as a cyclobutane analog 12,
which was likely due to the reaction of 11 with an
additional equivalent of dimethyloxosulfonium methy-
lide. Removal of the PMB groups in 11 and 12 led to

the final products 13 and 14, respectively. Antiviral
testing indicated that both 13 and 14 lost activity sig-
nificantly, representing more than a 60- and 30-fold
reduction in potency, respectively (Table 1). These
data demonstrate the important role of the ester moi-
ety in the interaction with the enzyme, as well as the
cyclopropane moiety in anchoring the molecule for
optimal interactions.


To further explore the SAR in the ester region, a li-
brary of esters and amides (16a–16y) were prepared
via the corresponding acid intermediate 15 (Scheme
3). Biological testing suggested that small esters are
preferred with the methyl (16a) and allyl (16b) esters
being among the most potent. The slightly larger es-
ters, cyanoethyl (16c), isobutenyl (16d), and phenyl
analogs (16e–16f), suffered a dramatic loss in antiviral
activity. In the case of 16c, the polar nitrile moiety
could have resulted in unfavorable interactions with
the enzyme. Replacement of the ethyl ester with a pri-
mary amide still gave a potent inhibitor (16g),
although it suffered some loss of activity.


Consistent with the observations in the ester series, all
tertiary amides, phenyl and pyridyl amides (16q–16y),
showed significantly less activity. Only the 3-cyanophe-
nyl analog 16t displayed good antiviral potency
(160 nM). The activity difference between 16s and 16t
could be the result of the steric interactions of the ortho
nitrile group in 16s with the quinolone core that led to
less favorable interactions with the enzyme. As the com-
pounds were tested in a cell-based assay, different cell
permeability of these analogs might have played a role
in their reduced antiviral activity.


Alcohol 19a and ethers 19b–19e were also prepared to
further understand the SAR in this region (Scheme 4).
Ester 9d was first selectively reduced to alcohol 17,







Table 1. Anti-HIV activities of quinolones.15


Compound EC50 (lM) CC50 (lM)


Efavirenz 0.001 �10


Nevirapine 0.050 >10


2 0.002 >10


4a >10 >10


4b 5.039 >10


4c 0.045 >10


4d 0.003 >10


4e 0.001 >10


4f 0.001 >10


4g 0.025 >10


4h >10 >10


4i 0.057 >10


4j >10 >10


4k 0.221 >10


4l >10 >10


4m 3.248 >10


4n 1.462 >10


4o >10 >10


4p >10 >10


13 0.197 >10


14 0.102 >10


16a 0.001 >10


16b 0.001 >10


16c 0.113 >10


16d 2.361 >10


16e >10 >10


16f 1.095 >10


16g 0.012 >10


16h 0.747 >10


16i 0.489 >10


16j 6.300 >10


16k 2.775 >10


16l 5.691 >10


16m 2.821 8.822


16n 5.205 >10


16o >10 >10


16p >10 >10


16q >10 >10


16r >10 >10


16s 1.713 6.088


16t 0.160 >10


16u 1.327 >10


16v 4.551 >10


16w 2.695 >10


16x 8.259 >10


16y >10 >10


19a 0.743 >10


19b 0.045 >10


19c 0.065 >10


19d 0.240 >10


19e 0.037 >10


23 0.265 >10


24 0.166 >10


25 1.398 >10


Figure 2. Docking of 4d and efavirenz in the NNRTI binding site.15
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which was then treated with methyl, ethyl, and allyl io-
dide in the presence of sodium hydride, giving rise to the
corresponding PMB-protected ethers 18b–18d. Standard
acylation of the hydroxy group in 17 led to acetate 18e.
Deprotection of the PMB groups in 17, 18b–18e with
CAN furnished the alcohol analogs 19a–19e. Interest-
ingly, most of these analogs exhibited good antiviral
activity. In particular, 19b, 19c, and 19e showed EC50s
of 45, 65, and 37 nM, respectively, which are consistent
with the SAR observed for the corresponding esters.

These data also illustrate the importance of the ester car-
bonyl oxygen of 4d in the interaction with the enzyme.


A ketone analog (23) of 4d was synthesized according to
Scheme 5. Hydrolysis of the ester in 9d with lithium
hydroxide gave the corresponding acid 20, which was
converted into Weinreb amide 21. Reaction of amide
21 with propyl magnesium chloride furnished ketone
22. Ketone 23 was obtained after the removal of the
PMB group using CAN. Although 23 still exhibited
good antiviral activity, its EC50 suffered more than 20-
fold loss compared to that of 4d, demonstrating the role
of the ester oxygen in the interaction with the enzyme.
Molecular modeling was carried out to understand the
interaction of the ester region with the enzyme. The
activity of ester (4d), ether (19c), amide (16g), keto
(23), and ethylamide (16h) quinolones correlates quite
well with their corresponding free energies of binding,
which are �33.7, �28.0, �32.2, �29.8, and �24.6 kcal/
mol, respectively. The q2 value for this correlation is
0.54. The lower potency of keto-quinolone (23) could
be due to the lack of a polar atom (oxygen in ester or
nitrogen in amide) that occupies a polar sub-pocket in
mostly hydrophobic binding site as identified with Site-
map, Schrodinger, LLC.16


Quinolones 24 and 25 were prepared to further under-
stand the SAR in the cyclopropane region (Scheme 6).
The olefinic analog 24 was conveniently synthesized by
simply removing the PMB group in 8d. Conjugate addi-
tion of lithium dimethylcuprate17 to the double bond in
8d followed by the removal of the PMB group furnished
25 as a mixture of two diastereoisomers in a ratio of 1:1.
While 24 retained a 166 nM EC50 against the WT HIV
virus, 25 had only micromolar potency. These data
again support the important role of the cyclopropane
moiety in rigidifying the molecules for optimal
interactions.


A number of quinolones were assayed against a panel of
NNRTI resistant mutants. These quinolones exhibited
good antiviral activity against a number of these mu-
tants, including E138K, F227L, I135V, L100I, and
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Scheme 3. Synthesis of quinolones 16a–16y. Reagents and conditions: (a) LiOH (3.0 N), THF/MeOH/H2O = 3:2:1, 70 �C, 5 h, 90%; (b) EDCI


(2.0 equiv), iPr2NEt (3.0 equiv), CH2Cl2, 25 �C, 12 h, 77–94%.
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Y181H. However, they showed only moderate or weak
activity for the rest of the mutant viruses (Table 2).


In summary, using a structure-based approach, a series
of novel quinazoline NNRTIs was designed and synthe-
sized. SAR studies revealed the critical role of the cyclo-

propane moiety in positioning the substituents on the
quinolone nucleus for optimal interactions with the
enzyme. The ester moiety also plays an important role
for the antiviral activity. Several of these quinolones
exhibited potent inhibitory activity against the WT virus
and showed promising activity against several NNRTI
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CH3CN/H2O = 9:1, 0 �C�25 �C, 12 h, 40%.


Table 2. Antiviral activities (EC50, lM) of selected quinolones against HIV-1 resistant mutants15


Compound WT E138K F227L I135V K103N L100I V106A Y181C Y188L V179E Y181H Y181S


Efavirenz 0.001 0.002 0.001 0.001 0.032 0.010 0.004 0.001 0.280 0.006 0.002 0.001


Nevirapine 0.050 0.031 0.148 0.079 5.053 0.164 8.458 >10 >10 0.116 0.112 3.001


4c 0.045 0.132 0.026 0.097 >10 0.041 1.013 >10 >10 1.889 0.210 1.213


4d 0.003 0.047 0.007 0.028 0.884 0.014 0.279 1.653 >10 0.914 0.009 0.684


4e 0.001 0.057 0.009 0.033 1.247 0.035 0.260 >10 >10 0.304 0.089 1.681


4f 0.001 0.018 0.005 0.017 0.669 0.012 0.238 0.926 >10 0.234 0.016 0.369


4g 0.025 0.098 0.041 0.066 3.075 0.053 0.878 2.249 >10 1.597 0.061 0.929


4i 0.057 0.091 0.022 0.085 >10 0.063 2.941 >10 >10 3.953 0.210 0.901


16a 0.001 0.008 >10 0.012 0.682 0.004 0.057 0.727 7.339 0.244 0.008 0.581


16b 0.001 0.032 0.001 0.023 1.081 0.001 1.220 2.945 >10 0.233 0.020 0.932


16g 0.012 0.046 0.001 0.015 3.827 0.013 2.178 7.957 >10 0.439 0.063 2.525


19b 0.045 0.042 0.020 0.046 2.916 0.033 0.726 5.029 >10 0.721 0.121 2.704


19c 0.065 0.094 0.251 0.074 3.955 0.039 1.124 6.237 >10 1.034 0.216 4.180


19e 0.037 0.054 0.001 0.064 2.618 0.045 4.725 7.463 >10 0.735 0.059 2.354
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Scheme 6. Synthesis of quinolones 24 and 25. Reagents and conditions: (a) CAN (2.0 equiv), CH3CN/H2O = 9:1, 0–25 �C, 12 h, 62–71%; (b) MeLi


(5.5 equiv), CuI (5.0 equiv), Et2O, 0 �C, 5 min, then 8d, 0–25 �C, 1 h, 53%.
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resistant mutants. These novel quinolones could serve as
advanced leads for further optimizations, the goal of
which will be focused on overcoming the NNRTI
resistance.
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Abstract—Two natural triterpenoid saponins bearing N-acetylglucosamine, lotoidoside D and lotoidoside E, which had been avail-
able only from Glinus lotoides growing in Egyptian desert, were facilely synthesized from readily available oleanolic acid. Prelimin-
ary pharmacological research showed their antitumor activity against HeLa cell.
� 2006 Elsevier Ltd. All rights reserved.

Figure 1. Structures of lotoidosides D (1) and E (2).

Triterpenoid saponins are a large family of natural
products with great variety of structures and bioactivi-
ties.1 Some of them have N-acetylglucosamine in the
carbohydrate moiety, namely N-acetylglucosamine-
bearing triterpenoid saponins. These rarely reported
natural products have been drawing more and more
attention of phytochemists and pharmacologists in re-
cent years. Quite a number of these saponins were found
to have remarkable cytotoxicity or antiproliferative
activities.2 For instance, lotoidoside D (1) and lotoido-
side E (2) (Fig. 1) are two N-acetylglucosamine-bearing
triterpenoid saponins isolated from the roots of Glinus
lotoides (a medical plant growing in Egyptian desert)
by Hamed et al.3 in 2005. These triterpenoid saponins
show prominent antiproliferative activity against several
murine and human cell lines.3 For example, IC50 values
of 1 and 2 against murine fibrosarcoma cell line WEHI-
164 are 0.36 and 0.03 lM, respectively.


However, 1 and 2 are only available from the tedious
isolation procedure from the roots of Glinus lotoides
in low isolated yields (only 25 mg of 1 and 20 mg of
2 from 800 g roots).3 The scarceness of 1 and 2 in

0960-894X/$ - see front matter � 2006 Elsevier Ltd. All rights reserved.
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the nature turns out to be a great obstacle for further
pharmacological research. Considering the rapid dis-
covery of N-acetylglucosamine-bearing triterpenoid
saponins with attractive bioactivities in recent years,
it is valuable to develop a convenient way to prepare
this kind of saponins to promote further studies, such
as thorough pharmacological research and further
structure–activity relationship (SAR) investigation.
Herein, we report the chemical synthesis of 1 and 2
from commercially available oleanolic acid (3). The
preliminary antitumor activity of these synthetic sapo-
nins was then investigated.
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Stepwise glycosylation was adopted to construct the
oligosaccharide moiety because it is a preferable meth-
od of preparing glycoside analogues for SAR research
by altering monosaccharide donors.4 It is known that
ester linkage at C-28 carboxyl of pentacyclic triterpe-
noid is extremely resistant to basic hydrolysis due to
its high steric hindrance.5 Therefore, it is difficult to
deprotect general alkyl protective groups from C-28
alkyl ester. Based on our experience of triterpenoid
saponin synthesis,6 benzyl was adopted as a perma-
nent protective group for it can be removed conve-
niently through catalytic hydrogenolysis.7 Especially
in this work, the benzyl ester would be cleaved togeth-
er with benzylidene acetal or benzyl ether in carbohy-
drate moiety during catalytic hydrogenolysis, which
would make the synthetic route more concise and
efficient.

Scheme 2. Synthesis of lotoidoside E (2). Reagents and conditions: (a) NaOM


two steps; (c) TMSOTf, CH2Cl2, 0 �C to rt, 69%; (d) H2, Pd–C (10%), HOA


Scheme 1. Synthesis of intermediate 5. Reagents and conditions: (a) BnBr, K


4%; (c) TMSOTf, 4 Å MS, CH2Cl2, 0 �C to rt, 96%; (d) H2NCH2CH2NH2,

The synthetic route of 2 is shown in Schemes 1 and 2.
Oleanolic acid (3) was first converted to its benzyl ester
4 by treating 3 with BnBr and K2CO3 in aqueous THF
in high yield (98%).8 Next, a straightforward prepara-
tion of intermediate 5 using readily available 2-acetami-
no-2-deoxyglucose donor 69 was investigated. However,
little desired product was obtained while the corre-
sponding oxazoline derivative became the major prod-
uct. Therefore, 2-phthalimido-2-deoxyglucose donor
710 was employed to be coupled with 4 under the promo-
tion of TMSOTf to give 8 in a high yield (96%), which
was then treated with hot ethylenediamine/butanol and
Ac2O/pyridine afterward to afford 5. The overall yield
for 3 steps from 4 to 5 was 84%.


Then, the O-acetyl groups of 5 were removed by
NaOMe/MeOH to give 10, and benzylidene was

e, CH2Cl2–MeOH, rt; (b) PhCH(OMe)2, CSA, DMF, 70 �C, 87% for


c–THF, 40 �C; (e) NaOMe, CH2Cl2–MeOH, rt, 82% for two steps.


2CO3, THF–H2O, rt, 98%; (b) TMSOTf, 4 Å MS, CH2Cl2, 0 �C to rt,


n-BuOH, 90 �C; (e) Ac2O, pyridine, rt, 88% for two steps.
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introduced to protect 4 0,6 0-OH by the reaction of 10
with PhCH(OMe)2 and DLDL-camphorsulfonic acid
(CSA) in dry DMF (Scheme 2). 3-OH of 4,6-O-benzyli-
dene-2-acetamido-2-deoxyglucopyranosides have been
found to be unreactive sugar acceptors in glycosyla-
tion.11 In current study, no reaction product was detect-
ed from TLC (petroleum ether/EtOAc = 4:1) when a
catalytic amount of TMSOTf (0.05–0.20 equiv) was
used in the glycosylation of 11 with 12. Furthermore,
adding excess galactose donor 1212 (1.60 equiv) and
TMSOTf (1.20 equiv) gave a yield of merely 22%.
Therefore, the ‘inverse procedure,’13 which was devel-
oped by Schmidt et al. originally to prevent sensitive su-
gar donors from decomposing and later was employed
in glycosylation of unreactive acceptors, was applied
here and worked well to give the desired product 13 in
a yield of 69%. Catalytic hydrogenolysis of 13 was per-
formed to remove the benzyl and benzylidene cleanly.
Finally, the resulted 14 was treated with NaOMe in
CH2Cl2–MeOH to give the target product 2. The overall
yield from oleanolic acid was 41%.


The key intermediate 13 was also utilized for the facile
synthesis of 1 (Scheme 3). Regioselective cleavage of
4,6-O-benzylidene acetal of carbohydrate derivatives is
proved to be an outstanding strategy to furnish 4-OH-
6-benzyl ether or 6-OH-4-benzyl ether.14 Considering
the compatibility to the glycosidic linkages and various
protecting groups on the substrate, mild reducing

Scheme 3. Synthesis of lotoidoside D (1). Reagents and conditions: (a) Et3


CH2Cl2, 0 �C to rt, 66%; (c) H2, Pd–C (10%), HOAc–THF, reflux; (d) NaO


Table 1. Antitumor activity of synthetic saponins against HeLa tumor cell l


Saponin Inhibition rate at different


10�5 M 10�6 M


1 56.43 35.33


2 42.02 10.04

condition Et3SiH–BF3ÆEt2O15 was applied to 13 to give
benzyl ether 15 in a yield of 79%. Coupling of 15 and
1616 afforded fully protected saponin 17 in a yield of
66%. Deprotection of 17 through catalytic hydrogenoly-
sis and ester interchange gave the final product 1. The
overall yield from oleanolic acid to 1 was 19%. The ana-
lytical data of synthetic 1 and 2 were identical with those
reported for the natural products.3,17


The in vitro antiproliferative activity of these triterpe-
noid saponins against HeLa tumor cell was investigated.
HeLa cell in RPMI1640 medium with 10% fetal bovine
serum was plated on 96-well microtiter plates
(4.0 · 104 cells per well), and allowed to adhere at
37 �C with 5% CO2 for 4 h. Then the test compound
was added, and the cells were incubated at 37 �C with
5% CO2 for 72 h. The cell viability was assessed through
standard MTT assay.18


As shown in Table 1, 1 displayed prominent inhibition
activity to HeLa cell even at very low concentrations.
The inhibition at 10 nM was 34.44%. On the other hand,
saponin 2, which was more potent than 1 in the previous
research,3 showed relatively lower inhibition against
HeLa cell. Despite the sensitivity difference between
these cell lines, it may be indicated that 1 and 2 possibly
have different inhibition mechanisms against various tu-
mor cells. Extensive antitumor screening and intensive
mechanism investigation are demanded in this area to

SiH, BF3ÆEt2O, 4 Å MS, CH2Cl2, 0 �C, 79%; (b) TMSOTf, 4 Å MS,


Me, CH2Cl2–MeOH, rt, 74% for two steps.


ine


concentration (%) IC50 (lM)


10�7 M 10�8 M


32.84 34.44 2.74


1.71 0.79 >10







M.-C. Yan et al. / Bioorg. Med. Chem. Lett. 16 (2006) 4200–4204 4203

elucidate the mechanism and develop more desirable
bioactive agents.


In summary, lotoidosides D (1) and E (2) were efficiently
synthesized from oleanolic acid in high yields. This syn-
thesis may provide a convenient way for the preparation
of other N-acetylglucosamine-bearing triterpenoid sapo-
nins. Preliminary biological evaluation was performed
and showed significant antitumor activity. Further bio-
logical studies and SAR research of their derivatives
are in progress and will be reported in due course.
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J = 8.7, H-1 0), 4.90 (d, 1H, J = 8.0, H-100), 4.63 (d, 1H,
J = 8.0), 4.61 (dd, 2H, J = 31.4, 7.9) 4.60–4.58 (m, 1H),
4.46–4.43 (m, 2H), 3.85 (d, 1H, J = 10.6), 3.64 (dd, 1H,
J = 10.7, 6.0), 3.55–3.52 (m, 2H), 3.07 (dd, 1H, J = 11.8,
4.4), 2.90 (dd, 1H, J = 10.6, 2.3), 2.89–2.86 (m, 1H), 1.34
(s, 3H), 1.09 (s, 3H), 0.92 (s, 3H), 0.90 (s, 3H), 0.85 (s,
3H), 0.79 (s, 3H), 0.71 (s, 3H), 0.58 (s, 3H); HRMS m/z
1418.7001 (M+H)+ (C86H100NO17 requires 1418.6986).
Compound 17: [a]D +31.4 (c 0.35, CHCl3); 1H NMR
(600 MHz, CDCl3) d 8.10–7.24 (m, 30H, Ar-H), 6.11 (d,
1H, J = 9.3), 6.04 (d, 1H, J = 3.2), 5.81 (dd, 1H, J = 10.6,
8.1), 5.70 (dd, 1H, J = 10.6, 3.3), 5.34 (d, 1H, J = 8.0, H-
100), 5.30 (br s, 1H), 5.19 (t, 1H, J = 9.6), 5.11 (dd, 2H,
J = 25.2, 12.6), 5.05 (t, 1H, J = 9.6), 4.93 (t, 1H, J = 9.4),
4.65 (dd, 1H, J = 11.0, 6.0), 4.59 (d, 1H, J = 11.0, H-1000),
4.50 (dd, 2H, J = 20.6, 8.8), 4.47–4.46 (m, 1H), 4.44 (t,
1H, J = 6.4), 4.31 (d, 1H, J = 5.3, H-1 0), 4.25–4.22 (m,
2H), 4.18 (br s, 1H), 4.11 (m, 1H), 4.04 (br d, 1H,
J = 12.2), 3.76–3.73 (m, 2H), 3.64 (dd, 1H, J = 12.7, 8.9),
3.43 (br d, 1H, J = 10.0), 2.93 (dd, 1H, J = 13.7, 2.8),
2.78 (dd, 1H, J = 11.7, 3.8, H-3), 2.06 (s, 3H), 2.05 (s,
3H), 2.04 (s, 3H), 2.03 (s, 3H), 2.00 (s, 3H), 1.11 (s, 3H),
0.94 (s, 3H), 0.92 (s, 3H), 0.79 (s, 3H), 0.79 (s, 3H), 0.63
(s, 3H), 0.61 (s, 3H); ESI-HRMS m/z 1770.7772
(M+Na)+ (C100H117NNaO26 requires 1770.7756). Com-
pound 1: [a]D +22.1 (c 0.50, MeOH); 1H NMR
(600 MHz, MeOH-d4) d 5.29 (t, 1H, J = 3.3), 4.96–4.94
(m, 1H), 4.67 (d, 1H, J = 7.6, H-1000), 4.57 (d, 1H, J = 7.8,
H-100), 4.51 (d, 1H, J = 7.5, H-1 0), 4.15 (t, 1H, J = 9.2),
4.00 (t, 1H, J = 11.4), 3.98 (dd, 1H, J = 8.7, 7.4), 3.93–
3.90 (m, 2H), 3.87 (d, 1H, J = 2.8), 3.85–3.83 (dd, 1H,
J = 11.8, 2.6), 3.77–3.75 (dd, 1H, J = 11.4, 4.5), 3.73 (dd,
1H, J = 11.7, 4.3), 3.65 (dd, 1H, J = 9.0, 7.9), 3.59–3.57
(m, 1H), 3.52 (dd, 1H, J = 9.0, 3.3), 3.47–3.45 (m, 1H),
3.42–3.41 (m, 1H), 3.39 (dd, 1H, J = 9.3, 7.6), 3.37–3.35
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(m, 2H), 3.15 (dd, 1H, J = 11.5, 4.2), 2.90 (dd, 1H,
J = 13.8, 4.0), 2.02 (s, 3H), 1.20 (s, 3H), 1.02 (s, 3H),
1.00 (s, 3H), 0.99 (s, 3H), 0.96 (s, 3H), 0.86 (s, 3H), 0.81
(s, 3H); ESI-HRMS m/z 1006.5339 (M+Na)+


(C50H81NNaO18 requires1006.5346). Compound 2: [a]D
+18.6 (c 0.50, MeOH); 1H NMR (600 MHz, MeOH-d4) d
5.29 (br s, 1H), 4.55 (d, 1H, J = 8.1, H-1 0), 4.33 (d, 1H,
J = 7.6, H-100), 3.91 (dd, 1H, J = 11.4, 1.4), 3.85 (d, 1H,
J = 3.0), 3.81–3.79 (m, 2H), 3.76–3.74 (m, 2H), 3.72 (t,

1H, J = 8.6), 3.61–3.58 (m, 2H), 3.51 (dd, 1H, J = 8.5,
3.0), 3.47 (t, 1H, J = 9.0), 3.35–3.34 (m, 1H, H-5 0), 3.17
(dd, 1H, J = 11.6, 4.2), 2.89 (dd, 1H, J = 13.7, 3.7,), 2.00
(s, 3H), 1.21 (s, 3H), 1.02 (s, 3H), 1.01 (s, 3H), 0.99 (s,
3H), 0.96 (s, 3H), 0.86 (s, 3H), 0.82 (s, 3H); ESI-HRMS
m/z 844.4824 (M+Na)+ (C44H71NNaO13 requires
844.4818).


18. Green, L. M.; Reade, J. L.; Ware, C. F. J. Immunol.
Methods 1984, 70, 257.
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Abstract—Starting with the weak agonist indomethacin, a series of potent, selective CRTh2 (DP2) antagonists have been discovered
as potential treatments for asthma, allergic rhinitis and other inflammatory diseases.
� 2006 Elsevier Ltd. All rights reserved.

Prostaglandin D2 (PGD2) is involved in a number of
inflammatory conditions and is an important mediator
in allergic reactions, including asthma and allergic rhini-
tis. A single receptor, DP1, has been known for many
years.1 Recently, a second PGD2 receptor, CRTh2
(DP2),2,3 has been identified which is a G-protein cou-
pled 7-transmembrane protein found on human Th2
cells, eosinophils and basophils. Endogenous agonists
for CRTh2 include PGD2 and a number of its metabo-
lites, notably 13,14-dihydro-15-keto PGD2 (DK-PGD2),
which is selective for CRTh2 over DP1.2 Activation of
CRTh2 promotes chemotaxis of Th2 cells, eosinophils
and basophils,2,3 as well as degranulation of eosinophils4


and cytokine release from Th2 cells.5 This profile sug-
gests that an antagonist of CRTh2 may have potential
as a therapy in allergic disorders.


Indomethacin has been shown to be a CRTh2 agonist,6


but potency at CRTh2 is more than 10-fold lower than
for inhibition of cyclooxygenase (COX) 1 or 2 enzyme
activity.6 Starting from indomethacin, we have identified
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a series of potent, selective CRTh2 (DP2) antagonists
with good selectivity against both COX enzymes.


Compounds, selected by structural similarity to indo-
methacin, were screened for both agonist and antagonist
activity at CRTh2 using a functional response.7 This ap-
proach identified agonists of varying efficacies with com-
pound 2 clearly exhibiting partial agonism (Fig. 1).


This suggested that antagonists for CRTh2 could be
obtained by reducing the number of heteroatoms and
increasing the lipophilicity of the N1 substituent.


Following this hypothesis, compound 3 was identified as
a CRTh2 antagonist (Fig. 2).


Compounds 2 and 3 had modest potency at CRTh2 as
measured in a binding assay8 displacing [3H]PGD2 from
CRTh2 with IC50 values of 5200 nM and 178 nM,
respectively. Compound 3 was initially synthesised
during investigation into the SAR of indomethacin
as a COX-1 inhibitor,9,10 and has properties which
are acceptable for a moderately lipophilic acid
(log D7.4 = 1.7). It is soluble in physiological buffer at
47 mg/mL and is 99% bound to human plasma protein.
Dosing in rats showed moderate clearance of 11 mL/
min/kg, a higher than expected volume of distribution
of 2.3 L/kg and consequently an acceptable terminal
half-life of 2.2 h with a bioavailability of 62%.
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Figure 3. Compounds 4–6 on inverted indole scaffold.


Table 1. Activities of inverted indole scaffold compounds


Compound CRTh2 binding


IC50
a (nM)


Clint (lL/min/106 cells) Hu


(ppb)
Rat


hepatocyteb


Hu


hepatocyteb


3 180 6.5 1.4 99.0


4 50 5.0 99.7


5 125


6 8 6.0 3.8 99.8


a Radiometric displacement binding assay,8 mean of at least two


measurements.
b Fresh.
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discovered through substructure searching.
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Figure 2. Inhibition of PGD2-induced Ca2+ flux in CRTh2-expressing


cells by the initial antagonist hit, compound 3.
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Compound 3 also showed significant inhibition of re-
combinant human CYP 2C19 (IC50 = 1.6 lM).11 How-
ever, compound 3 still possessed significant inhibitory
activity against COX-1 with an IC50 of 40 nM in a func-
tional assay of COX-1-mediated platelet aggregation.12


Inversion of an indole template maintains the same rel-
ative spatial distribution of the 1.3-substituents13 and
applying this strategy to 3 led to compounds with simi-
lar properties at CRTh2. Compounds 4, 5 and 6 (Fig. 3)
all had improved potency at CRTh2 compared to com-
pound 3 (Table 1).


Besides a 20-fold improved potency at CRTh2, com-
pound 6 had 10-fold less activity at COX-1
(IC50 = 400 nM). Plasma protein binding remains high

as would be expected for an acidic compound (99.8%
bound to human plasma protein and 98% for rat) but
in vivo clearance in the rat after iv dosing is relatively
low (6 mL/min/kg), and, with a volume of distribution
(Vss) of 1.4 L/kg, a consequently long half-life of 6.7 h
is observed. The large volume and long half-life are
due to recirculation of the glucuronide; a process that
we could not rely on happening in man and was not seen
in less lipophilic analogues.


A series of analogues of the lead compound 6 (Table 2)14


was prepared with the aim of reducing plasma protein
binding (to increase the potential activity in whole
blood, which was used as a surrogate for in vivo poten-
cy), whilst maintaining or improving on intrinsic clear-
ance in human hepatocytes (needed to counter the
increased metabolism due to increased free fraction).


A substituent at the 7- or 8-position of the quinoline
gives an increase in potency of up to 13-fold compared
to the unsubstituted compound (7). A substituent at
the 8- (or 2-) position also conferred greater metabolic
stability, probably by hindering metabolism at the quin-
oline nitrogen. No compound has activity greater than
6 lM15 at the hERG channel or DP1 receptor, or any
activity as a CRTh2 agonist.


The 8-methyl analogue (12) has a preferred profile. The
combination of potency and human plasma protein
binding gives good predicted potency in whole blood
(Table 2) due to its higher potency and lower human
plasma protein binding than compound (6). In rat and
dog, it has acceptable pharmacokinetic properties with,
in rat, plasma protein binding of 98%, an iv clearance of
3 mL/min/kg, bioavailability of 76%, half-life of 1.7 h
and a volume of distribution of 1.4 L/kg, and in dog, a
clearance of 1 mL/min/kg, bioavailability of 100%,
half-life of 5.3 h and a volume of distribution of 0.2 L/
kg. The closely related compound (13) has very similar







Table 2. CRTh2 antagonist potencies and biological data


N


CO2H


N


R


Compound Quinoline


substituent


CRTh2 binding


IC50
a (nM)


Clint (lL/min/106 cells) logD7.4 Hu (ppb) Calculated whole


blood potencyb (nM)
Rat hepatocyte Hu hepatocyte


6 7-Cl 8 6.0 3.8 1.6 99.8 3800


7 None 21 10.7 3.0


8 2-Me 18 5.0 2.9 99.6 4500


9 6-CF3 68 16 1.8


10 7-CF3 5.4 17 2.6 1.8 99.6 1350


11 8-CF3 6.0 6.5 2.4 1.3 99.6 1500


12 8-Me 2.6 5.5 1.9 1.3 99.5 520


13 8-Cl 2.3 <3 2.0 1.3 99.4 380


14 8-F 7.1 <1 1.6 0.5 99.1 790


15 8-OMe 11 7.0 0.5 98.2 610


16 8-SO2Me 23 3.0 <1 �0.3 93.6 360


17 8-CN 18 <3 98.3 1060


a Radiometric binding assay,8 mean of at least two measurements.
b CRTh2 binding IC50/(1 � (ppb/100)).
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properties with the main difference being a shorter half-
life of 2.4 h in the dog. The more polar compounds (15)
and (16) had poor bioavailabilities (13% and 5%,
respectively).


The substituents on the indole ring are important
(Fig. 4). The analogue of compound 6 without the
2-methyl group (18) was 5-fold less potent and
chemically less stable. The 2,4-dimethyl analogue (19)
was equipotent, while the 2,6-dimethyl (5) was 15-fold
less potent. In general substitution at the 6-position
led to loss of potency and higher COX-1 activity.
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Figure 4. Methyl substituents on indole ring.
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NaOH, aq MeOH (100%); (d) as method (c) followed by addition of 1 equiv

Compound 12 has been tested on a bank of 153
screens18 and the only activities seen were inhibition of
rat aldose reductase (IC50 = 150 nM) and the serotonin
transporter (IC50 = 2 lM) with no measurable activity
against both COX-1 and COX-2 at 3 lM. In addition,
compound 12 weakly inhibited CYP 2C19
(IC50 = 2.5 lM) and 2C9 (IC50 = 5 lM).


The compounds were prepared, either as the sodium
salts or as the free acids, from 2,5-dimethylindoles
and the 4-chloroquinolines (either commercially avail-
able or prepared by literature methods,16) by the route
exemplified in Scheme 1 for compound (12). The fu-
sion step could be carried out in the absence of a sol-
vent, but addition of a small amount of NMP, DMF
or dioxane (with or without a trace of HCl as cata-
lyst) gave cleaner, faster reactions at lower tempera-
tures; particularly on a large scale. This represents a
novel synthesis of this type of structure, and is toler-
ant of a wide variety of substituents on both indole
and chloroquinoline moieties.17


The 2,4-dimethyl analogue (20) of compound (12) exhib-
its atropisomerism by reason of restricted rotation

N


N


O


OHN


N


O


O


12


c or d


); (b) ethyl bromoacetate, Cs2CO3, acetone, reflux (60%); (c) 1 equiv


HCl (95%).
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around the biaryl bond.19 The isomers could be separat-
ed by chiral-phase HPLC at the ester stage and shown to
be configurationally stable for more than one week.
Absolute configurations were not determined. Surpris-
ingly, there was only a 12-fold difference in the potencies
of the two isomers (IC50 = 1.4 and 17 nM). By contrast
the racemisation half-life of compound (6) was estimat-
ed at ca. 8 min by 1H NMR; the signals for the methy-
lene protons of a number of compounds showed some
splitting (‘AB’ quartets) suggesting that the two protons
were non-equivalent on the NMR time scale.


In summary, starting from the CRTh2 agonist indo-
methacin we have prepared a series of potent, novel,
CRTh2 (DP2)-selective antagonists with good pharma-
cokinetic properties.
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Abstract—The synthesis and biological profile of a novel series of potent and selective inhibitors of cysteine protease cathepsin K
(Cat K) are described. Pharmacokinetic evaluation of 12 indicated that some members of this series could be suitable candidates to
develop new orally active therapeutic agents for the treatment of osteoporosis.
� 2006 Elsevier Ltd. All rights reserved.
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Osteoporosis, defined as a systemic skeletal disease char-
acterized by low bone mass and microarchitectural dete-
rioration of bone tissue, occurs as an imbalance between
bone degradation and bone reconstruction. Cathepsin K
(Cat K) is a cysteine protease of the papain superfamily
that is highly and selectively expressed in osteoclasts.
Osteoclasts are specialized multinuclear cells that pro-
mote bone degradation. Cat K is the proteolytic enzyme
released by the osteoclasts that hydrolyzes type I colla-
gen, the major component of bone matrix.1 Thus,
recently the use of selective Cat K inhibitors has been
considered as a promising approach to treat diseases
characterized by excessive bone loss such as
osteoporosis.


Recently, we showed that compound 1 (Fig. 1) displayed
excellent in vivo efficacy in the rhesus monkey model for
inhibition of urinary collagen breakdown products asso-
ciated with bone resorption.2 This compound displayed
a good PK profile in rhesus monkey and an acceptable
potency in enzyme (Ki: 8 nM)3 as well as in cellular assay
(bone res. IC50: 95 nM).


In this report, we describe the synthesis and biological
activity of a novel series of nonpeptidic biaryl inhibitors
with enhanced potency against Cat K. Compounds were
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tested against human cathepsins K, L, B, and S. They
were also tested in an in vitro bone resorption assay that
evaluates degradation of bovine bone by isolated rabbit
osteoclasts.4


From our previous work in the nonpeptidic biaryl
series,2 as well as from the tricyclic P3 benzamide con-
taining aminoacetonitriles5 and 3,4-disubstituted azetid-
inone series,6 we have shown that the S3 subsite of
cathepsin K can accommodate fairly large moieties
without adversely affecting potency and selectivity. This
fact led us to conduct further SAR studies on the termi-
nal P3 portion of the molecule.


The terminal portions of compounds 11–13 and 16 were
obtained by following the general synthetic procedure
depicted in Scheme 1. Assembly of the tri-ring system
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(4a/b–7) was accomplished by heating the corresponding
thiourea or thiamide (3a,b or 6) with 2,3 0-dibromoace-
tophenone (Schemes 1 and 2) in ethanol for 4 h

(Schemes 3 and 4). The syntheses of the key intermedi-
ates 8 and 9 were performed using the procedures de-
scribed by Robichaud et al.2 Suzuki cross-coupling
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between the pinacoldiborane 8 and 9 with the corre-
sponding aryl bromide intermediate (4a/b–7) afforded
the tetracyclic final product, or a boc-protected interme-
diate (10) which was subsequently deprotected with
methanesulfonic acid in THF at room temperature
(Scheme 4).


Knowing that the introduction of a thiazole moiety
boosted potency in the benzamide series,5 we decided
to insert this group between the distal phenyl group
and the piperazine of our lead structure 1. As shown
in Table 1, the introduction of a thiazole ring clearly in-
creased the selectivity against Cat B and S. When the
thiazole–piperazine group was placed at the meta-posi-
tion of the distal phenyl, the modification yielded a more
potent Cat K inhibitor (12, Ki: 0.8 nM) despite the fact
that it was an enantiomeric mixture. Docked structure
of compound (R)-12 into in-house Cat K protein
showed that the proximal meta-substituted phenyl ring
orients the P3 residue deep into the S3 pocket of the en-
zyme, acting as a proper surrogate for the amide bond

Table 1. Inhibition of human cathepsins K, L, S and B by tetracyclic analo
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R Stereo chem. Cat K Ki (nM) Cat L Ki (n
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R 8.0 4641 (·580)
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R,S 1.3 390 (·300)
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S
NHN
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R,S 0.8 190 (·237)
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S
NHN


13


R,S 3.5 2500 (·714)
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S
NN


14


R 1.3 360 (·276)


N


S


N


N
H


15


R 4.8 680 (·141)


N


S
N


N


16


R 3.0 540 (·180)


Selectivities over Cat K are shown in brackets.8

present in other series5,6 (Fig. 2). This binding mode
was found to be comparable to the binding mode of
compound 17 to Cat K established by X-ray structure
(Fig. 3).5


The enantiomeric mixture 12 also displayed, overall, a
better PK profile in rat than compound 1, when dosed
intravenously (Table 2). Unfortunately, the increase in
Cat K potency did not translate well in cell since the
bone resorption assay value (IC50: 349 nM) showed a
more than 400-fold shift as compared to 12-fold for
the lead compound. Low solubility of compounds 12
and 16 in the cellular assay medium was thought to be
in part responsible for the shift between enzyme and
cellular assay potencies. Other factors, such as cellular
permeability and nonspecific protein binding, may also
play a role, although we did not specifically quantify
these in the context of the assays. When this mixture
of compounds was administered orally in rat at a dose
of 10 mg/kg, it had a very good bioavailability
(F: 85%) and a terminal t1/2 of 3.9 h (Table 3). Capping

gues


N
NH


M) Cat B Ki (nM) Cat S Ki (nM) Bone res. IC50 (nM)


3843 (·481) 1695 (·212) 95


22,000 (·16,923) 1800 (·1384) 59


18,000 (·22,500) 5600 (·7000) 349


12,000 (·3428) 9500 (·2714) 12


37,000 (·28,461) 5600 (·4307) 28


51,000 (·10,625) 7400 (·1541) 43


51,000 (·17,000) 3600 (·1200) 172







Figure 2. Modeled structure of compound (R)-12 bound to Cat K.7
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Table 2. Rat PK parameters after iv administration at 0.5 mg/kg


Compound Vss (l/kg) MRT (min) CL (ml/kg/min)


1 14.8 155 98


11 1.7 54 32


12 4.3 176 25


13 12.0 106 114


14 6.6 109 60


15 9.1 140 65


Table 3. Rat PK data for compound 14


Compound Dose


(mg/kg)


Cmax


(mM)


Tmax


(min)


AUC


(uM min)


t1/2


(h)


F


(%)


12 10 1.1 200 560 3.9 85
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the nitrogen with a methyl (11, Ki: 1.3 nM) yielded an
enantiomeric mixture with similar potency against Cat
K and higher potency in cell (bone res. IC50: 59 nM),
a finding that is in agreement with results found in other
series.5


Interestingly, when the thiazole–piperazine pair was at-
tached to the para-position of the distal phenyl, the
resulting mixture of compounds (13, Ki: 3.5 nM against
Cat K) turned out to be about 4-fold less potent than the
meta-substituted analogue with a poorer overall PK
profile, illustrated by its higher clearance (114 ml/kg/
min, Table 2). To our surprise, the mixture 13 showed

only a 3.4-fold shift between enzyme and cellular assay
values.


In order to explore how far away the basic nitrogen9


could be placed without affecting potency, we synthe-
sized compound 15. We have found that this one carbon
homologation rendered the molecule slightly less potent
against Cat K (4.8 nM), possibly due to a combination
of the size and a certain loss of rigidity of the terminal
portion at which the basic nitrogen is attached.


In summary, we have shown that the insertion of a thi-
azole moiety between the piperazine and the distal phen-
yl ring of the biaryl structure 1 enabled us to synthesize a
series of more potent and selective Cat K inhibitors in
enzyme and, many instances, more potent in bone
resorption assay as well. Preliminary pharmacokinetic
evaluation of the enantiomeric mixture 12 in rat demon-
strated that members of this series could be suitable can-
didates to develop new orally active therapeutic agents
for the treatment of osteoporosis.
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Abstract—On the basis of potent anti-HCV activity of 2 0-C-methyladenosine, novel 2 0-C-hydroxymethyladenosine analogues 2a–c
were synthesized from DD-ribose in order to lead to favorable interaction with HCV polymerase. Among compounds tested, aden-
osine derivative 2a exhibited potent anti-HCV activity, indicating that the hydroxyl group of 2 0-C-hydroxymethyl substituent led
to favorable interaction with HCV polymerase.
� 2006 Elsevier Ltd. All rights reserved.

Hepatitis C is a viral disease which afflicts an estimated
170 million people worldwide.1 Hepatitis C virus (HCV)
was identified in 1989 as the major pathogen responsible
for post-transfusion non-A and non-B hepatitis.2


Chronic infection with HCV can be developed as lethal
liver diseases such as liver cirrhosis and hepatocellular
carcinoma.3


However, effective therapeutics are still not available for
the treatment of HCV-infected individuals although
immunotherapy using recombinant interferon-a in com-
bination with ribavirin is being clinically used.4


HCV belongs to RNA virus with a single strand RNA
genome encoding a 3000 amino acid polyprotein which
is processed into several viral proteins,5,6 including the
NS5b RNA dependent RNA polymerase.7 This enzyme
is essential for viral replication and has been a valid anti-
viral target for the development of new anti-HCV
agents.


A number of nucleoside and non-nucleoside derivatives
have been synthesized and tested for anti-HCV activity.8


Among these, 2 0-C-methyladenosine (1) emerged as one
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of the most potent inhibitors (EC50 = 0.3 lM) in a cell-
based HCV replicon assay (Fig. 1).9 Its guanosine9


and cytidine10 analogues also exhibited potent anti-
HCV activity in the same assay system. These
nucleosides are incorporated into proviral RNA like a
substrate chain after being converted to their correspond-
ing triphosphates and act as chain-terminators because
2 0-methyl group prevents subsequent incorporation of
incoming nucleoside triphosphate (NTP).11


On the basis of these findings, we designed the 2 0-C-hy-
droxymethyl analogues 2, which put the additional
hydroxyl group to 2 0-C-methyladenosine 1, to expect
the favorable electronic effect, in addition to the desired
steric effect by 2 0-C-hydroxymethyl group on the inter-
action with HCV polymerase (Fig. 1). While synthesiz-
ing the target nucleosides, we encountered that the
electronic effect was more dominant factor than the ste-
ric effect in the glycosylation to obtain b-nucleosides.
Herein, we report the synthesis of 2 0-C-hydroxymethyl-
adenosine derivatives (2a–c) as anti-HCV agents and
their related interesting sugar chemistry.


Our initial synthetic approach was to synthesize the gly-
cosyl donor 5 and then to condense with nucleobase, as
shown in Scheme 1.


DD-Ribose was treated with acetone and catalytic amount
of sulfuric acid to give the acetonide 3. Compound 3
was subjected to the aldol condensation to give the
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Figure 1. The rationale for the design of the target nucleosides.
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2-hydroxymethyl derivative 4 as a single stereoisomer,12


which was peracetylated to give the glycosyl donor 5. As
a model study, the glycosyl donor 5 was condensed with

Scheme 1. Reagents and conditions: (a) acetone, concd H2SO4, rt, 2.5 h; (b)


Scheme 2. Reagents and conditions: (a) i. n-Bu2SnO, toluene, reflux, 15 h; ii.


(NH4)2SO4, HMDS; ii. TMSOTf, ClCH2CH2Cl, overnight; (d) 3 N HCl/TH

silylated thymine in the presence of trimethylsilyl triflu-
oromethane sulfonate (TMSOTf) as a Lewis acid to give
the a-anomer 6 with trace amounts of its b-anomer. In
this glycosylation, the neighboring group effect by the
C2 acetoxymethyl group was found to be more domi-
nant than the steric effect by 2,3-acetonide.


In order to avoid the exclusive formation of a-anomer
through the neighboring group effect by 2-C-acetoxy-
methyl group, 2-C-hydroxymethyl group was converted
to the 2-C-benzyloxymethyl group, as shown in
Scheme 2. The benzyl group was selectively introduced
at the primary hydroxyl group of 4 using organotin
chemistry13 to give the dibenzyl ether 7 as an anomeric
mixture. Compound 7 was acetylated to give another
glycosyl donor 8. However, condensation of 8 with
silylated thymine also afforded the a-anomer 9a as a
major product, indicating that 2-C-benzyloxymethyl

CH2O, K2CO3, MeOH, reflux, 4 d; (c) Ac2O, DMAP, NEt3, rt, 5 h.


n-Bu4NI, BnBr, 100 �C, 15 h; (b) Ac2O, pyridine, rt, 8 h; (c) i. thymine,


F (1:1), rt, 1 d; (e) Ac2O, Et3N DMAP, CH2Cl2, rt, 3 h.







Scheme 3. Reagents and conditions: (a) i. 6-chloropurine, (NH4)2SO4,


HMDS, 160 �C, overnight; ii. TMSOTf, ClCH2CH2Cl; (b) NaOMe,


MeOH, 1 h.
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group is more dominant than 2,3-acetonide from the
viewpoint of stereoelectronic effect. Thus, we decided
to synthesize the glycosyl donor 11 whose C2 hydroxyl
group was protected with acetyl group, for the exclusive
formation of the b-anomer by neighboring group partic-
ipation of the C2 acyl group.


Treatment of 7 with 3 N HCl in THF under reflux for
1 d afforded inseparable anomeric mixture of 10, which
was decomposed when the reaction mixture was evapo-
rated without complete neutralization. Treatment of
compound 10 with acetic anhydride in the presence of
DMAP and triethylamine gave 11a (a-anomer, 55%)
and 11b (b-anomer, 40%), after purification by silica
gel column chromatography. Anomeric configuration
of 11a and 11b were readily assigned by 1H NOE. The
NOE effect (2.94%) was observed between the anomeric
proton of 11a and its methylene protons of 2-CH2OBn,
indicating a-anomer, while no NOE was observed on
the same experiment in the case of 11b, resulting in
b-anomer.


Condensation of the acetate, 11a or 11b with persilylat-
ed 6-chloropurine under Vorbruggen conditions using
TMSOTf yielded the same b-anomer 12 as a single iso-
mer, through the neighboring group effect, as expected
(Scheme 3). Interestingly, compound 11a was rather
unreactive toward condensation with 6-chloropurine,
when compared with compound 11b. In case of 11b,
condensation reaction was completed in 4 h at room
temperature, whereas compound 11a required higher
temperature (50 �C). Treatment of 12 with sodium meth-
oxide gave the desired product 13a and small amounts
of 6-methoxy compound 13b. The stereochemistry of
compounds 12 was established by 1H NOE experiments.
Irradiation on anomeric proton in 12 gave a NOE
(1.26%) on the 4 0-proton, indicating the b-anomer.


The final nucleosides 2a–c were synthesized from the key
intermediate 13a (Scheme 4).


A solution of 13a in methanolic ammonia was heated at
80 �C in a glass bomb for 1 d to give the adenine deriv-
ative 14 in 85% yield. Compound 13a was converted to
N6-methyladenine derivatives 15 (97%) by heating with
40% aqueous methylamine in methanol. Compound
13a was also converted to the hypoxanthine analogue
16 by treatment with 2-mercaptoethanol and sodium
methoxide in methanol under reflux in 78% yield. It is
known that compound 13a was generally converted to
16 via the unstable intermediate 17a, but thioketal 17b
was also formed as a stable minor adduct, as shown in
Scheme 5.


The thioketal 17b was desulfurized to give the same
compound 16 by treating with mercuric chloride and
potassium acetate in acetic acid.14 Treatment of com-
pounds 14–16 with palladium black in 50% formic acid
in methanol afforded the final nucleosides 2a–c,15


respectively.


All synthesized compounds were tested for anti-HCV
activity using an in vitro assay system that is suitable

for monitoring anti-HCV activities of compounds. This
system is composed of a human hepatocarcinoma cell
line (Huh-7) supporting multiplication of a HCV repli-
con named NK-R2AN. This replicon consists of the 5 0


nontranslated region (5 0NTR) and 3 0NTR, which are re-
quired for replication of viral RNA, a selection marker
gene neomycin phosphotransferase II and a reporter
Renilla luciferase under the control of the HCV internal
ribosomal entry site (IRES), and the HCV sequence
encoding nonstructural proteins (NS3, 4a, 4b, 5a, and
5b) under the control of the encephalomyocarditis virus
(EMCV) IRES. Antiviral activities of compounds are
reflected by the reduction of Renilla luciferase activity
in the Huh-7 cells. Among compounds tested,
compound 2a exhibited potent anti-HCV activity. Com-
pound 2a inhibited the replication of the replicon
NK-R2AN in Huh-7 cells by 50% at 10 lM concentra-
tion. The replication of the replicon was inhibited
by 2% at 1 lM concentration in the same cell line.
However, other nucleosides did not show any significant
antiviral activity.


In summary, on the basis of potent anti-HCV activity of
2 0-C-methyladenosine (1), we have accomplished the
stereoselective synthesis of b-2 0-C-hydroxymethyladeno-







Scheme 4. Reagents and conditions: (a) NH3/MeOH, 80 �C, 1 d; (b) 40% CH3NH2 in H2O, MeOH, 80 �C, 1 h; (c) 2-mercaptoethanol, NaOMe,


MeOH, 20 h; (d) Pd/black, 50% HCOOH in MeOH, 50 �C, 5 h.


Scheme 5. Reagents and conditions: (a) 2-mercaptoethanol, NaOMe, MeOH; (b) HgCl2, AcOH, KOAc, reflux, overnight.


B. N. Yoo et al. / Bioorg. Med. Chem. Lett. 16 (2006) 4190–4194 4193

sine derivatives from DD-ribose, utilizing a neighboring
group effect. During the glycosylation, the electronic ef-
fect by acetyl group proved to be more dominant factor
than the steric effect by CH2OBn or isopropylidene
group and CH2OBn side chain had more impact than
isopropylidene group in view of steric effect. Among
compounds synthesized, adenosine derivative 2a exhibit-
ed potent anti-HCV activity, indicating that the hydrox-

yl group of 2 0-C-hydroxymethyl side chain might have
favorable interaction with HCV polymerase.
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8.61 (s, 1H, H-8); 13C NMR (CD3OD, 100 MHz) d 32.07,
42.31, 61.46,62.34, 69.50, 69.66, 70.57, 74.64, 74.70, 81.51,
82.86, 91.92, 128.77, 128.87, 128.97, 129.00, 129.30,
129.70, 132.19, 138.26, 139.44, 144.64, 149.41, 152.84,
161.74; To a solution of 17b (40.0 mg, 0.065 mmol) in
glacial acetic acid (2.5 mL) was added quickly a warm
solution of mercuric chloride (21.6 mg, 0.08 mmol) in
AcOH (1.3 mL) followed by potassium acetate in acetic
acid (1.4 mL). After heating overnight, the hot solution
was filtered and the precipitate was washed with diethyl
ether. The reaction mixture was evaporated under reduced
pressure and the residue was purified by flash silica gel
column chromatography (CH2Cl2/MeOH = 100:1! 30:1)
to give 16 (20.5 mg, 66%) as a colorless solid.


15. Compound 2a: a white solid; mp 201.8–203.3 �C; MS
(FAB) m/z 298.0 (M+H+); UV (MeOH) kmax 259.5 nm;
½a�25


D �23.81� (c 0.67, MeOH); 1H NMR (CD3OD,
400 MHz) d 3.24 (d, 1H, J = 11.6 Hz, 20-hydroxymethyl
CHa), 3.47 (d, 1H, J = 11.6 Hz, 20-hydroxymethyl CHb),
3.90 (dd, 1H, J = 12.4 Hz and 2.8 Hz, 5 0-CHa), 4.05 (dd,
1H, J = 12.4 Hz and 2.0 Hz, 5 0-CHb), 4.09–4.12 (m, 1H,
40-H), 4.51 (d, 1H, J = 9.2 Hz, 3 0-H), 6.15 (s, 1H, 1 0-H),
8.18 (s, 1H, H-2), 8.46 (s, 1H, H-8); 13C NMR (CD3OD,
100 MHz) d 61.35, 63.63, 69.94, 82.20, 84.40, 92.74,
120.29, 142.38, 150.35, 153.45, 157.31. Anal. Calcd for
C11H15N5O5: C, 44.44; H, 5.09; N, 23.56. Found: C, 44.69;
H, 5.48; N, 23.74. Compound 2b: a white solid; mp 147.0–
164.5 �C; MS (FAB) m/z 312.2 (M++1); UV (MeOH) kmax


265.0 nm; ½a�25
D �28.18� (c 2.02, MeOH); 1H NMR


(CD3OD, 400 MHz) d 3.07 (br s, 3H, N-CH3), 3.17 (d,
1H, J = 12.0 Hz, 2 0-hydroxymethyl CHa), 3.42 (d, 1H,
J = 12.0 Hz, 2 0-hydroxymethyl CHb), 3.85 (dd, 1H,
J = 12.8 Hz and 3.6 Hz, 5 0-CHa), 4.00 (dd, 1H,
J = 12.8 Hz and 1.6 Hz, 5 0-CHb), 4.04–4.08 (m, 1H, 4 0-
H), 4.46 (d, 1H, J = 8.8 Hz, 30-H), 6.09 (s, 1H, 1 0-H), 8.19
(s, 1H, H-2), 8.36 (s, 1H, H-8); 13C NMR (CD3OD,
100 MHz) 49.01, 61.37, 63.73, 70.02, 82.20, 84.42, 92.82,
120.51, 141.72, 150.55, 153.72, 157.56. Anal. Calcd for
C12H17N5O5: C, 46.30; H, 5.50; N, 22.50. Found: C, 46.07;
H, 5.74; N, 22.20. Compound 2c: a white solid; mp 173.5–
199.7 �C; MS (FAB) m/z 298.8 (M+H+); UV (MeOH)
kmax 249.5 nm; ½a�25


D �18.79� (c 2.29, MeOH); 1H NMR
(CD3OD, 400 MHz) d 3.25 (d, 1H, J = 11.6 Hz, 20-
hydroxymethyl CHa), 3.44 (d, 1H, J = 11.6 Hz, 20-hy-
droxymethyl CHb), 3.84 (dd, 1H, J = 12.4 Hz and
3.2 Hz,5 0-CHa), 3.98 (dd, 1H, J = 12.4 Hz and 2.4 Hz,
50-CHb), 4.02–4.06 (m, 1H, 4 0-H), 4.45 (d, 1H, J = 9.2 Hz,
30-H), 6.12 (s, 1H, 10-H), 8.00 (s, 1H, H-2), 8.42 (s, 1H, H-
8); 13C NMR (CD3OD, 100 MHz) d 61.30, 63.48, 69.84,
82.11, 84.37, 92.31, 125.36, 141.56, 146.81, 149.89, 159.22.
Anal. Calcd for C11H14N4O6: C, 44.30; H, 4.73; N, 18.79.
Found: C, 44.14; H, 5.13; N, 18.72.
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Abstract—A series of tetrahydroisoquinoline-N-phenylamide derivatives were designed, synthesized, and tested for their relative
binding affinity and antagonistic activity against androgen receptor (AR). Compound 1b (relative binding affinity, RBA = 6.4)
and 1h (RBA = 12.6) showed higher binding affinity than flutamide (RBA = 1), a potent AR antagonist. These two compounds also
exerted optimal antagonistic activity against AR in reporter assays. The derivatives were also tested for their activities against anoth-
er nuclear receptor, farnesoid x receptor (FXR), with most compounds acting as weak antagonists, however, compound 1h behaved
as a FXR agonist with activity slightly less than that of chenodeoxycholic acid (CDCA), a natural FXR agonist.
� 2006 Published by Elsevier Ltd.

Nuclear receptors act as transcription factors to modu-
late transcription actions of target genes involved in
maintenance of cellular phenotypes, metabolism, and
cell proliferation, through homodimerizing or heterodi-
merizing with other nuclear receptors. Currently, there
are more than 30 members in the nuclear receptor super-
family.1 Most of these receptors exert their functions by
ligand-activation and they usually contains six function-
al domains (A–F), including the first transcription acti-
vation domain (AF-1, A/B), DNA binding domain
(C), hinge domain (D), and the second transcription
activation domain (AF-2, E/F), also referred to as the li-
gand binding domain. Because of their importance in
many diseases, including breast cancer, prostate cancer,
and diabetes, they are viewed as potential targets for the
development of specific therapeutic agents.


Androgens are steroid hormones that are responsible for
the cellular proliferation and differentiation of male sex-
ual organs and secondary sexual characteristics, and
their action is mainly exerted through a nuclear recep-
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tor, androgen receptor (AR).2 Androgen exerts its effects
via a genomic mechanism in which androgen passively
enters the target cells and binds to AR in the cyto-
plasm.3 The androgen/AR complex translocates into
the nucleus. In the nucleus, the AR complex dimerizes
and binds to the promoter region of the androgen-regu-
lated gene to initiate the transcription action and en-
hance the production of androgen-regulated proteins
such as PSA, Bcl-2, and maspin.4–6 Prostate cancer is
the most common type of non-skin cancer and the sec-
ond leading cause of cancer death in American men.
In the early stage of prostate cancer, its growth highly
relies on androgen, and the use of androgen deprivation
therapy can significantly slow down the tumor growth.
Numerous compounds that act as AR agonists like
R1881, or antagonists like flutamide, nilutamide, cyp-
eroterone acetate(CPA), and bicalutamide, have been
developed.7 Although flutamide has been used as a first
line adjuvant monotherapy against prostate cancer for
more than two decades, most patients who took flutam-
ide eventually encounter a resistant stage.8 Thus, there is
an urgent need to develop new antiandrogens.


Farnesoid x receptor (FXR) is also a member of the
nuclear receptor superfamily whose endogenous ligands
have been identified as numerous bile acids, including
chenodeoxycholic acid (CDCA), CA, and DCA.9 The
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action of FXR is through heterodimerizing with another
novel nuclear receptor, retinoid x receptor (RXR), to
regulate the transcription of many essential genes
involved in bile acid metabolism, including small hetero-
dimer partner 1 (SHP), cholesterol 7a hydroxylase
(CYP7A1), and bile salt export pump (BSEP).10–12


Because these genes, which are regulated by FXR, are
involved in bile acid related diseases, FXR modulators
are viewed as potential treatments for bile acid and cho-
lesterol homeostasis diseases including cardiovascular
and lipid metabolism.


Most nonsteroidal antiandrogens, such as hydroxyfluta-
mide, contain two structural moieties, a nitro (or a cya-
no) group at the phenyl ring (A ring) of the core scaffold
that mimics the 3-carbonyl group of steroidal androgen,
like R1881, and a hydrogen-bond donor moiety, such as
a hydroxyl group, that mimics the 17b-hydroxyl group
of R1881 (Fig. 1a).


In this study, we report a new core scaffold, 1,2,3,4-
tetrahydroisoquinoline-N-phenylamide, as potential AR/
FXR modulating ligand. The hydroxymethyl substitu-
ent at the 3 position mimics the important moiety of
flutamide as shown in Fig. 1b. The phenylamide substi-
tuent might locate within helices 5 and 11 of AR to
make extra protein interactions. Based on the core scaf-
fold, we have generated derivatives by substituting var-
ious hydrophobic or hydrophilic substituents on the
additional phenylamide group. Additionally, our core
scaffold also superimposes closely with the steroid core
scaffold of FXR native ligands, such as CDCA. We test-
ed these compounds for both AR and FXR modulation.
Our goal is to determine whether any of the new com-
pounds is capable of serving as a lead pharmacophore
for the development of AR and FXR modulators.


Compounds 1a–2b were synthesized by mixing commer-
cial benzoic acid or phenyl acetic acid derivatives, (S)-
(�)-1,2,3,4-tetrahydro-3-isoquinoline methanol, 1-
hydroxybenzotriazole hydrate (HOBT), and 1-(3-(dim-
ethylamino)propyl)-3-ethyl-carbodiimide) hydrochloride
(DEC), and allowed to react overnight under nitrogen
gas, as shown in Scheme 1. Table 1 summarizes the rel-
ative binding affinity of compounds 1a–2b. The fluores-
cence-based competitive binding assay purchased from
Panvera (Madison WI) utilizes a synthetic androgen
with high fluorescence polarization property when it
binds to AR and recombinant AR ligand binding do-
main fused with GST. After the individual binding affin-
ity is determined, it is further calculated as relative
binding affinity with flutamide as standard comparison
and CPA as a reference. All the compounds exhibited
higher binding affinity than flutamide with both 1h
and 2b showing 12-fold higher binding affinity. Howev-
er, all the compounds showed weaker binding affinity
than CPA.


The ligand binding pocket of AR consists of three essen-
tial hydrogen bonding areas for interaction between a
AR modulator and AR LBD. This includes Arg 752
of helix 5 and Gln 711 of helix 3; Asn 705 of helix 3
and Thr 877 of helix 11.13 Apart from these residues,

the bound modulator is surrounded by hydrophobic res-
idues. Most antiandrogens like flutamide and bicaluta-
mide bind to AR LBD with two hydrogen-bond
interactions between the nitro or cyano group at the 4
position of the A ring with Arg 752 and Gln 711, and
between the hydroxyl group mimicking 17b-hydroxyl
group of R1881 and Asn 705. Interestingly, even though
our compounds do not contain a hydrogen-bond accep-
tor on the A ring, they still bind to AR with moderate
binding affinity. This is likely due to potential hydro-
gen-bond interaction between the 3-hydroxymethyl
group and the side chain of Asn 705 or the amide
backbone of Leu 704. This is consistent with the fact
that our core scaffold and hydroxyflutamide superim-
pose well in the 3-hydroxymethyl-1,2,3,4-tetrahydroiso-
quinoline structural portion where the latter has been
observed to interact with the protein. On the other hand,
these compounds could adopt a different orientation
such that the D ring may reside within helix 3 and helix
5, allowing the substituted hydrophilic groups on the D
ring to interact with Arg 752 and Gln 711, similar to the
A ring of flutamide. The structure–activity relationship
of flutamide and bicalutamide derivatives demonstrates
that compounds with cyano or nitro substitution on
the A ring have optimal binding affinity, which is at least
10-fold higher than those with fluoro or hydroxyl substi-
tuent.14 If our compounds adopt the latter orientation
mentioned above, they should not be expected to exert
better binding affinity than flutamide because of lack
of a cyano or nitro substituent. In addition, the binding
orientation would also abolish the potential hydrogen-
bond interaction with Asn 705, which is known to be
critical for increased binding affinity. However, since
our compounds show higher binding affinity than
flutamide, they are unlikely to assume the latter orienta-
tion. Crystallographic studies of the compounds/AR
LBD complexes should throw light on the binding mode
of this new scaffold.


To evaluate the agonist and antagonist activities of these
compounds, a transient transfection reporter assay in
HepG2 cells was employed. Generally, HepG2 cells were
transfected with three plasmids by using Superfect trans-
fection kit (Qiagen, CA) including hAR expression plas-
mid pcDNA-hAR, a luciferase reporter plasmid
containing androgen receptor response element pGL3-
ARE-E4, and a normalization control, b-galactosidase
reporter plasmid, pCMVb (Clontech, CA). For compar-
ison, DMSO for androgenic activity and flutamide for
antiandrogenic activity were used as standard reference.
The antiandrogenic activity of compounds 1a–2b is
shown in Fig. 2. Essentially, the compounds did not
exhibit obvious androgenic effects when compared with
DMSO and R1881 (data not shown). However, com-
pound, 1b (relative luciferase activity, RLA = 0.61 of
R1881 effects) and 1h (RLA = 0.62 of R1881 effects)
exerted optimal antiandrogenic activity against hAR,
with activity slightly less than flutamide’s (RLA = 0.55
of R1881 effects). For the rest of the compounds, 1c
and 1g acted as weak antiandrogens. Based upon these
results, it seems that enhancement of antiandrogenic
activity could be achieved by substituting hydrophilic
and hydrophobic groups on the D ring to increase the







a


b


Figure 1. (a) Chemical structures of hydroxyflutamide and R1881. (b) Superimposition of 3-D structures of (S)-(3-(hydroxymethyl)-3,4-


dihydroisoquinolin-2(1H)-yl)(phenyl)methanone and flutamide. The core structure of flutamide is shown in yellow. These structures and the figures


were generated with Sybyl 7.0.


Scheme 1. Synthesis of compounds 1a–2b, a: DEC, HOBT, DMF.
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number of favorable interactions with helices 7 and 11 in
the AR ligand binding pocket.


Since hAR mutation is one of the important factors for
antiandrogen-resistant symptoms discovered in ad-
vanced prostate cancer patients, we also employed the
transient transfection reporter assay in the prostate can-
cer cell line, LNCaP cells, expressing a novel mutant
hART877A.15 Several antiandrogens and hormones
have been reported to exert agonistic effects against mu-

tant hART877A in hydroxyflutamide-resistant prostate
cancer patients. These compounds showed either antag-
onistic or null activity against wild type AR. Although
compounds 1b and 1h showed moderate antagonistic
without agonistic effects against wild type hAR, it is
important to find out whether these compounds have
potential to behave as androgenic agents against this
mutant. In our results not shown here, R1881 is able
to exert significant agonism activity against mutant
hART877A, however, compounds 1b and 1h did not







Table 1. Fluorescence polarization competitive binding assay with recombinant AR protein


Compound n R Relative biding affinity


1a 0 20,3 0-CH3 6.8


1b 0 30,5 0-CH3 6.4


1c 0 30,5 0-F 3.9


1d 0 30-F,2 0-CH3 2.9


1e 0 30-F,4 0-CH3 5.1


1f 0 30-OH,4 0-CH3 2.3


1g 0 30,4 0-OH 6.8


1h 0 40-CH2–(CF3)2(OH) 12.6


2a 1 30,5 0-CF3 6.4


2b 1 30-F,4 0-OH 13.4


Flutamide 1


CPA 150


AR binding: The polarization values versus test molecule concentration curves were analyzed by nonlinear least-squares curve fitting in the graphfit


software and generated IC50 value. The IC50 value was further converted to relative binding affinity (RBA) by using flutamide’s IC50 as a standard.


The RBA value of each test molecule was quantified as RBA = IC50 of flutamide/IC50 of test molecule.
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Figure 2. Transient transfection reporter assay in HepG2 cells. AR


antagonistic effect was determined by the ARE-driven transactivation


luciferase activity in the presence of 0.5 nM R1881. The relative


luciferase activity was quantified as RLA of 5 lM tested compound/


RLA of 0.5 nM R1881. The RLA data represent means ± SD for three


determinations.
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show any obvious agonistic effects compared with the
vehicle, DMSO.


Since compounds 1b and 1h possessed optimal antian-
drogen activity, further modeling with InsightII pro-
gram was undertaken to elucidate their potential
binding modes. The lack of a cyano or nitro group on
the A ring of compound 1b precludes it from interacting

with Arg 752 like other novel antiandrogens. On the
other hand, the hydroxymethyl group on the 3 position
of compound 1b can mimic the hydroxyl group of
hydroxyflutamide making hydrogen-bond interaction
with the backbone of Leu 704 or the side chain of Asn
705, and as mentioned previously, this hydrogen-bond
interaction could compensate for the lack of hydrogen-
bond interaction with Arg 752. In addition, the dimeth-
yl-substituted D ring of compound 1b may insert into a
small hydrophobic pocket formed by the residues, Leu
873, Phe 876, Ile 899, and Thr 877. As previously point-
ed out, the hydroxyl group on the A ring of compound
1h is less favored to bind to AR compared with the nitro
and cyano groups on the A ring of hydroxyflutamide.
Alternatively, it should be favored to interact with Thr
877. Apart from the terminal hydroxyl group, com-
pound 1h also contains fluoro groups that may enhance
binding by interacting with Thr 877. The importance of
the hydroxymethyl group on the 3 position of com-
pound 1h was further demonstrated by synthesizing a
compound with similar structure but lacking this moie-
ty. This modified compound did not show any signifi-
cant antiandrogenic effects (RLA = 98%, data not
shown here) as well as exerted reduced binding affinity
to AR when compared with compound 1h.


FXR is another member of nuclear receptor superfamily
and its native ligands are bile acids, such as CDCA (che-
nodeoxycholic acid) with a steroidal skeleton and a car-
boxylate moiety at the 24 position. Our compound 1h
possesses a structural similarity to TO91317, a novel liv-
er x receptor (LXR) agonist, which is known to act as a
FXR agonist.16 We therefore tested them against FXR.
For agonist and antagonist activities against FXR, a
transient transfection reporter assay in HepG2 cells
was employed. The HepG2 cells were transfected with
three plasmids including hFXR LBD expression
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Figure 3. Mammalian one-hybrid assay of ligand-mediated transacti-


vation of FXR in HepG2 cells. FXR agonistic effect was determined by


GAL4/FXR LBD-driven transactivation luciferase activity. The rela-


tive luciferase activity was quantified as RLA of 10 lM tested


compound/RLA of DMSO. The RLA data represent means ± SD


for three determinations.
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Figure 4. Mammalian one-hybrid assay of ligand-mediated transacti-


vation of FXR in HepG2 cells. FXR antagonistic effect was


determined by GAL4/FXR LBD-driven transactivation luciferase


activity in the presence of 10 lM CDCA. The relative luciferase


activity was quantified as RLA of 10 lM tested compound/RLA of


10 lM CDCA. The RLA data represent means ± SD for three


determinations.
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plasmid pGal-hFXR LBD that is generated by subclon-
ing the cDNA of hFXR LBD, produced by PCR meth-
od, into pBIND vector (Promega, WI) and fusing the
hFXR LBD to the C-terminus of Gal4 DNA binding
domain, a luciferase reporter plasmid containing repeat-
ed Gal4 response element pG5-Luc (Promega, WI), and
a normalization control, b-galactosidase reporter plas-
mid pCMVb. The compounds, CDCA and T091317,
both agonists, and guggulsterone, a novel FXR antago-
nist, were used as the standard reference for compari-
son.17 Only compound 1h (RLA = 1.55 of vehicle,
DMSO effects) showed moderate agonist activity as
shown in Fig. 3, with activity less than CDCA
(RLA = 1.77 of DMSO effects) and TO91317
(RLA = 2.05 of DMSO effects) at 10 lM. The other
tested compounds did not exert any significant agonistic
effect against FXR (data not shown).


Fig. 4 shows the antagonist activity of these compounds
at 10 lM, with similar activity as guggulsterone. Com-
pound 1e is the most potent antagonist among them.
The crystal structure of rat FXR LBD complexed with
CDCA reveals three main hydrogen-bond interactions:
(1) the 3a-hydroxyl group of CDCA orients toward he-
lix 11 of FXR LBD to make hydrogen-bond interaction
with His 444 and Trp 466; (2) the 7a-hydroxyl group
interacts with Y366; and (3) the 24-carboxyl group
serves as a hydrogen-bond acceptor for Arg 328 (Arg
335 of human FXR) of helix 5.18 In addition to these
residues, there are other residues in the ligand pocket
of FXR with potential hydrophobic interactions. Struc-
ture–activity relationship studies of CDCA derivative
agonists suggest that among these hydrogen-bond inter-
actions, the one between the 24-carboxyl group of
CDCA and Arg 328 of helix 5 plays the most essential
role in the agonistic effects of these compounds. On
the other hand, it was proposed that the 3b, 7b as well

as 12b-hydroxyl substituents on CDCA are not critical
for the FXR activation.19 For the putative binding
mode of our compounds, we suggest that the com-
pounds shown here might have two possible orienta-
tions, with the D ring either mimicking the A ring or
D ring of CDCA. Since compounds 1a–2b (except for
1h) did not show any agonist but only antagonistic
effects, we hypothesize that they might bind to FXR
LBD by orienting their D ring to interact with helix 11
in the same manner as the A ring of CDCA, allowing
the D ring substituents to make contact with FXR
LBD through hydrophobic or hydrogen-bond interac-
tions. In this orientation, the 3-hydroxymethyl group
on the core scaffold mimics the 12b-hydroxyl group of
CDCA which has been shown not only to diminish the
effects of FXR activation, but to enhance the com-
pound’s binding affinity to FXR, allowing them to act
as competitive inhibitor of FXR.


On the contrary, compound 1h, which contains a similar
moiety found in T0901317 (a mixed FXR and liver x
receptor LXR agonist), might adopt different binding
mode due to its unique agonist effects among this type
of derivative. T0901317 only contains hydrophilic sub-
stituents on one of its phenyl moieties but can still acti-
vate FXR. Compound 1h might bind to FXR in the
same manner as T091317 due to the fact that it shares
similar structural moieties, as well as exerts similar ac-
tions as T091317. T0901317 is also a liver x receptor
(LXR) agonist. Unlike a natural LXR ligand, such as
22R-hydroxyl cholesterol, the A ring of T091317 cannot
make hydrogen-bond interactions with Glu 267 and Arg
305.20 T0901317 binds to LXRb LBD by orienting its
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hydrophilic group toward helix 11 so that its terminal
hydroxyl group makes contact with His 421. However,
in FXR LBD, compound 1h and T0901317 may have
different orientation with their hydrophilic phenyl sub-
stituents, preferably leaning toward helix 5 of FXR
LBD to make contact with Arg 328. Hydrogen-bond
interaction with Arg 328 of helix 5 could be important
for the activation of FXR with CDCA derivatives.
Interestingly, fexarene, a novel non-steroidal FXR ago-
nist does not interact with Arg 335 of human FXR, but
still activates FXR transcription action.21 This result
indicates that the mode of binding and receptor activa-
tion may be more complicated and co-crystal structure
will be required to understand the mode of action of
compound 1h in FXR LBD.


The above studies indicate that the tetrahydroisoquino-
line-N-phenylamide derivatives can exert antagonist ef-
fects against AR, and the 3-hydroxymethyl moiety
might play an essential role in that action. Additionally,
these compounds are also capable of regulating FXR ac-
tion by either competing with CDCA to bind to FXR
LBD or by activating FXR in the same way as
T0901317. Since the structural requirements to develop
AR antagonists and FXR modulators are quite differ-
ent, we believe that we may be able to generate selective
AR and FXR modulators based on further structure–
activity relationship and crystal structure analyses.
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Abstract—Using the hemiasterlin analogs taltobulin (I, HTI-286), II, and III as model compounds, we demonstrate that relaxation-
compensated STD–NMR can be used as an effective tool to efficiently provide a qualitative epitope map for microtubule destabi-
lizing peptides. Due to the disparate relaxation behavior of the protons in these model compounds, it was essential to collect STD
with very short saturation times to render an accurate picture of the binding interaction. The conformation of HTI-286 (I) in com-
plex with the protein was determined from TRNOESY/ROESY experiments and is similar to the X-ray crystal structure conforma-
tion observed for hemiasterlin methyl ester in the absence of protein.
� 2006 Elsevier Ltd. All rights reserved.

Several natural products with antimitotic activity are
currently being evaluated in clinical trials as anticancer
agents. Generally, these compounds can be classified
as either microtubule stabilizing agents such as Taxol�


and its analogs or microtubule destabilizing agents like
the Vinca alkaloids.1 Additional antimitotic compounds
are in preclinical development or clinical trials.2 Taltob-
ulin (I, HTI-286), an analog of the marine natural prod-
uct hemiasterlin,3 is a potent inhibitor of microtubule
formation that has progressed to Phase II clinical trial
for the treatment of cancer.4 Knowledge is increasing
of how HTI-286 and its derivatives inhibit microtubule
formation at the molecular level.5,11 However, addition-
al characterization of the a/b-tubulin–HTI-286 interac-
tion may aid further in the development of inhibitors
that show more potent activity or improved physical
properties.


NMR spectroscopy has been used extensively for prob-
ing protein–ligand interactions. Recently, the satura-
tion-transfer-difference (STD) method has enjoyed a
resurgence in the literature.6 STD experiments rely on
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the transfer of magnetization from a protein, which
has been irradiated for several seconds, to a rapidly
exchanging ligand. Protons from the ligand that have
the closest association with the protein surface, and
therefore contribute strongly to the binding interaction,
should experience the largest amount of magnetization
transfer and in turn the largest signal enhancements.
In theory, STD experiments result in 1D spectra whose
signal intensity is modulated by the proton’s proximity
to the protein in the complex.


Figure 1 shows the structure of HTI-286 (I) and Table 1
lists the STD percentage enhancements for 1 s of satura-
tion. The STD enhancements measured at 1 s saturation
suggest that the aromatic group makes the closest asso-
ciation with the protein, whereas, the tert-butyl (H10),

Figure 1. Structure of HTI-286 (I) showing proton numbering


convention used in this text.
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Figure 2. STD buildup profile, intensity (Io) versus saturation time


(ms) for 200:1 HTI-286:tubulin system. –j– coupled methyl; –d–


alpha; –�– isolated methyl; –m– aromatic protons. Proton numbers


(see Fig. 1) listed on right.


Table 1. Absolute and relative STD transfers for HTI-286-tubulin complex at two saturation frequencies


Saturation time proton number 1 s 0.35 s


Proton type Absolute (%) Relative (%) Absolute (%) Relative (%) T(sel)


2 Aro 1.52 67 0.59 77


3 Aro 1.74 77 0.66 87


1 Aro 2.09 100 0.77 100 650


16 DB 1.29 50 0.53 69


9 Alpha 1.45 69 0.66 40 540


12 Alpha 1.70 61 0.34 78


6 Alpha 2.30 58 0.63 47


7 N–CH3 0.78 49 0.39 51


8 N–CH3 0.78 38 0.35 46 735


13 C–CH3 0.94 50 0.38 50


4 CH3 · 2 0.41 21 0.29 38


5 CH3 · 2 0.45 21 0.30 39


10 CH3 · 3 0.29 16 0.17 22 360


14 CH3 · 2 0.79 24 0.41 53


15 CH3 · 2 0.69 31 0.36 47


Proton type: Aro, aromatic; DB, double bond; Alpha, alpha type p; R-CH3, isolated methyl group; CH3 · 2, gem-dimethyl group; CH3 · 3, tert-butyl


group.
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valine (H14/15), and H4/5 geminal methyl protons have
a significantly diminished interaction with the protein. It
is known from SAR studies that branching at the tert-
butyl correlates with potency of tubulin inhibition,7 a
finding consistent with the 1 s STD measurements.
However, these same studies demonstrate that the aro-
matic group of I can tolerate significant structural
changes while retaining good inhibition of tubulin poly-
merization, and that larger groups at H14/15 and H4/5
lead to less potent analogs.5,7 Indeed, SAR studies show
that the H4/5 gem-dimethyl is a key component neces-
sary for potent activity. This does not correlate with
the 1 s STD results. Furthermore, the 1 s STD enhance-
ments observed for the H13 and H16 protons suggest a
closer interaction than that for H4/5. The SAR, howev-
er, shows the role of the olefin to be more important for
conformational rigidity than for close contact of its
substituents.7


The discrepancies described above prompted us to
examine the STD results more closely. At 1 s irradiation
time, the extent of STD transfer was highly dependent
on the type of proton in the molecule (see Table 1), that
is, the extent of saturation transfer occurs in the follow-
ing order: aromatic protons > alpha protons > non-cou-
pled methyl groups > coupled methyl groups. Yan and
co-workers8 have observed that aromatic protons be-
have differently than methyl protons in STD experi-
ments, and suggest reducing the saturation time in
order to compensate for the large difference in T2 times
between the two groups.


To fully account for the effects of relaxation, STD data
were acquired on I complexed with tubulin at a series of
saturation times (Fig. 2). As shown in Figure 2, the sig-
nal enhancement for the methyl protons (H10, H4/5,
and H14/15) reaches a plateau after just a few hundred
milliseconds of irradiation. Conversely, the aromatic
and alpha protons (H6, H12, and H9) continue to show
a build-up even to a 2 s saturation time. These STD
build-ups correlate well with the T1 selective data (Table
1) for the representative protons.12

The build-up curves show that rapidly relaxing groups,
such as the tert-butyl group, will be underrepresented
and that slowly relaxing protons such as aromatics will
be overrepresented in STD experiments with long satu-
ration times. It would be expected that the best STD
transfer data should come from experiments acquired
at very short saturation times, where all protons exhibit
similar behavior. Indeed, the data collected at 350 ms
display markedly less demarcation according to proton
type (Table 1); however, the experiments required hours
rather than minutes of acquisition in order to build up
sufficient signal intensity for data analysis. When mea-
sured with a 350 ms irradiation, the relaxation-compen-
sated STD values show the aromatic group forming a
close interaction with the protein, and the tert-butyl
group being not in close association with the protein.
These data are consistent with SAR observations that
large pendant groups (see Fig. 3) may be attached in
place of tert-butyl without significant loss in affinity or
activity.7 Importantly the relaxation-compensated STD
data show stronger protein contact for H4/5, C8, H14/
15, H16 and weaker interaction for H6 and H9.
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Additional STD experiments were performed on tubulin
complexes of HTI-286 analogs II and III to probe the
binding interaction. (Fig. 3) II and III were chosen be-
cause they have been used extensively in photoaffinity
labeling and iterative docking studies and bear substitu-
ents that extend several Angstroms from the parent
structure. Yet, each retains good tubulin binding activi-
ty.9,11 In II, the tert-butyl group is extended by addition
of a benzophenone group and in III the phenyl group of
HTI-286 is extended with the addition of a p-benzoyl
group. Data measured with a saturation time of
350 ms on samples containing a 200-fold excess of these
analogs to tubulin showed high STD transfers to the
protons of both phenyl rings. In fact, in II STD transfer
to the distal ring B is higher than that for proximal Ring
A. (Table 2). These observations initially seemed incon-
sistent with the low (22%) STD transfer measured for
the tert-butyl group in I (Table 1), and suggest that
relaxation effects may still be a problem in this system.
However, they may also indicate that the tert-butyl
group of I occupies a spacious cavity. In II the benzo-
phenone group extends to fill the void and as a result
makes closer contact with the protein. The magnitude
of STD transfer suggests that the distal aromatic ring
in II may be p-stacking with an aromatic side chain.
This would explain why the UV-sensitive benzophenone

Table 2. STD transfer at 350 ms saturation time for HTI-286 (I) and


analogs II and III, numbering system same as for HTI-286: well-


resolved protons from the aromatic substituent groups were analyzed


for STD transfer


Proton number STD (%)


HTI-286 (I) 3 77


2 87


1 100


II Ring A 89


Ring B 113


III Ring A 100


Ring B 85


Ring A and B listed in Figure 3.

group of II is both photoreactive with a-tubulin and re-
tains good binding activity.9 The extended aromatic
moiety of III shows very efficient conductivity of magne-
tization (85%), suggesting that it retains good contact
with the protein surface. This correlates with the fact
that III is a good photoprobe.9


Transferred NOESY data (data not shown) were record-
ed and used to calculate the bound conformation of I
when complexed to tubulin.12 Four inter-residue
TRNOE’s between side-chain methyls were observed
and these were used to describe the global fold of the tri-
peptide (TRNOESY peaks which arise as a result of spin
diffusion were identified by acquiring TRROESY data
sets). TRNOE’s were observed between only one of
two valine methyls (H14/15) and the H4 and H5 methyl
groups. These NOE’s were also observed in the absence
of protein indicting that this methyl–methyl interaction
helps stabilize the formation of the biologically active
fold. TRNOESY correlations used in a restrained simu-
lated annealing protocol are shown in Figure 4. This
produced a family of structures of which the lowest
energy conformation is displayed (Fig. 4).


The NMR derived structure for tubulin-bound I resem-
bles the X-ray crystal structure solved for hemiasterlin
methyl ester in the absence of protein,10 with the excep-
tion that the phenyl group of I is rotated about its bond-
ing axis to the backbone by 60� compared to the indole
of hemiasterlin methyl ester (Fig. 4). The barrier to rota-
tion about this bond is expected to be small. The tert-bu-
tyl (H10), methylamine (H8), and N-methyl (H7) groups
are super-imposable. The NMR structure of protein-

Figure 4. (Top) Stereo view of the bound conformation of HTI-286


derived from TRNOESY data coupled with restrained simulated


annealing. The following restraints were applied during the annealing:


C15-C4; C15-C5; C15-C8; C15-C7; C15-H12 and C14-H13. (Bottom)


Superimposition of the NMR derived structure of HTI-286 with the


X-ray crystal structure of hemiasterlin methyl ester.9
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bound I is more folded than the X-ray structure of
hemiasterlin methyl ester. This tightening of the fold is
required so the observed NOE’s between H15 and H4/
5 can be back calculated from the model. The NMR
structure of tubulin-bound I derived by TRNOESY is
similar to that obtained by Ravi et al. via iterative dock-
ing, particularly with regard to the relative orientation
of the H4/5, H10, and H14/15.11


Relaxation-compensated STD–NMR experiments and
TRNOESY/ROESY experiments have been used to
investigate the binding interaction and bound confor-
mation of the antimitotic agent HTI-286 in complex
with tubulin. When measured under short irradiation
time to minimize relaxation effects, the STD data show
that the aromatic group of HTI-286 interacts strongest
with protein. The side-chain protons H4/5, C8, H14/15,
and H16 also interact strongly. The tert-butyl (H10)
shows minimal interaction by NMR. These results
agree well with the binding model developed by Ravi
et al. using iterative docking experiments, photoaffinity
labeling, and structure–activity relationships.11 In this
model, the HTI-286 molecule is bound in a pocket
on the b subunit, proximal to the interdimer interface,
with the phenyl ring p-stacked against the aromatic
side chain of Phe351 of a-tubulin. The tert-butyl group
occupies a spacious cavity in b-tubulin, oriented to-
ward the protein surface but not making close contact
with it.


TRNOESY/ROESY experiments also show that the
bound and unbound conformations of HTI-286 are sim-
ilar with regard to the relative orientation of the gem-di-
methyl, and valine side chain, features seen in the X-ray
structure of hemiasterlin methyl ester as well. Selection
by tubulin of solution conformers of I may contribute
to favorable thermodynamics of binding and care
should be exercised in analog design so as not to disrupt
this solution conformation. Finally, the HTI-286-tubu-
lin system provides a strong example of the deleterious
effects of differential proton relaxation on STD measure-
ments, and could serve as a useful model system for the
development of methods to compensate for the affects of
relaxation in STD experiments.
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Abstract—A large series of alkyl C-glycosides was synthesized from DD-glucal or DD-galactal. These compounds were screened against
the human promyelocytic leukemia cell line (HL60), showing significant activity and apoptosis. Up to 13 C-glucopyranosides, but
no C-galacto- or C-mannopyranosides, exhibited inhibitory concentrations (IC50 values) below 20 lM, five of them in the range
4–8 lM. Preliminary structure–activity relationships were established.
� 2006 Elsevier Ltd. All rights reserved.

β α

Cell surface glycoproteins are known to be active in
numerous important disease states.1 Their carbohydrate
epitopes have been shown to play a central role in a vari-
ety of significant biological events, including inflamma-
tion, metastasis, immune response, and bacterial and
viral infection. This has recently stimulated the develop-
ment of effective therapeutic strategies based upon
recognition of these cell surface carbohydrates. One ap-
proach lies in the replacement of the exocyclic oxygen
with a carbon, to afford C-glycosidic analogs, due to
their increased resistance to degradation by glycosi-
dases. This has led to a wealth of synthetic approaches2


and consequently biological data on C-glycosides have
started to emerge.3


In addition, comparative biological studies have re-
vealed that C-glycosides retain the biological properties
of natural O-glycosides.4


Since glycosylarenes5 (or C-aryl glycosides), 4-keto
unsaturated C-glycosides,6 C-glycoglycerolipids,7 and
unsaturated C-glycosides with an attached ring system
bonded at C-4 and C-6 exhibit diverse biological activi-
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ties,8 including antitumor and antiviral action, the aim
of the present study was to carry out the synthesis of
easily obtained simple C-glycosides and check their
cytotoxic activities.


Among the different methods for the preparation of C-
glycosides,2 the addition of carbon nucleophiles to acti-
vated glycal epoxides has been widely used.9 Therefore,
the C-glycoside derivatives under study were prepared in
three steps: (i) O-alkylation of DD-glucal or DD-galactal; (ii)
epoxidation using dimethyldioxirane in CH2Cl2, accord-
ing to Danishefsky’s protocol;10 and (iii) epoxide
opening with Grignard reagents or diorganocuprates
(Scheme 1).11


Thus, addition of numerous Grignard reagents or diorg-
anocuprates to the 1,2-anhydrosugar led to a mixture of
a- and b-C-glycoside derivatives, the a/b ratio being var-
iable and in most cases favoring the b-isomer. In some
cases, further simple structural modifications were
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Scheme 1. Synthesis of C-gluco- and C-galactopyranosides.



mailto:jtruvaz@ull.es





4224 C. A. Sanhueza et al. / Bioorg. Med. Chem. Lett. 16 (2006) 4223–4227

performed by means of standard chemical transforma-
tions. The stereochemistry of the synthesized C-glyco-
sides (Scheme 1) was established by analyzing the 1H
NMR J1,2 value (b-configuration around 9.5 Hz, a-con-
figuration around 5.8 Hz). Sometimes it was confirmed
by means of the T-ROESY experiments, by observing
the clear crosspeaks involving the pseudo-anomeric pro-
ton H1.


The cytotoxic activity of the whole series was mea-
sured as growth inhibition or decreased viability on
the human promyelocytic leukemia cell line HL60.
Table 1 shows the compounds with a cytotoxic effect,
with their 50% inhibitory concentrations (IC50 values)
below 50 lM. These data were determined by the
MTT assay12 and calculated from at least three inde-
pendent experiments. Schemes 2 and 3 show the
structures of those compounds exhibiting IC50 values
below 20 lM and in the range 20–50 lM,
respectively.


The C-glucopyranosides 1–13 inhibited growth below
20 lM. Compounds 3, 4, 5, and 7 showed IC50 values
around 8.5 lM, while compound 9, the most active
one, exhibited an IC50 of 4.1 lM (Scheme 2). A moder-
ate or low activity was observed for compounds 14–23
(Scheme 3), whereas compounds 24–64, having an IC50


higher than 50 lM, were not active.


Some preliminary structure–activity relationships can
be established. Thus, the present study reveals the
importance of the underivatized hydroxyl group at
C-2 for cytotoxic activity. All compounds having
antiproliferative activity against HL60 cell line below

Table 1. Effects of the C-glycosides on the growth of the HL-60 cell


line


Compound IC50 SD


1 15.1 2.5


2 11.8 3.4


3 8.7 1.5


4 8.4 2.5


5 8.2 5.0


6 11.7 3.9


7 8.5 1.2


8 13.9 4.0


9 4.1 1.1


10 17.2 1.4


11 12.1 0.7


12 12.5 3.4


13 19.3 2.7


14 26.9 0.4


15 31.8 5.7


16 26.3 7.0


17 28.2 3.0


18 39.3 2.9


19 38.5 4.1


20 46.4 3.2


21 20.2 3.7


22 35.3 3.9


23 26.6 1.5


24–64 n.a.a —


a n.a., not active.

20 lM (Scheme 2), except compound 12, possess an
underivatized hydroxyl group at C-2 with an equa-
torial configuration. Compounds with an acetyl,
benzyl, 2-deoxy, etc., group at position 2 showed
a lowering or total loss of activity (Schemes 3
and 4).


Furthermore, the ketone 15, obtained by oxidation of
the alcohol 1 by treatment with dimethylsulfoxide/ace-
tic anhydride, as well as the b-C-mannopyranoside 35,
derived from 15 by reduction with NaBH4 in CH2Cl2/
MeOH (1:1),13 led to a lowering or total loss of activ-
ity. The mannopyranosides 36–39, similarly obtained
from their corresponding glucopyranosides (6–8 and
17) did not show activity either. Therefore, the equato-
rial disposition of the hydroxyl group at position 2,
glucose configuration, seems to be crucial for the inhib-
itory process.
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To test the importance of the configuration at C-4, the
galactopyranoside derivatives 40–43 were analyzed.
Their lack of cytotoxic activity confirms the importance
of having the glucose configuration, as in the C-
mannopyranosides.
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41, C1 α


1
O


OBn
OHBnO


BnO


42, C1 β 
43, C1 α

To test the role of the benzyl groups linked to the
hydroxyl groups at C-3, C-4, and C-6 in cytotoxic
activity, all possible deprotected derivatives of the ac-
tive compound 3 (compounds 21–23 and 44–47) were
synthesized. They were satisfactorily obtained from
compound 3 by partial hydrogenolysis with H2 and
Pd–C as catalyst, when a 90% conversion was
allowed.


O


OR1
OHR2O


R3O 44, R1 = Bn, R2 = H, R3 = H


45, R1 = H, R2 = Bn, R3 = H


46, R1 = H, R2 = H, R3 = Bn


47, R1 = H, R2 = H, R3 = H


As seen in Table 1, only those compounds retaining two


out of three O-benzyl groups (21–23) showed activity,
somewhat lower than their parent compound 3. On
the basis of their IC50 values, the contribution to the
inhibitory effect of 3 on the growth of HL60 was higher
when an O-benzyl group was located at C-4 rather than
at C-3, and at C-3 higher than C-6. Meanwhile, those
having one O-benzyl group or none (44–47) showed
no significant cytotoxic activity. This highlights the con-
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Scheme 2. Structures of C-glycosides with antiproliferative activity against HL60 cell line below 20 lM.
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Scheme 3. Structures of C-glycosides with antiproliferative activity


against HL60 cell line between 20 and 50 lM.
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venience of having the three above-mentioned hydroxyl
groups protected. Furthermore, when these aromatic
groups are changed for methyl, n-butyl, or pentadecyl
(48–51), no cytotoxic activity was observed. Conse-
quently, the benzyl groups at C-3, C-4, and C-6, besides
increasing cell permeability, may favor an aromatic
interaction with the receptor, resulting in increased
binding affinity.14
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Scheme 4. Structures of C-glycosides with no antiproliferative activity again
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Regarding the C-aglycon, the data reveal a preference
for the b equatorial configuration at C-1 to achieve a
growth inhibiting effect. Most of the a axial epimers at
C-1 showed no activity or a lower activity compared
with their b stereoisomer, except for the neopentyl ster-
eoisomers, where the a isomer is cytotoxic (11), and its b
is not (58).


The relationships observed between the cytotoxicity and
the length of the saturated chain of the C-aglycon are
really striking. While the methyl, ethyl, and propyl
3,4,6-tri-O-benzyl b-C-glucopyranosides 4–6 exhibited
cytotoxicity, the corresponding n-butyl (56) and n-pentyl
(57) did not. Regarding their axial epimers at C-1, only
the propyl a-C-glucopyranoside 17 showed some cyto-
toxic activity. Compounds having a branched aglycon,
for example, 7–11, also inhibited cell growth; the b
stereoisomers 7 and 9 to a greater extent than their a
isomers 8 and 10. The neopentyl derivative 11 has the
opposite behavior, as already mentioned.


In addition, an IC50 data comparison between C-glyco-
sides with unsaturated aglycons and their saturated ana-
logs was performed. Thus, compounds 1, 2, and 3
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Figure 1. (a) Fluorescence microscopy of untreated (C) or treated


(compounds 1, 5, and 12) HL60 cells. (b) Percentage of apoptotic cells


determined by quantitative fluorescence microscopy.
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showed higher IC50 values than compounds 6, 5, and 9,
respectively, revealing more potent cytotoxic activity for
C-glycosides with saturated aglycons (Scheme 5).


To test if these C-glucosides induce apoptosis in HL60
leukemia cells, some active compounds were analyzed.
The cells were cultured in absence (C) or presence of
20 lM of the selected compounds for 24 h, then fixed
with PFA, stained with DAPI, and nuclei were visual-
ized using fluorescence microscopy (Fig. 1). The percent-
age of apoptotic cells was determined by quantitative
fluorescence microscopy and the results of a representa-
tive experiment are shown. Each point represents aver-
age ± SE of duplicate determinations.


These data indicate that 3,4,6-tri-O-benzyl b-C-gluco-
sides 1, 5, 7, and 12 induce apoptosis in HL60 cells,
the most potent being compound 12.


In summary, a large series of C-glycosides have been
synthesized and screened against the human promyelo-
cytic leukemia cell line (HL60). Several C-glucopyrano-
sides showed promising antiproliferative and apoptotic
activity against HL60 cells. The preliminary structure–
activity study revealed some structural features related
with the potency of the cytotoxic activity. A b equatorial
configuration at C-1, an underivatized equatorial
hydroxyl group at C-2, and O-benzyl groups at C-3,
C-4, and C-6 led to the highest antiproliferative activity.
However, compound 12 having an acetonide group was
the most apoptotic derivative.


Since compounds which regulate apoptosis and over-
come apoptosis deficiency of cancer cells are of high
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Scheme 5. Structures of C-glycosides without antiproliferative activity


against HL60.

medical significance, further chemical and biochemical
studies are currently under way.
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Abstract—A novel class of 4-substituted-8-(2-phenyl-cyclohexyl)-2,8-diaza-spiro[4.5]decan-1-ones have been discovered and
developed as potent and selective GlyT1 inhibitors. The molecules are devoid of activity at the GlyT2 isoform and display excellent
selectivities against the l opioid receptor as well as the nociceptin/orphanin FQ peptide (NOP) receptor. A novel, straightforward
and efficient synthetic strategy for the assembly of the target molecules is also presented.
� 2006 Elsevier Ltd. All rights reserved.

NMDA receptor hypofunction is suggested to be in-
volved in the pathophysiology of schizophrenia.1 Thus,
therapeutic intervention aimed at increasing NMDA
synaptic tone is expected to show beneficial effect in
schizophrenic patients. As glycine is an obligatory co-
agonist at the NMDA receptor complex,2 one strategy
to achieve this is to inhibit GlyT1: a transporter known
to be co-expressed in the brain with NMDA receptor
and which is responsible for the selective reuptake of
glycine into glial and neuronal cells.3 Strong support
for this approach comes from clinical studies where sar-
cosine, a low potency GlyT1 inhibitor, improved posi-
tive, negative and cognitive symptoms in schizophrenic
patients, when added to risperidone.4


We have recently disclosed the discovery of N-(2-aryl-
cyclohexyl) substituted spiropiperidines 1 ‘triazaspiro
derivatives’ as a novel class of GlyT1 inhibitors, provid-
ing significant detail on the development of a robust
SAR with the key achievement of excellent selectivity

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


doi:10.1016/j.bmcl.2006.05.064
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against the GlyT2 isoform.5 The main liability identified
of this novel class of GlyT1 inhibitors was the very low
selectivity against the l opioid receptor and the modest
selectivity against the nociceptin/orphanin FQ peptide
(NOP) receptor.
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(1'R 2'R or 1'S 2'S)
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Herein we wish to report on the pharmacological profile
of another novel class of compounds 2 which we term
diazaspiropiperidines, with a specific focus on compar-
ing them to their triazaspiropiperidine predecessors 1.
Conceptually, the design of 2 can be considered as sim-
ply replacing the sp2 4-nitrogen atom of the imidazolid-
inone ring in 1 with a sp3 CH.6


Structural information gained from examination of the
X-ray crystal structure of the parent triazaspiropiperi-
dine 1 (Fig. 1) shows that the N-phenyl group lies in a
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Figure 1. X-ray structure of 1.
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plane which is orthogonally oriented to the plane occu-
pied by the piperidine moiety. Some privileged in-house
knowledge suggested that this relative orientation of
these two structural elements could in part explain the
high potency of compound of type 1 at the opioid recep-
tors. We reasoned that replacement of the sp2 nitrogen
atom at position 4 of the imidazolidinone ring with a
sp3 carbon would provide diazaspiropiperidines of type
2 with reduced activity at the opioid receptors since this
chemical mutation is expected to induce a significant
change in the orientation of the C-4 phenyl moiety
(see later). Although this introduces an additional
stereochemical complexity (compared to 1) into the tar-
get molecules, we set out to challenge our hypothesis
since reducing opioid activity was a key improvement
necessary within this general class of molecules.


Pleasingly, the first derivative 2, prepared and tested as a
mixture of four diastereoisomers (1:1:1:1), which albeit
less potent at the target GlyT1, displayed excellent selec-
tivity against NOP and the l opioid receptor (Table 1).
Due to the potential superiority of this new diazaspiro-
piperidine series 3 in comparison to the triazaspiropi-
peridine series 1 (where low nanomolar activity was
recorded for the N-aryl analogues at the l opioid recep-
tor)5b we therefore embarked upon a more detailed
investigation to establish a preliminary SAR for this
novel chemotype.

Table 1. In vitro inhibitory activity at the GlyT1 and the GlyT2


transporters and potency in inhibiting the NOP and l opioid receptors


for compounds 1–3


Compound GlyT1


EC50
a (lM)


GlyT2


EC50
a (lM)


NOP


IC50
b (lM)


l IC50
c


(lM)


15b 0.026 12 6 0.15


2d 0.232 25 >10 3.92


a Radiometric assay using [3H]-glycine.7


b Displacement of [3H]-NOP in membranes prepared from perma-


nently transfected HEK293 cells expressing hNOP receptors.8


c Displacement of [3H]-naloxone in membranes prepared from BHK


cells transiently expressing hl opioid receptors.8


d Mixture of four diastereoisomers (see Table 2).

As was already established for the triazaspiro series 1 we
anticipated that the cis-series (i.e., cis-arrangement at
the cyclohexane junction) would be the most favourable
diastereoisomeric series to focus our efforts upon. This
was quickly substantiated by the separation of the mix-
ture obtained into its composite four enantiomers
(1:1:1:1) by chiral-phase HPLC (Chiralpak AD�). The
assignment of relative configuration was established by
a combination of NMR spectrometry analyses, indepen-
dent synthesis and X-ray crystallographic analyses. Sur-
prisingly, the two most potent derivatives (2b and 2d)
are epimers and display opposite stereochemical config-
uration of the 4-phenyl group. The compounds are list-
ed, in Table 2, with the fastest eluting component
designated 2a and the slowest eluting designated 2d.
The epimers 2a and 2c showed only very weak activity
at GlyT1. In addition, 2b and 2d showed excellent selec-
tivity against NOP and the l opioid receptor, with 2b
also showing excellent selectivity against the GlyT2 iso-
form (Table 2). Unfortunately, it was unclear which was
the most active enantiomer 2d since two stereoisomers
(R,R,S or S,S,R) were potentially the most potent from
this limited dataset.
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We believed that routine measurement of the affinity at
GlyT1 of the (1:1:1:1) diastereoisomeric mixture made
little sense, so where possible we endeavoured to sepa-
rate the single isomers by the implementation of
chiral-phase HPLC (Chiralpak AD�). As can be seen,
at times this was not always possible and Table 3 shows

Table 2. In vitro inhibitory activity at the GlyT1 and the GlyT2


transporters and potency in inhibiting the NOP and l receptors for


compounds 2a–d


Compound GlyT1


EC50
a (lM)


GlyT2


EC50
a (lM)


NOP


IC50
b (lM)


l IC50
c


(lM)


2a 2.83 — — —


2b 0.246d 39.63 >10 >10


2c 2.88 — — 5.48


2d 0.061 — >10 3.49


a Radiometric assay using [3H]-glycine.7


b Displacement of [3H]-NOP in membranes prepared from perma-


nently transfected HEK293 cells expressing hNOP receptors.8


c Displacement of [3H]-naloxone in membranes prepared from BHK


cells transiently expressing hl opioid receptors.8


d X-ray structure solved (R,R,R or S,S,S).







Table 4. In vitro inhibitory activity at the GlyT1 and the GlyT2


transporters and potency in inhibiting the NOP and l receptors for


compounds 11a–d


Compound GlyT1


EC50
a (lM)


GlyT2


EC50
a (lM)


NOP


IC50
b (lM)


l IC50
c


(lM)


11a 1.064 >30 — 1.55


11b 1.296 8.36 — >10


11c 0.036 39.95 >10 6.7


11d 0.043 16.68 >10 1.09


a Radiometric assay using [3H]-glycine.7


b Displacement of [3H]-NOP in membranes prepared from perma-


nently transfected HEK293 cells expressing hNOP receptors.8


c Displacement of [3H]-naloxone in membranes prepared from BHK


cells transiently expressing hl opioid receptors.8


Table 3. In vitro inhibitory activity at the GlyT1 transporter for compounds 2–11


N
H


N


O


R
2


R
1


Compound R1 R2 GlyT1 EC50
a (lM)


a b c d


2 H H 2.83 0.246b 2.88 0.061


3 CF3 F 2.33 0.953 0.129 0.091


4 Me H 0.672c 0.105d


5 Me F 4.78c 0.736d


6 Me 3,4-Di-Cl 0.309c 3.641d


7 Me MeO 1.131 0.502e 16.64


8 F H 0.167 0.204e 0.048


9 F 3,4-Di-Cl 0.232c 0.270 2.19


10 F MeO 0.249f 0.113


11 F F 1.064 1.296 0.036 0.043b


a Radiometric assay using [3H]-glycine.7


b X-ray structure solved.
c Mix of a and b.
d Mix of c and d.
e Mix of b and c.
f Mix of a–c.
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the activity for the single isomers or the mixture of dia-
stereoisomers where appropriate. The compounds are
listed, in table, with the fastest eluting component desig-
nated a and the slowest eluting designated d. Note, that
it was not possible to putatively assign stereochemistry
to each isolated pure enantiomer, since there was no
direct relationship between the order of elution and
the relative stereochemistry. This is described in more
detail below for 2a–d and 11a–d.


As can be seen in Table 3, in general, the SAR closely
parallels that observed from the triazaspiro series 15b


with the bis-4-fluoro-phenyl derivative 11 showing the
best activity. In addition, from all of the substituents
examined at least one active diastereoisomer in the
nanomolar range was identified for each compound.
Overall, the two most interesting pure enantiomers 11c
and 11d [assigned as diastereoisomers (C-4 epimers) as
they show non-identical NMR spectra] showed very
high potency (36 and 43 nM) at the GlyT1 transporter
and also exhibited high selectivity against the GlyT2
transporter. In addition, and in contrast to the triazaspi-
ro series, 11c and 11d were also found to be completely
inactive at the NOP receptor with concomitant good to
excellent selectivities against the l opioid receptor also
demonstrated (Table 4).


We have recently reported a novel synthetic route to
access a range of 4-substituted diazaspiropiperidine
derivatives 12 in racemic form.9 Our methods are based
on a straightforward assembly strategy utilizing the con-
struction of a quaternary centre via enolate addition

chemistry from commercially available ethyl pipecolate
13 (Scheme 1). These novel building blocks were then
transformed into the target molecules through correct
choice of the most efficient synthetic pathways outlined
below. We initially chose to prepare derivatives 2, 4, 8
and 11 as outlined in Scheme 1 where the direct reduc-
tive amination of the diazaspiropiperidine 12 with a
range of 2-arylcyclohexanones 155b proceeded in accept-
able yields to give selectively the desired cis products.
The low yields obtained were mainly due to experimen-
tal difficulties dealing with the excess titanium residues
in the reaction. As a result we sought a more efficient
route for further exploration.


Derivatives 3 and 5–10 were initially prepared using a
similar set of reaction conditions for the preparation
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Scheme 1. Synthesis of 4-substituted-8-(2-phenyl-cyclohexyl)-2,8-diaza-spiro[4.5]decan-1-one 2, 4, 8 and 11. Reagents and conditions: (a) Ti(OiPr)4,


PHMS, THF, rt, 17 h then NaCN(BH3), rt, 3 h, 17–40%.
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of the diazaspiropiperidine derivatives 12 in racemic
form.9 In this case, the piperidine 13 was efficiently con-
densed with the ketone 15 to give exclusively the cis pip-
eridines 16 through reduction of the intermediate
enamine. Enolisation of 16 using freshly prepared
LDA, followed by quenching with a range of b-nitro
alkenes 17, afforded good to excellent yields of the
Michael addition products 18. Subsequent reductive
cyclisation using pressurised hydrogen with Ra-Ni as
catalyst followed by heating resulted in the formation
of the target products 2, 3 and 5–10 in good overall
yields (Scheme 2).


As yet, we have not unequivocally elucidated the abso-
lute stereochemical assignment of the structures 11a–d
during this work. However, we have ascertained their

diastereoisomeric integrity (Fig. 2). Compounds 11a
and 11c (and hence 11b and 11d) are diastereoisomeric
(and enantiomeric) pairs by NMR assignment and as
expected they have equal and opposite optical rotation.
Again, as was earlier observed, the two most potent
derivatives 11c and 11d are not epimers.


The assignment of the diastereoisomeric series was
established by X-ray diffraction with the configuration
assigned for 11d as (S,S,R or R,R,S) (Fig. 3). The
X-ray crystal structure of 11d shows that the right-hand
phenyl group has clearly a different relative orientation
to the piperidine moiety compared to the original triaz-
aspiropiperidine 1. We believed that this conformational
change is responsible for the much improved selectivity
displayed in the new diazaspiropiperidine series and
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Figure 3. X-ray structures of 2b and 11d.
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therefore fully supported our initial hypothesis for
reducing l opioid activity.


In a similar fashion, the diastereoisomeric pairs for 2
were established as 2b,2c and 2a–d. In a future experi-
ment, it is planned to determine the most active enantio-
meric series. This, in principle, could be achieved by
repeating the synthetic sequence (outlined in Scheme 1
step a) this time employing the optically pure (R)-diazas-
piropiperidine 129 and then assigning the final product
by co-eluting with its enantiopode 11a or 11d by chiral
HPLC. The same can potentially be repeated with the
(S)-diazaspiropiperidine 129 followed by subsequent
assignment with 11b or 11c.


In conclusion, replacement of the sp2 nitrogen atom
at the position 4 of the imidazolidinone ring in our
original series 1 with a sp3 carbon gave rise to a
novel and potent class of 4-substituted-8-(2-phenyl-cy-
clohexyl)-2,8-diaza-spiro[4.5]decan-1-one GlyT1 inhibi-
tors. This diazaspiropiperidine series display, as we
had anticipated, high selectivities against the l opioid
and NOP receptors which we believe to be due to a
conformational mismatch within their respective
pharmacophoric spaces. A novel synthetic method
was intentionally designed and developed to access
the target compounds as a (1:1:1:1) mixture of four

diastereoisomers with a cis-arrangement at the
cyclohexane junction. This simplified somewhat the
stereocomplexity by focusing only on two diastereo-
isomeric pairs. In general, the most active
diastereoisomers within the 4-substituted-8-(2-phenyl-
cyclohexyl)-2,8-diaza-spiro[4.5]decan-1-one cannot yet
be assigned. The subsequent paper will describe
further pharmacological properties within this novel
chemotype and we will also describe the development
of another novel class of 4-substituted-8-(2-hydroxy-2-
phenyl-cyclohexyl)-2,8-diaza-spiro[4.5]decan-1-one as
GlyT1 inhibitors.
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Abstract—A series of compounds bearing tetrahydronaphthalene, benzophenone, propiophenone, and related rigid molecular skel-
etons functionalized with thiosemicarbazone or unsaturated carbonyl moieties were prepared by chemical synthesis and evaluated
for their ability to inhibit the enzyme cruzain. As potential treatment agents for Chagas’ disease, three compounds from the group
demonstrate potent inhibition of cruzain with IC50 values of 17, 24, and 80 nM, respectively.
� 2006 Elsevier Ltd. All rights reserved.

American trypanosomiasis or Chagas’ disease is a para-
sitic disease endemic to Latin America where it is a ma-
jor cause of heart disease with 18–20 million people
infected and over a hundred million at risk. It is caused
by infection with the flagellate protozoan Trypanosoma
cruzi, which is transmitted to humans by triatomine vec-
tors (kissing bugs) or through contact with infected
blood.1 At the present time, the two clinically accepted
drugs, nifurtimox and benznidazole, are associated with
toxicity and a poor therapeutic index for the chronic
form of the disease. The urgent need for an effective
therapy against Chagas’ disease has stimulated the
search for a suitable drug target in the parasite. The pri-
mary cysteine protease, cruzain or cruzipain, is essential
for infection of host cells, replication, and metabolism
throughout the life cycle of the T. cruzi parasite.2 Several
compounds that block the action of cruzain have been
used to cure this infection in cell and mouse models.3,4


Therefore, cruzain has emerged as a validated target
for drug development.


Du and coworkers5 first introduced the thiosemicarba-
zone functionality into compounds designed to inhibit
cruzain. In particular, the 3 0-bromopropiophenone

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


doi:10.1016/j.bmcl.2006.05.041


Keywords: Chagas’ Disease; Cruzain inhibitors; Thiosemicarbazone


functionality; Small molecule inhibitors; Molecular recognition; Drug


discovery and development.
* Corresponding author. Tel.: +1 254 710 6857; fax: +1 254 710


4272; e-mail: Mary_Lynn_Trawick@baylor.edu

thiosemicarbazone derivative 5 is an effective cruzain
inhibitor that demonstrates trypanocidal activity at
concentrations that exhibit no toxicity for mammalian
cells.5 Further support for the importance of this func-
tional group applied to the design of cysteine protease
inhibitors was recently shown by Greenbaum and
coworkers as well as Fujii and coworkers who synthe-
sized small libraries of thiosemicarbazone cruzain inhib-
itors of which several show antiparasitic activity in cell
cultures.6,7 Therefore, we thought that the extension of
the thiosemicarbazone functionality into other carbon
skeletons might generate improved cysteine protease
inhibitors. Cysteine proteases are known to bind to their
protein substrates through extended beta sheet struc-
tures.8 Accordingly our design paradigm is to choose
rigid molecular skeletons suitable to mimic the extended
conformations of substrates. These rigid or semi-rigid
molecular scaffolds may be readily elaborated by func-
tional group manipulation to fine-tune substrate bind-
ing. Structure–activity relationship (SAR) studies are
aided by an examination of available X-ray crystallo-
graphic reports of cruzain–inhibitor complexes which
reveal a well-defined and relatively rigid active site.9–12


The structures of cruzain with noncovalent hydroxy-
methyl ketone inhibitors show that they are in extended
conformations at the enzyme’s active site.12


A variety of tetrahydronaphthalene, benzophenone, and
propiophenone derivatives were prepared by chemical
synthesis as shown in Schemes 1–4.13–18 In addition,
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several compounds were prepared which have an a,b-
unsaturated carbonyl as an alternative functional group
(Scheme 4).13,14,19 The synthesis of two novel propi-

ophenone thiosemicarbazones 7 and 8 which were pre-
pared following the procedure used by Du and
coworkers5 is shown in Scheme 1. The 3 0-bromopropio-
phenone thiosemicarbazone derivative 5 was prepared
as a reference standard.5 Although thiosemicarbazone
6 has been previously reported,20 its activity against
cruzain had not been determined prior to this study.
The synthesis of two new benzophenone thiosemicar-
bazones is presented in Scheme 2. The synthetic strategy
included a Grignard reaction to form secondary alco-
hols 9 and 10, followed by a PCC oxidation to afford ke-
tones 11 and 12 which subsequently were reacted with
thiosemicarbazide to form the final products 13 and 14.


In Scheme 3, the synthesis of a-tetralone thiosemicar-
bazones 20 and 21 is shown as well as the synthesis of
derivatives containing a heteroatom such as oxygen,
and sulfur (compounds 22 and 26, and 25, respectively)
and a sulfone group (compounds 23, 24, and 27). The
incorporation (at the correct location) of an a,b-unsatu-
rated carbonyl group into the tetrahydronaphthalene
skeleton should allow the inhibitor to react with the
nucleophilic thiolate of the enzyme active site Cys25
through a 1,4-Michael addition19 and hence suppress
the catalytic activity of the enzyme. Accordingly, a
group of compounds was synthesized (Scheme 4) which
contain an exocyclic conjugated carbonyl group (37–40).
In addition, 37 was converted to its thiosemicarbazone
41.
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Finally, the synthesis of other thiosemicarbazones con-
taining different skeletons is shown in Scheme 5. Com-
pounds were assayed (Table 1) for their ability to
inhibit purified, recombinant cruzain lacking the C-ter-
minal domain.21


A number of the compounds have IC50 values less than
1.5 lM including thiosemicarbazone derivatives 6, 13,
14, 20–24 and two dihydronaphthalenes with exocyclic

Table 1. Inhibition of cruzain by thiosemicarbazone derivatives and


other novel cyclic compounds


Compound Cruzain inhibition IC50 (nM)


5a 240(100)b, (60)c, (310)d


6 860


7 >33,000


8 >3640


13 80


14 24


20 1200


21 17


22 110


23 210


24 820


25 >2000


26 >17,000


27 >20,000


37 1360


38 800


41 >20,000


46 >5000


47 >7000


48 >16,000


49 >17,000


a Compound 5 has been previously synthesized and reported in the


literature. It is included here for the purpose of comparison (see


ref. 5).
b Ref. 5.
c Ref. 6.
d Ref. 7.

unsaturated carbonyls (37 and 38). SAR results of the
five most active compounds, all with IC50 values lower
than that of the reference compound 5, are shown in
Figure 1. The benzophenone thiosemicarbazones, Ia
and Ib (13 and 14), are potent inhibitors of cruzain
(IC50 values of 80 and 24 nM, respectively). During
the course of this investigation, another report of an ac-
tive benzophenone thiosemicarbazone inhibitor of cruz-
ain appeared emphasizing the efficacy of this series.7 The
thiosemicarbazone derivative of 4-chromanone, IIb (22),
and of the sulfone, IIc (23), are also active with IC50 val-
ues of 110 and 210 nM, respectively. It is especially note-
worthy that the a-tetralone thiosemicarbazone analog
IIa (21) has an IC50 value of 17 nM, which places this
compound among the most active known thiosemicar-
bazone-based inhibitors of cruzain. The SAR gained
from these compounds, along with the compounds that
are essentially inactive, significantly expands the current
data in regard to molecular recognition of small mole-
cule inhibitors of cruzain. In particular, the current
work is significant as it expands the SAR knowledge
base to include fused-ring analogs such as IIa–c (21–
23) and further functionalized benzophenone congeners
Ia,b (13 and 14 respectively) as potent cruzain
inhibitors.
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Figure 1. SAR results for the five most active inhibitors of cruzain


from this study. IIa, X = CH2 (21) > Ib, R = Br (14) > Ia, R = H


(13) > IIb, X = O (22) > IIc, X = SO2 (23).
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analogs (such as 5, 6, 20–26, and 46–49) are indicated as
single isomers by NMR studies. X-ray crystallographic
data have been deposited with the Cambridge Crystallo-
graphic Data Center for compound 21 and assigned the
deposition number CCDC 606033. It is important to note
that some of the thiosemicarbazone derivatives (such as 4,
7, 8, 13, 14, and 41) appear as mixtures in the NMR. The
major isomer in all cases is presumed to be the E isomer
although this is not confirmed except for 6, 13, and 21.
Furthermore, the issue of thiosemicarbazone derivatives
appearing as two compounds is reported in the literature
and at this point it is not possible to say for certain
whether we are actually seeing E and Z double bond
isomers of these compounds in solution by NMR or if
instead we are observing tautomeric forms of the thio-
semicarbazone functionality,16,17 or simply rotamers.18


Since compound 14 cannot exist as double bond isomers
due to symmetry, it is highly probable that the mixture
observed by NMR is due to tautomeric forms or rotamers.
Despite continued efforts to refine this question, including
low and high temperature NMR, the issue remains for
further study.


16. Raj, S. S. S.; Fun, H.-K.; Zhang, X.-J.; Tian, Y.-P.; Xie,
F.-X.; Ma, J.-L. Acta Crystallogr. Section C 2000, C56,
1238.


17. Fun, H.-K.; Chantrapromma, S.; Suni, V.; Sreekanth, A.;
Sivakumar, S.; Kurup, M. R. P. Acta Crystallogr. 2005,
E61, 1337.


18. Bagrov, F. V.; Vasil’eva, T. V. Russ. J. Org. Chem. 2002,
38, 1309.


19. Palmer, J. T.; Rasnick, D.; Klaus, J. L. PCT, Patent
9523222, 1995.


20. Buu-Hoi, N. P.; Xuong, N. D.; Binon, F. J. Chem. Soc.
Abstr. 1956, 713.


21. Cruzain (0.1 nM) in 100 mM sodium acetate buffer (pH
5.50) containing 5 mM DTT was preincubated for 5 min at
25 �C with inhibitor. The reaction was initiated5–7 by the
addition of 20 lL of substrate, benzyloxycarbonyl-LL-phen-
ylalanyl-LL-arginyl-7-amido-4-methylcoumarin (Z-Phe-
Arg-AMC, Sigma, Km = 1.1 lM) to the enzyme–inhibitor
mixture at 25 �C to give 300 lL with a final concentration of
10 lM substrate and nine to twenty concentrations of
inhibitor ranging from 0.001 to 50,000 nM. The increase in
fluorescence (excitation at 355 nM and emission at 460 nM)
upon release of 7-amino-4-methylcoumarin was recorded
for 3 min with a spectrofluorimeter (Jobin Yvon-SPEX
Instruments, fluoroMAX-2). Inhibitor stock solutions were
prepared in DMSO, and serial dilutions were made in
DMSO to give a final concentration of 0.7% DMSO in the
assay. Controls were performed using enzyme alone,
substrate alone, and enzyme with DMSO. IC50 values were
determined by non-linear regression analysis using
vo(inh) = Vmax/{1 + 10(X � log IC50)Hillslope} and Prism soft-
ware (GraphPad).
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Abstract—A series of isothiazolopyrimidines and isoxazolopyrimidines were synthesized and identified as potent KDR inhibitors.
SAR studies led to isothiazolopyrimidine urea analogs that potently inhibit VEGFR tyrosine kinases (KDR enzymatic and cellular
IC50 values below 10 nM) as well as cKIT and TIE2. The selected compounds 8 and 13 display 56% and 48% oral bioavailability in
mice, respectively.
� 2006 Elsevier Ltd. All rights reserved.
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Receptor tyrosine kinases (RTKs), a family of trans-
membrane proteins, have been shown to be important
mediators of signal transduction in cells.1–3 Overactiva-
tion of RTKs is associated with various human cancers.4


A major sub-class of the RTKs is the vascular endothe-
lial growth factor receptor (VEGFR) tyrosine kinases
family which includes FLT1 (VEGFR1), KDR (VEG-
FR2), and FLT4 (VEGFR3). VEGF-mediated KDR
signaling in particular plays a central role in angiogene-
sis through induction of proliferation, migration, and
survival of endothelial cells.5–7 TIE2, another endotheli-
um-specific tyrosine kinase, promotes tumor angiogene-
sis through interaction with angiopoietin,8 playing an
important role in stabilizing the immature endothelial
cell network, attracting pericytes, and maintaining bio-
chemical interactions and vessel integrity.9 The
PDGFRs, another sub-class of RTKs consisting of
PDGFRb, cKIT, CSF1R, and FLT3, are believed to
contribute to tumor angiogenesis and tumor growth as
well.10–12
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The development of VEGFR inhibitors has been the
subject of intense research.13 The first generation of clin-
ical candidates, such as SU5416,14 PTK787,15 and CP-
54763216 focused on selective KDR inhibition. However
in recent years, the focus has shifted toward multi-tar-
geted inhibitors in an effort to overcome redundancies
in signaling pathways and thus more effectively inhibit
tumor growth. The recent approval of the multi-targeted
agents SutentTM17 and NexavarTM18 demonstrates that
clinical benefit with manageable side effects is possible
with broad-acting kinase inhibitors.


As part of our continuing efforts to identify novel RTK
inhibitors with improved efficacy and tolerability, we
have identified a series of thienopyrimidine-based ureas,
exemplified by I as potent multi-targeted inhibitors.19
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A closely related series of furopyrimidines (e.g., II) have
also been recently reported as dual inhibitors of KDR
and TIE2.20


We now wish to report the results of our expanded SAR
studies on five-membered fused pyrimidine heterocycles
covering the related isothiazolopyrimidines and isoxaz-
olopyrimidines (III).
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L Ar


N
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III  X = S, O

The general synthetic strategy for the preparation of iso-
thiazolopyrimidines is described in Scheme 1. Condensa-
tion of 1 with malononitrile in the presence of NaOH
and a phase transfer reagent gave rise to 2, which in turn

a b, c
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f or g,h,i
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1a: n = 0
1b: n = 1
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13: R = 2-F-5-CH3
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Scheme 1. Reagents and conditions: (a) malononitrile, 10 N NaOH,


PhCH2NEt3Cl, CH2Cl2, 0–5 �C, 76–82%; (b) PCl5, CH2Cl2, reflux


24 h; (c) NH4OH, EtOH, rt, b and c two-step yield 53–58%; (d) diethyl


dithiophosphate, EtOH/H2O, reflux 24 h, 85–95%; (e) H2O2, EtOH,


90–96%; (f) for 6a: HCONH2, microwave, 210 �C, 30 min, 60%; g–i for


6b: (g) (EtO)3CH, (NH4)2SO4, reflux; (h) NH3 in EtOH, 35%; (i)


LiOMe, MeOH, reflux, 40%; (j) Fe/NH4Cl, EtOH/H2O 50–60 �C, 90–


97%; (k) ArNCO, DMF, 0–5 �C, 30–40%; (l) 2,4-dimethyl-6-amino-


phenol, 1,1 0-thiocarbonyldiimidazole, EDC, DMF, 10%.

was converted to 3 via sequential treatment with PCl5
and ammonium hydroxide. Treating 3 with diethyl
dithiophosphate formed the desired intermediate 4,
which was cyclized to 5 with H2O2. Heating 5a with
formamide at 210 �C under microwave conditions led
to isothiazolopyrimidine 6a. Compound 6b was pre-
pared in a stepwise fashion by first refluxing 5b with
(EtO)3CH then treating with ammonia followed by lith-
ium methoxide-mediated cyclization. Reduction of the
nitro group of 6 afforded aniline 7, which was converted
to the ureas 8–15 and benzoxazole 16.


The synthesis of the isoxazolopyrimidines was accom-
plished by the route illustrated in Scheme 2. Treating 17
with sodium hypochlorite gave compound 18, which
was then condensed with malononitrile to form oxazole
19. Refluxing 19 with (EtO)3CH followed by treatment
with ammonia gave the desired isoxazolopyrimidine 20.
Reduction of the nitro group of 20 afforded aniline 21,
which was converted to products 22–27. The correspond-
ing furano-linked compounds 28 and 29 (Table 2) were
prepared by substituting 17 with 5-nitro-furan-2-carbox-
aldehyde oxime in Scheme 2 except using Al–Hg–THF in
place of SnCl2 for the nitro group reduction.


Our initial SAR studies focused on KDR potency. The
inhibitory activity was measured in the presence of a
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Scheme 2. Reagents and conditions: (a) NaOCl, HCl, dioxane, 70%;


(b) malononitrile, NaOMe, THF, 75%; (c) HC(OEt)3, reflux; (d) NH3


in EtOH, rt, c and d two-step yield 54%; (e) SnCl2/HCl, 80%; (f)


RNCO, Py, DMF, 40–55%; (g) benzoyl chloride, pyridine, 40%; (h)


2,4-dimethyl-6-aminophenol, 1,1 0-thiocarbonyldiimidazole, EDC,


DMF, 8%.







Table 2. KDR inhibitory activity of isothiazolopyrimidines and


isoxazolopyrimidines with varying links between the heterocycle core


and urea moiety


N


N X
N


NH2 Y


H
N


O


H
N R


Compound X Y R KDR IC50
a (lM)


9 S m-CF3 0.004


26 O m-CF3 0.070


14 S m-CH3 8.6


15 S m-CF3 2.1


28 O
O


m-CH3 22


29 O
O


m-CF3 16


a Each IC50 determination was performed with seven concentrations,


and each assay point was determined in duplicate.
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high concentration of ATP (1.0 mM) as described in the
previous paper.19 Table 1 summarizes the SAR of the
northern part of the molecule. In general, the SAR mir-
rors that seen in the thienopyrimidine series19 with the
ureas being most potent. Both the isothiazole 8 and isox-
azole 24 exhibit IC50 values of less than 100 nM,
although the isoxazole was ca. 7-fold less active.
Replacement of the urea with aminobenzoxazole (cf.
16, 23) led to a more dramatic drop in potency than that
observed with the thienopyrimidine template.19 The
amide analog 22 also had drastically diminished inhibi-
tory activity.


The linkage between isothiazolopyrimidine or isoxazol-
opyrimidine core and urea moiety also has profound im-
pact on potency as shown in Table 2, with a 1,4-phenyl
group being the optimal linker (9, 26). Replacing the
phenyl linkage with benzyl (14, 15) or furan (28, 29) re-
sults in a markedly reduced potency.


A model of 9 in the active site of KDR, constructed
according to our previous protocol,19 is shown in Figure
1. The isothiazolopyrimidine forms the hinge binding
unit and the trifluoromethylphenyl portion occupies a
pocket allosteric to the ATP-binding site and found in
the inactive (DFG-out) conformation of kinases. The
five-membered ring of the furan-linked compounds,
illustrated in Figure 1 with a model of 29, gives a projec-
tion vector of approximately 140�, in contrast with the
180� of the para-substitution of 9, necessitating signifi-
cant re-alignment of the binding interactions. The
skewed fit and sub-optimal hydrogen bonding of 29

Table 1. KDR inhibitory activity of isothiazolopyrimidine and isox-


azolopyrimidine analogs


N


N X
N


NH2


R


Compound X R KDR IC50
a (lM)


6a S NO2 >50


7a S NH2 46


8 S
N
H


O


N
0.013


16 S


N


O
HN 43


22 O
N
H


O
>50


23 O


N


O
HN >50


24 O
N
H


O


N
0.097


a Each IC50 determination was performed with seven concentrations,


and each assay point was determined in duplicate.

within the active site provides a rationale for the de-
crease in inhibition strength. Similarly, the additional
methylene group of the benzyl-linked compounds neces-
sitates a 109� bend in the overall trajectory of com-
pounds 14 and 15, and leads to a binding mode with
less optimal interactions (model not shown).


The effect of varying the terminal phenyl substitution of
the urea moiety on KDR enzymatic and cellular activity
is shown in Table 3. The isothiazolopyrimidines are con-
sistently more potent than the corresponding isoxazolo-

Figure 1. Models of 9 (green, thick) and 29 (magenta, thin) bound to


KDR kinase using a homology model of the active site.19 Hydrogen


bonds in black are shown between the urea and Glu885 carboxylate,


between the exocyclic amine and Glu917 backbone carbonyl, and


between the ring nitrogen and Cys919 N–H. Also in thick bonds are


residues Asp1046 and Phe1047 of the DFG motif in the ‘inactive’


conformation (DFG-out).







Table 3. Enzymatic and cellular activities of isothiazolopyrimidines


and isoxazolopyrimidines


N


N X
N


NH2


HN
O


HN
R


Compound X R KDR IC50 (lM)


Enzymatica Cellularb


8 S m-Me 0.012 0.001


9 S m-CF3 0.004 0.005


10 S m-Et 0.005 0.005


11 S m-Cl 0.019 0.050


12 S 2-F-5-CF3 0.016 NA


13 S 2-F-5-Me 0.008 0.021


24 O m-Me 0.097 0.10


25 O m-Et 0.024 0.25


26 O m-CF3 0.070 0.17


27 O 2-F-5-CF3 0.225 0.385


I 0.003 0.001


a Each IC50 determination was performed with seven concentrations,


and each assay point was determined in duplicate.
b Each cellular IC50 determination was performed with five concen-


trations and each assay point was determined in duplicate.


Table 5. Mouse PK profiles of 8 and 13a


Compound t1/2


(h)


Vdss


(L/kg)


Cl


(L/hÆkg)


F


(%)


AUC


(po, lMÆh)


8 0.6 1.36 1.6 56 9.1


13 0.2 1.19 4.5 48 2.7


I19 0.7 1.30 1.2 65 14.0


a Dosed intravenously at 3 mg/kg and orally at 10 mg/kg.
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pyrimidines and have comparable activity to the thieno-
pyrimidines (cf. 8 vs I) in both enzymatic and cellular
activity.


The isothiazolopyrimidines were further investigated for
their ability to inhibit TIE2, cKIT, and the other mem-
bers of the VEGFR family, FLT1 and FLT4 (Table 4).
The compounds tested had comparable activity against
the VEGFR family and cKIT. Additionally significant
TIE2 activity was observed with the fluoro-containing
analogs 9, 12, and 13, a trend previously seen in the thi-
eno and furopyrimidine series.


Compounds 8 and 13 were evaluated in a mouse phar-
macokinetic study (Table 5). Data for the thienopyrim-
idine I as a comparator are also included. Both
compounds display good oral bioavailability (56% and
48%), that is comparable to the thienopyrimidine I.
Compound 8 has a similar iv profile to the correspond-
ing thienopyrimidine with a half-life of 0.65 h, while the
2-fluoro-5-methyl analog 13 has a shorter half-life and
considerably higher plasma clearance rate.

Table 4. Inhibitory activity against a series of kinases


Compound IC50 (lM)a


KDR TIE2 FLT1 FLT 4 CKIT


8 0.013 0.415 0.079 0.004 0.011


9 0.004 0.028 0.039 <0.003 0.018


12 0.001 0.022 0.075 0.023 0.028


13 0.008 0.019 0.010 0.068 0.007


I19 0.003 0.730 0.002 0.013 0.006


a Each IC50 determination was performed with seven concentrations,


and each assay point was determined in duplicate.

In summary, potent VEGFR and PDGFR inhibitory
activity can be obtained with compounds using an iso-
thiazolopyrimidine template, while the corresponding
isoxazolopyrimidines have weaker inhibitory activity. A
comparison of a limited set of compounds showed that
the pharmacokinetic profile of isothiazolopyrimidines is
comparable to the corresponding thienopyrimidines.
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CA224, a non-planar analogue of fascaplysin, inhibits Cdk4 but not
Cdk2 and arrests cells at G0/G1 inhibiting pRB phosphorylation
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Abstract—Tryptamine derivatives, non-planar and potentially less toxic analogues of the anti-cancer agent fascaplysin, have been
synthesised. They specifically inhibit Cdk4-D1 vis a vis Cdk2-A but, unlike fascaplysin, do not bind or intercalate DNA. CA224 is
the most potent compound identified (Cdk4-D1 IC50 � 5.5 lM). As would be expected of a Cdk4 inhibitor that does not inhibit
Cdk2, it maintains a G0/G1 block in synchronised cancer cells and inhibits Cdk4-specific phosphorylation of the retinoblastoma
protein.
� 2006 Elsevier Ltd. All rights reserved.

Fascaplysin (I), originally isolated from the Fijian
sponge Fascaplysinopsis Bergquist sp.,1 has been recent-
ly shown to block growth of cancer cells presumably
through inhibition of cyclin-dependent kinase 4
(Cdk4), an early cell cycle enzyme misregulated in most
cancers.2

N
H


N +


O


Cl -


(I)


Inhibition of Cdk4 concomitantly arrests cancer cells at


the G0/G1 phase of the cell cycle and prevents phosphor-
ylation of the retinoblastoma protein, pRB.2 Hypo-
phosphorylated pRB bound to the E2F family of
transcription factors actively represses E2F-mediated
gene transcription. When Cdk4 phosphorylates pRB,
the hyperphosphorylated form dissociates so that E2Fs
are free to induce a set of proteins that allow entry into
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the DNA synthesis (S) phase of the cell cycle. Thus,
Cdk4 inhibition prevents entry of a cell into the S phase
and thereby blocks its ability to multiply.3


Cdk4 is activated by D-type cyclins and negatively
regulated by inhibitory proteins, one of them being
p16INK4A (often referred to as p16). In most cancers,
it is either that cyclin D1 is overproduced or that
p16 is inactive. Sometimes, hyperactivating mutations
in the catalytic part, Cdk4, are seen. Recent studies
have provided compelling evidence that misregulation
of Cdk4 activity can cause cancer and suggest that
Cdk4-specific inhibition would be important for can-
cer therapy.4–6 In contrast, it seems that Cdk2 which
has often been proposed as a cancer target may not
be at all suitable.7 Hence, there is a great need for
finding Cdk4-specific inhibitors that do not inhibit
Cdk2.


Fascaplysin is one of the very few known Cdk4-specific
inhibitors8 that has shown efficacy in the NCI panel of
60 cancer cell lines9 and it is being currently considered
for therapeutic trials.10 However, fascaplysin is quite
toxic to normal cells, most likely because it binds and
intercalates DNA.11


In order to identify non-toxic analogues of fascaplysin,
we aimed to separate fascaplysin’s ability to inhibit
Cdk4 from its property of binding and intercalating
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DNA. Therefore, we decided to synthesise three classes
of non-planar tryptamine derivatives that would be
structurally analogous to fascaplysin but would avoid
intercalation with DNA.12–14 Since the 3-D structure
of Cdk4 is yet to be determined, the Cdk4 ATP-binding
site was modelled on the basis of the known crystal
structures of the homologous Cdk2 and Cdk6 en-
zymes.12–14 Using this homology model, in silico studies
suggested that inhibition of Cdk4 activity by fascaplysin
arises from binding to the same amino acid residues to
which ATP binds.12–14 Non-planar compounds were
then sought that maintained most of the key interactions
thought to occur between fascaplysin and Cdk4. Preli-
minary SAR studies using Cdk4 and Cdk2 in vitro en-
zyme assays have corroborated that the predicted
molecules inhibit Cdk4 and not Cdk2.12–14 Here we de-
scribe more extensive studies on one class of tryptamine
derivatives which prove that these fascaplysin analogues
not only inhibit Cdk4 specifically but also fail to bind or
intercalate DNA. The most potent compound in this
series, CA224, was chosen to confirm that it also acts
as a Cdk4 inhibitor in cancer cells.


Inhibition of Cdk4/Cdk2 kinases. The chemical syntheses
of these fascaplysin analogues (Table 1) have been de-
scribed earlier.14 They were initially screened in the
Cdk4 and Cdk2 enzyme assays based on chemilumines-
cence detection rather than radioactivity. The kinase
assays measure the IC50s of the compounds (i.e., concen-
trations at which 50% enzyme activity is inhibited)
through the depletion in ATP concentrations occurring
as a result of phosphorylation by Cdks of GST-
pRB152 (a substrate for both Cdk4-cyclin D1 and
Cdk2-cyclin A).2,14 The IC50s of all compounds in this
series in the Cdk4-cyclin D1 and Cdk2-cyclin A assays
are shown in Table 1.


CA224 was identified as the most active compound that
inhibits Cdk4-cyclin D1 with an IC50 of approximately
5.5 lM (Table 1). CA224 showed approximately 100-
fold greater specificity towards Cdk4-cyclin D1 than
the Cdk2-cyclin A enzyme. All results in Table 1 show
means and standard deviations from three independent
experiments.


CA224


HN N


O


Inhibition of cell proliferation. All the non-planar ana-
logues of fascaplysin were tested for their ability to
inhibit cancer cell growth. The four cancer cell lines that
were used are the non-small cell lung carcinoma lines
A549 (pRB+, p53+), Calu-1 (pRB+, p53-null), colon car-
cinoma LS174T (pRB+, p53+) and the prostate carci-
noma PC3 (pRB+, p53-null) lines. All lines were
chosen for their relative resistance to chemotherapeutic
agents. The genotypes within brackets indicate the

status of the tumour suppressor proteins pRB and
p53. The cell lines were maintained at 37 �C in 5%
CO2 in RPMI-1640 medium, supplemented with 10% fe-
tal calf serum and 100 lg/ml NormocinTM.


Five thousand to 10,000 cells were seeded in 96-well
plates in 180 ll of complete growth medium and incu-
bated for 24 h. Ten millimolar stock solutions of drug
compounds in DMSO were serially diluted in medium
without serum. Twenty microlitres of 10· concentrated
compounds was added into the wells in triplicate, while
equivalent amount of DMSO was added to the control
wells. The contents of the wells were mixed gently and
incubated further for 48 h. After exposure to com-
pound, 50 ll of 2 mg/ml MTT (Sigma) was added
and the plates were incubated for 2–3 h at 37 �C in
the dark. The medium containing MTT was removed,
the blue-coloured formazan that formed was dissolved
in 150 ll DMSO per well. The absorbance was mea-
sured at 540 nm. The IC50s of the compounds were cal-
culated as the concentrations at which 50% of cell
growth was inhibited as compared to the control wells
which did not contain any drug. The results are depict-
ed in Table 1 and indicate that CA224 is also most po-
tent at the cellular level in inhibiting the growth of
cancer cells at low micromolar concentrations (3–
12 lM). The tryptamine derivatives CA225 and
CA223 which are moderately active in the Cdk4 assay
inhibit cell growth in the range of 10–20 and 20–
40 lM, respectively.


Displacement of ethidium bromide from DNA. The DNA-
binding affinities of fascaplysin and the new tryptamine
derivatives, structurally analogous to fascaplysin, were
then investigated using an ethidium bromide fluores-
cence quenching assay. It measures a compound’s ability
to displace the DNA intercalating agent ethidium bro-
mide from closed circular plasmid DNA.15,16 Ten micro-
litres of 10· concentrated serially diluted stock solutions
of compounds (dissolved in DMSO) was added to 90 ll
of a reaction mix that contains 6 lg of purified pBlue-
Script DNA (Stratagene) and 1.3 lM ethidium bromide
in a buffer (20 mM NaCl, 2 mM Hepes and 10 lM
EDTA, pH 7.4). Equivalent amounts of DMSO were
added to the vehicle controls. The decrease in fluores-
cence is monitored (kexcit = 260 nM, kemiss = 600 nM)
and recorded after a 1 min equilibration time. Fascaply-
sin and actinomycin D, which are known to intercalate
double-stranded DNA molecules, were used as controls
in the assay.11 The results show that none of the ana-
logues displace bound ethidium bromide from double-
stranded DNA (Table 1). Results of the representative
compound CA224 are shown graphically in Fig. 1. As
expected, both actinomycin D and fascaplysin dislodge
ethidium bromide bound to DNA (IC50 = 35 and
5 lM, respectively), but CA224 is incapable of doing
so; less than 5% displacement of bound ethidium bro-
mide is observed even at 100 lM concentration of
CA224.


Inhibition of DNA unwinding initiated by topoisomerase I.
The ability of fascaplysin and its analogues to intercalate
plasmid DNA was determined by a topoisomerase I







Table 1. Activity of fascaplysin analogues in different in vitro assays and their chemical structures (IC50 values are in lM)


Compound Structures Cdk4-cyclin D1 Cdk2-cyclin A EtBr displacement from DNA Cell growth inhibition


LS174T A549 Calu-1 PC3


Fascaplysin
N
H


N +


O


Cl
-


0.41 ± 0.04 >250 5 ± 0.4 0.88 ± 0.04 0.69 ± 0.03 1.3 ± 0.1 0.92 ± 0.06


CA192
HN N


O


88 ± 6.1 1523 ± 27 Does not displace 83 ± 3 95 ± 2.5 104 ± 5 86 ± 3.5


CA218
HN N


O F


103 ± 8.5 1230 ± 28 Does not displace 110 ± 4.5 103 ± 4 145 ± 5 108 ± 7


CA219
HN N


O


F


88 ± 9 765 ± 26 Does not displace 97 ± 4 106 ± 2.5 136 ± 3.4 98 ± 5.5


CA220
HN N


O


F


59 ± 7 850 ± 34 Does not displace 87 ± 2 102 ± 6 141 ± 4.5 94 ± 3.6


CA221
HN N


O Cl


46 ± 3.5 784 ± 20 Does not displace 99 ± 4 96 ± 7 147 ± 8.5 92 ± 6.2


CA222
HN N


O


Cl


109 ± 7.5 1120 ± 38 Does not displace 118 ± 5 95 ± 4.2 123 ± 5.9 94 ± 4.5


CA223
HN N


O


Cl


38 ± 6 731 ± 26 Does not displace 42 ± 2.5 27 ± 2.5 78 ± 3 47 ± 3


CA224


HN N


O


6.2 ± 0.9 521 ± 11.5 Does not displace 3.5 ± 0.9 3.5 ± 0.6 11.5 ± 2.5 6.2 ± 1.1
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CA225
HN N


O


49 ± 6.5 658 ± 23 Does not displace 18 ± 1 12 ± 1.8 52 ± 3.5 15 ± 1.5


CA226
HN N


O O


79 ± 9 849 ± 30 Does not displace 106 ± 4 103 ± 9 146 ± 8 89 ± 5


CA228
HN N


O


O


81 ± 4 938 ± 25 Does not displace 109 ± 6.4 95 ± 5.7 139 ± 7 85 ± 5


CA229
HN N


O


113 ± 7.5 1125 ± 23 Does not displace 105 ± 6.5 110 ± 8 141 ± 11 92 ± 4


CA230
HN N


O


78 ± 8 830 ± 31 Does not displace 88 ± 3.8 96 ± 5.7 136 ± 9.5 81 ± 3.2


CA233
HN N


O


63 ± 6 790 ± 27 Does not displace 82 ± 4.3 92 ± 2.5 103 ± 4.8 55 ± 3


CA234
HN N


O


Br


95 ± 7 584 ± 24 Does not displace 76 ± 4 95 ± 6.2 122 ± 4.4 59 ± 4


CA237
HN N


O Br


74 ± 6.5 635 ± 21 Does not displace 89 ± 3.8 91 ± 4.6 144 ± 7 66 ± 3.5


CA238
HN N


O


Br


37 ± 5 580 ± 18 Does not displace 52 ± 2.9 55 ± 3.2 64 ± 4.1 36 ± 2.2
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Figure 1. CA224, like all tryptamine derivatives structurally analogous


to fascaplysin, does not displace ethidium bromide from the minor


groove of double-stranded DNA. The assay was performed with


increasing concentrations of fascaplysin (filled squares), actinomycin D


(unfilled squares) and CA224 (filled triangles) to see if the compounds


could displace ethidium bromide from the minor groove of double-


stranded DNA. The results represent means and standard deviations


from three independent experiments.
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unwinding assay.17 Reaction mixtures contained 5 nM
supercoiled pBlueScript (Stratagene) plasmid DNA
and 10 units of topoisomerase I (Invitrogen) that al-
lows relaxation of supercoiled DNA. Assays were per-
formed in the presence or absence of compounds in
40 ll of DNA unwinding buffer (50 mM Tris–HCl,
pH 7.5, 50 mM KCl, 10 mM MgCl2, 0.5 mM dithio-
threitol, 0.1 mM EDTA, and 30 lg/ml bovine serum
albumin). Following a 15-min incubation at 37 �C,
reaction mixtures were treated with 3 ll of 250 mM
EDTA and the DNA was extracted with phenol/chlo-
roform. Aqueous samples (20 ll) were treated with
2 ll of 2.5% SDS, mixed with 2.5 ll agarose gel-loading
buffer (10·) and subjected to electrophoresis on a 1%
Tris-acetate (pH 7.4)–agarose gel. DNA bands were
stained with 1 lg/ml ethidium bromide and visualised
using a UV illuminator.


Figure 2 compares CA224’s ability to intercalate DNA
molecules with camptothecin (a known intercalator of

DNA


Contro
l


Contro
l


topo I


cam
ptotheci


n


50μMCA224


10μM CA224


100μM
fas


cap
lysin


1μM
fas


ca
ply
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μM


Figure 2. CA224 does not intercalate DNA. The ability of fascaply-


sin’s structural analogue CA224 to intercalate DNA was investigated


after DNA was unwound/relaxed using topoisomerase I and the results


were compared with that from fascaplysin and camptothecin. Lane 1,


control supercoiled form of pBlueScript plasmid DNA. Lane 2,


supercoiled pBlueScript plasmid DNA unwound/relaxed with topoi-


somerase I enzyme, in the absence of any compound. Lanes 3–7,


pBlueScript plasmid DNA unwound/relaxed by topoisomerase I in the


presence of CA224, camptothecin and fascaplysin at the concentra-


tions indicated.

DNA, as control) and fascaplysin. Fascaplysin shows
inhibition of DNA relaxation catalysed by the enzyme
topoisomerase I indicating its intercalating nature, pos-
sibly manifested because of its planar structure. The
non-planar compound CA224 did not show any inhibi-
tion of DNA relaxation even at a high concentration of
100 lM. To ensure that these results truly reflected a
lack of DNA intercalation rather than an inhibition of
topoisomerase I, a second set of experiments (data not
shown) were performed using relaxed DNA as substrate
(prepared first by treating supercoiled pBlueScript plas-
mid DNA with topoisomerase I). The DNA remained
relaxed after treatment with 100 lM CA224, confirming
the non-intercalative nature of the compound which
may indicate that other compounds in this series are also
likely to behave in the same way.


The results from the ethidium bromide displacement
and topoisomerase I catalysed DNA unwinding assays
indicate that CA224 neither interacts nor intercalates
with the minor groove of double-stranded DNA mole-
cules (Figs. 1 and 2).


Flow cytometric analysis. The in vitro enzyme assays had
confirmed that the fascaplysin analogue CA224 inhibits
Cdk4-cyclin D1 and not Cdk2-cyclin A. In proliferative
cells, Cdk4 is activated at the G0/G1 phase of the cell cy-
cle. Therefore, we queried if CA224 would maintain a
G0/G1 block induced by serum starvation. Calu-1
(p53-null) cells were used to test the effect of CA224
on the cell cycle.


The untreated (control) and treated (with compounds)
Calu-1 cells were harvested by trypsinization, washed
once with PBS and then fixed in 70% chilled (�20 �C)
ethanol for 1 h. After the fixation step, cells were centri-
fuged for 5 min at 3000g at room temperature and the
pellet was suspended in PBS containing 50 lg/ml propi-
dium iodide (Sigma) and 0.5 mg/ml DNase-free Ribonu-
clease (Sigma). The cells were stained for 1 h in dark at
4 �C. Cell cycle analysis was performed on the Beckman-
Coulter (Epics� AltraTM) fluorescence-activated cell sort-
er (FACS). In order to gate all events representing single
cells, and not cell doublets or cell clumps, cytograms of
propidium iodide fluorescence peak signals versus inte-
grated or linear fluorescence signals were plotted. All
data points on the straight line were isolated in a single
gate and the gated data were used for plotting a histo-
gram that represents a complete cell cycle. The total
number of events was not allowed to exceed 200
events/s. Data acquisition was stopped after a minimum
of 10,000 events had been collected.


Calu-1 cells were starved of serum for 24 h using 0.1%
FBS. When these G0/G1 synchronised cells were released
in the presence of [IC70] of CA224, the G0/G1 block was
fully maintained (Fig. 3a) indicating that CA224 most
likely inhibits cellular Cdk4. A higher G0/G1:S ratio is
observed in cells released from serum starvation, in the
presence of CA224, compared to serum-starved cells.
This is because nearly all cells in the S phase, present
during serum starvation, enter the G2/M phase after re-
lease, while cells in G0/G1 phase are prevented from







Control Serum starved, 
24 h


G0/G1:S ratio = 2.2
G0/G1 = 54%


S = 24%
G2/M = 21%
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S = 14%
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(IC70), 24 h 
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Figure 3. (a) FACS analysis of serum-starved Calu-1 cells released in the presence of CA224. (A) Untreated or control cells; (B) cells starved of serum


for 24 h; (C) serum-starved cells released in the presence of CA224 at IC70 concentration for 24 h. (b) Western blotting of proteins obtained from


asynchronous Calu-1 cells treated with CA224. Asynchronous Calu-1 cells were treated with CA224 for 24 h. The antibodies to Ser780, Ser795 and


Ser807/811 detect pRB proteins phosphorylated at Ser780, Ser795 and Ser807/811, respectively, while pRb (4H) detects both phosphorylated and


unphosphorylated forms of the pRB protein. The lane ‘C’ indicates proteins from untreated cells; ‘fasca’ is an abbreviation of fascaplysin.
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entering into the S phase of the cell cycle (Fig. 3a, B and
C) suggesting inhibition of Cdk4 enzyme at the cellular
level.


Western blot analysis. Cdk4 phosphorylates pRB at spe-
cific serine residues, Ser780, Ser795 and Ser807/811,
when cells progress from G0/G1 to G1/S phases of the
cell cycle. If CA224 were to be a cellular Cdk4 inhibitor,
it should prevent phosphorylation at these serine resi-
dues when asynchronously growing cells are treated
with CA224. Calu-1 cells were seeded in tissue culture
flasks. When cells reached 40–50% confluency, they were
treated with IC50 and IC70 concentrations of CA224, or
IC50 concentration of fascaplysin for 24 h. After treat-
ment, the cells were harvested by trypsinization, washed
in ice-cold PBS and then lysed in a buffer that contains a
cocktail of protease inhibitors. The lysates were centri-
fuged at 14,000g for 10 min at 4 �C and the amounts
of proteins in the clear supernatant were estimated using
the Bradford method (Bio-Rad). Fifty micrograms of
protein from each sample was subjected to SDS–PAGE
separation. The proteins were transferred to a PVDF
membrane (Millipore) and blocked with 5% milk. Mem-
branes were probed with polyclonal antibodies raised
against the full-length pRB protein, and the phospho-

specific pRB epitopes, pRB (Ser780-P), pRB (Ser795-
P) and pRB (Ser807/811-P) (New England Biolabs).
After overnight incubation at 4 �C, membranes were ex-
posed to appropriate HRP-conjugated secondary anti-
bodies at room temperature for 1 h. Immuno-reactivity
was visualised with the enhanced chemiluminescence
Western blot detection reagents (GE-Amersham).


The Western blot analyses (Fig. 3b) show that, after
treatment of Calu-1 cells with CA224 (IC50 and IC70)
for 24 h, pRB remains unphosphorylated at Ser780,
Ser795 and Ser807/811 which are specifically phosphor-
ylated by the Cdk4 enzyme. The total pRB levels in
CA224-treated cells remain unchanged. As reported ear-
lier,2 it is observed that fascaplysin treatment of cancer
cells also prevents pRB phosphorylation at the same
Cdk4-specific serine residues.


In conclusion, novel tryptamine derivatives, which were
designed on the basis of the fascaplysin structure, have
been shown to be inhibiting Cdk4 selectively vis a vis
Cdk2 and their cellular relevance has been confirmed
using CA224, the most potent compound of this series.
With this proof of concept in hand, we think it would
be possible to generate more potent CA224 analogues
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using our fascaplysin structure-based chemical biologi-
cal approach.
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Gram-scale synthesis of pinusolide and evaluation
of its antileukemic potential
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Abstract—Pinusolide (1), a known platelet-activating factor (PAF) receptor binding antagonist, was synthesized from lambertianic
acid (2), a labdane-type diterpene readily accessible in multigram quantities from the Siberian pine tree. It was shown that 1 not only
decreases the proliferation activity of tumor cells at relatively low concentrations but specifically induces apoptosis at 100 lM via the
mitochondrial pathway in the Burkitt lymphoma cell line BJAB. Also, using primary lymphoblasts and leukemic cells from children
with acute lymphoblastic leukemia (ALL) and acute myeloid leukemia (AML), a significant DNA fragmentation in pinusolide-treat-
ed cells could be detected in an ex vivo apoptosis assay.
� 2006 Elsevier Ltd. All rights reserved.
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Pinusolide (1) (Scheme 1), a labdane-type diterpene
lactone occurring as a secondary metabolite in several
plants such as Biota orientalis,1,2 Pinus sibirica, and
Pinus koraiensis,3 is known to be a potent and specific
platelet-activating factor (PAF) receptor binding antag-
onist.4,5 In addition, in vitro antiplasmodial and eryth-
rocyte membrane-modifying effects of 12 and potent
activities also of semi-synthetic analogs6 reflect the gen-
eral biological potential of this class of compound.
Therefore, the search for a convenient access to 1 and
the further evaluation of its biological profile represent
interesting challenges.


Herein, we describe a convenient method for the gram-
scale (partial) synthesis of 1 from the diterpene lamberti-
anic acid (2), a main component (7.7%) of the pine oleo-
resin of P. sibirica J. Mayr from which it can be readily
isolated by extraction and chromatography.7–10 More-
over, we disclose experimental results showing that
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Scheme 1. Synthesis of compound 1. Reagents and conditions:


(a) CH2N2–Et2O, rt, 2 h, 96%; (b) PhSO2NHCl (2.1 equiv),


MeOH, 0–5 �C, 30 min, 90%, or NBS (2.1 equiv), MeOH, 0 �C,


10 min (86%) isomeric mixture; (c) 20% HCl, dioxane, 30 min,


77%.
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pinusolide (1) exhibits significant apoptosis inducing
properties both in vitro (using BJAB tumor cells) and
ex vivo (using primary lymphoblasts and leukemia cells
of children with ALL or AML).

Figure 1. Single-crystal X-ray structure of pinusolide (1).
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Figure 2. Pinusolide (1) inhibits the proliferation of BJAB cells in a


concentration-dependent manner. BJAB cells were treated with differ-


ent concentrations of pinusolide. After incubation for 24 and 48 h, the


concentration and viability of the cells were determined by using the


CASY� Cell Counter System. The figures show a significant inhibition


of the cell proliferation up to 44% after 24 h and up to 86% after 48 h


treatment with pinusolide. Data points represent the mean of two


determinations from separate cultures with an error less than 3%. The


experiments were repeated twice and yielded similar results.

Our synthesis of compound 1 is outlined in Scheme 1.
The oxidative methoxylation of methyl lambertianate
(3), obtained in 96% yield by treatment of 2 with dia-
zomethane, was best achieved with chloramine-B (or
NBS) in MeOH to afford a mixture of stereoisomeric
2,5-dimethoxy-dihydrofurane derivatives (4a–d). The
two cis- and the two trans-isomers were formed at equal
amounts, as reflected by the intensity of the 1H NMR
signals of the methoxy groups and H-14, H-15, H-16,
and confirmed by GC–MS measurements. An analogous
result had been obtained in the electrochemical or chem-
ical (Br2 and MeOH) methoxylation of 2,5-dimethylfur-
anes.11 On treatment with acid (HCl), the mixture of
compounds 4a–d was smoothly converted into the corre-
sponding 3-substituted (5H)-furan-2-one, that is,
pinusolide (1).12 The whole sequence can be reliably per-
formed on a gram-scale13 and thus opens access to sub-
stantial amounts of pinusolide (1).


The identity of the synthetic material (1) with the natu-
ral product was proven by its spectral data and the
structure was additionally confirmed by means of a sin-
gle crystal X-ray diffraction analysis.14 A perspective
view on the structure of 1 is shown in Figure 1. Both
six-membered rings adopt a chair conformation with
the C20 methyl group and the C18 ester group taking
an axial position. The C9–C11–C12–C13 unit (bridge)
is almost in the same plane as the planar (±0.005 Å)
five-membered ring.
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Figure 3. Pinusolide (1) induces mitochondrial permeability transition


in BJAB cells in a concentration-dependent manner. BJAB cells were


treated with different concentrations of 1. Mitochondrial permeability


transition was then measured after 48 h of incubation by staining with


JC-1 as described. Values are given as percentage of cells with low
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Figure 4. Pinusolide- (1) induced apoptosis was measured by DNA


fragmentation in BJAB cells. BJAB cells were treated with different


concentrations of pinusolide. DNA fragmentation was measured after


treatment for 72 h as described. Values are given as percentages of


apoptotic cells ± SD (n = 3).







Figure 5. (A) Morphological appearance of untreated BJAB cells. (B) Significant apoptosis induction in BJAB cells after treatment with 100 lM of


pinusolide (1) for 72 h. Nearly all cells have undergone apoptosis as indicated by shrinking, and fragmenting and the formation of typical ‘apoptotic


bodies’ containing bits of chromatin.
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In the crystal, the axial ester group at C4 takes a confor-
mation so that the carbonyl oxygen is eclipsed to the
C3–C4 ring bond (the angle C3–C4–C18@O3 equals
�4.9�). Whereas the relative configuration of the four
chirality centers was unambiguously proven by the
X-ray crystal structure, the absolute stereochemistry
was assigned based on the known configuration of
lambertianic acid.15 The closest structural analogues of
1 are 14-deoxyandrographolide16 and the monohydrate
of neoandrographolide17 which, however, have an enan-
tiomorphic skeleton. The conformation of the dihydrof-
uranylethyl moiety in 1 and the bond lengths are similar
to those reported for 14-deoxyandrographolide.16


The antileukemic and chemopreventive potential of
pinusolide (1) was investigated in vitro using the Burkitt
lymphoma cell line BJAB. In addition, ex vivo experi-
ments were performed employing primary lymphoblasts
and leukemic cells of children with ALL (acute lympho-
blastic leukemia) and AML (acute myeloid leukemia),
respectively.18,19


The results clearly show that compound 1 not only
decreases the proliferation activity of tumor cells at rel-
atively low concentrations (Fig. 2), but specifically
induces apoptosis at 100 lM (Figs. 4 and 5).


Apoptotic cell death was measured by a modified cell cy-
cle analysis, which detects DNA fragmentation on the
single cell level. Interestingly, pinusolide (1) potently in-
duced apoptosis in up to 70% of the cells (Fig. 4).


Furthermore, we could show that pinusolide-induced
apoptosis in BJAB cells is mediated by loss of mitochon-
drial membrane potential (Fig. 3).


In fact, pinusolide (1) led to a significant loss of the
mitochondrial membrane potential at 100 lM (Fig. 3)
indicating that this compound utilizes the mitochondrial
apoptosis machinery in the respective death signaling
pathway.


We also investigated pinusolide-induced apoptosis in
primary lymphoblasts and leukemic cells isolated from
bone marrow aspirates of children with ALL and
AML. After separation over Ficoll, cells were treated

with 100 lM pinusolide (1) and incubated for 60 h.
Pinusolide significantly induced apoptosis ex vivo.
DNA fragmentation in primary lymphoblasts and leu-
kemic cells treated with 1 was detected. We could also
demonstrate that compound (1) overcomes anthracy-
cline resistance ex vivo in primary lymphoblasts from
a high risk ALL patient with a poor clinical chemother-
apy response (data not shown).


In conclusion, we have elaborated an efficient method
for the gram-scale synthesis and purification of pinuso-
lide (1) starting from lambertianic acid (2), a natural
product readily accessible from the oleoresin of P. sibi-
rica J. Mayr.


Most importantly, we found that 1 possesses a signifi-
cant antileukemic activity originating from apoptosis
induction. Therefore, pinusolide (1) can be considered
as a potential starting point in the search for new antitu-
moral compounds. Its good availability from a renew-
able plant source represents a valuable precondition
for further derivatization and biological studies.20
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Abstract—The generation of chiral polyamine libraries has been successfully accomplished in our laboratory following exhaustive
reduction of resin-bound peptides. Herein, we report the synthesis and screening results of a positional scanning mixture-based
library of chiral hepta-amines in a radioreceptor assay for the opioid receptor. The positional scanning hepta-amine library was
generated by the exhaustive reduction of a library of 34,012,070 hexapeptides. Following screening of the entire library, combina-
tions of the most active functionalities found at each position were used to synthesize and screen 40 individual hepta-amines and
served as starting ‘hits’ for further SAR studies. The individual compounds showed IC50 values ranging from 14 to 345 nM. As
might be anticipated by the known studies of l opiate antagonists, the identified active hepta-amines possessed aromatic rings
derived from phenylalanine and tyrosine amino acid side chains. Following SAR studies, a truncation analog, reduced and perme-
thylated YYF-NH2, was found to be highly active (0.5 nM) as a selective l antagonist in the guinea pig ileum bioassay.
� 2006 Elsevier Ltd. All rights reserved.
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Solid-phase parallel synthesis is used worldwide to gen-
erate libraries of small organic compounds for the accel-
eration of the drug discovery process.1–14 Due to the
well-understood chemistry and excellent synthetic purity
and yields obtained during the solid-phase synthesis of
peptides, our primary efforts have been directed toward
the synthesis and design of acyclic and heterocyclic com-
pounds using resin-bound amino acids, peptides, and
peptidomimetics as starting materials.15–24 The chemis-
try of amino acids,22 their activation, protection, and
deprotection are well documented, and they are com-
mercially available in enantiomerically pure forms.
Post-synthetic chemical modification of peptide libraries
using the ‘libraries from libraries’ approach16 enables
the generation of peptidomimetic libraries and low
molecular weight, small molecule organic libraries. A
range of peptide and peptidomimetic libraries have been
modified using a variety of chemical reagents (acylation,
alkylation, reduction, etc.) to generate an ever-expand-
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ing range of chemical diversities having strikingly differ-
ent physicochemical properties relative to their starting
libraries.16,18,25 Peptide libraries have been successfully
modified by exhaustive alkylation of their amide bonds
to yield peptidomimetics and/or by reduction of the
backbone amide carbonyl groups to yield polyamines.
The amine functionality is a critical factor in hydrogen
bonding and folding of enzymes. Amines are also key
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components of ligands having specificity for the opioid
receptors l, c, and j.


A variety of mixture-based combinatorial libraries made
up of different numbers of polyamines, as well as large
arrays of individual polyamines, have been synthesized
in our laboratory.26,23 Those libraries have been
screened internally and in collaboration with outside
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Figure 1. Positional scanning synthesis of the hepta-amine library: Synt
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Figure 2. Screening of reduced positional scanning hepta-amine library in a

collaborators.27–29 Examples of reported activities in-
clude antimalarial, antitubercular, HIV inhibitory, and
antitumoral activities.30 As introduced by our laborato-
ry, the exhaustive reduction of peptides and chiral
polyamides on solid-supports has been utilized in a wide
range of synthetic procedures. Typical reaction condi-
tions for the solid-phase reduction of polyamides consist
of a 72 h treatment of resin-bound peptides with
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BH3–THF at 65 �C. The resulting resin-bound borane-
amine complexes are then disproportionated by over-
night treatment with neat piperidine at 65 �C. Detailed
experimental procedures have been previously report-
ed.15,23 We also reported the generation of chiral acyl-
polyamines, poly-N-acylamines, polyureas, polythioure-
as libraries and a variety of diazacyclic compounds
using resin-bound chiral polyamines as templates.15–24


The opioid receptors represent an important and a conve-
nient system to investigate the power of combinatorial li-
braries to identify distinctly different ligands for related
receptors: l, d and j.27,29,31–39 All three receptors have

Table 1.
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recently been cloned and they belong to the seven-trans-
membrane G-protein-coupled family of receptors and
have approximately 60% amino acid sequence homology.
Screening of the same combinatorial library in separate
assays selective for each of the three receptors provides
not only new ligands for these receptors but also yields in-
sights into the ability of combinatorial libraries to dis-
criminate between closely related receptors. Herein, we
report the synthesis and screening results of a positional
scanning mixture-based library of 34,012,070 chiral hep-
ta-amines in a radioreceptor assay for the l opioid recep-
tor. The hepta-amine library was generated following
exhaustive reduction of an hexapeptide library synthe-
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sized from 18 of the 20 proteogenic amino acids (cysteine
and tryptophan were excluded due to side products)
(Scheme 1).


Positional scanning synthetic combinatorial libraries
(PS-SCLs) are composed of one sublibrary for each
variable position.13,29,40–43 In the case of single posi-
tion defined PS-SCLs, each compound present in a giv-
en mixture has a common individual building block at
a given position, while the remaining positions are
composed of mixtures of all of the building blocks
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used to prepare the library; a common single building
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braries for each position represent the same collection
of individual compounds, and they differ only by the
location of the defined position. The screening data
permit the identification of key functionalities at each
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functional groups identified as key elements leads to
the identification of individual active compound(s)
(Fig. 1).

H2N
N
H


H
N


O


O


O
1) tBuO-


2) R-X/D
3) BH3-T


4) Piper
5) HF/an


O


H2N
N
H


H
N


N
H


O


O


O


OH


O


CBz


CBz
1) tBuO-


2) R-X/D
3) BH3-T


4) Piper
5) HF/an


a


b


N


H
NO


OCBz


OCBz


H2N
N
H


H
N


HO


NH 2


N


HO


H2N


N N


HO


HO


N


N N


HO


NH
N


HO


H2N


N N


HO


HO


H2N
N N


HO


NH
N


HO


IC50 = 6  nM IC50 =  13  nm


IC50 = 8 nM IC50 = 45 nM


IC50 = 18,589 nM


Figure 4.

The library was screened in a l opioid receptor specific
assay. Preparation of rat brain homogenates and the
receptor binding assay were carried out as described in

Li+/DMSO
MSO
HF


idine, 65oC
isole


Li+/DMSO
MSO
HF


idine, 65oC
isole


R
N


N
N


NH
R


R


R


R


HO


N
N


N


OH


HO


N


H
N


R


R


R


R


R


HO


HO


NH
N


HN
N N


HO


NH
N


HO


NH
N


H2N


N N


HO


NH
N


HO


IC50 = 2  nM


IC50 = 4,464 nM







4336 A. Nefzi et al. / Bioorg. Med. Chem. Lett. 16 (2006) 4331–4338

previous communications.27,29,33,35,36,44 Each tube in the
screening assay contained 0.5 mL of membrane suspen-
sion (0.1–0.2 mg protein), 3 nM [3H]-labeled DAMGO
(specific activity 36 Ci/mmol), and 50 lL amine mixture
(0.08 mg/mL) in 50 mM Tris–HCl buffer (pH 7.4). The
final volume was 0.65 mL. Guinea pig ileum (GPI) and
mouse vas deferens (MVD) bioassays were preformed
as reported previously. Following the screening of the
hepta-amine library, a cutoff IC50 value of 3–4 lM was
chosen for all sublibraries (Fig. 2). Thirteen mixtures
were selected. One mixture for position 1 (R1) corre-
sponding to tyrosine, one mixture for position 2 (R2)
corresponding to tyrosine, two mixtures for position 3
(R3) corresponding to phenylalanine and tyrosine, two
mixtures for position 4 (R4) corresponding to proline
and phenylalanine, two mixtures for position 5 (R5) cor-
responding to tyrosine and threonine, and five mixtures
for position 6 (R6) corresponding to phenylalanine,
methionine, proline, serine, and tyrosine were found to
have the desired activity. It generated 40 possible combi-
nations (1 · 1 · 2 · 2 · 2 · 5) representing the function-
alities found at each position for each of the most
active mixtures. Forty individual hepta-amines were
synthesized and screened. The individual compounds
showed IC50 values ranging in activity from 14 nM to
345 nM (Table 1).


Interestingly, all of the active hepta-amines were found
to possess at least two hydroxyphenyl groups derived
from tyrosine amino acid side chains. This was the start-
ing point for our structure–activity relationship (SAR)
studies.


As part of our initial SAR studies, a series of derivatives
were synthesized in which the polyamine chain was
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shortened, while maintaining the focus on the aromatic
amino acids. Six polyamines were synthesized starting
from hepta-amines (derived from hexapeptides) to tri-
amines (derived from dipeptides) (Fig. 3). All com-
pounds showed 3H2-DAMGO inhibition with IC50


activities varied from 15 nM to 344 nM. Since the
hydroxyphenyl group derived from the side chain of
tyrosine was present in all of the active compounds,
we synthesized and screened tetra-amine, penta-amine,
and hexa-amine analogs all derived from their corre-
sponding tetra-, penta-, and hexa-tyrosines. The three
compounds showed inhibition activities with IC50 values
ranging from 96 nM to 146 nM (Fig. 3).


We then focused our studies on the truncation analogs,
reduced YYFP-NH2, which was found to be as active
(13 nM) as the most active hepta-amines and was
found to be a selective l antagonist in the guinea pig
ileum bioassay. We then decided to modify the poly-
amine backbone in such a manner as to retain the
diversity derived from the amino acid side chains, while
altering the polyamine character. A series of derivatives
were then synthesized according to the strategy de-
scribed in Scheme 2a, in which the backbone nitrogens
of the compound reduced YYFP were per-alkylated
with either methyl, ethyl, allyl, benzyl, or naphthylm-
ethyl groups using the relevant alkyl halide (Fig. 4).
The permethylated analogs were found to be the most
active penta-amines with activities ranging from 2 nM
to 13 nM.


As analogs of the permethylated reduced YYFP-NH2,
we synthesized and screened all possible permethyalted
diastereomeres of reduced YYF-NH2. Interestingly, as
shown in Figure 5, the permethylated tetra-amine result-
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ing from permethylated reduced YYF-NH2 showed high
activity IC50 = 0.5 nM (Fig. 5). The tetra-amines were
tested in assays selective for r and j receptors using
[3H]-DPDPE and [3H]-U69,593 as radioligands. All
amines were found to bind poorly to both r and j
receptors (Fig. 5). When examined in the GPI bioassay,
the permethylated reduced YYF-NH2 compound was
found to be a highly specific, pure antagonist at the l
receptor.


An extra set of compounds derived from reduced and
alkylated YY-NH2 dipeptides were synthesized and
screened in the l, d, and j assays. Most of the com-
pounds were found to bind selectively to the l receptor
(Fig. 6). The most active compound found was a tri-
amine with an IC50 = 2 nM, in which one amine was
selectively benzylated, while the remaining amines were
methylated. The chemistry of peralkylation and selective
alkylation of amide bonds was previously reported by

our laboratory.16,18,20,21 It is very important to mention
that all the corresponding peptide homologs (non-re-
duced) of each active polyamine were inactive.


Mixture-based libraries are powerful tools for the iden-
tification of highly active compounds. In this paper, we
have presented the identification of highly selective ac-
tive compounds against the l opioid receptor from a
positional scanning hepta-amine library. These results
provided useful information to initiate SAR studies to-
ward the identification of potent and highly selective
tri-amines and tetra-amines.
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Abstract—A series of 1,4-dihydroindeno[1,2-c]pyrazoles with a 3-thiophene substituent carrying a urea-type side chain were
identified as potent multitargeted (VEGFR and PDGFR families) receptor tyrosine kinase inhibitors. A KDR homology model
suggested that the urea moiety is able to interact with a recognition motif in the hydrophobic specificity pocket of the enzyme.
� 2006 Elsevier Ltd. All rights reserved.

Receptor tyrosine kinases (RTKs) play a crucial role in
signal transduction as well as in cellular proliferation,
differentiation, and various regulatory mechanisms.
They consist of an extracellular ligand binding domain,
a transmembrane spanning region, and a cytoplasmic
kinase domain.1 After binding to their specific extracel-
lular growth factors, RTKs undergo dimerization and
autophosphorylation, initiating a cascade of down-
stream signaling events, which trigger a variety of cell
responses. Genetic alterations and/or stimulation
through autocrine/paracrine growth factor loops can re-
sult in RTKs that are constitutively active. These types
of disturbances in the tightly regulated signal transduc-
tion pathways have been implicated in the development
and progression of a variety of hyperproliferative diseas-
es, in particular cancer.2


Members of the split kinase domain (class III RTK)
subfamily include the vascular endothelial growth factor
receptors KDR (VEGFR2, kinase insert domain-con-
taining receptor tyrosine kinase) and FLT1 (VEGFR1,
Fms-like tyrosine kinase 1), the platelet-derived growth
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factor receptors PDGFR a and b, the colony-stimulat-
ing factor-1 receptor (CSF-1R), and the stem cell factor
receptor (cKit). KDR kinase is specifically expressed in
vascular endothelial cells. It is the primary receptor for
vascular endothelial growth factor (VEGF) and plays
an essential role in tumor angiogenesis.3 Inhibition of
KDR blocks the neovascularization of tumors and has
been shown to inhibit the growth of a variety of solid tu-
mors in tumor xenograft models. Mutated cKit kinase
on the other hand is a driving factor in mastocytosis
and gastrointestinal stromal tumors.4 Wild-type cKit is
also considered to play a role in the progression of small
cell lung cancer. Here it was proposed that cKit is in-
volved in the formation of an autocrine/paracrine loop
due to coexpression of ligand and receptor within the
same tumor cell type.5 Inhibition of both, KDR and
cKit in the appropriate tumor types, has the potential
to produce antitumor effects through two distinct mech-
anisms. Inhibition of cKit should result in direct effects
on the tumor cell phenotype, while inhibition of KDR
should produce indirect effects via disruption of endo-
thelial cell function.6


In a previous report we have described our hit-to-lead
efforts in establishing 1,4-dihydroindeno[1,2-c]pyrazoles
as a novel class of KDR kinase inhibitors.7 Two key
compounds, 1 and 2 (Fig. 1), were identified with
KDR IC50 < 200 nM. We now describe our
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Figure 1. Structure and KDR inhibitory potency of early lead


compounds 1 and 2.
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investigations toward extending those molecules into the
hydrophobic specificity pocket of KDR kinase.


The imidazole-containing compound 1 showed excessive
inhibition of human liver microsome (HLM)-derived
CYP3A48 (IC50 = 254 nM), and so we focused on its
1-methylpiperazine-containing analogue 2 as our key
structural unit (CYP3A4 (HLM) IC50 > 10 lM). Based
on our earlier established structure–activity relation-
ships (SARs), we continued to consider compounds with
a basic side chain attached in either the 6- or 7-position.
Previous studies, focused on accessing the hydrophobic
specificity pocket of KDR kinase, identified a recogni-
tion motif for ureas in this site.9–11 So in order to plan
for the attachment of a urea functionality to our
1,4-dihydroindeno[1,2-c]pyrazoles, we utilized the
published crystal structure of cKit kinase in its inactive

Figure 2. Model of compound 3 (green) bound to the active site of


KDR (inactive conformation, homology model based on cKit PDB


entry 1T46). Hydrogen bonds are shown in black dotted lines. H-bond


distances from the urea to Glu 885 are shown in angstroms.


Scheme 1. Reagents and conditions: (a) i—n-BuLi, THF, �78 �C; ii—DMF,


THF, 50 �C, 80%; (c) NaBH4, MeOH/THF (2:1), 0 �C to rt, 65%; (d) DPPA,


96%; (f) m-tolyl isocyanate, CH2Cl2, rt, 62%; (g) HCl, EtOH/EtOAc (1:1), r

conformation12 to create a homology model of 2 bound
into the ATP binding site of KDR kinase. Our studies
revealed that either a 2 0,4 0- or a 2 0,5 0-linked thiophene
would provide an acceptable trajectory for the urea side
chain to access the pocket. A methylene spacer between
the thiophene and the urea functionality was required to
allow the urea to form two hydrogen bonds of 3.0 and
3.2 Å distance to Glu 885. In addition, we proposed that
a small hydrophobic substituent in the 3-position off a
terminal phenyl ring would be beneficial because it
would project into a small hydrophobic groove formed
by Ile 892, Ile 888, Leu 889, Val 898, and Leu 1019.
Figure 2 shows compound 3 as the result of our design
efforts and its predicted binding mode.


The synthesis of 1,4-dihydroindeno[1,2-c]pyrazoles with
urea-type side chains is illustrated with the synthesis of 3
as a representative example (Scheme 1). Regioselective
deprotonation of the thiophene portion of 4,7 followed
by formylation with DMF, yielded aldehyde 5. For the
preparation of compounds containing 2 0,4 0-disubstitut-
ed thienyl groups, regioselectivity was achieved through
halogen–lithium exchange of the corresponding bro-
mides. After protection of the pyrazole moiety, the alde-
hyde functionality in 6 was reduced with sodium
borohydride to give the hydroxymethyl compound 7.
Direct conversion of 7 to the azide 8 using diphenyl
phosphorazidate (DPPA)13 and subsequent Staudinger
reduction afforded amine 9. Reaction of this key inter-
mediate with m-tolyl isocyanate followed by deprotec-
tion of the pyrazole led to the urea 3.


The activity of the target compounds to inhibit the phos-
phorylation of a peptide substrate (biotin-Ahx-
AEEEYFFLFA-amide) by KDR kinase was assessed
in an HTRF� assay at 1.0 mM concentration of adeno-
sine-5 0-triphosphate (ATP).9 Table 1 shows that the urea
linker indeed improved the potency for KDR inhibition.
However, in contrast to our previous findings, attach-
ment of the thienyl group to the 1,4-dihydroinde-
no[1,2-c]pyrazole core through its 5 0-position
(corresponding to the 2 0-position in Fig. 1) (10 and 3)
was now better tolerated than attachment through its
4 0-position (corresponding to the 3 0-position) (11 and
12). On the other hand, placing the basic side chain
in the 7-position (3 and 12), again, was only slightly

THF, �78 �C to rt, 70%; (b) 4,4 0-dimethoxybenzhydryl chloride, Et3N,


DBU, THF, 0 �C to rt, 95%; (e) i—PPh3, THF, 40 �C; ii—H2O, 40 �C,


t, 83%.







Table 1. KDR inhibitory activity of a selected set of 1,4-dihydroindeno[1,2-c]pyrazoles with various substituents in 3-position


Compound R1 R2 R3 KDR IC50
a (nM)


10 H
N


N


S


HN
HN


O


5'
2'


61


11 H
N


N S HN
HN


O
2'


4'


180


3
N


N
H


S


HN
HN


O
48


12
N


N
H S HN


HN


O
102


13b H
N


N


S


HN
O


12285


14b H
N


N


S


HN
O


2777


15b H
N


N


S


HN


O
212


16b H
N


N S HN S
O


O


22795


17b H
N


N
S HN S


O
O


>50000


18b H
N


N
S


HN
O


O
24158


19b H
N


N


S


O
HN


O
42


20b H
N


N
S


HN
N
H


N
>50000


21b H
N


N


S


HN
HN


N CN
>50000


22b H
N


N


S


N
HN


O
459


a Values are means of two experiments.
b Ref. 14.
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Table 2. Inhibitory activities of 1,4-dihydroindeno[1,2-c]pyrazoles with the basic side chain in 6-position and a selected set of substituents in the urea


moiety


Compound R1 R2 R3 IC50
a (nM)


KDR FLT1 cKit


23 H H 2-CH3 444 24996 1387


10 H H 3-CH3 61 2897 86


24 H H 4-CH3 308 11483 24


25 H H 2-CF3 2882 >50000 23829


26 H H 3-CF3 34 863 17


27 H H 4-CF3 281 4201 13


28 H H 2-Cl 199 >50000 921


29 H H 3,5-di-CH3 63 1668 27


30 H H 3,5-di-Cl 79 2275 38


31 CH3 H 3-CH3 159 4718 14735


32 H CH3 3-CH3 4807 14581 139


33 CH3 CH3 3-CH3 7458 27894 26845


34 CH3 H 2-CH3 122 4953 5710


35 CH3 H 2-Cl 180 3842 >50000


36 CH3 H 3-F, 5-CF3 20 33 25


37 CH3 H 3-OCF3 27 19 56


38 Et H 3-CH3 45 131 2190


39 n-Pr H 3-CH3 35 59 75


40 i-Pr H 3-CH3 123 2824 9746


41 c-Pr H 3-CH3 21 38 136


42 i-Bu H 3-CH3 164 1590 17239


43 i-Amyl H 3-CH3 262 3615 4843


44 CH3O H 3-CH3 259 1351 237


45 CH3OCH2CH2 H 3-CH3 171 2263 >50000


a Values are means of two experiments.


Table 3. Inhibitory activities of 1,4-dihydroindeno[1,2-c]pyrazoles with the basic side chain in 7-position and a selected set of substituents in the urea


moiety


Compound R1 R2 R3 IC50
a (nM)


KDR FLT1 cKit


46 H H H 184 3785 101


47 H H 2-CH3 159 2056 674


3 H H 3-CH3 48 592 69


48 H H 4-CH3 104 613 27


49 CH3 H 3-CH3 51 44 96


50 CH3 H 3-CF3 11 14 18


51 CH3 H 3-Cl 12 20 38


52 CH3 H 4-F 16 83 59


53 CH3 H 4-OCF3 17 25 19


54 CH3 H 3,4-di-Cl 18 36 28


55 CH3 H 4-Br 19 38 17


56 CH3 H 4-Cl 21 64 36


a Values are means of two experiments.
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favored over attachment to the 6-position (10 and 11).
All efforts to identify a functionality, which could be
superior to the urea moiety, resulted in compounds with
reduced KDR potency. For instance, the acid amide 13
and the sulfonamide 16, as well as the urea mimetics 20
and 21, showed significantly diminished activities. The
acid amides 14 and 15, the sulfonamide 17, and the car-
bamates 18 and 19 represent bioisosteric replacements
for the urea functionality in the parent compounds 10
and 11. While those modifications generally were detri-
mental, it should be noted that replacement of the exter-
nal NH group of the urea (14 and 18) resulted in a larger
drop in potency than replacement of the internal NH
group (15 and 19). The activity of the carbamate 19 is
particularly noteworthy because it is equipotent to its
parent 3; however, in the KDR whole cell assay9 it only
showed an IC50 of 2 lM and therefore was not pursued
further. In comparison to 10, an 8-fold loss in activity
was observed for 22, which contained a cyclized version
of the urea.


An investigation of the substitution pattern in the
urea moiety was initially conducted on 1,4-dihydroin-
deno[1,2-c]pyrazoles with the basic side chain in 6-po-
sition. The obtained results are summarized in Table 2.
For comparison, the table also lists the activities
for inhibition of FLT1,9 as a closely related VEGFR
family member, and cKit,9 as a representative of the
PDGFR subfamily, in addition to the KDR inhibitory
potencies. As already predicted by our computer mod-
el, compounds 10 and 23–27 demonstrate that in
mono-substituted phenyl ureas a small substituent in
3-position is preferred for KDR inhibition. This
SAR carries over for FLT1, but for cKit the 4-substi-
tution becomes more important. Substituents in the
2-position were the least favored, but gave rise to
the most selective compounds, as demonstrated by
28 (>250-fold selectivity for KDR inhibition over inhi-
bition of FLT1), 34 (about 45-fold selectivity for
KDR over both, FLT1 and cKit), and 35 (>278-fold
selectivity for KDR over cKit). In the case of disubsti-
tuted phenyl ureas, the 3- and 5-positions turned out
to be optimal (29 and 30). Replacing the phenyl
groups with aliphatic residues and aliphatic or aro-
matic heterocycles led to a complete loss of activity.
Methylation of the internal urea nitrogen diminished
the KDR potency only slightly (31: 2.6-fold), while
alkylation of the external NH-group had a more det-
rimental effect (32: 79-fold and 33: 122-fold loss). This
corresponds with our earlier observation on bioisoster-
ic replacements and confirms our computer model pre-
dictions, since the larger decrease in potency is
observed when the more optimal urea hydrogen bond
is blocked. The situation is reversed for the inhibition
of cKit, where the internal hydrogen bond appears to
play the more important role. The KDR whole cell
IC50 of 31 and its parent compound 10 were found
to be identical (146 nM), which prompted us to fur-
ther investigate N-alkylated ureas. Re-optimization
of the substitution pattern on the phenyl ring identi-
fied the ureas 36 and 37, which for the first time dis-
played comparable potencies for all three kinases, but
lost some potency in the KDR whole cell assay

(IC50 = 233 and 218 nM, respectively). The modifica-
tion of the N-alkyl substituent (38–45) revealed the
n- and cyclo-propyl groups as the most promising res-
idues, however, both variations again led to a slight
loss in KDR whole cell activity (IC50 = 198 nM for
39 and 171 nM for 41).


Turning our attention to 1,4-dihydroindeno[1,2-c]pyra-
zoles with the basic side chain in 7-position (Table 3),
we found a few differences in reflection to previously
established SAR trends. For compounds with a free
urea moiety, the 3-substitution on the phenyl ring,
again, is favored for KDR enzymatic activity, with the
m-tolyl urea 3 being approximately 4-fold more potent
than its unsubstituted parent compound 46. Methyla-
tion of the internal NH-group of the urea now basically
has no effect on the KDR inhibitory potency (49 vs 3),
compared to a slight loss earlier. Surprisingly, this meth-
ylation has no effect on the cKit activity although it
should prevent the formation of the more important
hydrogen bond (49 vs 31). We speculate that the basic
side chain in 7-position slightly re-orients the inhibitor
in the cKit active site, such that the external hydrogen
bond plays the more dominant role. Re-optimization
of the phenyl substitution pattern then demonstrated
that 4-substituents now become more important (52,
53, 55, and 56), which then also shifted the preference
for disubstitutions (54). Compounds 49 to 56 illustrate
that at this point, our established SAR has enabled us
to fairly routinely produce potent multitargeted RTK
inhibitors. The trifluoromethyl analogue 50 stands out
in this set, because in addition to its potency against
KDR, FLT1, and cKit, it is the most active compound
against Tie2 (IC50 = 259 nM), a more distant member
of the RTK family, which also is a target for anti-angio-
genic drug discovery.15 The KDR whole cell IC50 of 50
was determined to be 195 nM.


In summary, 1,4-dihydroindeno[1,2-c]pyrazoles con-
taining various substituents off a thiophene ring in 3-
position were investigated to access the hydrophobic
specificity pocket in KDR kinase. Phenylurea-type side
chains were identified to be optimal. A homology
model predicted that binding of those compounds into
the ATP binding site of the inactive form of KDR
would allow the urea moiety to interact with a specific
recognition motif in the enzyme. Further optimization
of the urea-type side chain and the position of a basic
substituent on the core led to a series of multitargeted
RTK inhibitors, which displayed potent inhibition
against additional VEGFR family members (FLT1
and Tie2), as well as a member of the structurally
related PDGFR family (cKit). Future work will focus
on the evaluation of these compounds in various
in vivo efficacy models.
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Abstract—N-Acetyl-S-farnesyl-LL-cysteine (AFC) is the minimal substrate for the enzyme isoprenylcysteine carboxyl methyltransfer-
ase (Icmt). A series of amide-modified farnesylcysteine analogs were synthesized and screened against human Icmt. From a 23-mem-
bered library of compounds, six inhibitors were identified and evaluated further. The adamantyl derivative 7c was the most potent
inhibitor with an IC50 of 12.4 lM.
� 2006 Elsevier Ltd. All rights reserved.

Numerous proteins are initially synthesized with a C-ter-
minal –CaaX box motif, where -C is cysteine, -aa are
generally two aliphatic residues, and –X is typically S,
M, F, Q, or L. This motif labels the protein for a series
of sequential post-translational modifications (Fig. 1).
First, either a 15-carbon farnesyl or 20-carbon geranyl-
geranyl group is added via a thioether linkage to the cys-
teine by one of two soluble isoprenyltransferases
(protein-farnesyltransferase, FTase, or protein-geranyl-
geranyltransferase I, GGTase I). Following the attach-
ment of the prenyl group, the three –aaX residues are
cleaved by the endoprotease Ras-converting enzyme 1
(Rce1), and subsequently the newly exposed cysteine
carboxyl group is methylated by isoprenylcysteine car-
boxyl methyltransferase (Icmt). It is estimated that at
least 120 mammalian proteins undergo this sequential
three-step post-translational modification sequence,1


the sum of which typically results in increased hydro-
phobicity and enhanced membrane association of an ini-
tially cytosolic protein.


This post-translational pathway became the subject of
intense scrutiny as a target for cancer therapies, as it
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was determined that the oncogenic Ras family of GTP-
ases must be farnesylated in order to properly function.
Importantly, mutations in this family of proteins are
responsible for approximately 20–30% of all human
cancers and 90% of pancreatic cancers. A number of
farnesyltransferase inhibitors (FTIs) are currently
undergoing evaluation in clinical trials.2,3 However,
these agents have not exhibited significant activity in
most patients with Ras-driven tumors4 due to alterna-
tive geranylgeranylation of Ras in FTI-treated cells.5,6

Figure 1. Post-translational modification of Ras by FTase, Rce1, and


Icmt.
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Rce1 and Icmt have been recognized for a number of
years as potential alternative anticancer targets to
FTase.7 Although originally thought to be too impor-
tant for cell viability due to the embryonic lethal pheno-
type of Rce1�/� and Icmt�/� mice,8 a recent publication
by Michaelson et al. showed that proteolysis and meth-
ylation are not as important for the proper functioning
and localization of geranylgeranylated proteins as for
farnesylated proteins.9 Thus, inhibiting Rce1 or Icmt
may result in a phenotype similar to that observed when
inhibiting FTase alone and not like the profound toxic
effects seen with dual FTase/GGTase I inhibitors.10


We have therefore initiated an effort to generate Icmt
inhibitors based on the structure of the minimal Icmt
substrate N-acetyl-S-farnesyl-LL-cysteine (AFC, Fig. 2,
1) in hopes of developing potent anticancer agents as

Figure 2. Structures of N-acetyl farnesylcysteine (AFC) (1), N-acetyl-


3-isobutenylfarnesylcysteine (2), and cysmethynil (3).


Figure 3. Structures of compounds screened against Icmt in SPA.

well as molecular tools to study the structure and mech-
anism of Icmt.


Recently reported work from our laboratories has
shown that selective changes in the farnesyl group of
AFC can afford effective inhibitors of yeast Icmt
(Fig. 2, 2; KI = 17 lM).11 However, compound 2 was
not an effective inhibitor of human Icmt. Winter-Vann
et al. have also identified a novel indole-based small
molecule inhibitor of human Icmt from a library screen.
This compound, termed cysmethynil (3 Fig. 2;
IC50 = 2.4 lM in vitro), resulted in an Icmt-dependent
Ras mislocalization, as well as a decrease in cell prolifer-
ation and anchorage-independent growth in soft agar
assays.12 In response to these promising initial reports,
we have expanded our efforts toward the development
of AFC-based Icmt inhibitors, and have now synthe-
sized a series of amide-modified farnesyl cysteine (FC)
analogs (Fig. 3).


The biochemical and cellular effects of other FC analogs
have been previously reported. Farnesyl thiosalicylic
acid (FTS) has been shown to inhibit the growth of
H-Ras-driven Rat1 cells, though it is believed this effect
is not solely due to inhibition of Icmt.13 Perez-Sala et al.
showed that another AFC-based compound, S-farnesyl-
thioacetic acid (FTA), induced apoptosis in HL-60 cells.
However, Ras was not mislocalized away from the cell
membrane, suggesting a non-Icmt-specific effect of this
compound.14 Note that FTS and FTA were reported
to be methyltransferase inhibitors (IC50 = 2.8 and







Table 1. Inhibition of human Icmt by selected compounds


Compound % of controla,c Enzyme inhibition IC50
a,d (lM)


None 100.0 (±19.0) NAb


7c 12.8 (±7.9) 12.4 (±1.0)


7e 50.1 (±3.5) 16.6 (±1.3)


7j 33.5 (±4.3) 23.0 (±1.9)


7l 37.1 (±4.2) 14.3 (±0.8)


7s 35.1 (±2.2) 17.4 (±1.6)


7w 28.0 (±2.9) 20.3 (±2.6)


a Values are means of three experiments, SEM is given in parentheses.
b NA, not applicable.
c Determined using an SPA procedure.18b


d IC50 values determined using vapor diffusion assay20 and calculated


using GraphPad Prism 4.0.
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4.6 lM, respectively),13,14 but these studies were per-
formed with crude membrane preparations from tissues
rather than the well-characterized recombinant human
Icmt11 that is now available. In an attempt to distinguish
Icmt inhibition from other non-specific effects, Ma et al.
synthesized a number of amide-modified AFC ana-
logs.15,16 Bulky benzoyl and pivaloyl analogs did not
act as substrates, but the introduction of a flexible gly-
cine spacer between the benzoyl group and farnesylcys-
teine restored substrate activity.16 We propose that a
further exploration of the structure–activity relationship
for AFC analogs could lead to more potent Icmt inhib-
itors. It is our hypothesis that an FC-based inhibitor
that has a higher affinity for the enzyme but is not a sub-
strate will reduce the pleotropic effects associated with
FTS and FTA.


Using the short synthetic route outlined in Scheme 1, a
library of 23 amide-modified farnesylcysteine analogs
was synthesized. Farnesylcysteine methyl ester 5 was
prepared via the method of Poulter and co-workers.17


Standard peptide coupling conditions were used for
the introduction of the various carboxylic acids. HOBt,
EDC, and R–COOH were dissolved in DMF, followed
by the addition of i-Pr2EtN. In some instances this solu-
tion required heating to dissolve the carboxylic acid
prior to addition of 5. After 2–3 h at room temperature,
work-up and purification gave 6a–w in 55–95% yield.
Hydrolysis of the methyl ester was accomplished by dis-
solving 6a–w in 95% ethanol at zero degrees and adding
NaOH. Reactions were typically complete in one hour
which after work-up and purification gave 7a–w in 40–
70% yield.


The synthesized compounds shown in Figure 3 were
screened for Icmt inhibitory activity using a high-
throughput scintillation proximity assay (SPA).18 In
the SPA, crude membranes from Saccharomyces cerevi-
siae cells overexpressing active human Icmt were
incubated with 20 lM of the methyl donor S-adenosyl-
[14C-methyl]methionine (SAM) and 25 lM of the
substrate N-biotinyl-(6-aminohexanoic)-S-farnesyl-LL-
cysteine (BFC).19 The extent of the methylation by hIc-
mt is quantified by the binding of the methylated BFC to
streptavidin SPA beads, and measuring the counts per
minute (cpm).

Scheme 1. Reagents and conditions: (a) farnesyl-Cl, 7 N NH3/MeOH,


0 �C to rt, 82%; (b) R–COOH, HOBt, EDC, DIEA, DMF, rt, 50–95%;


(c) NaOH, 95% EtOH/H2O, rt, 40–75%.

From our initial screen of twenty-three compounds, six
agents (7c, 7e, 7j, 7l, 7s, and 7w) led to a 50% or greater
decrease in BFC methylation, our criteria for advancing
a compound into additional testing (Fig. 3). In this
study, we found that FC analogs containing larger R-
groups inhibited Icmt more effectively than those with
smaller R-groups. In particular, the adamantyl analog
7c was the most potent inhibitor. Also, compounds con-
taining 3,5-disubstituted phenyl rings (7j and 7l), with
the exception of the difluoro compound 7h, exhibited
inhibitory activity, whereas the corresponding 2,4-disub-
stituted analogs (7i and 7k) did not. These data repre-
sent three independent experiments performed in
duplicate. The assay is robust and reproducible, and sig-
nificantly accelerated the testing of this library.


We subsequently took the six lead compounds and
determined their IC50 values for human Icmt using the
methanol vapor diffusion assay11,20 and the IC50 values
are shown in Table 1. As in the SPA above, the adaman-
tyl analog 7c was the most potent inhibitor with the low-
est IC50. We are currently synthesizing a more
comprehensive library to further explore both the sub-
strate and inhibitory requirements for prenylcysteine
binding to Icmt.


In summary, we have synthesized a small library of
amide-modified farnesylcysteine analogs and screened
them for inhibitory activity. We have identified inhibi-
tors of Icmt that are both easily synthesized and poten-
tially more useful than AFC for further biochemical and
cellular studies. These compounds are much more po-
tent inhibitors of human Icmt than our previously
reported prenyl-modified analogs such as 2, although
not as potent as inhibitor 3. We are now in a position
to utilize this information to develop more potent inhib-
itors of recombinant human Icmt.
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Abstract—A series of 1,4-dihydroindeno[1,2-c]pyrazoles was prepared and evaluated for their enzymatic inhibition of KDR kinase.
Computer modeling studies revealed the importance of attaching a basic side chain in predicting the binding mode of those com-
pounds. Further investigation of structure-activity relationships led to 19, a lead compound with an acceptable selectivity profile,
activity in whole cells, and good oral efficacy in an estradiol-induced murine uterine edema model of VEGF activity.
� 2006 Elsevier Ltd. All rights reserved.

Multicellular organisms have to form new blood vessels
to maintain a sufficient supply of nutrients and oxygen
when they grow beyond a size of 1–2 mm. Initially blood
vessels are assembled from endothelial precursors (vas-
culogenesis) and are then expanded through angiogene-
sis (sprouting and intussusception).1 Angiogenesis is a
tightly controlled process, which is balanced by a num-
ber of angiogenic growth factors and endogenous inhib-
itors.2 While angiogenesis is an essential process, for
example, in embryonic development, the menstrual cy-
cle, and wound healing,3 its imbalance has been impli-
cated in various disease states such as rheumatoid
arthritis, stroke, psoriasis, and in cancer.4 At an early
stage, solid tumors depend on angiogenesis to grow, sur-
vive, and metastasize. Without sufficient vasculariza-
tion, however, they remain small and become necrotic
or apoptotic. Members of the family of vascular endo-
thelial growth factors (VEGFs), especially VEGF-A,
were identified as major regulators of these events.5


Expression of VEGF is stimulated by hypoxia and its
biological effects are mediated by the receptor tyrosine
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kinases FLT1 (VEGFR1, Fms-like tyrosine kinase 1)
and, more importantly, KDR (VEGFR2, kinase insert
domain-containing receptor tyrosine kinase).6 KDR is
a transmembrane protein that is specifically expressed
in vascular endothelial cells. Upon binding of VEGF
to its extracellular ligand binding domain, KDR under-
goes dimerization and trans-autophosphorylation of its
intracellular kinase domain. This initiates a cascade of
downstream signaling events, which ultimately lead to
endothelial cell proliferation and migration. Its essential
role in tumor progression has made the inhibition of
KDR signaling a highly attractive target for therapeutic
intervention in cancer.7 In fact, small molecule KDR
inhibitors have been shown to inhibit the growth of solid
tumors derived from breast, colon, lung, and prostate in
tumor xenograft models. Clinical validation for the gen-
eral strategy can be derived from the recent FDA
approval of AvastinTM, a monoclonal antibody to
VEGF, for the treatment of colorectal cancer,8 as well
as from the advancement of ZD64749 and PTK78710


into phase III clinical trials.


High-throughput screening of our compound repository
identified the 1,4-dihydroindeno[1,2-c]pyrazole 1 (Fig. 1)
as a reversible ATP-competitive inhibitor (IC50 =
0.93 lM) of KDR kinase. In this report, we describe
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Scheme 1. Reagents and conditions: (a) ethylene glycol, p-TsOH,


benzene, reflux (Dean–Stark trap); (b) i—n-BuLi, THF, �78 �C; ii—


DMF, THF, �78 �C to rt; (c) NaBH4, MeOH/THF (10:1), 0 �C to rt;


(d) p-TsOH, acetone/H2O (4:1), reflux; (e) MsCl, Et3N, THF, 0 �C; (f)


1-methylpiperazine, K2CO3, EtOH, 0 �C to rt; (g) i—NaH, phenyl


benzoate, benzene, reflux; ii—H2NNH2ÆH2O, HOAc, EtOH, reflux.


Figure 1. Structure of the high throughput screening hit 1 and


demonstration of pseudo-C2 symmetry in 2.
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an improved synthesis of 1,4-dihydroindeno[1,2-c]pyraz-
oles and their hit-to-lead evaluation as KDR kinase
inhibitors.


Compound 1 already represents the minimum required
pharmacophore for KDR activity. Without the
thiophene substituent in 3-position the compound is
inactive. Previous studies of 1,4-dihydroindeno[1,2-c]-
pyrazoles bound to the PDGF11 or CDK212 kinase ac-
tive sites indicated the possibility of multiple binding
modes based on the pseudo-C2 symmetry of those mol-
ecules. The situation becomes more obvious if the 3-thio-
phene substituent is replaced by a phenyl group, as
shown in 2. Using the crystal structure of KDR kinase,
this molecule then can be docked into the ATP binding
site in such a way that its N(1)-H acts as a hydrogen
bond donor to Glu 917 and its N(2) acts as a hydrogen
bond acceptor to Cys 919 in the hinge region of KDR
(mode A in Fig. 2). In this case, the phenyl group is
oriented toward the solvent. The tautomeric form of 2,
however, is able to bind in the opposite direction such
that the 3-phenyl substituent projects toward the
specificity pocket (mode B). To further investigate this
situation, we decided to attach a (4-methylpiperazin-
1-yl)methyl side chain to the core 2.


The general synthesis of 1,4-dihydroindeno[1,2-c]pyra-
zoles with basic side chains in the 5-, 6- or 7-position
is exemplified with the synthesis of compound 10
(Scheme 1). Indanone 3 was protected in the form of
its dioxolane 4. Halogen–lithium exchange followed by
formylation with DMF afforded aldehyde 5, which

Figure 2. Diagram of compound 2 bound into active site of KDR


kinase (PDB 1VR2) in two orientations.

was directly reduced with sodium borohydride to give
the hydroxymethyl compound 6. After deprotection of
the keto functionality, the hydroxyl group in 7 was
mesylated to afford 8. Indanone 9 was then obtained
via nucleophilic substitution with 1-methylpiperazine,
using potassium carbonate as the base. The yield in
the subsequent formation of the tricyclic ring system
in 10 is very sensitive to the nature of the substituent
in 3-position. Therefore, we developed an improved
‘one-pot’ procedure,13 which is more amenable to
elucidate structure–activity relationships (SARs) in this
position. The 1,4-dihydroindeno[1,2-c]pyrazoles with
basic side chains in 3 0- or 4 0-position were produced in
analogy to Scheme 1, starting from 2-indanone and
the appropriate 4-methyl piperazinomethyl benzoate.14


The activity of the produced compounds to inhibit the
phosphorylation of a peptide substrate (biotin–Ahx–
AEEEYFFLFA–amide) by KDR kinase was assessed
in an HTRF� assay at 1.0 mM concentration of adeno-
sine 5 0-triphosphate (ATP).15 Table 1 shows that having
the polar side chain attached to the 5-position (11),
directed toward the ribose binding pocket, was not well
tolerated. Attachment in 6- (10) and 7-position (12) pro-
duced about equipotent compounds with a slight
improvement of activity compared to the parent
compound 2, and substitution in 3 0- (13) and 4 0-position

Table 1. KDR inhibitory activity of parent compound 2 and its


(4-methylpiperazin-1-yl)methyl substituted derivatives 10–14


Compound Substituent in position KDR IC50
a (lM)


2 No substituent 1.2


11 5 14.1


10 6 0.7


12 7 0.6


13 3 0 3.4


14 4 0 1.4


a Values are means of two experiments.







Table 3. KDR inhibitory activity of a selected set of 1,4-dihydroin-


deno[1,2-c]pyrazoles with modifications in 6- and 7-position 27–35


Compound R1 R2 R3 KDR


IC50
a (nM)


27 H N
N


S
1005


28
N


N H
S


143


29 N H 824
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(14) resulted in a slight loss of potency. Based on our
modeling studies, compound 12 cannot bind to KDR
in mode A because of severe clashes between the basic
side chain and the protein. On the other hand, com-
pound 14 is unable to bind in mode B because of the
same reason. However, both compounds have reason-
able potencies. Together with the fact that polar groups,
such as 4-methylpiperazine, will likely prefer the solvent-
accessible region of the active site, we therefore assume
that the position of the basic side chain will determine
the binding mode of our compounds. Overall, adding
a polar side chain improved the solubility of our com-
pounds and had a positive effect on their potency in
those cases where the substituent was attached in the
6- or 7-position. Both forms were considered for further
studies.

Table 2. KDR inhibitory activity of a selected set of 1,4-dihydroin-


deno[1,2-c]pyrazoles with modifications in 3-position 15–26


Compound R1 R2 R3 KDR


IC50
a (lM)


15 H
N


N


OH
0.50


16 H
N


N N 9.20


17 H
N


N S
1.05


18 H
N


N


S
0.40


19 N
N


H
S


0.18


20 H
N


N


N


S
2.84


21 H
N


N


S


N
7.48


22 H
N


N
N


S
16.64


23 H
N


N S
5.47


24 H
N


N
S


12.54


25 H
N


N S
>50.00


26 H
N


N
S


>50.00


a Values are means of two experiments.


S


30
N


N H
S


190


31 N
N


O


H
S


4081


32


N
NH


O


H
S


665


33
N
NN


H
S


190


34 N
N


N H
S


108


35
N


N
H


S
147


a Values are means of two experiments.

Next, we examined the SAR of substituents in 3-posi-
tion of the 1,4-dihydroindeno[1,2-c]pyrazole system
(Table 2). Substitutions on the phenyl ring generally
resulted in a loss of potency, only the two analogs with
a hydroxyl group in 3 0- (not shown) and 4 0-position (15)
maintained activities comparable to the parent com-
pound 10. Replacing the phenyl group with six-mem-
bered aromatic heterocycles also proved to be
detrimental. For example, the 3 0-pyridyl derivative 16,
as the most active representative of this subseries,
showed about a 13-fold loss in KDR enzymatic potency.
Attempts to attach aliphatic residues in 3-position
rendered the compounds completely inactive. Only
thiophenes, even in comparison with other five-mem-
bered aromatic heterocycles, gave promising results.
As the comparison of the KDR IC50-values for
compounds 17 and 18 shows, attaching a thiophene in
its 3 0-position is better tolerated than attachment in 2 0-
position. A boost in potency, compared to the parent
compound 10, was then achieved by switching the basic
side chain from the 6- into the 7-position (19). In mod-
eling 19 into the active side of KDR, we note the prox-
imity of the thiophene sulfur relative to the sulfur of Cys
1045 of the enzyme. ‘Soft–soft’ molecular interactions
between the two sulfur atoms may provide a possible







Table 4. Kinase inhibition profiles of 1,4-dihydroindeno[1,2-c]pyrazoles 19 and 35


Compound IC50
a (nM)


KDR FLT1 FLT4 cKit PDGFR Tie2 FGFR EGFR LCK cMET


19 178 970 1573 145 >50,000 47,793 >50,000 >50,000 >50,000 >50,000


35 148 601 169 103 >50,000 17,641 34,355 >50,000 21,141 >50,000


a Values were determined in HTRF� assays.
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rationale for the preferred binding of the thiophene ana-
logs over other aromatic rings. We also speculate that,
depending on its position, the basic side chain could help
to orient the molecule toward this interaction. To fur-
ther expand on the SAR of the thiophene substituent,
we introduced an additional heteroatom into the system.
However, the assay results for compounds 20–22 dem-
onstrate that this change was not very well tolerated.
A ‘methyl-walk’ around the 2 0-thienyl group was carried
out to investigate the possibility of attaching larger sub-
stituents, which could reach into the hydrophobic spec-
ificity pocket (compounds 23–25). Here it was found
that, in comparison, the 5 0-position would be best suited
(23), but even the attachment of a methyl group already
resulted in about a 5-fold loss in potency. Annulation of
an additional phenyl ring as in 26 only produced inac-
tive compounds.


Concluding that a 3 0-thiophene substituent is optimal
for achieving potent KDR activity, we focused on the
optimization of the basic side chain (Table 3). Elimina-
tion of the methylene spacer in compound 17 (Table 2)
had no effect on the KDR activity (27), while extending
this tether to an ethyl group (19 vs 28) slightly gained
potency but then turned out to be detrimental in the
in vivo efficacy model. Opening of the 1-methylpiper-
azine ring and elimination of one of the basic nitrogens
was unfavorable as demonstrated with 29. Extension of
the N-alkyl group, exemplified with 30, was tolerated
but did not result in any significant improvement.
Reduction of the basicity of either nitrogen by introduc-
tion of a neighboring carbonyl functionality (31 and 32)
showed that the internal nitrogen has the more signifi-
cant contribution to the overall potency of the inhibi-
tors, but also that both basic nitrogens are required
for optimum potency. While considering aromatic sys-
tems, we identified several five-membered heterocycles
of interest. The 1H-1,2,3-triazol substituted compound
33 almost retained the potency of 19, although being a
lot less basic. Changing to its 1H-1,2,4-triazol isomer
34 then even led to an improvement of in vitro activity.
This find was of great interest to us because through
modulating the overall basicity of our compounds, we
were able to reduce the volume of distribution in their
PK profile. Unfortunately, we found that the in vivo effi-
cacy decreased with the decreasing pKa values of our
KDR inhibitors. As a consequence, the imidazole-con-
taining compound 35 was produced and showed a
KDR IC50 of 147 nM. To determine its whole cell activ-
ity, 35 (KDR cell IC50 = 293 nM) was evaluated in an
enzyme linked immunosorbent assay (ELISA) for its
ability to inhibit VEGF-induced phosphorylation of
KDR in full length human KDR-transfected NIH3T3
cells.15 The compound was then tested in an estradiol-

induced murine uterine edema model of VEGF activi-
ty15 to determine its in vivo efficacy and systemic oral
exposure. Here 35 achieved an ED50 of 20 mg/kg. Table
4 shows the inhibitory potencies of 35 and its parent
compound 19 against a panel of kinases. The com-
pounds are most active against the kinases of the VEG-
FR family as well as cKit, and overall display a
selectivity profile that is unique, compared to other
known classes of KDR inhibitors.


In summary, 1,4-dihydroindeno[1,2-c]pyrazoles were
identified as potent KDR inhibitors. Attachment of a
basic side chain allowed the prediction of the binding
mode of these compounds into the active site of KDR,
and affords improved pharmacological properties. Fur-
ther hit-to-lead optimization studies resulted in lead
compound 19, which shows an acceptable selectivity
profile, activity in whole cells, and good efficacy when
dosed orally in a primary in vivo efficacy model. Fol-
low-up work in this series will be presented in due time.
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Abstract—A novel sulfanyltriazole was discovered as an HIV-1 non-nucleoside reverse transcriptase inhibitor via HTS using a
cell-based assay. Chemical modifications and molecular modeling studies were carried out to establish its SAR and understand
its interactions with the enzyme. These modifications led to the identification of sulfanyltriazoles with low nanomolar potency
for inhibiting HIV-1 replication and promising activities against selected NNRTI resistant mutants. These novel and potent
sulfanyltriazoles could serve as advanced leads for further optimization.
� 2006 Elsevier Ltd. All rights reserved.
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HIV-1 reverse transcriptase is a key enzyme in the HIV
replication and has been a key target for developing
anti-HIV drugs. Two types of reverse transcriptase
inhibitors have been developed:1,2 nucleoside reverse
transcriptase inhibitors (NRTIs) and non-nucleoside re-
verse transcriptase inhibitors (NNRTI). Three NNRTIs,
nevirapine (Viramune�),3 delavirdine (Rescriptor�),4


and efavirenz (Sustiva�)5, have been approved by
FDA for the treatment of HIV infection. However, sig-
nificant resistance has been developed against the cur-
rent NNRTIs and there is an urgent need to develop
new anti-HIV agents that are effective against these
resistant mutants.6,7 The current efforts have been fo-
cused on developing inhibitors based on novel scaffolds
and/or with new mechanism of action.8,9 We have been
using cell-based assays to identify HIV inhibitors in our
studies,10–12 which could potentially result in inhibitors
which fall into both categories (see Fig. 1).


In our previous studies, we reported the discovery of
novel oxindoles, quinolones, and pyrrolidinones as
non-nucleoside reverse transcriptase inhibitors,10–13 In
this letter, we wish to report the identification of a novel
series of sulfanyltriazoles as NNRTIs and our prelimin-
ary SAR studies on this scaffold. Through our HTS
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using the cell-based HIV replication assay, a sulfanyl-
triazole (4a) was identified as an inhibitor with low
micromolar inhibitory activity. Sulfanyltriazoles have
been reported to possess a number of biological activi-
ties, e.g. antibacterial and antifungal,14 analgesic,15


and anticonvulsant activities.16 However, their anti-
HIV activity has not been previously documented.17


Compound 4a has a simple, yet distinctively different
chemical structure from the HIV inhibitors reported in
the literature. To explore the SAR of this novel scaffold,
we first prepared a series of analogs with varying amide
moieties as illustrated in Scheme 1. Starting from

O


4a


Figure 1.
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R = Ph-2-Br
R = Ph-3-Br
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R = Ph-3-CF3


5 6 7


4l:
4m:
4n:
4o:  
4p:
4q:
4r:
4s: 
4t:
4u:
4v:


R = Ph-2-CN
R = Ph-3-CN
R = Ph-4-CN
R = Ph-3-OMe
R = Ph-4-OMe
R = Ph-2-CO2Me
R = Ph-3-CO2Me
R = Ph-4-CO2Me
R = Ph-2-NO2
R = Ph-3-NO2
R = Ph-4-NO2


4 8


4w:  
4x:
4y:
4z:
4aa:
4ab:
4ac:
4ad:
4ae:
4af:


R = Ph-2,3-Me2
R = Ph-2-Me-4-Cl
R = Ph-2,4-Cl2
R = Ph-2,5-Cl2
R = 2-naphthalyl
R = thiadiazole-3-Et
R = 2-Py
R = 4-Pyrimidyl
R = (CH2)8Me
R = tBu


Scheme 1. Synthesis of sulfanyltriazoles 4a–4af. Reagents and condi-


tions: (a) AcCl (1.1 equiv), Py (5.0 equiv), CHCl3, 0–25 �C, 3 h, 90%;


(b) 2.0 M NaOH (aqueous), reflux, 5 h, 80%; (c) BrCH2CO2H (1.2


equiv), Et3N (3.5 equiv), CH2Cl2, 25 �C, 5 h, 75%; (d) ArNH2 (1.2


equiv), HATU (1.2 equiv), CH2Cl2, 25 �C, 1 h, 5–90%.
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Scheme 2. Alternative synthesis of sulfanyltriazole 4. Reagents and


conditions: (a) ArNH2 (1.2 equiv), Et3N (5.0 equiv), CH2Cl2, 0–25 �C,


2 h, 77–89%; (b) 7 (1.2 equiv), Et3N (2.0 equiv), CH2Cl2, 25 �C, 5 h,


73–85%.
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commercially available thiosemicarbazide 5, the termi-
nal amino group was first converted into 1-acetylthiose-
micarbazide (6) by reacting with acetyl chloride in the
presence of pyridine. Refluxing of 6 in sodium hydroxide
solution led to the formation of triazolethiol 7 in excel-
lent yield. Thiol 7 was then allowed to react with a-
bromoacetic acid in the presence of triethylamine to give
rise to the corresponding sulfanylacetic acid 8. Under
the HATU coupling conditions, acid 8 reacted with
various anilines and amines to provide the desired
analogs (4a–4af).


The HATU18 coupling was generally smooth with
amines and unhindered anilines. But the yields are low
for the anilines with ortho substitutions, which were pre-
sumably a result of their unfavorable steric interactions
with activated ester during the coupling. To circumvent
this problem, analogs containing ortho substituted ani-
line moieties could be synthesized using an alternative
route shown in Scheme 2. In this case, the hindered ani-
lines were allowed to react with a-bromoacetyl bromide
(9) to form the amide bond first. Subsequent displace-
ment of the bromide with thiol 7 furnished the corre-
sponding analogs in good yields. The same chemistry
was employed to prepare a number of secondary amide
analogs (11a–11d).


These sulfanyltriazoles were then tested for their inhibi-
tory activity in the above-mentioned HIV replication as-
say, and their IC50’s are shown in Table 1. These results

suggest that substitution on the carboxamide phenyl
ring has significant impact on antiviral activity. First,
an electron-withdrawing group is favored at the ortho
position for good antiviral activity. Analogs belonging
to this group include 4d (2-F, 68 nM), 4e (2-Cl, 3 nM),
and 4j (2-CF3, 72 nM), 4l (2-CN, 170 nM), and 4t (2-
NO2, 1 nM). It appears that a small, hydrophobic group
is also preferred at this position (4b, 4d, 4e, 4j vs 4l, 4q),
with the exception of 4t, which contains a relatively
hydrophilic group. Among these, the ortho chloro (4e)
and ortho nitro (4t) analogs are the most potent with
single digit nanomolar potency. Consistent with this
trend, analogs such as 4g (2-Br), having relatively larger
groups at the 2 position, did not show any inhibitory
activity (see Scheme 3).


Analogs with single substitutions at the 3 position of the
phenyl ring typically exhibited low or no inhibitory
activity (4h, 4k, 4m, 4r, and 4u). The only exception is
the methoxy analog 4o, which exhibited an EC50 of
22 nM, suggesting that an electron-donating substituent
might be favored at this position. Single substitutions at
the 4 position of the phenyl ring had either minimum or
negative impact on the inhibitory activity (4c, 4f, 4i, 4n,
4p, 4s, and 4v). Consistent with the observations for the
single substitutions on the phenyl ring, the disubstituted
analogs 4y (2,4-Cl2) and 4z (2,5-Cl2) exhibited EC50s of
20 nM and 37 nM, respectively. The dimethyl analogs
4w (2,3-Me2) and 4x (2-Me-4-Cl) also showed good
inhibitory activity, and the 2-naphthalyl analog (4aa)
also had a submicromolar EC50. It appears that suitable
substitutions on the phenyl ring could have a positive
impact on the antiviral potency. The few heterocyclic
(4ab–4ad), alkyl (4ae and 4af), and tertiary amide
(11a–11d) analogs were also examined, but none of them
displayed any inhibitory activity, suggesting the impor-
tance of the phenyl moiety.


To explore the role of the other phenyl ring attached to
the triazole moiety, analogs 12a–12g were prepared
using the same chemistry outlined in Scheme 1
(Fig. 2). Data clearly suggested that a phenyl ring (R
in 12) is favored over the methyl, ethyl, and benzyl
replacements (4e, 12a–12d vs 12e–12g). Among all these







Table 1. Anti-HIV activities of sulfanyltriazoles10


Compounda EC50 (lM) IC50 (lM)


EFV 0.001 �10


NVP 0.050 >10


4a 2.053 >10


4b 0.112 >10


4c >10 >10


4d 0.068 >10


4e 0.003 >10


4f 1.358 >10


4g >10 >10


4h >10 >10


4i >10 >10


4j 0.072 >10


4k 2.869 >10


4l 0.170 >10


4m >10 >10


4n >10 >10


4o 0.022 >10


4p 1.837 >10


4q 0.614 >10


4r >10 >10


4s 0.822 >10


4t 0.001 >10


4u >10 >10


4v >10 >10


4w 0.128 >10


4x 0.215 >10


4y 0.020 >10


4z 0.037 >10


4aa 0.412 >10


4ab >10 >10


4ac >10 >10


4ad >10 >10


4ae >10 >10


4af >10 >10


11a >10 >10


11b >10 >10


11c >10 >10


11d >10 >10


12a 0.310 >10


12b 0.059 >10


12c 0.079 >10


12d 0.018 >10


12e >10 >10


12f >10 >10


12g 3.406 >10


13a 3.784 >10


13b 2.072 >10


13c 4.209 >10


13d 1.425 >10


13e 1.068 >10


14 >10 >10


a EFV, efavirenz; NVP, nevirapine.
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Scheme 3. Synthesis of sulfanyltriazole 14. Reagents and conditions:


(a) Lawesson’s reagent, toluene, 100 �C, 12 h, 70%.
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Figure 2. Structures of sulfanyltriazoles 12 and 13.
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R groups examined, tolyl is the best for potency, and 4e
exhibited the highest anti-HIV activity. The 3-methyl
group on the triazole was replaced with several larger
substitutions (13a–13e) and none of them showed any
antiviral activity, suggesting a relatively small hydro-
phobic pocket in the molecular target of these com-
pounds in this region of the molecule (Fig. 3). The
thioamide analog 14 exhibited no antiviral activity,
demonstrating the importance of the carbonyl oxygen
in the interaction with the target. It also suggests that
the NH is not crucial to activity since a thioamide is a
worse HB acceptor but a better HB donor than the
corresponding amide.


A number of potent sulfanyltriazoles were selected to
test against a few key NNRTI resistant mutants
(Y181L, Y181C, K103N, and L100I), and the results
are shown in Table 2. As the data demonstrated, the
antiviral activities of all analogs are sensitive to these
mutations in the NNRTI active site, which suggests

Figure 3. Docking of 4e into the NNRT active site.10







Table 2. Antiviral activities of sulfanyltriazoles against HIV-1 NNRTI


resistant mutants11


Compound EC50


(lM)


WT


EC50


(lM)


Y188L


EC50


(lM)


Y181C


EC50


(lM)


K103N


EC50


(lM)


L100I


EFV 0.001 0.313 0.001 0.019 0.013


NVP 0.050 >10 >10 5.053 0.164


4d 0.068 >10 4.028 3.273 1.376


4e 0.003 4.306 0.023 0.065 0.182a


4j 0.072 >10 1.377 1.511 0.488


4o 0.022 2.191 0.161 0.082 0.031


4t 0.001 3.595 0.016 0.006 0.024a


4y 0.020 >3.333 0.440 0.577 0.186


4z 0.037 >10 0.769 1.045 0.835


12b 0.059 >1.654 1.051 1.123 0.100


12c 0.079 >3.333 1.429 0.913 1.234


12d 0.018 >3.333 0.219 0.565 0.170


a Activity against K103N/L100I; for EFV: EC50 = 2526 nM.
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that RT is the target of these sulfanyltriazoles. Several
of these analogs (4e, 4o, 4t, 4y, 12b, and 12d) exhibited
good activity against L100I mutant with varying activ-
ities observed for the Y181C and K103N mutants.
However, none of these analogs were effective in inhib-
iting the Y188L mutant virus. Among these analogs,
4e, 4o, 4t, and 12d exhibited good overall antiviral pro-
file. In particular, the EC50’s for 4o (82 nM, �4-fold
shift from that of the WT virus) and 4t (6 nM, 6-fold
shift) against the K103N mutant are of interest consid-
ering that K103N is a key mutation associated with the
current NNRTI resistance. Double mutants containing
K103N are generally problematic for efavirenz. For
example, the EC50 of efavirenz against K103/L100I is
only 2.5 lM. On the other hand, sulfanyltriazoles 4e
and 4t exhibited EC50’s of 182 and 24 nM, respectively
(Table 2), suggesting the potential of these sulfanyl-
triazoles to overcome the K103 related NNRTI resis-
tant mutants.


Modeling studies were carried out to understand how 4e
interacts with the reverse transcriptase (Fig. 3). Our re-
sults suggest that the carbonyl oxygen forms a hydrogen
bond with the K103 backbone NH, which is consistent
with the good activity of these sulfanyltriazoles against
the K103 mutants. The chlorophenyl moiety sits be-
tween P236 and V106, and points toward the solvent ex-
posed region. The triazole moiety stays in the middle of
the binding pocket, anchoring the three substituents on
the ring into the optimal space for interactions with the
enzyme. Finally the tolyl moiety fits into another impor-
tant hydrophobic pocket, where many key resistant
mutations take place, which include Y188L, Y181C,
F227C, and L100I. Our studies suggest that this class
of compounds shares the same pharmacophore with
pyrrolidinone-12 and benzophenone-based NNRTIs.19


In summary, a series of sulfanyltriazoles was discovered
as novel NNRTIs, and their preliminary SAR has been
established via chemical modifications. Molecular
modeling studies were employed to understand the
interactions between these inhibitors and the reverse
transcriptase, and to guide the SAR studies. These

studies led to the identification of inhibitors of single
digit nM potency. Despite the fact that no optimization
was directed toward the NNRTI resistant mutants, sul-
fanyltriazoles 4e, 4o, 4t, and 12d exhibited good activity
against Y181C, K103N, and L100I, and promise great
potential in overcoming these and other NNRTI resis-
tant mutants. Future studies shall focus on optimizing
the inhibitory activities against the NNRTI resistant
mutants.
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Abstract—Prompted by the therapeutic potential of the neuroimmunophilin FK506-binding protein (FKBP) ligand, GPI-1046, in
the treatment of nerve injuries and neurodegenerative diseases, a novel series of non-cyclic derivatives of GPI-1046 were designed
and synthesized. Computer modeling analysis revealed that these relatively linear derivatives could energy-favorably bind to
FKBP12 with an analogous binding mode to GPI-1046. The neurotrophic activity of the target compounds was assessed in chick
dorsal root ganglion (DRG) cultures. As a result, 6 out of 11 test compounds at either or both concentrations of 1 pM and 100 pM
significantly promoted neurite outgrowth in DRGs in the presence of 0.15 ng/ml nerve growth factor (NGF). Compound 5c at
100 pM exhibited the greatest neurotrophic effect in promoting both the number and length of neurite processes. However, in
the absence of exogenously added NGF, all test compounds, including GPI-1046, failed to afford any positive effect on DRGs. This
study suggests the intriguing potential of these compounds for further investigation.
� 2006 Elsevier Ltd. All rights reserved.

With the initial reports of neuroregenerative and neuro-
protective properties of FK506,1,2 a natural macrolide
immunosuppressant agent isolated from Streptomyces
tsukubaensis and clinically used in inhibiting immune
responses in organ transplantation,3 investigations in
immunophilins, in particular FK506-binding proteins
(FKBPs) in the nervous system, have spurred a great ad-
vance in neuroscience and raised the possibility of apply-
ing FKBP ligands as a novel therapeutic strategy in the
treatment of nerve injuries and neurodegenerative disor-
ders such as Alzheimer’s and Parkinson’s diseases.4–6 In
comparison with a wide variety of peptidic neurotrophic
factors (NTFs), which demonstrate intriguing therapeu-
tic properties in various pre-clinical models of neurode-
generation, while their clinical development is hindered
by their unfavorable pharmacokinetics nature,7,8 FKBP
ligands appear to hold a greater promise to develop into
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potential therapies in the light of their oral bioavailabil-
ity and permeability across the blood–brain-barrier.


FK506 is composed of two domain structures, the
‘FKBP-binding domain’ and the ‘effector domain’ (see
Fig. 1).9 FK506-induced immunosuppressive effect has
been associated with the formation of a triple complex
with FKBP12 (the 12 kDa FKBP) and calcineurin via
its ‘FKBP-binding domain’ and ‘effector domain,’
respectively.10,11 However, it is suggested that the neural
activity of FK506 is underlaid merely by its interaction
with FKBP and independent of calcineurin inhibition.5


Over the past decade, this profound notion has served
as the basis for the rational design and development of
neurotrophic/neuroprotective FKBP ligands devoid of
undesirable immunosuppressive activity.


One typical example which resulted from the decade of
development efforts was the early emergence of a small
molecule, GPI-1046 (3-(3-pyridyl)-1-propyl (2S)-1-(3,3-
dimethyl-1,2-dioxopentyl)-2-pyrrolidine carboxylate), a
simplified mimic structure of the ‘FKBP-binding do-
main’ of FK506 and lacking the ‘calcineurin binding do-
main’ present in FK506 (see Fig. 1).12 GPI-1046 has
been widely demonstrated to be highly efficacious in
promoting morphologic and functional recovery in both
in vitro and in vivo rodent models of peripheral nerve
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Figure 1. (Left) Chemical structure of FK506. The circled portion represents the ‘FKBP-binding domain’ in FK506, which is believed to be


responsible for the neural activity of FK506. (Middle) Chemical structure of GPI-1046, a mimic small molecule of the ‘FKBP-binding domain’ in


FK506. (Right) The linear stereoisomer of GPI-1046 cleaved at the N1–C5 bond of the pyrrolidine ring.
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injuries and neurodegenerative conditions, while having
no effect in the immune system.12–14


In this pilot study, we sought to assess whether the non-
cyclic derivatives of GPI-1046 would have the compara-
ble therapeutic potential to GPI-1046 in promoting
neurotrophism in vitro. To this end, we first conducted
a computer modeling analysis to determine whether
the relatively linear analogues of GPI-1046 would ener-
gy-favorably bind to FKBP. Then, based upon the
promising predictive results yielded from the computer
simulation, we designed and synthesized a series of tar-
get compounds that structurally resemble GPI-1046
while the pyrrolidine ring cleaved at the N1–C5 bond
(see Fig. 1). Finally, we determined the neurotrophic
activity of these relatively linear non-cyclic derivatives
of GPI-1046 using a standard bioassay in chick dorsal
root ganglion cultures.


FKBP exists in multiple isoforms and it is still contro-
versial with respect to the isoform that is required for
FKBP ligand-associated neural responses.15,16 In view
of the high structural homology among FKBP isoforms,
we used FKBP12 as the target receptor in our computer
modeling analysis. Simulation of the binding of the lin-
ear stereoisomer of GPI-1046, labeled GPI-1046-S (see
Fig. 1), as a representative non-cyclic derivative of
GPI-1046, with FKBP12 was composed of two consec-
utive steps: (1) energy minimization of GPI-1046-S; (2)
docking of GPI-1046-S into the ligand binding site of
FKBP12. Both simulations were performed on a SGI
O2 R10000 workstation (Silicon Graphics Inc.) using
the molecular modeling package InsightII 98.0 (Accelrys
Inc.).


The 3D structure of GPI-1046-S was constructed on the
InsightII platform, followed by a preliminary energy
minimization by molecular mechanics. Since GPI-
1046-S is a more flexible structure able to adopt a wide
range of conformations, in the further process of energy
optimization, ‘template forcing’ was used to force the
best root mean square (RMS) match between the pre-
dicted low-energy conformation of GPI-1046-S and
the experimentally resolved bound conformation of

GPI-1046 on FKBP12 (PDB code: 1F40).17 An efficient
minimization strategy was designed as follows: First,
800 cycles of steepest descents minimization followed
by 500 cycles of conjugate gradients minimization were
performed by applying a force constant of
50 kcal mol�1 Å�2. Then, three separate minimization
steps of 500 cycles of conjugate gradients minimization,
where the force constant was set to 25, 10, and
5 kcal mol�1 Å�2, respectively, were performed. Finally,
the model was relaxed by removing the constraint until
the RMS derivative fell below 0.001 kcal mol�1 Å�1 and
a total molecular energy was measured at
152.7 kcal mol�1. In comparison with the FKBP-bound
conformation of GPI-1046 with a total energy of
259.1 kcal mol�1, this analysis demonstrates that GPI-
1046-S can adopt a close conformation to GPI-1046
with a low molecular energy, which may serve as an
approximate bound conformation of GPI-1046-S on
FKBP12.


The low-energy conformation of GPI-1046-S resulted
from the above energy minimization was applied as
the initial docking conformation. Considering the
resemblance of this conformation to the bound confor-
mation of GPI-1046 on FKBP12,17 the two structures
were first superimposed on heavy atoms in the context
of FKBP12, resulting in a RMS of 2.0. Then, the struc-
ture of GPI-1046 was removed from the active site, and
the resulting initial model of GPI-1046-S in complex
with FKBP12 was energy optimized by ‘Discover’ calcu-
lation (a module integrated into InsightII), during which
molecular mechanics, molecular dynamics, and then
molecular mechanics were performed consecutively. As
a result, the low intermolecular energy between GPI-
1046-S and FKBP12 with a total of �55.5 kcal mol�1


(with the van der Waals and electrostatic energy at
�39.0 and �16.5 kcal mol�1, respectively) in the final
complex model demonstrates that GPI-1046-S interacts
energy-favorably with FKBP12 in a similar manner to
GPI-1046 (see Fig. 2). The structural moiety in GPI-
1046-S, which is in accordance with the prolyl ring in
GPI-1046, is located in the same cavity in FKBP12,
although a relatively greater deviation occurs with the
two side moieties. Moreover, the favorable binding of







Figure 2. (A) Binding modes of GPI-1046 (red) and GPI-1046-S (green) in the active site of FKBP12. The protein is presented in secondary structure


and the active site is presented by its contact surface. (B) Close-up view of GPI-1046-S in the active site of FKBP12. The protein is presented with the


residues comprising the active site and depicted in yellow; the HE2 atom in residue His87 is depicted in white. Ligand atoms are colored by the atom


type. Intermolecular hydrogen bond is shown in green dash-line.
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GPI-1046-S to FKBP12 is further enhanced by the for-
mation of the hydrogen bond occurring between the O*
atom in GPI-1046-S and the HE2 atom in residue His87


in FKBP12 (refer to Figs. 1 and 2), which is postulated
to be a critical factor that stabilizes the overall orienta-
tion of GPI-1046-S in the binding site of FKBP12. This
analysis implicates that GPI-1046-S and related non-cy-
clic derivatives of GPI-1046 could be potential FKBP
ligands with similar biological properties to GPI-1046.


Prompted by the favorable modeling result, we then de-
signed a series of structural analogues to GPI-1046-S, in
consideration of the structure-activity relationship re-
vealed from our previous analyses18 and the availability
of the starting materials for preparation of the target
compounds. As shown in Scheme 1, synthesis of the tar-
get compounds was started from the commercially avail-
able optically active a-alkyl amino acid ester
hydrochloride 1. The free amino group in 1 was acylated
by methyl oxalyl chloride in the presence of triethyl-
amine in methylene chloride to afford the N-(1,2-di-
oxo-2-methoxyethyl) substituted intermediate 2. The
methoxy group attached to the dicarbonyl moiety in 2
was then nucleophilically substituted by alkylating
group under treatment with Grignard reagent, at the
reaction temperature of �78 �C to reduce the occurrence
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Scheme 1. Reagents and conditions: (a) CH3OCOCOCl, (C2H5)3N,


CH2Cl2, 0 �C, 2 h; (b) R1MgCl or R1MgBr, THF, �78 �C, 5 h; (c) 1 N


LiOH, MeOH, 0 �C, 30 min; room temperature, overnight; 1 N HCl;


(d) R2OH, DCC, DMAP, camphorsulfonic acid, CH2Cl2, room


temperature, overnight.

of the side substitution on the monocarbonyl ester moi-
ety. The resulting intermediate 3 underwent saponifica-
tion by 1 N lithium hydroxide in methanol and then
acidification by 1 N hydrochloric acid to yield the corre-
sponding substituted amino acid 4, which was treated
with alcohols following a routine procedure to yield
the target compounds 5a–k (see Table 1).


The neurotrophic activity of the target compounds was
assessed in vitro in chick dorsal root ganglion (DRG)
cultures following a previously described procedure of
Lyons et al.1,19 Due to the poor water solubility, the
compounds were first dissolved in analytically pure
DMSO at 1 mM and then diluted with DMEM to the
final test concentrations, in which the concentrations
of DMSO were less than 10�7 M and had no detectable
effects on DRGs. Preliminary screening of the target
compounds was performed at two concentrations of
1 pM and 100 pM, which were selected upon our previ-
ous dose–response analyses.18 The results shown in Ta-
ble 1, derived from the measurement of the number of
the neurite processes in DRGs, revealed that 6 out of
11 test compounds, at either or both concentrations, sig-
nificantly potentiated the neurotrophic effect on neurite
outgrowth induced by 0.15 ng/ml nerve growth factor
(NGF), which was added to the culture to induce small
neurite processes in DRGs. Compound 5c at 100 pM
exhibited the greatest effect in promoting both the num-
ber and length of neurite processes among all the treat-
ment groups (see Fig. 3).


However, in the absence of exogenously added NGF, all
test compounds, including GPI-1046, failed to afford
any positive effect on neurite outgrowth in DRGs. In
agreement with our previous finding,18 together with
data from other studies,1 this observation may suggest
that the FKBP ligands-inducible neurotrophic activity
is dependent upon NTFs. The underlying mechanism
could form a convergence with the NTF, for example,
NGF-induced signal transduction pathway, leading to
potentiated activity over NGF alone, and which may
be mediated by the interaction between hsp90 and
MAP kinase/ERK2.16 An alternative hypothesis could
result from the increased expression of NTFs induced
by FKBP ligands.20







Table 1. Chemical structures and neurotrophic effects of compounds 5a–k on neurite outgrowth in DRGs


Compound R R1 R2 Activity


1 pM 100 pM


Control — — 100 100


GPI-1046 — — 120*


5a (CH3)2CH– (CH3)2CH3CH2C– N
(CH2)2CH2-


100 120*


5b (CH3)2CH– (CH3)2CH3CH2C–
(CH2)2CH2-


39 117


5c (CH3)2CH– (CH3)2CH3CH2C– CH2CH2-


CF3


123* 207***


5d (CH3)2CH– (CH3)3C– N
(CH2)2CH2-


115 136**


5e (CH3)2CHCH2– (CH3)3C– N
(CH2)2CH2-


129** 65


5f (CH3)2CH– (CH3)3C–
(CH2)2CH2-


65 78


5g (CH3)2CHCH2– (CH3)3C–
(CH2)2CH2-


73 92


5h (CH3)2CH– (CH3)3C–
(CH2)2CH2-


136** 45


5i (CH3)2CHCH2– (CH3)3C–
(CH2)2CH2-


123* 101


5j (CH3)2CH– (CH3)3C–
O(CH2)2CH2-


85 93


5k (CH3)2CHCH2– (CH3)3C–
O(CH2)2CH2-


108 93


DRGs were treated with compounds 5a–k at 1 pM or 100 pM in the presence of 0.15 ng/ml NGF, and outgrowth was observed at 48 h. The control


cultures were treated with the same amount of NGF. Data shown are derived from the measurement of the number of the neurite processes in the


cultures and presented as the percent of the average number from NGF alone-treated control groups. A total of 10–12 ganglion cultures for each


treatment group were analyzed in each experimental run.


*P < 0.05, **P < 0.01, and ***P < 0.001 compared to NGF alone-treated control groups.
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A preliminary analysis of the relationship between the
chemical structures of the target compounds and their
abilities to promote neurite outgrowth revealed that in
the scaffold structure, R2 appeared to have a greater im-
pact on the neurotrophic activity of these compounds
than R1, followed by group R. Among several substitu-
ents for R2, 2-(2-trifluoromethylphenyl)-1-ethyl seemed
to be the most favorable to the activity, followed by 3-
(3-pyridyl)-1-propyl. Replacement of R with 3-phenyl-
1-propyl induced reduced neurotrophic activity and even
an adverse effect on DRGs. Specifically, by closely com-
paring the structures of the most active compound, 5c,
and compound 5b, which failed to exert a significant effect

on DRGs, it can be discerned that the main structural ele-
ment absent in the structure of 5b, but present in 5c, is the
trifluoromethyl group substituted on the ortho-position
of the phenyl ring. We predict that this structural element
may contribute significantly to the ability of the ligand to
bind to the specific FKBP isoform leading to neural
responses, by eliciting an additional electrostatic interac-
tion with the vicinal amino acid residues in the binding site
of this specific FKBP isoform. Moreover, we predict that
replacing the phenyl ring with the pyridyl ring could pro-
mote ligand binding to this FKBP isoform on a consistent
basis, as represented by compound 5a and GPI-1046 in
comparison with 5b, compound 5d in comparison with







Figure 3. Representative micrographs of chick DRGs grown with NGF (0.15 ng/ml) alone or in the presence of compound 5c. (A) NGF at 0.15 ng/


ml alone only elicited small neurite processes. (B) Compound 5c at 1 pM significantly promoted neurite processes induced by NGF. (C) Compound


5c at 100 pM exhibited the greatest neurotrophic effect on neurite outgrowth in DRGs.


L. Zhao et al. / Bioorg. Med. Chem. Lett. 16 (2006) 4385–4390 4389

5f, and compound 5e in comparison with 5g. For R1, since
we have only a small dataset, it is unrealistic to have a
broad discussion of its impact on the bioactivity. Howev-
er, between the two substituents, the tert-butyl group ap-
peared to make a slightly greater contribution to the
activity than 2-methyl-2-butyl, as represented by com-
pound 5d in comparison with 5a. Compared to R1 and
R2, R substituents appeared to have less impact on the
neural activity of these compounds, as demonstrated by
the comparable activity of compound 5a and GPI-1046,
compounds 5d and 5e, compounds 5f and 5g, and com-
pounds 5h and 5i; both compounds in each pair to be com-
pared possess the same substituents for R1 and R2.
Overall, these results are to some extent in accordance
with those revealed from our previous analysis of a series
of cyclic derivatives of GPI-1046,18 further suggesting the
analogous interaction mode of these two structurally dis-
tinct series of compounds with FKBP. An ongoing study
in Dr. Li’s lab is an attempt to identify this specific FKBP
isoform that mediates FKBP ligand-induced neural
responses by correlating the ability of these compounds
to promote neurite outgrowth with their abilities to bind
to different FKBP isoforms, which we anticipate will pro-
vide important insights into the nature of the FKBP iso-
form involved in these biological responses and the
design of a specific FKBP ligand for promoting neural
functions.


In summary, we described herein the computer model-
ing, synthesis, and biological evaluation of a novel series
of non-cyclic derivatives of GPI-1046. These relatively
linear compounds can energy-favorably adopt an analo-
gous binding mode to GPI-1046 on FKBP12. Six out of
11 test compounds were effective in promoting neurite
outgrowth in DRGs, suggesting the intriguing potential
of these compounds as novel candidate leads for further
investigation.
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Abstract—A series of C-2, C-8, and N-9 trisubstituted purine based inhibitors of TNF-a production are described. The most potent
analogs showed low nanomolar activity against LPS-induced TNF-a production in a THP-1 cell based assay. The SAR of the series
was optimized with the aid of X-ray co-crystal structures of these inhibitors bound with mutated p38 (mp38).
� 2006 Elsevier Ltd. All rights reserved.
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Figure 1. Inhibitors of p38 MAPK.

In our efforts toward the discovery of therapeutics for the
treatment of inflammatory conditions we are developing
novel small molecule inhibitors of TNF-a (tumor necrosis
factor-a) via modulation of the MAPK (mitogen-activat-
ed protein kinase) cascade.1 The p38 protein is part of a
larger MAP kinase family involved in signal transduction
that also includes ERK (extracellular regulated kinase)
and JNK (c-Jun amino terminal kinase).1a,2 The p38
and JNK kinase families are activated in response to
infection, cellular stress, and cytokines.2 Additionally,
p38 is centrally involved in the regulation of many
proinflammatory cytokines most particularly TNF-a
(tumor necrosis factor-a) and IL-1b (interleukin-1b).2


The overexpression of these cytokines has been implicat-
ed in the pathogenesis of rheumatoid arthritis (RA),
osteoarthritis (OA), and Crohn’s disease.3,4 Thus, agents
that inhibit p38 MAPK can decrease levels of TNF-a and
the related IL-1b, and thereby reduce inflammation and
halt tissue destruction.4


The prototypical p38 inhibitors (e.g. SB-203580, Fig. 1)5


contained a 4-aryl-5-pyridinyl motif and were found to
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interact competitively with the p38 ATP binding site.
To date, numerous chemical scaffolds (e.g. imidazoles,
pyrroles, pyrimidines, pyridines, pyrimidones, indoles,
heteroindoles, ureas, and various fused bicyclic hetero-
cycles) containing a variety of functionality have been
reported to inhibit TNF-a production.2a,6 Of the non-
vicinal diaryl scaffolds VX745 has been shown to be a
potent and selective inhibitor of p38.2a,2d,5a,6a,7
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The purine scaffold has also been exploited for designing
biologically relevant molecules including inhibitors of
kinase signaling.8 Utilizing structure based drug design
in conjunction with X-ray co-crystallography we
achieved the synthesis of a series of novel inhibitors of
TNF-a containing a C-2, C-8, and N-9 trisubstituted
purine scaffold. This communication details the synthe-
sis, biological activity, and the mode of binding for this
class of compounds in mutated p38.


The trisubstituted purines were prepared from readily
available 2,4-dichloro-5-nitro-pyrimidine 19 using gener-
al procedures depicted in Schemes 1–3. Early lead mol-
ecules which contain C-2 anilino- or alkylamino-groups
were accessed via a 4-step sequence (Scheme 1). Initial
displacement of the 4-chloro of 1 with various alkyl
amines was performed at 0 �C in THF. Subsequent
substitution of the 2-chloro with various amines
occurred readily to give 2.10 These compounds were then
hydrogenated with Pd on carbon and the resultant
amines were treated with a series of isothiocyanates to
provide purines 3a–n (Table 1).11


Dichloropyrimidine 1 was also used to generate pur-
ines containing a C-2 phenoxy group (Schemes 2
and 3). While displacement of amines at the 2-chloro
position occurred readily at rt, substitution with phe-
nols required reflux for 3–6 h in DIPEA. Catalytic
reduction of 4 followed by reaction with 1,1 0-carbon-
yldiimidazole and treatment with POCl3afforded 5.
The 8-chloro of compound 5 was then displaced with
various anilines, 2-chlorophenol and 2-chlorobenze-
nethiol, to give 6a–m. Compound 4 was also treated
with 2-(2-halo-phenyl)-2-hydroxy-acetimidic acid ethyl
ester.12 The resulting benzylic alcohol 7 was subse-
quently oxidized with MnO2 in DCM to furnish 8a,
c, d (Scheme 3).


Tables 1 and 2 summarize the screening results for a
variety of trisubstituted purines on the inhibition of
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TNF-a production in LPS (lipopolysaccharide) stimu-
lated human monocytic cells (THP-1).13–15 The initially
synthesized compound 3a (Table 1) was a weak inhibitor
of TNF-a release (IC50 = 6.6 lM). Exchange of the 4-
aminotetrahydropyran moiety in analog 3a for an alkyl
group slightly improved potency (3b; IC50 = 3.2 lM).
Maintaining R2 and insertion of a methylene or ethyl-
ene spacer group into the chlorophenyl group (3c and
3d) resulted in a loss of activity (IC50 > 10 lM). Similar
results were obtained for compound 3e which contained
a 2-chlorobenzamide group at position C-8. Installation
of a 2,6-difluoroaniline group at C-2 gave the most
potent analog 3f (IC50 � 1.5 lM). We then examined
the effect of incorporating various alkyl groups at posi-
tion N-9 (3g–k). Purines with an ethyl (3g;
IC50 = 542 nM) or isopropyl (3h; IC50 = 630 nM) group
at N-9 displayed increased activity, whereas larger func-
tionality and the cyclopropyl group at this position
attenuated potency (3i–k). Having explored N-9 substi-
tution we next attempted to vary the ring substituents on
R2. Replacement of the 2,6-difluoroaniline group pres-
ent in 3f and 3g with a 2-fluoro-, 4-fluoro- or 2, 4-diflu-
oroaniline group at C-2 gave analogs with poor activity
(3l–n).


To facilitate the SAR and delineate the binding mode of
these molecules an X-ray crystallographic structure16–18


of 3g with mutated p38 (mp38) was obtained (Fig. 2).
The mutated p38a herein described was a double mutant
(S180A, Y182F) of murine p38a.18 Inhibitor 3g orients
itself in the mp38 enzyme (PDB accession code
2GTM) such that the 2-chloroaniline ring (at C-8) lies
in the hydrophobic (specificity) pocket adjacent to
Thr106. There was a hydrogen bond between N-1 of
the pyrimidine ring and the Met109 N–H. Additionally,
the hydroxyl of Thr106 formed a hydrogen bond with
N-7 of the inhibitor. A water molecule (removed for
clarity in Fig. 2) was observed to bridge Lys53 and the
N–H of position C-8 on the purine ring. The N-9 methyl
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h, 32–48%; (c) Pd/C, H2, EtOH, 45 �C, 2 h, 87–98%; (d) 1,1 0-


h, 29–40%; (f) various phenols and thiophenols, DIPEA, 120 �C, 6 h,







Table 1. IC50 values for purine derivatives 3a–n


N


N N


N
NH


HN


R2 R1


R3


Compound R1 R2 R3 TNF-a IC50
a (nM)


3a Me-
O


Cl


6579


3b Me-
HO


Cl


3171


3c Me-
HO


Cl


>10,000


3d Me-
HO


Cl


>10,000


3e Me-
O


Cl


O


>10,000


3f Me-


F


F


Cl


1541


3g Et-


F


F


Cl


542


3h Isopropyl-


F


F


Cl


630


3i


F


F


Cl


>1000


3j n-Butyl-


F


F


Cl


798


3k t-Butyl-


F


F


Cl


>1000


3l Et-


F Cl


2110


3m Me-
F


Cl


10,000


3n Me-


F


F
Cl


6556


a IC50 of LPS-stimulated TNF-a production in human monocytic cells (THP-1).
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group was positioned toward Leu171, however this sub-
stituent appeared too short for maximal interaction with
Leu171.


In the Met109-Gly110 region of the protein a peptide flip
was observed (the carboxyl of Met109 turned away from
the inhibitor and the amide N–H of Gly110 turned in to-
ward the inhibitor) (Fig. 2). This orientation induced a
repulsive interaction between the N–H of the 2,6-diflu-
orophenylanalino-hydrogen at C-2 and the N–H of
Gly110.

Using insights from the co-crystal structure of mp38
with 3g we synthesized compound 6a (Table 2) incorpo-
rating a 2,6-difluorophenoxy group at C-2 and an ethyl
group at N-9. These changes corrected the deficiencies
observed in the X-ray co-crystal structure (O at C-2
H-bonds the amide N–H of Gly110 and the ethyl at N-
9 is better positioned toward Leu171) thus providing a
significant increase in potency (IC50 = 69 nM) relative
to 3g. The use of an O linker (6b) resulted in a moderate
decrease in activity (IC50 = 86 nM). The corresponding
S linked analog 6c was better tolerated (IC50 = 14 nM).







Table 2. IC50 values of the amine derivatives of 6a–m, 7, and 8a–d


N


N N


N
X


O
R1


F


F
R2


Compound R1 X R2 TNF-a IC50
a (nM)


6a Et- NH 2-Chloro 69


6b Et- O 2-Chloro 86


6c Et- S 2-Chloro 14


6d Et- NH 2-Methyl 48


6e Et- NH 2-Fluoro 35


6f Et- NH 2-Methoxy 2050


6g Et- NH 2-Hydroxy 906


6h Et- NH 2-Amino 473


6i Et- NH 2-Chloro-4-fluoro 237


6j Et- NH 2-Chloro-4-methyl 273


6k Et- NH 2,3-Dichloro 300


6l Et- NH 2,6-Dichloro 100


6m Isopropyl- NH 2-Fluoro 4


7 Et- CHOH 2-Chloro 169


8a Et- C@O 2-Chloro 4


8bb Et- S@O 2-Chloro >1000


8c Et- C@O 2-Fluoro 207


8d Isopropyl- C@O 2-Chloro 650


a IC50 of LPS-stimulated TNF-a production in human monocytic cells (THP-1).
b Analog 8b was synthesized from 6c with 1 eq. Oxone�.


Figure 2. Key hydrogen bonds between 3g and mp38 with key


mismatch at Gly110 backbone N–H.


Figure 3. Key hydrogen bonds between 6m and mp38 including the


torsional flip at Met109-Gly110.
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This was attributed to a more favorable orientation of
the 2-chloro phenyl ring in the hydrophobic pocket.
Replacement of the 2-chloro with a methyl 6d or fluo-
rine 6e increased activity (IC50 = 48 nM; IC50 = 35 nM).
Further changes at the 2 position of the 8-phenoxy ring:
methoxy-, hydroxy-, and amino- (6f–h) led to a drop in
activity.


Attempts to improve activity by disubstitution (6i–l) on
the 8-phenoxy ring with: 2-chloro-4-fluoro (6i;
IC50 = 237 nM), 2-chloro-5-methyl (6j; IC50 = 273 nM),

2,3-dichloro (6k; IC50 = 300 nM) or the 2,6-dichloro
(6l; IC50 = 100 nM) reduced potency. Finally,
replacement of the N-9 ethyl on compound 6a with an
isopropyl group gave the most potent purine 6m in this
series (IC50 = 4 nM) (Table 2 and Fig. 3). This inhibitor
showed all expected binding interactions with mp38
(PDB accession code 2GTN) including the torsional flip
at Met109-Gly110 reported to confer p38 selectivity.7b


Additional SAR included replacement of the linker het-
eroatom at C-8 with an alcohol moiety to afford 7
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(IC50 = 169 nM), oxidation of this group with MnO2


affords the potent keto analog 8a (IC50 = 4 nM). Ex-
change of the ketone linker in 8a with a sulfoxide group
muted activity (8b; IC50 > 1000 nM). Substitution of the
2-chloro atom with 2-fluoro 8c or the exchange of the N-
9 ethyl for isopropyl 8d was also deleterious and under-
scores the sensitivity of the binding pocket to these
inhibitors.


The most potent analogs (6c–e, 6m, and 8a) were
screened for in vitro metabolism.20 Compounds 6d, 6e,
and 6m were moderately metabolized, while analogs 6c
and 8a suffered high loss (56, 65, 61, 75, and 82% loss,
respectively). Inhibitors with the greatest metabolic sta-
bility (6d and 6m) were subsequently evaluated in a rat
PK study to determine bioavailability and half-life. Both
molecules displayed low BA (�9%) and possessed a
short T1/2 (1.5 h).


In summary we have described a series of novel
trisubstituted purines which inhibit the production of
TNF-a. The design, synthesis, and mode of binding
(to mutated p38) of these compounds was detailed. We
hope to report further progress in development of this
series in the near future.
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Abstract—This communication details the synthesis, biological activity, and proposed binding mode of a novel class of tri-cyclic
derivatives of 1,2-dihydro-pyrimido[4,5-c]pyridazines 1 and 2. The most potent analogs disclosed showed low nanomolar activity
for the inhibition of Lck kinase.
� 2006 Elsevier Ltd. All rights reserved.

1 R= Cl; lck  IC50 = 3.2 μM
2 R=H; inactive
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N N
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Figure 1. Initial 1,2-dihydro-pyrimido[4,5-c]pyridazine lead.

Lck is a 56-kDa Src family protein tyrosine kinase
(PTK) that plays a critical role in the development and
activation of T cells including T-cell antigen receptor
(TCR) phosphorylation (an event necessary for signal
transduction in the T-cell signaling cascade of the T-cell
receptor).1a,1b Activation of this cascade ultimately re-
sults in the production of cytokines such as interleu-
kin-2 (IL-2) and IFNc.1b,1c,1d Unlike the widespread
expression of some other Src family PTKs, Lck expres-
sion 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 in diseases such as rheumatoid arthritis (RA),
inflammatory bowel disease (IBD), psoriasis, systemic
lupus erythematosus (SLE), and organ graft rejection.1e


Screening efforts in our laboratories identified com-
pound 1 as a moderate Lck inhibitor (Fig. 1). The relat-
ed analog 2 containing a single chloro-substituent on the
C-3 phenyl ring was also screened and found to be de-
void of biological activity. Initial efforts directed at opti-
mization of this novel compound 1 were focused on the
development of a synthetic methodology to the core
structure. Molecular modeling was used to understand
the binding mode of 1 in the active site of Lck.

0960-894X/$ - see front matter � 2006 Elsevier Ltd. All rights reserved.
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This communication details the synthesis, biological activ-
ity, and proposed binding mode of a novel class of tri-cyclic
derivatives of 1,2-dihydro-pyrimido[4,5-c]pyridazine 1.


A binding model for compound 1 in the active site of
Lck was generated using literature coordinates for acti-
vated Lck co-crystallized with the inhibitor ANP (phos-
phoaminophosphonic acid-adenylate ester).2 The
pyrimido[4,5-c]pyridazine 1 forms two principal hydro-
gen bonds with Met319 (Fig. 2); namely, between N-1
of the pyrimidine ring and the protein backbone N–H,
and from the aniline NH to the carbonyl group of this
amino acid residue. The 2,6-dichlorophenyl group ap-
pears oriented toward the hydrophobic pocket not occu-
pied by ATP. The N,N-dimethyl hydrazine portion of
the molecule makes no contacts with the enzyme and ap-
pears to detract from molecular planarity. We decided
to probe the SAR of 1 by constraining the two methyl
groups by way of a pyrazolidinone ring. This structural
change would potentially make the core structure more
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Scheme 2. Procedure for preparation of compound 12a–m. Reagents


and conditions: (a) pyrazolidinone 9,8 DIPEA, THF, 68 �C, 87%; (b)


p-TSOH, toluene, Dean–Stark, reflux, 95%; (c) Oxone� THF, H2O,


54%; (d) various anilines or CH3NH2, NMP, MW 130–180 �C,


15–45 min.


Figure 2. Key hydrogen bonds between 1 and Lck.
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rigid and additionally position a hydrogen bond accep-
tor toward Lys273.


Syntheses of the heterocyclic core found in the lead
molecules have been rarely described.3a,3b No literature
reference was found detailing derivatives which contain
a 3-aryl and 7-anilino group attached to the central
ring system. Our methodology to access this novel het-
erocycle began with 4-chloro-5-methyl-2-methylsulfa-
nyl-pyrimidine (3, Scheme 1).4 Treatment of this
material with NBS in the presence of benzoyl peroxide
afforded the a-bromo analog 4.5 This compound was
subsequently treated with the anion of cyanohydrin 5
(generated from the corresponding aldehyde with
TMSCN and ZnI2).6 The resulting intermediate 6 was
further reacted with N,N-dimethylhydrazine in the
presence of DIPEA, to give adduct 7. This material
was cyclized under either basic (n-BuLi in THF) or
acidic reaction conditions (catalytic HCL in THF) to
give 8. Oxidization of the thiomethyl group in com-
pound 8 with m-CPBA gave a mixture of the corre-
sponding sulfoxide/sulfone.7 Displacement of this
leaving group with 4-fluoroaniline afforded the desired
product in low to moderate yield.


Common intermediate 6 was also used to generate tricy-
clic analogs 12a–m (Scheme 2 and Table 1). Nucleophilic

Scheme 1. Procedure for preparation of compound 1. Reagents and


conditions: (a) NBS, benzoyl peroxide, DCE, 80 �C, 66%; (b) 5, LDA,


THF, 0 �C, 39%; (c) N,N-dimethylhydrazineÆ2HCl, DIPEA, THF,


reflux, 82%; (d) n-BuLi, THF, 0 �C, 50% or HCl, THF, quantitative;


(e) m-CPBA, DCM, 96%; (f) 4-fluoroaniline, NMP, MW 150 �C, 32%.

addition of pyrazolidinone 98 gave intermediate 10
which was cyclized with TsOH9 resulting in tricyclic
compound 11. Oxidation of this material followed by
displacement of the resultant sulfone/sulfoxide mixture
generated the final products 12a–r.


Table 1 summarizes the screening results for a variety of
C-7 and C-3 substituted tricyclic analogs 12a–q. Results
are given for the inhibition of Lck kinase.10 The initially
synthesized compound 12a was a dramatically more
potent inhibitor (Lck IC50 = 124 nM) than the lead
molecule 1. Removal of the 4-fluoro atom from the
C-7 anilino-group resulted in a slight decrease in
potency (12b; Lck IC50 = 182 nM). Substitution of
methylamine for the aniline group led to a large decrease
in potency (12c; Lck IC50 = 2.8 lM).


Introduction of p-, m-, o-methoxy aniline moieties at the
C-7 position (12d, e, and f) indicated 4-phenyl substitu-
tion was optimal. Incorporation of various basic amines
at this position of the C-7 anilino-ring resulted in the
most potent compounds in the series containing the
2,6-dichlorophenyl group at C-3 (12i–m; Lck
IC50 < 50 nM). A 2-chloro-5-methoxy (12n–o) or 2-chlo-
ro-5-hydroxy (12p–q) group at C-3 was explored as
alternative pharmacophores at this position.11 Only
the phenols 12p and 12q possessed good potency (Lck
IC50 = 10 and 47 nM) however with lower aqueous sol-
ubility compared to 12m.


Representative compounds that showed promising
Lck inhibition (12l–m, p and q) were tested for
inhibition of IL-2 production in a Jurkat cellular
assay.12 Compounds 12p showed the best albeit
moderate IL-2 inhibitory activity (0.546 lM). These
analogs were also examined for their ability to inhib-
it the Src family kinases (SFKs), hck (hematopoietic
cell kinase) and src kinase (Rous sarcoma oncogene)
(Table 2).13


The most promising analog 12m (Lck IC50 = 2 nM) was
docked in the molecular model proposed earlier for the
lead molecule. Inspection of the Lck binding site re-
vealed the principal hydrogen bonds to Met319 were
maintained. Additional interactions were suggested







Table 1. IC50 values for derivatives 12a–q


N


NN
H


R1
N


R2


N


O


3


7


Compound R1 R2 Yield (%) Lck IC50
a (nM) Sol. (lg/ml)


12a F


Cl


Cl


33 124 2


12b


Cl


Cl


18 182 2


12c CH3–


Cl


Cl


17 2814 —


12d H3CO


Cl


Cl


38 71 5


12e


Cl


Cl


22 179 —


12f


Cl


Cl


33 7269 —


12g


Cl


Cl


15 285 —


12h


Cl


Cl


18 143 —


12i N


Cl


Cl


59 26 5


12j N


Cl


Cl


66 43 1


12k
N


Cl


Cl


10 21 10


12l O        N


Cl


Cl


21 3 6.0


12m ON


Cl


Cl


23 2 33.8


12nc
F


Cl


O
37 4802 7


12oc
N


Cl


O
22 2837 7


12pc
N


Cl


OH
2b 10 1


12qc
H3CN        N


Cl


OH


12b 47 11


a IC50s were determined with a commercial Proflour assay (Promega Corp., Cat. #1271).
b % yield over two steps, see Ref. 11.
c Compounds prepared with a modification of the procedure described in Scheme 2, see Ref. 11.
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Table 2. IL-2, Hck kinase, and Src kinase inhibition data for select


compounds.


Compound IL-2 IC50
a


(lM)


Hck IC50
b,13a


(nM)


Src IC50
b,13b


(nM)


12l 2.00 160 104


12m 3.21 48 3


12p 0.546 546 273


12q 2.10 456 764


a IL-2 synthesis inhibition measured from Jurkat cells.
b IC50s were determined with a commercial Proflour assay (Promega


Corp., Cat. #1271). See also Ref. 13.


Figure 3. Key hydrogen bonds between 12m and Lck.
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including a hydrogen bond with Lys273, as well as a
possible salt bridge with Asp326 (Fig. 3).


Analog 12m (Lck IC50 = 2 nM) also displayed better
aqueous solubility (33.8 lg/ml) and was subsequently
screened for in vitro metabolism using rat hepatocytes.14


This compound suffered low metabolic loss with >84%
of the parent molecule remaining after 1 h. This mole-
cule was subsequently evaluated in a rat PK study to
determine bioavailability and half-life. Pyridazine 12m
displayed modest bioavailability (F = 14%) and a short
half-life (T1/2 = 1.5 h).


In summary, we have described the design, synthesis,
biological activity, and proposed binding mode in Lck
kinase of a novel class of tri-cyclic derivatives of
1,2-dihydro-pyrimido[4,5-c]pyridazines. SAR studies
identified several low nanomolar inhibitors with the
most advanced analog 12m being progressed into
pharmacokinetic evaluation.
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Abstract—N-Hydroxyurea binds both to carbonic anhydrase (CA) and to matrix metalloproteinases (MMPs). X-ray crystallogra-
phy showed N-hydroxyurea to bind in a bidentate mode by means of the oxygen and nitrogen atoms of the NHOH moiety to the
Zn(II) ion of CA, participating in a network of hydrogen bonds with a water molecule and Thr199. A derivatized N-hydroxyurea
showed low-micromolar affinity for several CAs. This simple zinc binding function may be exploited for obtaining potent metallo-
enzyme inhibitors, due to its versatility of binding to the metal ion present in the active site of such enzymes.
� 2006 Elsevier Ltd. All rights reserved.

Inhibitors of zinc enzymes need precise structural
requirements in order to tightly bind to the metal ion(s)
present in their active sites.1 For example, primary sul-
fonamides (RSO2NH2), sulfamates (ROSO2NH2) or sul-
famides (RNHSO2NH2) show high affinity for binding
the Zn(II) ion present in a-carbonic anhydrases (CAs,
EC 4.2.1.1), acting as potent inhibitors with clinical
applications as antiglaucoma, diuretic, antiobesity or
antitumor drugs.2–6 Various CA isoforms are responsi-
ble for specific physiological functions, and drugs with
such a diversity of actions target in fact quite different
isozymes of the 15 presently known in humans.2–6 In
all of them, the sulfonamide/sulfamate/sulfamide drug
binds in deprotonated form to the catalytically critical
Zn(II) ion, also participating in extensive hydrogen
bond and van der Waals interactions with amino acid
residues both in the hydrophobic and hydrophilic halves
of the enzyme active site, as shown by X-ray crystallo-
graphic work of enzyme–inhibitor complexes.7–9


Although the Zn(II) coordination of CAs is identical
to that of the matrix metalloproteinases (MMPs)
(Fig. 1),1 a family of zinc endopeptidases degrading
extracellular matrix (and many other substrates),1 being
constituted of three histidine ligands and a water mole-
cule/hydroxide ion acting as nucleophile in the hydrolyt-
ic processes, sulfonamides, sulfamates or sulfamides do
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not bind to MMPs with high affinity.1,10 Instead, the
main classes of MMP inhibitors are constituted by com-
pounds incorporating hydroxamate or carboxylate zinc
binding functions.1,10–14 Indeed, X-ray crystallographic
studies showed both the carboxylate as well as the
hydroxamate deprotonated moieties to be coordinated
in bidentate fashion to the catalytic Zn(II) ions present
in many of the more than 25 MMPs presently
known.1,10–14 On the other hand, hydroxamates do show
weak CA inhibitory properties,10 whereas some struc-
turally related zinc binding groups, such as the N-hy-
droxyurea one (a derivatized hydroxamate), seem to be
appropriate for designing both CA15 as well as
MMP13 inhibitors.


N-Hydroxyurea 1 was previously shown to act as a
weak CA inhibitor,15 similar to the isosteric acetohy-
droxamic acid 210b (Table 1).16 The X-ray crystal
structure of the adduct of isozyme hCA II with 2
has been reported, being shown that the hydroxamate
moiety (deprotonated at the nitrogen atom) is coordi-
nated in monodentate fashion to the Zn(II) ion,
whereas its OH and CO groups participate in two
hydrogen bonds with the OH moiety of Thr199 and
another hydrogen bond with the backbone NH of
the same residue.10b However, the X-ray crystal struc-
ture and thus the precise binding mode of 1 to CA II
was not known up to now. Here we report the X-ray
crystal structure of the adduct of hCA II with 1, and
its consequences for the design of metalloenzyme
inhibitors (Table 2).
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Table 1. CA inhibition data with compounds 1–3
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1 2


3


4


1 1
1 1


2 2


Inhibitor KI
a (lM)


hCA IIc hCA IVc hCA VAc hCA IXd


1 28 113 31 23


2 47b nt nt nt


3 0.31 0.89 0.91 0.54


Compound 4 is a MMP inhibitor.13


nt, not tested.
a Errors in the range of 5–10% of the reported value (from three dif-


ferent assays).
b IC50 value, from Ref. 10b.
c Human (cloned) isozymes, by the CO2 hydration method.16


d Catalytic domain of human, cloned isozyme, by the CO2 hydration


method.16


Table 2. Crystallographic parameters and refinement statistics


Parameter Value


X-ray source Enhance Ultra


Wavelength (Å) 1.54


Cell parameters a = 42.20 Å


b = 41.45 Å


c = 72.26 Å


b = 104.4�
a = c = 90�


Space group P21


Water molecules 177


No. of unique reflections 16,238


Completenessa (%) 97.3 (93.9)


No. of reflections [>2r(Fo)] 16,061


hI/r(I)i 10.0 (4.9)


Resolution range (Å) 10.0–2.0


R-merge (%) 14.0 (22.5)


Multiplicity 3.3 (2.8)


R-factor (%) 19.8


R-freeb (%) 22.9


rmsd of bonds from ideality (Å) 0.012


rmsd of angles from ideality (�) 1.38


a Values in parentheses relate to the highest resolution shell (2.11–2.0).
b Calculated using 10% of data.
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Figure 1. Zn(II) coordination sphere in CAs and MMPs.
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Analysis of the three-dimensional structure of the hCA
II–1 complex17 revealed that the overall protein struc-
ture remained largely unchanged upon binding of the
inhibitor. As a matter of fact, an rmsd value of 0.26 Å
was calculated over the entire Ca atoms of hCA II–1
complex, with respect to the unbound enzyme. The elec-
tron density of the inhibitor 1 bound in the neighbor-
hood of the zinc ion is well defined (data not shown).
Unexpectedly, as shown in Figure 2 and Table 3, N-hy-
droxyurea binds in a bidentate fashion to the Zn(II) ion
within the hCA II active site, by means of both the nitro-
gen and oxygen atoms belonging to the NHOH moiety,
with distances of these atoms from zinc in the range of
2.00–2.07 Å. Thus, unlike the isosteric hydroxamate 2,
which binds in monodentate fashion, only by means of
the nitrogen atom of the NHOH moiety (with a distance
Zn–N of 2.1 Å),10b N-hydroxyurea 1 is the first inhibitor
showing this very exotic, bidentate binding illustrated in
Figure 2 (a superposition of the two adducts, that is,
hCA II–1 and hCA II–2, is shown in Figure 3). The

OH moiety of 1 (which is presumably deprotonated)
also participates in a strong hydrogen bond (of 2.50 Å)
with the OH moiety of Thr199 (the same bond was also
observed in the adduct of 2 with hCA II). In addition,
the oxygen of the carbonyl moiety of 1 makes another
hydrogen bond with the backbone NH group of
Thr199. This bond was also observed in the hCA II–2
adduct.10b A water molecule (wat84) also participated
in a network of two hydrogen bonds involving the OH
and NH groups of the inhibitor molecule bound to zinc
ion, as shown in Figure 3 and Table 3. Thus, a network
of four hydrogen bonds and the bidentate coordination
to the metal ion assure the binding of N-hydroxyurea to
the CA active site. Figure 3 shows that although com-
pounds 1 and 2 bind in the same region of the hCA II
active site, near the zinc ion, they are not superposable,
with N-hydroxyurea 1 binding much closer to the metal
ion, so that the above-mentioned bidentate interaction
can be achieved. Indeed, data of Table 3 clearly show
that for 1, in its complex with hCA II, both the N1
and O1 atoms of the NHOH moiety are at a distance
of 2.00–2.07 Å from the Zn(II) ion. However, the corre-
sponding oxygen atom (O1) of the hydroxamate 2 in the
complex with hCA II is much further away from zinc, at
a distance of 2.84 Å (whereas the nitrogen N1, which is
coordinated to Zn(II), is at 1.96 Å, a distance compara-
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Figure 2. (A) N-Hydroxyurea interactions when bound to the active


site of hCA II. (B) Schematic representation of the interactions


between the inhibitor 1 and the hCA II active site. Distances between


the Zn(II) ion and the inhibitor atoms, and hydrogen bonds in which


the inhibitor is involved (dotted lines) are shown in Table 3.


Figure 3. Superposition of the hCA II–H2NCONHOH 1 (in yellow)


and hCA II–CH3CONHOH 210b (in green) adducts.


Table 3. Hydrogen bonds and contacts of the hCA II–N-hydroxyurea


1 adduct and the hCA II–acetohydroxamic acid 2 adducts


hCA II residue Distance (Å)


Hydroxyurea 1


O1 Zn 2.07


O1 Oc Thr199 2.50


O1 w84 2.60


N1 Zn 2.00


N1 w84 2.92


O2 NH Thr199 2.75


Hydroxamate 2


O1 Zn 2.84


N1 Zn 1.96


O2 w1 2.75


O2 N Thr199 2.80
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ble to the corresponding distance in the hCA II–1 ad-
duct). These data clearly explain the better hCA II inhi-
bition observed with 1 (KI of 28 lM) as compared to 2
(an IC50 of 47 lM has been reported for this deriva-
tive),10b and also the fact that the inhibitor 1 is coordi-
nated in a truely bidentate fashion to the metal ion,
whereas the inhibitor 2, like many other CA inhibitors
investigated earlier, is bound in monodentate fashion
to Zn(II). It should be also observed that various CA
isozymes show quite different affinity for 1, with CA
II, VA, and IX being inhibited with KIs in the range
of 23-31 lM, whereas CA IV is less prone to be inhibited
(KI of 113 lM). But are these data relevant for the de-
sign of potent, medicinally useful metalloenzyme
inhibitors?

For replying to this question, we have prepared the
substituted N-hydroxyurea 3, by reacting 3,4-dichlor-
ophenyl isocyanate with hydroxylamine, as reported in
the literature.22 Compound 3 was then tested compara-
tively with 1 for the inhibition of four physiologically
relevant CA isozymes, CA II, IV, VA and IX (Table
1). It was observed that 3 acts as a low micromolar
inhibitor of all isozymes, being 34–127 times more effec-
tive as CA inhibitor as compared to the lead 1. Thus,
using 1 as lead, much more potent CA inhibitors can
be designed, as exemplified by this quite simple deriva-
tive 3. Presumably, the zinc anchoring function of 3
binds in the same manner as 1 to the metal ion, but its
organic scaffold may participate in supplementary inter-
actions with amino acid residues present in the hydro-
phobic and hydrophilic halves of the hCA II active
site (as evidenced in adducts of hCA II with sulfonamide
or sulfamate inhibitors),23 these favorable interactions
explaining the enhanced inhibition of 3 against various
CA isozymes are reported in Table 1.


Figure 4 also shows the binding of another substituted
N-hydroxyurea derivative, compound 4, to the Zn(II)
ion in MMP-8, as recently reported by Campestre
et al.13 In this case, the oxygen atom of the NHOH moi-
ety of 4 is coordinated to zinc, with a Zn–O distance of
2.3 Å.


In conclusion, this study proves that N-hydroxyurea
constitutes a highly versatile ligand for the design of
metalloenzyme inhibitors. The parent derivative acts as
a weak inhibitor of several CA isozymes, and binds in
bidentate fashion, by means of its oxygen and nitrogen
atoms of the NHOH moiety to the Zn(II) ion of the ac-
tive site, participating in a network of hydrogen bonds,
similarly with the binding of the monodentate inhibitor
acetohydroxamic acid. A slightly more complex
N-hydroxyurea derivative, that is, 3-(3,4-dichlorophe-
nyl)-1-N-hydroxyurea, showed on the other hand low
micromolar affinity for several physiologically relevant
CA isoforms, such as CA II, IV, VA, and IX, some of
which are targets for the design of anti-obesity or anti-







Figure 4. Binding of the N-hydroxyurea derivative 4 to MMP-8.13
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tumor therapies. N-Hydroxyurea derivatives bind in a
monodentate mode to MMPs, by means of the oxygen
atom belonging to the NHOH moiety. This simple zinc
binding function may be thus exploited for obtaining
interesting and potent metalloenzyme inhibitors, due
to its versatility of binding to the metal ion present in
the active site of such enzymes.
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Abstract—A series of 2-pyrimidyl-5-amidothiophenes has been synthesized and evaluated for AKT inhibition. SAR studies resulted
in potent inhibitors of AKT with IC50 values as low as single digit nanomolar as represented by compound 2aa. Compound 2aa
showed cellular activity including antiproliferation and downstream target modulation. Selectivity profile is described. A co-crystal
of 2aa with PKA is determined and discussed.
� 2006 Elsevier Ltd. All rights reserved.

AKT is a serine/threonine kinase that plays a central
role in diverse cellular functions including cell growth
and proliferation, metabolism, and apoptosis. A number
of growth factors and cytokines activate phosphatidylin-
ositol-3 kinase (PI3K), which then phosphorylates
membrane phosphatidylinositols. The most highly phos-
phorylated of these, PI(3,4,5)P3, essentially serves as a
tethered ligand, directing the membrane localization
and activation of a number of cellular enzymes including
PDK1 and AKT. Full activation of AKT requires phos-
phorylation by PDK1 and an undefined PDK2. AKT, in
turn, phosphorylates a growing list of substrates includ-
ing GSK3, FOXO transcription factors, MDM2, TSC1/
2, and BAD.1,2


Not surprisingly, given the many cellular functions reg-
ulated by AKT signaling, tumor cells have selected for
multiple circumventions of the normal checks on this
pathway.3 PTEN, a phosphatidylinositol phosphatase
that negatively regulates this pathway, is one of the most
frequently inactivated genes in tumors. Several receptor
tyrosine kinases such as EGFR and Her2 that signal
through the AKT pathway are overexpressed in cancer,
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and PI3K has also been shown to have activating muta-
tions in tumors. Finally, each of the three AKT family
members (AKT1, AKT2, and AKT3)4–7 has been shown
to be amplified or overexpressed in at least one cancer
type. Thus, there are a number of patient populations
who might benefit from inhibition of signaling through
this pathway at the level of AKT.


Multiple approaches are being taken to target
AKT.3,4,8,9 AKT binds to PI(3,4,5)P3 via a pleckstrin
homology (PH) domain suggesting the possibility of
inhibiting AKT by interfering with this association.
Another strategy takes advantage of the sequence diver-
sity in the hinge region between the PH domain and ki-
nase domains of AKT1,2,3 to create isoform-selective
allosteric inhibitors. But by far the most highly explored
strategy is to target AKT’s kinase domain with ATP-
competitive inhibitors. While this strategy has a high
likelihood of generating potent inhibitors, it presents
the challenge of achieving selectivity, since the ATP-
binding site of AKT has high homology to other AGC
group kinases, particularly PKA.10 Small molecule
AKT inhibitors have been reported in recent literature
including ATP-competitive inhibitors11–14 as well as
allosteric inhibitors.15


Compound 1 (Fig. 1) was identified as an AKT3 inhib-
itor via high throughput screening of our compound col-
lection. It is an ATP-competitive inhibitor with an IC50
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Figure 1. From a low micromolar hit 1 to a potent inhibitor 2aa.
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Scheme 2. Reagents and conditions: (a) hydrazine, MeOH, 70 �C,


16 h, 87%; (b) 0.6 M HCl(aq), NaNO2, HOAc, 0 �C, 30 min, 91%; (c)


1.5 M HCl(aq), 100 �C, 16 h, 30%; (d) 3-(4-fluorophenyl)propionic acid,
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xylenes, 120 �C, 25 min; then 4-fluorobenzylalcohol, xylenes, 120 �C,


45 min, 11%.
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of 3.0 lM against AKT3. We report herein the structur-
al modifications of this compound, which led to a series
of novel and potent AKT inhibitors exemplified by com-
pound 2aa.


Synthesis of analogs of 2-pyrimidyl-5-amidothiophene is
depicted in Scheme 1. Starting with 5-acetylthiophene-2-
carboxylic acid 3, the aminopyrimidine ring was formed
by a two-step sequence to give ethyl ester 5. The subse-
quent amide bond formation with various amines then
yielded analogs 2. Alternatively, 2-methylthiopyrimidine
6 was built from vinylogous amide 4 and S-meth-
ylisothiourea. Amide bond formation and oxidation
then gave sulfone 7. Finally SNAr reaction with amines
gave analogs 2. These two sequences enabled efficient
variation of amide position and 2-amino position of
the pyrimidine.


The amide function in 1 can be modified into reverse
amide unit, urea and carbamate, using 5 as the interme-
diate. As shown in Scheme 2, intermediate acylazide 8
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Scheme 1. Reagents and conditions: (a) N,N-dimethylformamide


dimethyl acetal, toluene, 110 �C, 16 h, 91%; (b) 1-methylguanidine


hydrochloride or guanidine hydrochloride, NaOEt, EtOH, 70 �C, 40 h,


45–58%; (c) substituted phenethylamine R3NH2, NaOMe, MeOH,


44 h, 7–55%; (d) S-methylisothiourea hemisulfate, pyridine, H2O,


100 �C, 68 h, 69%; (e) m-CPBA, DCM, rt, 100%; (f) amines R1R2NH,


1,4-dioxane, 110 �C, 3–16 h, 40–55%.

was formed by treating 5a with hydrazine followed by
diazatization. Subsequent Curtius rearrangement using
2,4-dichlorobenzylamine and 4-fluorobenzyl alcohol
yielded urea 11 and carbamate 12, respectively. Curtius
rearrangement using HCl gave aminothiophene 9, which
was converted to desired reverse amide 10.


Scheme 3 summarizes the synthesis of 15 and 17. Analog
15 was prepared using commercially available thiophe-
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Scheme 3. Reagents and conditions: (a) 2,4-dichloropyrimidine,


(PPh3)4Pd(0), THF, 70 �C, 16 h; (b) 1.2 M HCl(aq), acetone, 16 h, rt;


(c) 2,4-dichlorophenethylamine, toluene, 110 �C, 4 h, removed vola-


tiles, MeOH, NaBH4, 2 h, rt, 54%; (d) MeNH2, THF, 75 �C, 16 h,


47%; (e) 2,4-dichlorophenethylamine, TEA, DCM, 3 h, rt; (f) m-


CPBA, 16 h, 100%; (g) MeNH2, THF, 75 �C, 16 h, 25%.







Table 2. Activity of AKT inhibitorsa


Compound IC50 (nM, AKT3)


1 3000


10 2300


11 2100


12 7400


15 5200


17 >25,000


a AKT3 as assayed at 0.2 lM ATP in the presence of MnCl2.
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nyl zinc bromide 13. Negishi cross-coupling with 2,4-
dichloropyrimidine followed by hydrolysis gave inter-
mediate 14. Reductive amination and SNAr with
methylamine yielded desired secondary amine analog.
Sulfonamide analog 17 was synthesized using commer-
cially available starting material 16 via a straightforward
three-step sequence.


We started SAR studies by changing the fluorophenyl
ring in 1, as well as evaluating the tether length between
the phenyl ring and the amide nitrogen. As summarized
in Table 1, the tether length is very important to potency
(1, 2a–c). The optimal length appears to be two carbon
atoms (1). Using commercially available substituted
phenethylamines, we found that both the position and
the nature of substituents on the phenyl ring are crucial
to potency. Although it is clear that para-halogens are
beneficial (2g vs 2d), a chloro group (2g) is only margin-
ally superior to fluoro (1) and bromo (2h) groups. Sub-
stituents other than halogens such as methyl, methoxyl,
and aminosulfonyl are detrimental to the activity (2i–k).
para-Pyridyl is also detrimental (2l). It was also
observed that ortho- and meta-chloro groups are less
potent than corresponding para-analog (2f, 2e vs 2g).
Among several dihalogen substitutions, 2,4-dichloro
appears the best (2m).


At this point, we decided to fix the right-hand side as
2,4-dichlorophenethyl group in order to evaluate the ef-
fect of substitution on 2-amino group of the pyrimidine
ring. Based upon a homology model, we have postulated
(later confirmed by X-ray co-crystal structure, vide in-
fra) that the aminopyrimidine portion of molecule 1
interacts with the hinge domain of the kinase. It is

Table 1. Activity of AKT inhibitorsa


N N


S


N
R2R1


Compound R1 R2 R4


1 H Me 4-Flu


2a H Me 4-Flu


2b H Me 4-Flu


2c H Me 4-Flu


2d H Me Phen


2e H Me 3-Ch


2f H Me 2-Ch


2g H Me 4-Ch


2h H Me 4-Bro


2i H Me 4-Me


2j H Me 4-Me


2k H Me 4-Sul


2l H Me 4-Pyr


2m H Me 2,4-D


2n H H 2,4-D


2o H Et 2,4-D


2p H Pr 2,4-D


2q Me Me 2,4-D


a AKT3 as assayed at 0.2 lM ATP in the presence of MnCl2.

important for potency to maintain N1 and 2-NH
(Fig. 1) as H-bond acceptor and donor, respectively.
As shown in Table 1, when the 2-amino group is
bis-substituted (2q), the potency against AKT3 is com-
pletely eliminated. Replacing the methyl group on the
2-amino position with groups bigger than ethyl (2o vs
2p) leads to much less potent inhibitors, indicating
restricted protein space in this region. Other substituents
all proved to be detrimental to the potency. Throughout
our study, we have observed that 2-amino and 2-amino-
methyl substituent gave similar potency as exemplified
by 2n and 2m.


Next, we decided to probe the effect of the amide group
in 1. As shown in Table 2, changing the amide group to
its reversed amide analog 10 or urea analog 11 does not
affect binding potency. Changing the amide to carba-
mate 12 and less constrained amine analog 15 leads to
slightly decreased potency. However, sulfonamide ana-
log 17 lost potency completely. These data suggest that
the amide bond is important sterically to place the
substituted phenyl group in a proper orientation for
potency. In contrast to s-trans conformation of an

N
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n IC50 (nM, AKT3)


orophenyl 2 3000


orophenyl 1 4700


orophenyl 0 >25,000


orophenyl 3 18,000


yl 2 5000


lorophenyl 2 5400


lorophenyl 2 2900


lorophenyl 2 1100


mophenyl 2 2600


thylphenyl 2 >25,000


thoxyphenyl 2 >25,000


famoylphenyl 2 19,000


idyl 2 >25,000


ichlorophenyl 2 990


ichlorophenyl 2 610


ichlorophenyl 2 1500


ichlorophenyl 2 >25,000


ichlorophenyl 2 >25,000
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Figure 2. X-ray crystal structure of 2aa in complex with PKA in the


active site with key interactions highlighted. The amino acids


highlighted in black are from PKA and red are from AKT3.
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amide bond, sulfonamides prefer s-cis ground state con-
formation. Therefore, the phenyl group in the sulfon-
amide analog is no longer projected with the right
conformation for potency.


Substitution on the two-carbon chain between the phen-
yl ring and amide nitrogen of 1 proved to be very impor-
tant for AKT3 potency. Table 3 summarizes the effect of
carbon chain substitution. It was clear that the substitu-
tent R6 at the benzylic position (when R7 is phenyl or
substituted phenyl) can tolerate small alkyl groups (2r
and 2s) and basic amino group (2u). The bigger phenyl
group is not tolerated as R6 (2t). Small groups such as
methyl (2v) and methyl ester (2w) are tolerated at
homobenzylic position R5 (when R7 is substituted phen-
yl). Polar group hydroxymethyl (2x) improved potency
about 4-fold (compared to 2m). To our excitement, basic
aminomethyl group boosted potency to 4.8 nM (2y).
The S-enantiomer 2aa proved to have the optimal con-
figuration (compared to R-enantiomer 2z) for the bind-
ing. Substitutions on the primary amine (2bb) as well as
moving the amino group further away (2cc) turned out
to be less potent. Removal of the benzylic group resulted
in more than 500-fold potency loss (2dd vs 2aa and 2ee
vs 2bb). Therefore, both substituted phenyl ring and a
properly positioned primary amine are crucial for the
potency.


The co-crystal structure of 2aa in complex with PKA
was determined by X-ray crystallography (Fig. 2, 3).16


PKA has previously been used as a surrogate for AKT
in structure-based drug design.12–14 The co-crystal struc-
ture of 2aa with PKA rationalizes much of the SAR.
The 2-aminopyrimidyl group binds to the hinge via
hydrogen bond interactions between the 2-amino group
and the backbone carbonyl group of Glu121, and the

Table 3. Activity of AKT inhibitorsa


N N


S


H


N
MeH


Compound R5 R6


2r H Me


2s H Et


2t H Phenyl


2u H –NH2 (S)


2v –Me (R) H


2w –CO2Me (S) H


2x –CH2OH (S) H


2y –CH2NH2 H


2z –CH2NH2 (R) H


2aa –CH2NH2 (S) H


2bb –CH2NMe2 (S) H


2cc –CH2CH2NH2 (S) H


2dd H H


2ee H H


a AKT3 as assayed at 0.2 lM ATP in the presence of MnCl2.

pyrimidine N1 and the backbone nitrogen of Val123.
The effects of the substitutions at the 2-amino position
of the pyrimidine are due to the close packing of resi-
dues around the methyl group which is 3.5 Å from the
Ce of Met120. The residues within 4 Å of the pyrimidine
moiety are mainly hydrophobic in nature (Val57, Ala70,
Val104, Met120, and Leu173), and the thiophene moiety
is sandwiched above and below the plane by the side-
chains of Val57 and Leu173. The oxygen atom of the
central amide group makes a water-mediated interaction
with the catalytic lysine (Lys72) indicating that the exact
placement of the hydrogen bonding atoms in this por-
tion of the molecule is less important than the role that
this portion plays in ensuring the correct orientation for
the substituted phenyl group.

N


O
R5


R7


R6


R7 IC50 (nM, AKT3)


2,4-Dichlorophenyl 660


2,4-Dichlorophenyl 1000


Phenyl >25,000


Phenyl 2800


2,4-Dichlorophenyl 820


2,4-Dichlorophenyl 2400


2,4-Dichlorophenyl 280


2,4-Dichlorophenyl 4.8


2,4-Dichlorophenyl 240


2,4-Dichlorophenyl 2.6


2,4-Dichlorophenyl 11


2,4-Dichlorophenyl 27


NH2 1300


NMe2 7000







Figure 3. X-ray crystal structure of compound 2aa bound to the ATP


binding site of PKA.


Figure 4. Compound 2aa inhibits PKA more potently than AKT in


UACC903 cells. Cells were treated with 2aa for 45 min prior to


stimulation with 7 lM forskolin for 15 min. Cell lysates were Western


blotted for phosphorylation of VASP by PKA (cell signaling #3111) or


MDM2 by AKT (cell signaling #3521).
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The primary amino group of the aminomethyl makes
important interactions as it projects into one of the
Mg2+ binding pockets of PKA, and it makes two direct
hydrogen bond interactions with protein sidechains, one
with Asn171 and the other with Asp184 from the DFG.
There is also a water-mediated interaction with Asp166.
Comparison of 2z and 2aa in Table 3 shows that the pre-
cise positioning of this group has a 100-fold effect on
potency. The tip of the Gly-rich loop clamps down around
the disubstituted phenyl moiety, with Phe54 swinging
down to exclude bulk solvent from the active site
(Fig. 3). The para-Cl group points up into a predominant-
ly hydrophobic environment created by the sidechain
methylene groups of Phe54, Val57, Leu74, and Lys72.
The ortho-Cl group projects into a space between Val57
and the mainchain carbon atoms of Gly50 and Thr51.


The selectivity and cellular activity of 2aa are listed in
Table 4. The compound has some degree of selectivity

Table 4. Selectivity profile and cellular activity of AKT inhibitor 2aa


Test Name 2aa (nM) Staurosporin


(nM)


Kinasesa AKT1 6 11


AKT2 23 9


AKT3 3 5


PKA 0.1 0.9


PKCa 66 1


Kit 110 >1


Met 1100 130


EGFR >10,000 19


CaMK2a 8000 >1


ERK1 400 4900


GSK3 >10,000 12


RAF1 >10,000 140


Cellular activity DOV13b 1000 ND


GSK3 S9Pc 320 ND


PRAS40 T246Pc 160 ND


S6RP S235/236Pc 370 ND


a All kinase IC50s were assayed at or below Km for ATP.
b Cell proliferation EC50 determined by Promega Cell TiterGlo.
c Cell phosphorylation EC50 determined by scanned Western blot in


DOV13 ovarian carcinoma cells.

against other kinases with the exception of PKA, and
it shows good inhibition of proliferation and AKT tar-
get phosphorylation in the ovarian carcinoma cell line,
DOV13.


While this compound appears to inhibit PKA at least
30x more potently than AKT, we sought to confirm this
in vitro potency differential in a cell line in which both
kinases were active concurrently. Thus, we pre-incubat-
ed UACC903 melanoma cells with various concentra-
tions of compound 2aa before stimulation with the
PKA activator, forskolin, for 15 min prior to cell lysis
(Fig. 4). PKA activity could be monitored through its
phosphorylation of VASP on Ser157 in response to for-
skolin stimulation, while AKT activity was monitored
by basal MDM2 phosphorylation on Ser166. Com-
pound 2aa inhibited cellular PKA activity at between
10 and 33 nM concentration, while AKT activity was
inhibited at 330 nM to 1 lM of 2aa. Thus, the apparent
ratio of inhibition of the two kinases observed in vitro
was confirmed in cells.


In summary, we have developed a series of 2-pyrimidyl-
5-amidothiophene as potent AKT inhibitors. Com-
pounds in the series showed inhibition of cancer cell line
DOV13. One of the most potent inhibitors 2aa showed
moderate to excellent selectivity against a range of ki-
nases. The selectivity against AGC family kinases, espe-
cially PKA, is poor. The co-crystal structure with PKA
will guide the structure-based inhibitor design. Effort to
develop more selective inhibitors for AKT is underway
and the results will be reported in due course.
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Ecole Polytechnique, F-91128 Palaiseau Cedex, France
(Associate Editor, Dr B. Sire)


BOARD OF CONSULTING EDITORS


P. S. Anderson, Wilmington, DE


P. G. Baraldi, Ferrara


C. F. Barbas, III, La Jolla, CA


J. K. Barton, Pasadena, CA


C. R. Bertozzi, Berkeley, CA


R. C. Breslow, New York, NY


J. A. Bristol, Ann Arbor, MI


T. C. Bruice, Santa Barbara, CA


A. R. Chamberlin, Irvine, CA


P. N. Confalone, Wilmington, DE


E. J. Corey, Cambridge, MA


B. Cravatt, La Jolla, CA


S. J. Danishefsky, New York, NY


P. B. Dervan, Pasadena, CA


A. Eschenmoser, Zürich
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Abstract—Recently, we reported potent and small-sized b-secretase (BACE1) inhibitors KMI-570 and KMI-684 in which we
replaced carboxylic acid groups at the P1


0 position of KMI-420 and KMI-429, respectively, with tetrazole derivatives as carboxylic
acid bioisosteres. These modifications improved significantly BACE1 inhibitory activity and chemical stability. In this study, the
acidic tetrazole ring of the P4 position of KMI-420 and KMI-570, respectively, was replaced with various hydrogen bond acceptor
groups. We found BACE1 inhibitor KMI-574 that exhibited potent inhibitory activity in cultured cells as well as in vitro enzymatic
assay.
� 2006 Elsevier Ltd. All rights reserved.
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According to the amyloid hypothesis,1 b-secretase
[BACE1: b-site APP (amyloid precursor protein) cleav-
ing enzyme] is a molecular target for therapeutic inter-
vention in Alzheimer’s disease (AD),2–6 because
BACE1 triggers amyloid b (Ab) peptide formation by
cleaving APP at the N-terminus of the Ab domain.7–12


Recently, we reported small-sized BACE1 inhibitors
KMI-420 (1) and KMI-429 (2),13 that contained phenyl-
norstatine [Pns: (2R,3S)-3-amino-2-hydroxy-4-phen-
ylbutyric acid] as a substrate transition-state mimic.14


KMI-429 exhibited effective inhibition of BACE1 activ-
ity in cultured cells, and significant reduction of Ab pro-
duction in vivo (APP transgenic and wild-type mice).13b


Furthermore, KMI-570 (3) and KMI-684 (4), in which
the carboxylic acids at the P1


0 position of KMI-420
and KMI-429, respectively, were replaced with tetrazole
rings, showed more potent BACE1 inhibitory activity15


(Fig. 1). According to structure–activity relationship
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Figure 1. Structures of BACE1 inhibitors containing a tetrazole ring at


the P4 position.
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Scheme 1. Reagents: (a) 2-Chlorotrityl chloride resin, DIPEA, DCM;


(b) 20% piperidine/DMF; (c) Fmoc-AA-OH, DIPCDI, HOBt, DMF;


(d) Boc-DAP(Fmoc)-OH, DIPCDI, HOBt, DMF; (e) 5-fluoroorotic


acid, DIPCDI, HOBt, DMF; (f) TFA, m-cresol, thioanisole.
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studies of KMI-compounds, an acidic moiety at the P4


position is required for improving BACE1 inhibitory
activity. Moreover, according to substrate specificity16


and crystal structure17 studies of BACE2, an acidic moi-
ety at the P4 position is thought to be important for
selectivity against BACE2. Inhibition of BACE2, a
homologue enzyme of BACE1,18,19 by nonselective
BACE1 inhibitors may compromise the desired decrease
of Ab, because BACE2 has been reported to regulate Ab
formation as well as a-secretase as an indirect antagonist
of BACE1.20,21 Hence, the presence of an acidic moiety
or hydrogen bond acceptor at the P4 position of BACE1
inhibitors would improve selectivity over BACE2,
because of favored interactions with Arg307 in the S4


pocket of BACE1 over the corresponding Gln in
BACE2.17 However, acidic moieties often possess low
membrane permeability across the blood–brain barrier.
In this paper, we replaced the respective acidic tetrazole
ring at the P4 position of KMI-420 and KMI-570 with
other hydrogen bond acceptor groups and evaluated
BACE1 inhibitory activity in cultured cells (BACE1-
transfected HEK293 cells) in order to develop practical
anti-Alzheimer’s disease drugs. By replacing with a
5-fluoroorotyl group at the P4 position and LL-cyclo-
hexylalanine (Cha) residue at the P2 position likewise,
we found BACE1 inhibitor KMI-574 that showed
potent BACE1 inhibitory activity in cultured cells as
well as in vitro enszymatic assay.


BACE1 inhibitors 5–22 were synthesized by Fmoc-
based (9-fluorenylmethoxycarbonyl) solid-phase peptide
synthesis methods according to previously reported pro-
cedures.13a As examples, the syntheses of inhibitors 16
and 22 are outlined in Scheme 1. Briefly, N-Fmoc-3-ami-
nobenzoic acid or N-Fmoc-5-(3-aminophenyl)tetrazole
was attached to 2-chlorotrityl chloride resin using diiso-
propylethylamine (DIPEA) in dichloromethane (DCM).
The Fmoc group was removed with 20% piperidine in
DMF and peptide bonds were formed using diisopropyl-
carbodiimide (DIPCDI) as coupling reagent in the
presence of 1-hydroxybenzotriazole (HOBt). After
elongating the peptide chain, cleavage from the resin
was achieved using trifluoroacetic acid (TFA) in the
presence of m-cresol and thioanisole. The crude peptide
was purified by preparative RP-HPLC.


BACE1 inhibitory activity of the inhibitors was
determined by enzymatic assay using a recombinant
human BACE1 and FRET (fluorescence resonance
energy transfer) substrate as previously reported.5 After
the enzymatic reaction with BACE1 and FRET
substrate, (7-methoxycoumarin-4-yl)acetyl-Ser-Glu-Val-
Asn-Leu*Asp-Ala-Glu-Phe-Arg-Lys(2,4-dinitrophenyl)-Arg-
Arg-NH2, in incubation buffer with 2 or 0.2 lM
KMI-compounds, the N-terminal cleavage fragment of
the substrate was analyzed by RP-HPLC with fluores-
cence detection. BACE1 inhibitory activity in cultured
cells was determined in the manner reported by Asai.13b


HEK293 cells that stably expressed human BACE1 en-
zyme (BACE1-HEK293) were cultured in 60 mm dishes
until 80–100% confluent (37 �C, 5% CO2 incubator).
After replacement by new serum-free medium with or
without KMI-compounds (100 lM), BACE1-HEK293

cells were further incubated for 6 h. After precipitating
the protein fraction by treatment with trichloroacetic
acid, the fraction was mixed with sample buffer contain-
ing 2-mercaptoethanol and subjected to 10% SDS–
PAGE. To detect sAPPb (soluble APPb: N-terminus
domain that is released from APP by cleaving at the
b-site by BACE1), Western blotting using anti-sAPPb
polyclonal antibody was performed. According to the
fluorescence imaging of the bands on the blotting
membranes, the amount of sAPPb peptide, assumed to
be the index of BACE1 activity, was measured. BACE1
inhibitory activity in cultured cells was determined by
calculating the decrease rate of sAPPb levels against
the control using DMSO instead of KMI-compounds
solution.


We selected inhibitor 1 (KMI-420), possessing a carbox-
ylic acid at the P1


0 benzene ring, as a parent compound
and replaced its tetrazole ring at the P4 position with
various functional groups. The BACE1 inhibitory activ-
ity of compounds 5–17 is summarized in Table 1. Inhib-
itors 6–10 and 15–17, in particular 9 and 16, that contain







Table 1. Effects of P4 modification on BACE1 inhibitory activity of KMI-420
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HO


75 — 29
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HO OH
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aromatic hydrogen bond acceptors at the P4 position
showed potent BACE1 inhibitory activity by in vitro
enzymatic assay. In cultured cells, inhibitors 16 and 17
possessing ureide derivatives at the P4 position exhibited
higher BACE1 inhibitory activities in cultured cells than
inhibitors 5–11 and 15.


Replacing the Leu residue at the P2 position with the
unnatural amino acid Cha slightly enhanced BACE1
inhibitory activity (18 cf. 3, Table 2). Peptides containing
unnatural amino acids are expected to possess improved
stability in vivo. Using 2,5-dihydroxybenzoyl or 5-fluoro-
orotyl groups, corresponding inhibitors 9 and 16 at the P4


position and Leu or Cha residues at the P2 position, we
synthesized inhibitors 19–22 that contain a tetrazole ring
on the P1


0 benzene ring. As shown in Table 2, inhibitors
19–22 exhibited potent BACE1 inhibitory activity by
in vitro enzymatic assay that is similar to reference
compounds 3 (KMI-570) and 18 (KMI-571). In cultured
cells, compound 22 containing a P4 5-fluoroorotyl group
and P2 Cha residue showed potent BACE1 activity, while
compound 21 containing a P2 Val residue and compounds
19 and 20 containing P4 phenol derivatives showed
moderate inhibitory activity. The difference in BACE1
inhibitory activity between in vitro enzymatic and

Table 2. Effects of P4 modification on BACE1 inhibitory activity of KMI-5
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a IC50 values in in vitro enzymatic assay.

cultured cell-based assay is thought to be dependent on
the cell membrane permeability of the inhibitor. Because
endogenous BACE1 is localized predominantly in the lat-
er Golgi and trans-Golgi network,22,23 and thought to
cleave at the b-site of APP on the trans-Golgi network
mainly,23 the synergistic effect of inherent BACE1 inhibi-
tory activity by in vitro enzymatic assay and its cell perme-
ability is believed to reflect BACE1 inhibitory activity in
cultured cells.


Inhibitors 21 and 22 with 5-fluoroorotyl group at the P4


position exhibited potent BACE1 inhibitory activity by
in vitro enzymatic assay that is almost similar to that
of inhibitor 3 with a tetrazole ring at the same position.
Orotyl derivatives, although not classified as bioisosteres
for carboxylic acid, and tetrazole rings play a role in
enhancing BACE1 inhibitory activity. In order to find
structure-based explanations, computational docking
simulations were performed using available coordinates
for BACE1 (PDB ID: 1W51), using previously reported
methods.13a The structure of inhibitor 22 docked in
BACE1, and that of superimposed previously reported
inhibitor 4, which possesses tetrazole rings at the P4


and P1
0 positions, are shown in Figure 2. In docking


experiments, 5-fluoroorotyl and tetrazole-5-carbonyl

70 and KMI-571
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N N
NH


N


nhibition (%) IC50
a (nM) BACE1 inhibition (%)


in cultured cells at 100 lM
at 0.2 lM


93 — 65


92 — 69


98 6.5 63


97 5.6 84


98 4.8 66


98 3.3 59







igure 3. Predicted BACE1 inhibitory activities in cultured cells using


ultiple linear regression by Eq. 1 and their observed values for


hibitors 3, 6–11, and 15–22.


Figure 2. Docked inhibitor 22 (KMI-574) in BACE1 enzyme (PDB ID: 1W51). (A) Overview of docked inhibitor 22 (space-filling model) in the


binding site of BACE1 enzyme. Yellow ball-and-stick and colored molecular-surface models indicate BACE1 and its binding site except for the flap


domain from Pro70 to Gly74, respectively. (B) Stereoscopic view of superimposed inhibitors 22 (red lines) and 4 (KMI-684, green lines). Yellow and


white dashed lines indicate BACE1 enzyme and hydrogen bond interactions, respectively.
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groups each assumed the same pose in the binding pock-
et of BACE1 that consists of Arg307, Lys321, and
Arg235, whereas the former group is larger than the lat-
ter. On the other hand, inhibitor 16, which contained a
fluorine atom on the aromatic ring, showed higher
BACE1 inhibitory activity than inhibitors 15 and 17.
The strong electron-withdrawing fluorine atom raises
the electrophilicity of the aromatic ring, consequently
enhancing the hydrogen bond acceptor character of
the P4 side chain. This effect is likely to improve BACE1
inhibitory activity.


High affinity for the BACE1 enzyme does not necessi-
tate high BACE1 inhibition in cultured cells because
of various factors affecting cellular penetration. Bhhata-
rai and Garg have used calculated logP (Clog P) and
calculated molar refractivity (CMR) values to predict
the inhibitory activity of HIV-1 protease inhibitors.24


(k1 ClogP–k2 ClogP2) can be seen as the inhibitor’s lipo-
philicity value, while (k3 CMR–k4 CMR2) represents the
inhibitor’s steric effect, that both would favor internali-
zation of the inhibitor into the cell. The following QSAR
equation, derived from compounds 3, 8, 9, 11, and 15–
22, was obtained with a high regression fit (r2 = 0.933)
and significance (p < 0.001) when inhibitors 6, 7, and
10 were excluded as outliers by cross-validation.


logðInhcellÞ ¼ 1:889 logðInhenzÞ � ð0:169ClogP


� 0:042k1ClogP 2Þ � ð4:351CMR


� 0:104CMR2Þ � 45:666 ð1Þ


n ¼ 12; r2 ¼ 0:933; F ¼ 16:679; p < 0:001


Inhcell denotes percent BACE1 inhibition with 100 lM
in cultured cells, while Inhenz denotes percent BACE1

inhibition with 0.2 lM inhibitor by enzymatic assay.
ClogP and CMR values were calculated with Chem-
Draw Ultra 6, while statistical evaluations were per-
formed in Microsoft Excel 2003.


The QSAR equation predicts that an inhibitor with
ClogP of less than �1.006 and CMR of 21.080 would
exhibit potent cellular activity. It should be noted that
an inhibitor with a low ClogP value may have a detrimen-
tal CMR value, because relationships exist between
ClogP and CMR. Calculations also reveal that the inhib-
itor’s intrinsic activity (Inhenz) is the major determinant,
while Clog P is a lesser determinant for cellular inhibitory
activity than CMR, suggesting that CMR is a more accu-
rate predictor than ClogP. Although the results obtained
from the equation are rough estimates (Fig. 3), the QSAR
equation is invaluable to design BACE1 inhibitors with
high cellular activity, especially when the QSAR equation
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is further refined as more cellular BACE1 inhibition data
become available in future research.


In conclusion, BACE1 inhibitors were designed and syn-
thesized using various hydrogen bond acceptor groups
at the P4 position and Cha residue replacement at the
P2 position. BACE1 inhibitor 22 (KMI-574) exhibited
potent BACE1 inhibitory activity in cultured cells as
well as in vitro enzymatic assay. These findings are a
stepping stone forward to overcome a key issue in devel-
oping of anti-AD drugs, namely to improve cell and
blood–brain barrier permeability.
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Abstract—The sulfamic acid phosphotyrosine mimetic was coupled with a previously known malonate template to obtain highly
selective and potent inhibitors of HPTPb. Potentially hydrolyzable malonate ester functionalities were replaced with 1,2,4-oxadia-
zoles without a significant effect on HPTPb potency.
� 2006 Elsevier Ltd. All rights reserved.

Protein tyrosine phosphorylation, regulated by the
opposing actions of protein tyrosine kinases (PTKs)
and protein tyrosine phosphatases (PTPases), plays a
key role in signal transduction. Disruption of the bal-
ance of the actions of PTKs and PTPases has been
implicated in a variety of disease processes and hence
the identification of small molecules capable of inhibit-
ing the specific kinases1 or phosphatases2 has emerged
as a new therapeutic intervention for a variety of diseas-
es such as cancer, atherosclerosis, and diabetes. Most of
the phosphatase inhibition programs have been focused
on developing selective inhibitors for PTP1B, a cytoplas-
mic PTP that negatively regulates insulin receptor ac-
tion, as new therapies for type-2 diabetes and obesity.3


Despite the growing interest of PTP1B as a therapeutic
target, little attention has been given to the other phos-
phatases such as PTPa, HPTPb, CD45, LAR, and SHP-
1, which may also be attractive biological targets.4 We
became interested in developing non-peptidic, selective
inhibitors for HPTPb, a receptor-type phosphatase
which is expressed primarily in endothelial cells. HPTPb
is associated with and negatively regulates the activation
of Tie2, a receptor PTK for the angiopoietin family of
polypeptide growth factors, suggesting an important

0960-894X/$ - see front matter � 2006 Elsevier Ltd. All rights reserved.
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role of HPTPb in vascular biology.5 Tie2 activation
has been implicated in maintenance of the adult vascula-
ture and in the development of collateral blood vessels
that restore blood flow to ischemic tissue.6 Thus, we
hypothesize that inhibition of HPTPb should enhance
Tie2 activation and thereby preserve vascular function
and enhanced blood flow to ischemic tissue. Consistent
with this hypothesis, we have recently shown that a
non-specific phosphatase inhibitor bis(maltolato)-
oxovanadium IV that inhibits HPTPb augments collat-
eral blood flow in a rat model of vascular insufficiency.7


These data provided the basis for initiating a program to
develop selective, small molecule HPTPb inhibitors for
the treatment of occlusive cardiovascular disease.


Selectivity for the desired PTPase is a very important
goal in a phosphatase drug discovery program because
individual PTPases have specific and non-overlapping
functions in a variety of important biological processes.
Most phosphatase programs are hampered by the diffi-
culty of finding selective inhibitors for the specific PTP-
ases. Therefore, we reasoned that a set of highly selective
HPTPb inhibitors would not only be useful in providing
therapies for vascular diseases, but also would serve as
an important platform for other phosphatase inhibitor
discovery programs.8


Improving upon a HTS lead identified by screening of
the P&GP corporate repository, sulfamic acid function-
ality was identified as a potential phosphotyrosine
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mimetic.9 In order to obtain novel inhibitors of HPTPb,
the sulfamic acid phosphotyrosine mimetic was coupled
to known non-peptidic PTP backbones. A variety of
non-peptidic scaffolds including malonates and deoxy-
benzoin, benzotriazoles, and 1,2-oxazines combined
with various phosphotyrosine mimetics have been
reported as PTPase inhibitors.3c,10,11 One of these back-
bones, dimethyl malonate ester, was chosen as a tem-
plate, and sulfamic acid 3 was selected as an initial
target (Fig. 1). Alkylation of the commercially available
dimethyl 2-(4-nitrobenzyl) malonate with benzyl bro-
mide followed by the reduction and sulfamation of the
nitro group furnished 3 (Scheme 1).12 Compound 3
proved to be a competitive, reversible inhibitor of
HPTPb with a Ki of 0.20 lM.13 It also showed good
selectivity versus a representative panel of PTPases
including PTP1B, TC-PTP, and HPTP A (Fig. 1).


The X-ray crystal structure of 3 bound to HPTPb re-
veals that the sulfamic acid functionality binds in the
P0 pocket making it a good phosphotyrosine mimetic
(Fig. 2a).14,15 The two ester groups of the malonate,
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Figure 1. Design of non-peptidic inhibitors of HPTPb.
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Scheme 1. Reagents and conditions: (a) NaH, benzyl bromide, THF, 0 �C t


Figure 2. Crystal structures of 3 (a), 5m (b), and 12 (c) bound to HPTPb.


residues are colored green.

which face opposite directions, make hydrogen-bonding
interactions with Asn1735. The benzyl group attached
to the 2-position of the malonate did not seem to make
any significant interaction with HPTPb.


Optimization of the newly found HPTPb inhibitor be-
gan with substituting the phenyl ring of the benzyl group
in hopes of achieving additional interactions with the
enzyme. Synthesis was carried out as outlined in Scheme
1 using appropriately substituted benzyl bromides. No
significant potency gain was achieved by substituting
the phenyl ring at 3- or 4-positions by sulfonamides
(4a and 4b), esters (4c and 4d), acids (4e) or ethers (4f
and 4g) (Table 1). However, the doubly charged sym-
metric bis-sulfamic acid 4h showed an IC50 of 60 nM
for HPTPb making it the most potent inhibitor of the
series.


Additional diversity at the 2-position of the malonate es-
ter was introduced either by alkylation of 4-nitrobenzyl
bromide with diethyl 2-(tert-butoxycarbonyl)malonate
or by alkylation of dimethyl 2-(4-nitrobenzyl) malonate
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Table 1. HPTPb inhibition data for compounds 4a–i


N
H


S
O


OO


O O


OO
NH4


X


4a-h


Compound X HPTPb IC50 (lM)


4a 4-SO2NH2 0.43


4b 3-SO2NH2 0.30


4c 4-CO2Me 0.41


4d 3-CO2Me 0.29


4e 4- CO2H 0.14


4f 4-OMe 0.39


4g 3-OMe 0.33


4h 4-NHSO3H 0.06


4i 3-NHSO3H 0.10


Table 2. HPTPb inhibition data for compounds 5a-m


N
H


S
O


OO


O OR


ORO
NH4


5a-m


R1


Compound R1 R HPTPb IC50 (lM)


5a –H Me 1.0


5b NHBoc Et 0.45


5c NHCbz Et 0.40


5d
O


OEt
Me 0.23


5e
N


Me 0.57


5f Me 0.15


5g
O


Me 0.27


5h
S N


N
NN


Ph


Me 0.20


5i
S N


N
NN


PhOO


Me 0.08


5j S
OO


Me 0.42


5k S
Ph


OO
Me 0.15


5l
O


O
Me 0.38


5m NHBoc Et 0.09


Table 3. Comparison of phosphatase inhibition potency [IC50 (lM)] of


5c, 5d, and 5f


Phosphatase Compound


5c 5d 5f


HPTPb 0.40 0.23 0.15


PTP 1B 12.8 16.2 2.3


HCPTPA 82.2 4.8 7.7


HPTPe >500 >500 >500


LAR-1 227 288 409


LAR-2 472 >500 >500


PTPc 196 200 93


TC-PTP38 78 109 15.3


HPTPl >500 >500 >500


CD45 280 126 29
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with the appropriate alkyl halide followed by simple
functional group transformations. Substitution of the
2-position of the malonate ester by hydrogen (5a) or
protected amines (5b and 5c) lowered the potency (Table
2). An aromatic group attached to the 2-position via a 3-
or 4-atom linker (5f and 5g) did not have a meaningful
effect on the HPTPb potency. Molecular modeling stud-
ies suggested that a hydrogen-bonding accepting group
attached to the 2-position via a 2-atom linker would
grab some additional interactions. Thus, compound
5m with 2-Boc-amino ethane group at the 2-position
of malonate was synthesized. Compound 5m showed
an IC50 of 90 nM for HPTPb. The X-ray crystal struc-
ture of 5m shows that the two ester groups of the malon-
ate interact with Asn1735 in a similar fashion as 3
(Fig. 2b). In addition, the carbonyl oxygen atom on
the Boc group makes an extra hydrogen bond with
His1871. This partially explains why 5m is more potent
than other compounds of the series. Compounds 5c, 5d,
and 5f were screened in a panel of 10 PTPases (Table 3).
All these compounds show excellent selectivity against
other PTPases such as PTP 1B, HPTPA, CD-45, etc.


With highly potent and selective malonate-based
HPTPb inhibitors in hand, we decided to replace the
potentially hydrolyzable ester functionalities with the
ester isostere 1,2,4-oxadiazole. Ester groups were
converted to two isomeric oxadiazole rings to obtain
compounds 8 and 12 as outlined in Scheme 2. The bis-
amidoxime obtained by the reaction of bis-nitrile 6 with
hydroxyl amine in refluxing methanol was acylated with
acetic anhydride and cyclized to obtain the bis-oxadia-
zole 7. The nitro group was then reduced with SnCl2
and the resulting aniline was combined with pyridine–
SO3 complex in pyridine to obtain the sulfamic acid 8.
Bis-oxadiazole 10, obtained by the reaction of 9 with
acetamide oxime and K2CO3 in refluxing toluene,16


was alkylated with 4-nitrobenzyl bromide to obtain 11.
The bis-oxadiazole 11 was converted to the required sul-
famic acid 12 in the usual manner. Both compounds
were equipotent to their diester counterpart 3. The bind-
ing pose of 12 in PTPb is very similar to that of malon-
ate-derived compound 3 (Fig. 2c). Only one oxadiazole







Table 4. HPTPb inhibition data for compounds 13a–e
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Scheme 2. Reagents and conditions: (a) i—NH2OH, MeOH, reflux; ii—(CH3CO)2O, rt; iii—CH3COOH, reflux; (b) i—SnCl2Æ2H2O, EtOH, reflux;


ii—Pyr–SO3, Pyr then NH4OH; (c) acetamide oxime, K2CO3, toluene, reflux; (d) NaH, 4-nitrobenzyl bromide, THF, 0 �C to rt.
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ring makes the pivotal hydrogen-bonding interaction to
Asn1735 (Table 4).


Compound 12 was selected to introduce further diversity
at the 2-position due to its slightly higher potency com-
pared to 8 and its ease of synthesis. Compounds 13a–e
were synthesized in a similar fashion to 12 according
to Scheme 2 using the appropriate alkylating agent. It
is important to note that both malonate and bis-oxadia-
zole series showed roughly the same SAR trends around
substitutions at the 2-position (Table 4). Compound 13e
with a 3-phenylpropyl group in the 2-position showed
the highest HPTPb potency of the series.

In conclusion, a structure-based approach was taken to
prepare a series of novel malonate ester derived aryl sul-
famic acids as inhibitors of HPTPb. Most of the com-
pounds turned out to be highly potent inhibitors of
HPTPb with good selectivity over several other phos-
phatases. Diester groups of the malonate were replaced
by 1,2,4-oxadiazole, a common isostere of the ester, that
retained the HPTPb potency.
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Abstract—The substituted (R)-phenyllactic acid containing cyclohexadepsipeptides (CHDPs) represent novel enniatin derivatives
with strong in vivo activities against the parasitic nematode Haemonchus contortus Rudolphi in sheep. 2D NMR spectroscopic anal-
ysis revealed for the substituted (R)-phenyllactic acid containing CHDPs one major conformer with an unsymmetrically folded con-
formation lacking a cis-amide bond. A correlation between the substitution pattern and its anthelmintic activity was found. Here we
report on a simple total synthetic pathway of the precursor for this particular type of CHDPs and an efficient modification of the
benzylic side chain (R-PhLac2).
� 2006 Elsevier Ltd. All rights reserved.

Parasitic nematodes cause significant problems to the
health and life of many plants and animals, and also
of humans. Gastrointestinal nematodes like Haemon-
chus contortus Rudolphi occur worldwide and parasitize
the abomasus of domestic animals such as cattle and
sheep.1 Therefore, the search of novel anthelmintic
drugs plays an important role in veterinary medicine2


because a serious problem is the emerging resistance of
parasites towards traditional anthelmintics such as benz-
imidazole derivatives, levamisole and macrocyclic
lactones.3 The 24-membered cyclooctadepsipeptides
(CODPs) represent the most promising substance class
within the newly described anthelmintics in recent
years.4 This class constitutes a large family of peptide-re-
lated compounds derived from 2-hydroxy-(R)-carboxyl-
ic acids (R-HyCar) and N-methyl-(S)-amino acids
(MeXaa) joined by amide and ester linkages. The broad
chemical variation of the potent anthelmintic PF1022A5


led to semi-synthetic derivatives containing as (R)-Hy-
Car one or two (R)-4-N-morpholino-phenyl-lactic acids
(R-4-N-MorPhLac) like 16 and emodepside (Bay 44-

0960-894X/$ - see front matter � 2006 Elsevier Ltd. All rights reserved.
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4400) 27, respectively. The latter is highly active against
a broad spectrum of intestinal and extraintestinal nema-
todes such as filarial parasites and is commercialized as
Profender� (2005, Bayer HealthCare Animal Health) in
combination with praziquantel.8


To obtain more insight into the anthelmintic efficacy of
the structurally closely related 18-membered cyclohexa-
depsipeptides (CHDPs), the so-called enniatins, we be-
came interested in the preparation of semi-synthetic
enniatin structures with regard to their efficacy against
H. contortus in sheep.9 Recently, the replacement of one
N-methyl-(S)-isoleucine (MeIle) of the naturally occuring
enniatin A by N-methyl-(S)-alanine (MeAla), as exempli-
fied by 3, has been reported to be 10-fold more active than
the natural enniatins against H. contortus. A correlation
between the nature of different CHDP major conformers
and their anthelmintic activities was described.10


Structure of the cyclooctadepsipeptides (1–2) and ennia-
tins (3–7).

It was found that those CHPDs with strong in vivo
activity exist in CDCl3 solution as one major conformer
either with one cis-amide bond or with an unsymmetri-
cally folded conformation lacking a cis-amide bond
like 3.
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In order to better understand the effect of the unique
(R)-4-N-MorPhLac moiety within the 18-membered
macrocycle in connection with its biological activity,
we have now focussed our attention on the 2-position
of the CHDP 3. In fact, we found the 2-position in 3
is not important for its high binding affinity. Therefore,
as part of our ongoing efforts to find novel anthelmintic
drugs, we started to investigate CHDP derivatives of 3
containing substituted 2-hydroxy-(R)-phenyllactic acids
(R-PhLac) in 2-position such as 2-hydroxy-(R)-4-nitro-
phenyllactic acid (R-4-NO2PhLac) and 2-hydroxy-(R)-
2-, 3- or 4-amino-phenyllactic acids (R-2-, 3- or 4-
NH2PhLac), respectively.11 In this paper, we report
the total synthesis of a (R-PhLac2)-containing CHDP
and its efficient modification of the benzylic side chain
with respect to the 4-N-morpholino substitution.


The method for preparing the CHDP 4 involved forma-
tion of the depsipeptide hexamers (10–12)12 from three
dimeric fragments by a [2 + 4]-fragment condensation
reaction, for example, by using the N-terminal protected
didepsipeptides (8) and the O-terminal protected tetra-
depsipeptide fragment 9, in a convergent strategy as
already described by Jeschke et al.7 Several further
methods are known for syntheses of CHDPs.13


The macrocyclization was accomplished by ring closure
of the N- and O-terminal deprotected hexadepsipeptides
(12) under high dilution conditions using the phosphoni-
um coupling reagent bis(2-oxo-3-oxazolidinyl)-phos-
phonic chloride (BOP-Cl) and N,N-diisopropylethyl-
amine (DIEA), affording the CHDP 414 as shown in
Scheme 1. Subsequent nitration of 4 with 98% fuming
nitric acid resulted in a (4:1:1) mixture of enniatins 5a–
c containing (R)-PhLac fragments mono-nitrated in 2-,
3- and 4-positions, from which the (R)-4-NO2PhLac
derivative 5c15 was isolated by preparative HPLC
(Scheme 2).


Hydrogenation of the mixture 5a–c in the presence of
20% Pd(OH)2/C in ethanol afforded the amino ana-

logues 6a–c16 as mixture of enniatin isomers (4-
NH2PhLac/3-NH2PhLac/2-NH2PhLac = 4:1:1) in 67%
yield, which can be separated from each other by pre-
parative HPLC or in larger amounts (up to 4.0 g) by
Craig distribution (ethyl acetate/n-heptane/DMF/
H2O = 4:6:5:5). Finally, the N-morpholino ring closure
forming the (R)-4-N-MorPhLac enniatin 717 was carried
out by reductive alkylation of 6c with 2,2 0-oxy-bis[acet-
aldehyde], prepared in situ from 2,5-dihydrofuran by
ozonolysis, and sodium cyanoborohydride.18


The structural assignments of all CHDPs were based on
the molecule ion peaks [M]+ in the EI mass spectra and
characteristic resonances in the 13C NMR spectra where
all fragments could be assigned.


The single crystal X-ray structure of the CHDP 5c was
determined using MoKa-radiation as X-ray source (see
Fig. 1).19


Sheep (Ovis aries L, Merino or Schwarzkopf breed,
25–35 kg body weight) were infected experimentally
with 5000 H. contortus Rudolphi L3 larvae and treated
with the test substance after the end of the prepatency
period of the parasite. The test compounds were
administered orally in gelatine capsules. Anthelmintic
effects of the test substances were measured as a func-
tion of the reduction in faecal egg counts. For the
purpose of counting eggs, freshly obtained faeces from
experimentally infested animals were prepared using
the McMaster method as modified by Wetzel.20 The
egg counts were determined at regular intervals before
and after treatment. The anthelmintic evaluation
was expressed as a function of the egg reduction as
follows: 3 P 95%, 2 = 75–95%, 1 = 50–75% and
0 = 650% egg reduction.


The CHDP 4 exhibited a 2:1 mixture of conformers in
CDCl3 because of the benzyl side chain. On the other
hand, the CHDP 5c and 6a–c, 7 showed a 3:1 and 2:1
mixture of conformers in CDCl3, the appropriate main







Bn-MeIle1-(R)-HyCar2-OH (8) + H-MeIle3-(R)-Lac4-MeAla5-(R)-Lac6-O-tBu (9)


BOP-Cl, DCM, r. t., [24 h]


Bn-MeIle1-(R)-HyCar2-MeIle3-(R)-Lac4-MeAla5-(R)-Lac6-O-tBu (10) 


gas HCl, 0 ˚C - r. t., [16 h] 
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4 (R)-HyCar2 = (R)-PhLac2


Scheme 1. Synthesis of the CHDP 4 by macrocyclization of deprotected hexadepsipeptide 12.
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conformer corresponds to the anthelmintically active
enniatin 3 as outlined in Table 1.


Further spectroscopic analysis of the CHDPs 5c, 6a–c
and 7 using a combination of 2D NMR (1H–1H
NOESY, 1H–1H-COSY, 1H–13C-HMBC, 1H–13C-
HMQC) techniques showed in CDCl3 solution one ma-
jor conformer with an unsymmetrically folded confor-
mation lacking a cis-amide bond like 3.


CHDP 5c crystallizes in the chiral space group P21 togeth-
er with two molecules of ethyl alcohol from which the
crystal was grown. Each solvent molecule was refined into
three equal occupied positions. Five intramolecular
C–H� � �O contacts shorter than the sum of the
van der Waals radii might be considered to have influence
on the conformation of the molecule. About ten intermo-
lecular contacts of the same type and length exist in the
crystal lattice which affects the packing of the molecules
due to the absence of any strong hydrogen bond donors.


The CHDPs 6a and 6b tested in vivo were found to be fully
active against the gastrointestinal nematode H. contortus
in sheep at 0.05 mg kg�1 as outlined in Table 1.

Octanol–water partition coefficients (log P) were mea-
sured by a HPLC method using reverse phase columns,
the general principles of which have been described
elsewhere.21 The CHDPs 6a (log P = 3.18) and 6b
(log P = 2.35) with (R)-2-NH2PhLac and (R)-3-
NH2PhLac in 2-position, containing 2- or 3-amino-ben-
zyl side chains R2, showed identical activities against
H. contortus as the parent compound 3 (log P = 3.26;
in 2-position: (R)-Lac) and 2-fold greater activity than
7 (log P = 3.58; in 2-position: (R)-4-N-MorPhLac),
respectively. On the other hand, the CHPDs 5c (in 2-po-
sition: (R)-4-NO2PhLac) and 6c (logP = 2.08; in 2-posi-
tion: (R)-4-NH2PhLac) displayed a 2-fold weaker
activity and the CHPD 4 (log P = 4.23), with a (R)-con-
figurated PhLac in 2-position, displayed up to 5-fold
weaker activity against this parasitic nematode com-
pared to the parent compound 3 as well as the CHDPs
6a and 6b.


Molecular dynamics simulations of the CHPD 6a, with
simulation times of 100 ps at 300 K each and snapshots
taken every 1 ps, were performed in order to evaluate
the conformational flexibility of the molecule. As can
be seen from representative results in Fig. 2, for CHDP







Figure 1. X-ray structure of CHPD 5c (Ortep Plot 50%).


Table 1. In vivo anthelmintic activities against Haemonchus contortus in sheep, ratio of conformers and lipophilicities of the substituted


(R)-phenyllactic acid containing CHDPs 4–7 in comparison with the known CHDP analogue 3


CHDP Ratio of conformersa Lipophilicity logPb Anthelmintic activity against H. contortus


3 3:1 3.26 0.05c/3d


4 2:1 4.23 0.25/0


5c 3:1 e 0.10/1


6a 2:1 3.18 0.05/3


6b 2:1 2.35 0.05/3


6c 2:1 2.08 0.10/1


7 2:1 3.58 0.10/3


a NMR spectra were recorded in CDCl3.
b logP-value from HPLC (pH 2.3).
c Dose in mg test substance kg�1 body weight.
d 0 = 650% egg reduction; 1 = 50–75% egg reduction; 2 = 75–95% egg reduction; 3 = P95% egg reduction.
e Not determined.
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6a the introduction of the 4-amino substituent leads to
an internal hydrogen bond to the neighbouring ester-
carbonyl oxygen (C@O� � �H2N–benzyl) and hence
reduces the flexibility of the 4-amino-benzyl group
considerably.11b


In conclusion, this paper describes the synthesis of
novel substituted (R)-phenyllactic acid containing
CHDPs 6a, b and 7 exhibiting strong in vivo anthel-
mintic activities against the gastrointestinal nematode
H. contortus in sheep. The results demonstrate that
substituents of the benzyl side chain in 2-position of

the CHDP 4 can stabilize better the major conformer
with an unsymmetrically folded conformation lacking
a cis-amide bond. Similar to the CODPs 1 and 2,
incorporation of the 4-N-morpholino-benzyl side chain
in the 2-position of 3 leads to anthelmintic active
CHDPs such as 7. On the other hand, both the
(R)-2-NH2PhLac and (R)-3-NH2PhLac containing
CHDPs 6a and 6b are as potent as 3. Therefore, it
may be assumed that a similar range of lipophilicity
(log P = 2.35–3.26; 6a � 3) could be more important
for the bioavailability of enniatins than their feature
4-N-morpholino-benzyl moiety.







Figure 2. MD-simulation of CHDP 6a, reduction of flexibility by


introduction of an internal H-bond.
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Abstract—Tylophorine B exhibits 60% inhibition against tobacco mosaic virus (TMV) at a concentration of 1.0 · 10�6 g/ml. In our
study, high affinity for TMV RNA and assembly origin of TMV RNA (oriRNA) was revealed, accompanied by the conformational
change of RNA. Considering that TMV assembly begins with the specific recognition by the coat protein aggregate of oriRNA, and
that tylophorine B has favorable interaction with oriRNA, we speculate that tylophorine B likely exerts its virus inhibition by bind-
ing to oriRNA and interfering with virus assembly initiation. This work may shed light on the possible molecular inhibition mech-
anism against TMV by tylophorine B, and provide clues in rational design of sequence-specific RNA binding antivirus drugs.
� 2006 Elsevier Ltd. All rights reserved.

Tylophorine B (autofine) (Fig. 1) and its analogs are
phenanthroindolizidine alkaloids. In vitro study has
suggested that tylophorine B has high cytotoxicity
against drug-sensitive KB-3-1 and a multidrug-resistant
KB-V1 cancer cell line with IC50 values of 16 and
14 nM, respectively.1 Tylophorine B was reported with
remarkable biological activity to tobacco mosaic virus
(TMV),2 it exhibited 60% inhibition against TMV at a
concentration of 1.0 · 10�6 g/ml, in contrast, a commer-
cial antivirus DHT only exhibited 50% inhibition at
5 · 10�4 g/ml under the same conditions.


TMV consists of a single, positive strand RNA of 6395
nucleotides encapsidated in a helical virion by about
2130 identical coat protein (TMV CP) subunits.3,4


TMV particle could be reconstituted in vitro from puri-
fied RNA and coat protein under plausible physiological
conditions.5–7 Virion assembly is initiated by a specific
reaction of coat protein aggregates with an internal re-
gion of TMV RNA known as the assembly origin which
is capable of forming a putative hairpin loop structure
(Fig. 2).8,9 More recently, we showed high order of
molecular recognition to bulged hairpin DNA afforded
by tylophorine B,10 while assembly origin of TMV
RNA (oriRNA) also possesses hairpin loop structures,
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which inspired us to reveal the possible inhibition mech-
anism of tylophorine B on TMV.


A better understanding of its interaction mode with viri-
on components including RNA and CP is important for
us to determine tylophorine B’s basic mode of action on
TMV. So we isolated TMV by the polyethylene glycol
precipitation method of Leberman.11 TMV coat protein
was prepared by the acetic acid method.12 TMV RNA
was prepared from stored virus applying the RNAgents
total isolation system (Promega) according to manufac-
turer’s protocol. To get oriRNA, TMV RNA was
reverse transcribed using primer P1 (5 0-TCGACATAG
G GACATCTTC-3 0) in 50 mM Tris–HCl (pH 8.3),
8 mM MgCl2, 75 mM KCl, 10 mM DTT, and 1 mM
dNTPs, 0.5 U/ll AMV reverse transcriptase (TARAK
A), 1U/ll RNase inhibitor (TARAKA) for 1.5 h at
42 �C. The cDNA molecules were then amplified by
PCR, using primers P1 and P2 (5 0-TAATACGACTCA
CTATAGGAGACGGAGGGCCCATG-3 0, T7 RNA
polymerase promoter is underlined). The dsDNA of cor-
rect length was purified by electrophoresis and eluted.
The purified DNA was transcribed in vitro to synthesize
oriRNA in 40 mM Tris–HCl, pH 7.9, 6 mM MgCl2,
2 mM spermidine, 10 mM NaCl, 5 mM DTT, 2 mM
each of rNTP and 0.5 U/ll of T7 RNA polymerase
(Promega), 1 U/ll RNase inhibitor. The reaction was
carried out at 37 �C for 10 h. 0.5 U/ll DNase I
(RNase-free) was added to digest DNA template at
the end of transcription. The transcription reaction
was examined by 8% PAGE (7 M urea) to get one clear
band in the correct length. The transcripts were purified
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Figure 1. (A) 2D structure of tylophorine B. (B) 3D model of tylophorine B.


Figure 2. The secondary structure of oriRNA.
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by phenol/chloroform/isoamyl alcohol extraction and
ethanol precipitation.


The strong characteristic fluorescence of tylophorine B
affords a sensitive spectroscopic handle to investigate
its interaction with biomacromolecule. Figure 3A shows

Figure 3. (A) Fluorescence quenching spectra of tylophorine B by TMV RN


asymptotes is 2.4 nM, corresponding to 1:25 stoichiometry of binding. A


Spectrophotometer (VARIAN CARY Eclipse) at 20 �C. The emission spectr


widths of 20 and 10 nm, respectively, for RNA, or 10 and 20 nm for TMV C


Measurements were taken in 10 mM phosphate buffer, pH 7.09, 50 mM NaC


the background intensity of the buffer and for dilution.

the effect of addition of 0–33.9 nM TMV RNA on the
emission spectra of 59.6 nM tylophorine B. It is seen
that increasing the concentration of TMV RNA results
in a gradual decrease in fluorescence intensity of tyloph-
orine B up to a maximum of ca. 24%, without any per-
ceptible shift in fluorescence maximum 380 nm at the
excitation wavelength of 310 nm. The changes in the
emission spectra indicate the formation of tylophorine
B–RNA complex. From the fluorescence titration curve
(Fig. 3B), the point of 50% inhibition (IC50) of the fluo-
rescence maxima was estimated as about 2.4 nM, indi-
cating a strong affinity of tylophorine B for TMV
RNA. The stoichiometry for RNA–drug binding can
be estimated empirically from the intersection of fluores-
cence asymptotes.13 to give 2.4 nM (Fig. 3B), corre-
sponding to 1:25 stoichiometry of binding.


A similar fluorescence quenching pattern was found
upon addition of oriRNA. Keeping the concentration
of tylophorine B 44.8 nM, its fluorescence intensity
progressively reduced with the addition of 0–0.378 lM
oriRNA up to ca. 25% quenching (Fig. 4). Further
evaluation of the titration data showed that the stoichi-
ometry of the binding was about 1:1 (Fig. 4A). The dis-
sociation constant Kd of tylophorine B binding to
oriRNA was calculated from the fluorescence titration

A. (B) Fluorescence titration curve. The intersection of fluorescence


ll fluorescence spectra in this paper were recorded on Fluorescence


a of tylophorine B were obtained using the excitation and emission slit


P in a total volume of 1.5 ml with a quartz cuvette of 1 cm pathlength.


l, 0.1% acetonitrile, and fluorescence titration curves were corrected for







Figure 4. (A) Fluorescence titration curve of tylophorine B by oriRNA. The binding stoichiometry in terms of the number of RNA/tylophorine B


molecules is the value at the intersection of fluorescence asymptotes, giving the value of ca. 1. (B) Fluorescence titration curve, from which the Kd of


tylophorine B binding to oriRNA was calculated according to Eq. 1 using OriginPro 7.0 software, giving Kd value of 9 nM.
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curve in Figure 4B according to Eq. 1 fitting with 1:1
binding mode, giving Kd value of 9 nM.


i=i0 ¼ 1þ Di=2i0


� ðR0 þ T 0 þ KdÞ �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðR0 þ T 0 þ KdÞ2 � 4R0T 0


q� �


ð1Þ
where i and i0 are the fluorescence intensities with and
without oriRNA, respectively, Di is the changed fluores-
cence intensity upon unit concentration of tylophorine B
binding to RNA, R0 and T0 are the total concentrations
of RNA and tylophorine B, respectively.


TMV CP 20S disk is believed to be necessary for virus
assembly initiation and elongation, which was prepared
by incubating 10–20 mg/ml freshly purified CP in ionic
strength 0.1 M sodium phosphate buffer, pH 7.0, at
24 �C for 15 h. However, fluorescence titrations showed
that it was not a good fluorescence quencher for tyloph-
orine B (Fig. 5). The fluorescence intensity of tylopho-
rine B did not vary even at 14.5-fold excessive
concentration of TMV CP, implying the non or very
weak binding to TMV CP by tylophorine B.


CD spectroscopy, which measures the differences be-
tween the absorbance of right-handed and left-handed
circularly polarized light, is very sensitive to the changes
in nucleic acid backbone conformation. It is extensively
used to monitor conformational transitions of nucleic

Figure 5. Fluorescence titration spectra of 87 nM tylophorine B by


TMV CP 20S disk.

acids after binding ligand.14–16 To gain insight into the
effect of tylophorine B on the conformation of TMV
RNA and oriRNA, the CD spectra of RNA with and
without added tylophorine B were determined. The
spectral properties of free TMV RNA showed the same
spectra as the reported TMV RNA spectra,17 with a
maximum at 263.4 nm and a crosspoint at 246.9 nm
(Fig. 6A). TMV RNA was found to undergo critical
conformational changes upon addition of tylophorine
B. The interaction of tylophorine B with TMV RNA
elicited the increase in RNA CD spectrum at the maxi-
mum by 13%, with a shift of the crosspoint. The CD
spectrum of oriRNA hairpin (Fig. 6B) is consistent with
an A-form RNA helix18,19 with a large positive band of
250–300 nm, a large negative band at 214 nm, and a
small negative band at 234 nm. The addition of tyloph-
orine B changed CD spectrum of oriRNA slightly,
showing a very small increase in the negative peak
accompanied by a slight widening of the negative band
without peak shift; positive band was almost un-
changed. The larger changes in CD of TMV RNA than
oriRNA imply that the oriRNA holds much tighter ter-
tiary structure with less disturbing effect by the addition
of tylophorine B. The increases of CD peak values of
RNA induced by tylophorine B are indicative of interac-
tion between RNA and drug,15,20,21 which might involve
altered microenvironment and additional p–p stacking
interactions associated with intercalation of the drug’s
aromatic ring into the bases.15,20,21


Tylophorine B’s crystal structure as the benzene solvate
has been reported before,22 the aromatic rings lie almost
in the same plane (Fig. 1). It tends to insert the planar,
aromatic moiety between the nucleic acids base pairs.
Our previous study showed that it has preferential
molecular interaction with bulged hairpin DNA, espe-
cially one base-bulged structure.10 Fluorescence titra-
tions here demonstrate that the target of tylophorine B
is not TMV CP, and more possibly TMV RNA. TMV
RNA is capable to fold into a broad range of different
structures, such as bulge, hairpin, loop, pseudoknot,
and so on.23,24 These motifs create a number of binding
pockets, and tylophorine B could interact selectively and
tightly with target sites by embedded in these pockets,







Figure 6. CD measurements were conducted at 25 �C on a J-715 CD spectropolarimeter (Jasco). Experiments were performed in 10 mM phosphate


buffer, pH 7.09, 50 mM NaCl with a 1 mm pathlength cuvette in a total volume of 200 ll. Data were collected at a 0.2 nm resolution, 1 s response


time, and 20 nm/min speed. (A) CD spectra of TMV RNA (21 lg/ml) alone and TMV RNA in the presence of tylophorine B (3.35 lM) after


subtracting the signal of free drug. (B) CD spectra of oriRNA (0.96 lM) alone and oriRNA in the presence of tylophorine B (78.3 lM) after


subtracting the signal of free drug.
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which is possibly responsible for the high affinity of tyl-
ophorine B to TMV RNA with multiple binding sites.
Assembly origin of TMV RNA is exactly one binding
site of tylophorine B, the stable hairpin loop structure
containing base bulges shows fairly high affinity for tyl-
ophorine B with Kd of 9 nM. TMV RNA is not only the
passive carrier of genetic information of virus; it also
performs biological function based on folding of the
molecule into certain three-dimensional conformations.
The CD results suggest that binding of tylophorine B
disturbs the conformation of TMV RNA and oriRNA,
which may interfere with RNA to carry out normal
physiological function.


The conformational recognition and noncovalent bind-
ing have an important function in life process at the
molecular level, which are implicated in many biological
processes to regulate some important cellular processes.
TMV assembly begins with the specific recognition by
the coat protein aggregate of oriRNA; meanwhile
tylophorine B was proved to have fairly high affinity
for oriRNA, the targeting of drug to the specific hairpin
loop structure offers the possibility of regulating the
biological activity of the TMV RNA. Based on the evi-
dences reported here, we speculate that tylophorine B
likely exerts its virus inhibition by binding directly to
assembly origin of TMV RNA, and interfering with
virus assembly initiation. The study to test our hypoth-
esis of tylophorine B’s TMV inhibition mechanism
through TMV assembly by tylophorine B is in progress
in our laboratory and will be reported in due course.


Nucleic acids can have richly diverse secondary struc-
tures, including hairpins, knots, pseudoknots, loops,
helical junctions, and bulges, which are of general

biological significance and have been proposed as inter-
mediates in a multitude of processes.25 RNA bulged
hairpin loop has been suggested as necessary motifs in-
volved in important biological processes, such as the
TAR region of HIV-1,26,27 the conserved hairpin struc-
ture in Alfamovirus and Bromovirus,28 3 0 untranslated
region stem-loop (domain D) of bamboo mosaic potex-
virus.29 Compounds capable of binding to bulged hair-
pin loop structures could have significant therapeutic
and antiviral potential. However, despite these obvious
ramifications, few previous attempts have been made
to prepare compounds with affinity for bulged hairpin
loop sequences,30,31 especially very few for such signifi-
cant RNA motifs in viral biological processes. The pres-
ent study demonstrates tylophorine B has favorable
molecular interaction with TMV RNA bugled hairpin
loop region, it is a good lead compound with molecular
recognition for secondary structure. These findings may
shed light on possible mechanism of inhibition against
TMV by tylophorine B, and provide clues in rational de-
sign of sequence-specific RNA binding molecules.
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Abstract—Cryptosporidiosis, an opportunistic infection affecting immunocompromised patients, the elderly, and children, is still an
untreatable disease since the causative agent, Cryptosporidium hominis, is essentially resistant to all clinically used antimicrobial
agents. In order to accelerate the design of new potent and selective inhibitors targeting dihydrofolate reductase of C. hominis
(ChDHFR), we determined the structural basis for the potency of existing DHFR inhibitors using superpositions of the structure
of ChDHFR with other species and analysis of active site complexes of ChDHFR bound to ligands exhibiting a wide range of IC50


values. This information was used to develop an accurate docking model capable of identifying potent inhibitors in silico. A series of
C7-trimethoprim derivatives, designed to exploit a unique pocket in ChDHFR, was synthesized and evaluated; 7-ethyl TMP has
four times higher activity than TMP against ChDHFR.
� 2006 Elsevier Ltd. All rights reserved.

Cryptosporidiosis is an opportunistic infection caused
by the parasitic protozoan, Cryptosporidium hominis,
also classified as a class B biodefense pathogen. Crypto-
sporidiosis, for which there are no effective therapies,
causes wasting disease in immune-compromised pa-
tients, the elderly, and children. Dihydrofolate reductase
(DHFR) is a major drug target for this family of para-
sitic protozoa,1 which also includes Plasmodium, the
causative agent of malaria. DHFR is an important com-
ponent of the folate biosynthetic pathway, responsible
for providing the DNA base, dTMP. Alarmingly, none
of the clinically used DHFR inhibitors including tri-
methoprim (TMP) and pyrimethamine (PYR) show
any efficacy against C. hominis DHFR (ChDHFR), pre-
sumably due to the structural differences in the enzyme.
To address this problem, several compounds were test-
ed2 with in vitro inhibition assays and although some
of them were potent, none have been introduced to clin-
ical use.
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In order to design potent and selective ChDHFR inhib-
itors, we first superposed ChDHFR with other DHFR
enzymes bound to TMP and PYR, and determined the
structural features of ChDHFR that explain the poor
binding of TMP and PYR. We then developed a struc-
ture–activity relationship (SAR) for ChDHFR using a
docking method based on ensembles of ChDHFR struc-
tures and complexes of 30 ligands with a wide range of
IC50 values. Based on the results of these studies, we
proposed several TMP derivatives predicted to have
increased activity toward ChDHFR. An efficient
synthetic route to the TMP derivatives and their evalu-
ation resulted in a better inhibitor that occupies a un-
ique pocket as predicted by the structural analysis.


Sequence and structural alignments of ChDHFR (PDB
ID: 1QZF3) with DHFR of other species revealed why
several clinically used DHFR inhibitors fail to inhibit
ChDHFR. Both pyrimethamine (Fig. 1), which has high
binding affinity for Plasmodium falciparum DHFR
(PfDHFR), and a dibenzazepine inhibitor, compound
4,4 which has potent activity against Pneumocystis cari-
nii DHFR (PcDHFR), exhibit very low potency against
ChDHFR (Table 1).


Superposition of modeled complexes of
ChDHFR:TMP, ChDHFR:4, or ChDHFR:PYR with



mailto:Amy.Anderson@uconn.edu





N


N N
H


NH2


H2N


Cl
MeO


OMe


1 2


N


N


NH2


H2N


Cl


N


N


NH2


H2N


OMe


OMe
OMe


N


N N


N N
NH2


H2N


43


Figure 1. The most potent compound (1) docked to ChDHFR


(IC50 = 6.5 nM), pyrimethamine (PYR) (2), trimethoprim (TMP) (3),


and a dibenzazepine inhibitor (4).


Table 1. IC50 values


IC50
a(lM) ChDHFR PfDHFR PcDHFR


PYR (2) �1000 0.08 N/D


TMP (3) 14 0.01 12


4 119 N/D 0.21


N/D, not determined.
a IC50 values for ChDHFR were determined in our laboratory using


standard spectrophotometric assays;5 values for PfDHFR:PYR6 and


PcDHFR4 as well as a Ki value for PfDHFR:TMP7 were determined


as described.


Figure 2. (a) Connolly surface of PfDHFR (gold) and pyrimethamine;


(b) Modeled Connolly surface of ChDHFR (purple) with pyrimeth-


amine. Note the ethyl group of pyrimethamine protruding into the


surface of Leu 33 and the chlorine atom touching the surface of Ile 62.
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crystal structures of PcDHFR:TMP (1DYR8),
PcDHFR:4 (1KLK9), and PfDHFR (C59R/
S108N):PYR (1J3J6) confirmed the high structural
homology of the residues that bind the 2,4-diaminopyr-
imidine ring and the linker regions. However, there are
significant variations in the residues involved in binding
the substituted phenyl rings that may relate to differenc-
es in ligand binding (Table 2); these differences will be
discussed in more detail.


Leu 33 in ChDHFR narrows the pocket and restricts the
size of a substituent that can be placed at the C6 posi-
tion of the pyrimidine ring. Rigid superposition of
ChDHFR and PfDHFR bound to pyrimethamine re-
veals the steric hindrance of pyrimethamine’s ethyl and
chlorine substituents with Leu 33 and Ile 62 of
ChDHFR, respectively (Fig. 2). In PfDHFR, Met 55
adopts a rotamer conformation that allows it to avoid
steric hindrance with the ethyl group.


The phenyl-binding pocket in ChDHFR is more super-
ficial (Fig. 3) since ChDHFR lacks a loop analogous to
Pro 66-Phe 69 of PcDHFR that makes many van der
Waals and p-stacking interactions. In ChDHFR, the
shallower phenyl-binding pocket appears to require

Table 2. Comparison of key residue differences in DHFR active sites


ChDHFR PfDHFR PcDHFR Flag


Leu 33 Met 55 Ile 33 Leu 33—PYR


Absent Pro 113 Pro 66 Absent—TMP, 4


Absent Phe 116 Phe 69 Absent—TMP, 4


Cys 113 Ile 164 Ile 123 Cys 113—Reduced van


der Waals


Flag column indicates a compound has a lower affinity for ChDHFR


due to the combination of amino acids.

smaller substituents on the phenyl ring. Compounds
with halogens at the 3 0 and 4 0 positions and those with
methoxy groups at the 2 0 and 5 0 positions (e.g., 1) (see
III-5, III-6 and V-16 in reference2) are more potent than
compounds with methoxy groups at the 3 0, 4 0, and 5 0


positions (see V-6, V-7, and V-9 in reference2).


Due to the difference in their volumes and conforma-
tions, the substitution of Ile 125 of PcDHFR (or Ile
164 of PfDHFR) by Cys 113 (in ChDHFR) widens
the latter’s linker-binding region (Fig. 4). This pocket
can be occupied by the substituent on C5 of a quinazo-
line ring (R1 in Scheme 1) (e.g., 1) or by the substituent
on a linker region (R2) or R4 in the TMP example. It is
worth noting that the higher activity of the compounds
with methylated linkers such as R2@CH3 or R3@CH3


may be due to the improved van der Waals interactions
or to the restriction of the ligands’ conformational
freedom.


Next, we wanted to examine whether ligands with higher
potency, but unavailable in the clinic, avoided interac-
tions with Leu 33 and created additional van der Waals
interactions in the area of the absent loop or with Cys
113. We developed an accurate and reliable method to
dock inhibitors with a wide range of IC50 values in the
ChDHFR active site using the crystal structure of the
enzyme (PDB ID:1QZF3), a flexible protein model avail-
able in the program, Flo9810, and ensemble averaging.11


To ensure that docking results accurately predict the
affinities of novel compounds, our docking method
was refined against a set of 30 known ChDHFR inhibi-
tors, all of which had a general scaffold containing a 2,4-
diaminopyrimidine, a linker region, and a substituted
phenyl group (representative compounds are shown in
Fig. 1). Using three independent energy terms: electro-
static (Eest), van der Waals (Evdw), and structural com-
plementarity (Ecnt), from the docking scores to
estimate the logIC50 according to the equation:
logIC50 = 18.379 + 0.296 · Evdw + 0.281 · Eest + 0.206 ·
Ecnt, we achieved a reasonable correlation (R2 = 72.9%)
between the scores of the docked protein:ligand com-
plexes and the measured IC50 values, thereby validating
the docked poses for these inhibitors.







Figure 4. The pocket created by Cys 113. TMP (yellow) and NADPH


(purple) are also shown.
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Figure 3. (a) Compound 4 in PcDHFR; (b) Compound 4 in ChDHFR. The buried surface of the ligand is colored green and the non-buried surface is


colored yellow.


Figure 5. Interactions of compound 1 and TMP (3) with ChDHFR


(cyan). TMP is shown in blue, the ‘up’ conformation of 1 is shown in


green, and the ‘down’ conformation of 1 is shown in purple. For


clarity, only one conformation of TMP is shown.
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For all 30 ligands, we found that Eest is the single best
predictor of ligand activity (R2 = 0.4 between Eest and
logIC50). A salt bridge between the 2,4-diaminopyrimi-
dine ring and Asp 32 is probably the major contributor
of the electrostatic energy; achieving the proper orienta-
tion of the ring to form these bonds is critical. Structural
complementarity between the ligand and the active site
is also important, as ligands that either have steric inter-
actions with the active site or do not adequately occupy
the site have increased Ecnt values.


Analysis of the docked poses of potent inhibitors reveals
that the 2,4-diaminopyrimidine ring assumes the same
orientation in the ChDHFR active site as observed in
corresponding crystal structures, with good geometry
between the ring and Asp 32 as well as hydrophobic
interactions between the ring and Phe 36, Val 9, Val

10, and Leu 33. The phenyl ring of most of the ligands
was positioned in one of two major conformations in
the active site, in either an ‘up’ conformation, defined
by residues Leu 25, Thr 58, Ser 61, and Ile 62, or a
‘down’ conformation, defined by residues Leu 33 and
Leu 67 (Fig. 5).


The effects of the three unique features observed in the
superposition of ChDHFR with other species were obvi-
ous in the docking study. Potent compounds often have
a bicyclic diaminopyrimidine ring, which avoids steric
conflict with Leu 33, yet maximizes van der Waals con-
tacts. Potent compounds were also usually larger, form-
ing compensating van der Waals contacts for those lost
by the absence of the loop at the active site. Finally, po-
tent compounds often contained a substituent at C5 of
the quinazoline that interacted with Cys 113.
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Conversely, a comparison of the most potent compound
(1) with TMP (compound 3; 1000-fold less potent)
(Fig. 5) shows that TMP has much less favorable con-
tact energies, most likely due to a lack of optimization
of the interactions of the trimethoxyphenyl ring and
the linker region. Although it adopts a similar binding
orientation, the single pyrimidine ring and shorter linker
region do not extend the trimethoxyphenyl ring to fully
occupy the hydrophobic pockets visualized with com-
plexes of compound 1.


In order to validate hypotheses presented by our struc-
tural analysis, we docked, synthesized, and evaluated a
series of compounds that should utilize the unique pock-
et created by the substitution of Ile 164 (PfDHFR) by
Cys 113. These compounds served also as a test set to
validate the predictions made from the docking study.
A small library of C7-TMP analogs, with both R and
S stereochemistry, was constructed in silico and docked
into the ChDHFR active site. 7-Ethyl TMP (R) was pre-
dicted to be the most potent, with the sum of Evdw, Eest,
and Ecnt equal to �58.46 kJ/mol. In comparison, the
energies of 7-methyl TMP and 7-isopropyl TMP were
�56.85 and �56.98, respectively.


A versatile synthetic route, presented here, provided ac-
cess to a variety of C7-derivatized TMP analogs which
could, in principle, be used for the design of larger li-
braries of compounds that share the TMP scaffold
(Scheme 2).12–14 7-Ethyl TMP was synthesized (as a
racemic mixture) along with two related analogs, 7-Me
TMP15 and 7-isopropyl TMP, both of which had higher
docking energies and served as negative controls.


Benzylic oxidation of commercially available TMP was
performed at elevated temperatures with activated man-
ganese dioxide to give the ketone 5. Addition of an ex-
cess of the Grignard reagent led to the tertiary
carbinol that was subsequently dehydrated to give the
alkene 6–8 in good yield. Catalytic hydrogenation over
palladium on carbon produced the final analogs 9–11
for evaluation.


Each of the analogs was tested in a spectrophotometric
enzyme assay.5 Racemic 7-ethyl TMP has an IC50 value
of 4.2 lM against ChDHFR, 7-Me-TMP has a value of
340 lM, and 7-isopropyl TMP has a value greater than
100 lM. The IC50 for the racemic mixture of 7-ethyl
TMP is four times lower than that for TMP (14 lM)
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Scheme 2. Synthesis of C7-substituted analogs of trimethoprim.

but we would expect that the enantiomerically pure
compound will have even higher activity. These results
validated our docking methodology and identified a
key design element that can be incorporated in future
designs to increase potency. Substitution at this position
may also increase selectivity since human DHFR has a
bulkier valine at this position.


In conclusion, structural information and SAR data can
be used to expedite the drug discovery process. We have
superposed ChDHFR with several structures of DHFR
from other species and identified three features that are
unique in ChDHFR: Leu 33 restricts the active site and
van der Waals interactions are reduced through the sub-
stitution of Cys 113 as well as the absence of a loop at
the active site. Docking a broad range of inhibitors into
the active site of ChDHFR allowed the development of
an SAR model. The primary interactions that occur be-
tween ChDHFR and potent inhibitors include the
canonical 2,4-diaminopyrimidine interactions, a substi-
tuted two-atom linker that interacts with Cys 113 and
extends the phenyl group into two different hydrophobic
pockets, and the interactions of the substituted phenyl
group with those pockets. In order to experimentally
test whether interactions with Cys 113 will improve the
potency of a lower molecular weight compound, we
docked several TMP analogs with substitutions at C7,
predicted to interact with Cys 113. The synthesis and
evaluation of these C7-TMP analogs has led to a deriv-
ative that is four times more potent than the parent
compound.
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Abstract—A series of 3-amino-1,2,4-benzotriazine-1,4-dioxide derivatives 1 have been synthesized and evaluated for their cytotoxic
activity in vitro against human leukemia cell lines: Molt-4, K562, HL60, human liver cancer cell Hep-G2, human prostate cancer cell
PC-3 in hypoxia. Most of the compounds showed more potent activity than TPZ. Compounds 1i and 1m displayed encouraging
superior activity against Molt-4 and HL-60 cell lines. Three potential derivatives received the test of the activity in hypoxia and
in normoxia against Molt-4 and HL-60 cell lines and showed obvious hypoxia selectivity. Further mechanism study revealed that
the cytotoxic activities of compounds 1i and 1k in Molt-4 cells might be mediated by modulation of p53 protein expression and
mitochondrial membrane potential (DWm).
� 2006 Elsevier Ltd. All rights reserved.

The hypoxic cells in solid tumor lead to their resistance
to radiotherapy and chemotherapy, as well as increasing
the probability of tumor metastases.1–6 However, tumor
hypoxia also provides a target for the therapeutic strat-
egies. One such strategy is to use bioreductive prodrugs
that are transformed after administration under hypoxic
conditions, either by metabolism or by spontaneous
chemical breakdown, to form pharmacologically active
species. There are four main classes of bioreductive
prodrugs: nitroaromatics/heterocyclics7, quinones,
N-oxides,8–11 and metal complexes.12–15


Among the N-oxides, tirapazamine (3-amine-1,2,4-ben-
zotriazine-1,4-dioxide, SR4233, WIN 59075, TPZ) as
one of the most promising prodrugs is in phases II
and III clinical trials.16


Some studies indicate the diffusion ability of TPZ deriv-
atives can affect the cytotoxic activity (those with low
diffusion ability cannot diffuse relatively large distance
from functional blood vessels to reach hypoxic tumor
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cells). And one of the most reliable methods for improv-
ing their diffusion ability is to increase its lipophilicity by
incorporating with a properly lipophilic group.17–20


In addition, many previous studies reported, for the
acidic atmosphere of cancer cells, the derivatives of
TPZ with basic group in 3-position such as amino group
and substituted amino group showed more activity and
hypoxia selectivity.18–20


In order to improve the lipophilicity of TPZ and find
some compounds with higher activity against tumor in
hypoxia, in this article, some alkyl and aromatic groups
were introduced into the amino group of 3-position in
TPZ. We synthesized 15 known and new compounds,21


and evaluated for their cytotoxic activity in vitro. Fur-
ther study on the mechanisms of cytotoxic activity in
hypoxia was also performed with two potent com-
pounds in Molt-4 cells.


3-Amino-1,2,4-benzotriazine-1,4-dioxide derivatives 1
were prepared as shown in Scheme 1. Treatment of
o-nitroaniline 2 with triphosgene in toluene under reflux
for 3 h resulted in 2-nitrophenyl isocyanate 3. Reacting 3
with anhydrous ammonia gas provided 2-nitrophenyl-
urea 4. Cyclization of 4 in 30% aq NaOH afforded the
3-hydroxy-1,2,4-benzotriazine-1-oxide 5. Chlorination
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Scheme 1. The synthetic route of compounds 1a–o. Reagents and


conditions: (a) (COCl2)3, toluene, reflux, 3 h; (b) NH3; (c) NaOH; (d)


AcOH; (e) POCl3, reflux, 3 h; (f) R1–NH–R2, ethanol, reflux, 12 h; (g)


AcOH/H2O2, 50 �C, 24 h.
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of 5 with phosphorus oxychloride produced 3-chloro-
1,2,4-benzotriazine-1-oxide 6 according to the known
methods with minor modifications.22,23 Compound 6
was substituted with various primary or secondary
amines to yield the 3-amino-1,2,4-benzotriazine-1-oxide
7, which was oxidized by 30% hydrogen peroxide to af-
ford the desired 3-amino-1,2,4-benzotriazine-1,4-dioxide
1. The structures of compounds obtained were deter-
mined by IR, MS, NMR, and elemental analysis.


All the prepared compounds were evaluated for their
cytotoxic activity in vitro against human leukemia cell

Table 1. Cytotoxicity of the target compounds against five human cancer ce


Compound R1 R2


Molt-4


TPZ H H 4.6 ± 0.3


1a –CH2CH3 H 3.3 ± 0.8


1b –(CH2)7CH3–n H 4.9 ± 1.5


1c –CH2CH@CH2 H 3.0 ± 1.0


1d –CH2CH2OH H 2.6 ± 1.7


1e H 1.9 ± 1.0


1f H 1.3 ± 0.7


1g H 1.4 ± 1.1


1h H 1.1 ± 0.2


1i H 0.6 ± 0.4


1j H 2.3 ± 1.8


1k H 2.2 ± 0.6


1l H 2.3 ± 0.7


1m H 0.8 ± 0.3


1n –CH2CH3 –CH2CH3 >17.6


1o >16.1


a Each experiment was independently performed three times and expressed a

lines (Molt-4, K562, and HL60), human liver cancer cell
line (Hep-G2), and human prostate cancer cell line (PC-
3) in hypoxia, using TPZ as the reference drug accord-
ing to the reported methods.24 After 48 h treatment,
the cell growth rates were determined by MTT assay
and the IC50 values were calculated with LOGIT meth-
od. The results are summarized in Table 1.


Three potential compounds 1i, 1k, 1m and TPZ were
selected to test the cytotoxicity against Molt-4 and
HL-60 cell lines in normoxia or in hypoxia for 48 h.
The hypoxic cytotoxicity ratio (HCR), and the IC50 val-
ues in normoxia and in hypoxia, was calculated. The
results are presented in Table 2.


As shown in Table 1, most tested compounds exhibited
higher cytotoxic activities than TPZ in hypoxia, in par-
ticular for leukemia cell lines. Obviously, the cytotoxic
potency of 1a–o against these five cancer cell lines was
highly dependent on structures of the 3-alkylamino side
chains. When R1 was alkyl group or aromatic group and
R2 was hydrogen (e.g., 1a–1m), they showed lower IC50


values than TPZ for most of the tested cancer cell lines.
Among them, compound 1i, when R1 was substituted
aromatic group, showed 0.6 lM and 0.9 lM IC50 values
at the tested Molt-4 and HL-60 cell lines. Compound 1m
was the most potent cytotoxic compound against all of
the tested cancer cell lines, with IC50 values in the range
of 0.8–7.7 lM. It can be assumed that the nitro group on
the benzene ring was important for the cytotoxic activi-
ties. On the other hand, compounds 1a–1d, in particular
1c, with alkylamino in 3-position were less active than

ll lines in vitro


Cytotoxicity (IC50, lM)a


HL-60 K562 Hep-G2 PC-3


7.0 ± 2.6 5.2 ± 0.8 19.1 ± 2.2 22.3 ± 4.7


9.0 ± 4.2 4.5 ± 2.3 13.5 ± 0.7 13.3 ± 2.6


7.2 ± 2.8 4.7 ± 0.5 17.4 ± 8.8 18.2 ± 1.7


25.8 ± 6.0 11.2 ± 3.4 >56 >56


10.7 ± 1.3 3.7 ± 0.6 23.2 ± 3.1 22.4 ± 5.3


3.6 ± 1.2 6.6 ± 1.0 13.3 ± 0.7 15.9 ± 4.8


2.5 ± 1.1 2.6 ± 1.1 9.5 ± 2.1 10.5 ± 3.6


2.9 ± 0.9 2.4 ± 0.7 15.0 ± 6.4 17.0 ± 3.2


1.5 ± 0.8 2.5 ± 0.9 10.6 ± 0.5 10.3 ± 2.0


0.9 ± 0.2 2.9 ± 0.2 10.1 ± 0.5 12.0 ± 10.6


8.3 ± 2.8 10.6 ± 1.1 17.4 ± 7.4 16.1 ± 2.4


2.5 ± 0.4 1.9 ± 0.1 8.2 ± 1.3 10.7 ± 0.9


5.8 ± 1.6 2.2 ± 1.0 9.7 ± 1.5 10.6 ± 0.9


1.4 ± 0.8 3.1 ± 0.8 7.7 ± 0.8 7.4 ± 2.5


>49 >55 >107 >107


>60 >47 >95 >95


s means ± SD.







Table 2. Cytotoxicity data of derivatives against Molt-4 and HL-60 cells in normoxia and in hypoxia


Compound IC50
d (Molt-4, lM) IC50


d (HL-60, lM)


Normoxiaa Hypoxiab HCRc Normoxiaa Hypoxiab HCRc


TPZ 15.8 ± 3 4.6 ± 0.3 3.43 16.1 ± 3.4 7.0 ± 2.6 2.31


1i 5.2 ±1.4 0.6 ± 0.4 8.67 6.8 ± 1.3 0.9 ± 0.2 7.56


1k 8.1 ± 3.0 2.2 ± 0.6 3.68 6.3 ± 2.4 2.5 ± 0.4 2.53


1m 5.0 ± 1.7 0.8 ± 0.3 6.25 6.0 ± 2.1 1.4 ± 0.8 4.29


a IC50 values in normoxia.
b IC50 values in hypoxia (3% O2).
c Hypoxic cytotoxicity ratio = IC50 (normoxia)/IC50 (hypoxia).
d Each experiment was independently performed three times and expressed as means ± SD.
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corresponding 3-substituted phenylamino analogues 1e–
1m. When both of R1 and R2 were alkyl group, such as
1n and 1o it did lead to a loss of inhibitory activity.
These results suggest that 1i and 1m might be promising
cytotoxins in hypoxia and be worthy to be evaluated
intensively.


Three potential compounds were more cytotoxic in
hypoxia than in normoxia against Molt-4 and HL-60
cells. The HCR of these compounds against Molt-4
and HL-60 cell lines ranged from 3 to 9 (Table 2).


Further study on the mechanisms of cytotoxic activity
in hypoxia was performed with two potent compounds

Figure 1. TPZ, 1k and 1i induced apoptosis in Molt-4 cells. Molt-4 cells wer


(B), 1k (C) or TPZ (D) for 24 h. Apoptosis was assessed by propidium iodid


analyzed per test by flow cytometry. Apo, apoptosis. Two additional experi

(1i, 1k) and TPZ as the positive drug in Molt-4 cells.
Molt-4 cells were treated with tested compounds for
12 h or 24 h, respectively, then the apoptosis, mitochon-
drial membrane potential (DWm), and p53 expression
were determined according to the reported methods.24


The results are shown in Figures 1–3. All experiments
were repeated three times.


Molt-4 cells were cultured in complete medium with
2.0 lM TPZ, 1i, and 1k for 24 h in 3% O2 condition.
As shown in Figure 1, after 24 h, TPZ, 1i, and 1k in-
duced apoptosis in 11%, 45% and 33%, respectively,
while spontaneous apoptosis of the control (without
drug) was 3%. With the same concentration, apoptotic

e treated with 2.0 lM TPZ, 1k, and 1i in hypoxia. Without (A)/with 1i


e staining of lysed cell nuclei. The DNA content of 20,000 events was


ments yielded equivalent results.







Figure 2. TPZ, 1i, and 1k induced DWm loss in Molt-4 cells treated


with 2.0 lM TPZ, 1i, and 1k for 12 h in hypoxia. Without (A)/with 1i


(B), 1k (C) or TPZ (D). DWm loss was assessed by JC-1 staining in


which mitochondria depolarization is indicated by an increase in the


green to red fluorescence intensity ratio. The quantitated data from


flow cytometry are represented as a histogram (E). Values represent


means ± SD for three separate experiments performed in triplicate.


**, P < 0.01, *, P < 0.05 versus TPZ group.


P53


-Tubulin
Control TPZ  1k 1i


Figure 3. Induction of p53 overexpression in Molt-4 cells treated with


2.0 lM TPZ, 1i, and 1k for 24 h in hypoxia was observed. a-Tublin


was shown as a loading control. Two additional experiments yielded


equivalent results.
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cells induced by 1i and 1k were significantly (P < 0.01)
higher than that of TPZ, indicating the higher cytotoxic
activity of 1i and 1k than, TPZ, which is consistent with
the IC50 values.


To investigate the pathway of apoptosis induced by test-
ed compounds, DWm and p53 expression in Molt-4 cells

treated with 2.0 lM TPZ, 1i, and 1k for 12 h in hypoxia
were determined. Loss of DWm could cause the release of
cytochrome C and other factors that trigger apoptosis.25


With JC-1 staining, mitochondria depolarization is spe-
cifically indicated by a fluorescence emission shift from
red to green (and the yellow fluorescence is intermediate
state). DWm in Molt-4 cells was reduced by TPZ, 1i, and
1k after 12 h treatment and the quantitated data from
flow cytometry after JC-1 staining are shown in Figure
2, comparing with control, Molt-4 cells treated with 1i,
1k, and TPZ exhibited a mass of yellow and green fluo-
rescence, and 1i and 1k showed the stronger ability in
DWm decline than TPZ at the same concentration level
(P < 0.05–0.01), suggesting that 1i and 1k might possess
more potent cytotoxic activity through mitochondrial
pathway.


P53 is involved in cell apoptosis and DNA damage. The
expression of p53 in Molt-4 cells treated with TPZ, li, or
1k was performed by Western blot analysis. As shown in
Figure 3, 2.0 lM TPZ, 1i, and 1k increased p53 level in
Molt-4 cells after 24 h of exposure in hypoxia. Accord-
ing to the data we have obtained, we confirmed that 1i
and 1k exerted higher cytotoxicity, and the activity
was related to the p53-mediated apoptosis pathway.


In summary, a series of 3-amino-1,2,4-benzotriazine-1,4-
dioxide derivatives, 1a–o, have been synthesized and
evaluated for their cytotoxic activities in hypoxia. Most
tested compounds had higher cytotoxic activities than
TPZ in vitro, and their cytotoxic potency was highly
dependent on structures of the 3-alkylamino side chains.
Three tested compounds showed higher hypoxic selec-
tivity against Molt-4 and HL-60 cell lines. Mechanism
study revealed that the cytotoxic activities of these com-
pounds might be mediated by modulation of p53 protein
expression and mitochondrial membrane potential
(DWm).
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Abstract—Chitosan nanoparticles have been synthesized as potential anticancer agents, and evaluated, in vitro, against various can-
cer cell lines. In this study, in vivo antitumor activity of chitosan nanoparticles against Sarcoma-180 and mouse hepatoma H22 was
investigated. Chitosan nanoparticles showed significant antitumor activity in vivo. The doses and particle size made a great effect on
their efficacy.
� 2006 Elsevier Ltd. All rights reserved.

Chitosan nanoparticles have been synthesized as drug
carriers as reported in previous studies.1–3 The unique
character of nanoparticles for their small size and quan-
tum size effect could make chitosan nanoparticles exhib-
it biological activities.4 Chitosan nanoparticles with little
particle size and enhanced zeta potential had been pre-
pared and characterized in our previous reports,4,5 and
their in vitro cytotoxic effects against various human tu-
mor cell lines have been also studied. It showed that
chitosan nanoparticles with little particle size and posi-
tive surface charge could exhibit higher antitumor activ-
ity than others chitosan derivatives, and the
physiochemical properties of nanoparticles such as par-
ticle size and zeta potential could make a significant ef-
fect on their efficacy.6 The antitumor mechanism of
chitosan nanoparticles was related to its membrane-dis-
rupting and apoptosis-inducing activities.7 In this study,
the in vivo antitumor activity of chitosan nanoparticles
was investigated using Sarcoma-180 (S-180) and mouse
hepatoma H22 (H22) bearing mice, and the effects of
administration doses, administration routes and particle
size are discussed.


Chitosan nanoparticles with mean particle size ranging
from 40 to 100 nm and positive surface charge about
50 mV were prepared and characterized in our previous
reports.4,5 Chitosan nanoparticles were filtered by mem-
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brane with diameter 0.45 lm and autoclaved to remove
any contaminant before used in cell culture. The ob-
tained nanoparticles were stable under the autoclaving
conditions.4


We evaluated the in vivo antitumor activity of chitosan
nanoparticles with different particle size, against the
mouse tumor model: S-180 tumor and H22 with chito-
san and cisplatin (cDDP) used as reference drugs,
0.9% saline solution was used as blank control. Drugs
were administered from the fifth day after establishing
the mouse model, when the volume of subcutaneous tu-
mor in mice grew about 3 mm3. Chitosan nanoparticles
with different doses and different particle size were
administered once daily by intravenous injection (iv),
intraperitoneal injection (ip) and oral administration
(po) respectively for consecutive 7 days.


The results presented here showed that chitosan nano-
particles exhibited very impressive antitumor efficacy
in vivo against S-180 and H22, higher than chitosan
group (Tables 1 and 2). Chitosan nanoparticles elicited
dose-dependent tumor-weight inhibitions (TWI), the
efficacy at dose of 2.5 mg/kg achieved 53% and 59%
against S-180 and H22, respectively, by oral administra-
tion. At the same dose of 0.5 mg/kg by oral administra-
tion, chitosan nanoparticles showed much higher
efficacy than chitosan group. The TWI against S-180
and H22 reached 43% and 52%, respectively, while that
of chitosan group was just about 30%. cDDP as positive
control drug exhibited higher antitumor efficacy than
chitosan nanoparticles. However, cisplatin also showed
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Table 1. Assessment of antitumor efficacy of chitosan nanoparticles with different particle size against mouse tumor Sarcoma-180 using different


administration routes


Groups Dose (mg/kg) ARa Lethalb toxicity BWCc (%) TWd TWIe (%)


Saline 0.5 iv 6/12 12.10 2.70 ± 0.36 —


CNPa 2.5 po 0/10 10.41 1.28 ± 0.38 53


CNPa 1 po 0/10 10.15 1.42 ± 0.29 47


CNPa 0.5 po 0/10 9.60 1.54 ± 0.35 43


CNPa 0.5 ip 0/10 8.36 1.62 ± 0.33 40


CNPa 0.5 iv 0/10 11.23 1.37 ± 0.41 49


CNPb 0.5 iv 0/10 10.52 1.73 ± 0.39 36


CNPc 0.5 iv 0/10 10.74 1.81 ± 0.46 33


Chitosan 0.5 po 0/10 9.57 1.85 ± 0.42 31


cDDP 0.5 iv 4/10 �13.57 1.18 ± 0.42 56


CNPa, CNPb, CNPc mean chitosan nanoparticles with particle size as 40, 70 and 100 nm, respectively, the same volume of 0.9% saline was used as


control group.
a Administration routes, iv means intravenous injection; po means oral administration; ip means intraperitoneal injection.
b Number of dead mice/total number of mice.
c Percentage of mouse body-weight change (BWC) after drug treatment: BWC% = (mean BW final day/BW first day · 100) � 100; ‘—’ means body-


weight decrease.
d Average tumor-weight after drug treatment.
e Percentage of tumor-weight inhibition (TWI) versus control mice.


Table 2. Assessment of antitumor efficacy of chitosan nanoparticles with different particle size against mouse hepatoma H22 using different


administration routes


Groups Dose (mg/kg) ARa Lethalb toxicity BWCc (%) TWd TWIe (%)


Saline 0.5 iv 5/12 14.23 2.98 ± 0.32 —


CNPa 2.5 po 0/10 12.41 1.22 ± 0.28 59


CNPa 1 po 0/10 11.15 1.34 ± 0.21 55


CNPa 0.5 po 0/10 12.60 1.43 ± 0.39 52


CNPa 0.5 ip 0/10 10.36 1.46 ± 0.43 51


CNPa 0.5 iv 0/10 12.23 1.37 ± 0.47 54


CNPb 0.5 iv 0/10 11.52 1.72 ± 0.49 42


CNPc 0.5 iv 0/10 10.74 1.85 ± 0.36 38


Chitosan 0.5 po 0/10 10.57 2.01 ± 0.32 32


cDDP 0.5 iv 3/10 �11.57 1.16 ± 0.41 61


The meaning of abbreviations was prescribed in Table 1.
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Figure 1. Effects of administration routes on antitumor efficacy of


chitosan nanoparticles (CNP) against Sarcoma-180 subcutaneous


tumor formation and growth in ICR mice. Changes in tumor volumes


were measured every day. Each value represents mean ± SD of 10


animals. iv means intravenous injection; po means oral administration;


ip means intraperitoneal injection. Chitosan and cisplatin (cDDP) were


used as reference drugs.
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great side effects compared with chitosan and nanopar-
ticles. Chitosan nanoparticles resulted in only a small
decrease in body weight of the mice relative to the saline
control, which indicated few side effects. On the con-
trary, cDDP led to a significant lose in body weight of
mice. In saline control group, six and five of 12 mice,
separately in S-180 and H22 mouse model, died due to
the transfer of tumor at the seventh day, cDDP also
had a lethal toxicity as 4/12 and 3/12, respectively, while
in chitosan and nanoparticles groups, no lethal toxicity
occurred for the inhibition of tumor growth. The histo-
pathological slices from the liver and kidney tissues were
also examined by microscope (data not shown here). It
didn’t show the pathological changes due to the nano-
particles administration, which also indicated few side
effects of chitosan nanoparticles.


Antitumor efficacy of chitosan nanoparticles adminis-
tered by different routes was studied. For S-180 bearing
mouse model, at the same dose, the efficacy of chitosan
nanoparticles (40 nm) by oral administration (po), intra-
peritoneal injection (ip) and intravenous injection (iv)
was 43%, 40% and 49%, respectively (Table 1). As
shown in Figure 1, chitosan nanoparticles by different
administration routes could inhibit the growth of
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S-180 tumor gradually and more effectively than chito-
san group, and the tumor volume inhibition for intrave-
nous injection (iv) group showed slightly more notable
compared with oral administration (po) and intraperito-
neal injection (ip) groups. For H22 bearing mouse mod-
el, TWI of chitosan nanoparticles by three
administration routes achieved 52%, 51% and 54% sep-
arately. Results showed that chitosan nanoparticles
could exhibit effective antitumor activities by different
administration routes.


The oral route for colloidal drug carriers systems re-
mains the most convenient and popular way of
administration.8 However, many anticancer drugs by
oral administration are not bioavailable and adsorb-
able/interactive in the gastrointestinal tract, because
the drugs could be eliminated from the first-pass
extraction by the cytochrome P450-dependent meta-
bolic processes and the overexpression of plasma
membrane transporter P-glycoprotein (P-gp) in the
physiological systems involved (intestine, liver, etc).9


Application of nanoparticles with small size enough
to improve the adhesion and absorption to the intesti-
nal cells and to escape from the recognition of P-gp
may provide better solutions for oral administration
(po) of anticancer drugs. It is currently accepted that
nanoparticles are taken up by the M-cells of Peyer’s
patches and the isolated follicles of the gut-associated
lymphoid tissue and also via the enterocytes.10 Recent-
ly, positively charged colloidal particles could increase
the electrostatic interaction between the particles and
the negatively charged mucin on the mucosal surface,
thus improving their bioavailability and reducing their
side effects.11 In this study, chitosan nanoparticles,
prepared and characterized previously, exhibited posi-
tive charge and little particle size, which is responsible
for their in vivo efficacy.


Conventional colloidal carriers are rapidly removed
from the bloodstream by the reticuloendothelial system
(RES), which is a part of the mononuclear system
(MPS) after intravenous (iv) administration.12 Nanopar-
ticulate systems have been used to improve the blood
circulating time and tumor targeting efficacy of vincris-
tine,13 because the tumor vascular permeability allows
the penetration of particles up to 400 nm in diameter.14


Therefore, the antitumor efficacy of chitosan nanoparti-
cles administered by intravenous injection (iv) is proba-
bly attributed to their little particle size.


Particle size had been proved as an important feature
related to obtaining optimal in vitro efficacy of chitosan
nanoparticles. Particles size also had a crucial impact on
the in vivo fate of a particulate drug delivery system.15


Decreasing particles size could increase the surface-to-
volume ratio and specific surface area, which could in-
crease the dissolution and thus increase bioavailability
of poorly water soluble molecules.16 The smaller size
particles seem to have efficient interfacial interaction
with the cell membrane compared to larger size particles
due to the endocytosis of small size particles. Small size
particles could improve efficacy of the particle-based
oral drug delivery systems.17 The use of particle size

reduction to increase the oral bioavailability of drugs
has been obtained.18


Nanoparticles could prolong the blood half-life of drugs
and increase the efficacy by intravenous injection (iv).19


If particles between 30 and 100 nm are intravenously ap-
plied, the liver eliminates the larger particles faster from
the bloodstream compared to the smaller particles.
Thus, the larger the particles are, the shorter is their
plasma half-life-period.20 In this study, with the increase
of particle size, the efficacy of chitosan nanoparticles
administrated by intravenous injection (iv) decreased
significantly. The TWI of chitosan nanoparticles
(40 nm) against S-180 and H22 was 49% and 54%,
respectively.


In summary, chitosan nanoparticles exhibited impres-
sive antitumor activity in S-180 and H22 bearing mouse.
There is some difference among the efficacy for three
administration routes, intravenous injection (iv) showed
the higher TWI. Particle size also makes a great effect on
their antitumor efficacy. Smaller the particle size, higher
antitumor activity of chitosan nanoparticles by intrave-
nous injection. The unique character with positive char-
ge and little particle size of chitosan nanoparticles is
responsible for their in vivo efficacy.
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