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Azaflavones compared to flavones as ligands to the benzodiazepine binding site of brain GABAA receptors pp 5713–5716


Jakob Nilsson, Elsebet Østergaard Nielsen, Tommy Liljefors, Mogens Nielsen, Olov Sterner *
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The affinity of azaflavone and flavone derivatives for the benzodiazepine binding site of the GABAA receptor was compared.


Inhibitors of the tyrosine kinase EphB4. Part 2: Structure-based discovery and optimisation of 3,5-bis
substituted anilinopyrimidines


pp 5717–5721


Catherine Bardelle, Tanya Coleman, Darren Cross, Sara Davenport, Jason G. Kettle *, Eun Jung Ko, Andrew G. Leach,
Andrew Mortlock, Jon Read, Nicola J. Roberts, Peter Robins, Emma J. Williams
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Nucleic acid controlled catalysts of carboxylic esters hydrolysis pp 5722–5724


János Kovács, Andriy Mokhir *
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An optimized short DNA containing two ligands attached to its termini forms a catalytically inert complex with Cu2+. A complementary nucleic acid induces decomposition
of this complex. The products formed may catalyze hydrolysis of carboxylic acid esters. We have demonstrated that this process can be applied for sequence specific
detection of nucleic acids.
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Discovery of (naphthalen-4-yl)(phenyl)methanones and N-methyl-N-phenylnaphthalen-1-amines
as new apoptosis inducers using a cell- and caspase-based HTS assay


pp 5725–5728


Songchun Jiang, Candace Crogan-Grundy, John Drewe, Ben Tseng, Sui Xiong Cai *
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The discovery and SAR studies of (naphthalen-4-yl)(phenyl)methanones and N-methyl-N-phenylnaphthalen-1-amines as novel and potent apoptosis inducers is reported.


N-Glycine-sulfonamides as potent dual orexin 1/orexin 2 receptor antagonists pp 5729–5733


Hamed Aissaoui *, Ralf Koberstein, Cornelia Zumbrunn, John Gatfield, Catherine Brisbare-Roch,
Francois Jenck, Alexander Treiber, Christoph Boss
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The structure–activity relationship and the synthesis of novel N-glycine-sulfonamides as OX1R/OX2R dual orexin antagonists are described. Compound 47 exhibited good
oral bioavailability and has demonstrated in vivo activity in rats following oral administration.


Open-chain half-bastadins mimic the effects of cyclic bastadins on calcium homeostasis in cultured neurons pp 5734–5737


Elzbieta Zieminska, Jerzy W. Lazarewicz *, Elias A. Couladouros, Vassilios I. Moutsos, Emmanuel N. Pitsinos *
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Dual EGFR/ErbB-2 inhibitors from novel pyrrolidinyl-acetylenic thieno[3,2-d]pyrimidines pp 5738–5740


Robert D. Hubbard, Scott H. Dickerson, Holly K. Emerson, Robert J. Griffin, Michael J. Reno, Keith R. Hornberger,
David W. Rusnak, Edgar R. Wood, David E. Uehling, Alex G. Waterson *
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A novel class of substituted pyrrolidinyl-acetylenic thieno[3,2-d]pyrimidines has been identified that are potent and selective inhibitors of both EGFR/ErbB-2 receptor
tyrosine kinases. The inhibitors are found to display a range of enzyme and cellular potency and also to display a varying level of covalent modification of the kinase targets.
Selected molecules, including compound 15h, were found to be potent in enzymatic and cellular assays while also demonstrating exposure in the mouse from an oral dose.
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Highly cytotoxic and neurotoxic acetogenins of the Annonaceae: New putative biological targets
of squamocin detected by activity-based protein profiling


pp 5741–5744


Séverine Derbré, Sophie Gil, Myriam Taverna, Céline Boursier, Valérie Nicolas, Emmanuelle Demey-Thomas,
Joëlle Vinh, Santos A. Susin, Reynald Hocquemiller, Erwan Poupon *
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target proteins ?


Combining hemisynthetic work, Cu-catalyzed Huisgen cycloaddition and proteomic techniques, we have identified new putative protein targets
of squamocin ruling out the previously accepted ‘complex I dogma’ in the annonaceous acetogenin series.


New classes of Gram-positive selective antibacterials: Inhibitors of MRSA and surrogates
of the causative agents of anthrax and tuberculosis


pp 5745–5749


M. Shahjahan Kabir, Kathleen Engelbrecht, Rebecca Polanowski, Sarah M. Krueger, Rachel Ignasiak, Marc Rott,
William R. Schwan, Mary E. Stemper, Kurt D. Reed, David Sherman, James M. Cook *, Aaron Monte *
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Substituted stilbene, phenoxystyrene, and phenothiostyrene analogs of an antimicrobial natural product E-stilbene were synthesized and assayed for the ability to inhibit
the growth of clinically significant bacteria.


Regioselective nitration of Na,N1-bis(trifluoroacetyl)-L-tryptophan methyl ester: Efficient synthesis of
2-nitro and 6-nitro-N-trifluoroacetyl-L-tryptophan methyl ester


pp 5750–5752


Andrew S. Osborne, Phanneth Som, Jessica L. Metcalf, Robert S. Phillips *
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The nitration of Na,N1-bis(trifluoroacetyl)-L-tryptophan methyl ester is reported.


Tetrakis-azaaromatic quaternary ammonium salts: Novel subtype-selective antagonists at neuronal
nicotinic receptors that mediate nicotine-evoked dopamine release


pp 5753–5757


Zhenfa Zhang, Guangrong Zheng, Marharyta Pivavarchyk, A. Gabriela Deaciuc, Linda P. Dwoskin, Peter A. Crooks *
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Tetrakis-azaaromatic quaternary ammonium salts were identified as antagonists with high affinity and selectivity at nAChR subtypes (nAChR) that mediate nicotine-evoked
DA release. Analog 11j (IC50 = 3 nM), is a representative member of this novel structural class of selective nicotinic receptor antagonists.
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Synthesis and evaluation of pyrazolo[1,5-b]pyridazines as selective cyclin dependent kinase inhibitors pp 5758–5762


Kirk L. Stevens *, Michael J. Reno, Jennifer B. Alberti, Daniel J. Price, Laurie S. Kane-Carson, Victoria B. Knick,
Lisa M. Shewchuk, Anne M. Hassell, James M. Veal, Stephen T. Davis, Robert J. Griffin, Michael R. Peel
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A novel series of pyrazolo[1,5-b]pyridazines have been synthesized and identified as cyclin dependant kinase inhibitors potentially useful for the treatment of solid tumors.
Modification of the hinge-binding amine or the C(2)- and C(6)-substitutions on the pyrazolo[1,5-b]pyridazine core provided potent inhibitors of CDK4 and demonstrated
enzyme selectivity against VEGFR-2 and GSK3b.


A diaminocyclohexyl analog of SNS-032 with improved permeability and bioavailability properties pp 5763–5765


Ingrid C. Choong *, Iana Serafimova, Junfa Fan, David Stockett, Erica Chan, Sravanthi Cheeti, Yafan Lu,
Bruce Fahr, Phuongly Pham, Michelle R. Arkin, Duncan H. Walker, Ute Hoch *
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The identification of a selective CDK2, 7, 9 inhibitor 4 with improved permeability is described. The in vitro and PK properties of 4 are discussed.


Synthesis and biological evaluation of the Zn (II)–IDB complexes appended with oligopolyamide
as potent artificial nuclease


pp 5766–5770


Chao Li, Ren-Zhong Qiao *, Ya-Qin Wang, Yu-Fen Zhao *, Rong Zeng
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The synthesis and biological evaluation of Zn (II)–IDB complexes 2 as potent artificial nuclease are reported.


Interaction of kendomycin and semi-synthetic analogues with the anti-apoptotic protein Bcl-xl pp 5771–5773


Christian O. Janssen, Stephanie Lim, Ee Peng Lo, Kah Fei Wan, Victor C. Yu, May Ann Lee, Siew Bee Ng,
Martin J. Everett, Antony D. Buss, David P. Lane, Rustum S. Boyce *
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Discovery of a stable and soluble Bcl-xl inhibitor derived from kendomycin
has been disclosed.


5708 Contents / Bioorg. Med. Chem. Lett. 18 (2008) 5705–5712







Antioxidant activity of N-carboxymethyl chitosan oligosaccharides pp 5774–5776


Tao Sun *, Qian Yao, Dongxiang Zhou, Fang Mao
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N-Carboxymethyl chitosan oligosaccharides with different degrees of substitution (NA: 0.28,
NB: 0.41, and NC: 0.54, respectively) showed different DPPH and superoxide anion scavenging
activity and reducing power. The difference may be related to the different radical scavenging
mechanisms and donating effect of substituting carboxymethyl group.


Towards novel S-DABOC inhibitors: Synthesis, biological investigation, and molecular modeling studies pp 5777–5780


Marco Radi, Lucilla Angeli, Luigi Franchi, Lorenzo Contemori, Giovanni Maga, Alberta Samuele, Samantha Zanoli,
Mercedes Armand-Ugon, Emmanuel Gonzalez, Anuska Llano, Jose A. Esté, Maurizio Botta *
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A small family of S-DABO cytosine analogs (S-DABOCs) has been synthesized and biologically evaluated as HIV-1 inhibitor both on wild type and drug-
resistant mutants. An interesting compound (5d) has been identified which showed a predicted pharmacokinetic profile similar to that of anti-HIV drugs
on the market. Molecular modeling studies have been finally performed in order to rationalize the results.


Synthesis and free radical scavenging activity of some new spiropyranocoumarins pp 5781–5784


Vassiliki Panteleon, Ioannis K. Kostakis, Panagiotis Marakos *, Nicole Pouli, Ioanna Andreadou
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Application of a trifunctional reactive linker for the construction of antibody–drug hybrid conjugates pp 5785–5788


Joshua D. Thomas, Thomas Hofer, Christoph Rader, Terrence R. Burke Jr. *
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The identification of neurotensin NTS1 receptor partial agonists through a ligand-based virtual screening
approach


pp 5789–5791


Yi Fan *, Margaret H. Lai, Kelly Sullivan, Michael Popiolek, Terrance H. Andree, Paul Dollings, Mark H. Pausch
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Two compounds were identified to produce partial agonist activity with potency in the moderate micromolar range as a result of ligand-based virtual screening.


Synthesis and biological evaluation of a novel decadentate ligand DEPA pp 5792–5795


Hyun-Soon Chong *, Sooyoun Lim, Kwamena E. Baidoo, Diane E. Milenic, Xiang Ma,
Fang Jia, Hyun A. Song, Martin W. Brechbiel, Michael R. Lewis
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2-Aryloxymethylmorpholine histamine H3 antagonists pp 5796–5799


Michael A. Letavic *, John M. Keith, Kiev S. Ly, Pascal Bonaventure, Mark A. Feinstein, Brian Lord, Kirsten L. Miller,
S. Timothy Motley, Diane Nepomuceno, Steven W. Sutton, Nicholas I. Carruthers
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2-Aryloxymethylmorpholines are potent histamine H3 antagonists.


One-pot synthesis and antibacterial activities of pyrazolo[40,30:5,6]pyrido[2,3-d]pyrimidine-dione derivatives pp 5800–5803


Ayoob Bazgir *, Maryam Mohammadi Khanaposhtani, Ali Abolhasani Soorki
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Piperidine dispiro-1,2,4-trioxane analogues pp 5804–5808


Sunil Sabbani, Paul A. Stocks, Gemma L. Ellis, Jill Davies, Erik Hedenstrom, Stephen A. Ward, Paul M. O’Neill *


Dispiro N-Boc-protected 1,2,4-trioxanes were synthesised via Mo(acac)2 catalaysed perhydrolysis of N-Boc spirooxirane followed by condensation of the resulting
b-hydroperoxy alcohol with 2-adamantanone. N-Boc 1,2,4-trioxane was converted to the 1,2,4-trioxane hydrochloride salt which was subsequently used to prepare
piperidine dispiro-1,2,4-trioxane analogues which were assayed versus Plasmodium falciparum in vitro.


Discovery of novel hydroxamates as highly potent tumor necrosis factor-a converting enzyme inhibitors.
Part II: Optimization of the S30 pocket


pp 5809–5814


Robert D. Mazzola Jr. *, Zhaoning Zhu, Lisa Sinning, Brian McKittrick, Brian Lavey, James Spitler, Joseph Kozlowski,
Shih Neng-Yang, Guowei Zhou, Zhuyan Guo, Peter Orth, Vincent Madison, Jing Sun, Daniel Lundell, Xiaoda Niu


R


O


H
N


HO


O


Ar


We herein disclose a novel series of cyclopropyl hydroxamates that are potent and selective TACE inhibitors with Ki values in the picomolar range.


Synthesis and antibacterial activities of novel oxazolidinones having cyclic sulfonamide moieties pp 5815–5818


Seoung Jong Kim, Myung-Ho Jung, Kyung Ho Yoo, Jung-Hyuck Cho, Chang-Hyun Oh *
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The synthesis of a new series of oxazolidinones having cyclic sulfonamide moieties is described. Their in vitro antibacterial activities against both Gram-positive and Gram-
negative bacteria were tested and the effect of substituents on the oxazolidinone ring was investigated. A particular compound 15g having [1,2,5]thiadiazolidin-1,1-dioxide
moiety showed the most potent antibacterial activity.


Synthesis and structure–activity relationship of benzetimide derivatives as human CXCR3 antagonists pp 5819–5823


Jean-Pierre Bongartz *, Mieke Buntinx, Erwin Coesemans, Bart Hermans, Guy Van Lommen, Jean Van Wauwe
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A novel class of CXCR3 antagonist is explored for its key contributing moieties toward its potency and selectivity regarding unwanted anti-cholinergic activity.
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site of brain GABAA receptors


Jakob Nilsson a, Elsebet Østergaard Nielsen b, Tommy Liljefors c, Mogens Nielsen c, Olov Sterner a,*


a Department of Organic Chemistry, Lund University, P.O.B. 124, SE-221 00 Lund, Sweden
b NeuroSearch A/S, DK-2750 Ballerup, Denmark
c Department of Medicinal Chemistry, The Danish University of Pharmaceutical Sciences, Universitetsparken 2, DK-2100 Copenhagen, Denmark


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

Article history:
Received 11 September 2008
Revised 24 September 2008
Accepted 26 September 2008
Available online 30 September 2008


Keywords:
Flavone
Azaflavone GABAA benzodiazepine binding
site

0960-894X/$ - see front matter � 2008 Elsevier Ltd. A
doi:10.1016/j.bmcl.2008.09.092


* Corresponding author.
E-mail address: Olov.Sterner@organic.lu.se (O. Ste

A series of azaflavone derivatives and analogues were prepared and evaluated for their affinity to the ben-
zodiazepine binding site of the GABAA receptor, and compared to their flavone counterparts. Three of the
compounds, the azaflavones 9 and 12 as well as the new flavone 13, were also assayed on GABAA receptor
subtypes (a1b3c2s, a2b3c2s, a4b3c2s and a5b3c2s), displaying nanomolar affinities as well as selectivity for
a1- versus a2- and a3-containing receptors by a factor of between 14 and 26.


� 2008 Elsevier Ltd. All rights reserved.

GABA (c-aminobutyric acid) is the major inhibitory neurotrans-
mitter in the central nervous system.1 The GABAA receptor is a
chloride ion channel complex, consisting of five subunits from
eight different classes with multiple isoforms (a1-6, b1-4, c1-4, d, e,
p, h and q1-3).2,3 The most abundant GABAA receptor contains a,
b, c subunits in a 2:2:1 stoichiometry, and receptors with different
subtype composition are associated with different physiological ef-
fects. While a1-containing receptors are implicated in sedation and
anterograde amnesia, a2- and/or a3-containing receptors appear to
be important for anxiolytic activity.4,5 The GABAA receptor has sev-
eral allosteric modulatory sites, of which the one for benzodiaze-
pines (BZDs) has attracted most attention. A pharmacophore
model comprising agonists, inverse agonists, and antagonists for
this binding site was proposed in 19956 and further developed in
a recent study with synthetic flavones,7,8 resulting in the potent
50-bromo-20-hydroxy-6-methylflavone 11 (Ki = 0.9 nM). In Figure
1, 11 is displayed in the pharmacophore model, and it should be
noted that flavones only can interact as a hydrogen bond acceptor
with H2 of the H2/A3 hydrogen bond donating/accepting site. Aza
analogues of flavones, for example, compounds 9 and 12, could
shed light on the difference between a hydrogen bond acceptor
and donor by interacting with A3, and thereby provide valuable
information for the pharmacophore model. Compounds 16 and
17 were also considered to be of interest, as they, just as the flav-
ones, can interact with H2. In addition, as the introduction of a
benzyl group in the position facing the interface region for other
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types of ligands has improved the potency considerably,9,10 com-
pounds 12 and 13 were also prepared and included in this study.


The azaflavones 9, 10 and 12 as well as the 2-arylquinolines 16
and 17 were prepared according to the procedure shown in
Scheme 1. 2-Arylquinolones 9 and 10 were synthesized in a four-
step procedure starting with an acylation of toluidine and N-meth-
yltoluidine under Sugasawa conditions to give 3 and 4.11 The
amides 5 and 6 were generated by reaction with 5-bromo-2-
methoxybenzoyl chloride prepared from 5-bromo-2-methoxy-
benzaldehyde following a previously published protocol.8


Cyclization of 5 and 6 in presence of potassium tert-butoxide
followed by a demethylation with boron tribromide gave quino-
lones 9 and 10.12 Successive treatment of 7 with phosphorus
oxychloride, boron tribromide and morpholine gave 16. In a
Suzuki-Miyaura cross-coupling reaction with B-benzyl-9-borabicy-
clo[3.3.1]nonane, the bromo atom of 9, 16 and 11 was substituted
by a benzyl group.13 Condensation of ethyl benzoyl acetate and
4-ethylaniline was carried out neat in the presence of a catalytic
amount of Sc(OTf)3 to give b-enamine 19 (see Scheme 2),14 and
subsequent cyclization of the b-enamine in diphenyl ether at
250 �C gave quinolone 20.


The affinity for the benzodiazepine binding site of the GABAA


receptor was determined by displacement of 3H-flumazenil in
rat cortical tissue as previously described.7 The results are shown
in Table 1. The subtype selectivity of some of the most potent
compounds was tested by assaying their ability to displace 3H-
flumazenil in membranes from HEK293 cells expressing rat
a1b3c2, a2b3c2, a3b3c2 and a5b3c2 GABAA receptor subtypes
(Table 2).
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Figure 1. Binding mode of (a) the high affinity flavonoid 50-bromo-20-hydroxy-6-methyl flavone (11) and (b) the 2-aryl-quinolone 12, in the pharmacophore model discussed
in the text. H1 is a H-bond donor site, A2 is a H-bond acceptor site, H2/A3 is a site that both accepts and donates H-bonds, L1, L2 and L3 represents lipophilic pockets while S1,
S2, S3, S4 and S5 denote regions of steric repulsive ligand–receptor interaction (or receptor essential volume).
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In general, the azaflavones appear to be less potent than the
flavones. The affinities of 9, 12 and 20 are 24, 3 and 7 times lower
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Scheme 1. Reagents and conditions: (a) AlCl3, BCl3, MeCN, toluene, reflux, 2 h, then HCl
chloride, Et3N, THF, rt, 18 h (yield 82% for 5 and 84% for 6); (c) KOtBu, tBuOH, 70 �C, 16 h (y
and 89% for 15); (e) K3PO4, Pd(OAc)2, S-Phos, B-Bn-9-BBN, DMF, 60 �C, 16 h (yield 67
morpholine, DMF, 90 �C, 1 h (yield 81%).

than that of their corresponding flavone analogues 11,8 13 and 21.8


It has been postulated that BZDR ligands require the ability to
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(1 M), 80 �C, 30 min (yield 48% for 3 and 30% for 4); (b) 5-bromo-2-methylbenzoyl
ield 86% for 7 and 100% for 8); (d) BBr3, CH2Cl2, 40 �C, 8 h (yield 79% for 9, 95% for 10


% for 12, 57% for 13 and 85% for 17); (f) POCl3, 90 �C, 1 h (yield 95%); (g) DIPEA,
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Scheme 2. Reagents and conditions: (a) Sc(OTf)3, 4-ethylaniline (yield 77%); (b) diphenyl ether, reflux, 30 min (yield 63%).


Table 1
Ki values of flavone analogues tested on 3H-flumazenil binding in vitro to rat cortical
membranes


7, 9, 10, 11, 12, 13, 20, 21, 22 16, 17


N


N


OH


R3


O


R1


X


O


R2


R3


Compound R1 R2 R3 X Ki valuea (nM)


7 –CH3 –OMe –Br NH 730 ± 130
9 –CH3 –OH –Br NH 22 ± 4
10 –CH3 –OH –Br NMe 1100 ± 310
118 –CH3 –OH –Br O 0.9 ± 0.2
12 –CH3 –OH –CH2C6H5 NH 2.0 ± 0.3
13 –CH3 –OH –CH2C6H5 O 0.6 ± 0.3
16 — — –Br — 840 ± 55
17 — — –CH2C6H5 — 400 ± 68
20 –CH2CH3 –H –H NH 1200 ± 260
218 –CH2CH3 –H –H O 180 ± 40
228 –CH3 –OMe –Br O >1500


a Each Ki value is mean ± SD of three determinations.


Table 2
The affinity of selected flavone analogues tested on 3H-flumazenil binding to a1b3c2s,
a2b3c2s, a3b3c2s and a5b3c2s GABAA receptor subtypes


Compound Ki a1
a (nM) Ki a2


a (nM) Ki a3
a (nM) Ki a5


a (nM)


9 39 ± 8 120 ± 34 99 ± 20 nd
12 1.2 ± 0.4 18 ± 2.9 31 ± 7.8 7.3 ± 0.8
13 0.80 ± 0.25 19 ± 9 11 ± 6 2.4 ± 1.1


a Each Ki value is mean ± SD of three determinations. nd, not determined.
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adopt a planar or close to planar arrangement of the ring systems
for an efficient binding,6 and the 20-hydroxyl group constitutes a
sterical hindrance for the adoption of a coplanar conformation
among all the potent analogues tested in this study. The energy dif-
ference between the coplanar conformation and the lowest energy
conformation, with a twisted conformation, was calculated to
13 kJ/mol for flavone 13, implying that 20-hydroxyl substituted
flavones are unlikely to adopt a planar conformation upon binding.
Conformational analyses were performed by Macromodel (version
9.5),15 and force field calculation were undertaken using MMFFs in
gas phase.16 Instead, the biologically active conformation is proba-
bly somewhat twisted. For the azaflavones, the additional sterical
hindrance between the N–H and the aryl group makes a planar
conformation even less probable (35.7 kJ/mol difference between
planar and most stable conformation for 12, and 23 kJ/mol for
compound 20). The N-methylated 10 is consequently considerably
less potent. A reasonable interpretation of the SAR data is that the

H2/A3 hydrogen acceptor/donor does not occupy the exactly same
space or bind ligands with the same binding angle. In particular,
the H2 interacting ligands could be somewhat tilted compared to
the A3 interacting ligands. This would imply that a SAR study can-
not in a straight forward fashion be translated between the H2 and
A3 interactive benzodiazepine analogues. However, it is interesting
to note that this general trend is not followed by 7, which is more
potent than its flavone analogue 22,8 indicating that a hydrogen
bond from the ligand to A3 is as important as one from H2 to the
ligand in compounds of comparable planarity. An interesting
observation is that the shift from 50-bromo- to 50-benzyl substitu-
tion does not significantly affect the affinity in the flavone series
(11 and 13), whereas a 10-fold increase in affinity is observed in
the azaflavone series (9 and 12). For the two arylquinolines 16
and 17, it is obvious that the potency is considerably lower com-
pared to the corresponding flavones and azaflavones. In other
types of BZDR ligands it has been shown that the interaction of ring
systems similar to the morpholine group with H1 is acceptable,17


excluding steric interactions as the cause for the low affinity. In-
stead, the strong hydrogen bond between the 20-hydroxyl group
and the quinoline nitrogen (considerably stronger than that pres-
ent in the 20-hydroxylflavones, �22 kJ/mol for 16 compared to
1.4 kJ/mol for 11) will hamper compounds 16 and 17 from adopt-
ing the active conformation.


Subtype affinity testing was performed with compounds 9, 12
and 13 on recombinant a1b3c2s, a2b3c2s, a4b3c2s and a5b3c2s


receptor subtypes (Table 2). All compound investigated in this
study display selectivity for a1b3c2s over the other receptor sub-
types. Interestingly, the substitution of a bromo to a benzyl group
in the 6-position of the aryl quinolone (9–12) resulted in 5 times
higher a2/a1 Ki ratio and 8 times higher a3/a1 Ki ratio as well as
an increased affinity, making the highly subtype selective deriva-
tives 12 and 13 valuable for the development of a subtype specific
pharmacophore model.
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Crystallographic studies of a range of 3-substituted anilinopyrimidine inhibitors of EphB4 have high-
lighted two alternative C-2 aniline conformations and this discovery has been exploited in the design
of a highly potent series of 3,5-disubstituted anilinopyrimidines. The observed range of cellular activities
has been rationalised on the basis of physicochemical and structural characteristics.


� 2008 Elsevier Ltd. All rights reserved.
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The field of kinase inhibition has seen an explosion in activity
over the last ten years, and much of this has been directed towards
inhibition of the receptor tyrosine kinases known to play a pivotal
role in the aberrant signalling that is characteristic of the uncon-
trolled proliferation of tumours. The erythropoietin-producing
hepatoma amplified sequence (Eph) family is the largest known
group of such kinases,1 and together with their ephrin ligands
are increasingly implicated in tumourigenesis in a wide variety
of human cancers, either on tumour cells directly, or indirectly
via modulation of vascularisation.2–4 In the preceding paper5


which referred to the first EphB4 crystal structures,6 we outlined
the discovery of a novel series of potent and selective 2,4-bis anili-
nopyrimidines as inhibitors of EphB4 derived from structural over-
lays of two alternative inhibitor series bound in the active site.7


Initial chemical optimisation led to the observation of a strong
preference for a 3-substituted anilino C-2 hinge-binding group,
with strong electron-withdrawing groups such as sulfonamide 1
and sulfone 2 most preferred. Substitution at the ortho position
in this ring was generally poorly tolerated, and all substituents at
para were less active than the same groups at the meta position.


In order to try and understand these preferences further, the
crystal structure of sulfonamide ligand 1 in complex with EphB4
was determined.8 The inhibitor adopts the expected conformation,
with the benzdioxole moiety buried in the selectivity pocket, and a
donor–acceptor hydrogen bond to the hinge region at Met696,
mimicking the binding of ATP (Fig. 1a and b). Intriguingly, how-
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ever, the C-2 aniline of 1 is able to adopt a dual conformation with-
in the protein structure, with the sulfonamide alternatively
hydrogen bonding towards the hinge and Glu697, or back towards
the glycine-rich loop and Ile621 (Fig. 1a). The electron density in
Figure 1a suggests the two binding modes are approximately
equally populated (each has been modelled with an occupancy of
0.5, where 1.0 is full occupancy). A view along the hinge (Fig. 1b)
demonstrates the proximity of the hydrogen bonds to the protein,
and the near overlap of the C-2 phenyl rings in the differing bind-
ing modes. The initial SAR studies highlighted a strong preference
for groups at this position that were capable either of accepting or
donating a hydrogen bond (and in the case of 1, both simulta-
neously) and the determined structure of 1 may go some way to
explain this observation. A second striking feature of the structure
of 1 is that there appears to be no movement in the protein to
accommodate these alternative orientations, opening up the possi-
bility that bis-meta, that is, 3,5-disubstituted anilines would be tol-
erated at C-2 of the pyrimidine, and could potentially lead to
enhancements in potency.

HX
O


1 X = NH2


2 X = CH3
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Figure 1. Binding of 3-substituted anilinopyrimidines to EphB4. For clarity, final 2Fo � Fc electron density contoured at 1r is drawn around the ligand only. (a) Binding of
sulfonamide 1 to the catalytic domain of EphB4 showing the dual conformation adopted by the C-2 anilino group. (b) An alternative view of bound 1 along the hinge-axis
showing the sulfonamide hydrogen-bonding both towards the hinge and Glu697 and towards the glycine-rich loop and Ile621. (c) Structure of sulfone 2 shows an occupancy
ratio of approximately 0.7–0.3 (Glu697/Ile621). (d) Structure of aminosulfonamide 3 shows occupancy ratio of approximately 0.3–0.7 (Glu697/Ile621). (e) Structure of
morpholine 4 shows full occupancy of the binding mode oriented towards Glu697. (f) Structure of primary carboxamide 5 shows almost full occupancy of the binding mode
oriented towards Ile621.
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Prior to investigation of which 3,5-disubstituted anilines might
be examined, two questions remained unanswered. Firstly, which
of the possible different potent meta-substituents identified from
the initial SAR studies would be optimal in combination, and sec-
ondly which other of these substituents, if any, demonstrated pro-
pensity for a dual binding mode? At the outset it was reasonably
expected that combination of a meta-substituent with preference
for one binding mode would not be enhanced by a second meta-
substituent known to prefer the same binding orientation. In an at-
tempt to understand which substituents might be thus combined
we obtained crystal structures of compounds 2–5 (Table 1) bound
to EphB4,9 and it is clear that the nature of the 3-substituent is key

to determining the orientation of the C-2 aniline within the active
site. Similar to 1, the closely related sulfone 2 showed a dual bind-
ing mode, with a small preference for binding towards Glu697
(occupancy 0.7)10 over Ile621 (occupancy 0.3; Fig. 1c). Conversely
the aminosulfonamide compound 3 demonstrated the opposite
preference in favour of Ile621 (occupancy 0.8; Fig. 1d). The mor-
pholino-substituted compound 4 showed exclusive binding ori-
ented towards Glu697 (Fig. 1e), and conversely the electron
density for the primary carboxamide 5 showed near-exclusive
binding towards Ile621 (Fig. 1f; occupancy modelled as >0.8). On
the basis of these observations, it was tempting to speculate which
might be the optimal combinations, for example complementary







Table 1
EphB4 inhibition data for 3-substituted and 3,5-disubstituted anilinopyrimidines


N


NH


NN
H


O
O


Cl
3


5


Compound 3- 5- EphB4 IC50
a (lM) Cell IC50 (lM) Binding to Glu697b (%) Binding to Ile621b (%)


1 –SO2NH2 H 0.040 ± 0.020 0.172 ± 0.073 50 50
2 –SO2Me H 0.090 ± 0.050 0.190 ± 0.070 70 30
3 –NHSO2Me H 0.794 ± 0.226 0.741 30 70
4 1-Morpholinyl H 0.580 ± 0.120 NT 100 0
5 –CONH2 H 0.220 ± 0.014 0.900 ± 0.100 <20 >80
6 –SO2Me –SO2Me 0.114 ± 0.095 0.209
7 –SO2Me –NHSO2Me 0.012 ± 0.002 2.054 ± 0.268
8 –SO2Me –CONH2 0.023 ± 0.001 22.200
9 –SO2Me 1-Morpholinyl 0.002 ± 0.002 0.032 ± 0.02
10 –NHSO2Me –SO2NH2 0.001 ± 0.001 14.117 ± 6.095
11 –NHSO2Me 1-Morpholinyl 0.002 ± 0.002 0.170
12 –NHSO2Me –NHSO2Me 0.015 ± 0.004 7.175
13 –NHSO2Me –CONH2 0.370 ± 0.014 >30
14 1-Morpholinyl 1-Morpholinyl 0.002 ± 0.004 0.017 ± 0.011
15 1-Morpholinyl –CONH2 0.013 ± 0.001 0.887 ± 0.271
16 –CONH2 –CONH2 0.077 ± 0.007 >30


a For determinations where n P 2, standard deviation is given.
b Binding percentage is estimated on the basis of the cage electron densities of the structures shown in Figure 2 and is approximate.
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substituents such as sulfone (as in 2) with aminosulfonamide (as in
3) or morpholinyl (as in 4) with carboxamide (as in 5) might be ex-
pected to give enhancements in potency through reinforcement of
the individual substituents preferred binding orientations.11


In the event, we synthesized as many of the combinations of
these five substituents as could be accessed in a reasonable time-

NO2


X Y
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X Y
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Scheme 1. Synthesis of anilines used in inhibitors 7, 9–10, 12–15. Reagents and
conditions: (a) MeSO2Na, CuI, DMF, 110 �C; (b) Morpholine, DMSO, 100 �C; (c) H2,
10% Pd/C, EtOH; (d) MeSO2Cl, pyridine, DCM, 25 �C; (e) aq NaOH, MeOH, THF, 25 �C;
(f) NH4Cl, HATU, DIPEA, DMF, 25 �C; (g) i—NaNO2, concd HCl, water, CuCl, SO2; then
ii—NH3, MeOH.

frame, and these combinations are highlighted in Table 1. Synthe-
sis of the requisite 3,5-disubstituted anilines is detailed in Schemes
1 and 2 and the final inhibitors were assembled as previously de-
scribed.5,12 Synthesis of the anilines was initiated for the most part
from commercially available 3,5-disubstituted nitrobenzenes and
involved a core group of reactions whose order was varied to in-
stall each of the substituents as required. Thus in each case, mor-
pholine was introduced by reaction with a fluorobenzene
activated by a meta-nitro group13 (see anilines 20, 23, 32 and 48
used to give target compounds 9, 14, 15 and 11, respectively),
and methanesulfone was installed by copper-catalysed coupling
with methanesulfinate anion on the requisite iodobenzene14 (see
anilines 20 and 27 used in inhibitors 9 and 7, respectively). Amino-
sulfonamides such as those present in inhibitors 7, and 10–13 were
introduced by simple methanesulfonylation of the pre-cursor ani-
lines (see anilines 27, 36, 39, 43 and 48) and primary carboxamides
(as in inhibitors 8, 13, 15 and 16) accessed via HATU coupling of

N


X Y


O


S


X Y


OO


29 X=NO2, Y=CO2Et
44 X=NH2, Y=CO2Et
45 X=NHSO2Me, Y=CO2Et
46 X=NHSO2Me, Y=CO2H
47 X=NHSO2Me, Y=NHCO2-t-Bu
48 X=NHSO2Me, Y=NH2


(a)
(b)


(c)
(d)


(e)


49 X=H, Y=CO2H
50 X=NO2, Y=CO2H
51 X=NO2, Y=CONH2


52 X=NH2, Y=CONH2


(f)
(g)


(a)


Scheme 2. Synthesis of anilines used in inhibitors 8 and 11. Reagents and
conditions: (a) H2, 10% Pd/C, EtOH; (b) MeSO2Cl, pyridine, DCM, 25 �C; (c) aq
NaOH, MeOH, THF, 25 �C; (d) DPPA, DIPEA, t-BuOH; (e) concd HCl, MeOH, 70 �C; (f)
concd HNO3, concd H2SO4, 85 �C; (g) NH4Cl, HATU, DIPEA, DMF, 25 �C.







-2


-1.5


-1


-0.5


0


0.5


1


1.5


Lo
g 


D
iff


er
en


ce
(E


nz
ym


e 
to


 C
el


l)
Lo


g 
D


iff
er


en
ce


(E
nz


ym
e 


to
 C


el
l)


3 3.5 4 4.5 5
CLogP


-2


-1.5


-1


-0.5


0


0.5


1


1.5


1 2 3 4 5 6 7
Number H Donors


Figure 2. Plots of Log (enzyme to cell) difference versus number of hydrogen-bond
donors and ClogP for compounds 1–16. Closed circles represent 3,5-disubstituted C-
2 anilines, stars represent 3-substituted anilines. Points on top line are out of range
values.


5720 C. Bardelle et al. / Bioorg. Med. Chem. Lett. 18 (2008) 5717–5721

the appropriate benzoic acid derivatives (see anilines 32, 43 and
52). For aniline 48 (Scheme 2, used in inhibitor 11) the aniline
moiety was introduced via Curtius rearrangement of acid 46. Ani-
line 52 (present in inhibitor 8) was introduced via reduction of a
nitro group installed via nitration of commercially available
sulfone acid 49.


Introduction of a second sulfone group to 2 to give bis-sulfone 6
led to comparable enzyme activity15 but was clearly not detrimen-
tal. When the sulfone was combined with a second aminosulfona-
mide group as in 7, an increase in enzyme activity to 0.012 lM was
observed, a figure significantly more active than the contribution
from each substituent on its own (in 2 and 3), and appears to lend
support to the strategy for combining substituents with comple-
mentary binding modes. Similarly compound 8, comprising a
sulfone favouring binding towards Glu697, and a primary carbox-
amide favouring binding to Ile621 resulted in an inhibitor signifi-
cantly more potent than either substituent alone (compare to 2
and 5). Other examples of the synergistic nature of specific combi-
nations can be found in compounds 11 (combining a morpholinyl
and aminosulfonamide to give a 0.002 lM inhibitor) and 15 (com-
bining morpholinyl with carboxamide to give a 0.013 lM inhibi-
tor) both of whose C-2 anilines might be expected to be potent
in combination, from the structural studies outlined above. Simi-
larly the one group for which there was no overall binding prefer-
ence, the sulfonamide (as in 1) also shows potent activity in the
single combination examined (here with aminosulfonamide as in
10) at 0.001 lM.


Surprisingly, it was observed that many other combinations
also led to potent inhibition, including combinations which singly
at least, were shown to prefer the same binding orientation. The
most striking example of this is bis-morpholine 14 that in 4 favours
a single conformation, but in combination leads to a very potent
inhibitor, at 0.002 lM nearly 300-fold more active than with a sin-
gle substituent. It is noteworthy that this substantial potency in-
crease occurs in tandem with a 0.5 log unit decrease in ClogP
relative to 4, following introduction of a second morpholine. Mor-
pholine in combination with a sulfone (as in 9) was highly active
despite both substituents independently showing a favoured bind-
ing towards Glu697 and similarly bis-aminosulfonamide 12 and
bis-carboxamide 16 were also very potent. The inhibitor with car-
boxamide and aminosulfonamide groups, 13, showed enzyme
activity intermediate between the contributions from each substi-
tuent in isolation (3 and 5). The majority of 3,5-disubstituted ani-
lines examined are not only tolerated, but positively enhance
enzyme inhibition potency. Despite our initial assumption that
only substituents with complementary binding modes might be
expected to enhance potency, it is clear from the data that two
meta-substituents are favoured over one, and the observation that
the global protein structure does not change to accommodate the
different aniline orientations may in part explain this.


In comparison with the enzyme data, the activity in a cellular
assay of EphB4 inhibition16 for these compounds highlights a much
broader spread of data, ranging from potent inhibition for 9 and 14
to activity higher than the top concentration tested for 13 and 16.
Analysis of the correlation of the difference in enzyme to cell activ-
ity and parameters such as number of hydrogen-bond donors and
lipophilicity (ClogP) is informative (Fig. 2). The cell activity is seen
to drop off rapidly as a function of increasing number of hydrogen-
bond donors or decreasing ClogP.17 These data may be indicative of
a problem of permeability (since adequate lipophilicity is required
for permeation and higher numbers of donors may impair perme-
ability across the cell membrane) or efflux (since increased hydro-
gen bonding capability may increase recognition by transporters)18


or both. Compounds 7 (large cell drop-off) and 14 (small cell drop-
off) were examined in the cell assay in the presence of an efflux
inhibitor.19 Consistent with active efflux, the cell activity of 7

was increased to 0.175 lM in this system, whereas the cell activity
of the already potent 14 remained unchanged at
0.010 ± 0.001 lM.20


In summary, crystallographic studies of a range of 3-substituted
anilinopyrimidine inhibitors of EphB4 have highlighted two alter-
native aniline conformations are available in the active site of the
kinase. In an attempt to exploit these two interactions simulta-
neously, a set of 3,5-disubstituted anilinopyrimidines has been
prepared and these show potent enzyme inhibition. The observed
range of cellular activities has been rationalised on the basis of
physicochemical and structural characteristics, and has been
linked, for some inhibitors, to a potential for efflux. Further studies
on optimisation of both the C-2 and C-4 anilines are underway and
will be reported in due course.
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Two Cu -binding ligands were covalently attached to termini of short DNAs. The optimal compound of
this type forms a catalytically inert complex with Cu2+. In the presence of a complementary nucleic acid
the complex is decomposed forming products, which may catalyze hydrolysis of carboxylic acid esters.
We have demonstrated that this process can be applied for sequence specific detection of nucleic acids.
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Detection of nucleic acids is used for identification of microor-
ganisms, in diagnosis of human diseases and in forensics. A num-
ber of stoichiometric and catalytic methods have been
developed.1 Stoichiometric assays exhibit excellent sequence spec-
ificity, but are not sufficiently sensitive for analysis of rare nucleic
acid sequences. Catalytic assays do not have this disadvantage.
However, they are not applicable for detection of nucleic acids in
cells, since enzymes are typically used as catalysts. Enzymes do
not permeate cellular membrane and are not stable in the presence
of intracellular proteases.


This stimulates development of new approaches of nucleic acid
detection, which rely exclusively on chemical reagents. Majority of
such chemical assays are based on stoichiometric and catalytic
template reactions.2 Krämer and co-workers have recently re-
ported an alternative strategy.3 In particular, they have prepared
a cyclic DNA, which releases Cu(phen)2+ complex in the presence
of an analyte nucleic acid and 1,10-phenanthroline. This complex
catalyzes oxidation of 20,70-dichlorodihydrofluorescein in air satu-
rated solution containing cysteamine. Concentration of the fluores-
cent product formed in this reaction correlates with concentration
of the analyte DNA. At the conditions of this assay, highly reactive
hydroxyl radicals are produced. They may induce decomposition of
the catalyst and analyte DNA.4 As a consequence the analyte DNA
cannot be fully recovered after the assay and there is a possibility
of false positive results.


We have explored the possibility of replacement of the redox
reaction in this assay for the reaction of hydrolysis of the activated
esters (Fig. 1).

All rights reserved.
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The latter process occurs at very mild conditions, which affect
neither catalyst nor analyte DNA.5 The optimal L-DNA-L will have
the following properties. L-DNA-L binds 1 equiv Cu2+ in dilute
solution forming a stable, but catalytically inert complex (–Cu-L-
DNA-L–). In the presence of a complementary nucleic acid (blue
colored in Fig. 1) this complex is converted into the active Cu-L-
DNA-L. The latter compound catalyzes hydrolysis of substrates
present in the solution (Fig. 1). In this case rate of substrate hydro-
lysis will correlate with concentration of the complementary nu-
cleic acid.


For monitoring nucleic acid dependent hydrolytic activity we
have used the substrates developed in our laboratories: S1,6 S27


(Fig. 2). S1 is a 2,20-bipyridine derivative. It was chosen because
its hydrolysis can be conveniently monitored by fluorescence spec-
troscopy. Products of this reaction are its weak inhibitors. There-
fore, S1 hydrolysis is the truly catalytic process with respect to

Figure 1. A concept of nucleic acid controlled Cu2+ based catalysts of carboxylic
acid ester hydrolysis; L is a Cu2+ binding ligand; R0CO2R00 is a Cu2+ sensitive
carboxylic acid ester (S1 or S2, Fig. 2).
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Figure 2. Substrates (S1, S2) used for monitoring nucleic acid induced release of
Cu2+ ions. Cu2+ catalyzed transformation of these substrates results in formation of
products P1 (fluorescent) and P2 correspondingly.
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Cu2+.6 S2 is a cyclic peptide nucleic acid (PNA), which is trans-
formed into the linear form (P2) upon hydrolysis. This process
can be monitored by MALDI-TOF mass spectrometry. While S2
does not bind nucleic acids, P2 does. Sequence of P2 was chosen
to be complementary to that of L-DNA1-L. Since P2/DNA1 duplex
is rather stable (Tm � 50 �C), we could expect that the product of
S2 hydrolysis will induce formation of the hydrolysis catalyst from
the (–Cu-L-DNA-L–). This would lead to time dependent increase
of S2 hydrolysis rate, which is a feature of an autocatalytic process.
Autocatalytic reactions generate large amounts of products per
equivalent of a trigger (nucleic acid). This may be applied for anal-
ysis of rare nucleic acid sequences.1


L-DNA-L’s were prepared by coupling of commercially available
amino-modified DNAs with carboxylic acids (L-OH) in the presence
of 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochloride
(EDAC) at pH 8.5 (Scheme 1). The conjugates were purified by HPLC

H2N~DNA~NH2


H2N~DNA~NH2:
H-DNA1-H: H2N-(CH2)6-OP(O)(OH)-
CTGCTAGTTGTGATGTC-OP(O)(OH)-
OCH2CH(CH2OH)(CH2)4NH2


H-DNA2-H: H2N-(CH2)6-OP(O)(OH)-
CGCGCTGCTAGTTGTGATGTCCGCG-
OP(O)(OH)-OCH2CH(CH2OH)(CH2)4NH2


H-DNA3-H: H2N-(CH2)6-OP(O)(OH)-
ATCGTTACCAAAGCATCGTA-OP(O)(OH)-
OCH2CH(CH2OH)-(CH2)4NH2


H-DNA4-H: H2N-(CH2)6-OP(O)(OH)-
CTGCTAGTTTTGATGTC-OP(O)(OH)-
OCH2CH(CH2OH)-(CH2)4NH2


Complementary DNAs:
DNA5: GACATCACAACTAGCAG
DNA6: TACGATGCTTTGGTAACGAT
DNA7: GACATCAAAACTAGCAG


L-HN~DNA~NH-L
L-OH, EDAC


HOSu, pH 8.5
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Scheme 1. Synthesis of terminally modified DNAs and sequences of unmodified
DNAs used in this study. EDAC: 1-ethyl-3-(3-dimethyl-aminopropyl)carbodiimide
hydrochloride.

and their composition was confirmed by MALDI-TOF mass spec-
trometry. Purity of the DNAs prepared was >90%.8


Structures of the ligands conjugated to the DNAs are shown in
Scheme 1. A mixture of Cu2+ and L1-DNA1-L1 hydrolyzes S2 four
times slower than free Cu2+ does (Table 1). However, complemen-
tary DNA5 (Tm(DNA5/DNA1) = 51 �C) does not affect the hydroly-
sis. These data indicate that Cu2+ binds to L1-DNA1-L1
unspecifically rather than in a way illustrated in Figure 1 for (–
Cu-L-DNA-L–). The possible binding sites are nucleobases and
the phosphodiester backbone of the conjugate. In L2-DNA1-L2,
L3-DNA1-L3, L4-DNA1-L4 and L5-DNA1-L5 the terminal ligands
have higher affinity toward Cu2+ than L1. These ligands were ex-
pected to compete more efficiently for the metal ion with the other
Cu2+ binding sites within the DNA. The best conjugate in this series
turned out to be L2-DNA1-L2. In particular, S2 hydrolysis by Cu2+,
L2-DNA1-L2 mixture is slowed down by a factor of �24 with re-
spect to that by Cu2+, L1-DNA1-L1 mixture (entries 1, 2, Table 1).
The hydrolysis is accelerated 15 times upon addition of 1 eq
DNA5. Comparable DNA-induced acceleration is observed when
S1 is used as a substrate (entry 2, Table 1). The effect is substan-
tially smaller in the case of L3-DNA1-L3 and L4-DNA1-L4. In par-
ticular, S2 hydrolysis by mixtures of Cu2+ with the corresponding
conjugate is only 3.4- to 5.1-fold slower than that by Cu2+, L1-
DNA1-L1 mixture (entries 1, 4, 5, Table 1). The hydrolysis is barely
accelerated (1.5–1.9 times) upon addition of DNA5. This reflects
lower Cu2+ affinity of L3 and L4 than that of L2. Ligand L5 has
the highest Cu2+ affinity among the studied metal ion binders. As
a consequence, L5-DNA1-L5 binds Cu2+ very strongly and the
resulting complex, (–Cu-L5-DNA1-L5) does not catalyze hydrolysis
of S2 at all. Unfortunately, the complex is so stable that it is not
activated by DNA5 (entry 6, Table 1). Even an analogue of this com-
pound containing a longer DNA sequence (20-mer, L5-DNA3-L5)
forms the complex, which is not activated by the complementary
nucleic acid, DNA6 (Tm(DNA3/ DNA6) = 56 �C, entry 7, Table 1).


Next, we have prepared L2-DNA2-L2, which contains the DNA
sequence able to fold in solution into the hairpin structure with a
four basepair stem region. In the hairpin the terminal ligands are
pre-organized. This should stabilize the terminal CuL2 complex in
(–Cu-L2-DNA2-L2–). The expected consequence would be the
reduction of the background hydrolysis rate. In practice, activity
of (–Cu-L2-DNA2-L2–) turned out to be identical to that of (–Cu-
L2-DNA1-L2–) (entries 2, 3, Table 1). This indicates that the hairpin
is unstable at our experimental conditions: 40 �C. Substrate S2 is
hydrolyzed very slowly at <40 �C. Therefore, it is not practical to
study this system at lower temperatures. In contrast, S1 is quickly
hydrolyzed at 22 �C. We have found that, at these conditions rate of
S1 hydrolysis in the presence of (–Cu-L2-DNA2-L2–) is slower than
that in the presence of stemless (–Cu-L2-DNA1-L2–) (entries 2, 3,
Table 1). Unfortunately, this positive effect is canceled out by the
high cycle stability. In the result, only 3.5-fold rate increase is ob-
served upon addition of DNA5 to (–Cu-L2-DNA2-L2–), which is
about 20% of the increase exhibited by the L2-DNA1-L2 containing
cycle.


As it is explained above, S2 hydrolysis by (–Cu-L2-DNA1-L2–),
DNA5 mixtures could be an autocatalytic reaction. However, in
the presence of 0.1–1 equiv complementary DNA5 rate of S2
hydrolysis is not increased at the initial stages of the reaction
(Fig. 3, only data for 1 equiv DNA5 are shown). We have observed
that S2 cleavage in the presence of (–Cu-L2-DNA4-L2–), DNA7
mixture is as fast as it is in the presence of (–Cu-L2-DNA1-L2–),
DNA5 mixture (entries 2, 10, Table 1). In the former case P2 activa-
tion is not possible, since sequences of DNA4 and P2 are not fully
complementary to each other. This indicates that P2 induced acti-
vation of the catalyst does not play an important role in this reac-
tion. Thus, at our experimental conditions S2 hydrolysis is a
catalytic rather than autocatalytic process.







Table 1
Parameters of hydrolysis of substrates S1 and S2 in the presence of complexes of Cu2+ with L-DNA-L conjugates


Compound L-DNA-La Substrate S1 (dF/dt)0, min�1 b Substrate S2 e (d[P2]/dt)0, nM min�1


+ analyte/� analyte c Ratiod + analyte/� analyte Ratio


1 L1-DNA1-L1 — — 21(2)/19(2) 1.1
2 L2-DNA1-L2 >230/33(4) >7 12(2)/0.8(5) 15
3 L2-DNA2-L2 44(2)/13(2) 3.4 12(1)/0.8(7) 15
4 L3-DNA1-L3 — — 8.3(7)/5.6(8) 1.5
5 L4-DNA1-L4 — — 7.1(4)/3.7(3) 1.9
6 L5-DNA1-L5 1.4(3)/1.1(2) 1.3 0 0
7 L5-DNA3-L5 — — 0 0
8 CuSO4 — — �/>87 —
9 L2-DNA1-L2 — — 4.7(8)/0.8(5) 6


10 L2-DNA4-L2 — — 9(1)/0.8(5) 11
11 — — — �/0.4(4) —


a Structures and DNA sequences of L-DNA-L conjugates are shown in Scheme 1; [L-DNA-L] = 2 lM; [CuSO4] = 1.5 lM; [MOPS] = 10 mM, pH 7.0, [NaCl] = 50 mM.
b kex = 347 nm, kem = 410 nm; [S1] = 0.1 lM.
c Analyte is either DNA5 (entries 1–6) or DNA6 (entry 7) or DNA7 (entries 9, 10); their sequences are given in Scheme 1; [analyte] = 2 lM.
d Ratio = (dF/dt)0 (with analyte)/(dF/dt)0 (without analyte) or (d[P2]/dt)0 (with analyte) / (d[P2]/dt)0 (without analyte).
e [S2] = 1 lM.
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Figure 3. Hydrolysis of substrate S2 (1 lM) in solutions containing MOPS (10 mM,
pH 7.0), NaCl (50 mM), CuSO4 (1.5 lM), L2-DNA1-L2 (2 lM) (open diamonds) and,
additionally, either DNA5 (2 lM, open squares) or DNA7 (black triangles).


5724 J. Kovács, A. Mokhir / Bioorg. Med. Chem. Lett. 18 (2008) 5722–5724

Finally, we have investigated whether the optimized reaction
can be used for sequence specific detection of nucleic acids. We
have prepared DNA7, which contains a single mismatch
(C8 ? A8 mutation) with respect to DNA5. Activation of (–Cu-L2-
DNA1-L2–) cycle in the presence of both DNAs was compared
(Fig. 3). At our experimental conditions S2 hydrolysis is 2.6 times
slower in the presence of the mismatch DNA then in the presence
of the complementary DNA (entries 2, 9, Table 1).


In summary, the catalytic reaction studied can be used for se-
quence specific detection of nucleic acids. Since the reaction is con-
ducted at very mild conditions, the analyte nucleic acid can be
easily recovered by using HPLC. Moreover, the catalyst stays un-
changed during the reaction, which minimizes the possibility of
false positive results. Nucleic acids can be detected by using either
fluorescence spectroscopy or MALDI-TOF mass spectrometry. The
important disadvantage of the current assay is high rate of back-
ground hydrolysis.
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II, Rt 25.1 min. Yield: 35%. MALDI-TOF MS: calcd for C204H258N64P18O114


[M�H]� 5985.1, found 5983.1.L2-DNA2-L2: HPLC, gradient I, Rt 29.5 min.
Yield: 42%. MALDI-TOF MS: calcd for C270H344N94P26O166 [M�H]� 8363.5,
found 8358.1.L1-DNA3-L1: HPLC, gradient I, Rt 23.1 min. Yield: 71%. MALDI-
TOF MS: calcd for C220H282N79P21O125 [M�H]� 6680.2, found 6684.5.L5-DNA3-
L5: HPLC, gradient II, Rt 33.2 min. Yield: 19%. MALDI-TOF MS: calcd for
C232H292N81P21O125 [M�H]� 6862.3, found 6863.0.L2-DNA4-L2: HPLC, gradient
I, Rt 28.3 min. Yield: 37%. MALDI-TOF MS: calcd for C194H251N59P18O119


[M�H]� 5868.1, found 5865.0.
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We report the discovery of a series of (naphthalen-4-yl)(phenyl)methanones as potent inducers of apop-
tosis using our proprietary cell- and caspase-based ASAP HTS assay. Through SAR studies, a group of N-
methyl-N-phenylnaphthalen-1-amines also were identified as potent inducers of apoptosis. (1-(Dimeth-
ylamino)naphthalen-4-yl)(4-(dimethylamino)phenyl)methanone (2a), one of the most potent analogs,
had EC50 values of 37, 49 and 44 nM in T47D, HCT116 and SNU398 cells, respectively. Compound 2a also
was highly active in a growth inhibition assay with an GI50 value of 34 nM in T47D cells. Functionally,
compound 2a arrested HCT116 cells in G2/M followed by induction of apoptosis and inhibited tubulin
polymerization.


� 2008 Elsevier Ltd. All rights reserved.
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Apoptosis plays an important role in promoting tissue
homeostasis by eliminating damaged or excessive cells.1 Defects
in apoptosis signaling pathways could result in uncontrolled tu-
mor cell growth as well as resistance to cancer treatment.2


Therefore restoration of normal apoptosis or promotion of apop-
tosis could lead to cancer cell death as well as increase the re-
sponse to chemotherapeutics.3 In addition, it is known that
many chemotherapeutics kill cancer cells through the induction
of apoptosis.4


We therefore have been interested in the discovery and devel-
opment of apoptosis inducers as potential anticancer agents and
have reported the discovery of several novel series of apoptosis
inducers, including 4-aryl-4H-chromenes (1a),5 gambogic acid
(1b),6 3-aryl-5-aryl-1,2,4-oxadiazoles (1c),7 4-anilino-2-(2-pyri-
dyl)pyrimidines (1d),8 N-phenyl-1H-pyrazolo[3,4-b]quinolin-4-
amines (1e)9 and 4-anilinoquinazolines (1f)10 (Chart 1), using our
cell-based Anticancer Screening Apoptosis Program (ASAP) HTS
assay.11,12 Herein we report the discovery of (naphthalen-4-
yl)(phenyl)methanones such as (1-(dimethylamino)naphthalen-
4-yl)(4-(dimethylamino)phenyl)methanone (2a) as potent
apoptosis inducers using our HTS assay, and SAR study of 2a which
led to the discovery of a group of N-methyl-N-phenylnaphthalen-
1-amines such as N1-(4-methoxyphenyl)-N1,N4,N4-trimethylnaph-
thalene-1,4-diamine (4a) as potent apoptosis inducers.


Substituted (naphthalen-4-yl)(phenyl)methanones 2a,13,14 2b15


and 2h were obtained from ChemDiv and Asinex, and their struc-

ll rights reserved.
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Scheme 2. Reagent: (i) Pd(OAc)2/t-NaOBu/P(t-butyl)3/toluene.
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tures were confirmed by 1H NMR and MS. Other substituted (naph-
thalen-4-yl)(phenyl)methanones were prepared as shown in
Scheme 1 according to reported procedure.13,14 For example, reac-
tion of 4-methoxybenzoyl chloride (5) with 1-dimethylamino-
naphthalene (6) in 1,1,2,2-tetrachloroethane and AlCl3 produced
(1-(dimethylamino)naphthalen-4-yl)(4-methoxyphenyl)metha-
none (2c). The ketone group in 2c was reduced by NaBH4 to give
(1-(dimethylamino)naphthalen-4-yl)(4-methoxyphenyl)methanol
(3b). Compound 3a13,14 was prepared similarly from reduction of
2a. Reaction of 3b with MeI in the presence of NaH produced (1-
(dimethylamino)naphthalen-4-yl)(4-methoxyphenyl)methoxyme-
thane (3c).


N-Methyl-N-phenylnaphthalen-1-amines (4a–4d) were pre-
pared as shown in Scheme 2 according to the reported
Buchwald–Hartwig procedure.16 For example, reaction of 4-bro-
mo-1-dimethylaminonaphthalene (7) with 4-methoxy-N-methyl-
aniline (8) in the presence of Pd(OAc)2/t-NaOBu/P(t-butyl)3 in
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Scheme 1. Reagents: (i) AlCl3; (ii) NaBH4; (iii) MeI, NaH.


Table 1
SAR of (naphthalen-4-yl)(phenyl)methanones in the caspase activation assay


O


R1


Entry R1 R2 R3 R4


2a NMe2 H NMe2 H
2b OMe H NMe2 H
2c NMe2 H OMe H
2d NMe2 OMe H H
2e NMe2 OMe H OMe
2f NMe2 OMe OMe H
2g NMe2 OMe OMe OMe
2h OMe H NO2 H


a Data are the mean of three or more experiments and are reported as mean ± standa

toluene produced N1-(4-methoxyphenyl)-N1,N4,N4-trimethylnaph-
thalene-1,4-diamine (4a).


The apoptosis-inducing activity of substituted (naphthalen-4-
yl)(phenyl)methanones and related compounds was measured
using our cell- and caspase-based HTS assay12 in human breast
cancer cells T47D, human colorectal carcinoma cells HCT116 and
hepatocellular carcinoma cancer SNU398 cells and the results were
summarized in Table 1. Starting from 2a, which had a potency of
37 nM in T47D cells, we first explored the replacement of one of
the dimethylamino groups by a methoxy group. Compound 2b,
with the 1-dimethylamino group in the naphthalene ring replaced
by a methoxy group, was about 20-fold less potent than 2a, indi-
cating that the 1-dimethylamino group is important for apopto-
sis-inducing activity. Compound 2c, with the 4-dimethylamino
group in the benzene ring replaced by a methoxy group, was only
slightly less potent than 2a, suggesting modification in the benzene
ring might be more tolerated. By maintaining the 1-dimethylamino
group in the naphthalene ring, we explored other substituents in
the benzene ring. The 3-methoxy analog 2d and 3,5-dimethoxy
analog 2e were about 20-fold less active than 2c, indicating that
a substituent at the 4-position might be important for apoptotic
activity. The 3,4-dimethoxy analog 2f and 3,4,5-trimethoxy analog
2g were about 5-fold more potent than 2d, confirming the impor-
tance of a substituent at the 4-position. The 4-nitro analog 2h was
inactive up to 10 lM, which was >10-fold less active than that of
2b, indicating that an electron-withdrawing group is not preferred.


To reduce the rigidity of the molecules and hopefully to im-
prove the solubility profile of these compounds, we explored the

R2


R3


R4


EC50
a (lM)


T47D HCT116 SNU398


0.037 ± 0.004 0.049 ± 0.009 0.044 ± 0.002
0.81 ± 0.06 1.2 ± 0.1 0.98 ± 0.07
0.072 ± 0.007 0.086 ± 0.019 0.074 ± 0.004
2.6 ± 0.1 5.1 ± 0.2 3.5 ± 0.4
1.3 ± 0.1 1.9 ± 0.4 1.5 ± 0.1
0.47 ± 0.07 0.65 ± 0.03 0.56 ± 0.07
0.42 ± 0.05 1.2 ± 0.04 0.57 ± 0.06
>10 >10 >10


rd error of the mean (SEM).







Table 2
SAR of (naphthalen-4-yl)(phenyl)methanols and N-methyl-N-phenylnaphthalen-1-
amines in the caspase activation assay


R2O


R3


N


R3


R1R1


R2


3 4


Entry R1 R2 R3 EC50
a (lM)


T47D HCT116 SNU398


3a NMe2 H NMe2 0.38 ± 0.01 0.49 ± 0.06 0.52 ± 0.04
3b NMe2 H OMe 0.14 ± 0.01 0.26 ± 0.05 0.17 ± 0.02
3c NMe2 Me OMe 0.59 ± 0.01 0.62 ± 0.01 0.76 ± 0.09
4a NMe2 H OMe 0.51 ± 0.05 0.61 ± 0.02 0.72 ± 0.09
4b NMe2 OMe H 4.4 ± 0.5 4.6 ± 0.5 4.7 ± 0.2
4c NO2 H OMe 0.24 ± 0.02 0.28 ± 0.02 0.33 ± 0.09
4d NH2 H OMe 12 ± 1.5 11 ± 0.3 5.3 ± 0.1


a Data are the mean of three or more experiments and are reported as
mean ± standard error of the mean (SEM).


Table 3
Growth inhibition activity of (naphthalen-4-yl)(phenyl)methanones and related
compounds


Entry GI50
a (lM)


T47D HCT116 SNU398


2a 0.034 ± 0.005 0.068 ± 0.017 0.027 ± 0.008
2c 0.039 ± 0.008 0.10 ± 0.035 0.027 ± 0.009
3b 0.23 ± 0.07 0.49 ± 0.10 0.17 ± 0.01
4a 0.26 ± 0.17 0.32 ± 0.11 0.15 ± 0.02


a Data are the mean of three experiments and are reported as mean ± standard
error of the mean (SEM).
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Figure 1. Drug-induced apoptosis in HCT116 cells as measured by flow cytometric analy
that fluorescence intensity. (A) Control cells showing most of the cells in G1 phase (78%) o
of the cells arrested in G2/M phase (70%). (C) Cells treated with 100 nM of compound 2
(53%), which are apoptotic cells with fragmented nuclei.
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reduction of the ketone group into a hydroxy group (Table 2). Com-
pound 3a was about 10-fold less active than 2a, while 3b was
about 2-fold less active than 2c, indicating that converting the ke-
tone group into a hydroxy group is more tolerated for the methoxy
analog 2c than the dimethylamino analog 2a. Conversion of the hy-
droxy group in 3b into the methoxy group in 3c also was well tol-
erated with <3-fold reduction in potency.


Although the more flexible methanol group could be used to re-
place the rigid ketone group, it created a chiral center. To remove
the chiral center and simplify the structure, we explored the
replacement of the methanol group with a non-chiral methyl-
amino group. The basic nitrogen could also improve the solubility

Entry Sub G1 S G2/M


1A  4 78 5 12 


1B  13 7 9 70 


1C 53 5 5 37 


sis. The x-axis is the fluorescence intensity and the y-axis is the number of cells with
f the cell cycle. (B) Cells treated with 100 nM of compound 2a for 24 h showing most
a for 48 h showing a progression from G2/M to cells with sub-diploid DNA content
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profile of these compounds. Compounds 4a was about 3-fold less
active than 3b, indicating that a methylamino group can replace
the methanol group in 3b. The 3-methoxy analog 4b was about
9-fold less active than the 4-methoxy analog 4a, indicating that
similar to the observed SAR for the ketones, a substituent at the
4-position is important for activity. Interestingly, the 10-nitro ana-
log 4c was about 2-fold more active than 4a. The 10-amino analog
4d was about 20-fold less active than the 10-dimethylamino analog
4a, suggesting a preference for hydrophobic group at the 10-position.


Overall, the apoptosis-inducing activities of these compounds in
human breast cancer T47D cells was similar to that observed in hu-
man colon cancer HCT116 cells and hepatocellular carcinoma can-
cer SNU398 cells (Tables 1 and 2). Compound 2a and 2c, two of the
most active analogs in T47D cells, also were the most active ones in
HCT116 and SNU398 cells, suggesting that compound 2a and re-
lated analogs most probably will be broadly active against many
cancer cell lines.


Selected compounds were assayed in a traditional growth inhi-
bition (GI50) assay to confirm that the active compounds in the cas-
pase induction assay also inhibit tumor cell growth. The growth
inhibition assays in T47D, HCT116 and SNU398 cells were run in
a 96-well microtiter plate as described previously12 and the data
were summarized in Table 3. Compound 2a had GI50 values of
34, 68 and 27 nM in T47D, HCT116 and SNU398 cells, respectively.
Compound 2c was about as active as 2a, and compounds 3b and 4a
were less active than 2a and 2c, which were similar to what was
observed in the caspase activation assay. These data confirmed that
the cell-based caspase activation HTS assay is not only useful for
the identification of inducers of apoptosis, but also for subsequent
optimization and SAR studies.


The apoptosis-inducing activity of the potent analog 2a was also
characterized by cell cycle analysis. HCT116 cells were treated
with 100 nM of compound 2a for 24 or 48 h at 37 �C, then stained
with propidium iodide and analyzed by flow cytometry (Fig. 1). An
increase in G2/M population (from 12% to 70%) was observed after
24 h treatment with 2a, together with an increased apoptotic sub-
G1 population (from 4% to 13%). Sub-G1 population was increased
to 53% after 48 h treatment with 2a, indicating that many cells
were apoptotic. These data indicated that compound 2a arrested
cancer cells in G2/M followed by induction of apoptosis.

Based on the characteristics of broad activity against different
cancer cell lines and G2/M arrest preceding apoptosis, as well as
the structural similarity between 2a and phenstatin (Chart 2), a
well known potent inhibitor of tubulin polymerization,17 we sus-
pected that 2a and related analogs might be tubulin inhibitors. In
a tubulin polymerization assay,18 the ketone compound 2a as well
as the methylamine compound 4a were found to inhibit tubulin
polymerization with an IC50 value of 500 nM, suggesting inhibition
of tubulin polymerization as the main mechanism of action for
these compounds.


In conclusion, we have identified a series of substituted (naph-
thalen-4-yl)(phenyl)methanones as potent apoptosis inducers.
Compound 2a was found to arrest cancer cells in G2/M and to inhi-
bit tubulin polymerization, which most probably is its main mech-
anism of action for inhibiting cell proliferation and inducing
apoptosis. Through SAR studies, a group of N-methyl-N-phen-
ylnaphthalen-1-amines also was identified as potent apoptosis
inducers. Compound 2a and 2c were highly active in the caspase
activation assay with EC50 values in T47D, HCT116 and SNU398
cells of 37–49 nM and 72–86 nM, respectively. Compound 2a also
was highly active in the growth inhibition assay with a GI50 value
of 34 nM in T47D cells.
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A series of dual OX1R/OX2R orexin antagonists was prepared based on a N-glycine-sulfonamide core. SAR
studies of a screening hit led to compounds with low nanomolar affinity for both receptors and good oral
bioavailability. One of these compounds, 47, has demonstrated in vivo activity in rats following oral
administration.


� 2008 Elsevier Ltd. All rights reserved.

The orexins (orexin A and orexin B, also named hypocretin 1
and 2, respectively) are hypothalamic peptides discovered in
1998 by two independent research groups.1,2 These two neuropep-
tides play an important role in the regulation of the sleep–wake
cycle and related hypothalamic functions. They are endogenous
ligands of two G protein-coupled receptors, namely, OX1R and
the OX2R and are proteolytically derived from the same precursor
peptide.1,2 While both neuropeptides bind with similar affinity to
the OX2R, orexin A binds with slightly higher affinity to OX1R than
orexin B.2 Patients with narcolepsy have degenerated hypotha-
lamic orexin neurons and low levels of orexins in cerebrospinal
fluid.3 Activation of orexin neurons contributes to the promotion
and maintenance of wakefulness, and conversely, relative inactiv-
ity of orexin neurons allows the onset of sleep.4 Consequently,
blocking orexin signaling with receptor antagonists may provide
a new mechanism for decreasing wakefulness and, thus, a novel
therapeutic opportunity for the treatment of insomnia. Recently,
we have reported that a dual OX1R/OX2R receptor antagonist
(ACT-078573, almorexant) elicited somnolence without inducing
cataplexy in rats, dogs, and humans.5 Herein, we describe a novel
series of orexin receptor antagonists based on a N-glycine-sulfon-
amide core. Compounds with excellent potency on both receptors
and suitable pharmacokinetic behavior were found.

ll rights reserved.
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High-throughput screening of our chemical libraries against a
CHO cell line expressing the human orexin receptors using a
FLIPR (fluorometric imaging plate reader)-based calcium assay6


identified the achiral and low molecular weight aryl containing
N-glycine-sulfonamide 1 (2-[(4-tert-butyl-benzenesulfonyl)-p-to-
lyl-amino]-N,N-diethyl-acetamide) as a potent and selective
OX2R antagonist with very poor oral bioavailability (F = 1%) in
Wistar rats.


S N
O N


O


1


IC50 (FLIPR)
OX1R: > 104 nM
OX2R: 5 nM
F = 1%


O


To improve potency on both receptors, preliminary structure–activ-
ity relationship (SAR) studies around 1 started by keeping constant
the N,N-diethyl-sulfonyl-acetamide moiety and by exploring struc-
tural modifications of the two aryl rings.


Many of the N-glycine-sulfonamide derivatives evaluated were
prepared according to the procedure outlined in Scheme 1. The
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Scheme 1. General synthesis of N-glycine-sulfonamide derivatives (route A).
Reagents and conditions: (a) Ar2–NH2, pyridine, rt, 70–85%; (b) 2-chloro-N,N-
diethyl-acetamide, K2CO3, DMF, 80 �C, 70–80%.
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Scheme 3. General synthesis of ethyl heterocyclic-methyl amines. Reagents and
conditions: (a) 2 M EtNH2 in THF, NaBH4, MeOH, rt, 12–63%; (b) 2 M EtNH2 in THF,
rt, 24–98%.
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Scheme 4. General synthesis of the substituted benzisothiazole derivatives.
Reagents and conditions: (a) SnCl2�2H2O, 37% HCl, MeOH, reflux, 100%; (b) NaSCN,
Br2, AcOH, rt, 99%; (c) 25% NH4OH, rt, 52%; (d) 3,4-dimethoxybenzenesulfonyl
chloride, pyridine, rt, 87%; (e) 2-chloro-N,N-diethyl-acetamide, K2CO3, DMF, 80 �C,
66%; (f) i—tert-butyl bromoacetate, K2CO3, DMF, 80 �C, rt, 80–87%; (ii) TFA, Et3SiH,
DCM, rt, 90–95%; (iii) 9, PyBOP, i-Pr2NEt, DMF, rt, 30–53%.
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appropriate aryl-sulfonyl chlorides 2 were coupled with an aniline
derivative in the presence of pyridine. The resulting sulfonamide
intermediates 3 with a diverse range of functionality provided
the desired final compounds 4 by reaction with 2-chloro-N,N-
diethyl-acetamide in the presence of K2CO3.


For compounds where one ethyl group was replaced with a
heterocycle-CH2- unit, a modified route was pursued with 3,4-dim-
ethoxybenzenesulfonyl chloride 5 (Scheme 2). Coupling with the
appropriate aniline in the presence of pyridine followed by reac-
tion with tert-butyl bromoacetate in the presence of K2CO3 fur-
nished the sulfonamide intermediate 7. Removal of the tert-butyl
ester under acidic conditions (TFA) in the presence of triethylsi-
lane, followed by amide bond formation (i.e., PyBOP, i-Pr2NEt) with
an ethyl heterocyclic-methyl amine derivative 9 provided final
compounds 8.


The ethyl heterocyclic-methyl amine derivatives 9 were
prepared by reductive amination of the appropriate aldehyde 10
with ethylamine in the presence of sodium borohydride (method
A) or by coupling of the suitable heterocyclic halide 11 with ethyl-
amine (method B) (Scheme 3).


The synthesis of compounds whereby Ar2 is a substituted benz-
isothiazole moiety, is depicted in Scheme 4.


The commercially available acetophenone 12 was reduced with
SnCl2�2H2O in the presence of concentrated HCl in refluxing MeOH.
Subsequent bromination in AcOH followed by reaction with
sodium thiocyanate (NaSCN) afforded the thiocyanato derivative
13.7 Cyclization with concentrated ammonia7 followed by reaction
with 3,4-dimethoxybenzenesulfonyl chloride in the presence of
pyridine furnished the sulfonamide intermediate 14. Reaction with
2-chloro-N,N-diethyl-acetamide in the presence of K2CO3 afforded
the target compound 15. Additional analogs containing the hetero-
cycle-CH2 unit, 16, were prepared in the same manner as described
in Scheme 2.


Replacing the 4-tert-butylbenzene moiety of 1 by a less
lipophilic substituent such as a 3,4-dimethoxybenzene ring, did
not change the potency or selectivity profiles as exemplified with
compound 17 (Table 1). Introduction of further electron-donating
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Scheme 2. General synthesis of N-glycine-sulfonamide derivatives (route B). Reagents an
DMF, 80 �C, rt, 90–97%; (c) TFA, Et3SiH, DCM, rt, 90–95%; (d) 9, PyBOP, i-Pr2NEt, DMF, rt

substituents such as methyl, ethyl, or methoxy groups resulted in
a significant drop in potency towards the OX2R, especially for
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Table 1
SAR studies on Ar1 moiety


S N N


O


R1


R2


R3


R4


OO


Compound R1 R2 R3 R4 hOX1Ra hOX2Ra


1 H H t-Bu H >10,000 5
17 H OMe OMe H >10,000 19
18 H H Et H >10,000 89
19 H H Me H >10,000 232
20 H H OMe H >10,000 661
21 H H Br H >10,000 142
22 H H F H >10,000 346
23 H H CN H >10,000 1187
24 H H OCF3 H >10,000 1822
25 Me H H H >10,000 58
26 Cl H H H >10,000 800
27 F H H H >10,000 3372
28 H Me H H >10,000 60
29 H Cl H H >10,000 139
30 H F H H >10,000 839


a IC50 values in nM (FLIPR assay).


Table 3
Optimized orexin antagonists


S N
R1


NO R2


O


O


O O


Compound R1 R2 hOX1Ra hOX2Ra


46 N Me 29 4.5
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compound 20. The presence of an electron-withdrawing substitu-
ent in the para-position such as a halogen atom or a cyano group
led to less potent, selective OX2R antagonists as illustrated with
compounds 21–24. Similar biological results were obtained with
ortho- and meta-substituted derivatives as exemplified by
compounds 25–30.


In a second effort to improve OX1R potency, we have decided to
explore a variety of substitution patterns with different electronic

Table 2
SAR studies on Ar2 moiety


S N


NO


O


O


R4


R3
R2


R1


O O


Compound R1 R2 R3 R4 hOX1Ra hOX2Ra


31 CN H H Me2N 166 10
32 Cl H H Me2N 119 5
33 Cl H H CN >10,000 463
34 Cl H H CF3 2486 48
35 OMe H H Me2N >10,000 239
36 CN Me2N H H >10,000 110
37 H Me2N Cl H >10,000 789
38 CN H Me H 886 4
39 Me2N H H Cl 4875 60
40 Cl H H Me 1107 8
41 Cl H H i-Pr 888 90
42 Cl H H Et2N >10,000 2405
43 Cl H H Me(Et)N 1373 433


44 Cl H H N 2527 1606


45 Cl H H N 1709 1161


a IC50 values in nM (FLIPR assay).

properties at one or more positions of the anilinic phenyl ring in
compound 2 (Table 2).


As shown in Table 2, it is apparent that the presence of an
electron-withdrawing substituent (preferably a chlorine atom) in
the ortho-position (R1) and an electron-donating group such as a
dimethylamino group in the meta-position (R4) was very important
to obtain significantly improved affinity for the OX1R (compounds
31 and 32). On the contrary, introducing only electron-donating or
electron-withdrawing substituents in the 2,5-positions resulted in
a dramatic loss of potency on both orexin receptors (compounds
33–35). The 2,3-disubstituted and 2,4-disubstituted derivatives
were rather OX2R-selective antagonists (compounds 36–38) with
compound 38 being one of the most potent OX2R antagonists
found to date. Inversion of the electronic properties in the 2,5-
disubstitution pattern led to compounds with a substantial drop
of affinity for the OX1R but only a small loss of activity towards
the OX2R (compound 39). Similar tendencies were observed when
the dimethylamino group was replaced either by a methyl or an
isopropyl group (compounds 40 and 41). Further structural modi-
fications of the dimethylamino group by elongation (compounds

S Cl


47
Cl


N
N 17 5


4
Cl


N N
N 5 3


49
Cl


N
N


N 12 7


50
Cl


N N
N 6 4


51 N
S Cl


N 8 5


52 N
S Cl


N 8 7


a IC50 Values in nM (FLIPR assay).







Table 4
Pharmacokinetic parameters of compounds 47–52 in rats following intravenous
administration at a dose of 1 mg/kg


Compound t1/2
a AUCb Clpc Vss


d


47 0.5 434 38 1.7
48 1.5 1290 13 1.5
49 0.9 1230 14 1
50 0.8 1140 15 0.7
51 0.6 327 51 1.0
52 0.8 536 32 1.5


a t1/2 Apparent terminal half-life expressed in hours.
b AUC, area under the plasma concentration versus time curve expressed in ng h/


mL.
c Clp, plasma clearance expressed in mL/min kg.
d Vss, volume of distribution at steady state expressed in L/kg.


Table 5
Pharmacokinetic parameters of compounds 47–52 in rats following oral administra-
tion at a dose of 10 mg/kg


Compound Cmax
a AUCb Tmax


c Fd


47 582 2290 0.5 35
48 754 3860 1.0 30
49 858 5660 4.0 46
50 872 4570 0.5 40
51 41 34 0.5 1
52 40 121 0.5 2


a Cmax, the maximum observed plasma concentration expressed in ng/mL.
b AUC,areaundertheplasmaconcentrationversustimecurveexpressedinng h/mL.
c tmax, time to reach the maximum observed plasma concentration expressed in


hours.
d F, oral bioavailability expressed in percent of dose.
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42 and 43) or cyclization (compounds 44 and 45) resulted in a
significant loss of potency on both orexin receptors.


To identify more potent dual antagonists and to improve
physicochemical properties of these sulfonamide orexin antago-
nists, compound 32 was selected as the starting point for further
optimization. These structural modifications consisted of introduc-
ing heteroaromatic ring systems in the anilinic and the tertiary
amide regions (Table 3). Interestingly, replacement of the
2-chloro-5-dimethylamino-phenyl moiety by a 6-chloro-3-
methyl-benzisothiazole group resulted in significantly better
affinity towards the OX1R (compound 46). Introduction of polar
heterocyclic systems in the tertiary amide region yielded the most
potent dual orexin antagonists identified so far in this class
(compounds 47–52).


Pharmacokinetic studies with selected compounds were carried
out in Wistar rats8 at intravenous and oral doses of 1 and 10 mg/kg,
respectively, (Tables 4 and 5) and demonstrated that encouraging
profiles with significant exposure were achieved. Generally, the
compounds exhibited low systemic plasma clearance except for
compound 51 (51 mL/min kg), good oral bioavailability (F > 30%)
and high AUC (>2300 ng h/mL). Compound 49 had the best phar-
macokinetic profile and possessed an oral bioavailability of 46%.
Surprisingly, replacement of the 2-chloro-5-dimethylamino-phe-
nyl moiety by the 6-chloro-3-methyl-benzisothiazole substituent,
as in compounds 51 and 52, resulted in a tremendous loss of the
pharmacokinetic profile with an oral bioavailability as low as for
compound 1.


In vivo effects on sleep and wake cycles and blood–brain barrier
(BBB) penetration were evaluated for compounds 47, 48, and 50 in
adult male Wistar rats.


Effects of those compounds were assessed in freely moving rats
implanted with radiotelemetric probes recording electroencepha-
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shown that almorexant (or ACT-078573), a dual OX1R/OX2R antag-
onist that crosses the blood–brain barrier decreases alertness and
increases non-REM and REM sleep in a dose-dependent manner
when administered at the beginning of the dark active phase in
rats.5


Tested under the same conditions (compound given orally at
the beginning of the dark active phase), compound 47 was the only
representative of this series that showed signs of activity on sleep
and wake stages. It was tested at 100 and 300 mg/kg po and
induced an apparent dose-dependent decrease in home cage activ-
ity (P < 0.0001, one-way ANOVA; Fig. 1A). The effect was significant
at 300 mg/kg (P < 0.0001, Bonferroni post hoc analysis) when com-
pared to vehicle control. We also observed a decrease in time spent
in active wake over the 12 h night period which was not significant
((P > 0.05, one-way ANOVA; Fig. 1B). Time spent in non-REM and
REM sleep were both increased in a dose-dependent manner over
the 12 h night period following administration (P = 0.0318 for non-
REM sleep and P = 0.0263 for REM sleep, one-way ANOVA). The
effect was significant at 300 mg/kg (P < 0.05, Bonferroni post hoc
analysis, Fig. 1C and D) when compared to vehicle control. Body
temperature was not significantly affected at any dose (P > 0.05,
one-way ANOVA).


BBB penetration was evaluated at two different time points
(1 and 3 h) following oral administration of 100 mg/kg. None of
those compounds (47, 48, and 50) showed substantial total brain
penetration. Concentration in brain was very low, in the range of
10–20 ng/g. Compound 47 showed the highest brain concentration
observed for this class of compounds, reaching 66 ng/g 3 h follow-
ing administration.


These total brain concentrations were sufficient to induce elec-
trophysiological signs of non-REM and REM sleep when compound
47 was administered at three times higher dosage (300 mg/kg po,
Fig. 1). Time spent in non-REM and REM sleep increased in physi-
ological proportion: over the 12 h night period, non-REM sleep rep-
resented 86% of the total sleep time for vehicle-treated animals and
83% for animal treated with compound 47 (at 300 mg/kg) and REM
sleep represented 14% of the total sleep time for the vehicle group
and 17% for the compound 47 group. These pharmacological effects
were achieved at total brain concentrations which are likely to be
lower than those needed for almorexant to elicit similar effects on
non-REM and REM sleep.5 Characteristic physicochemical parame-
ters (such as protein binding in plasma and brain or partitioning
into lipid and aqueous compartments) are likely to contribute to
differences in free extracellular concentrations reached in the brain
for compounds of different classes.


Despite such differences, our investigations with these N-gly-
cine-sulfonamides confirm the unique characteristics of dual orex-
in receptor antagonists. By transiently blocking the effects of
endogenous orexin-peptides, those antagonists mimic the physio-
logical state of sleep occurring when orexinergic neurons stop
firing.4


In conclusion, we have described a novel series of potent dual
orexin antagonists based on a N-glycine sulfonamide scaffold.
SAR studies based on screening hit 1 have been outlined. A combi-
nation of a 2-chloro-5-dimethylamino-phenyl or a 6-chloro-3-
methyl-benzisothiazole moiety in the anilinic region with polar
heterocyclic systems in the tertiary amide region led to the most
potent dual orexin receptor antagonists found so far in the litera-
ture. Generally, the series exhibited good oral bioavailability but
was associated with low BBB penetration. We further demon-
strated the ability of compound 47 to increase electrophysiological

markers of both non-REM and REM sleep in rats following oral
administration (at 300 mg/kg).
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Constraining the catechol aryl ether moiety of bastadins by incorporation into a macrocyle is not neces-
sary in order to mimic the effects of these marine natural products on neuronal calcium homeostasis.
Simple, acyclic analogs that embody the ‘western’ or ‘eastern’ parts of bastadins were found to evoke
comparable responses with bastadin 5.


� 2008 Elsevier Ltd. All rights reserved.

Controlled fluctuations in intracellular calcium cation (Ca2+)
concentrations play an important role in many cellular processes
such as muscle contraction, secretion, metabolism, and neuronal
function.1 Ryanodine receptors (RyR) are intracellular ion channels
that mediate the release of calcium ions from internal stores and
have been suggested as pharmacological targets for heart disease
and neurodegenerative diseases.2,3 Three isoforms (RyR1, RyR2,
and RyR3) are expressed by mammalian tissues: RyR1 is present
predominantly in skeletal muscle; RyR2 is found in cardiac muscle
and is the major brain isoform; RyR3 has a wide tissue distribution
and appears to be the major isoform in smooth muscle.2a


Bastadins (Fig. 1) are an ever-growing family of marine natural
products isolated from sponges of the order Verongida.4 Due to
their ability to interact with RyR1 channels, they are considered
useful chemical probes for related biological studies. Most of them
are macrocyclic bis-diaryl ethers and, depending on the relative
orientation of their diaryl ether segments, are further classified
either as bastaranes or isobastaranes. They feature unique a-oxi-
mino amides while the degree of ortho-bromination of the diaryl
ether moieties as well as the oxidation state of C5/C6 varies among
family members.
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Although bastadins share the same gross structural features, not
all of them interact with RyR channels. Seemingly subtle differ-
ences in their substitution pattern suffice to alter the response ob-
served.5 Thus, bastarane bastadin 5 is the most active member
(EC50 = 2.2 lM) and seems to stabilize both open and closed chan-
nel states but has little effect on the apparent sensitivity of the
channel to Ca2+ activation. The isobastarane with the same bro-
mination pattern, bastadin 19, although it competes for the same
binding site, does not mobilize Ca2+ from the channel
(EC50 > 100 lM). The unsaturated bastadin 7 (EC50 = 6.3 lM) fol-
lows closely bastadin 5 in terms of potency while its hydroxylated
relative bastadin 10, in contrast to bastadin 5, stabilizes primarily
the open-channel conformation and over sensitizes it to Ca2+


activation.
Until recently, further structure–activity relationship (SAR)


studies were limited to the use of naturally occurring bastadins
and were hampered by the fact that not all members are readily
available. We have previously reported a general and flexible syn-
thetic strategy towards bastadins, which allows for the synthesis of
both bastaranes and isobastaranes with all possible bromination
patterns.6 Molinski et al. have prepared simplified cyclic analogues
of the ‘western’ hemisphere of bastadin 5 by an alternative strategy
and investigated their effect on RyR1 channels (Fig. 2).7 This study
reiterated the importance of the diarylether unit substitution pat-
tern and illustrated that simpler analogs can retain the activity of
more structurally complex natural bastadins.
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Figure 3. Effects of bastadin 5 and analogues on the intracellular calcium level in
primary cultures of rat cerebellar granule cells. Synthetic bastadin 5 as well as
analogues 2a, 2b, and 4 (all compounds 20 lM) were applied after 60 s of
incubation. Analog 4 was also applied in the presence of 200 lM ryanodine (4 + R)
or 50 lM FK506 (4 + FK). Results, means ± SD (n = 15) are presented as percent
changes in the intensity of fluorescence compared with the basal level (F/F0). The
presented data are from one of three independent experiments using different
cultures that gave qualitatively identical results.
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Subsequently, we have investigated the effect of several syn-
thetic bastadins, including bastadins 5 and 10, on the RyR2 recep-
tors employing primary cultures of rat cerebellar granule neurons
and observed that they elicit responses similar to the ones previ-
ously identified on skeletal RyR1 receptors.8 Intrigued by the above
mentioned structure–activity relationships, we examined and re-
port herein the effect of simple acyclic analogues of ‘eastern’ and
‘western’ parts of bastadins (2a, 2b, and 4; Scheme 1) on calcium
homeostasis in cultured neurons.


These compounds were readily prepared (Scheme 1) from key
synthetic intermediates of our total synthesis effort.6d Thus, benzo-
ylation of amine 1 (1:1 mixture of mono- and dibromo-derivative),
followed by cleavage of the Boc protective group and a second ben-
zoylation furnished a separable mixture of dibenzoylamides 2a and
2b in 76% overall yield.9 On the other hand, hydrolysis of methyl
ester 3 followed by coupling of the resulting diacid with n-butyl-
amine and final benzyl ether cleavage, upon treatment with BBr3


in the presence of thioanisole, yielded derivative 4 in 33% overall
yield.9


The ability of bastadin 5 (positive control) and the acyclic ana-
logues 2a, 2b, and 4 to increase the intracellular calcium concen-
tration in cultured rat cerebellar granule cells10 was evaluated
using FLUO-3, a calcium-sensitive fluorescent probe. After loading
the cells with the fluorescent probe, the compounds were applied
to the incubation medium in equal concentration (20 lM) and the

initial level of fluorescence was measured using confocal micros-
copy (Fig. 3).11 Synthetic bastadin 5, which in the control experi-
ments demonstrated identical calcium mobilizing potential with
the natural, commercially available product (results not shown),
induced a substantial increase in the FLUO-3 fluorescence, indicat-
ing its ability to release calcium from the intracellular stores.8


From the three analogs tested, 4 induced the most potent calcium
transients comparable with the effects of bastadin 5 and even more
dynamic. Analogue 2b was less potent, whereas analog 2a had
practically no effect on the neuronal free calcium level.


Increases of intracellular Ca2+ concentration may arise from
intracellular stores calcium release and/or from extracellular Ca2+


influx. Thus, in order to characterize bastadin-induced changes in
calcium homeostasis, apart from measurements of the intracellular
calcium level detected with FLUO-3 fluorescence, we monitored
also the influx of extracellular calcium to neurons employing
45Ca2+ isotope.12 As presented in Fig. 4, application of bastadin 5
significantly increased uptake of 45Ca2+ in the cultured neurons.
Moreover the effect of the acyclic analogs on calcium accumulation
mirrored the picture observed for their effect on the intracellular







Figure 4. Effects of bastadin 5 and analogues 2a, 2b, and 4 (all compounds 20 lM)
on 45Ca2+ uptake in cultured cerebellar granule cells. Accumulation of 45Ca2+ was
measured after 10 min incubation with the compounds and results (means ± SD,
n = 6) are presented as percent of control. All results were significantly different
from the control (P < 0.05) as verified with ANOVA test.
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calcium concentration, that is, the effect of 4 > 2b > 2a, the latter
being very slight.


The fact that the influx of 45Ca2+ to neurons evoked by applica-
tion of bastadin 5 and some of the synthetic analogues correlates
with increases in the intracellular calcium levels could be an
indication that they directly activate the receptor-operated or volt-
age-sensitive calcium channels in neuronal plasma membranes.
However, similarly to our previous studies on bastadins (including
bastadin 5),8 increases in the intracellular calcium levels induced
by the most potent analog 4 were found to be sensitive to high con-
centrations of ryanodine and FK506 (Fig. 3).13 This observation
clearly indicates that ryanodine receptors are the primary targets
for their pharmacological activity. Thus, the influx of extracellular
calcium to bastadin-treated neurons appears to be a secondary
effect resulting from the release of calcium from the ryanodine-
sensitive pool. This release leads, in turn, to stimulation of gluta-
mate release from the glutamatergic cerebellar granule neurons
or otherwise leads to secondary activation of the NMDA receptors,
as it has been recently described for PCB 95.14 Therefore both bast-
adin-induced phenomena, an increase in FLUO-3 fluorescence and
activation of 45Ca2+ uptake, represent different aspects of the same
primary biological phenomenon: the release of calcium via ryano-
dine receptors in neurons.


Our newly prepared acyclic analogues embody segments of dif-
ferent naturally occurring bastadins: compound 2a embodies the
‘western’ part of bastadin 16 while compound 2b embodies the
corresponding segment of bastadins 9, 13 and 21; compound 4
embodies the ‘eastern’ part of bastadins 4, 5, 6, 8, 9, 11, 13,16, 17
and 19. It should be noted, however, that recent structure–activity
relationship (SAR) studies by Molinski et al. indicated that the
ketoximino groups present in the natural products are not required
for activity and thus the difference between ‘western’ and ‘eastern’
parts becomes less profound.7 Furthermore, the same studies
strongly support the importance of the shape and size of the mac-
rocyclic half-bastadins. Interestingly, our findings clearly indicate
that constraining the C–O–C–C torsional angle by incorporating
the diarylether in a macrocycle is not a prerequisite for activity.
Thus, the catechol aryl ether substitution pattern potentially plays
the decisive role regarding calcium mobilization activity. The avail-
able data would seem to indicate that a para-substituted catechol
ortho-brominated-para-substituted aryl ether, like the one found
in 2b, is required. This pattern is maintained in compounds 2a
and 4. Intriguingly, introduction of an extra bromine substituent

ortho- to the ether linkage (2a) leads to diminished activity while
introduction of an additional bromine ortho- to the catechol (4)
has the opposite result. Clearly further studies are needed to deci-
pher the effect of aryl substitution pattern.


In conclusion, our results confirm that the calcium-mobilizing
potential of bastadins critically depends on the presence and
location of aryl substituents and indicate that constraining of the
diarylether moiety in a macrocycle is not a prerequisite for activity.
Thus, a major simplification of the structure of bastadins, resulting
in open-chain analogs that conserve the bromocatechol ether
moiety, is possible without obligatory lose of their ability to release
calcium via ryanodine receptors. Some of these compounds, in
particular the one embodying the dibromocatechol ether moiety
found in bastadin 5, retain this activity. This major structural
simplification facilitates the development of novel chemical probes
for the study of RyR channels and at the same time compels further
investigations to illuminate the modulating effect that ‘satellite’
substituents (i.e., local and nature of further aromatic ring
substitution, aliphatic chain length, and substitution pattern)
may exert.
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Overexpression of the epidermal growth factor receptor tyro-
sine kinases1 EGFR (ErbB-1) and/or HER-2 (ErbB-2) has been impli-
cated in a variety of cancers.2 The ability to disrupt the ErbB-family
signaling pathway either by monoclonal antibody therapy3 or
small molecule ATP-competitive kinase inhibitors has yielded no-
vel anticancer agents.4 A common chemical class of the initial TK
inhibitors is the 4-anilinoquinazolines. This class has provided
the reversible ErbB-family inhibitors gefinitib,5 erlotinib,6 and
lapatinib.7 The latter possesses a novel anilino-aryl head-group
that yields dual EGFR/ErbB-2 potency (Fig. 1).8 The quinazoline
ErbB-family inhibitor canertinib9 contains an acrylamide Michael
acceptor that forms a covalent bond with a Cys residue (Cys733 in
EGFR and Cys805 in ErbB-2).10 A potential advantage of a covalent
agent is the prolonged inhibition of the enzyme, thereby compet-
ing with the high intracellular concentrations of ATP to effectively
impair the ErbB-signaling pathway.11


In an effort to find effective dual inhibitors of EGFR and ErbB-2
from a distinct structural class relative to lapatinib, we discovered
that pyrrolidinyl-acetylenic thienopyrimidines (1) are potent and
selective EGFR/ErbB-2 enzyme inhibitors, with the ability to react
irreversibly with the Cys733 of EGFR.12 Previous SAR exploration
had indicated that analogs with a basic propargylic nitrogen tend
to show greater covalent reactivity.12 This paper describes our fur-
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ther synthetic explorations and the in vitro characterization of se-
lected members of this class of receptor tyrosine kinase inhibitors.


As shown in Scheme 1, the synthesis of the analogs begins with
the known acetylenic pyrrolidines (2, 3)13 which were separately
coupled to the known thienopyrimidinyl bromide 414 via Sono-
gashira reaction to afford the desired alkynes 5, 6. Subsequent
deprotection with TFA in CH2Cl2 yielded the desired analogs 7
and 8. In order to assess the role of the basic pyrrolidine nitrogen

N


N


ON
O canertinib


Figure 1. Quinazoline and thienopyrimidine-based ErbB-family inhibitors.
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Figure 2. Superimposition of a possible binding conformation of lapatinib (green)
and 8 (red) docked into ErbB-2.
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present in 8, we performed a series of chemoselective reactions, in
which the pyrrolidine nitrogen was alkylated (9), sulfonylated (10),
acylated (11), or carbamoylated (12).


Analogs were initially assayed for their intrinsic potency against
EGFR and ErbB-2. Since these analogs possess the ability to cova-
lently modify either EGFR or ErbB-2, it should be noted that the
IC50 values are time-dependent and may vary significantly as a
function of incubation time.15 The data presented is the apparent
IC50 values obtained with a 40-min reaction. The analogs were fur-
ther progressed to assess their inhibition of cellular proliferation
against two transformed cell lines, whose proliferation was driven
by the targets of interest: EGFR (HN5) and ErbB-2 (BT474).16


Comparison of the unsubstituted pyrrolidines 7 and 8 revealed
that 8 was clearly more potent on the enzyme and also somewhat
more effective at inhibiting cellular proliferation (Table 1). Inter-
estingly, pyrrolidine 8 was also significantly more reactive, modify-
ing the EGFR kinase 47% after 3 h, versus 15% for pyrrolidine 7.


Functionalization of the pyrrolidine nitrogen with electron
withdrawing substituents yielded analogs with generally reduced
cellular efficacy (7 vs 10, 12), despite roughly similar enzyme
potencies. Interestingly, amide 11 was a more potent inhibitor of
EGFR than 7. Reducing the basicity of the pyrrolidine nitrogen in
analogs 10, 11, and 12 also abrogated their ability to covalently

Table 1
EGFR and ErbB-2 kinase and cell proliferation inhibition


Analog Enzyme IC50
a,b (nM) Cellular IC50


a (nM) EGFR mod.c (%)


EGFR ErbB-2 HN5 BT474


7 109 54 536 205 15
8 7 13 238 94 47
9 130 110 190 110 19
10 120 88 550 650 0
11 58 38 37 670 0
12 140 120 590 1700 0


a Average values, n > 2.
b Since these analogs possess the ability to covalently modify either EGFR, ErbB-2


or ErbB-4 it should be noted that the IC50 results are time-dependent and may vary
significantly as a function of incubation time. The data presented is the apparent
IC50 obtained with the 40-min reaction.


c Value represents % covalent modification after 3 h. For experimental details, see
Ref. 12.

modify EGFR. Therefore, while derivatization of the pyrrolidine
nitrogen yielded potent enzyme inhibitors, these analogs were
generally less effective at inhibiting cell proliferation than the par-
ent analogs 7 and 8, particularly against the BT474 line.


An overlay of lapatinib and 8, each docked into a model of ErbB-2,
revealed that functionalization of C4 of the pyrrolidine ring might ac-
cess similar chemical space as the sulfone tail present in lapatinib
(Fig. 2). We found that the 4-hydroxy group of the commercially
available N-BOC-trans-4-hydroxy-L-proline methyl ester (13) affor-
ded access to a variety of such analogs. The ester 13 was treated
sequentially with DIBAL-H, then with the modified Seyferth–Gilbert
reagent17 under previously disclosed one-pot conditions,18 to afford
the key alkyne intermediate 14a (Scheme 2). Generation of the so-
dium alkoxide derived from 14a followed by addition of the appro-
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Scheme 2. Reagents and conditions: (a) 1—DIBAL-H, �78 �C, toluene; then, MeOH;
2—MeC(@O)C(@N2)P(@O)(OCH3)2, K2CO3, 0 �C to rt; (b) NaH, 0 �C, DMF; then EtI, rt;
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Et3N, 0 �C to rt, CH2Cl2; (e) for 14f–i: isocyanate, DMAP, 60 �C, DMF; (f) NaN3, DMF,
70 �C; (g) Ph3P, H2O, 25 �C, THF; (h) for 14j: EtOC(O)Cl, Et3N, 0 �C to rt; (i) for 14k:
MsCl, Et3N, 0 �C to rt, CH2Cl2; (j) 4, (Ph3P)2PdCl2, CuI, Et3N, 60 �C, THF; (k) TFA, 0 �C
to rt, CH2Cl2.







Table 2
Comparison of enzyme and cellular potency


Analog R= Enzyme IC50
a,b,c (nM) Cellular IC50


a (nM)


EGFRc ErbB-2 HN5 BT474


15a –OH 14 (ND)d 11 160 39
15b –OEt 115 (21%) 98 99 45
15c –OSO2CH3 81 (ND) 40 380 86


15d
O


O
CH3


63 (0%) 90 52 18


15e
O


O


O
Et 141 (0%) 135 200 34


15f
O


O


N
H


CH3 50 (17%) 20 58 28


15g
O


O


N
H


Et 32 (24%) 43 95 30


15h O


O


N
CH3


CH3


28 (11%) 68 100 30


15i O


O


N
O


65 (5%) 84 160 30


15j
N
H


O


O
Et 60 (41%) 78 113 40


15k –NHSO2Et 50 (26%) 87 127 42


a Average values P2.
b Number in parentheses is % covalent modification of EGFR after 3 h.
c See footnote b in Table 1.
d ND, not determined.
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priate alkyl halide provided 14b. Mesylation of 14a with MsCl and
Et3N afforded sulfonate 14c. The hydroxyl moiety was also function-
alized with either acid chlorides or chloroformates affording alkynes
14d and 14e, respectively. Heating 14a with an isocyanate in pres-
ence of DMAP yielded carbamates 14f–i. In addition to oxygen-
based functional groups, we also explored other substituents at C4


of the pyrrolidine. Mesylation of the 4R antipode of 14a19 with MsCl
and Et3N afforded mesylate 17, and subsequent reaction with NaN3


followed by a Staudinger reduction provided a crude aminopyrrol-
idine. This aminopyrrolidine was treated with an isocyanate to give
carbamate 14j, or with methanesulfonyl chloride to yield the sulfon-
amide 14k. The individual functionalized pyrrolidine alkynes 14a–k
were then coupled under Sonogashira reaction conditions with bro-
mide 4. Deprotection of the BOC-group with TFA afforded the de-
sired analogs (15a–15k).


The initial lead for this SAR endeavor, 15a (R = (R)-OH), was
quite potent relative to 7 on both the enzyme and on trans-
formed cell lines, particularly the ErbB-2 overexpressing BT474
line (Table 2); unfortunately, the murine oral exposure was quite
low (DNAUC = 9 ng h/mL/mg/kg). A simple alkyl ether 15b man-
aged to retain cellular activity, but also suffered from poor oral
exposure. A survey of other functionalities such as sulfonate
(15c), ester (15d), or carbonate (15e), also provided analogs with
generally comparable cellular activity to 15a. Carbamate 15f re-
tained enzyme and cell activity but possessed only marginally
better oral exposure (DNAUC = 18 ng h/mL/mg/kg). In contrast,
the ethyl carbamate 15g provided significantly increased mouse

oral exposure (DNAUC = 61 ng h/mL/mg/kg) to complement its
potency. Secondary carbamates were also explored. The dimethyl
amino carbamate 15h demonstrated potent inhibition in the en-
zyme and cell assays, displayed reduced covalent modification as
compared with 7 or 15g, and also showed good oral exposure in
the mouse (DNAUC = 93 ng h/mL/kg). However, the morpholine
analog 15i showed somewhat reduced potency compared with
15g, particularly on the EGFR enzyme and the HN5 (EGFR over-
expressing) cell line. The amine attached sulfonamide and carba-
mate, 15j and 15k, respectively, were also found to be potent in
the primary assays and were more reactive in the covalent mod-
ification assay than many of the other C4-substituted analogs.


In conclusion, we describe novel acetylenic pyrrolidine thie-
no[3,2-d]pyrimidines that are potent, selective dual EGFR/ErbB-2
enzyme inhibitors with good anti-proliferative activity against
EGFR and ErbB-2 overexpressing tumor lines. In addition, we have
presented our SAR findings around both the pyrrolidine nitrogen
and the C4-substituent. The C4-carbamoyl analog 15g was found
to have desirable enzyme and cell potency while displaying good
mouse oral PK. In addition, the secondary carbamate 15h was
found to be among the most potent molecules in the series and
also demonstrated exposure from an oral dose in the mouse. On
the basis of these encouraging results, the SAR of C4-carbamates
has been further developed and the pre-clinical developability of
these compounds has been probed. The results will be disclosed
in a future communication.
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Acetogenins of the Annonaceae are strong inhibitors of mitochondrial complex I but discrepancies in the
structure/activity relationships pled the search for other targets within the whole cell proteome. Combin-
ing hemisynthetic work, Cu-catalyzed Huisgen cycloaddition and proteomic techniques we have identi-
fied new putative protein targets of squamocin ruling out the previously accepted ‘complex I dogma’.
These results give new insights into the mechanism of action of these potent neurotoxic molecules.


� 2008 Elsevier Ltd. All rights reserved.

Acetogenins of the Annonaceae constitute a broad group of sec-
ondary metabolites with impressive biological activities and have
been considered as important leads for new anticancer drugs.1


But recently, acetogenins of the Annonaceae have been suspected
to be involved in neurodegenerative disorders such as fatal atypical
parkinsonisms in worldwide areas where annonaceous-derived
edible products or traditional medicines are comsummated.2 The
hyperactivity of the acetogenins of the Annonaceae in conjunction
with this new public health issue claim for urgent biological stud-
ies for a better understanding of their exact mechanisms of action.3


Therefore, we have embarked on synthetic investigations on
squamocin 1,4 an ubiquitous acetogenin of the Annonaceae
extracted, for example, from the seeds of Annona reticulata.
Squamocin 1 (Fig. 1) possesses a terminal a,b-unsaturated
c-lactone and a central polar part consisting in two tetrahydrofu-
ran rings and three secondary alcohol functions.

ll rights reserved.


x: +33 1 46 83 53 99.
on).

Annonaceous acetogenins are known to be strong inhibitors of
mitochondrial complex I (NADH-ubiquinone reductase)4b and
inducers of cell-apoptosis. One of the main facts resulting from
all pharmacomodulation studies conducted by us and many other
groups is the absence of any clear link between complex I inhibi-
tion and apoptosis and/or cytotoxicity. In this Communication, a
program directed towards the identification of acetogenin biologi-
cal targets is reported. It is inspired by Affinity-Based Protein
Profiling (ABPP) as part of chemical proteomic technologies.5


In fact, from a chemical reactivity point of view, the work of
Duval et al.4e suggested that the a,b-unsaturated c-lactone could
constitute a possible electrophilic functional group that may cova-
lently bind to nucleophilic residues in specific protein targets.6


Among the chemical tools towards the design of chemical probes
for functional proteomics developed in the recent years we chose
to exploit the CuI-catalyzed version of the azide-alkyne Huisgen
cycloaddition7 (‘Click-chemistry-based ABPP’). To this aim, we
needed chemical probes derived from 1. The first target was mole-
cule 2, suitable for a ‘tag-free’ strategy. For this purpose we needed
a N3 group as a viable chemical reporter on an almost complete
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Figure 1. Structure of squamocine 1, key RSA data and potential protein-reactive sites.
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squamocin skeleton (keeping unchanged the lactone ring and the
bis-hydroxy/THF part) for detection of substrate-target covalent
adducts by tagging with a fluorophore in whole proteomes. Central
in our strategy was the search for a selective introduction of an
azido group at C-28. Interestingly, the direct introduction of the
azido group was successful in our case using Mitsunobu-type reac-
tion with diphenylphosphorazide8 leading to 2 as a probe for ‘tag-
free’ ABPP. Having reached this key-molecule, a new probe (3) was
synthesized in the classical conditions described for the catalyzed
Huisgen-type cycloaddition of azides with terminal alkynes.9 In
moving on to the next approach, a bifunctional derivative 4 bearing
(i) a reactive function for photoaffinity labeling in place of the ter-
minal lactone and (ii) the fluorescent group at position 28 was pre-
pared. 9


Confocal microscopy with laser scanning allowed us to identify
more precisely the organelles targeted by 5 (with the fluorescein
moiety in place of the lactone ring).4a At first, intracellular localiza-
tion of probes 3 and 5 was studied (Fig. 2). In Hela cells, after 6 h, 3

Figure 2. Kinetic study of the penetration of probe 5 in Hela cells (A) and visualization
labeled with Mitotracker Red CMXRos�. At t = 0, 10 lM of 5 were injected in the culture
CMXRos and 5 stainings. (B) Hela cells were treated with 3 or 5 (green) for 6 h and mitoch
predominantly addressed to the mitochondria (71% and 62%, respectively, LSM Image�

and 5 were predominantly, but not solely, addressed to the mito-
chondria (71% and 62%, respectively, LSM Image Browser
software).


Kinetic studies were also performed with 5 and shown a rapid
internalization into the cell (5–10 min) and a mitochondrial local-
ization after 15–25 min. This latter is completed after 40 min, that
is to say far before the observation of the mitochondrial transmem-
brane potential (MTP) disruption, an early stage feature of apopto-
sis (typically 3–6 h with annonaceous acetogenins.4c These
discrepancies, both in terms of localization and kinetic, prompted
us to further search for other targets than mitochondrial complex
I on which acetogenins such as 1 could covalently bind.


We first decided to study probe 3. Jurkat-T cells were incubated
with 3 (10 lM for 24 h). The optimal protocol for both 1D and 2D
(IEF/SDS–PAGE) electrophoresis was established in denaturating
conditions.


Affinity-isolated proteins were first separated and visualized by
1D (SDS–PAGE) and in-gel fluorescence scanning with Coomassie

of the colocalisation of 3 and 5 with mitochondria (B). (A) Hela mitochondria were
medium and acquisitions were realized. (i) Hela cells labeled with 5. (ii) Overlays of
ondria were labeled with CMXRos (red). The overlay indicated that both probes were
Browser software).







Figure 3. 2D-electrophoresis of total proteins (A) and from Jurkat cells treated by probe 3 (B). Seven proteins (i–vii) are labeled by probe 3 in a reproducible manner (three
independent experiments): i, ii, vi and vii were identified (see text).
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co-staining to directly visualize protein bands.9 Less than 10
protein bands (ranging from 20 to 80 kDa) were labeled in a
specific and reproducible manner. Interestingly, the electropho-
retic profile was identical when cells were treated with photoprobe
4 for 24 h and then photoactivated to establish a covalent link to its
nearby environmental proteins in vivo.10


The 2D gel showed seven proteins which were reproducibly
fluorescent. Protein spots were excised, digested by trypsin and
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Scheme 1. Synthesis of squamocin-derived probes. See

analyzed by MALDI-TOF/TOF mass spectrometry. Spots (i), (ii),
(vi) and (vii) (Fig. 3) correspond, respectively, to the COP9 signalo-
some complex subunit 7b (MW 30 kDa, pI 5.83), an enzymatic
complex associated with the ubiquitinylation and phosphorylation
of transcription factors (p53 for example),11 the glutathione trans-
ferase omega 1 (MW 27 kDa, pI 6.23), an enzyme involved in
detoxification,12 the flavoprotein subunit of succinate dehydroge-
nase (MW 73 kDa, pI 7.06) also known as mitochondrial complex
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Supporting Information for experimental details.
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II13 and to the disulfide isomerase (MW 57 kDa, pI 4.76), a chaper-
one protein from endoplasmic reticulum.14 Proteins (iii)–(v) could
not be identified as the protein amount was not sufficient. How-
ever their molecular weights around 30 kDa as the ND1-subunit
of mitochondrial complex I is promising.3g


The ultimate challenge in our approach ideally entailed using
probe 2 for tag-free ABPP, that is, in vivo covalent interactions of
2 with its targets and subsequent labeling of the bio-orthogonal
azide chemical reporter group in vitro on whole proteomes. Unfor-
tunately, an unspecific labeling of proteins by propargylfluorescein
was systematically observed. Possible reasons can be put forward
for this failure and are inherent to acetogenin structures and phys-
icochemical properties. Previously reported successes of this latter
strategy15 dealt with the targeting/identification of soluble cyto-
solic proteins or expressed proteins. In our case, membrane associ-
ated targets and a strong affinity of acetogenins to lipids may
considerably complicate the task making the 28-azide totally
inaccessible for chemical modifications on whole proteome
(Scheme 1).


In conclusion, an acetogenin of the Annonaceae was converted
to activity-based probes for chemical proteomics. But mainly, we
were able to identify new putative targets including mitochondrial
(vi), but also cytosolic (i and ii) and reticulum associated (vii)
enzymes.16 This rules out the ‘complex I dogma’ and opens the
way to major new developments in biology for the comprehension
of both cytotoxicity and neurotoxicity of this class of secondary
metabolites which are found in edible products from the Annona-
ceae and constitute an important public health issue. These results
also validate the particular importance of natural products in the
exploration of proteome.17
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An antimicrobial phenolic stilbene, (E)-3-hydroxy-5-methoxystilbene, 1 was recently isolated from the
leaves of Comptonia peregrina (L.) Coulter and shown to possess inhibitory activity against several
Gram-positive bacteria, including isolates of methicillin-resistant Staphylococcus aureus (MRSA), Myco-
bacterium bovis BCG, and avirulent Bacillus anthracis (Sterne strain), among others. These results
prompted the design and synthesis of two new classes of compounds, phenoxystyrenes and phenothio-
styrenes, as analogs of the natural antimicrobial stilbene. These and additional stilbenoid analogs were
synthesized using new, efficient, copper-mediated coupling strategies. Minimum inhibitory concentra-
tion (MIC) antimicrobial assays were performed on all compounds prepared. These preliminary struc-
ture–activity relationship studies indicated that both new classes of synthetic analogs, as well as the
stilbenes, show promising activity against Gram-positive bacteria when at least one phenolic moiety is
present, but not when absent. The potencies of the phenolic phenoxystyrenes and phenothiostyrenes
were found to be comparable to those of the phenolic stilbenes tested.


� 2008 Elsevier Ltd. All rights reserved.

As part of our ongoing ethnopharmacological efforts to discover
new molecules that might be used to combat clinically significant
bacterial infections, we identified the phenolic stilbene, (E)-3-hy-
droxy-5-methoxystilbene, 1 in the leaves of the shrub, Comptonia
peregrina (L.) Coulter (‘sweet fern’).1 This plant has been used tra-
ditionally for its antimicrobial and other biological properties by a
number of native North American cultures of the Great Lakes and
Maritime regions.2 Although the cytoxic compound, methyl-p-
coumarate had previously been found in this plant,3 along with
numerous other compounds isolated from the essential oil,4 stil-
bene 1 had not previously been reported to be present in C. pere-
grina. Interestingly, compound 1 was identified in the plants,
Didymochlaena truncatala (Sw.) J. Sm (Dryopteridaceae)5 and Alpi-
nia katsumadai Hayata.6 However, the antimicrobial properties of
this natural stilbene 1 were not reported in either of the prior
studies.
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After the purification of the natural product 1, a battery of
minimum inhibitory concentration (MIC) assays was performed
to assess the range of antimicrobial activity.7 Analysis of those
studies indicated that 1 exhibited selective inhibition of the
growth of numerous clinically relevant Gram-positive bacteria
at reasonably low concentrations.1 For example, 1 was found to
inhibit the growth of methicillin-resistant Staphylococcus aureus
(MRSA) with an MIC of 32 lg/mL and of vancomycin-resistant
enterococci (VRE) with an MIC of 16 lg/mL (Table 1).1 Currently,
MRSA and VRE are two bacterial species of growing concern to
the medical community because of the development of wide-
spread resistance to existing frontline drugs.8–10 In addition, 1
also showed very good inhibitory activity against the Sterne
strain of Bacillus anthracis (MIC 8 lg/mL), the attenuated variant
of the causative species of anthrax, as well as promising activity
against other related Bacillus species (Table 1). Furthermore, nat-
ural product 1 was found to be effective in inhibiting the growth
of Mycobacterium bovis with an MIC of 26 lg/mL, which indicated
it might serve as a promising lead scaffold in the development of
drugs used to combat drug resistant Mycobacterium tuberculosis
infections.
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Table 1
Minimum inhibitory concentrations (MIC) of (E)-3-hydroxy-5-methoxystilbene 1
purified from C. peregrina against several species of bacteriaa


Organisms Gram reaction MIC (lg/mL)


Corynebacterium xerosis + 16
Corynebacterium diphtheriae Tox- + 32
Corynebacterium pseudodipthericum + 16
Staphylococcus aureus ATCC 29213 + 32
Staphylococcus aureus ATCC 25923 + 32
Staphylococcus aureus MRSA MC-1 + 32
Staphylococcus aureus MRSA MC-4 + 32
Enterococcus faecium VRE 1 + 16
Enterococcus faecium VRE 14 + 16
Enterococcus faecalis ATCC 29212 + 16
Listeria monocytogenes + 32
Streptococcus mitis + 64
Streptococcus agalactiae + 32
Streptococcus pyogenes + 16
Streptococcus pneumoniae ATCC 49619 + 8
Bacillus cereus + 16
Bacillus megaterium + 64
Bacillus subtilis + 16
Bacillus anthracis (Sterne strain) + 8
Mycobacterium bovis BCG N/A 26
Escherichia coli – >128
Pseudomonas aeruginosa – >128


a Values represent the mean of three experiments. ATCC, American Type Culture
Collection; MRSA, methicillin-resistant Staphylococcus aureus; VRE, vancomycin-
resistant enterococci.
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Organic and medicinal chemists have found trans-stilbene scaf-
folds to be an intriguing structural class of compounds (e.g., see
methoxylated and phenolic stilbenes, Fig. 1).11,12 These stilbene
scaffolds may be considered to be ‘privileged structures’ because
of their wide variety of biological activity.11,12 Indeed, (E)-stilbe-
noid compounds are widely distributed throughout nature,13–15


and natural methoxylated and phenolic stilbenes are found in
numerous medicinal plants and food products.11,12 For instance,
the natural phenolic stilbene, resveratrol (trans-3,5,40-trihydroxy-
stilbene), has been shown to possess a diverse range of biological
and potential therapeutic properties.11–26 Specifically, resveratrol
and its related substituted (E)-stilbenes have been forwarded as
potential: (i) cancer chemotherapeutic agents that inhibit in vitro
growth of human cancer cell lines;11–15 (ii) anti-inflammatory
agents that act through the cyclooxygenase (COX) enzyme inhibi-
tion mechanism;16–18 and (iii) antioxidants,18 which may serve as
chemo-protective agents. Resveratrol and its analogs also may pre-
vent heart disease due to the lipid lowering effects and through the
inhibition of lipid peroxidation.14 Additional properties of resvera-
trol, such as radical scavenging,15 neuroprotection,15 antiviral
activity,15 antibacterial activity,18–23 inhibition of SARS coronavirus
replication,24 anti-platelet aggregation,25 anti-carcinogenic activ-
ity,25 anti-HIV activity,25 and inhibition of human cytochrome
P450 1B126 have all recently been documented.


On the basis of the many reports on the activity of substituted
stilbenes such as resveratrol, as well as the promising antimicro-
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Figure 1. General structures of methoxylated and phenolic (E)-stilbenes.

bial studies on the natural stilbene 1, the design and synthesis of
chemically novel analogs of these compounds was undertaken.1


It was envisioned that functionalized analogs of E-phenoxysty-
renes and E-phenothiostyrenes might fill this role; consequently,
new synthetic approaches were developed to create these new
agents.1 In addition, the synthetic methods developed for the prep-
aration of the phenoxystyrenes and phenothiostyrenes was ex-
tended to the construction of several substituted E-stilbenoid
analogs to explore the structure–antimicrobial activity relation-
ships of these classes of compounds related to 1 in greater detail.


Initially, it was decided to prepare gram quantities of the active
natural stilbene 1, and this was accomplished using a Horner–
Wadsworth–Emmons process, as shown in Scheme 1.16 This novel
approach to creating the substituted stilbenes was convenient and
inexpensive, and the relatively high yields easily produced gram
quantities of the desired targets. The condensation of the benzyl
bromide-derived phosphorate and 3,5-dimethoxybenzaldehyde,
under basic conditions, yielded a mixture of stilbenes 1a in a Z:E
ratio of approximately 1:4 (Scheme 1). The pure E-3,5-dimethoxy-
stilbene 1a was obtained from this mixture by crystallization from
methanol and water. Subsequent mono-demethylation of (E)-1a
using BBr3 at �78 �C gave the desired phenolic stilbene 1 in good
yield.


To begin construction of derivatives of 1 for SAR studies, a prac-
tical synthesis was developed using a Negishi cross-coupling pro-
cess that was directly applied to thiophenes 3 and 4 to give the
2- and 3-styrylthiophenes 5, 6, 8, and 9 (Scheme 2).27 This ap-
proach, gratifyingly, gave only the desired (E)-alkene isomers,
thereby eliminating the need for the tedious separation of the un-
wanted (Z)-isomer. Importantly, the phenolic 2- and 3-styrylthi-
ophenes 8 and 9, respectively, were produced efficiently using
this one-pot process.27 Thus, coupling between the TBDPS-pro-
tected arylvinyl iodide 7 and the thiophenyl zinc reagent, followed
by deprotection using TBAF–THF, afforded the target phenolic sty-
rylthiophenes without the requirement of an extra demethylation
step.


It was then felt extension of the vinyl linkage of the stilbenes by
addition of either an oxygen or sulfur heteroatom would yield no-
vel, unnatural phenoxystyrene and phenothiostyrene scaffolds that
might exhibit enhanced antimicrobial activity. Therefore, the phe-
nolic phenoxystyrene analogs 10-15 and the phenolic phenoxy-
thiostyrene analog 16 were prepared employing copper(I)-
catalyzed coupling reactions that were recently developed in this
laboratory (Scheme 3).28 This process involved the cross-coupling
between the aryl vinyl iodide 7 and the corresponding phenols or
thiophenol.28 In similar fashion to the sequence outlined in Scheme
2, this copper-mediated coupling reaction and the subsequent
deprotection could be carried out conveniently in one reaction ves-
sel. Overall, this approach provided an efficient and high-yielding
access to these new classes of phenolic stilbene analogs.


Motivated by the positive results obtained from the reactions
outlined in Scheme 3, the corresponding oxy-functionalized, dime-
thoxy phenoxystyrene and phenothiostyrene analogs 17–23, were
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Scheme 1. Reagents and conditions: (a) P(OEt)3, 130 �C, 3 h; (b) NaH, DMF, 0 �C,
3,5-dimethoxybenzaldehyde, rt, 3 h; (c) BBr3, CH2Cl2, �78 �C, 12 h.
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Scheme 3. Reagents and conditions: (a) ArXH, Cu(I)Cl, NMM, Cs2CO3, toluene,
reflux, 12–16 h; (b) TBAF�THF, rt, 2 h.
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Scheme 5. Reagents and conditions: (a) TBDPSCl, imidazole, DMF, �20 �C, 10 min;
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also prepared using the same copper(I) mediated coupling ap-
proach (Scheme 4).28 These cross-coupling reactions were carried
out between dimethoxy aryl vinyl iodide 2 and the same phenols,
or thiophenol presented in Scheme 3.


The apparent versatility of this coupling method for this class of
compounds prompted the modification of the asymmetric phen-
oxystyrene scaffold by placing the hydroxy/methoxy groups on
the phenoxy ring rather than the styryl ring, as represented in
compounds 26 and 29 (Scheme 5). As shown in the scheme, the
O-protected monophenol 25 gave the ‘reversed’ phenolic phenoxy-
styrene 26 after coupling with phenylvinyl iodide 28 and subse-
quent deprotection. Similarly, the dimethoxy phenoxystyrene 29
was obtained after coupling between 28 and 3,5-dimethoxyphenol
27.


All compounds prepared in Schemes 2–5 were purified by flash
column chromatography using silica gel and an appropriate solvent
system. After purification of the phenoxystyrene and phenothiosty-
rene targets shown in Schemes 3–5, the stability of selected agents
was evaluated under acidic (1 M HCl), basic (1 M NaOH), and neutral
aqueous media to assess chemical stability. After stirring under
these conditions for 36 h, it was found that all of the novel phenoxy
and phenothio analogs were stable, and no hydrolysis/degradation
products were observed in the solutions (TLC).


Each of the stilbene, phenoxystyrene, and phenothiostyrene tar-
get compounds synthesized, as illustrated in Schemes 1–5, was as-
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Scheme 4. Reagents and conditions: (a) ArXH, Cu(I)Cl, NMM, Cs2CO3, toluene,
reflux, 12–16 h.

sayed for the ability to inhibit the growth of five selected strains of
clinically significant bacteria. The results of these MIC (minimum
inhibitory concentration) assays are presented in Table 2. The
in vitro MIC determinations for each compound were performed
according to the National Committee for Clinical Laboratory Stan-
dards (NCCLS) guidelines.7 For safety reasons, Gram-positive
microorganisms, Bacillus cereus and Mycobacterium smegmatis
were used as surrogates for the more virulent strains of B. anthracis
and M. tuberculosis, respectively.29,30 All of the analogs were also
tested for their ability to inhibit the growth of Escherichia coli as
a representative Gram-negative microorganism.


Analysis of the results reported in Table 2 illustrates a number
of interesting antimicrobial structure–activity features of the stilb-
enoid compounds and their extended, heteroatom-containing
phenoxystyrene and phenothiostyrene analogs. As expected, none
of the compounds exhibited antimicrobial activity against the rep-
resentative Gram-negative species, E. coli. This is in line with the
results of preliminary assays performed using the natural stilbene
1 in which no Gram-negative bacteria were affected by this agent
(see data in Table 1).


From examination of the data in Table 2, it is clear that the pres-
ence of at least one phenolic group is required for activity in this
class of compounds. All of the dimethoxylated compounds, 1a, 5–
6, 17–23, and 29, were devoid of inhibitory activity against the
Gram-positive (and Gram-negative) species investigated. However,
natural product 1 and all of its analogs that contain a meta-hydroxy
group (8–16, 26) exhibited inhibitory activity against Gram-posi-
tive organisms, even when this moiety was located in the phenoxy
ring as opposed to the styryl ring, as seen in compound 26. These
results are not surprising because phenolic compounds are viewed
as one of the major classes of natural antimicrobial agents.31


Perhaps the most exciting finding in this study is that both the
phenoxystyrene and phenothiostyrene analogs (10–16, 26) of the
phenolic stilbenes (1, 8–9) are roughly equivalent in their potency
in the MIC assays performed. Although none of these vinyl ether or
vinyl thioether analogs was significantly better at inhibition of the
growth of Gram-positive microorganisms than the original natural







Table 2
Minimum inhibitory concentration (MIC lg/mL) values for natural stilbene 1 and the synthetic analogsa


Compound S. aureus ATCC 29213 MRSA MC-1 B. cereus M. smegmatis E. coli


1 16 16 16 64 >512
1a >512 >512 >512 >512 >512
5 >512 >512 >512 >512 >512
6 >512 >512 >512 >512 >512
8 16 32 32 128 >512
9 32 32 32 64 >512
10 32 64 32 128 >512
11 16 32 64 >128 >512
12 16 32 32 64 >512
13 16 32 64 >128 >512
14 16 64 64 128 >512
15 16 64 64 128 >512
16 16 32 16 128 >512
17 >512 >512 >512 >512 >512
18 >512 >512 >512 >512 >512
19 >512 >512 >512 >512 >512
20 >512 >512 >512 >512 >512
21 >512 >512 >512 >512 >512
22 >512 >512 >512 >512 >512
23 >512 >512 >512 >512 >512
26 32 32 64 128 >512
29 >512 >512 >512 >512 >512


a MIC values represent the mean of three experiments. ATCC, American Type Culture Collection; MRSA, methicillin-resistant Staphylococcus aureus.
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product 1, many were approximately equipotent in the assays. For
example, the phenolic ether 12 was equipotent to 1 in the inhibi-
tion of the growth of both S. aureus and M. smegmatis (16 lg/mL)
and only 2-fold less potent than 1 in the inhibition of the growth
of methicillin-resistant S. aureus (MRSA) and B. cereus (32 lg/
mL). Likewise, phenolic thioether 16 had the same MIC value as
1 in the inhibition of the growth of both S. aureus and B. cereus
(16 lg/mL), and was only 2-fold less potent than 1 against MRSA
(32 lg/mL) and M. smegmatis (128 lg/mL). These initial results
are highly encouraging in consideration of the viability of using
phenoxystyrene and phenothiostyrene scaffold structural analogs
of bioactive antimicrobial stilbenes to treat disease because they
are stable at low and high pH values. Indeed, these novel scaffolds
may serve as excellent starting points for further chemical optimi-
zation and the development of new drugs that are certainly needed
to combat threatening MRSA, tuberculosis, and anthrax infections.
Furthermore, because trans-stilbenes have been shown to possess
such a diverse array of biological activity,11–26 these findings
should promote additional SAR studies of stilbenoid compounds
for additional therapeutic areas.


In conclusion, the antibacterial activity of a phenolic (E)-stil-
bene 1 isolated from C. peregrina has been evaluated and demon-
strated to be active against a range of Gram-positive bacteria,
including drug resistant S. aureus and enterococci spp., but not
Gram-negative bacteria. Importantly, 1 was active against M. bovis
(BCG) and against B. anthracis, as well as three related Bacillus spe-
cies. When the phenolic stilbene scaffold was modified with other
aryl moieties or extended by one heteroatom to create the novel
phenoxystyrene and phenothiostyrene derivatives, these agents
also demonstrated promising antimicrobial activity, given that at
least one phenolic moiety was present, as in compounds 8–16
and 26. Consequently, further exploration of these novel scaffolds
is warranted from both synthetic and microbiological perspectives.
Additional SAR studies of these novel homologous stilbenoid com-
pounds and more extensive microbiological characterization of the
active agents are currently underway.
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Nitration of N ,N -bis(trifluoroacetyl)-L-tryptophan methyl ester with HNO3 in acetic anhydride at 0 �C
provides Na-trifluoroacetyl-2-nitro-L-tryptophan methyl ester in 67% yield, whereas nitration in trifluo-
roacetic acid at 0 �C gives Na-trifluoroacetyl-6-nitro-L-tryptophan methyl ester in 69% yield.


� 2008 Elsevier Ltd. All rights reserved.

Tryptophan is the largest and rarest of the genetically encoded
amino acids. In addition to its role in proteins, L-tryptophan is also
the precursor to a wide range of biologically active compounds,
including serotonin, melatonin, kynurenine, NAD+ (via quinolinate),
and a host of indole alkaloids. Bromotryptophans are common com-
ponents in toxic peptides or peptide-derived natural products from
marine organisms.1 Furthermore, metabolism of L-tryptophan by
indoleamine-2,3-dioxygenase has been found recently to protect
the fetus from rejection by the mother and regulate the human
immune response.2 For these reasons, substituted analogs of L-tryp-
tophan have been the subject of considerable chemical and biologi-
cal interest. A wide range of L-tryptophan analogs have been
prepared by either chemical3 or enzymatic synthesis.4 However, it
is attractive to be able to derivatize the indole ring of L-tryptophan
directly, thus avoiding a resolution step and increasing efficiency
by reducing the number of reactions. There are relatively few prac-
tical reactions for performing substitution reactions on L-tryptophan
or a suitably protected derivative. Nitration is an attractive reaction,
since nitro products are easily converted to a wide range of deriva-
tives via reduction followed by Sandmeyer and related reactions.
For example, Na-trifluoroacetyl-6-nitro-L-tryptophan methyl ester
was used to prepare 6-azido-L-tryptophan for photoaffinity labeling
of tryptophan synthase from Salmonella typhimurium.5 Direct nitra-
tion of L-tryptophan as the nitrate salt affords 6-nitro-L-tryptophan
in modest yield.6 In our hands, direct nitration of L-tryptophan under
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lips).

the reported conditions gives lower yield, involves large volumes of
glacial acetic acid, and requires a messy workup. An improved
nitration procedure of D-tryptophan using red fuming nitric acid in
glacial acetic acid was reported,7 but the higher yields were also
not reproducible with L-tryptophan in our hands. We have reported
previously that nitration of the protected L-tryptophan derivative,
Na-trifluoroacetyl-L-tryptophan methyl ester, in a mixture of nitric
and acetic acid affords the 2-nitro product (2) in 6.8% yield and the
6-nitro product (3) in 40% isolated yield.8 However, a complex
product mixture is obtained, requiring tedious column chromatog-
raphy for purification. In contrast, reaction of Na-trifluoroacetyl-L-
tryptophan methyl ester with NBS in CCl4 yields the protected
2-bromotryptophan derivative in 83% yield, and the corresponding
protected 2-chlorotryptophan can be obtained in high yield under
the same conditions with NCS.9


Thus, we were interested in another suitably protected deriva-
tive of L-tryptophan for potential use in nitration and other electro-
philic aromatic substitution reactions. In a search of the literature,
we found that Na,N1-bis(trifluoroacetyl)-L-tryptophan methyl ester
(1) was reported in 1965 as a tryptophan derivative for gas chro-
matographic analysis of amino acids.10 However, while the synthe-
sis was described, no spectroscopic characterization of 1 was
reported, and we found no subsequent reports on the use of this
compound as a substrate for nitration or other electrophilic aro-
matic substitutions. The addition of a trifluoroacetyl group to the
indole nitrogen affects the electronic environment of the aromatic
system, deactivating the pyrrole ring and potentially allowing for
selective substitution on either the benzene or pyrrole rings.
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Table 1
Nitration experiments with Na,N1-bis(trifluoroacetyl)-L-tryptophan methyl ester


Experiment Temp. (�C) Solvent Time 1, % 2, % 3, % other, %


1 25 CH3COOH 24 h 58 0 0 42
2 25 (CH3CO)2O 15 min 40 33 15 12
3 25 TFA 15 min 0 12 67 21
4 25 (TFA)2O 15 min 0 4 8 88
5 0 CH3COOH 24 h 45 2 3 50
6 0 (CH3CO)2O 1 h 0 67 14 19
7 0 TFA 1 h 0 4 69 27
8 0 (TFA)2O 4 h 9 7 10 74
9 60 (CH3CO)2O 4 h 0 6 12 82
10 60 TFA 4 h 0 0 10 90
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Synthesis of 1 was performed in a two step procedure similar to
that reported by Makisumi and Saroff.10 First, L-tryptophan was
converted to the methyl ester hydrochloride by treatment with
SOCl2 and methanol at �42 �C. L-Tryptophan methyl ester hydro-
chloride was then reacted with excess trifluoroacetic anhydride
at room temperature for 3 h, followed by precipitation with petro-
leum ether to afford the Na,N1-bis(trifluoroacetyl)tryptophan prod-
uct (1) in 44% overall yield as sparkling white needles. The NMR
data confirmed the structure of 1.


We were pleased to find that nitration of 1 occurred under a
variety of conditions, and regioselectivity for either the 2-nitro
(2) or 6-nitro product (3) was achieved by appropriate choice of
reaction solvent (Scheme 1). Acetic acid and acetic anhydride are
common solvents for nitration of electron-rich heterocyclic sub-
strates such as indoles, pyrroles, and thiophenes. Acetic acid, acetic
anhydride, trifluoroacetic acid, and trifluoroacetic anhydride were
compared in reactions of 1 with nitric acid at 0 �C, 25 �C, and 60 �C
(Table 1). The reactions were worked up with water, extracted
with EtOAc, and analyzed by GC–MS. In contrast to our earlier
work with NaNa-trifluoracetyl-L-tryptophan methyl ester,8 nitra-
tion of 1 in acetic acid, even for 24 h at 25 �C, did not produce sig-
nificant amounts of 2 or 3 (Experiment 1, Table 1). However,
nitration in trifluoroacetic acid produced the 6-nitro product (3)
in 69% yield at both 0 �C for 1 h and 25 �C for 15 min (Experiments
3 and 7, Table 1). Incubation at 60 �C resulted in extensive degra-
dation (Experiments 9 and 10, Table 1). Despite similar yields by
GC, the product afforded by the reaction at 0 �C proved much easier
to purify. In contrast, nitration of 1 in acetic anhydride at 0 �C for
1 h afforded predominantly the 2-nitro derivative (2) in 67% yield
(Experiment 6, Table 1). The analytical scale reactions were worked
up simply by diluting the product into distilled water and extract-
ing the organic products into ethyl acetate, which kept all protect-
ing groups intact, as determined by GC–MS.


Hydrolysis of the reaction products, 2 and 3, to the free 2- and
6-nitrotryptophans, respectively, was performed as described pre-
viously.8 The 2- and 6-nitrotryptophans were then analyzed for
optical purity by HPLC on a 4 � 250 mm Chiral ProCu = Si100Polyol
3-hydroxy-D-proline column (Serva) with 5 mM CuSO4, pH 3.15, at
1 ml/min. HPLC analysis of the corresponding DL-amino acids on
the chiral column showed two well separated peaks. No measur-
able amount of the D-isomer was detected in the 2- and 6-nitro-
L-tryptophans, indicating that the nitrotryptophan products are
greater than 98% homochiral. This demonstrates that no significant
tryptophan racemization has taken place during the trifluoroacet-
ylation or nitration reactions.


Selective nitration of the 2-position in the neutral solvent, ace-
tic anhydride, is a reflection of the inherently higher reactivity of
the pyrrole ring of indole with electrophiles, possibly acetyl nitrate
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Scheme 1. Nitration reactions of Na,N1-bis(tr

in this case. In support of this interpretation, the nitration of N-
phenylsulfonylindole with acetyl nitrate was reported to exhibit
temperature dependent regioselectivity, with the 3-nitroindole
product favored at low temperatures, but the 6-nitroindole prod-
uct increasing at temperatures above �10 �C.11 The regioselectivity
for 6-nitration that we observe in trifluoroacetic acid is due to the
higher reactivity of the electrophile, nitronium ion, derived from
either nitric acid itself, or perhaps trifluoroacetyl nitrate, in the
strongly acidic medium, directing the site of nitration to the less
reactive but less hindered 6-position in the benzene ring. We note
that 2-nitroindoles are generally difficult to prepare, especially in
high yields, and the best previously reported procedure to prepare
2-nitroindoles by nitration is via lithiation of N-phenylsulfonyl or
N-Boc-indoles with tert-butyl lithium, followed by reaction with
N2O4 in frozen THF at �120 �C to give 63–78% yields.12


Gram scale syntheses of 2 and 3 were achieved by quenching
the reaction mixtures in 5% aqueous sodium carbonate, filtering
the precipitated product, and purification by recrystallization.13


No chromatography was required. Workup in 5% aqueous sodium
carbonate allowed for a higher isolated yield, but with the concom-
itant cleavage of the N1-trifluoroacetyl group from the indole. The
NMR spectra of 2 and 3 thus obtained were identical to those re-
ported previously.8 For some purposes it may be desirable to iso-
late the bis(trifluoroacetyl) product. The N1-trifluoroacetyl group
can be retained by diluting the reaction mixture with water, fol-
lowed by extraction into ethyl acetate; however, the bis(trifluoro-
acetyl) products do not recrystallize as efficiently, and the labile
N1-trifluoroacetyl group cleaves from the nitro product during
flash chromatography on silica gel, resulting in mixtures of the
mono and bis(trifluoroacetyl) nitro-products. In contrast to the
nitration reactions, bromination reactions of 1 with a variety of re-
agents (Br2, NBS), solvents (acetic acid, CCl4) and temperatures
were attempted, but all reactions were unsuccessful and gave only
recovered starting material.
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ifluoroacetyl)-L-tryptophan methyl ester.







5752 A. S. Osborne et al. / Bioorg. Med. Chem. Lett. 18 (2008) 5750–5752

In conclusion, nitration of Na,N1-bis(trifluoroacetyl)-L-trypto-
phan methyl ester occurs efficiently at 0 �C to provide high
yields of either the 2-nitro or 6-nitro product, depending on
the choice of reaction solvent as acetic anhydride or trifluoroace-
tic acid, respectively. The workup conditions can result in either
the mono or bis(trifluoroacetyl)-protected nitrotryptophan prod-
uct. This reaction gives a much higher yield of protected 2-nitr-
otryptophan than our previous procedure, and yields comparable
or better than the other published procedures for 6-
nitrotryptophan.
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A series of tetrakis-azaaromatic quaternary ammonium salts was synthesized to identify compounds
with higher affinity and selectivity as antagonists at neuronal nicotinic receptor subtypes (nAChR) that
mediate nicotine-evoked DA release. A high hit rate was achieved in identifying potent analogs that inhi-
bit these nAChRs. Three tetrakis analogs, 11j, 11f, and 11g, were identified as potent (IC50 = 3, 28 and
56 nM, respectively) antagonists at these receptors. These compounds represent a novel structural class
of nicotinic receptor antagonists.


� 2008 Elsevier Ltd. All rights reserved.

Nicotine evokes striatal dopamine release through stimulating tained for some analogues depending upon the length of the N-n-


neuronal nicotinic acetylcholine receptors (nAChRs) on dopami-
nergic neurons, which underlies reward produced by nicotine.1,2


nAChRs are believed to be homomeric or heteromeric pentamers
composed of a heterogeneous family of subunits (a2–7, and b2–
4) potentially forming a plethora of subtypes with a broad range
of pharmacological and electrophysiological properties.3 Multiple
subunit combinations also mediate nicotine-evoked dopamine
(DA) release at striatal presynaptic DA terminals. The following
subtypes have been implicated in mediating nicotine-evoked stri-
atal dopamine release: a6b2b3*, a4a6b2b3*, a6b2*, a4a6b2*,
a4b2*, and a4a5b2*.4–6


Nicotine-evoked DA release is completely inhibited by the non-
selective, noncompetitive nAChR antagonist mecamylamine.7 Mec-
amylamine has been investigated as a smoking cessation therapy,
but peripheral side-effects precluded its clinical development.8–10


In our continued search for effective therapies to treat nicotine
addiction, we have focused on the development of subtype-selec-
tive antagonists that target nAChRs that mediate nicotine-evoked
DA release. Such a strategy may provide novel treatments which
circumvent the untoward side-effects of mecamylamine.11–15


Modification of the nicotine molecule by quaternization of the
pyridine-N atom with a lipophilic substituent to afford N-substi-
tuted analogues converts nicotine from a nAChR agonist to an
antagonist.16a Moreover, emergence of subtype selectivity was ob-

ll rights reserved.
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ks).

alkyl group.16b Although N-n-dodecylnicotinium iodide (Fig. 1,
NDDNI, 1a,) was the most potent (IC50 = 9 nM) inhibitor of nico-
tine-evoked DA overflow from striatal slices, this analogue had
only 15-fold selectivity, since it also inhibited [3H]nicotine binding
to the high-affinity nAChR. An improvement in selectivity was ob-
tained with N-n-octanylnicotinium iodide (NONI, 1b); however
this analog was 70-fold less potent than NDDNI.16b Second gener-
ation compounds based upon a bis-quaternary ammonium scaffold
(see Fig. 1) identified N,N0-dodecane-1,12-diyl-bis-3-picolinium
dibromide (Fig. 1, bPiDDB; 2) as a highly potent and selective
antagonist for nAChR subtypes that mediate nicotine-evoked stria-
tal DA release.17 bPiDDB had no affinity for either the a4b2* or a7*


nAChR binding sites in rat brain membranes, but potently inhibited
nicotine-evoked DA overflow (IC50 = 2 nM), demonstrating high
potency and selectivity for these receptors.17 bPiDDB has also been
demonstrated subsequently to be brain bio-available and enters
the CNS compartment by facilitated transport via the blood–brain
barrier choline transporter.18 bPiDDB has similar affinity for this
transporter as the natural substrate, choline.18 In behavioral
studies, bPiDDB has been shown to decrease nicotine self-adminis-
tration in rats.19


Further structural elaboration of the bPiDDB molecule resulted
in the synthesis of a series of compounds in which a central phenyl
core was utilized to append three linker units terminating in azaa-
romatic quaternary ammonium head groups. 20 This led to the
identification of 1,3,5-tri-{5-[1-(3-picolinium)]-pent-1-ynyl}ben-
zene tribromide (Fig. 1, tPy3PiB, 3), a compound which exhibited
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Scheme 1. Synthesis of the tetrakis-azaaromatic quaternary ammonium com-
pounds series 8 and 11.
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high potency and selectivity for nAChR subtypes mediating nico-
tine-evoked [3H]dopamine release with an IC50 of 0.2 nM.20


Continuing in the structural evolution of the above sublibraries,
i.e., the mono- to bis- to tris-azaaromatic quaternary ammonium
analogs, an additional quaternary ammonium head group was
introduced into the tris-scaffold to afford a series of tetrakis ana-
logs. This modification was investigated to determine if analogs
in the tetrakis series would have enhanced potency and selectivity
due to the greater number of cationic interaction points with the
receptor protein. Thus a novel series of tetrakis-quaternary ammo-
nium analogs have been synthesized and evaluated for their ability
to inhibit nicotine-evoked striatal DA release. It should be noted
that receptor kinetic studies within the bis-series of compounds
indicated that such compounds interact in an orthosteric manner
with the nAChR target,21 although this has not yet been established
for the tris and tetrakis analogs.


Two series of tetrakis-azaaromatic quaternary ammonium com-
pounds, i.e., 1,2,4,5-tetrakis-(pent-1-ynyl-5-azaaromatic quater-
nary ammonium)-benzene salts (8 series, Scheme 1), and 1,2,4,5-
tetrakis-(n-pentanyl-5-azaaromatic quaternary ammonium)-ben-
zene salts (11 series), were prepared. The synthesis of these com-
pounds is illustrated in Scheme 1. Sonagashira coupling of an
appropriate bromobenzene precursor with an alkynol were em-
ployed extensively in the synthesis of the bis-quaternary ammo-
nium and tris-quaternary ammonium analogues in our previous
study (Fig. 1).20 However, the Sonagashira coupling of 1,2,4,5-tet-
rabromobenzene with 4-pentyn-1-ol (5) in triethylamine in the
presence of tetrakis-(triphenylphospine)palladium(0) proved diffi-
cult, affording a mixture containing a plethora of components. This
failure is likely due to the sluggish reactivity of tetrabromobenzene
under Sonogashira coupling conditions. Thus, the alternative syn-
thon, 1,2,4,5-tetraiodobenzene (4) was utilized.22 Coupling of 4
with 5 afforded the desired 1,2,4,5-benzene-tetrakis-1-pentyn-5-
ol (6). The pentyn-5-ol side chains of this compound were then
either directly transformed into the corresponding pentynyl bro-
mide side chains to provide 7, or catalytically reduced to the corre-
sponding pentan-1-ol side chains to produce 9. The resulting 9 was
subsequently brominated to give 10. Reaction of 7 or 10 with an
appropriate substituted pyridine or related azaaromatic precursor

afforded the desired azaaromatic quaternary ammonium salt, 8
and 11, respectively. Characterization data for selected compounds
are provided.23


The above tetrakis-azaaromatic quaternary ammonium com-
pounds were initially evaluated for inhibition of nAChRs mediating
nicotine-evoked [3H]DA release from superfused rat striatal slices
using a probe concentration of 100 nM in a rapid screening assay.
Also, interaction of these analogs with a4b2* and a7* nAChR sub-
types was assessed in rapid-throughput [3H]nicotine and
[3H]methyllycaconitine (MLA) binding assays, respectively, using
the same probe concentration. The three most active antagonists
at nAChRs mediating nicotine-evoked DA release (i.e., 11f, 11g,
and 11j) were then evaluated across a full concentration range to
determine their IC50 values.


[3H]Nicotine and [3H]MLA binding assays were performed
according to previously reported methods,16a using 3 and 2.5 nM
concentrations of radioligand, respectively, and 10 lM cytisine
and 10 lM nicotine, respectively, to assess nonspecific binding to
whole brain membranes. Analogs were evaluated at a probe con-







Table 1
Inhibition of [3H]NIC binding (probing a4b2* nAChRs) and [3H]MLA binding (probing
a7* nAChRs) to rat brain membranes, and nicotine-evoked [3H]DA release from
superfused rat striatal slicesa


Compound NIC binding
(% inhibition
at 100 nM)


MLA binding
(% inhibition
at 100 nM)


DA release
(% inhibition
at 100 nM)


N


R


8a


N
11 ± 11 18 ± 7.8 16 ± 13


8b


N


24 ± 5.5 3.0 ± 3.0 35 ± 14


8c


N


9.8 ± 1.2 0.6 ± 0.6 17 ± 6


8d


N
0 ± 0 3.9 ± 3.9 12 ± 5


8e


N


N
CH3


38 ± 7.4 15 ± 2.0 31 ± 13


8f


N


Bn
2.9 ± 2.9 53 ± 3.5 17 ± 17


8g
N


0 ± 0 4.9 ± 3.8 39 ± 17


8h
N


9.7 ± 9.7 17 ± 8.9 24 ± 14.3


8i


N


Ph
0.3 ± 0.3 53 ± 0.8 37 ± 15


8j


N


OH
0 ± 0 5.7 ± 5.7 41 ± 15


2 bPiDDB Ki = 48.6 lMb Ki > 100 lMb IC50 = 2 nMb


11a


N
12 ± 4.4 12 ± 6.9 8 ± 4


11b


N


12 ± 8.3 8.0 ± 5.3 46 ± 5


11c


N


0.5 ± 0.5 18 ± 10 36 ± 11


11d


N
3.7 ± 3.7 15 ± 8.0 45 ± 14


11e


N


N
CH3


7.4 ± 4.7 26 ± 14 43 ± 21


(continued on next page)
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centration of 100 nM. Amount of inhibition is presented as a per-
centage of radioligand binding in the absence of analogue (control).


[3H]DA release assays were performed according to a previously
published method.16b Analog-induced inhibition of nicotine-
evoked [3H]DA release was determined using 10 lM nicotine and
100 nM analog concentrations. Amount of inhibition is presented
as a percentage of the response to nicotine under control condi-
tions (in the absence of analog) and the values are provided in Ta-
ble 1. Full concentration response (1 nM–10 lM) was performed
for the three most promising analogs and IC50 values were deter-
mined using an iterative nonlinear least-squares curve-fitting pro-
gram, PRISM version 4.0 (GraphPAD Software, Inc., San Diego, CA).


The construction of the tetrakis-quaternary ammonium com-
pounds are based on a skeleton incorporating four identical quater-
nary ammonium moieties attached to a central phenyl ring at the
1, 2, 4, and 5 positions, each through a 5-carbon linker unit. The
underlying rational was that increasing the number of quaternary
ammonium moieties in the molecule from two to three to four
would increase progressively the ionic interaction of such mole-
cules with the putative negatively charged binding sites on the tar-
get protein. Either a flexible or slightly more rigid linker that
resulted in a more extensively planarized central aromatic core
moiety, was utilized to probe the likely conformational orientation
and the intramolecular distances between the head groups in the
molecule. In addition, a variety of different quaternary ammonium
head group structures was introduced into the tetrakis scaffold.


The results are summarized in Table 1. Overall, seven out of the
20 tetrakis-analogs evaluated inhibited nicotine-evoked DA release
in striatal slices by >40%, and an additional five inhibited nicotine-
evoked DA release by 30–40%. This high hit rate of the tetrakis-ana-
logs confirmed the feasibility of the SAR approach. There are note-
worthy structure–activity relationships among these series of
molecules. First, all the analogs in series 11 (i.e., analogs with fully
saturated linkers), with the exception of 11a and 11i, exhibited
greater inhibition of nicotine-evoked striatal DA release than their
structural counterparts in the series 8 analogs (i.e., analogs with
linkers containing an acetylene bond). Six out of seven of the most
active inhibitors contained a saturated linker, that is, 11b, 11d, 11e,
11f, 11g, and 11j. It is interesting to note that the most active com-
pound in the 8 series (i.e., 8j) and the most active compound in the
11 series (11j) both contained the same 3-(4-hydroxypropyl)pyrid-
inium head group. Similarly, the second most active compound in
both the 8 and 11 series (8g and 11g) both contained an isoquino-
linium head group. Thus, this result indicates that the nature of the
head group is important in the optimization of compounds inhib-
iting nicotine-evoked DA release. Interestingly, compounds 8f
and 8i, both of which incorporate large lipophilic substituents into
the pyridinium head groups, exhibited significant inhibition in the
MLA assay, consistent with our previous findings with the structur-
ally-related tris-azaaromatic quaternary ammonium compounds.20


Several compounds with head groups containing one or more
lipophilic substituents on the pyridine ring exhibited good activity
inhibiting nicotine-evoked striatal DA release. For example, tetra-
kis-isoquinolinium, 4-picolinium and nicotinium heads with both
saturated linkers (i.e., 8g, 8b, and 8e) and unsaturated linkers
(i.e., 11g, 11b, and 11e) inhibited nicotine-evoked striatal DA re-
lease (35–63%). This is consistent with our previous observations
in the bis- and tris-analog series. Surprisingly, the 3-picolinium
head group, which afforded quite robust antagonist activity in
the previous bis-(bPiDDB) and tris-(tPy3PiB) quaternary ammo-
nium scaffolds in their inhibition of nicotine-evoked striatal DA re-
lease, combined with either saturated or unsaturated linkers in the
current study, turned out to be poor antagonists in the tetrakis ser-
ies of compounds. However, it must be emphasized that the tetra-
kis-series of analogs do not contain within their structure the
1,3,5-phenyl substitution pattern present in the tris-scaffold.







Table 1 (continued)


Compound NIC binding
(% inhibition
at 100 nM)


MLA binding
(% inhibition
at 100 nM)


DA release
(% inhibition
at 100 nM)


N


R


11f


N


Bn
13 ± 3.3 16 ± 8.0 54 ± 10,


IC50 = 28 ± 11 nMc


11g
N


6.5 ± 6.5 24 ± 13 63 ± 12,
IC50 = 56 ± 45 nMc


11h
N


0.9 ± 0.9 27 ± 15 27 ± 2


11i


N


Ph
6.6 ± 4.5 33 ± 17 19 ± 15


11j


N


OH
9.6 ± 5.2 20 ± 13 64 ± 15,


IC50 = 3.38 ± 2.62 nMc


3 tPy3PIB 10 ± 1.9 0 ± 0 40 ± 12,
IC50 = 0.2 ± 0.07 nM c


a Percentage of inhibition at 100 nM are presented unless otherwise specified.
Each value represents data from at least three independent experiments, each
performed in duplicate.


b Ki from full concentration response assay; data from 4 to 5 independent
experiments, each performed in duplicate.


c IC50 from full concentration response assays; data from 4 to 5 independent
experiments, each performed in duplicate.
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Figure 3. S(�)-Nicotine-evoked fractional release of [3H]DA from rat striatal slices
superfused with 100 nM N-methylpyridinium iodide (NMPi). Data are expressed as
means ± SEM fractional release as a percent of tissue tritium content. Control
represents the amount of fractional release evoked by S(�)-nicotine in the absence
of compound. The effect of mecamylamine (MEC) was determined as a positive
control. Two-way ANOVA was performed to analyze the ability of MEC and NMPi (a
between-subject factor) to inhibit S(�)-nicotine-evoked [3H]DA fractional release
and time was a within-subject factor. Significant inhibition was obtained with MEC,
but NMPi did not produce a significant inhibitory effect. n = 4–6 rats/analog.
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Interestingly, introduction of a 1-hydroxypropanyl substituent
into the pyridine ring resulted in the highly potent nAChR antago-
nists 8j and 11j. Compound 11j is the most potent compound in the
series 11 analogs, with an IC50 of 3 nM (Fig. 2); whereas 8j is the
most potent inhibitor in series 8 analogs. This observation uncov-
ers an additional site of interaction with respect to the interaction
of the quaternary ammonium head group substituent with the
nAChR binding site(s). While ionic interaction of the head groups
with the nAChR binding site may be one of the most important fac-
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Figure 2. Compound 11j inhibited S(�)-nicotine-evoked [3H]DA overflow from rat
striatal slices in concentration-dependent manner. Slices were superfused in the
absence (control) or presence of analog for 36 min prior to S(�)-nicotine addition to
the buffer. Superfusion continued for 36 min with S(�)-nicotine added to the buffer.
Control represents [3H]DA overflow in response to nicotine (10 lM). Data are
expressed as means ± SEM [3H]DA overflow. n = 4 rats/analog.

tors, it is possible that hydrogen bonding interactions involving the
1-hydroxypropanyl substituent may also play a significant role.
This may open up another area of structural optimization worthy
of investigation.


It should be noted that evaluation of a molecule representing
just the pyridinium headgroup moiety alone, that is, N-methylpy-
ridinium iodide (NMPi), afforded weak inhibitory properties in
the dopamine release assay (Fig. 3). This indicates that the tetrakis
scaffold can position four of these quaternary ammonium head-
groups in a preferable orientation for favorable interaction with
the receptor binding site, lowering the entropic barrier for receptor
interaction.


In conclusion, a novel series of tetrakis-quaternary ammonium
compounds has been synthesized and evaluated for their ability to
potently and selectivity inhibit striatal nicotine-evoked DA release.
A high hit rate was achieved. The results suggest that the novel
strategy to identify highly potent nAChR ligands through progres-
sive introduction of cationic moieties around a common phenyl
ring core structure can lead to potent inhibition of nAChR involved
in nicotine-evoked DA release. Thus, compound 11j represents a
tetrakis analog with an unique 3-N-(3-hydoxypropanyl)-pyridini-
um head group, this compound and afforded the highest potency
in this SAR study. This observation may offer the opportunity for
further structural optimization in this interesting series of tetrakis
analogs.
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mixture was treated with diethyl ether and then dissolved in water (15 mL),
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(325 mg, 2.3 mmol) was heated at 60–70 �C for 18 h. The resulting mixture
was treated with diethyl ether and then dissolved in water (15 mL), the
aqueous solution was extracted extensively with chloroform (5� 30 mL).
Water was removed through lyophilization to afford 371 mg of the title
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A novel series of pyrazolo[1,5-b]pyridazines have been synthesized and identified as cyclin dependant
kinase inhibitors potentially useful for the treatment of solid tumors. Modification of the hinge-binding
amine or the C(2)- and C(6)-substitutions on the pyrazolopyridazine core provided potent inhibitors of
CDK4 and demonstrated enzyme selectivity against VEGFR-2 and GSK3b.


� 2008 Elsevier Ltd. All rights reserved.

The current treatments for cancer have a highly fragmented
market since these agents are only active in specific patient popu-
lations or tumor types. The accumulation of genetic and biological
information from solid tumors is providing additional targets that
have the potential of yielding drugs with broad activity and less
toxicity than current therapies. Human genetic evidence supports
the cyclin dependant kinase (CDK) family as key therapeutic tar-
gets for disease modification. In particular, the cyclin D/CDK4/
pRb tumor suppressor pathway of cell growth control is frequently
deregulated in human cancers.1 Several lines of evidence suggest
that perturbation of this pathway is on the critical path toward
tumorigenesis.2 The CDK4 pathway of cell growth control is fre-
quently altered by overexpression of cyclin D1, the activation sub-
unit of CDK4, in breast, lung, and pancreatic cancers.3 Also,
antisense RNA to cyclin D1 sensitizes tumor cells to chemother-
apy4 and cyclin D1 overexpression correlates with poor disease
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outcome.5 An estimated 60–70% of human cancers including
breast, non-small cell lung, and colon cancer are pRb positive
and could respond to selective inhibition of CDK4.6
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Following a screening campaign on CDK4 and subsequent cross-
screening of hits against a panel of kinases, pyrazolopyridazine 1
was identified as having compelling CDK family activity, being
roughly equipotent on the 3 isoforms screened at approximately
100 nM.7 Screening hit 1 was attractive in that, despite its relatively
modest molecular weight (252 amu), it was >100-fold selective over
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Scheme 1. Reagents and conditions: (a) HOSA, KHCO3, KI, H2O (use product
without purification); (b) butyne-2-one, KOH, CH2Cl2/H2O, (80–90%); (c) DMF/DMA
(75–90%); (d) K2CO3, 6, DMF (55–77%).
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12 of the 18 non-CDK family kinases screened and �10-fold selec-
tive over the rest. However, developability profiling determined 1
suffered from high intrinsic clearance as measured by stability in
mouse liver S9 fractions. To be considered a good starting point
for the program, it was necessary to demonstrate that the scaffold
had the capacity for improved potency, CDK2 selectivity, and met-
abolic stability. A preliminary synthetic chemistry effort was mobi-
lized to determine if improvements in these properties were
achievable among close analogs.


Pyrazolopyridazines were prepared in an efficient manner by
initial reaction of pyridazines (2) with hydroxyl amine sulfonic
acid (HOSA) to afford the aminated pyridazines (3, Scheme 1). This
was followed by a formal [3+2] cycloaddition between the desired
1-amino-pyridazines and butyn-2-one under basic conditions to
give pyrazolo[1,5-b]pyridazines (4). Condensation with DMF/
DMA afforded enamines (5), which gave the corresponding pyrim-
idine 1 upon exposure to guanidine (6) under basic conditions at
elevated temperatures.8


With an efficient synthesis in hand, we focused our attention on
optimizing kinase potency and selectivity. A crystal structure of 1
bound to the kinase domain of human CDK2 was obtained
(Fig. 1).9,10


CDK4 is very difficult to express and purify and, to our knowl-
edge, there are no CDK4 structures in the literature. Therefore,
CDK2 was utilized as a surrogate for CDK4 due to the close homol-
ogy within the active site and based on information gathered from
ongoing efforts with CDK2.11 The crystal structure revealed that
the amino-pyrimidine acts as a two-point hydrogen-bond donor/

Figure 1. CDK2 crystal structure of 1 showing interaction of the pyrazolopyridazine
with catalytic lysine and phenylalanine gatekeeper.

acceptor pair to the hinge region of the ATP binding site and the
pyrazolopyridazine presents its extended electronegative edge to
the catalytic lysine. Subsequent crystal structures of compounds
within the series complexed with CDK2 suggested the binding
mode was invariant to the substitutions discussed here. To affect
CDK4 potency, we targeted three areas of the of the ATP binding
pocket that historically have improved potency in other kinases:
(1) the inner hydrophobic area near the phenylalanine gatekeeper,
(2) the hydrophobic pocket beneath the G-rich loop, and (3) the
hinge/solvent exposed area.12,13


Our crystal structure suggested that the space near the gate-
keeper was accessible from the 2-position of the pyrazolopyrid-
azine. The CDK family of kinases possesses a sterically imposing
phenylalanine gatekeeper that was expected to be unaccommodat-
ing to larger substituents. Indeed, compounds were prepared
which verified that even a methyl group lowers CDK4 activity 5-
to 10-fold (Table 1, 7 and 11).14 This trend is in stark contrast to
VEGFR-2, which contains a more permissive valine gatekeeper
and sees increasing activity with increasingly large substitutions
at this position (Table 1), 7–9, 11–13).


Crystallography also suggested that adding bulk either directly
at the 6-position or with a 1-atom linker would access the area un-
der the G-rich loop. In order to affect substitution at the 6-position
we needed a synthetic handle. We envisioned a cross coupling
reaction or direct displacement of a halogen. Since we did not ex-
pect a halogen to survive the cycloaddition chemistry to 4, due to
displacement by water, we used a methoxy group on the pyrida-
zine (Schemes 1 and 2, R1 = OMe) which we expected could be con-
verted to a leaving group for subsequent chemistry. Standard
demethylation conditions using mineral acids with heating on 4
or 1 gave only moderate conversion to the respective hydroxyl
compounds in about 50% isolated yield. Therefore, alternative
chemistry was developed to convert this methoxy group to a cross
coupling partner or appropriate leaving group. Nucleophilic condi-
tions using morpholine for deprotection proved to be the most effi-
cient and highest yielding (14, Scheme 2) providing the
pyrazolopyridazinone in 85–90% yield.15 We converted this com-
pound to the triflate utilizing N-phenyl triflimide in 75–85% yield.
We found the triflate leaving group to be more effective than con-
version to a halogen in the subsequent displacement reactions to
prepare amine substitutions (16) or as a cross coupling partner
to prepare aryl or vinyl substitutions (17).


Unfortunately, improvement of CDK4 potency was not achieved
with these substitutions (Table 2); however, there are notable ki-
nase selectivity trends. Specifically, GSK3b is less tolerant of bulk
at this position. Even a two carbon vinyl substitution (17) reduces
GSK3b enzyme potency as compared to 1. Anything larger, such as
a cycloalkyl (16), an aryl or heteroaryl (18, 19), or heteroalkyl (20)
removes measurable GSK3b activity (Table 2). Electronic factors
are also involved as all oxygen linked substituents had reduced po-
tency (14, 22, 23).


We considered a structural rationale for the selectivity of com-
pounds 16–23. One publicly available crystal structure of GSK3b
(pdb code 1O9U) aligns well with our internal crystal structures
bound to a variety of ligands.16 These structures show Phe67 ex-
tended down, and tucked under, the G-rich loop, thereby occupy-
ing the same space accessible from the 6-position of the
pyrazolopyridazine. Admittedly, there are multiple publicly avail-
able crystal structures of ligand-bound GSK3b showing Phe67 in
a variety of positions, however it is unclear from static structures
the relative stability of these conformations. It is postulated here
that CDK-family kinases, which have a tyrosine at this position
(Tyr17 in CDK4 and Tyr15 in CDK2), more stably adopt this Phe/
Tyr ‘out’ conformation that would be necessary to accommodate
a 6-substituent by directly coordinating the catalytic lysine and
the proximal conserved glutamate (Lys33 and Glu51 in CDK2).







Table 1
Comparison of CDK4 and VEGFR-2 enzyme potency
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3


N
N N
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H


R


N


N
2


4


6


5
3


R Compound # CDK4 IC50
a (lM) VEGFR-2 IC50


a (lM) Compound # CDK4 IC50
a (lM) VEGFR-2 IC50


a (lM)


H 1 0.080 >20 10 0.012 0.400
Methyl 7 0.800 >20 11 0.050 0.063
Ethyl 8 2.00 3.2 12 0.025 0.063
n-Butyl 9 >40 2.5 13 0.800 0.025


a Values are the mean of two or more experiments.


Table 2
CDK4 and GSK3b enzyme activity—6-position substitutions


N
NN


N


N


N
H


R
1


2


4


6


53


Compound # R1 CDK4 GSK3b
IC50


a (lM) IC50
a (lM)


1 H 0.080 1.600
14 –OCH3 2.00 25
16 –NH-Cyclopentyl 0.160 25
17 –CH@CH2 0.200 3.2
18 2-Thiophene 0.250 >32
19 p-Fluorophenyl 0.250 >32
20 N-morpholine 0.400 25
21 Pyrrolidine 0.500 25
22 –OH 1.30 25
23 –O-Isopropyl 1.60 25


a Values are the mean of two or more experiments.


N
NN


N


N


N
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OMe
N


NN
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N


N
H


a, b


14 15


Scheme 2. Reagents and conditions: (a) morpholine, 90 �C, 24 h (85–90%); (b) NaH, Tf2NP
Pd2(dba)3, DMF (55%).
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Figure 2 shows the overlay of a ‘Phe-in’ GSK3b structure with the
‘Tyr-out’ conformation observed with compound 41 bound to
CDK2.10


It is known that many kinases prefer an aromatic group along
the hinge,12 as opposed to the cyclopropylamino substitution at
the 2-position of the pyrimidine as described. Indeed, potency is
improved by replacing the cyclopropylamine with a substituted
aniline, however, it also significantly erodes the selectivity against
other kinases, such as GSK3b (Table 3, 27–34). Alkyl amino substit-
uents other than cyclopropyl made poor CDK4 inhibitors (Table 3,
24–26). Aniline substituents had a wide variety of effects on the
CDK activity and selectivity. The para-N-methylpiperazine aniline
substitution (Table 3, 10) gave moderate CDK2 selectivity (�8�)
however addition of an additional meta-substituent resulted in loss
of CDK2 selectivity (Table 3), 28). While several extremely potent
meta- and para-substituted anilines were identified (Table 3), 30–
34), highlighting the scaffold’s capacity for high CDK4 potency,
they also had less desirable selectivity against both CDK-family
members and other kinases.


Selectivity over CDK2 at the expense of broader kinase inhibi-
tion profile is not an acceptable profile for a CDK4 inhibitor. How-
ever, the selectivity trends we observed suggested that proper
combinations of substitutions on the template could be expected
to reassert the selectivity over GSK3b while maintaining CDK2
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h, DMF (75–85%) (c) DIEA, cyclopentylamine, DMF (66%); (d) vinyltributylstannane,







Table 4
CDK4 and GSK3b enzyme activity—double substituted analogs


N
NN


N


N


N
H


R
1


R
2


Compound
#


R1 R2 CDK4
IC50


a


(lM)


CDK2
IC50


a


(lM)


GSK3b
IC50


a


(lM)


1 H NA, cyclopropylamine 0.080 0.120 1.600


10 H
N


N
0.012 0.100 0.200


39 p-F-Phenyl-
N


N
0.026 0.740 >25


40 –O-Isopropyl
N


N
0.045 0.230 0.850


41 –Morpholine
O N


OH
0.038 0.450 0.690


a Values are the mean of two or more experiments.


Table 3
CDK4, CDK2, and GSK3b enzyme activity—substitution at R2


NN N


N


N


N
H


R
2


Compound
#


R2 CDK4 IC50
a


(lM)
CDK2 IC50


a


(lM)
GSK3b IC50


a


(lM)


1 –Cyclopropyl 0.080 0.120 1.600
24 –CH2CF3 1.00 1.00 >32
25 –CH2-(p-chlorophenyl) 1.00 1.00 10
26 –CH2CH2CH2-(N-


morpholine)
3.20 NA 32


NN N


N


N


N
H


R
2


27 H 0.012 0.008 0.032
10 p-(N-methyl)-N-


piperazine
0.012 0.100 0.200


28 m-CF3, p-(N-methyl
piperazine)


0.006 0.004 0.016


29 m-CH2N(CH2CH3)2 0.012 0.050 0.079
30 p-NO2 0.008 0.003 0.005
31 m-NO2 0.0003 0.0003 0.002
32 p-CN 0.025 0.002 0.005
33 m-CN 0.004 0.002 0.010
34 m-(4-oxazolyl) 0.016 0.003 0.008
35 p-CONH2 0.160 0.016 0.020
36 p-CO2H 0.790 0.040 0.050
37 p-Isopropyl 2.000 0.040 0.016
38 m-


CONHCH2CH2N(CH2CH3)2


0.008 0.040 0.020


a Values are the mean of two or more experiments.


Figure 2. CDK2 crystal structure with (41) (green) and overlay with ‘Phe-in’ (pink)
of GSK3b (pdb code 1O9U). GSK3b ligand and all residues except Phe67/Tyr15
removed for clarity.
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selectivity, for example, by using p-fluorophenyl at R1 and 1-
methyl-4-phenyl piperazine at R2 (from compounds 19 and 10,

respectively). Table 4 illustrates select analogs with substituted
anilino hinge-binders crossed with 6-position substitutions that
achieve both selectivity goals. Compound 39 (CDK4 IC50 = 26 nM)
highlights this effort, achieving >10-fold CDK2 selectivity and
>100-fold GSK3b selectivity.


The majority of the compounds described were profiled for
metabolic stability in mouse liver S9 fractions. While modest
improvements were seen for some anilines and some 6-substitu-
tions relative to the original hit (1), most compounds profiled
showed more than 85% turnover after 60-min incubation in mouse
liver S9 fractions. As expected from the high turnover, representa-
tive examples did not show acceptable oral exposure in mice. Com-
pounds 20 and 23 had dose normalized AUC > 1000 ng h/mL/mg/
kg. While the morpholine and –O-iso-propyl derivatives were the
best of the cyclopropylamine substituted series, this trend did
not hold for the p-(N-methyl)-N-piperazine aniline series. Com-
pound 41,17 however, represented an improvement in turnover
in mouse liver S9 fractions (46% after 60-min incubation). This
compound also demonstrated acceptable selectivity over CDK2
and GSK3b, although it failed to achieve any oral exposure. Com-
pound 41 displayed much greater exposure when delivered i.p.
(DNAUC > 7000 ng h/mL/mg/kg) suggesting that poor adsorption
rather than metabolism is most likely the cause of poor oral
exposure.


In summary, a flexible, efficient synthesis was used to prepare
analogs which varied at the 6-position of the pyrazolopyridazine
and the amine on the pyrimidine hinge binder. Based on X-ray
studies, analogs were prepared which improved or maintained
CDK4 enzyme activity while improving kinase selectivity over
VEGFR-2 and GSK3b. With limited, iterative chemistry, analogs
were quickly identified that demonstrated the pyrazolopyridazine
template’s capacity for acceptable CDK2 selectivity and improved
metabolic stability. Further lead optimization details will be re-
ported in a subsequent communication.
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The CDKs (cyclin-dependent kinases) are a family of serine/
threonine protein kinases that, in conjunction with their cyclin
(cyc) partners, play key roles in cell-cycle progression and tran-
scriptional regulation.1–3 Cell-cycle regulatory CDKs include
cycD/CDK4 and cycD/CDK6, as well as cycE/CDK2, which sequen-
tially phosphorylate the retinoblastoma protein to facilitate
G1 ? S transition. CDK2 and CDK1 paired with cycA, and cycB/
CDK1 are required for orderly progression through S-phase and
the G2 ? M transition, respectively. Transcriptional CDKs include
cycH/CDK7 and cycT/CDK9. The CDK7 subunit of transcription fac-
tor II H (TFIIH) phosphorylates the carboxy-terminal domain (CTD)
of RNA polymerase II (pol II) on serine 5 at early stages of the tran-
scriptional cycle.4 CDK9, a member of the elongation factor P-TEFb,
phosphorylates serine 2 on the CTD to transition RNA pol II into
productive elongation.5 Inhibition of these kinases is predicted to
have the greatest effect on the expression of proteins with short
half-lives, many of which are encoded by antiapoptotic and growth
regulatory genes. Some of the CDKs are involved in both processes.
For example, CDK7 is a component of the CDK-activating kinase
(CAK). Full activation of CDKs 1, 2, 4, 5 and 6 requires phosphory-
lation by CAK; therefore, CDK7 serves as a ‘master regulator’ of the
cell cycle. Inappropriate activation of both cell-cycle and transcrip-
tional-regulatory CDKs can lead to unregulated proliferation,
avoidance of apoptosis, and the presence of genetic instability in
cancer cells. These attributes, which are among the hallmarks of
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cancer, suggest that CDKs may be important targets for cancer
therapeutics. SNS-032 (Fig. 1, formerly BMS-387032) is such a
dual-acting CDK inhibitor, with potency and selectivity against
CDK2, 7 and 9 (Table 3). SNS-032 is currently in a phase 1 clinical
trial for multiple myeloma and chronic lymphocytic leukemia as an
intravenous agent.


Early reports showed that SNS-032 has oral bioavailability of
about 31% in rats. Bioavailability was limited by absorption rather
than extensive first-pass metabolism.6 Since SNS-032 is a substrate
of P-glycoprotein, this efflux transporter may be responsible for
limiting its absorption. With an interest in a potential oral CDK
program, we sought to develop a backup inhibitor to SNS-032 with
comparable CDK2, 7, and 9 inhibitory activities, but with improved
permeability and lack of transporter-mediated efflux. We hypoth-
esized that improving the permeability of SNS-032 would possibly
provide an inhibitor with improved oral bioavailability. In order to
conserve the specificity and potency of SNS-032, we chose to main-
tain the general scaffold of SNS-032, but to replace the isonipecotic
amide fragment and explore N-alkyl instead of N-acyl moieties.


Inhibitors 2–10 (Tables 1 and 2) were synthesized as summa-
rized in Scheme 1. Intermediate 11 was prepared as reported pre-

N S N O


1


Figure 1. SNS-032.
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Table 1
Inhibition of enzymatic CDK2 and cellular CDK9


N


O


S N
S R


Compound R IC50 (lM)


CDK2/cycAa HCS CDK9b


1 (SNS-032)
H
N


O


NH
0.046 0.458


2 H
N


NH
0.229 >10


3 H
N 0.168 >10


4


H
N


NH2


0.030 0.355


5


H
N


NH2


0.503 >10


6


H
N


OH


0.007 3.5


7
H
N NH2 0.158 >10


8
H
N OH 0.028 >10


9
H
N 0.009 >10


10
H
N


NH
0.538 >10


11 NH2 0.690 >10


a IMAP enzymatic assay measuring inhibition of phosphorylation of fluorescein-
labeled substrate.


b ArrayScan high-content cellular assay measuring phospho-ser2 of RNA pol II.


Table 2
In vitro profiles of 1 and 4


Compound IC50 (lM)a


CDK1/cycB CDK2/cycA CDK6/cycD CDK7/cycH CDK9


1 (SNS-032) 0.480 0.038 ndd 0.062 0.004
4 0.763 0.020 >2 0.105 0.097


a Except for CDK2/cycA, all enzymatic data obtained from Upstate.
b Units = 10�6 cm/min.
c Efflux ratio = Papp (B � A)/Papp (A � B).
d No data.


N
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S N
S NH2


N


O


11 12


NaNO2, CuBr2
CH3CN, 0 oC --> rt


40-60 %


Scheme 1. Synthesis o
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viously.7 Treatment of 11 with NaNO2 in CH3CN provided 2-bro-
mothiazole 12 in 40–60% yield. Exposure of 12 to various primary
and secondary amines in dimethylacetamide at 110 �C afforded the
final products, 2–10.


All the compounds were screened in a CDK2/cycA8 biochemical
assay and a CDK9 high-content screen cellular assay9 and com-
pared against SNS-032 (Compound 1). Inhibition of CDK2/cycA
was readily achieved, consistent with CDK2/SNS-032 crystallogra-
phy which shows that the piperidinyl ring is directed into sol-
vent,10 and therefore replaceable. However, sub-micromolar
CDK9 cellular activity was only observed for the 1,4-diam-
inocyclohexyl substitution in 4 (Table 1).


Further exploration around 4 indicated a CDK9 preference for
trans-1,4-diaminocyclohexyl fragment over the cis-isomer 5, as
well as the 1,4-regioisomer vs the 1,3-isomer 7 (Table 1). Similar
SAR was not determined for SNS-032 amide series.


Compound 4 was further evaluated in in vitro studies, where it
was shown to have comparable activities against CDKs 2, 7, and 9
(Table 2). More significantly, 4 exhibited over 5-fold improved per-
meability in MDCK11 cells over 1 (Table 2). On the basis of the per-
meability data and acceptable liver microsomal stability,12 4 was
selected for pharmacokinetic studies.


Plasma concentration–time profiles after IV and PO administra-
tion of 5 and 10 mg/kg, respectively, of compounds 1 and 4 are
shown in Figure 2.13 Pharmacokinetic parameters are summarized
in Table 3. Pharmacokinetics after intravenous administration are
similar for 1 and 4. Compounds 1 and 4 show moderate to high
clearance, a large volume of distribution, and terminal half-lives
of 0.6 and 1.9 h, respectively. After oral administration of 10 mg/
kg, bioavailability of 1 was 14%, whereas 4 showed bioavailability
of 62%. Administration of 30 mg/kg compound 4, led to a more
than dose-linear increase in AUC (4.4-fold increase for a 3-fold in-
crease in dose), resulting in a bioavailability of 92%. The high bio-
availability was maintained at the next higher dose level of
45 mg/kg. Given the similar pharmacokinetics after intravenous
administration, the increased bioavailability of 4 compared to 1
may be the result of the improved permeability.


In summary, the incomplete bioavailability of compound 1
(SNS-032) in mice that resulted from poor absorption may be rem-
edied by improving the permeability of the compound. Through
replacing the N-isonipecotic fragment with the N-1,4-trans-diam-
inocyclohexyl fragment, we identified compound 4 which exhibits
comparable CDK selectivity profile to SNS-032, but shows im-
proved permeability and higher bioavailability in mice. Further
evaluation of compound 4 is required to determine the effects of
improved permeability on in vivo efficacy.

MDCK % Parent remaining after 30/60 min


/cycT Papp (A � B)b Efflux ratioc HLM MLM


1 15 94/87 96/94
5.8 9.4 64/53 76/77


S N
S Br


N


O


S N
S NR1R2


2-10


DMA, 110 oC


f N-alkyl analogs.
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Figure 2. Concentration vs time profiles of compounds 1 and 4 in mice after 5 mg/kg IV (closed circles) and 10 mg/kg PO (open circles). Concentrations are the averages of
three animals per timepoint.


Table 3
Pharmacokinetic parameters for 1 and 4


Compound Dose (mg/kg) Route Cmax (ng/mL) AUC (ng h/mL) CL (mL/min/kg) Vss (L/kg) t1/2 (h) %F


1 (SNS-032) 5 iv 2230 1510 55 3 0.6
10 po 275 434 0.5 14


4 5 iv 1660 1160 72 6 1.9
10 po 411 1430 1.5 62
30 po 2390 6390 1.2 92
45 po 4600 10,700 1.2 100
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The zinc (II) complexes, which contain oligopolyamide and bis(2-benzimidazolylmethyl)amine (IDB) con-
jugated by flexible linker, have been successfully synthesized, characterized, and evaluated as DNA cleav-
age agents. The cleavage activity of these complexes on DNA was studied by electrophoresis. The results
showed that the cleavage activity of zinc (II) complexes was enhanced comparing with those without oli-
gopolyamide. Specially, at a high reaction concentration (1.2 mM), Zn (II) complex can cleave the plasmid
DNA bearing some selectivity. Further, the spectroscopic data suggested that Zn (II) complexes with oli-
gopolyamide backbone possessed A-T (adenine and thymine) rich sequences preference.


� 2008 Elsevier Ltd. All rights reserved.

There is an increasing interest in the realization of small and ro-
bust artificial DNA hydrolytic agents for their potential applica-
tions not only in molecular biology but also in the development
of new drugs, recently.1 Within these artificial nucleases, several
examples of synthetic systems, based on metal complexes, which
promote the hydrolysis of nucleic acids or of model phosphate es-
ters have been reported in the past few years.2–13 However, almost
all these systems employ metal ions different from those used by
the natural catalysts and, in particular, are often based on lantha-
nide ions5–7,14 or Cu (II).8–13 Although transition metal and lantha-
nide complexes are shown to be most active for degradation of
DNA or RNA, they are highly labile, and the precise coordination
number and geometry are difficult to determine.15 Furthermore,
among the physiologically relevant metal ions, Zn (II) is probably
the best suited metal ion for the development of artificial metal-
lonucleases.16 However, its reactivity, especially mononuclear Zn
(II) complex, is somewhat lower than that of the other commonly
employed transition-metal ions,15 and this is probably why the
examples of Zn (II)-based artificial nucleases reported to date are
scarce.17–22


As mentioned previously, we expect that the catalytic activity of
the small molecular mononuclear Zn (II) complexes is enhanced
through some modificators. Since the principal rules developed
by Dervan et al. are that antiparallel pairing of Py/Im (Py = N-meth-

All rights reserved.
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ylpyrrole, Im = N-methylimidazole) targets a C-G (cytosine and
guanine) base pair, Im/Py targets a G-C base pair; and Py/Py is
degenerate, recognizing either an A-T or T-A base pair,23–25 this
makes polyamide system attractive candidate for developing selec-
tive and efficient artificial nuclease due to their ability to bind to
the minor groove of duplex DNA. Here, we report synthesis, char-
acterization and biological evaluation of a class of Zn (II) complexes
2 which contain oligopolyamide and bis(2-benzimidazolyl-
methyl)amine conjugated by flexible linker (Scheme 1). In a de-
tailed set of experiments, we found that the Zn (II) complexes
can bind to and cleave duplex DNA efficiently, bearing some selec-
tivity. The minimum of reaction concentration and time decrease
remarkably compared with the metal complexes without oligopo-
lyamide backbone.


Initially, we focused on the construction of oligopolyamide
backbone. The synthesis of these molecular contained 2–4 pyrrol-
ecarboxamide units should be achieved by the 1-hydroxybenzotri-
azole (HOBt) and N,N-dicyclohexylcarbodiimide (DCC) coupling
reaction. According to the reference,26 we synthesized a series of
oligopolyamide backbone (compounds 3a–c). Subsequently, com-
pounds 3a–c were converted into their activated esters with HOBt
and DCC in DMF. And then, IDB was added to the above solution
with stirring in room temperature for overnight. Compounds 4a–
c were obtained in 78%, 75%, and 70% yields from their precursors,
respectively. These ligands were purified by a silica gel column
with CH3OH/CHCl3 (4:96, 4:96, 5:95, respectively) as eluent. In
the last step, the free ligands 4a–c were allowed to react with Zn
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Scheme 1. Reagents conditions and yields: (a) HOBt, DCC, DMF 8 h, rt, and then IDB
8 h (70%, 60% and 62% for 4a–c, respectively). (b) Zn (ClO4)2�6H2O, CH3OH, rt, 6 h
(78%, 75%, and 72% for 2a–c, respectively). (c) CH2CH2CH2COCl, CH3COCH3, 0 �C,
10 h (95%); (d) Zn (ClO4)2�6H2O, CH3OH, rt, 6 h (76%).


Figure 1. Agarose gel electrophoresis of cleavage reaction of pUC18 DNA (0.08 lg/ll) by
8.92) for 6 h at 50 �C. Lane 1: DNA control; Lane 2–13: 0.05, 0.2, 0.4, 0.6, 0.8, 1.0, 1.2, 1.
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(ClO4)2�6H2O in methanol. After stirring in room temperature for
6 h and filtration, the Zn (II) complexes 2a–c were obtained as yel-
low solid in 72–79% yields. The compounds 2a–c and 4a–c were
characterized by IR, ESI-MS, 1H NMR, and HRMS.27 In order to bet-
ter understand the important role of oligopolyamide backbone, the
control (compound 1) was synthesized. The route of synthesis was
shown in Scheme 1.


The DNA cleavage ability of Zn (II) complexes was initially stud-
ied by monitoring the conversion of circular supercoiled DNA
(Form I), circular relaxed DNA (Form II) and linear DNA (Form
III). The pUC18 plasmid DNA was used as the reaction substrate.
We found optimal condition of cleavage reaction through a serious
of optimize experiment, including pH value, concentration, time,
and temperature. To demonstrate the superiority over the metal
complexes without oligopolyamide, contrast experiment was per-
formed under the same conditions which have been optimized.


Figure 1 suggested the effect of different cleavage agents under
the optimized conditions. Zn (II) complex 1 at the lower concentra-
tion did not result in any detectable cleavage. The plasmid DNA
was cleaved by 1 until the concentration up to 1.8 mM, but without
any selectivity. However, the efficient cleavage of plasmid DNA in
the presence of Zn (II) complex with oligopolyamide 2c was appar-
ent when the concentration was just at a lower level. The linear
DNA (Form III) was observed in agarose gel electrophoresis dia-
gram when 0.6 mM cleavage agent was added to the reaction sys-
tem, as shown in Figure 1b. The minimum of cleavage
concentration lowered apparently. Notably, the disappearance of
circular relaxed and linear DNA was accompanied by appearance
of the new band when the reaction concentration reached
1.2 mM. The molecular weight of this band was about 1000 bp. It
was a convincing argument that the oligopolyamide system played
an important role in cleavage activity and selectivity. The metal
complex with oligopolyamide and the result of cleavage reaction,
have not yet, to the best of our knowledge, been reported in the
literature.


Subsequently, our efforts focused on the minimum of reaction
time of complexes. The experiment was performed in a similar
way. The plasmid DNA was not cleaved by complex 1 in short time
(Fig. 2a). The efficient cleavage was observed when the reaction
time was reached about 8 h. However, in the event that the com-
plex with oligopolyamide 2c was added to the reaction at the same

different concentrations and complexes (a: 1, b: 2c) in a Tris–HCl buffer (40 mM, pH
4, 1.6, 1.8, 2.0, 2.2 mM; Lane 14: 500 bp DNA ladder.







Figure 2. Agarose gel electrophoresis of cleavage reaction of pUC18 DNA (0.08 lg/ll) by different time and complexes (a: 1, b: 2c) (0.6 mM) in a Tris–HCl buffer (40 mM, pH
8.92) at 50 �C. Lane 1: DNA control; Lane 2–13: 0.5, 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11 h; Lane 14: 500 bp DNA ladder.
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condition, the linear DNA (Form III) was caught when the reaction
time was just 30 min (Fig. 2b). The result suggested that the min-
imum of reaction time lowered sharply in the presence of Zn (II)
complex with oligopolyamide.


Further, the influence of the length of the oligopolyamide back-
bone on the cleavage reaction was studied. As shown in Figure 3a,
the amount of linear DNA (Form II) observed in agarose gel electro-
phoresis diagram increased with increase of pyrrole unit in com-
plexes and compound 2c is the best catalyst for DNA cleavage.
The similar result was observed at high concentration (Fig. 3b).
The data suggested that the construction of the complexes, in par-
ticular the length of the oligopolyamide backbone appended with
IDB group, play an important role in cleavage reaction.


To demonstrate that the cleavage activity was not restricted to
plasmid DNA, a linear DNA (k-DNA) was also used as a substrate
for cleavage. As the methods of plasmid DNA, first we found opti-
mal condition of cleavage reaction through a serious of optimize

Figure 3. Agarose gel electrophoresis of cleavage reaction of pUC18 DNA (0.08 lg/ll) by d
6 h at 50 �C. Lane 1: DNA control; Lane 2–4: 2a, 2b, 2c; Lane 5: 500 bp DNA ladder.

experiment. As shown in Figure 4, linear DNA was gradually de-
graded into smears of progressively smaller fragments in the pres-
ence of compound 2c. The efficient cleavage was detected when
the concentration of 2c was just 140 lM.


The UV absorption spectra of the Zn (II) complexes of 2c and 1
changed significantly as a result of their binding to calf thymus
DNA. Monitoring such changes would be helpful in estimating
the binding constants. Comparative measurements were carried
out with complexes 2c and 1. In titration of the Zn (II) complexes
(each 50 lM) with ct-DNA (1: 0–62.5 lM and 2c: 0–7.87 lM) in
Tris–HCl buffer (40 mM, pH 8.0) at 25 �C. The absorption maxima
of 1 (k1max = 276 and k2max = 281 nm), and 2c (k1max = 276,
k2max = 282 nm) decreased with increasing concentration of DNA
(hypochromicity) (Fig. 5a and b). Hypochromism was suggested
to be due to strong interactions between the electronic states of
the intercalating chromophore and that of the DNA base pairs.28


However, no apparent isosbestic point was observed in the absorp-

ifferent complexes (a: 0.6 mM, b: 2.0 mM) in a Tris–HCl buffer (40 mM, pH 8.92) for







Figure 4. Agarose gel electrophoresis of cleavage reaction of k-DNA cleaved by
complex 2c. Lane 1: control; Lane 2–10: incubated with 2c by different concen-
tration (20, 40, 60, 80, 100, 120, 140, 160, 180 lM, respectively) in Tris–HCl buffer
(40 mM, pH 8.11) for 6 h at 50 �C.


Table 1
Apparent binding affinity of various complexes to DNA


DNA Apparent binding constant (Kapp) (M�1) � 10�4


1 2c 4c


Calf thymus DNA 0.78 12.5 5.00
poly[(dA–dT)2] 1.61 33.3 11.5
poly[(dG–dC)2] 0.81 0.45 —a


a Kapp value could not be determined due to irregular spectral changes, see text.
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tion spectra of 2c. This result suggested that 2c bound to DNA by
multiple modes and not intercalation.29


Furthermore, to study further the DNA sequences preference of
the Zn (II) complex, the titration experiment was performed in the
presence of synthetic double-stranded DNAs (Fig. 5c and d). Among
Figure 5b–d, calf thymus DNA and poly[(dA–dT)2] gave similar
titration behaviors, except for poly[(dG–dC)2]), where irregular
spectrophotometric titration was seen. The phenomenon occurred
on account of the different binding affinities to DNAs. In other
words, Zn (II) complex with oligopolyamide backbone possessed
A-T rich sequences preference. The conclusion was proved further
through the Kapp value (see Table 1).


The smooth decreases in the maximum absorbances allowed us
to construct the half-reciprocal plots for [DNA] with matching [Zn
(II) complexes] according to the equation (1).30 The Kapp deter-
mined for the binding of the Zn (II) complexes (1 and 2c) and free
ligand (4c) to calf thymus DNA and synthetic DNAs are summa-
rized in Table 1. In view of the Kapp values obtained, the complex

Figure 5. UV spectrophotometric titrations: (a) and (b) for 1 and 2c (each 50 lM) with c
and (d) for 2c (each 50 lM) with poly[(dA–dT)2] and poly[(dC–dG)2], respectively.

1 was calculated to possess nearly the same binding affinities to
all the measured DNAs. Without oligopolyamide backbone, the
binding activities were very limited for any DNA (Kapp = 0.78 � 104


for calf thymus DNA, 1.61 � 104 for poly[(dA–dT)2], and 0.81 � 104


for poly[(dG–dC)2]). However, the binding affinities of complex 2c
to calf thymus DNA and poly[(dA–dT)2] were 16-fold and 20.7-fold
higher than those for complex 1, respectively. It showed that the
affinity of Zn (II) complex was enhanced on the account of modifi-
cation with oligopolyamide. The affinities between complex 2c and
all DNAs indicate that the Kapp value for poly[(dA–dT)2] was
approximately 3-fold and 70-fold higher than those for calf thymus
DNA and poly[(dG–dC)2]. The outstanding results further sup-
ported A-T rich sequences preference of Zn (II) complex in the
presence of oligopolyamide. Moreover, we also found that the me-
tal ion played an important role in binding affinity to DNA and the
conclusion was confirmed by contrasting data in Table 1. In conclu-
sion, experimental data indicated that introduction of oligopolya-
mide lead to increasing of binding affinities to A-T rich DNA
sequences. Further studies including physicochemical measure-
ments and other techniques will be done to confirm such
explanation.


In summary, we synthesized and characterized Zn (II) com-
plexes appended with oligopolyamide backbone. The preliminary
biological activity studies showed that the efficient cleavage of
plasmid DNA was observed at lower reaction concentration and
short time comparing with the complex without oligopolyamide.
Interestingly, at a high reaction concentration (1.2 mM), Zn (II)
complex converted the plasmid DNA to a new band. Additionally,
The UV spectral changes suggested that the strong interactions be-

alf thymus DNA ((a) 0–62.5 lM and (b) 0–7.87 lM from top to bottom curves); (c)
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tween DNA and complexes could be observed. Quantification of the
binding affinity Kapp showed that Zn (II) complex with oligopolya-
mide backbone possessed A-T rich sequences preference
apparently.
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The cytotoxic macrolide kendomycin was identified as a ligand of Bcl-xl, an anti-apoptotic member of the
Bcl-2 protein family. Hydrolysis-stable and protonable semi-synthetic analogues have been obtained that
retain cytotoxicity and Bcl-xl binding.
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The Bcl-2 homology (BH) family of proteins, encompassing both
pro- and anti-apoptotic members, plays a crucial role in the regu-
lation of cell death.1 Cancer cells with an elevated level of Bcl-2
expression show a broad resistance to cytotoxic agents. A correla-
tion of expression of Bcl-xl, a prominent anti-apoptotic member of
this family, with the sensitivity of 60 cell lines in the National Can-
cer Institute anti-cancer screen to chemotherapeutics has been re-
ported.2 Small-molecule inhibitors of Bcl-xl function have been
discovered from diverse structural classes using both rational drug
design as well as high-throughput screening (HTS) approaches.3


Pre-clinical studies with small-molecule inhibitors indicate that
therapies targeted at these apoptotic pathways could be effective
anti-cancer treatments4 and a synthetic inhibitor of the Bcl-2 fam-
ily has recently entered clinical development.5,6


Natural products cover a molecular diversity that is often com-
plementary to that found in synthetic libraries.7 Their undisputable
success rate in drug research is reflected by the large number of
natural products and their semi-synthetic analogues in clinical
development.8 In order to identify natural compounds that disrupt
the interaction between Bcl-xl and the docking site of the Bak pep-
tide, one of the pro-apoptotic members from the Bcl-2 protein fam-
ily, we have undertaken a large-scale HTS screening campaign of

ll rights reserved.


).

124,535 natural product extracts using a fluorescence polarization
(FP) assay measuring displacement of a fluorescently labeled Bak
peptide from a GST–Bcl-xl fusion protein.9 The biological activity
of a benzophenanthridine alkaloid—chelerythrine—has been re-
ported by us previously.9 Here, we report the inhibitory activity
of kendomycin (1), a structurally novel macrocyclic polyketide pro-
duced by several species of Streptomyces. The compound was orig-
inally described in the patent literature as a potent endothelin
receptor antagonist10,11 and anti-osteoporotic compound.12 The
absolute stereochemistry has been determined and anti-bacterial
activity (e.g., MIC = 3.9 lM against the methicillin-resistant Staph-
ylococcus aureus strain STA MU50) as well as cytotoxic activity (e.g.,
GI50 < 0.1 lM against HEP G2) has been described previously.13


Fueled by the interest as a possible lead structure, advances have
been made towards revealing its mode of action. Proteasome inhi-
bition has been proposed as a contributing factor in the cytotoxic-
ity against leukemic monocyte lymphoma (U-937) cells.14


Additionally, the same authors describe an activation of caspase
8 (an enzyme involved in apoptosis) after treatment of U-937 with
kendomycin.


In the course of our investigation we noticed instability of ken-
domycin in aqueous solvents and methanol. There is evidence for a
nucleophilic attack on the C-20 followed by ring-opening since the
purple quinone 2 could be identified as the primary degradation
product (Scheme 1). Stability studies were undertaken at 37 �C in
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a 12.5% aqueous DMSO solution because of the insolubility of ken-
domycin in pure water. The half-life of kendomycin was deter-
mined to be less than 2 h under these conditions (Fig. 1).


To address the problem of instability, analogues were prepared
in which the hemi-ketal functionality was converted to a ketal.
Thus, methyl ketal 3 was prepared according to a previously de-
scribed procedure.11 The formation of the acetonide 4 has also
been reported earlier.13 Employing an improved two-step proce-
dure, compound 4 could be obtained in 87% yield. The ketal forma-
tion was facilitated using (±)-camphor-10-sulfonic acid followed
by oxidation of the intermediate catechol to the ortho-quinone
with manganese oxide (Scheme 2). Likewise, analogue 5 was pre-
pared from N-methyl-4-piperidone, as was analogue 6 from cyclo-
hexanone.15 The scope of this reaction appears to be quite limited
since five-membered cyclic ketones (e.g., cyclopentanone) as well
as some non-cyclic ketones (e.g., diethanolamine) failed to yield
the corresponding ketals. As anticipated, the stability of both
tested diketals, compounds 4 and 5, showed great improvement
compared to kendomycin with estimated half-lives of 39 and
23 h, respectively.


Kendomycin (1) inhibited Bak–Bcl-xl interaction with an IC50 of
12.3 lM (Table 1) when tested in the Bak–GST–Bcl-xl FP assay.
Hydrolysis to 2 or introduction of a methyl group at the hydroxyl
group in position 19 in compound 3, led to greatly reduced activity.

Table 1
Effects of compounds on Bcl-xl inhibition, A549 cytotoxicity and direct measurement of B


Compounds Bcl-xl inhibition Cyto


IC50 (lM)a Emax (%)a IC50


1 12.3 70 16
2 230 35 25
3 na — 9
4 9.5 22 14
5 5.0 66 14
6 na — 24
Gossypol — — —


a Values are means of three experiments (na, not active; nb, no binding).


HO


OO


HO OH


H


H
O


HO


O


O


1 4
5
6


ketone, 
CSA, DCM,


then MnO2


Scheme 2. Synthesis of diketals 4–6 from kend

On the other hand, conversion of the aromatic ring into an ortho-
quinone system, which constitutes a relatively complex structural
change, was tolerated. Acetonide 4 and the piperidone ketal 5 both
inhibited Bak–Bcl-xl interaction (IC50 = 9.5 and 5.0 lM, respec-
tively). Surprisingly, the structurally very similar cyclohexyl deriv-
ative 6 was inactive in this assay.


It should be noted that kendomycin and the piperidine deriva-
tive 5 only achieve a maximal effect (Emax) in the FP assay of 70%
and 66%, respectively. An Emax of only 22% has even been found
for the acetonide 4. This finding may indicate that these com-
pounds bind to an allosteric site on Bcl-xl thereby altering the pep-
tide binding affinity but without causing its complete
displacement. To confirm binding of compounds to Bcl-xl, surface
plasmon resonance (SPR) studies were performed with immobi-
lised protein using the Biacore system, as described.16,17 Experi-
ments were performed with both the GST fusion protein, used in
the FP assay, as well as native Bcl-xl protein, without the GST tag

cl-xl binding using SPR


toxicitya (A549) SPR by Biacore


(lM) GST–Bcl-xl Kd (M) Bcl-xl Kd (M)


5.28e�4 1.83e�3


1.08e�2 nb
— —
— —
3.77e�4 3.99e�4


— —
1.71e�6 3.38e�4
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(Table 1). These results confirmed binding of 1 and 5 to the GST–
Bcl-xl protein, with much weaker binding observed for the hydro-
lyzed molecule 2, in accordance with the FP results. However,
binding to the native protein was weaker for 1, indicating that
the addition of the GST moiety may contribute to the observed
in vitro interaction between 1 and Bcl-xl. This was also the case
for the known Bcl-xl inhibitor gossypol18, which showed better
binding to the GST-tagged protein (Table 1). Interestingly, 5 bound
with equal affinity to both the GST-fused and native protein with a
Kd equivalent to gossypol. These studies emphasize the importance
of confirming preliminary screening data by means of a direct
orthogonal assay of compound–target interaction.


Kendomycin and all analogues tested exhibited a cytotoxic ef-
fect in the same range (IC50 = 9–25 lM) against A549 cells. Hence,
there is no apparent evidence for a correlation between in vitro
inhibition of Bcl-xl and cytotoxicity. This finding implies that an
alternative mechanism is responsible for kendomycin-mediated
cell killing in A549 cells and remains to be explored.


In summary, we have shown that kendomycin disrupts the pro-
tein–protein interaction between Bcl-xl and Bak, although the affin-
ity for native protein, as measured using Biacore, appears to be weak.
Two active semi-synthetic analogues of kendomycin, with clearly
improved stability in aqueous media, have been synthesized which
may be useful for exploring the mechanism of action of this series.
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Three N-carboxymethyl chitosan oligosaccharides (N-CMCOSs) with different degrees of substitution
(NA: 0.28, NB: 0.41, and NC: 0.54, respectively) were prepared by the control of the amount of glyoxylic
acid in the etherification process of chitosan oligosaccharide (COS). Their antioxidant activities were eval-
uated by the scavenging of 1,1-diphenyl-2-picrylhrazyl radical (DPPH) radical, superoxide anion and
determination of reducing power. With the increasing of substituting degree, the scavenging activity
of N-CMCOSs against DPPH radical decreased and reducing power increased. As for superoxide anion
scavenging, the order is NB > NC > NA. The difference may be related to the different radical scavenging
mechanisms and donating effect of substituting carboxymethyl group.


� 2008 Published by Elsevier Ltd.

Chitosan is naturally occurring cationic polysaccharide consist-
ing of D-glucosamine monomers linked through b-(1?4) glycosidic
linkages. In order to improve the water solubility and enlarge the
utilization of chitosan, chemical modification is widely applied to
introduce a variety of functional groups in the polymer chains. Car-
boxymethyl chitosan is one of the most important kinds of chito-
san derivatives. Based on the different substituting positions of
carboxymethyl group, carboxymethyl chitosan could be divided
into three kinds: O-carboxymethyl chitosan, N-carboxymethyl
chitosan, and N,O-carboxymethyl chitosan.1 The substituting posi-
tions and degrees of carboxymethyl group in the polymer chain
will directly affect the properties of carboxymethyl chitosan.2


Recently antioxidant activity of chitosan and its derivatives has
attracted the most attention due to their nontoxic nature and nat-
ural abundance. These researches showed that the antioxidant
activity of chitosan and its derivatives mainly related to the con-
tent of active hydroxyl and amino groups in the polymer
chains.3–6 And with the decrease of molecular weights, the antiox-
idant activity of chitosan and its derivatives will be enhanced due
to the partly destroying of intermolecular and intramolecular
hydrogen bonds.7–9


Compared with chitosan, the antioxidant activity of chitosan
oligosaccharide (COS) its derivatives will be much improved and
may be more interesting because of less effect of hydrogen
bonds.10–12 Kim tried to reveal the relationship of antioxidant
activities of COS derivatives and the physico-chemical proper-
ties.13,14 However, there is little research on the relationship
between the properties of carboxymethyl chitosan oligosaccharide

Elsevier Ltd.


: +86 21 65710222.

and its substituting positions and degrees. In this paper, three N-
carboxymethyl chitosan oligosaccharides (N-CMCOSs) with differ-
ent substituting degrees of carboxymethyl were synthesized in or-
der to investigate the effect of substituting groups on antioxidant
activity and thus to deduce the antioxidant mechanisms of COS
derivatives. Their antioxidant activity was investigated by scaveng-
ing DPPH radical, superoxide anion and determination of reducing
power.


COS (4.0 g, 5000 Da, supplied by Zhejiang Jinke Biochemistry
Co., Ltd) was dissolved in water (150.0 mL) with glyoxylic acid
(0.2 g) and stirred for 2 h. The solution was adjusted to pH 9.0 by
10 wt% NaOH solution. Then, 10.0 mL NaBH4 solution (10 wt%)
was added and stirred for 2 h. The resultant solution was adjusted
to pH 7.0, filtered, washed with alcohol repeatedly, then dried un-
der vacuum at 60 �C to obtain N-carboxymethyl chitosan oligosac-
charide A (NA). N-carboxymethyl chitosan oligosaccharide B and C
(NB and NC) were prepared according to the similar procedure by
using 0.4 and 0.8 g glyoxylic acid as etherifying agent, respectively.
Yield changed gradually when the amount of glyoxylic acid chan-
ged. The yields of NA, NB, and NC were 53.75%, 57.5%, and 62.5%,
respectively.


The degrees of substitution (DSs) of NA, NB, and NC were mea-
sured by pH titration according the following procedure.2 N-
CMCOSs samples (0.2 g) were dissolved in 20.0 mL HCl (0.1 M)
and titrated with 0.1 M NaOH solution. According to the change
of pH values, the DSs of NA, NB, and NC were calculated as 0.28,
0.41, and 0.54, respectively. The FTIR spectra of NA, NB, and NC
all showed the characteristic absorption bands of COS.15 The
absorption of new peaks at around 1420 and 1600 cm�1 could be
attributed to the stretch vibration absorption of –CH2COOH group
and carboxyl group, respectively. Compared with the peaks of COS,



mailto:taosun@shou.edu.cn

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

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





T. Sun et al. / Bioorg. Med. Chem. Lett. 18 (2008) 5774–5776 5775

the peaks of N-CMCOSs at 1589 cm�1 (N-H bend) decreased, which
indicated that carboxymethyl groups had substituted the amino
position of chitosan.


The DPPH scavenging activity of the samples was measured
using the modified method of Yamaguchi et al.16 2.0 mL of metha-
nolic solution of DPPH (0.1 mM) was incubated with varying con-
centrations of test samples (2.0 mL). The reaction mixture was
shaken well and incubated for 30 min at 33 �C and the absorbance
of the resulting solution was read at 517 nm against a blank. The
radical scavenging activity was measured as a decrease in the
absorbance of DPPH and was calculated using the following equa-
tion: Scavenging effect (%) = (1 � Asample/Acontrol) � 100%.


The superoxide anion scavenging activity was determined using
chemiluminescence technology.17 The assay was carried out on a
chemical luminometer (IFFM-D, Xi’an, China). The chemilumines-
cent reaction was processed in a Na2CO3–NaHCO3 (pH 10.20,
0.5 M) buffer solution. Scavenging activity of the samples was eval-
uated according to their quenching effects on the chemilumines-
cence signal of the luminal-pyrogallol system. The capability of
scavenging against superoxide anion was calculated as: Scavenging
effect (%) = (CL0 � CL1)/CL0 � 100%, where CL0 and CL1 represent
chemiluminescence peak areas of the blank group and test group,
respectively. The free radical produced in the system was proved
to be superoxide anion tested by superoxide dismutase, catalase
and mannitol.


The reducing power of all samples was determined by the
method of Yen and Chen.18 Different concentrations of chitosan oli-
gosaccharide derivative solutions (2.0 mL) were mixed with 2.5 mL
sodium phosphate buffer (pH 6.6, 0.2 M) and 2.5 mL potassium fer-
ricyanide (1% W/V). The mixtures were incubated for 20 min at
50 �C, then 2.5 mL trichloroacetic acid (10% W/V) was added to
the mixtures, followed by centrifugation at 2000 rpm for 10 min.
The supernatant was mixed with 2.5 mL distilled water and
0.5 mL ferric chloride solution (0.1% W/V) and the absorbance
was measured at 700 nm. Increased absorbance of the reaction
mixture indicated increased reducing power.


Data of antioxidant evaluation were expressed as mean ± stan-
dard error of the mean (n = 3) and independent student’s t-test was
used to determine the level of significance (Originpro 6.1, p < 0.05).


Figure 1 depicted the DPPH radical scavenging effect of NA, NB,
and NC. Scavenging activity of DPPH radical increased with the
increasing of concentrations of NA, NB, and NC, this is, was concen-
tration-dependent. Moreover, as shown in the figure, 50% inhibi-
tion concentrations (IC50s) of NA, NB, and NC were 0.32, 0.42,
and 0.71 mg/mL, respectively. In this system, the DPPH radical
scavenging effect of COS was better than that of N-CMCOSs at all
the tested concentrations, and the IC50 was 0.22. Considering the
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Figure 1. Scavenging effects of N-CMCOSs on DPPH radical.

fact that COS may be regarded a special CMCOS with no carboxy-
methyl group substituted (DS is 0), the results showed that the
scavenging effect on DPPH radical decreased with the increasing
of the DSs. DPPH is one of the compounds that possessed a proton
free radical with a characteristic absorption, which decreases sig-
nificantly on exposure to proton radical sacvengers.15 Further it
is well accepted that the DPPH free radical scavenging by antioxi-
dants is due to their hydrogen-donating ability.19 Thus, scavenging
of DPPH free radical was directly affected by the amount of attract-
able atoms in COS molecules.13,14 Lower DSs resulted in more ac-
tive amino groups and could donate more hydrogen to react with
DPPH radical. Therefore, NA with the lowest DS had the strongest
scavenging effect on DPPH radical.


Superoxide anion is formed in almost all aerobic cells and is a
major agent in the mechanism of oxygen toxicity.20 Superoxide an-
ion is known to be very harmful to cellular components as a precur-
sor of more reactive oxidative species, such as single oxygen and
hydroxyl radicals. Compared with other oxygen radicals, superox-
ide anion has a longer lifetime, can move to an aim at a longer dis-
tance, and thus has more dangerous. Therefore, it is very important
to study the scavenging of superoxide anion. Figure 2 showed the
superoxide anion scavenging activity of N-CMCOSs at different con-
centrations. The scavenging effects of NA, NB, and NC increased with
the increasing of concentrations. Their IC50s were 3.48, 2.64, and
3.18 mg/mL, respectively. The results indicated that NB (its DS
was 0.41) showed the strongest superoxide anion scavenging activ-
ity. As an electron-donating group, carboxymethyl group may en-
hance the electron cloud density of active hydroxyl and amino
groups in the COS polymer chain. Thus, the electron-donating activ-
ity of N-CMCOSs increased and the scavenging effect on superoxide
anion increased when DS increased from 0.28 to 0.41. Although the
electron cloud density of active hydroxyl and amino groups in-
creased while DS further improved to 0.54, the content of active
amino groups decreased because of higher substitution degree
and thus the electron-donating activity decreased, therefore the
scavenging effect of NC decreased compared to NB.


Many researches suggested the scavenging mechanism of chito-
san is based on that superoxide anion can react with active hydro-
gen atoms in chitosan to form a most stable macromolecular
radical.7–9,17 The antioxidant activity of Schiff bases of chitosan
and carboxymethyl chitosan reduced because of the amino and hy-
droxyl were substituted.21 Similarly, in this antioxidant evaluation
system COS had better superoxide anion scavenging activity com-
pared with N-CMCOSs (the IC50 was 1.92 mg/ml) because of no ac-
tive amino groups substituted. Superoxide anion is a zwitterionic
radical. It could react with free hydroxyl and amino groups in
COS. Then superoxide anion was eliminated by this reaction.
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Figure 2. Scavenging effects of N-CMCOSs on superoxide anion.
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Figure 3. Reducing power of N-CMCOSs.
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Reducing power assay has also been used to evaluate the ability
of natural antioxidants to donate electrons.22 The reducing capac-
ity of a compound may serve as a significant indicator of its poten-
tial antioxidant activity. Figure 3 depicted the reducing power of
NA, NB, and NC. The absorbances of NA, NB, and NC increased with
the increasing of their concentrations. At a concentration of
2.0 mg/mL, the absorbance of NA, NB, and NC were 0.77, 0.95,
and 1.08, respectively. The data showed that the reducing power
increased with the increasing of DS, which indicated that carboxy-
methyl group polymerized on COS increased the reducing power of
N-CMCOSs obviously. However, COS had the best reducing power
in this test system, its absorbance was 1.29 at the concentration
of 2.0 mg/mL, which should mainly be owed to the fact no active
amino groups had been substituted. A direct correlation between
antioxidant activities and reducing power of certain plant extracts
has been reported. The reducing power properties are generally
associated with the presence of reductions, which have been
shown to exert antioxidant action by breaking the free radicals’
chain by donating a hydrogen atom.23 This result may be related
to the fact that the introduction of electron-donating carboxy-
methyl group enhanced the electron cloud density of active hydro-
xyl and amino groups, thus the electron-donating activity
increased and the reducing power improved.


The charge properties of substituting groups may affect the
antioxidant activity of chitosan and its derivatives.24,25 However,
the effect of properties of substituting groups cannot be obvious
because of the facts: firstly, the substitution will reduce the
amount of active amino and hydroxyl groups in the polymer
chains; secondly, the substitution may partly destroy the

intermolecular and intramolecular hydrogen bonds. Compared
with chitosan, COS has soft hydrogen bonds, which is helpful to
investigate the effect of substituting groups on antioxidant activ-
ity of COS derivatives. In present study, three N-carboxymethyl
chitosan oligosaccharides with various substituting degrees were
prepared. They had diverse antioxidant activities in the antioxi-
dant systems. The scavenging effect on DPPH radical decreased
with the increasing of DS, while the reducing power increased
with the increasing of DS. In addition, the order of their inhibiting
efficacy on superoxide anion was: NB > NC > NA. That may be re-
lated with the different radical scavenging mechanisms and
donating effect of substituting carboxymethyl group.
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A small family of S-DABO cytosine analogs (S-DABOCs) has been synthesized and biologically evaluated
as HIV-1 inhibitor both on wild type (wt) and drug-resistant mutants leading to the identification of an
interesting compound (5d). Molecular modeling studies have been finally performed in order to rational-
ize the results.
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In the fight against the AIDS plague, the selection of drug-resis-
tant viruses represents a significant obstacle to the eradication of
the HIV infection.1 To overcome the therapeutic failures connected
with the selection of mutant strains resistant to common Reverse
Transcriptase inhibitors (RTIs) or Protease inhibitors (PIs), different
molecular targets have been recently investigated. An arsenal of
anti-HIV drugs belonging to six different classes, after the recent
approval of maraviroc (entry inhibitor)2 and raltegravir (integrase
inhibitor), are currently on the market.3 Although the discovery
of the last two drugs represents an important success in the fight
against drug resistant HIV-1 viruses, a few clinical studies demon-
strated that therapies based on maraviroc and raltegravir have
comparable efficacy to regimens based on the non-nucleoside
reverse transcriptase inhibitor (NNRTI) efavirenz.4 Reverse trans-
criptase (RT) represents therefore an old but still important target
which is highly investigated for the identification of novel NNRTIs
endowed with a better activity profile against clinically relevant
mutant strains.5 A number of potent second-generation NNRTIs
are in fact currently in clinical trial (Fig. 1).6 During the course of
our long lasting studies on S-DABO RT inhibitors, we discovered
very potent compounds active on HIV-1 (wt)-infected cells at

ll rights reserved.


: +39 0577 234333.

picomolar concentration.7 However, a pronounced loss of activity
was commonly observed when the same compounds were tested
against drug resistant HIV-1 mutants (K103N, Y181C, and
Y188L). To overcome the loss of activity against the above-
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mentioned mutants, we decided to synthesize simplified analogues
of the S-DABO precursor 1 (Fig. 2) in order to identify a smaller
molecule able to give specific interactions with residues of the allo-
steric site not associated with any drug-resistant mutation.
Accordingly, the S-DABO cytosine analog family (S-DABOC) has
been recently identified.8 Based on the encouraging preliminary
results on HIV inhibition, this study has been focused on the devel-
opment of novel S-DABOC analogs with generic structure I in order
to get additional information on the SAR for this new family of
inhibitors (Fig. 2).


As starting point for this work, we decided to maintain invariate
the functional groups which were previously found important for
the RT:S-DABOCs interaction and to introduce additional variabil-
ity at C2 and C6 positions (X, Z, and R1): the target compounds
(generic structure I) should therefore bear a C4 amino group
(responsible for key hydrogen bond interaction with the backbone
of Lys103 and Pro236) and a C5 methyl group (which seems to be
accommodated in a hydrophobic region defined by Leu100, Lys102,
and Tyr 318).8b Following a versatile synthetic approach previously

Table 1
Anti HIV-1 activity and cytotoxicity of S-DABOC derivatives


N


N


NH


X
Me


I


Entry Compound X Z R1 ID50
a,b (


wt


1 5a S CO Ph 1.9
2 6 S CHOH Ph 7.7
3 7a S CHCl Ph >20
4 7b S CHF Ph >20
5 8 S CNOH Ph >20
6 9 SO2 CO Ph 16
7 10 NH CO Ph >20
8 5b S CO CH2Ph >20
9 5c S CO CH2CH2Ph >20
10 5d S CO 3-F–Ph 0.2
11 5e S CO Naphthyl 2.7
12 1 0.004
13 NVP — — — —
14 EFV — — — —


a Data represent mean values of at least two experiments.
b ID50: Inhibiting dose 50 or needed dose to inhibit 50% of the enzyme.
c EC50: Effective concentration 50 or needed concentration to inhibit 50% HIV-induce
d CC50: Cytotoxic concentration 50 or needed concentration to induce 50% death of n
e Fold-resistance is reported in parenthesis and expresses the ratio of EC50 value agai
f Nd, not determined.

reported by us,8a the key intermediate 2 was reacted with five dif-
ferent Grignard reagents to give the alcohols 3a–e which were then
oxidized to the corresponding C6-keto derivatives 4a–e by reaction
with Dess–Martin periodinane (Scheme 1). Finally, selective C4
chlorination in refluxing POCl3 followed by nucleophilic substitu-
tion with methanolic ammonia gave the S-DABOC derivatives
5a–e in which the X and Z moieties were kept fixed (and equal
to S and CO, respectively) while introducing different R1 groups
on C60 (see Table 1).


On the other hand, starting from the simpler derivative 5a, R1


was kept fixed (and equal to Ph) while additional functionalization
was introduced in C60 and C2 in order to select the most interesting
substituents X and Z (for the antiviral activity) to be subsequently
coupled with the best R1 group. A series of more flexible deriva-
tives was initially synthesized by reduction of the C60 keto moiety
with NaBH4 to give the corresponding alcohol 6 which was further
converted into the C6-chloromethyl phenyl and C6-fluoromethyl
phenyl derivatives (7a and 7b) by reaction with DAST and PCl5,
respectively (Scheme 2).

2
Me


Z
R1


lM) ED50
a,c (lM) CC50


d


NL4-3 wt K103N Y181C


0.06 1.67 (28)e 1.71 (28) >25
>25 >25 >25 >25


11.98 >25 >25 >25
>25 >25 >25 >25


10.45 >25 >25 >25
0.44 19.12 (43) 10.37 (23) >25
3.4 >25 >25 >25


>25 >25 >25 >25
>25 >25 >25 >25


0.034 0.695 (20) 0.779 (23) >25
>19.37 >19.37 >19.37 >19.37


0.007 4.7 (671) ndf >25
0.04 0.68 (17) >2 >2
0.001 0.133 (133) 0.008 (8) >1


d cell death, evaluated with MTT method in MT-4 cells.
oninfected cells evaluated with the MTT method in MT-4 cells.
nst drug-resistant strain and EC50 of the wild type NL4-3 strain.
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The oxime 8 was easily obtained reacting compound 5a with
hydroxylamine hydrochloride, while the functionalizations in C2
was accomplished by converting 5a to the corresponding sulfone
9 and final nucleophilic substitution with methylamine under
microwave assisted condition to give compound 10. All the synthe-
sized compounds were evaluated in enzymatic tests for their abil-
ity to inhibit wild type (wt) as well as on MT-4 cells for cytotoxicity
and anti-HIV activity, in comparison with nevirapine, efavirenz and
the S-DABO 1 used as reference drugs. In particular, the mutants
K103N and Y181C were used for tests on cell lines. The biological
results reported in Table 1 showed that among the Z substituents
(entries 1–5), the best one was represented by the keto moiety (en-
try 1), while the introduction of a methylsulfonyl or a methylamino
group on C2 in place of the methylthio determined a loss of activity
(entries 6–7). Among the R1 groups to be combined with the C6

Figure 3. Graphical representation of the binding mode of the S-DABOCs 5a and 5d w
minimum energy as derived from molecular interaction field calculations are also display
spheres), and neutral flat NH2 (blue spheres). (A) Docked conformation of 5a (sticks, gre

keto moiety (entries 8–11), the best substituent was found to be
the 3-fluorophenyl and the corresponding compound 5d repre-
sents the most active derivative of the series both against HIV-1
wild type and resistant mutants (Table 1). As a general consider-
ation, the increase of the C6 substituent flexibility either by intro-
ducing of a spacer between the C60 keto moiety and the phenyl ring
(5b and 5c) or by converting 5a into the C6-hydroxymethy phenyl,
C6-chloromethy phenyl and C6-fluoromethyl phenyl derivatives
(6, 7a, and 7b respectively), always led to a loss of activity (Table
1). In addition, the introduction of a polar moiety in C2 (X = SO2,
compound 9 and X = NH, compound 10) always led to a loss of
activity. The most important requirements for a good antiviral
activity in the S-DABOC series seems to be the presence of a rigid
structure characterized by a small substituted benzoyl group in
C6: compound 5d showed an activity profile better than that of
both the S-DABO precursor 1 and nevirapine, exhibiting fold resis-
tance values comparable to this commercial drug, EC50 values in
the high-nanomolar range against all the studied mutants and
low cytotoxicity. (see Fig. 3).


In order to have an idea of the druglikeness of our S-DABOC
inhibitors, significant physicochemical properties were predicted
using QikProp v2.59 and the results obtained were compared with
that of common anti-HIV drugs on the market (Table 2). In a
recently published review,6 Sweeney and Klumpp reported the
importance of pharmacokinetic factors in the success of first-line
anti-HIV therapies based on NNRTIs. A head to head comparison
between nevirapine and efavirenz, highlighted that despite the lat-
ter possesses higher in vitro antiviral activity, its poor pharmacoki-
netic profile make it clinically comparable to the less active
nevirapine. Efavirenz has in fact shown low solubility (LogS),
extensive binding to human serum proteins (LogK) and high inci-
dence of CNS side effects (LogBB) that can be easily predicted with
QikProp (Table 2). It was interesting to note that the predicted
physicochemical properties for the most active S-DABOC 5d seems
to be similar to that of nevirapine thus making it a good candidate
for further studies.


Docking simulations were finally conducted in order to get fur-
ther insight on the SAR for the synthesized inhibitors starting from
the crystal structure of the TNK-651:RT (wt) complex. A detailed
analysis of the binding site was performed in order to identify
the features responsible for the better activity of 5d with respect

ithin the allosteric site of the TNK-651:RT complex (PDB code: 1RT2). Regions of
ed for probes F (cyan spheres), CH3 group (yellow spheres), CH aromatic or vinyl (red
en carbon atoms) and (B) docked conformation of 5d (sticks, purple carbon atoms).







Table 2
Predicted physiochemical associated properties for synthesized S-DABOCs and
commercial anti-HIV drugs


Compound QP-
LogPa


QP-
LogSb


Number of
metabolitesc


QP-
LogKd


QP-
LogBBe


QP-
Cacof


5a 2.28 �3.43 1 �0.12 �0.51 1039.53
6 2.24 �3.21 3 �0.17 �0.57 978.04
7a 3.57 �4.28 3 0.23 �0.06 2334.41
7b 3.26 �3.79 3 0.15 �0.12 2144.49
8 1.89 �3.05 1 �0.25 �0.9 509.9
5b 2.74 �3.9 2 0.01 �0.57 1098.97
9 0.27 �2.48 1 �0.6 �1.44 136.37
10 1.47 �2.91 1 �0.28 �0.88 539.46
5c 3.05 �4.23 3 0.09 �0.65 1138.96
5d 2.54 �3.87 1 �0.07 �0.41 1042.52
5e 3.45 �4.95 1 0.31 �0.6 997.79
1 5.5 �7.18 4 0.89 �0.36 1725.36
Nevirapine 2.32 �3.67 6 0.01 �0.1 1917.57
Efavirenz 3.51 �5.1 2 0.29 �0.02 1315.89
Delavirdine 2.61 �5.75 4 0.15 �1.6 243.63
Etravirine 2.67 �5.99 2 0.25 �2.1 55.64


a Predicted octanol/water partition coefficient; range of recommended values
(�2.0)–(+6.5).


b Predicted aqueous solubility; range of recommended values: (�6.5)–(+0.5).
c Number of likely metabolic reactions; range of recommended values: 1–8.
d Prediction of binding to human serum albumin; range of recommended values:


(�1.5)–(+1.5).
e Predicted brain/blood partition coefficient; range of recommended values:


(�3.0)–(+1.2).
f Predicted apparent Caco-2 cell permeability in nm/s; range of recommended


values: <25 poor; >500 great.
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to 5a. For this purpose, molecular interaction fields (MIFs) were
calculated for the binding site using the software Grid10 (for fur-
ther details see Supplementary data). Details derived from both
docking studies and Grid analysis allowed to rationalize the biolog-
ical results. In summary, two different binding modes were found
for the most active inhibitors: compound 5a showed a binding
mode similar to that previously found8b and characterized by key
hydrogen bond interaction with the backbone of Lys103 and
Pro236. This kind of interactions have been suggested to be very
important for maintaining the activity against the RT mutants
since are less likely to be disrupted as the result of a mutation.11


Alternatively, the presence of a meta-fluoro substituent on the
C6-benzoyl ring determine a 180� flip of the molecule along the
CO axis in order to locate the fluoro atom and other important fea-
tures on the corresponding minima calculated by GRID. In this ori-
entation, compound 5d gives two hydrogen bond contacts with the
backbone of Lys103 and Tyr188, p–p interaction with Tyr318 and
important hydrophobic interactions between the small C2-methyl-
thio group and the hydrophobic pocket defined by Tyr181, Tyr188,

Phe227 and Trp229 which could account for the better activity
profile.


In conclusion, a SAR study on the synthesized S-DABOC
analogues led to the identification of an interesting inhibitor (5d)
endowed with nanomolar activity and predicted pharmacokinetic
properties similar to that of anti-HIV drugs on the market. Molec-
ular modeling studies suggested the important features responsi-
ble for the RT:S-DABOCs interaction and will be of help in the
synthesis of more active analogues.
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in the xanthine–xanthine oxidase system.
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Reactive oxygen species (ROS) are continuously generated in
very low amounts in acting cells of aerobic organisms, as by-prod-
ucts of metabolic processes and they have found to play pivotal
roles in many physiological events, including signal transduction
reaction cascades.1 On the other hand, they can initiate a wide
range of toxic oxidative reactions causing modifications in biomol-
ecules of any cell component and therefore natural biochemical de-
fense systems have been evolved to protect the cell against
damage.2 A definitive deregulation between formation and scav-
enging of ROS results in elevated steady-state intracellular levels
of these oxidant species, a redox imbalance condition usually char-
acterized as oxidative stress state, which has deleterious effects on
almost all tissues and is implicated with triggering or progression
of various pathological conditions, including the aging process,
neurodegeneration, multiple sclerosis, cardiovascular diseases,
inflammation and cancer.3 Disease progression may be retarded
by administering protective compounds, which can act in several
different ways, as inhibitors of ROS formation, free radical scaveng-
ers, chain breaking antioxidants, or transition metal chelators and
therefore research on active antioxidants of natural or synthetic
origin receive great attention.4 Tissues with high oxygen consump-
tion rate and the central nervous system (CNS) in particular, are
more easily susceptible to oxidative damage under conditions of
oxidative stress, due to the presence of excitatory amino acids,
such as glutamate, elevated iron stores, cell membranes rich in
polyunsaturated fatty acids and low levels of the natural antioxi-

ll rights reserved.


: +30 210 7274747.
s).

dant glutathione in neurons.5 Furthermore, blood–brain barrier re-
duce the permeability and the protective efficacy of most
antioxidants.6


Coumarin (1,2-benzopyrone) derivatives constitute one of the
most common families of green plant secondary metabolites, sev-
eral of them being reported to display multiple biological proper-
ties.7 A large number of coumarin derivatives have also been
synthesized and some of them were found to possess interesting
antibacterial activity.8 However, the best known compounds in
this series are some 4-hydroxycoumarins, such as the drugs warfa-
rin and acenocoumarol, which have been widely used for over 20
years in anticoagulation therapy.9 A number of coumarins were
found to affect the formation and scavenging of ROS, exhibiting tis-
sue-protective antioxidant properties, which may include numer-
ous different molecular mechanisms and are probably related to
their structural analogy with flavonoids and benzophenones.10 In-
deed, this structure type can bind Fe(III) and thus inhibit hydroxyl
radical and hydrogen peroxide formation produced by Fenton’s
reactions.11 The hydroxyl groups of some hydroxycoumarins are
potent H� donors for free radical acceptors, due to electron delocal-
ization across the molecule.12 Also, some simple hydroxylated cou-
marin derivatives have reported to inhibit xanthine oxidase13 and
protect neuron cells against ROS-mediated oxidative damage cor-
related with the presence of b-amyloid peptide (Ab).14 Prompted
by the above mentioned biological properties of coumarin deriva-
tives and in continuation of our previous work on related ana-
logs,15 we present here the preparation of some new 4-hydroxy
spiropyranocoumarins as well as of their corresponding dihydro-
pyrano cis-diols and the investigation of their radical scavenging
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properties, in an effort to establish structure–activity relationships
within this biologically interesting class of compounds.


For the synthesis of the target coumarins we used the commer-
cial acetophenone 1 (Scheme 1) which was treated with the appro-
priate carbocyclic ketone in the presence of pyrrolidine16 to result
in the spirochromanones 2a–c. These compounds were converted
to the corresponding mesylates 3a–c, which were subjected to
borohydride reduction to provide the spirochromanols 4a–c. Dehy-
dration of compounds 4a–c in the presence of an acidic catalyst
yielded the mesylates 5a–c and the mesyl group was then removed
in alkaline media to provide the spirochromenes 6a–c. These spiro-
chromenes were first treated with Meldrum’s acid and the result-
ing esters 7a–c were ring-closed in the presence of trifluoroacetic
anhydride to result in the 4-hydroxychromenes 8a–c.17


In order to prepare the corresponding spiroadamantylchromene
12 (Scheme 2) we used the isomeric acetophenone 9 which reacted
with 2-chloro-2-ethynyladamantane18 to give a 2:3 mixture of the
acetylenic ether 10, together with the thermal cyclization product
11.


This mixture was not purified but it was treated with sodium
hydride in the presence of diethyl carbonate to provide the spiro-
chromene 12.


For the synthesis of the target dihydropyrano cis-diols we have
used the intermediate mesylates 5a–c. The corresponding spiroad-
amantyl analog was prepared according to the methodology de-
picted in Scheme 3.


2-Adamantanone (13) was first treated with ethyl bromoace-
tate in the presence of Zn19 and the resulting tertiary carbinol 14
provided upon dehydration and saponification the carboxylic acid
15.20 Reaction of this acid with 1,3-cyclohexanedione in polyphos-
phoric acid,21 which in this case acts both as a dehydrating agent
and a mild Lewis acid, gives the corresponding ester which upon

Scheme 1. Reagents and conditions: (a) cyclopentanone or cyclohexanone, or cyclohep
MeOH, reflux, 1 h; (d) p-TsOH, toluene, reflux, 1 h; (e) NaOH 10%, EtOH, reflux 1 h; (f) M


Scheme 2. Reagents and conditions: (a) 2-chloro-2-ethynyladamantane, K2CO3, KI, Cu

a Fries rearrangement and subsequent dehydration results in the
diketone 16. This diketone was then oxidized with DDQ,22 the
resulting phenol 17 was mesylated to give 18, which was reduced
and dehydrated to provide the spiroadamantane derivative 20.


Catalytic syn-hydroxylation of the mesylates 5a–c and 20, with
osmium tetroxide and N-methylmorpholine-N-oxide as oxidizing
agent yielded the cis-diols 21a–d (Scheme 4), which were then
converted to the acetonides 22a–d.


The mesyl group was removed by alkaline hydrolysis and the
resulting phenols 23a–d were treated with Meldrum’s acid to give
the carboxylic acids 24a–d, which were not isolated but dehy-
drated by reaction with trifluoroacetic anhydride to yield com-
pounds 25a–d. The target diols 26a–d were obtained from the
deprotection of 25a–d upon treatment with trifluoroacetic acid.23


The antioxidant activities of the new compounds were evalu-
ated by measuring free radical scavenging activity by two different
assays: the 1,1-diphenyl-2-picrylhydrazyl (DPPH) radical scaveng-
ing activity assay and the superoxide radical anion scavenging
activity assay. To investigate the scavenging effect to the DPPH
radical, each concentration of the tested compounds (5–200 lV)
was added to an equal volume of 200 lM DPPH ethanol solution,
the mixture was incubated for 20 min at room temperature, and
the absorbance was recorded at 517 nm after 20, 30, 45, and
60 min as previously described.15


The model of scavenging of the stable DPPH radical is exten-
sively used to evaluate radical scavenging activities in less time
than other methods.24 The tested compound reacts with DPPH,
which is a nitrogen centered radical with a characteristic absorp-
tion at 517 nm, and convert it to the stable diamagnetic molecule,
1,1-diphenyl-picrylhydrazine, due to its hydrogen donating ability
at a very rapid rate.25 When this electron becomes paired off, the
absorption decreases stoichiometrically with respect to the num-

tanone, pyrrolidine, toluene, reflux, 2 h; (b) MsCl, Et3N, CH2Cl2, rt, 12 h; (c) NaBH4,
eldrum’s acid, toluene, reflux, 1 h; (g) (CF3CO)2O, CH2Cl2, rt, 20 h.


I, acetone, reflux, 12 h; (b) NaH (60% in hexanes), (EtO)2CO, toluene, reflux, 24 h.







Scheme 4. Reagents and conditions: (a) OsO4, N-methylmorpholine-N-oxide, t-BuOH/THF/H2O, rt, 2 d; (b) acetone, H2SO4, 80 �C, 3 h; (c) NaOH 10%, EtOH, reflux 48 h; (d)
Meldrum’s acid, toluene, reflux, 1 h; (e) (CF3CO)2O, CH2Cl2, rt, 20 h; (f) CF3CO2H, MeOH, rt, 24 h.


Scheme 3. Reagents and conditions: (a) Zn, BrCH2COOEt, Et2O, reflux, 2 h; (b) HCOOH, 1 h, 110 �C; (c) 1,3-cyclohexanedione, HHF, 150 �C, 1 h; (d) DDQ, toluene, reflux,
90 min; (e) MsCl, Et3N, CH2Cl2, rt, 12 h; (f) NaBH4, MeOH, reflux 1 h; (g) p-TsOH, toluene, reflux, 1 h.


Table 1
Antiradical activities of the synthesized compounds in a DPPH test and percent
inhibition on xanthine–xanthine oxidase generated superoxide anion radical


Compound DPPH radical scavenging
activity IC50


a (lM)
% inhibition of
xanthine–xanthine oxidase
superoxide anion


8a 181.8 ± 15.2 na
8b 201.0 ± 22.5 na
8c 202.1 ± 21.8 na
12 129.9 ± 17.3 37.3 ± 3.8
26a 97.8 ± 9.5 63.5 ± 5.7
26b 161.4 ± 12.4 51.7 ± 4.9
26c 157.7 ± 16.1 35.8 ± 2.9
26d 165.9 ± 14.1 48.3 ± 5.0
4-Hydroxycoumarin 124.1 ± 11.8 19.37 ± 1.7
7-Hydroxycoumarin >400 32.6 ± 3.4
BHT 83.8 ± 7.9 —
Allopurinol — 42.3 ± 4.1


a IC50 values were determined by linear regression analysis using at least five
different concentrations in triplicate. Results are mean values ± SD from at least
three experiments. na, not active (Compounds were considered not active at con-
centration 0.5 mM giving activity less than 10%). —, not tested.
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ber of electrons taken up. Such a change in the absorbance
produced in this reaction has been widely applied to test the
capacity of numerous molecules to act as free radical scavengers.26


Furthermore, DPPH as a weak hydrogen atom abstractor, is consid-
ered a good kinetic model for peroxyl ROO� radicals.27


The synthesized compounds scavenged DPPH radical in a con-
centration and a time-dependent manner. Their activity is compa-
rable with that of 4-hydroxycoumarin and significantly higher than
7-hydroxycoumarin. Their scavenging activities were expressed in
IC50 (concentration required for 50% inhibition of 200 lM DPPH
concentration) values (Table 1).


Among the tested derivatives it is evident that the cis-diols
26a–d as well as the adamantyl-substituted chromene 12 interact
efficiently with DPPH (Fig. 1).


The cyclopentyl diol 26a possesses the highest activity among
all the compounds tested. When an analogous experiment was
performed to its protected precursor 25a, we found that this deriv-
ative was devoid of activity (IC50 > 400 lM) and this could provide
evidence of a possible involvement of aliphatic-OH in free radical
stabilization.







Figure 1. Graphical representation of % DPPH radical scavenging activity of
compounds 26a–d as a function on the time (A) and as a function of concentration
(B).
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We have further investigated the ability of the new derivatives
to scavenge superoxide anions, generated by an enzymic (xan-
thine–xanthine oxidase) system, by measurement of the reduction
product of nitro blue tetrazolium (NBT), as previously described.15


The incubation system contained 200 lV xanthine and 600 lV
NBT in 0.1 phosphate buffer (pH 7.4). The reaction started with
the addition of 0.07 U ml�1 of xanthine oxidase, which is consid-
ered to be an important biological source of superoxide radicals.28


The tested compounds were dissolved in 0.1% dimethylformamide
(DMF) in buffer, and added to the reaction mixture (final concen-
tration 0.5 mM). DMF was tested and found not to interfere with
the assay at the concentration used. We found again that the cis-
diols 26a–d and the adamantyl-substituted chromene 12 were ac-
tive and among them compounds 26a and 26b are more potent
superoxide anion radical scavengers than the reference compounds
4-hydroxycoumarin, 7-hydroxycoumarin and allopurinol at the
same concentration (Table 1).


In conclusion a synthetic methodology for the preparation of 4-
hydroxy spiropyranocoumarins as well as their dihydropyrano cis-
diols counterparts was developed. The evaluation of the free radi-
cal scavenging activity of the new compounds by means of two dif-
ferent tests, the interaction with DPPH free radical and the
quenching of superoxide anions generated by the enzymic xan-
thine–xanthine oxidase system, revealed that the spirocyclopentyl
substituted cis-diol 26a is the most potent radical scavenger pre-
senting high activity in both assays.
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A flexible, trifunctional poly(ethylene glycol)-succinamide-Lysine-Lysine-maleimide (PEG-SU-Lys-Lys-
mal) linker was employed to simultaneously allow biotin tagging and cell-surface targeting through an
integrin a4b1-binding peptidomimetic that was regiospecifically conjugated to an IgG1-derived Fc frag-
ment with an engineered C-terminal selenocysteine residue. The resulting antibody derivative mediates
Fc receptor binding by virtue of the Fc protein and selectively targets cancer cells expressing human inte-
grin a4b1. The PEG-SU-Lys-Lys-mal linker may have general utility as an organic tether for the construc-
tion of antibody–drug conjugates.


� 2008 Elsevier Ltd. All rights reserved.

The development of antibody–drug conjugates has been
undertaken for the treatment of cancer, in part because this ap-
proach may improve selectively and pharmacokinetics (PK).1,2


Tissue-specificity and increased serum half-life are typically
governed by the antibody component, while the cytotoxic or
radioactive drug cargo provides the therapeutic effect. Alternate
immunoconjugates, termed ‘chemically programmed antibodies’
(cpAbs), have also been described that employ cell-targeting by
the drug cargo rather than by the antibody.3–5 An important
advantage of cpAbs over traditional immunoconjugates is that
a single antibody can be directed to multiple targets via conjuga-
tion to different antigen-specific peptides or small molecules.
Such an approach expands the versatility of a given antibody
while endowing the small molecule with the effector functions
and PK characteristics of an antibody.


To broaden the scope of immunoconjugate-based chemother-
apy, we recently reported a genre of cpAbs that does not require
antibody-variable domains.6 Instead, while the antigen-specific
small molecule provides target specificity, an IgG1-derived Fc frag-
ment improves the PK properties of the small molecule and allows
alternative routes of administration such as interaction with the
neonatal Fc receptor (FcRn).6 In addition, an engineered C-terminal
selenocysteine (Sec) residue on the Fc protein (Fc–Sec) insures
site-specific attachment of a single drug molecule. To achieve this,

ll rights reserved.

we designed a flexible trifunctional poly(ethylene glycol)-succina-
mide-Lysine-Lysine-maleimide (PEG-SU-Lys-Lys-mal) linker that
simultaneously allows cell-targeting, regiospecific conjugation to
the Fc protein and conjugate detection. For cell-targeting we
employed LLP2A 1 (Fig. 1) a recently developed peptidomimetic
that binds with high affinity and specificity to the cell-surface
protein integrin a4b1 (IC50 = 2 pM).7


Integrin a4b1 has been shown to promote metastasis and
angiogenesis in a variety of cancers, and it plays a key role in
the onset of drug-resistance that can lead to relapse following
chemotherapy for acute myelogenous leukemia (AML).8–10


Although targeting integrin a4b1 is not without its risks,11 stud-
ies suggest that integrin a4b1 antagonists may be particularly
valuable therapeutic agents for the treatment of hematologic
malignancies, such as multiple myeloma and AML.10,12 We
wondered whether conjugation of LLP2A to Fc–Sec could over-
come undesirable PK characteristics of LLP2A while maintaining
its potency and selectivity.6,13


In conjugating 1 to Fc–Sec the linking segment needed to be
sufficiently long to allow 1 to bind to integrin a4b1 without ste-
ric interference from the relatively large Fc protein. For this rea-
son PEG-SU was chosen because it can be extended in a modular
fashion depending on the number of PEG-SU units employed.
Additionally, the N-Fmoc and N-Boc protected forms of PEG-SU
can be used in solid-phase syntheses.14 A PEG-SU dimer was uti-
lized in the Fc–Sec–LLP2A conjugate, since it had been previously
shown that 1 retains its affinity for integrin a4b1 when indirectly
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Figure 1. Structure of LLP2A (1) and trifunctional linker 2 showing sites of attachment for biotin and LLP2A, with R showing the intended site of Fc–Sec attachment.
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coupled to streptavidin through a biotin attached via this linker.7


The versatility of PEG-lysine-based linkers is also known.7,15 For
our purposes, two lysine residues were introduced at the C-ter-
minal end of the PEG-SU spacer to provide primary amines as
attachment points for (1) auxiliary functionality and (2) an alkyl-
ating agent that could be used for conjugation to the Sec residue
of the Fc protein. Inclusion of biotin as the auxiliary functionality
yielded the prototype construct LLP2A-(PEG-SU)2-Lys(Ne-Biotin)-

N
H


O
O


H
N


O


O


Fmoc
OH


HO


3


Figure 2. Structures of reagents used in
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Scheme 1. Reagents and conditions: (a) 20% piperidine in DMF; (b) Fmoc-Lys(Mmt)-OH
acetylimidazole in DMF; (f) Fmoc-Ac6c-OH, HATU, DIEA; (g) Fmoc-Aad(OBut)-OH, HATU,
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Lys(Ne-R)-amide (2), where R would be the nucleophile acceptor
suitable for conjugation with the Sec residue of the Fc protein
(Fig. 1).6,16


The solid-phase preparation of final products 2b–2e (Fig. 1)
required the previously reported acids 3–5 (Fig. 2).7 Coupling of
Ne-Mmt-Na-Fmoc-L-Lys to Rink amide MBHA resin followed by
Ne-biotin-Na-Fmoc-L-Lys using standard Fmoc protocols provided
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with N-Fmoc-PEG-SU (3) gave the resin-bound intermediate 7,
onto which was constructed the LLP2A sequence.7 Treatment of
the resulting resin 8 with 1% TFA in CH2Cl2 removed the acid-labile
Ne-Mmt-Lys group without cleavage from the resin. Subsequent
acylation of the resulting free amine followed by resin cleavage
(95% TFA) yielded the peptides 2a–2e. However, it was found that
the N-haloacetamide acylation products proved difficult to obtain
in pure form. Iodoacetamide-containing 2b could not be prepared
using standard protocols,17,18 and although 2c could be prepared
in low yield, it could not be obtained in pure form, even following
preparative reverse-phase HPLC.


In contrast to 2b and 2c, peptide 2d was obtained with rela-
tively few side products. One significant side product resulted
from deletion of the Aad residue from 2d (approximately 30%)
due to incomplete coupling of residues amino-proximal to the
sterically hindered aminocyclohexanecarboxylic acid (Ac6c).
However, pure 2d could be obtained through a two-stage proto-
col that involved the initial solid-phase synthesis of 2a followed
by a final solution-phase coupling step to yield 2d. This two-
stage route provided pure 2d in sufficient quantity for cell-based
assays. A more efficient solid-phase route resulting in improved
coupling of residues amino-proximal to the Ac6c, was achieved
using 2-(1H-7-azabenzotriazol-1-yl)-tetramethyluronium hexa-
fluorophosphate (HATU).19 Introducing a capping cycle (1-acetyl-
imidazole) also facilitated the separation of deletion by-products
(Scheme 1).


The chemoselective alkylation of Sec residues by 2d was exam-
ined using a variety of Fc constructs. Inclusion of a biotin handle
within 2d allowed facile detection of Fc covalent adducts by avidin
pull-down experiments followed by ELISA visualization. This

Figure 3. In vitro evaluation of Fc–Sec–2d conjugate. (A) ELISA assay examining conju
column) and with HRP-coupled donkey anti-human IgG polyclonal antibodies as control
C-terminal Sec; Fc–Cys, Fc protein in which the Sec residue has been replaced with Cy
receptor; BSA, bovine serum albumin negative control. (B) Flow cytometry histogram. Fo
integrin a4b1 (HEK 293F cells), followed by staining with Cy5-conjugated rabbit anti-hum
Flow cytometry histogram. Fc–Sec–2d or a biotinylated mouse anti-human integrin a
lymphoma cell line Raji that were pre-incubated with either a monoclonal mouse anti-
coupled phycoerythrin (Strep-PE) was used for detection and as a negative control (blue

showed that conjugation only occurred when the Sec residue was
present in the Fc protein (Fig. 3A).6,20 The Fc–Sec–2d conjugate was
then incubated with integrin a4b1-expressing cells. The cells were
washed and then treated with Cy5-labeled rabbit anti-human IgG.
Under these conditions, cells would only fluoresce if both the Fc
and LLP2A components of the hybrid construct were present. As
shown in Figure 3B, cells treated with the Fc–Sec–2d conjugate
were detected by flow cytometry while cells treated with Fc–Stop
(Fc protein minus the Sec residue) or 2e alone, did not exhibit such
dual specificity (Fig. 3B).21


Competition experiments with an anti-integrin a4 mAb (pur-
chased from Serotec) indicated that the Fc–Sec–2d hybrid and
the mAb exhibit identical/overlapping epitopes as evidenced by
the diminished binding of Fc–Sec–2d to lymphoma cells in the
presence of the Serotec mAb (Fig. 3C).22 In contrast, the binding
of an anti-integrin a4 mAb from a different source (R&D Systems)
could not be competed with the Serotec mAb, suggesting that the
two mAbs recognize different epitopes on integrin a4b1. These
results indicate that the binding of the Fc–Sec–2d hybrid to the
cells examined is mediated by the peptidomimetic LLP2A (1) and
not by the Fc protein portion, and that the targeting specificity of
the parent peptidomimetic for integrin a4 is retained in the
Fc–Sec–2d hybrid.


In conclusion, the trifunctional linker A–(PEG-SU)nLys(Ne–
B)Lys(Ne–C), where A is a targeting moiety, B is auxiliary function-
ality such as a fluorescent tag and C is a nucleophile acceptor, is
well-suited for the preparation of immunoconjugates in which a
small synthetic molecule governs cell-targeting.3,5 In the current
study, this linker allowed the conjugation of a LLP2A-biotin con-
struct to Fc–Sec in a chemoselective manner. Subsequent in vitro

gation of Fc proteins to reagent 2d as detected by HRP-coupled streptavidin (left
(right column). Fc–Sec, Fc protein with C-terminal Sec; Fc–Stop, Fc protein without


s. Fc*–Sec–His, Fc protein with mutation Asn297Ala that reduces binding to the Fc
llowing reaction with 2d, Fc–Sec and Fc–Stop were incubated with cells expressing
an IgG. Compound 2e (approximately 70% pure) was used as a negative control. (C)


4b1 antibody (R&D Systems) were incubated with cells from the human Burkitt’s
human integrin a4 (Serotec Ab) or with flow cytometry buffer alone. Streptavidin-


line).
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analysis revealed that all three components of the linker system—
targeting agent (1), tag (biotin), and antibody fragment (Fc–Sec),
were fully functional, with the affinities of the parent 1 and Fc pro-
tein for integrin a4b1 and Fc receptor, respectively, being retained.6


The trifunctional PEG-SU-Lys-Lys-maleimide linker may have more
general utility as an organic tether for the construction and evalu-
ation of antibody–drug conjugates.
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22. Procedures for monoclonal antibody competition data shown in Figure 3C.
Following incubation in 10% (v/v) FCS/PBS (1 h, 0 �C), Raji cells were
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FACScan instrument (Becton-Dickinson).
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We identified small molecule NTS1R agonist compounds through virtual screening of the corporate data-
base using a ROCS approach that searches multi-conformer representations efficiently. As a starting point
for the ROCS search, we used the known NTS1R selective antagonist, SR-48527, based on the hypothesis
that NT agonists and antagonists might share similar binding regions. Conformations were expanded and
selected as database search queries based on a cluster analysis. The search provided us with virtual hits
that were tested in intracellular calcium mobilization assays of NTS1R agonist and antagonist activities
measured in FLIPR format as well as in [3H]NT competition binding studies. The results indicated that
two initial hits produced partial agonist activity with potency in the moderate micromolar range.


� 2008 Elsevier Ltd. All rights reserved.

Neurotensin (NT, pGlu-Leu-Tyr-Glu-Asn-Lys-Pro-Arg-Arg-Pro-
Tyr-Ile-Leu) is a tridecapeptide that acts as a neuromodulator in
the CNS.1 Several lines of evidence have shown that NT modulates
dopamine (DA) neurotransmission, predominantly in the mesolim-
bic pathway.2 Due to its effects on DA and the activity in a range of
animal behavioral models, NT has been implicated in the patho-
physiology of schizophrenia and has been proposed as an endoge-
nous neuroleptic.3 NT mediates its effects through three receptors,
NTS1R, NTS2R, and NTS3R. NTS1R and NTS2R are members of the
seven-transmembrane domain family of G protein-coupled recep-
tors (GPCRs), with NTS1R believed to be principally responsible for
transducing the DA modulatory effects of NT.4 Although consider-
able effort has been devoted towards identifying suitable NT ago-
nists, the most advanced compounds remain peptidic in nature.3


Small molecule, non-peptide NTS1 agonists would be of consider-
able value in elucidating the role of NT in regulation of DA neuro-
transmission and could serve as leads for development of a novel
class of anti-psychotic compounds.


To date, direct structural information about the agonist binding
site in NTS1R is not available. Pang and his coworkers first reported
the three-dimensional structure of the extracellular loops, in par-
ticular E3, and the helical bundle of NTS1R in complex with neuro-
tensin (8–13) through a heuristic approach in conjunction with
site-directed mutagenesis studies.5 The proposed ligand binding

ll rights reserved.


+1 732 2744390.

site remains one of many possible models. In addition, a tentative
molecular model of the NTS1R antagonist, SR-48692, complexed
with NTS1R indicated important residues involved in the antago-
nist binding site for rat NTS1R.6 A similar approach was later ap-
plied to build a molecular model between agonist (NT8–13) and
NTS1R.7 Taken together, these studies suggest that agonist and
antagonist sites might share common points of anchor in the
receptor although their binding sites could be distinct.


With little information available for the receptor structure, we
decided to identify small molecule NTS1R agonist compounds
through virtual screening of the corporate database using a li-
gand-based approach called ROCS (Rapid Overlay of Chemical
Structures).8,9 ROCS is a shape-based superimposition method,
based on the idea that molecules have similar shape if their vol-
umes overlay well and any volume mismatch is a measure of dis-
similarity. Due to Gaussian-based function to represent the
molecular volume, ROCS allows for searching multi-conformer rep-
resentations of corporate collections efficiently by first comparison
of shape followed by simple matching of chemical functionalities.


As a starting point for the ROCS search, we chose SR-48527, the
NTS1R selective antagonist, as queries based on the experimental
observations that NT agonist and antagonist might share similar
binding regions.5–7 The structure of SR-48527 is shown in Figure 1.


The structure was first minimized using MMFF94 force field.10–14


and then expanded using OMEGA15 with the energy cut-off
of 5 kcal/mol. OMEGA is believed to be one of the most
reliable conformational expansion tools in terms of speed and
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Figure 1. Chemical structure of SR-48527.


Table 1
NTS1R agonist activity of compounds 1 and 2


Compound EC50
a Emax


b (%)


NT 0.31 (±0.26) 100
1 215.50 (±84.15) 60
2 178.01 (±77.58) 17


a EC50 of NT is reported in nM, while others are expressed in lM. Values are
means in triplicates of at least two independent experiments, and the standard
deviation is given in parentheses.


b Agonist efficacy is expressed as a percentage of the maximal value produced by
NT. No detectable agonist activities were observed when the compounds were
tested on non-transfected CHOK1 cells.
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Figure 3. Antagonist FLIPR functional assay. Demonstrations of blockade by SR-
48692 of NTS1R agonist activity were conducted in FLIPR as described in
Experimental methods.
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performance. Five representative conformers were retained as
search queries as a result of clustering analysis of torsional RMS
using the XCluster utility implemented in the Schroedinger Mae-
stro interface.16


To identify a novel NTS1 small molecule agonist, ROCS shape-
based searches were performed on Wyeth corporate collections.
The chemical/or color force field (CFF), Mills Dean, was added to
the shape matching procedure during the searches. In other words,
after finding the best alignment based on the shape, the program
calculates the color force field score (color) to measure chemical
complementarities, and to refine shape-based superimpositions
based on chemical similarity. A scaled color value is calculated
by taking a hit’s actual score value and dividing it by the color score
of the query molecule against itself. The score used for ranking the
hit list in this experiment is combo score that is the sum of the
shape Tanimoto coefficient and the scaled color value. Since both
shape Tanimoto coefficient and the scaled color are in the range
of 0 and 1, the combo score has a value from 0 to 2.


The library used in the ligand-based virtual screening is the
lead-like subset of Wyeth corporate collections (LEADCORP). The
LEADCORP contains about 200,000 compounds with molecular
weights between 180 and 400, less than 9 rotatable bonds, no more
than one chiral center, a logD7.4 of less than 4.0, fewer than 4 ion-
izable groups, and applied filter of non-reactive functionalities. The
‘lead-like’ molecules were expanded into a set of 3D conformations
using the program OMEGA11 with the energy cut-off of 5 kcal/mol.
The torsional sampling ranges from 5� to 60� depending on bond
type. For chiral molecules lack of a stereospecific designation, both
enantiomers were generated and conformationally expanded.


The effects of agonists were measured using CHOK1 cells stably
expressing the human NTS1R and were monitored with intracellu-
lar Ca2+ measurements (fluorometric imaging plate reader, FLIPR).
Cells were plated 24 h before assay at a density of 40,000 cells/well
in 96-well plates. FLIPR Calcium 3 dye (Molecular Probes, Eugene,
OR) was prepared in Hank’s balanced salt supplemented with
20 lM Hepes and 2.5 lM probenecid. Dye loads were for 50 min
at 37 �C. The intracellular calcium increases were detected by mea-
suring increases in fluorescence with FLIPR after compound’s addi-
tion. Data were analyzed with PRISM 4.0 (GraphPAD Software Inc.).


The NTS1R antagonist experiments were also performed using
FLIPR. The assay conditions were the same as the ones described
above. Compounds (3 nM NT or 50 lM of compounds 1 and 2) were
added after 30 min. pretreatment with SR-48692 (10�5–10�11 M).
Data were analyzed with PRISM 4.0 (GraphPAD Software Inc.).
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Figure 2. Two confirmed hits identified from virtual screening.

[3H]NT competition binding analysis conducted using crude cell
membranes were prepared from CHOK1 cells stably expressing the
human NTS1R as described.17 Membranes were suspended in
50 mM Tris–HCl, pH 7.4, and protein concentration determined.
Compounds were serially diluted in 50 mM Tris–HCl, pH 7.4, in
96-well plates. [3H] neurotensin (5 nM) and 25 lg of protein were
added to each well for the competition binding assay. Non-specific
binding was determined with 10 lM SR-48692. After incubation at
27 �C for 60 min, the reaction was stopped by rapid filtration
(Tomtek, Hamden, CT) and radioactivity was counted using a Beta-
plate liquid scintillation counter (PerkinElmer Life, Shelton, CT).
Data were analyzed with PRISM 4.0 (GraphPAD Software Inc.).


Virtual screening hits were selected based on the minimum
combo score of 1.2 in the ROCS searches. After removing the
unavailable compounds, 170 were finally submitted for testing
with the consideration of chemical diversity. Primary FLIPR screen-
ing identified two initial hits having NTS1R partial agonist activity
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1000 NT
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Figure 4. Competition binding assay. Competition binding of NT and compound 2
with [3H]NT studies were conducted as described in Experimental methods.
Binding for compound 1 was undeterminable.







Figure 5. (a) The ROCS alignment of compound 1 with the NTS1 antagonist, SR-48527. All carbons were shown in white for SR-48527 and in green for compound 1. Oxygen
and nitrogen atoms were highlighted in red and blue, respectively. Hydrogen atoms were not explicitly displayed. (b) The ROCS alignment of compound 2 with the NTS1
antagonist, SR-48527. All carbons were shown in white for SR-48527 and in magenta for compound 2. Oxygen and nitrogen atoms were highlighted in red and blue,
respectively. Hydrogen atoms were not explicitly displayed.
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with potency in the moderate micromolar range. To follow-up the
most potent compound 1 (Fig. 2), we have also performed 2D sim-
ilarity searches using topological torsion and atom pair based
descriptors.18,19 The subsequent similarity searches led two addi-
tional potent compounds with compound 2 as a representative
shown in Figure 2.


Compounds 1 and 2 were tested for NTS1R agonist activity.
Table 1 showed the EC50 values of the tested compounds in the
NTS1R FLIPR functional assay. The results indicated the production
of the agonist activity by both compounds.


In order to confirm the effect of the compounds on the NTS1R,
antagonist assays using the selective NTS1R antagonist, SR-48692,
were conducted in FLIPR format. SR-48692 was added for a
30 min pretreatment prior to addition of compounds (3 nM NT
or 50 lM of other compounds). The results were shown in
Figure 3. The antagonist effects of SR-48692 in CHOK1 stably
expressing NTS1 cells can be observed by inhibition of the stim-
ulatory effects of the agonist compounds [SR-48692 IC50


(NT) = 6.03 nM; IC50 (compound 1) = 3.79 nM; IC50 (compound
2) = 3.76 nM]. In addition, the [3H]NT competition binding assay
indicated that the compound 2, in particular, showed competition
binding (Ki = 545 nM, Fig. 4), however, there was no binding ob-
served for compound 1.


The virtual screening hits, compounds 1 and 2, were overlaid
with NTS1 antagonist, SR-48527, in Figure 5 using the ROCS
shape-based method. The initial ROCS hit compound 1 and the
query molecule SR-48527 have substantially different chemistry
but reasonably high shape similarity. Compound 2 identified by
subsequent 2D similarity searches also showed reasonable degrees
of shape similarity with NTS1 antagonist, SR-48527. In addition,
the three molecules shared common pharmacophoric features
according to the alignment shown in Figure 5a and b.


Early studies4 based on the model of the SR-48692-rNTS1 com-
plex suggested that the carboxylic group of NTS1 antagonist might
make an ionic interaction with Arg327 from helix 6. As shown in
the ROCS alignment, the carboxylic group in the structures of com-
pounds 1 and 2 is oriented toward the same pharmacophore space
as that with SR-48527. The Leu side chains of compounds 1 and 2
share the same space as cyclohexyl of SR-48527, the group hypoth-
esized to interact with the hydrophobic pocket contributed by the
residues such as Met228 of H4 and Phe331 of H6.6 Although com-
pounds 1 and 2 show reasonable degree of similarity with the
NTS1 antagonist, SR-48527, in terms of shape and pharmacophore,
they also showed structural differences. The observed structural dif-

ference might be responsible for the identified agonist activity ob-
served for compound 2, in particular.


In conclusion, virtual screening using SR-48527, the NTS1R
selective antagonist as a query, successfully identified two hits that
produced partial agonist activity that was blocked by the NTS1R
antagonist SR-48692 in FLIPR assays. Among those, compound 2
showed competition binding with [3H]NT in NTS1R binding assays.
It was noted that none of these compounds were identified from an
earlier high throughput screen that generated no leads from our
standard screening collections.
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An efficient and short synthetic route to a novel decadentate ligand 7-[2-(bis-carboxymethyl-amino)-
ethyl]-4,10-bis-carboxymethyl-1,4,7,10-tetraaza-cyclododec-1-yl-acetic acid (DEPA) with both macrocy-
clic and acyclic binding moieties is reported. A reproducible and scalable synthetic method to a precursor
molecule of DEPA, 1,4,7-tris(tert-butoxycarbonylmethyl)tetraazacyclododecane was developed. DEPA
was evaluated as a chelator of 177Lu, 212Bi, and 213Bi for potential use in an antibody-targeted cancer ther-
apy, radioimmunotherapy (RIT) using Arsenazo III based spectroscopic complexation kinetics, in vitro
serum stability, and in vivo biodistribution studies.


� 2008 Published by Elsevier Ltd.

Macrocyclic and acyclic ligands that possess amino and carbox-
ylate groups as metal binding moieties have been employed for
biomedical and radiopharmaceutical applications such as magnetic
resonance (MR)1 and positron emission tomography (PET)2 imag-
ing, iron depletion therapy (IDT),3 and radioimmunotherapy
(RIT).4 Recently, we have developed novel bimodal polyaminocarb-
oxylate ligands in the NETA ({4-[2-(bis-carboxymethyl-amino)-
ethyl]-7-carboxymethyl-[1,4,7]triazonan-1-yl}-acetic acid) and
NE3TA ({4-carboxymethyl-7-[2-(carboxymethyl-amino)-ethyl]-
[1,4,7]triazonan-1-yl}-acetic acid) series (Fig. 1) possessing both
macrocyclic and acyclic moieties.5–8 The bimodal ligands NETA
and NE3TA were evaluated as chelators of various metals such as
90Y, 205/6Bi, 203Pb, 177Lu, and 64Cu and showed their potential for
use in cancer therapeutic and diagnostic applications.5–7 In partic-
ular, NETA was proven to be an effective chelator for RIT, an anti-
body-targeted radiation therapy4 that employs a tumor-targeting
mAb for selective delivery of a cytotoxic radioisotope.5 Previous
studies have suggested that 177Lu (t1/2 = 6.7 d), 212Bi (t1/2 = 60.6 m),
and 213Bi (t1/2 = 45.7 m) are promising radioisotopes for RIT.9,10


For a safe and potent RIT, a ligand that can form a stable complex
with the radioisotope with clinically acceptable complexation
kinetics is required.


As an ongoing effort to develop an effective chelator for use in
RIT, we designed decadentate DEPA (Fig. 1) having a larger macro-

Elsevier Ltd.


: +1 312 567 3494.

cyclic cavity (12-membered ring) than NETA. The most frequently
explored polyaminocarboxylates in RIT are 1,4,7,10-tetraazacy-
clododecane-1,4,7,10-tetracarboxylic acid (DOTA) and diethylene
triamine pentaacetic acid (DTPA) derivatives. The novel bimodal li-
gand DEPA is proposed to rapidly form a stable complex with a me-
tal having relatively large ionic radii such as Lu(III), Bi(III), and
Ac(III) using the donor system integrating both macrocyclic DOTA
and acyclic DTPA.


Herein, we report an efficient and short synthetic route to the
novel bimodal ligand DEPA ({7-[2-(bis-carboxymethyl-amino)-
ethyl]-4,10-bis-carboxymethyl-1,4,7,10-tetraaza-cyclododec-1-
yl}-acetic acid, Fig. 1). The precursor molecule to DEPA, 1,4,7-tris
(tert-butoxycarbonylmethyl)tetraazacyclododecane was prepared
from cyclen using a convenient synthetic method involving a sim-
ple pH-controlled work-up. The structurally new ligand DEPA was
evaluated as a potential chelator of 177Lu, 212Bi, and 213Bi for RIT
applications.


Synthesis and isolation of polar macrocyclic polyaminocarboxy-
lates remain challenging. Chromatographic purification of the po-
lar macrocycles is often complicated due to the formation of
polar polyalkylated by-products which are quite indistinguishable
from the desired product by TLC. An efficient and short method to
prepare DEPA (Scheme 1) is based on a coupling reaction of pre-
alkylated precursor molecules 2 and 3. Reaction of trisubstituted
cyclen derivative 213 and N,N-dialkylated bromide 314 was ex-
pected to provide the desired macrocycle 4 while minimizing the
formation of polyalkylated by-products. A short and reproducible
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Figure 1. Ligands in preclinical evaluation for RIT.
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Figure 2. Plot of absorbance (652 nm) versus time of Lu(III)–AAIII (d), DOTA (-),
and DEPA (4) at pH 4.5 (0.15 M NH4OAc) and 25 �C.
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synthetic route to trisubstituted cyclen 2 which appears as a non-
UV responsive tailing spot on TLC was developed since the known
syntheses required either a lengthy procedure or complicated col-
umn chromatographic purification of the polar macrocycle.12,13


The efficient synthetic procedure reported herein provides for iso-
lation of 2 by a simple pH-controlled work-up without complicated
column chromatography in highly reproducible isolated yield.
When no base and an equimolar molar quantity of tert-butyl bro-
moacetate (3.0 equiv) were employed, 2 was actually produced
in a higher yield (47%). The base-promoted coupling reaction of 2
and N,N-dialkylated bromide 3 in CH3CN successfully provided 4
in moderate yield (56%). Isolation of 4 having benzyl groups which
could be monitored by HPLC and TLC analysis was achieved by
flash column chromatography. Both benzyl and tert-butyl groups
in 4 were removed by treatment with 6 M HCl(aq) to afford the de-
sired chelator DEPA.


The complexation kinetics of the ligand DEPA with Bi(III) and
Lu(III) was determined using a well-known spectroscopic compet-
ing reaction with Arsenazo III (AAIII) according to a modification of
a previously reported procedure.5 AAIII is known to form a weak
complex with many different metals producing a UV–vis absor-
bance maximum at �652 nm,15 while uncomplexed AAIII absorbs

little at this wavelength. The absorbance (A652) for the AAIII–Lu(III)
or AAIII–Bi(III) complex was measured in the absence and in the
presence of the ligands over 1 h at room temperature. The com-
plexation kinetics of Lu(III) and Bi(III) with DEPA was determined
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Figure 3. Plot of absorbance (652 nm) versus time of Bi(III)–AAIII (d), DOTA (-), and
DEPA (4) at pH 4.0 (0.15 M NH4OAc) and 25 �C.


Table 1
In vitro serum stability of 177Lu–DOTA, 177Lu–DEPA, and 205/6Bi–DEPA at pH 7 and
37 �C


Time (h) Radiolabeled complex


177Lu–DOTA 177Lu–DEPA 205/6Bi–DEPA


0 100 100 100
0.25 100.5 100 100
0.5 99.0 100 100
1 100.1 100 100
2 99.3 100 100
4 97.0 100 100
6 97.5 100 100
24 98.2 100 100
48 91.2 100 100
96 89.6 100 100
120 — — 100
192 — — 100
288 — — 100
336 — — 100
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Figure 4. Biodistribution of 205/6Bi–DEPA (iv inj
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at pH 4.5 or 4.0, respectively, as hydrolysis occurs at a higher pH
and radiolabeling reaction are routinely performed at this pH.7,16


The complexation of the new ligands studied herein was compared
to that of DOTA, which is known to form an inert complex with
metallic radionuclides, but with extremely slow kinetics.5 A plot
of absorbance at 652 nm versus time is shown in Figures 2 and 3.
The data in Figure 2 indicate that decadentate DEPA is quite slow
and inefficient in binding Lu(III) resulting in slight decrease in
the absorbance (�0.02) for AAIII–Lu(III) (Fig. 2). At this point, it is
not clear why the more flexible DEPA with 10 donor groups dis-
played slow complexation kinetics with Lu(III) versus the octaden-
tate DOTA ligand. The spectroscopic kinetics data indicate that
DOTA displayed sluggish complexation with both Lu(III) and Bi(III),
while DEPA showed enhanced complexation kinetics with Bi(III) as
compared to DOTA. The complexation of DEPA with Bi(III) was al-
most complete at the starting point (To), although the ligand pro-
duces a reaction equilibrium curve at the absorbance
(A652 = �0.01).


The new ligand DEPA was radiolabeled with 177Lu and 205/6Bi (a
surrogate of 212Bi and 213Bi) and the corresponding radiolabeled
complexes were evaluated for in vitro serum stability as described
previously.6,17,18 For comparison, DOTA was also radiolabeled with
177Lu. DEPA and DOTA (0.25 M NH4OAc buffer, pH 4.0) was radio-
labeled with 177Lu at 45 �C for 0.5 h to afford 177Lu–DEPA (Rf = 0.6)
and 177Lu–DOTA (Rf = 0.4) in respective radiochemical yields of 90%
and 95% as determined by radio-TLC. DEPA (0.25 M NH4OAc buffer,
pH 5.0) was successfully radiolabeled with 205/6Bi at room temper-
ature for 1 h to afford 205/6Bi–DEPA in 96% yield (radio-TLC).6,18


177Lu–DOTA, 177Lu–DEPA, and 205/6Bi–DEPA were purified from un-
bound 177Lu or 205/6Bi by ion-exchange chromatography using a
Chelex-100 column (1 mL volume bed, 100–200 mesh, Na+ form,
Bio-Rad, Richmond, CA) eluted with PBS (pH 7.4). In vitro serum
stability of the purified radiolabeled complexes was performed to
determine if DEPA or DOTA radiolabeled with 177Lu or 205/6Bi re-
mained stable without loss of the radionuclide in human serum.
This was assessed by measuring the transfer of radionuclide from
the complex to serum proteins. The data in Table 1 indicate that
205/6Bi–DEPA was extremely stable in serum, and no radioactivity
was released over 14 days (Table 1). 177Lu–DEPA remained intact
without being dissociated in serum. However, 10% of the radio-
activity was released from 177Lu–DOTA in 4 days.

idney Lung Heart Femur
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Based on the promising data obtained from the AAIII based
spectroscopic complexation kinetics and serum stability experi-
ments, the stability of 205/6Bi–DEPA was further evaluated by per-
forming a biodistribution study in normal athymic mice as
described previously.8 Blood levels and organ uptake of the radio-
labeled complexes in mice were measured at five time points, 0.5,
1, 4, 8, and 24 h post-injection of 205/6Bi–DEPA. The data in Figure 4
illustrate that DEPA radiolabeled with 205/6Bi was essentially inert
in vivo and rapidly cleared from the body. Radioactivity that was
detected in the blood and the organs was less than 2.44 %ID/g at
all points. At 24 h post-injection, the %ID/g in the kidneys and
spleen was 0.36 ± 0.03% and 0.39 ± 0.07%, respectively, which was
slightly higher than that observed in other organs. The bone accu-
mulation of the radioactivity was 2.02 ± 0.96 %ID/g at 0.5 h which
rapidly decreased to 0.38 ± 0.09 %ID/g at 1 h. Previously, we re-
ported that 177Lu–NETA displayed very low organ uptake and rapid
blood clearance, while 205/6Bi–NETA exhibited very high retention
in liver at the longer time intervals (5.93 ± 0.78 %ID/g at 0.5 h
and 7.31 ± 1.521 %ID/g at 24 h) due to possible dissociation of the
complex in vivo. Although NETA formed a stable complex with
Lu(III) (89 pm), the ligand seems to be inadequate for larger metal
Bi(III) (117 pm) due to its smaller cavity size compared to the mac-
rocyclic ring in DEPA. The in vivo biodistribution result suggest
that the enhanced in vivo stability of 205/6Bi–DEPA compared to
205/6Bi–NETA may result from size-match between Bi(III) and mac-
rocyclic DOTA backbone.19


In summary, the novel decadentate ligand DEPA having both
macrocyclic and acyclic metal binding moieties was efficiently
prepared. The complexation stability and kinetics data suggest
that DEPA displayed more rapid and substantial complexation
with Bi(III) as compared to DOTA, but appears to be slow in bind-
ing Lu(III). 177Lu–DEPA was found to be stable in serum, while
considerable amount of 177Lu (10%) was released from 177Lu–
DOTA over 4 days. DEPA radiolabeled with 205/6Bi was very stable
in human serum for 2 weeks and displayed excellent in vivo
stability. The complexation kinetics, serum stability, and in vivo
biodistribution data confirm the potential of DEPA as a viable
chelator of 212Bi and 213Bi and validate the synthesis of a bifunc-
tional derivative for RIT.
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The synthesis and biological activity of a new series of 2-aryloxymethylmorpholine histamine H3 antag-
onists is described. The new compounds are high affinity histamine H3 ligands that penetrate the CNS and
occupy the histamine H3 receptor in rat brain.


� 2008 Elsevier Ltd. All rights reserved.

Histamine plays an important role in a variety of physiological
processes, including inflammatory responses, which are regulated
by the histamine H1 receptor,1 and gastric acid secretion, which
is controlled by histamine H2 receptors.2 The cloning of the human
histamine H3 receptor in the late 1990s,3 and reports that the his-
tamine H3 receptor is widely expressed in the CNS, led to numer-
ous reports on the therapeutic potential for histamine H3


agonists and antagonists. After much research, it is now clear that
histamine H3 receptors play a role in regulation of the sleep-wake
cycle and that histamine H3 antagonists may have therapeutic util-
ity for the treatment of a variety of conditions, including excessive
daytime sleepiness, ADHD, Narcolepsy and Alzheimer’s disease,
among other conditions.4


Following the cloning of the human histamine H3 receptor
numerous pharmaceutical companies initiated drug discovery ef-
forts designed to identify histamine H3 antagonists that were suit-
able for clinical trials.5 Much progress has been made in this area
and many chemotypes have been disclosed that are potent and
selective histamine H3 antagonists. Several recent reviews have de-
scribed medicinal chemistry efforts in this area.5–7 One class of his-
tamine H3 antagonists contains a tertiary basic amine linked to an
aromatic core by a three to five atom spacer. A few of the many
possible representative examples are shown below. These com-
pounds include 18 and 2,9 which incorporate a propyloxypiperidine
moiety present in many of the reported H3 antagonists, and com-
pounds 3,10 4,11 and 5,12 which have slightly different linkers to
the terminal basic amine. As part of our efforts to discover novel
histamine H3 antagonists we now report a series of high affinity
morpholine-based ligands that penetrate the CNS.

All rights reserved.


).

Using 6 as a conceptual starting point,13 we devised a variety of


strategies to prepare conformationally restricted linkers that might
generate useful H3 ligands. One of these strategies was to tether
the tertiary basic amine to the linker as shown in compound 7. This
led generally to compounds 8 and includes the morpholine-based
structures described below. We chose to prepare these morpholine
compounds based on the hypothesis that they may have improved
physical and pharmacokinetic properties as a result of the reduced
basicity of the morpholine ring nitrogen as compared to the piper-
idine ring nitrogen in compounds such as JNJ-5207852 (6).


The desired morpholines can be prepared by several routes,
including those shown in Schemes 1 and 2. Initially, we prepared
compounds 12 using a Mitsunobu reaction of racemic 2-hydroxy-
methyl-morpholine-4-carboxylic acid tert-butyl ester 10 with phe-
nols such as 9. While we could obtain compounds 12 using this
procedure, the Mitsunobu reaction was plagued by poor and vari-
able yields. Two alternative routes are also shown in Schemes 1
and 2. In these examples, the morpholine methanol 10 was either
condensed with 4-flourobenzaldehyde to give 14 or was activated
as the tosylate 15 and reacted with the appropriate phenol to ob-
tain the required intermediates. These intermediates were then
converted to the final products by simple reductive amination
reactions as shown in the schemes. Compounds 19 were prepared
by the route shown in Scheme 1 using the appropriate phenol.
Compounds 21 and 22 were prepared using the procedures shown
in Scheme 2 using (R)- or (S)-2-hydroxymethyl-morpholine-4-car-
boxylic acid tert-butyl ester, which was made by literature
methods.14


Rat and human in vitro binding and functional data for the
compounds prepared are detailed in Table 1.15,16 As can be seen
in the table, compounds 19, lacking the benzyl amine moiety,
have only weak affinity for the histamine H3 receptor. In addi-



mailto:mletavic@its.jnj.com

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

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





O


N


JNJ-5207852
6, hH3 pKi = 9.24, Ki = 0.97nM


N


O


N


7


N


linker


O


N


8


R


R


N
R


X


O N


1


Cl


O


NC


N


5


N


4


N
O


N
H
N


O


3


N


N
O


O N


N


ON


2


M. A. Letavic et al. / Bioorg. Med. Chem. Lett. 18 (2008) 5796–5799 5797

tion to this apparent requirement for the benzyl amine function-
ality for high affinity, branched alkyl groups at R2 appear to have
important interactions with the H3 receptor. It is interesting to
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Scheme 1. Synthesis of compounds 12. Reagents and conditions: (a) amine, NaBH(OAc)3,
butyl ester (10), PPh3, DEAD, CH2Cl2, 23 �C, 24 h, 0–34%; (c) TFA, CH2Cl2; (d) ketone or a
64%.
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note that the meta substituted compounds 18a–c consistently
have lower affinity than the corresponding para substituted ana-
logs 12c–e.
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Table 1
Binding data for the rat and human H3 receptors for compounds 12 and 18–22
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Compound R1 R2 Rat H3 Ki (nM)a Rat H3 pA2
a Human H3 Ki (nM)a Human H3 pA2


a


12a — Me — — 2100 ± 1500 —
12b — Et — — 165 ± 46 —
12c — c-Pr — — 106 ± 16 —
12d — i-Pr 92 ± 32 — 49 ± 9 —
12e — c-Bu 75 ± 7 7.72 ± 0.00 18 ± 6 8.51 ± 0.05
12f — c-Pent 20 ± 3 8.32 ± 0.07 3.6 ± 0.9 9.02 ± 0.08
18a — c-Pr — — 566 ± 193 —
18b — i-Pr 562 ± 99 6.60 (n = 1) 102 ± 24 7.35 ± 0.23
18c — c-Bu 277 ± 59 7.10 (n = 2) 37 ± 12 7.85 ± 0.05
19a H H —– — >10,000 —
19b H i-Pr — — 4800 ± 2100 —
19c OEt i-Pr — — 9000 ± 0 —
19d OEt c-Bu — — 7100 ± 2300 —
19e OEt c-Pr — — >10,000 —
19f OEt c-Pent — — 5300 ± 2900 —


20a N c-Pent 9.8 ± 2.9 8.80 ± 0.08 2.2 ± 0.1 9.48 (n = 2)


20b N c-Pent 10 ± 3 8.81 ± 0.14 2.5 ± 0.3 9.83 (n = 2)


21 — — 121 ± 8 7.36 ± 0.07 31 ± 2 8.10 ± 0.02
22 — — 9.7 ± 2.1 8.67 ± 0.06 1.9 ± 0.1 9.42 ± 0.04


a Except where indicated values are the means of at least three experiments in triplicate. Ki ± SEM is reported.
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In the case of compound 12f both enantiomers were prepared
(21 and 22), and the (S)-isomer (22) was clearly better accommo-
dated by the receptor. As such, 22 was chosen for in vivo evalua-
tion in rats.


Figures 1 and 2 show dose response data for ex vivo receptor
occupancy and compound levels in the brain and plasma at one
hour following oral administration of compound 22 to rats. These
data indicate good plasma and brain exposures (Fig. 1) and robust
receptor occupancy after oral administration (Fig. 2). Compound 22
gave an 80% receptor occupancy in the ex vivo occupancy assay at
0.3 mg/kg (po). Considering that compound 22 has higher func-
tional activity at the human histamine H3 than at the rat receptor

0.1 1 10 100
0.1


1


10


100


Plasma


Brain


C
on


ce
nt


ra
tio


n 
(μ


M
)


Dose (mg/kg)


Figure 1. Plasma and brain concentrations for compound 22 in the rat after oral
administration at 60 min. Results are represented as average ± SEM of n = 3.
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Figure 2. Ex vivo histamine H3 receptor occupancy data in rat striatum for
compound 22: oral dose dependency at 60 min. Results are represented as
average ± SEM of n = 3.

(human pA2 = 9.42 vs rat pA2 = 8.67) it is possible that the expo-
sure required for occupancy in human may be even lower than that
required in rat.


Figure 3 shows the brain and plasma concentrations of com-
pound 22 as a function of time in rats following oral administra-
tion. The data support our hypothesis that these morpholines
have improved pharmacokinetics as compared to more basic piper-
idines such as JNJ-5207852 (6), which has been reported to have
sustained drug levels in the brain (out to 48 h post dose) upon oral
administration to rats.17


In conclusion, we have demonstrated that this new series of 2-
aryloxymethylmorpholines are high affinity histamine H3 receptor
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Figure 3. Plasma and brain concentrations for compound 22 as a function of time in
the rat after oral administration. Results are represented as average ± SEM of n = 3.
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antagonists and that one member of the series shows a high level
of receptor occupancy after oral administration. In addition, these
morpholine-based histamine H3 antagonists have improved phar-
macokinetic properties over some of the previously described
propyloxypiperidines.
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A one-pot and efficient method for the synthesis of pyrazolo[4 ,3 :5,6]pyrido[2,3-d]pyrimidine-dione
derivatives by condensation reaction of barbituric acids, 1H-pyrazol-5-amines and aldehydes under sol-
vent-free conditions is reported. These products were evaluated in vitro for their antibacterial activities.


� 2008 Published by Elsevier Ltd.

Polyfunctionalized heterocyclic compounds play important
roles in the drug discovery process, and analysis of drugs in late
development or on the market shows that 68% of them are hetero-
cycles.1,2 Therefore, it is not surprising that research on the synthe-
sis of polyfunctionalized heterocyclic compounds has received
significant attention.


Pyrimidopyrimidine, a condensed heterocycles have attracted
considerable interest in the recent years. Its derivatives have been
known to display a wide range of pharmacological activities as re-
gards the tyrosine kinase domain of epidermal growth factor
receptor,3 5-phosphoribosyl-1-pyrophosphate synthetase4 and
dihydrofolate reductase5 have been fully demonstrated. Numerous
reports delineate the antitumour,6 antiviral,7 antioxidant,8 and
hepatoprotective9 activity of these compounds. Similarly, in recent
years, considerable attention has been focused on the development
of new methodologist to synthesize many kinds of pyrazolopyrim-
idine ring system.10 Indeed, these compounds are, by now widely
recognized as important organic materials showing interesting
biological activities.11 In addition, fused heterocyclic systems like
pyrazolopyridopyrimidines, pyrazoloquinolines, and pyrazolopyri-
dines present interesting biological properties such as virucidal,
anticancer, fungicidal, bactericidal, and vasodilatory activities.12


Multicomponent reactions of 1H-pyrazol-5-amines, aldehydes
and CH-acid compounds have recently attracted the interest of
the synthetic community because the formation of different con-

Elsevier Ltd.

densation products can be expected depending on the specific con-
ditions and structure of the building blocks.13–16 On the other
hand, synthesis of benzopyrimidoquinoline-diones by reaction of
naphthalene-2-amine, aldehyde and barbituric acid is reported.17


As part of our program aimed at developing new selective and
environmentally friendly methodologies for the preparation of het-
erocyclic compounds,18–24 we report an efficient, one-pot, and
three-component method for the preparation of 1H-pyrazol-
o[40,30:5,6]pyrido[2,3-d]pyrimidine-dione derivatives by condensa-
tion of 1H-pyrazol-5-amines 1, barbituric acid 2, and aromatic
aldehydes 3 under solvent-free conditions (Scheme 1).


We found that a mixture of 1H-pyrazol-5-amines 1a,b, barbitu-
ric acid 2 and aromatic aldehydes 3a–e, in the presence of a cata-
lytic amount of p-toluenesulfonic acid (p-TSA) as an inexpensive
and readily available catalyst at 100 �C for 4 h under solvent-free
conditions, afforded 4,9-dihydro-1H-pyrazolo[40,30:5,6]pyrido[2,3-
d]pyrimidine-5,7 (6H,8H)-diones 4a–j in good yields (Table 1).


The results were good in terms of yields and product purity in
the presence of p-TSA, while without p-TSA and over long period
of time (12 h) the yields of products were low (<30%).


When this reaction was carried out with aliphatic aldehyde
such as butanal or pentanal, TLC and 1H NMR spectra of the reac-
tion mixture showed a combination of starting materials and
numerous products, the yield of the expected product was very
poor.


The formation of products 4a–j can be rationalized by initial
formation of heterodiene 5 by standard Knoevenagel condensation
of barbituric acid 2 and aromatic aldehyde 3. Subsequent Michael-
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Table 1
Synthesis of 1H-pyrazolo[40 ,30:5,6]pyrido[2,3-d]pyrimidinones 4a–j


Product 4 Ar X Yielda (%)


a C6H5 H 83
b 4-Cl-C6H4 H 80
c 4-Br-C6H4 H 85
d 4-Me-C6H4 H 92
e 3-NO2-C6H5 H 80
f C6H5 NO2 83
g 4-Cl-C6H4 NO2 90
h 4-Br-C6H4 NO2 84
i 4-Me-C6H4 NO2 95
j 3-NO2-C6H5 NO2 84


a Isolated yields.
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Table 2
Synthesis of 7H-pyrazolo[40 ,30:5,6]pyrido[2,3-d]pyrimidine-7-diones 7a–f


Product 7 Ar X Yielda (%)


a C6H5 H 90
b 4-Cl-C6H4 H 86
c 4-NO2-C6H5 H 83
d C6H5 NO2 81
e 4-Cl-C6H4 NO2 89
f 4-NO2-C6H5 NO2 84


a Isolated yields.
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type addition of 1H-pyrazol-5-amines 1 to the heterodienes 5, fol-
lowed by cyclization afforded the corresponding products 4a–j and
water (Scheme 2).
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Encouraged by these results, we replaced the thiobarbituric acid
6 instead of barbituric acid 2 in same conditions (Scheme 3). The
reaction of 1H-pyrazol-5-amines 1a,b, and thiobarbituric 6 was
carried out with various aromatic aldehydes 3 under solvent-free
conditions at 100 �C, which also afforded 5-thioxo-1,4,5,6,8,9-
hexahydro-7H-pyrazolo[40,30:5,6]pyrido[2,3-d]pyrimidine-7-diones
7a–f in good yields (Table 2).


The nature of these compounds as 1:1:1 adducts was apparent
from their mass spectra, which displayed, in each case, the molecular
ion peak at appropriate m/z values. Compounds 4a–j and 7a–f are
stable solids whose structures are fully supported by IR, 1H, and
13C NMR spectroscopy, mass spectrometry, and elemental
analysis.25


Finally, all synthesized compounds were screened for antimi-
crobial activity. The microorganisms used in this study were Esch-
erichia coli ATCC 25922, Pseudomonas aeruginosa ATCC 85327
(Gram-negative bacteria) Enterococcus faecalis ATCC 29737, Bacillus
subtilis ATCC 465, Bacillus pumilus PTCC 1114, Micrococcus luteus
PTCC 1110, Staphylococcus aureus ATCC 25923, Staphylococcus epi-
dermidis ATCC 12228, and Sterptococcus mutans PTCC 1601
(Gram-positive bacteria). The minimum inhibitory concentration
(MIC) of the synthesized compounds determined by microdillution
method26 and compared to two commercial antibiotics (Table 3).


As can be seen from Table 3, good to improved antibacterial
activity was observed for most of the compounds against all
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Table 3
MIC (lg/ml) values of products 4 and 7


Products Standard


4a 4b 4c 4d 4e 4f 4g 4h 4i 4j 7a 7b 7c 7d 7e 7f Tetracycline Gentamicin


Bacillus subtilis 2 4 2 2 2 6 8 8 6 6 4 4 4 3 4 4 4 *
Bacillus pumilus <2 2 2 2 2 4 6 4 6 4 4 4 4 4 4 4 8 *
Micrococcus luteus <2 <2 2 <2 2 2 4 2 2 2 8 4 3 4 3 4 4 *
Staphylococcus aureus 2 64 58 2 2 4 4 4 2 2 8 4 4 3 6 6 4 *
Staphylococcus epidermidis 2 4 2 2 2 18 28 32 24 26 4 8 8 7 6 8 <2 *
Sterptococcus mutans <2 <2 <2 <2 <2 <2 <2 <2 <2 <2 <2 8 6 8 8 8 2 *
Escherichia coli <2 <2 <2 <2 <2 4 6 4 4 6 4 4 6 5 6 6 * 4
Enterococcus faecalis 2 32 30 2 2 4 2 4 2 2 4 16 14 13 12 10 8 *
Pseudomonas aeruginosa 2 2 2 2 2 20 28 32 28 30 32 16 12 14 16 14 * 8


*Not active.
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species of Gram-positive and Gram-negative bacteria used in the
study. Compounds 4a–j were found to be more active than Tetra-
cycline against B. pumilus, M. luteus, S. mutans, E. coli, and P. aeru-
ginosa. Almost, all of the compounds were found to be more
active than Gentamicin against all tested strains. Compounds 7a–
f were found to be more active than Tetracycline against B. pumilus,
E. coli, and P. aeruginosa. The results indicate that introduction of
–Cl and –Br at aldehyde moiety, thereby producing analogues 4b
and 4c, respectively, decrease the activity against E. faecalis and
S. aureu (MIC: 30, 32, 58, 64 lg/ml). On the other hand, in other
cases of each class of products, types of substitution on aldehyde
moiety have not affected the antibacterial activity. 1,3-Diphenyl-
4,9-dihydro-1H-pyrazolo[40,30:5,6]pyrido[2,3-d]pyrimidine-5,7(6H,
8H)-diones 4a–e were more active than the corresponding ones of
the series 7a–c, reinforcing the pharmacophoric contribution of
carbonyl moiety relative to thiocarbonyl moiety to the mechanism
of action against the all of the tested bacteria except 4b,c against E.
faecalis and S. aureus. Decreasing of the activity was observed in the
case of 4f–g relative to 4a–e due to replacing H by NO2 on N-phe-
nyl ring in pyrazole moiety except 4b,c against E. faecalis and S.
aureus.


In summary, the synthesis and screening of antibacterial activ-
ity for a novel series of pyrazolo[40,30:5,6]pyrido[2,3-d]pyrimidine-
dione derivatives was investigated. Almost most of the compounds
exhibited good to excellent antibacterial activity against all the
tested strains.
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Dispiro N-Boc-protected 1,2,4-trioxane 2 was synthesised via Mo(acac)2 catalysed perhydrolysis of N-Boc
spirooxirane followed by condensation of the resulting b-hydroperoxy alcohol 10 with 2-adamantanone.
N-Boc 1,2,4-trioxane 2 was converted to the amine 1,2,4-trioxane hydrochloride salt 3 which was subse-
quently used to prepare derivatives (4–7). Several of these novel 1,2,4-trioxanes had nanomolar antima-
larial activity versus the 3D7 strain of Plasmodium falciparum. Amine intermediate 3 represents a versatile
derivative for the preparation of achiral arrays of trioxane analogues with antimalarial activity.


� 2008 Elsevier Ltd. All rights reserved.

Currently, semi-synthetic derivatives of artemisinin1,2 are the
drugs of choice to treat multi-drug resistant malaria.3 However,
the commercial availability of artemisinin 1a1,2 (and hence its
semi-synthetic derivatives) is somewhat limited since it is a natu-
ral product isolated from the herb Artemisia annua. As a result,
extensive research into synthetic endoperoxide antimalarial drugs
has been carried out in the last 15 years4–6 to produce molecules
that are structurally simpler and synthetically accessible with a
projected low cost of goods4,7 (Fig. 1).


Fully synthetic cyclic endoperoxides examined in the literature
include 1,2-dioxanes, 1,2,4-trioxolanes, 1,2,4-trioxanes and 1,2,4,5-
tetraoxanes, all of which retain the critical endoperoxide bond.
Padmanilayam et al. recently synthesised a series of piperidine
1,2,4-trioxolanes and reported impressive antimalarial activities.8


Inspired by this work, we were interested in exploring the antima-
larial activities of dispiro-1,2,4-trioxanes with a fused piperidine
ring. The advantage of incorporating a nitrogen within the C ring
of a 1,2,4-trioxane lies in the fact that the resulting endoperoxide
is achiral in contrast to 1,2,4-trioxanes such as 1b and hybrid mol-
ecules such as the 1,2,4-trioxaquines,9 for example, 1c and this
may be an advantage in terms of avoiding expensive asymmetric
synthesis or having to perform resolution of racemic drug
substance.


In this paper we report on the first synthesis of piperidine 1,2,4-
trioxanes 2–7 and the isomeric 1,2,4- trioxane 12.

All rights reserved.


ll).

In the synthesis of trioxanes 2–7 the key intermediate was the
b-hydroperoxy alcohol. Initially we started the synthesis of 5 with
the hydrochloride salt of 4-piperidone to obtain N-phenylsulfonyl-
piperidinone which was subjected to Corey–Chaykovsky epoxida-
tion10 to obtain N-phenylsulfonylpiperidinone spiroepoxide
(Scheme 1). The resulting epoxide was used to synthesise N-phen-
ylsulfonylpiperidine b-hydroperoxy alcohol (Scheme 1) following
the procedure described by Vennerstrom et al.11 Several attempts
failed to obtain N-phenylsulfonylpiperidine b-hydroperoxy alcohol
by treating the spiroepoxide with MgSO4 and dried H2O2 in pres-
ence of molybdenyl acetylacetonate (Scheme 1). Later, we used
commercially available N-Boc-4-piperidone 8 as the starting mate-
rial to first obtain the N-Boc spiroepoxide 9 followed by perhydro-
lysis to get b-hydroperoxy alcohol 10 in good yield. The
spiroepoxide 9 was obtained via Corey–Chaykovsky reaction in a
yield of 82%.12 When the epoxide 9 was subjected to molybdenyl
acetylacetonate catalysed perhydrolysis in presence of H2O2, the
b-hydroperoxy alcohol 10 was obtained almost quantitatively
(Scheme 2).


The b-hydroperoxy alcohol 10 was used without any further
purification as TLC, MS and NMR indicated the presence of only
one product. Hydrogen peroxide (50%) used in the perhydrolysis
reaction was dissolved in anhydrous ether and dried twice with
anhydrous MgSO4. It is interesting to note that b-hydroperoxy
alcohol 10 was obtained almost quantitatively from 9 (Scheme 2)
while N-phenylsulfonylpiperidine b-hydroperoxy alcohol was not
accessible from N-phenylsulfonylpiperidine spiro epoxide (Scheme
1). Following a previously published procedure, b-hydroperoxy
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alcohol 10 was allowed to react with 2-adamantanone in presence
of catalytic amount of p-toluenesulfonic acid monohydrate to ob-
tain the N-Boc trioxane 2.11 We chose 2-adamantanone as the
reacting ketone since it is widely reported that spiro 1,2,4-triox-
anes with an adamantane ring have better activities than spiro
1,2,4-trioxanes with cyclopentane or cyclohexane rings.13 The N-
Boc trioxane 2 was isolated in a yield of 92%. Once we had access
to the trioxane 2 we decided to deprotect the BOC group of 2
and convert it into a trioxane hydrochloride salt 3.


The deprotection of the BOC group of 2 was not straight for-
ward; attempted removal of the BOC group using 1.0 M ethereal
hydrochloric acid solution failed as the deprotection was incom-
plete and the yield was very low. We then used 2.0 M ethereal
hydrochloric acid solution to successfully remove the BOC group
to obtain the trioxane hydrochloride salt 3 in a yield of 62%.14 With
trioxane 3 to hand it was easy to manipulate the substituents on
the N-atom of the spiro trioxane to obtain different derivatives
and the free base amine trioxane 4 was prepared by extracting
an alkaline aqueous solution of hydrochloride 3 with dichloro-
methane and diethyl ether. In a biphasic reaction in presence of
potassium carbonate, the amine hydrochloride 3 was treated either
with benzenesulfonyl chloride or ethanesulfonyl chloride to obtain
the sulfonamide trioxanes 5a (92%) and 5b (78%) (Scheme 3).15 In a

similar reaction trioxane hydrochloride salt 3 was reacted with 9-
fluorenylmethyl chloroformate to obtain N-Fmoc trioxane 7 (82%)
(Scheme 3). The amide 6 was prepared by acylation with acetyl
chloride using two equivalents of triethylamine as base to provide
6 in 85% yield. (Scheme 4).


For the purposes of comparison of antimalarial activity, the syn-
thesis of regioisomer phenylsulfonyl 1,2,4-trioxane 12 was carried
out using similar methods to that depicted in Schemes 2 and 3.
Thus the epoxide 11 derived from adamant-2-one was allowed to
react with hydrogen peroxide and the resultant peroxy alcohol
was coupled with the phenylsulfonyl piperidinone derivative to
produce 12 in moderate yield (39%).


The trioxane series was tested against the 3D7 strain of Plasmo-
dium falciparum and 1,2,4,5-tetraoxane 16 and 1,2,4-trioxolane 17
were included for comparison. All of the 1,2,4-trioxanes16 tested
demonstrated nanomolar antimalarial activity with amine hydro-
chloride having the highest potency with an IC50 of 120 nM. The
phenylsulfonyl derivative 5a had moderate activity of 710 nM;
interestingly the regioisomer 12 was not active up to a concentra-
tion of 1000 nM. The difference in antimalarial activity between
isomeric spiro 1,2,4-trioxanes has been attributed to the types of
radicals that can be produced following homolytic cleavage of
the endoperoxide-bridge.17 In the case of the active adamantylid-
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Table 1
In vitro antimalarial activity versus the 3D7 strain of Plasmodium falciparuma


O
O O


O


N
SO2Ph


O
O
O


N
SO2Ph


16 17


Endoperoxide IC50 (nM) St. Dev.


Artemether 1.26 0.11
Artemisinin 9.54 1.10
2 197.86 21.96
3 121.33 29.70
5a 710.23 19.93
5b 179.62 19.95
6 183.45 32.78
7 174.23 23.29
12 >1000 23.29
16 10.72 2.35
17 6.22 2.12


a Parasites were maintained in continuous culture according to the method of
Trager and Jensen.18 IC50 values were measured according to the methods described
by Desjardins et al.19
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ene fused endoperoxides such as 2–7 it appeared likely, by analogy
with previous work by Vennerstrom, that scission to produce an
adamantane secondary carbon centred radical would occur on
exposure to reducing Fe(II) (Scheme 5A).11,17 To confirm this pro-
posal we carried out iron mediated degradation of sulfonamide
5a using ferrous bromide in THF. The major product was the bromo
alcohol 14 (47% yield) indicating that 13 had been produced as an
intermediate. In a separate experiment, definitive confirmation
that the secondary C-radical was obtained by using TEMPO as
the spin-trapping agent; exposure of 5a to FeBr2 in the presence
of TEMPO led to formation of an adduct 15 in 42% yield (Scheme
5 B). In contrast, isomeric 1,2,4-trioxane 12 produced only a 14%
yield of bromoalkane 19, a product indicating the formation of
the primary C-radical 18 as an intermediate. Attempts to trap
intermediate 18 with TEMPO led to a low yield (<10%) of the
spin-trapped adduct (not shown). The major product from the
reaction was 2-adamantanone indicating that in this system, as
in the previously studied 1,2,4-trioxolanes,8 steric shielding of
the endoperoxide bridge by the adamantly group leads to a prefer-
ence for association of Fe(II) with O2 of the endoperoxide bridge. As
reported in a previous study,11 no products supporting b-scission
of 20 to the ketone secondary carbon centred radical 21 were ob-
tained. The fact that 5b generates minor amounts of a carbon cen-
tred radical coupled with a preference to produce inert ketone
degradation products might explain the poor antimalarial activity
observed with this analogue. (Table 1).


In summary, N-Boc b-hydroperoxy alcohol 10 was successfully
obtained from its precursor in good yield. The deprotection of
the N-Boc-protected trioxane 2 needs further optimisation to im-
prove the yields but the current method does allow access to the
hydrochloride salt of the trioxane 3. Compound 3 and the small
number of analogues prepared here have moderate activity com-
pared with the semi-synthetic artemisinin derivatives, synthetic
tetraoxanes (e.g., 16) or ozonides (e.g., 17);20 however it is likely
that by simple derivitisation of 3 by the chemistry employed here
(and by simple reductive amination depicted in Scheme 3) many

new achiral 1,2,4-trioxanes with improved potency can be pre-
pared using this synthetic methodology including analogues of chi-
ral trioxaquines such as 1c.
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(3 � 50 ml). After general work up of combined organic layers the crude
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+ve, CH3OH), 402 ([M+Na]+, 100%); HRMS: Found [M+Na]+, 402.22470,
C21H33NO5Na requires 402.22560. (d) Synthesis of hydrochloride salt of
trioxane 3. Anhydrous HCl–Et2O (2.0 M, 25 ml) was added to a solution of N-
Boc trioxane 2 (1.05 g, 2.76 mmol) in anhydrous Et2O (5 ml) and the reaction
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mixture was stirred at room temperature under an atmosphere of N2. After
24 h a white solid precipitated out which was then washed with anhydrous
Et2O to give the desired hydrochloride salt of the trioxane 3 as a white solid
(538 mg, 62%). 13C NMR (100MHz, CDCl3) d 107.13, 74.79, 64.57, 42.06, 39.85,
37.74, 36.86, 34.93, 34.89, 33.42, 32.68, 27.12; m/z (ES, +ve, CH3OH), 280 ([M]+


cation, 100%); HRMS: Found [M]+ cation, 280.19020, C16H26NO3 requires
280.19130. (e) Synthesis of amine trioxane 4. Trioxane hydrochloride salt 3 was
dissolved in aqueous NaOH solution and then extracted three times with
CH2Cl2 followed by general work up of the organic layer to give the amine
trioxane 4. 1H NMR (400 MHz, CDCl3) d 3.39–3.83 (2H, br s), 2.90–3.10 (2Ha,
m), 2.70–2.88 (2Hb, m), 2.17 (1H, s), 1.88–2.13 (4H, m), 1.86–1.79 (2H, m),
1.38–1.77 (10H, m), 1.15–1.35 (2H, m); 13C NMR (100 MHz, CDCl3) d 104.83,
76.36, 65.82, 53.78, 37.61, 33.78, 31.26, 30.07, 27.59, 27.57; IR (neat, cm�1)
3367, 2914, 2854, 1718, 1624, 1541, 1446, 1425, 1286, 1267, 1107, 1084, 1066,
1043, 995; m/z (CI, +ve, NH3), 280 ([M+H]+, 100%); HRMS: Found [M+H]+,
280.19166, C16H26NO3 requires 280.19125. (f) Synthesis of sulfonamide trioxane
5a: (General procedure). To a reaction flask containing the hydrochloride salt of
trioxane 3 (200 mg, 0.63 mmol), CHCl3 (7.0 ml), water (7.0 ml) and K2CO3


(224 mg, 1.62 mmol), benezenesulfonyl chloride (0.13 ml, 1.02 mmol) was
added. After stirring the reaction mixture for 24 h the reaction was quenched
by the addition of aq saturated NaHCO3. The organic layer was separated and
the aqueous layer was extracted with CH2Cl2 (3 � 25 ml). The combined
organic layers were dried with anhydrous MgSO4 and concentrated under

reduced pressure. The crude product was then purified by flash
chromatography using gradient elution with increasing polarity (SiO2, EtOAc/
n-Hexane) to give the desired sulfonamide trioxane 5 (244 mg, 92%) as a white
solid. Mp 168–170 �C; 1H NMR (400 MHz, CDCl3) d 7.50–7.80 (5H, m,
aromatic), 3.24–3.92 (4H, m, –CH2–O, and 2H1a), 2.53–3.00 (2H, m, 2H1b),
1.52–1.96 (18H, 2H2a, 2H2b and 14 adamantane, m). 13C NMR (100 MHz, CDCl3)
d 136.86, 133.16, 129.50, 128.02, 105.19, 74.99, 65.65, 43.79, 38.41, 37.49,
36.11, 35.15, 33.69, 27.48, 27.45; IR (neat, cm�1) 2910, 2856, 1448, 1348, 1325,
1186, 1161, 1086, 1045, 931, 735, 687; m/z (ES, +ve, CH3OH), 442 ([M+Na]+,
100%); HRMS: Found [M+Na]+, 442.16540, C22H29NO5SNa requires 442.16640;
Elemental analysis (C22H29NO5S), found C: 62.39%, H: 6.80%, N: 3.00 (requires
C: 62.98%, H: 6.97%, N: 3.34).


17. For a comprehensive study of iron mediated degradation studies on 1,2,4-
trioxanes, see (a) Posner, G. H.; Wang, D.; Cumming, J. N.; Oh, C. H.; French, A.
N.; Bodley, A. L.; Shapiro, T. A. J. Med. Chem. 1995, 38, 2273–2275; (b) Posner, G.
H.; Oh, C. H. J. Am. Chem. Soc. 1992, 114, 8328–8329.


18. Trager, W.; Jensen, J. B. Science 1976, 193, 673–675.
19. Desjardins, R. E.; Canfield, C. J.; Haynes, J. D.; Chulay, J. D. Antimicrob. Agents


Chemother. 1979, 16, 710–718.
20. Ellis, G. L.; Amewu, R.; Sabbani, S.; Stocks, P. A.; Shone, A.; Stanford, D.;


Gibbons, P.; Davies, J.; Vivas, L.; Charnaud, S.; Bongard, E.; Hall, C.; Rimmer, K.;
Lozanom, S.; Jesus, M.; Gargallo, D.; Ward, S. A.; O’Neill, P. M. J. Med. Chem.
2008, 51, 2170–2177.





		Piperidine dispiro-1,2,4-trioxane analogues

		References and notes








Bioorganic & Medicinal Chemistry Letters 18 (2008) 5809–5814

Contents lists available at ScienceDirect


Bioorganic & Medicinal Chemistry Letters


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

Discovery of novel hydroxamates as highly potent tumor necrosis factor-a
converting enzyme inhibitors. Part II: Optimization of the S30 pocket


Robert D. Mazzola Jr. a,*, Zhaoning Zhu a, Lisa Sinning a, Brian McKittrick a, Brian Lavey a, James Spitler a,
Joseph Kozlowski a, Shih Neng-Yang a, Guowei Zhou a, Zhuyan Guo a, Peter Orth a, Vincent Madison a,
Jing Sun b, Daniel Lundell b, Xiaoda Niu b


a Department of Medicinal Chemistry, Schering Plough Research Institute, 2015 Galloping Hill Road, Kenilworth, NJ 07033, USA
b Inflammation and Infectious Diseases, Schering Plough Research Institute, 2015 Galloping Hill Road, Kenilworth, NJ 07033, USA


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

Article history:
Received 10 June 2008
Revised 8 September 2008
Accepted 10 September 2008
Available online 13 September 2008


Keywords:
TACE inhibitors
MMP inhibitors

0960-894X/$ - see front matter � 2008 Elsevier Ltd. A
doi:10.1016/j.bmcl.2008.09.045


* Corresponding author. Tel.: +1 908 740 2517; fax
E-mail address: robert.mazzola@spcorp.com (R.D.
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TACE (TNF-a converting enzyme) is a member of the ADAM (a hydroxamate 2,11 and cyclopropyl hydroxamate 312 are all potent


disintegrin and metalloprotease-containing enzyme) branch of
the zinc metalloprotease family and TACE is responsible for cleav-
ing membrane bound 26 kDa proTNF-a (tumor necrosis factor-a)
to its soluble 17 kDa form.1 TNF-a is a pro-inflammatory cytokine
that has been reported to play a pivotal role in the disease progres-
sion of rheumatoid arthritisis (RA), psoriasis, and Crohn’s disease
through mediation of immuno-inflammatory responses of other
pro-inflammatory cytokines.2 In addition, elevated levels of TNF-
a in the synovial fluid of RA patients has been reported.3 With
the commercial success of biologics, such as Remicade4 and En-
brel,5 that reduce soluble TNF-a levels, an intensive search for or-
ally available small molecules that interrupt the TNF-a signaling
pathway has garnered the interest of pharmaceutical community.6


Of the many possible strategies to regulate TNF-a production, TACE
inhibition has long been viewed as one of the most promising
small molecule targets.7


TACE (ADAM-17) shares many active site similarities with
many other matrix metalloproteinases (MMP) and ADAMs.8 As a
result, many of the early TACE inhibitors suffered from a lack of
selectivity.9 This broad spectrum MMP inhibition has been the sus-
pected cause of musculoskeletal side effects observed with other
hydroxamic acids.9


Recently, several TACE selective inhibitors have been reported
in the literature for which Figure 1 shows three representative
structures.6 c-Lactamhydroxamic acid 1,10 thiomorpholine

ll rights reserved.


: +1 908 740 7152.
Mazzola).

inhibitors of TACE, and were reported to have a good selectivity
profile against many MMPs. Unfortunately, some level of activity
was observed for several MMPs, in particular MMP-3, -7, for these
representative compounds. Thus, a truly selective TACE inhibitor is
still needed to determine the side effect profile of TACE inhibition.


As part of a structure based design approach, a series of cyclo-
propane based hydroxamic acid inhibitors was identified and two
active site binding modes (termed modes A and B) to the TACE en-
zyme were described.12 In this paper, we describe the further opti-
mization of TACE potency and selectivity for inhibitors binding in
the mode A binding conformation.


Examination of the X-ray crystal structure of 3 bound to TACE
(PDB entry 3EDZ) reveals several structural features that appear to
be important for efficient binding (Fig. 2): (1) a good zinc ligating
group, (2) strategic placement of a hydrogen bond acceptor to partic-
ipate in hydrogen bonding with Leu-348 and Gly-349, and (3) occu-
pation of the largely hydrophobic S10 and S30 binding pockets.


With these design considerations in mind, further analysis sug-
gested there was additional opportunity for optimization in the S30


region of the active site. We, as well others, have noticed that the
S10 pocket is rather narrow and is connected to S30 region through a
distinctive bend that allows access to the large pocket.12,13 It was
believed that this unique shape and large binding pocket could
provide added binding affinity and selectivity advantages.


Following our earlier work,12 the construction of the cyclopropyl
hydroxamate scaffold relied on the trans selective cyclopropanation
of a substituted acrylate with 1-tert-butoxycarbonylmethyl-tetra-
hydrothiophenium bromide under basic conditions (Scheme 1).14
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Figure 1. Recently published TACE inhibitors.


Figure 2. X-ray structure of inhibitor 3 (colored in green) bound to the active site of
the TACE mutant enzyme (V353G).
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Preparation of the desired acrylate was easily accomplished by treat-
ing the cuprate generated from commercially available 1-(benzyl-
oxy)-4-bromobenze 4 with ethyl 2-(bromomethyl)acrylate to yield
5 in good yield.15 Upon treatment with 1-tert-Butoxycarbonylmeth-
yl-tetrahydrothiophenium bromide in the presence of DBU, com-
pound 5 readily provided the desired cyclopropane with exclusive
trans selectivity.16 Subsequent hydrogenation yielded 6. It was
found very early on that the TACE binding affinity was exclusively
associated with one enantiomer in this series. Thus, several separa-
tion conditions and techniques were surveyed. Although we were
able to obtain enantiomerically pure material by several methods,
the most convenient and reliable method was found to be chiral
chromatography of the acid phenol intermediate from the treatment
of 6 with 30% TFA/DCM to provide 7a in >99% ee.


In an attempt to rapidly develop the SAR for the S30 region from
a late stage intermediate we prepared the O-trityl protected
hydroxamic acid 8a0 (Scheme 2). Unfortunately, in the next step,
the unprotected NH was found to be significantly more reactive
during the alkylation of the phenol. To overcome this problem,
we realized a bis-protected hydroxamic acid was necessary to
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lumn, 40% IPA in hexane (0.1% AcOH); (e) NCS, CH3CN or NBS, CH3CN.
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X = Cl, Br, or I), K2CO3, TBAI, DMF; (d) (CH3CH2)3SiH, 30% TFA, CH2Cl2; (e) LiOH, 1:1 THF/H2O; (f) amine, HOBt, EDCI, DIPEA, DMF; (g) ArB(OH)2, Pd(dppf)Cl2�CH2Cl2, K2CO3,
dioxane, water, lW; (h) R0 0MgX, Fe(acac)2, THF, NMP; (i) amine, dioxane, lW.
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mask its reactivity, but the protecting groups should also be easily
removed. Towards this end, N-(2,4-dimethoxybenzyl)-O-(4-
methoxybenzyl) hydroxylamine was prepared in three steps from
4-methoxyl benzylchloride and N-hydroxyphthalimide.17


N-(2,4-Dimethoxybenzyl)-O-(4-methoxybenzyl) hydroxylamine
was easily coupled to the cyclopropyl cores 7a–d via a standard
EDCI coupling procedure (Scheme 2). For large scale synthesis, it
was more convenient to treat N-(2,4-dimethoxybenzyl)-O-(4-
methoxybenzyl) hydroxylamine with the acid chloride generated
from the cyclopropyl cores 7a–d to furnish 8a–d. Alkylation of
8a–d proceeded smoothly with a variety of different benzylic ha-
lides to provide a diverse set of substituents designed to explore
the S30 region. To our delight, the bis-benzylated hydroxamate
was easily deprotected with 30% TFA/DCM in the presence of
triethyl silane to furnish the desired final targets 10a–d.

Additionally, the ethyl esters 9a–d were saponified with lithium
hydroxide and the subsequent carboxylic acid was coupled un-
der standard peptide coupling conditions to provide a wide array
of amides at this position (see Table 3 for examples). When the
aryl group was a 2-chloro pyridine or quinoline, diversity
could be incorporated via a number of metal mediated reactions
or through direct displacement of the chloride with amines
(11–12).


Affinity for TACE was measured by an internally quenched pep-
tide substrate with its sequence derived from the pro-TNF-a cleav-
age site using a catalytic domain of recombinant human TACE
enzyme. Selected compounds were initially counterscreened ver-
sus MMP-1, -2, -3, -7, -14, and ADAM-10.18 Pharmacokinetic stud-
ies were conducted using cassette-dosing administered orally to
Sprague–Dawley rats.19
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As shown in Table 1, most of the compounds have Ki’s in the low
nanomolar range. Compounds 13 and 14 have excellent TACE en-
zyme activity with single digit nanomolar affinities. As the substi-

Table 1
Cyclopropyl ethyl ester SARa


O


H
N


HO


O


O


O


Ar


X


Compound Ar X TACE Ki (nM)


13


N


H 6


14


N


F 5


15


N


Cl 158


16


N


Br 381


17


N CF3


H 3


18


N


H 2


19


N


H 18


20


N Ph


H 12


21


N N
H 22


22


N Ph


H 37


a Each Ki value is an average of three determinations, and the standard errors for
all Ki determinations are less than 10%.

tuent becomes larger (i.e., where X = Cl (15) or Br (16)), a
precipitous loss in potency was observed. Since docking studies
suggested that the S10 region of the TACE enzyme was quite narrow
and consequently might not tolerate additional substitutions, this
result was not surprising. Upon further analysis, there appeared
to be unoccupied space in the S30 binding pocket in particular
the space where the methyl of the quinoline resided. To that end,
several 2-substituted quinolines were prepared and analyzed.
Remarkably, this region was found to be quite tolerant of a variety
of substituents. Replacement of the 2-methyl group of the quino-
line with a trifluoromethyl (17) or ethyl group (18) resulted in
excellent TACE activity at 3 and 4 nM, respectively. As the size of
this substituent became larger as indicated with 19 and 20, a small
drop in potency was observed although both compounds were still
very active at 18 and 12 nM, respectively. Installment of a 3-pyri-
dyl provided 21 which displayed a TACE Ki of 22 nM. Truncation
of the quinoline aromatic ring thereby resulting in a 2-phenyl pyr-
idine 22 displayed good affinity for the enzyme of 37 nM. Although
21 and 22 were somewhat less active, these modifications were
viewed as important methods for improving the overall physical
properties of these inhibitors by reducing the cLogP and/or adding
polarity.


We next turned our attention to modifications of the ethyl ester
group (Table 2). Because the carbonyl group in this region was de-
signed to participate as a hydrogen bond acceptor it was antici-
pated that an amide should provide tighter TACE binding than an
ester. Although 23 and 24 yielded comparable Ki’s to their ester
counterparts (3 and 1 nM versus 6 and 2 nM, respectively), a dra-
matic change was observed with larger substituents at the 2-posi-
tion of the quinoline. When a 2-phenyl quinoline was combined
with a primary amide, an approximately a 100-fold improvement
in affinity was observed for 25 and 26 which now displayed low
picomolar Ki’s of 0.18 and 0.14 nM, respectively. Pyridyl and pyra-
zole replacement of the lipophilic phenyl (27 and 28, respectively)
also yielded potent picomolar level compounds. Remarkably, N-
linked heteroalkyls and heterocycles also displayed enhanced TACE
inhibitory affinity to yield a series of subnanomolar inhibitors as
represented by 29–31 despite concerns that increased basicity
would diminish in vitro activity in this largely hydrophobic region.


Having identified the synergistic combination of S30 2-substi-
tuted quinoline and amide as a hydrogen bond acceptor, we next
prepared a series of amides while holding the 2-phenyl quinoline
constant to expand the SAR in this region (Table 3). In some early
work, this area was found to be remarkably tolerant to a wide vari-
ety of modifications and substitution patterns. Gratifyingly, this
trend remained intact with more elaborate S30 derivatives. Prepa-
ration of the tertiary dimethyl amides 32 and 33 resulted in subn-
anomolar inhibition which was a similar level of activity to the
primary amides (0.28 and 0.36 nM vs 0.18 and 0.14 nM, respec-
tively). As we broadened our scope, we were delighted to see that
more functionalized amides were also very potent. Prolinol amide
34 had a TACE Ki of 0.30 nM. The hydroxyl was transposed to the 3-
position of the pyrolidine ring to provide 35 which was of equiva-
lent potency. Interestingly, there was little dependence on the
absolute chemistry of the substituent on the pyrolidine ring. This
is exemplified with the comparison of 3-amino pyrolidine amides
36 and 37 where both are very potent compounds (0.38 and
0.54 nM). The basic nitrogen could be extended out, such as amino
piperidine 38, with little loss of activity (0.63 nM). When the
hydrogen bond acceptor is a cyano, 39 a TACE Ki of 4 nM was ob-
served, which was similar to ethyl ester 20. One suggestion for this
broad functional group acceptance is that the region around the
amide is largely solvent exposed and has no defined interactions
with the enzyme.


Evaluation of the selectivity data versus several other MMPs
and ADAM-10 showed some interesting trends (Table 4). In the







Table 2
SAR of primary amide and 2-substituted quinolines combination SARa


O


H
N


HO


O


NH2


O


Ar


X


Compound Ar X TACE Ki (nM)


23


N


H 3


24


N


H 1


25


N Ph


H 0.18


26


N Ph


F 0.14


27


N N
F 0.14


28


N N
N


F 0.15


29


N N
H


F 0.76


30


N N


F 0.15


31


N N
O


F 0.21


a Each Ki value is an average of three determinations, and the standard errors for
all Ki determinations are less than 10%.


Table 3
Amide SAR of 2-phenyl quinolinesa


R


O


H
N


HO


O


X


N


Compound R X TACE Ki (nM)


32 –C(O)NMe2 H 0.28
33 –C(O)NMe2 F 0.36


34


N


OH


O H 0.30


35 N


OH


O
H 0.25


36 N


N


O


H 0.38


37 N


N


O


H 0.54


38 NH
NH


O
H 0.63


39 –CN H 4


a Each Ki value is an average of three determinations, and the standard errors for
all Ki determinations are less than 10%.


Table 4
Selectivity of TACE inhibitorsa


Compound MMP-1 MMP-2 MMP-3 MMP-7 MMP-14 ADAM-10


13 >10,000 7000 952 1500 >10,000 >10,000
20 >10,000 >10,000 >10,000 >10,000 >10,000 >10,000
23 >10,000 1000 58 110 2400 >10,000
26 >10,000 2267 <14 128 4072 >10,000
33 >10,000 >10,000 >10,000 4617 >10,000 >10,000
34 >10,000 >10,000 >10,000 >10,000 >10,000 >10,000
39 >10,000 >10,000 >10,000 >10,000 >10,000 >10,000


a Values are reported as Ki’s. Each Ki value is an average of three determinations,
and the standard errors for all Ki determinations are less than 10%.
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ethyl ester series, 2-methyl quinoline 13 was shown to be quite
selective versus MMP-1, MMP-2, MMP-14, and ADAM-10, but
had low micromolar affinity for MMP-3 and MMP-7. Fortunately,
simply switching to the 2-phenyl quinoline 20 provided a com-
pound that was highly selective. Interestingly, when we evaluated
the primary amide series similar behavior was not observed. In this

case, both 2-methyl quinoline 23 and 2-phenyl quinoline 26 dis-
played low nanomolar inhibitory properties for MMP-3 and
MMP-7 along with low micromolar affinities for MMP-2 and
MMP-14. Despite selectivity ratios of 100-fold or greater (i.e.,
MMP Ki /TACE Ki), we were still concerned about the consequences
of low nanomolar inhibition of MMP-3 and MMP-7. Gratifyingly,
dimethyl amide 33 dramatically improved the selectivity profile
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with a MMP-7 Ki of about 4 lM. Furthermore, as the amide became
larger as in prolinol derivative 34 or when the amide was replaced
with a cyano 39, the selectivity was enhanced providing com-
pounds with selectivity ratios of greater than 3000 versus all the
MMPs and ADAMs we examined.


Despite the exceptional potency and selectivity profiles, many
of these analogs displayed diminished activity in the human whole
blood assay (HWB) and poor pharmacokinetic properties. For com-
pounds 13–39, HWB IC50’s were found to be 2 lM or larger. Fur-
thermore, compounds like 26 failed to display detectable plasma
levels in a rat PK study,19 which was characteristic for most of
these amides. The low oral availability observed for 26 may, in
part, be attributed to poor absorption as was suggested in a
Caco-2 assay ((AP to BL) = 3 nm/s). In contrast, compound 39 dis-
played a reasonable AUC (>2500 nM h, 10 mpk, po) and stood out
as having the best PK profile.


In summary, we have explored the effect of S30 and hydrogen
bond acceptor variations on potency and selectivity of a series of
cyclopropyl hydroxamic acids. Many of these inhibitors displayed
potent TACE Ki’s in the picomolar range while maintaining good
and sometimes excellent selectivity over MMP-1, MMP-2, MMP-
3, MMP-7, MMP-14, and ADAM-10. More importantly, 39 dis-
played a good PK profile while maintaining a good in vitro profile.
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The synthesis of a new series of oxazolidinones having cyclic sulfonamide moieties is described. Their
in vitro antibacterial activities against both Gram-positive and Gram-negative bacteria were tested and
the effect of substituents on the oxazolidinone ring was investigated. A particular compound 15g having
[1,2,5]thiadiazolidin-1,1-dioxide moiety showed the most potent antibacterial activity.
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The emergence of bacterial resistance to the antibiotics poses
a serious concern for medical professionals during the last dec-
ade.1 In particular, multi-drug-resistant Gram-positive bacteria2


including methicillin-resistant Staphylococcus aureus (MRSA)3


and Staphylococcus epidermidis (MRSE), and vancomycin-resistant
Enterococci (VRE) are of major concern.4


Oxazolidinones, a new class of synthetic antibacterial agents,
exhibit activity against a large number of Gram-positive organ-
isms. Linezolid is the first oxazolidinone approved for the treat-
ment of Gram-positive bacterial infections in humans.5 Since
Linezolid, the many attractive traits of oxazolidinone series have
encouraged further work in this area, and also the literature reveals
extensive chemical programs exist.6,7 At present, most efforts are
focused on substituted phenyl oxazolidinones. Eperezolid and
AZD2563 have been extensively used as the structural precursors
for modification.8


In this letter, we describe the synthesis and structure–activity
relationship of oxazolidinones having cyclic sulfonamide moieties
instead of morpholine (Fig. 1). In addition, our approach for
improvement of antibacterial activity of the oxazolidinones is also
discussed.


It is revealed that sulfonamide moieties can enhance largely the
activity of antibacterial agents especially against both Gram-posi-
tive and Gram-negative bacteria.9,10 Based on this fact, a positive
effect of sulfonamide moieties on the activity of oxazolidinone
was anticipated.
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The substituted sulfonamides 3a–d, 3f, 3g, and 3i were easily
accessible by the condensation of the corresponding diamines
1a–d, 1f, 1g, and 1i with sulfamide (2) in refluxing pyridine
(Scheme 1).11


The other cyclic sulfonamides 3e and 3h were also synthesized
by the improved procedure shown in Scheme 2.11 The intermedi-
ates Ie and Ih were directly synthesized by reaction of the corre-
sponding mustards with BOC-sulfamoyl chloride. The N-BOC
cyclosulfamides 3e and 3h were obtained in high yields by treat-
ment of Ie and Ih with K2CO3 in DMSO.


The cyclic sulfamidate 3j ([1,2,3]-oxathiazolidine-2,2-dioxide)
is typically prepared as shown in Scheme 3.11 The sulfamidite 7
was obtained by reaction of N-protected aminoethanol with SOCl2


in CH3CN at low temperature. The oxidation of the sulfamidite 7

NHAc


F
R1


R2


Cyclic sulfonamides  substituted oxazolidinones


Figure 1. Structure of Linezolid, Eperezolid, and target molecules.
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Scheme 1. Reagents and condition: (i) pyridine, reflux, 16 h, 46–79% (for 3a–d, 3f,
3g, and 3i).
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with RuO4 in CH3CN gave sulfamidate 8, which was successfully
converted into the deprotected cyclosulfamidate 3j using trifluro-
acetic acid.


The syntheses of derivatives 15a–j are outlined in Scheme 4.
Cyclic sulfonamide moieties as starting materials on condensation
with 3,4-difluoronitro benzene in acetonitrile under reflux yielded
the corresponding nitro compounds 9. Hydrogenation of com-
pound 9 with 10% Pd–C/H2 followed by condensation with benzyl
chloroformate afforded the protected compound 11. Conversion of
compound 11 to oxazolidinone 12 was accomplished by use of n-
butyllithium and (R)-glycidyl butyrate in dry THF at �78 �C. Com-
pound 12 was reacted with methane sulfonyl chloride, subse-
quently was treated with sodium azide to yield azide 14.
Reduction and acylation of compound 14 gave title compounds
15a–j.


The MICs were determined by the agar dilution method using
test agar. An overnight culture of bacteria in tryptosoy broth was
diluted to about 106 cells/ml with the same broth and inoculated
with an inoculating device onto agar containing serial 2-fold dilu-
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Scheme 2. Reagents and conditions: (i) BuOH, 2-chloroethylamine, CH2Cl2, 0 �C to rt, 2 h
80–83%; (iv) TFA, CH2Cl2, rt, 1 h, 83%.
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Scheme 3. Reagents and conditions: (i) SOCl2, CH3CN, pyridine, �40 �C to rt, 2 h

tions of the tested compounds. Organisms were incubated at 37 �C
for 18–20 h. The MICs of a compound were defined as the lowest
concentration that visibly inhibited growth.


The in vitro antibacterial activities of the new oxazolidinones
(15a–j) prepared above against both Gram-positive and Gram-neg-
ative organism such as Haemophilus influenzae are listed in Tables 1
and 2. For comparison, the MIC values of Linezolid are also listed.
Among the tested compounds, 15g, 15h, 15i, and 15j displayed supe-
rior or similar antibacterial activities to Linezolid against Gram-po-
sitive, methicillin-, and vancomycin-resistant strains, while the
analogs 15a–f showed inferior activity.


In particular, compound 15g12 having [1,2,5]thiadiazolidin-1,1-
dioxide moiety was 3- to 4-fold superior active against most of the
targeted both Gram-positive and Gram-negative strains to Linezo-
lid. As to the substituents on the oxazolidinone chain, compounds
15a and 15g having thiadiazolidine moieties were generally more
potent than compounds 15h–i having thiadiazinane moieties
against Gram-positive strains (Table 1). The introduction of alkyl
group at N-position of thiadiazolidine (15a and 15b) led to signif-
icantly enhanced antibacterial activity compared to compounds
15c and 15d with alkyl substituents at C-3 position. Compound
15g having [1,2,5]thiadiazolidine moiety was more potent than
compound 15j having [1,2,3]-oxathiazolidine moiety. This can be
attributed to the different electronic characters between nitrogen
and oxygen. With increasing bulkiness from methyl to ethyl, ben-
zyl, tert-butoxy in compounds 15a, 15b, 15e, and 15f, the activity
was found to be decreased in regular sequence. In case of 15e
and 15f, any bulky substituents also led to significant loss in anti-
bacterial activity. This suggests that bulky substituents are not
favorable.


In summary, the introduction of [1,2,5]thiadiazolidine-1,1-diox-
ide moiety to oxazolidinones afforded potent compounds with
in vitro antibacterial activity comparable or superior to Linezolid
against Gram-positive, methicillin-, and vancomycin-resistant
strains.
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Table 1
In vitro antibacterial activity (MIC, lg/ml) of oxazolidinone derivatives against standard strains


Compound S. a.a C. s.b E. f.c E. f.d S. p.e S. p.f S. a.g H. i.h


15a 3.12 6.25 3.12 3.12 0.78 1.56 1.56 3.12
15b 6.25 6.25 3.12 1.56 0.78 0.78 3.12 3.12
15c 12.5 12.5 6.25 3.12 3.12 1.56 3.12 6.25
15d 12.5 12.5 12.5 25 12.5 6.25 12.5 25.0
15e 12.5 12.5 12.5 25 25 6.25 6.25 6.25
15f 6.25 6.25 6.25 6.25 6.25 6.25 6.25 3.12
15g 0.39 0.20 0.20 0.39 0.20 0.20 0.20 0.20
15h 3.12 1.56 1.56 1.56 0.78 1.56 1.56 1.56
15i 1.56 1.56 1.56 1.56 0.78 0.78 1.56 1.56
15j 3.12 3.12 1.56 1.56 1.56 0.78 0.39 3.12
Linezolid 1.56 1.56 1.56 1.56 0.39 0.39 1.56 1.56


a S. a., Staphylococcus aureus C463.
b C. s., Coagulase negative staphylococci.
c E. f., Enterococcus faecalis C474.
d E. f., Enterococccus faecium C803.
e S. p., Streptococcus pneumoniae C402.
f S. p., Streptococcus pyogenes ATCC8736.
g S. a., Streptococcus agalactiae ATCC2901.
h H. i., Haemophilus influenzae.


Table 2
In vitro antibacterial activity (MIC, lg/ml) of oxazolidinone derivatives against MRSA and VRE


Compound MRSA 1 VRE 1 VRE 2 VRE 3 VRE 4 VRE 5 VRE 6 VRE 7 VRE 8


15a 3.12 3.12 3.12 6.25 6.25 3.12 3.12 3.12 3.12
15b 6.25 6.25 3.12 3.12 6.25 3.12 3.12 6.25 3.12
15c 12.5 6.25 6.25 6.25 12.5 6.25 6.25 12.5 12.5
15d 12.5 12.5 12.5 25 12.5 6.25 12.5 12.5 12.5
15e 12.5 12.5 12.5 25 25 6.25 6.25 12.5 12.5
15f 6.25 6.25 1.56 6.25 6.25 1.56 6.25 6.25 6.25
15g 0.20 0.20 0.20 0.78 0.39 0.78 0.78 0.39 0.78
15h 1.56 3.12 1.56 3.12 1.56 0.78 3.12 3.12 3.12
15i 1.56 0.78 1.56 1.56 1.56 1.56 1.56 1.56 1.56
15j 3.12 1.56 1.56 1.56 1.56 3.12 3.12 1.56 3.12
Linezolid 3.12 1.56 0.78 0.78 1.56 1.56 1.56 1.56 1.56


MRSA 1, methicillin-resistant Staphylococcus aureus 1; VRE 1, vancomycin-resistant Enterococcus faecalis; VRE 2, vancomycin-resistant Enterococccus faecium; VRE 3: van-
comycin-resistant Enterococci 1; VRE 4, vancomycin-resistant Enterococci 2; VRE 5, vancomycin-resistant Enterococci 3; VRE 6, vancomycin-resistant Enterococci 4; VRE 7,
vancomycin-resistant Enterococci 5; VRE 8, vancomycin-resistant Enterococci 6.
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Cell migration is largely mediated by the interaction of some 50
secreted proteins, called chemokines, and 20 chemokine G protein-
coupled receptors.1 They have been divided into 4 families accord-
ing to the number and spacing of their conserved N-terminal
cysteine residues (CC, CXC, CX3C, and XC). Chemokines and their
receptors are also classified as constitutively expressed (homeo-
static) or inducible/inflammatory (to control cell recruitment to
sites of infection and inflammation). Human (h)CXCR3 is predom-
inantly expressed on activated T helper 1(Th1) cells and activated
by the interferon-inducible chemokines MIG (CXCL9), IP10
(CXCL10), and ITAC (CXCL11).2 Its function is mediated through
Gai protein binding, leading to inhibition of cAMP formation and
enhanced calcium mobilization, actin polymerization, and chemo-
taxis.3,4 Upregulation of hCXCR3 and its ligands, together with
increased levels of disease-causing activated T cells in inflamed
lesions, has been demonstrated in several chronic inflammatory
diseases including organ transplant rejection,5 multiple sclerosis,6


colitis,7 insulitis,8 chronic obstructive pulmonary disease,9 allergic
dermatitis,10 and rheumatoid arthritis.11 Taken together, these
data indicate that inhibition of hCXCR3 activation provides a
potential therapeutic intervention in a number of major Th1
cell-mediated inflammatory disorders. Recently, a number of
experimental compounds directed to the CXCR3 target were
reported.12 Herein we report the identification of a novel series

ll rights reserved.
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of hCXCR3 antagonists with promising activity and drug-like
properties.


Through screening of some 256,000 compounds for their inhib-
itory activity on cAMP production in ITAC-stimulated hCXCR3-
transfected CHO cells,13 a series of 3-disubstituted piperidine-
2,6-diones analogs of benzetimide (3) as novel hCXCR3 antagonists
were identified as shown in Fig. 1. The activity of the most potent
hit compound (1) was confirmed by assessing its ability to block
the ITAC-activated GTPcS binding to hCXCR3-transfected CHO cell
membranes,14 and compared to AMG 487 (2), the most advanced
hCXCR3 antagonist at the time.15


As shown in Table 1, compound 1 inhibited the hCXCR3-medi-
ated GTPcS binding with an IC50-value of 0.8 lM, comparable to
that of AMG 487 (IC50 = 0.3 lM).


The realization that 1 structurally resembles the muscarinic
receptor antagonist benzetimide (3), prompted us to assess its po-
tential anti-cholinergic activity. Confirming earlier data,17 the anti-

OOF3C


Amgen AMG 487
2


X = Br 1
X = H 3


Figure 1. CXCR3 antagonists.
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Table 2
hCXCR3 antagonism: N-substitution on the 4-piperidine ring


N


H
NO


O
R


Compounda R hCXCR3 binding IC50
b (lM)


1 4-Br 0.78
3 H >10
6 4-Cl 0.83
7 4-F 4.57
8 4-CH3 2.40
9 4-OMe 4.27


10 2,4-Cl 3.16
11 3,4-Cl 1.26
12 3-F-4-Cl 0.34
13 3-CF3-4-Cl 2.51


a Racemic compounds, except for the (�)-isomer of compound 12.
b GTPcS binding assay.14
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Scheme 1. Reagents and conditions: (a) NaOMe, MeOH, reflux,18 h; (b) NaBH4, iPOH, refl
to rt, 18 h; (d) H2SO4/HOAc (1:4 v/v), 165 �C, 3–4 h, 10–40% for four steps; (e) 10% Pd/C,
MeOH 1:1, rt, 18 h, variable yields; (g) SOCl2, CH2Cl2, rt, 4 days, then amines, rt; (h) (PhO
BBr3, CH2Cl2, rt, 18 h, 38%; (j) R-X, K2CO3, DMF, 60–70 �C, variable yields; (k) CBzCl, TEA, D
or ClCO2Et, triethylamine, CH2Cl2, rt, 18 h, 37%; (n) 48% HBr, reflux, 2 h, 70%; (o) 43: nBu
RCOCl, triethylamine, CH2Cl2, rt, 65–77%; 47: ClCH2CONH2, triethylamine, CH2Cl2, rt, 18
14%; 50: NH2SO2NH2, pyridine, 120 �C, 18 h, 16%.


Table 1
hCXCR3 antagonism and muscarinic binding data of compounds 1–3 and their
enantiomers


Compound Chirality hCXCR3 binding
IC50


a (lM)
Muscarinic receptor binding IC50


b (lM)


M1 M2 M3


1 ± 0.78
1a � 0.61 9.6 >10 >10
1b + 1.33 <0.001 <0.001 <0.001
2 � 0.33 n.d. n.d. n.d.
3 ± >10
3a � >10 >10 >10 >10
3b + >10 <0.001 <0.001 <0.001


a GTPcS binding assay.14


b Ref. 16 for assay.
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cholinergic activity of 3, measured by blocking the binding of N-
methylscopolamine to the human M1-3 muscarinic receptors, re-
sides exclusively in its (+)-isomer, dexetimide (3b). By analogy,
separation of 1 into its enantiomers 1a and 1b indicated that,
although both stereoisomers produced comparable hCXCR3 antag-
onistic effects (Table 1), 1b possessed nanomolar activity against
the muscarinic receptors, whereas 1a only showed a marginal
activity toward the M1 receptor (IC50 = 9.6 lM). Moreover, submi-
cromolar concentrations of 1a also reduced the ITAC-induced
migration of activated human blood T lymphocytes
(IC50 = 0.69 lM),18 and blocked the binding of [125I]ITAC to stimu-
lated human T lymphocytes (IC50 = 0.33 lM).19 Additionally, when
tested at 10 lM, 1a had no effect (<25% inhibition) on the binding
of CHO cells expressing human CCR1, CCR2, CCR4, CXCR1/2, and
CX3CR1 with [125I]-labeled MIP-1a, MCP-1, TARC, IL-8, and fractal-
kine, respectively.20 Reassured by these observations, we sought to
identify more potent and selective hCXCR3 antagonists.


Because of the pronounced difference in hCXCR3 binding po-
tency between the para-bromo substituted benzyl-containing 1
(IC50 = 0.8 lM) and the unsubstituted benzyl analog 3, we first ex-
plored the contribution of N-substitution of the 4-piperidine ring.


As shown in Table 2, the hCXCR3 antagonistic potency of 1 was
found to be among the highest, and therefore we retained the para-
bromobenzyl substituent and concentrated our efforts on the glu-
tarimide portion of the molecule.


The synthesis of compounds 1, 3–50 is depicted in Scheme 1.21


The build-up of the dexetimide analogs required the base-cata-
lyzed condensation of the benzyl-piperidone with the appropriate
arylated acetonitriles. The alkene was reduced either catalytically
or with NaBH4. The Michael addition with acrylonitrile promoted
by Triton B was followed by the acid-mediated ring closure toward
the glutarimide analogs 1, 3, and 6–24. Compound 21 containing
the 2-OMe-5-sulfonic acid group was obtained in low overall yield
(1.6% starting from acrylonitrile addition step b) as a side product
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during an attempt to synthesize the 2-methoxy substituted vari-
ant. Acid chloride activation of the acid 24 enabled the formation
of amides 25–29. The two-step Curtius rearrangement of acid 24
yielded the aniline 30. BBr3 mediated demethylation of 20 yielded
the phenol 31. Base-promoted alkylation of the imide 1 produced
32–37. The borane reduction of the imide did not proceed on the
benzyl-protected piperidine derivatives, but was quantitative on
the CBz-protected intermediate leading to intermediate 38. Further
coupling and deprotection steps produced the required com-
pounds 43–50.


The lactam analogs 54, 58 of the lead compounds were synthe-
sized as described in Scheme 2.21


A Michael addition of methylacrylate on intermediate 51 was
followed by the one-pot, two-step Pd-mediated debenzylation
and the Raney nickel reduction of the nitrile to the amine, which
spontaneously ring closed to lactam 53. Coupling of p-bromoben-
zylchloride gave 54 and lactam reduction produced 55. The re-
versed lactam 58 required the LDA-mediated carboxyethylation
of commercially available 4-benzylpyridine with diethylcarbonate
toward 56. Michael addition of acrylonitrile and Raney nickel-med-
iated reduction of the nitrile produced the lactam 57. Catalytic
reduction of the pyridine to piperidine, followed by coupling of
p-bromobenzylchloride yielded 58.

Table 3
hCXCR3 antagonism: modification of the phenyl moiety


N


Br
H
N


A A
A


O
O


R


Compound A R hCXCR3 binding IC50
a (lM)


1 C H 0.78
14 2-Pyridyl H 0.50
15 3-Pyridyl H 1.00
16 4-Pyridyl H 0.63
17 C 4-F 1.26
18 C 2,4-F 0.12
19 C 4-OMe 3.63
20 C 3-OMe 1.55
21 C 2-OMe-5-SO3H 0.17
22 C 3-Cl 1.45
23 C 4-CO2H 5.01
24 C 3-CO2H 0.63
25 C 3-CONH2 3.16
26 C 3-CONHMe 3.16
27 C 3-CONH(CH2)3OH 1.26
28 C 3-CO-Morpholine 0.79
29 C 3-CO-N-Me-piperazine 1.26
30 C 3-NH2 0.32
31 C 3-OH 1.00


a GTPcS binding assay.14

As illustrated in Table 3, replacement of the unsubstituted phe-
nyl in 1 by 2-, 3-, or 4-pyridine (compounds 14–16) was neutral in
terms of receptor potency. The para-position accepts preferably a
small substituent such as fluorine in 17 instead of the larger meth-
oxy 19 and carboxylic acid 23. The meta-position tolerates a vari-
ety of substituents of different sizes and polarity such as
exemplified by 20, 22, and 24–31. Introduction of solubility
enhancing groups as in 24, 27, and 29 at this position is tolerated
for activity and could be a good starting point for further optimiza-
tion of the drug-like properties of this series. The 7-fold potency
gain seen for 2,4-fluor analog 18 relative to the 4-fluor analog 17
and the high activity of 21 suggest that an ortho substitution is
beneficial for activity.


The contribution of the glutarimide group is shown in Table 4.
The imide hydrogen was substituted by various alkyl groups as


in 32–37 without improvement in potency. Retaining one (54 and
58) of the carbonyl functions in the glutarimide ring is essential for
high activity. The conversion of the glutarimide into a 3-piperidine
ring (55) results in a decrease of activity, unless the N-piperidine
atom is, for instance, substituted with a carbonyl-containing resi-
due such as in 41–49. Sulfonamide 50 is equipotent to the ureum
49. Highest potency in this series (IC50 = 0.06–0.08 lM) was seen

Table 4
hCXCR3 antagonism: modification of the glutarimide moiety


N


Br
R
NX


Y


Compound X Y R hCXCR3 binding IC50
a (lM)


1 O O H 0.78
32 O O Me 2.51
33 O O Et 2.51
34 O O Pr 5.01
35 O O i-Pr 5.01
36 O O CH2CH2OCH3 2.00
37 O O CH2SCH3 1.00
41 H H Acetyl 0.14
42 H H Ethylcarbamate 0.32
43 H H Formyl 0.15
44 H H Trifluoroacetyl 0.69
45 H H Propionyl 0.29
46 H H Cyclopropionyl 0.18
47 H H a-Acetamide 0.08
48 H H Phenylureum 0.06
49 H H Ureum 0.25
50 H H Sulfonamide 0.21
54 H O H 0.50
55 H H H >10
58 O H H 1.58


a GTPcS binding assay.14







Table 5
hCXCR3 and muscarinic receptor antagonism: enantiomeric effect


N


Br NX
Y


R1


R2


Compound Chirality X Y R1 R2 hCXCR3 binding
IC50


a (lM)
Muscarinic receptor binding IC50


b (lM)


M1 M2 M3


1 ± O O H H 0.78
1a � O O H H 0.61 9.6 >10 >10
1b + O O H H 1.33 <0.001 <0.001 <0.001
18 ± O O 2,4-F H 0.12
18a � O O 2,4-F H 0.06 >10 >10 >10
18b + O O 2,4-F H 0.33 <0.001 <0.001 <0.001
41 ± H H H Acetyl 0.14
41a � H H H Acetyl 0.11 10 10 3
41b + H H H Acetyl 2.31 >10 >10 >10
47 ± H H H a-Acetamide 0.08
47a � H H H a-Acetamide 0.81 5 2 1.1
47b + H H H a-Acetamide 0.06 >10 >10 >10
48 ± H H H Phenylureum 0.06
48a � H H H Phenylureum 0.03 >10 >10 >10
48b + H H H Phenylureum 6.31 8.9 >10 >10


a GTPcS binding assay.14


b Ref. 16 for assay.
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with the a-acetamide (47) and the phenylureum (48) substituents,
but at the cost of less favorable PK properties in the case of 48 (data
not shown).


Table 5 lists the CXCR3 and muscarinic receptor binding activity
of our most potent racemic compounds and their enantiomers. The
enantiomers were separated by chiral HPLC or SFC and the enanti-
omers were distinguished by their optical rotations (levo or dextro
rotatory), without further determination of their absolute
configuration.


The muscarinic activity of the opposite enantiomer of the hit
1a lead us to select the enantiomeric pairs of those compounds
for screening on a panel of muscarinic receptors in a radioligand
binding assay.16 The isomers of compounds 1 and 18, which
share the same benzetimide (3) scaffold, display comparable
hCXCR3 antagonistic activities, while their anti-muscarinic activ-
ity is almost totally confined to the (+)-isomer form. However,
N-substitution of the 3-piperidine ring with carbonyl-containing
functions (compounds 41, 47, and 48) indicated that their optical
isomers produced weak or no anti-muscarinic activity and that
strong CXCR3 antagonistic activity was largely confined to a sin-
gle enantiomer 41a, 47b, and 48a. Of note, although not tested
on a regular basis, our compounds showed comparable potencies
against mouse CXCR3 (data not shown), excluding issues of spe-
ciation that are often encountered in the search for chemokine
receptor antagonists.


Taken together, we have identified a novel series of 3-piperidine
compounds that produce submicromolar antagonistic activity
against human and murine CXCR3. The compounds were opti-
mized from the HTS hit 1, a structural analog of the anti-choliner-
gic benzetimide. From enantiomeric separation of the most potent
3-piperidine compounds it was learnt that CXCR3 antagonism and
anti-cholinergic effects were not linked. In vivo experiments are
underway to assess the potential of these compounds as anti-
inflammatory agents.
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