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Ecole Polytechnique, F-91128 Palaiseau Cedex, France


(Associate Editor, Dr B. Sire)


BOARD OF CONSULTING EDITORS


P. S. Anderson, Wilmington, DE


K.-H. Altmann, Zürich
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ARTICLES


Synthesis, discovery and preliminary SAR study of benzofuran derivatives as angiogenesis inhibitors pp 1851–1854


Yuan Chen, Shaopeng Chen, Xin Lu, Hao Cheng, Yingyong Ou, Huimin Cheng, Guo-Chun Zhou *
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Compound 32 with benzofuran core exhibited good inhibitory activity (IC50 = 4.3 lM) and remarkable selectivity against HUVEC proliferation.


Bioorganic & Medicinal Chemistry Letters Vol. 19, No. 7, 2009
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Carbonic anhydrase inhibitors. Inhibition of cytosolic isoforms I, II, III, VII and XIII with less investigated
inorganic anions


pp 1855–1857


Alessio Innocenti, Andrea Scozzafava, Claudiu T. Supuran *
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KI = 8.7 μM (hCA I) KI = 0.79 μM (hCA I, R = Et2N) 
KI = 8.8 μM (hCA II) KI = 3.1 μM (hCA II, R = Et2N) 


Inhibition of NF-kB and metalloproteinase-9 expression and secretion by parthenolide derivatives
Mario Dell’Agli *, Germana V. Galli, Enrica Bosisio, Michele D’Ambrosio
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pp 1858–1860


Bioorganic & Medicinal Chemistry Letters 19 (2009) 1837–1850
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The synthesis and biological evaluation of some caffeic acid amide derivatives: E-2-Cyano-(3-substituted phenyl)
acrylamides


pp 1861–1865


Wei Zhou, Hai-bo Li, Chun-nian Xia, Xian-ming Zheng, Wei-xiao Hu *
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A series of caffeic acid amide derivatives E-2-cyano-(3-substituted phenyl) acrylamides were synthesized via Knoevenogal condensation. Some preliminary
structure–activity relationships are described.


Synthesis and evaluation of lysine derived sulfamides as histone deacetylase inhibitors pp 1866–1870


Sukhdev Manku, Martin Allan, Natalie Nguyen, Alain Ajamian, Jacques Rodrigue, Eric Therrien, James Wang, Tim Guo,
Jubrail Rahil, Andrea J. Petschner, Alina Nicolescu, Sylvain Lefebvre, Zuomei Li, Marielle Fournel,
Jeffrey M. Besterman, Robert Déziel, Amal Wahhab *
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SAR investigation around compound 2a lead to 12h with equal HDAC1 and HDAC6 inhibitory activity and enhanced metabolic stability and PK profile.


7-Sulfonamido-3-benzazepines as potent and selective 5-HT2C receptor agonists: Hit-to-lead optimization pp 1871–1875


Paul V. Fish *, Alan D. Brown, Edel Evrard, Lee R. Roberts
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5-HT2C: EC50 31 nM, Emax 66 %
5-HT2A: <10 % activation @ 0.5 μM
5-HT2B: <10 % activation @ 10 μM


New 7-sulfonamido-3-benzazepines 3 are disclosed as 5-HT2C receptor agonists. Appropriate substitution of the amino group (R1R2N-) identified compounds that were
potent 5-HT2C agonists with minimal activation of the 5-HT2A and 5-HT2B receptors. Furthermore, representative examples had excellent in vitro ADME properties and good
selectivity over ion channel activity.


First asymmetric synthesis of CJ-14877 and its enantiomer and their interleukin-1b inhibitory activities pp 1876–1878


Yutaka Aoyagi, Yoshiyuki Adachi, Shunta Akagi, Naohito Ohno, Koichi Takeya *
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49.8% inhibition at 10 μM


A potent antiinflammatory methyl picolinate alkaloid CJ-14877 [(+)-1] and its enantiomer (�)-1 were synthesized via two steps. (+)-1 strongly inhibited LPS-stimulated
IL-1b production but (�)-1 did not.
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Syntheses of novel 2,3-diaryl-substituted 5-cyano-4-azaindoles exhibiting c-Met inhibition activity pp 1879–1882


Hannes Koolman *, Timo Heinrich, Henning Böttcher, Wilfried Rautenberg, Michael Reggelin


Selective, potent PPARc agonists with cyclopentenone core structure pp 1883–1886


M. Paz Otero, Efrén Pérez Santín, Fátima Rodríguez-Barrios, Belén Vaz, Ángel R. de Lera *


Benzophenone-N-ethyl piperidine ether analogues—Synthesis and efficacy as anti-inflammatory agent pp 1887–1891


Shaukath A. Khanum *, V. Girish, S. S. Suparshwa, Noor Fatima Khanum
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A sequence of substituted benzophenone-N-ethyl piperidine ether analogues has been synthesized and evaluated as orally active anti-inflammatory agents with reduced
side effects.


Synthesis and cytotoxic activities of novel phenacylimidazolium bromides pp 1892–1895


Xiao-Dong Yang, Xiang-Hui Zeng, Yan-Li Zhang, Chen Qing *, Wen-Jian Song, Liang Li, Hong-Bin Zhang *
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A series of novel phenacylimidazolium derivatives has been prepared and evaluated in vitro against a panel of human tumor cell lines. Phenacylimidazolium bromides
bearing a highly sterically hindered aryl group at position-1 and an electron-rich phenacyl or naphthylacyl substituent at position-3 of imidazole ring proved to be more
active than imidazolium bromides with other substituted groups. In particular, compound 5j was found to be the most potent compounds with IC50 values lower than
5.0 lM against 8 strains human tumor cell lines and more active than cisplatin.
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Synthesis of actin-depolymerizing compounds pp 1896–1898


Kazuhiro Kitamura, Toshiaki Teruya, Takeshi Kuroda, Hideo Kigoshi, Kiyotake Suenaga *
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The artificial actin-depolymerizing compounds 3–6, based on aplyronine A, an actin-depolymerizing antitumor marine macrolide, were synthesized, and their actin-
depolymerizing activities and cytotoxicities were evaluated.


Oxadiazole-diarylpyrazole 4-carboxamides as cannabinoid CB1 receptor ligands pp 1899–1902


Suk Ho Lee, Hee Jeong Seo, Min Ju Kim, Suk Youn Kang, Kwang-Seop Song, Sung-Han Lee, Myung Eun Jung,
Jeongmin Kim, Jinhwa Lee *
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We have identified novel oxadiazole-diarylpyrazole 4-carboxamide series of small molecule cannabinoid-1 ligands that show potency comparable to
that of known CB1 antagonists. Among various analogs tested, N-phenyl-4-carboxamide (12q) demonstrated high binding affinity for rCB1 receptor.


Poly(styrene-alt-maleic anhydride) derivatives as potent anti-HIV microbicide candidates pp 1903–1907


Weijun Fang, Yijun Cai, Xiaoping Chen, Rongmin Su, Tong Chen, Ningshao Xia, Lei Li, Quanli Yang, Jiahuai Han *,
Shoufa Han *
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Inhibitor of HIV-1 infection


Rational design and synthesis of potent and long-lasting glutamic acid-based dipeptidyl peptidase IV inhibitors pp 1908–1912


Ting-Yueh Tsai, Tsu Hsu, Chiung-Tong Chen, Jai-Hong Cheng, Mei-Chun Chiou, Chih-Hsiang Huang, Ya-Ju Tseng,
Teng-Kuang Yeh, Chung-Yu Huang, Kai-Chia Yeh, Yu-Wen Huang, Ssu-Hui Wu, Min-Hsien Wang, Xin Chen,
Yu-Sheng Chao, Weir-Torn Jiaang *
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Efficient system for the preparation of [13N]labeled nitrosamines pp 1913–1915


Vanessa Gómez-Vallejo, Koichi Kato, Masayuki Hanyu, Katsuyuki Minegishi, José I. Borrell, Jordi Llop *


The reaction of resin trapped [13N]NO2
- with secondary amines in the presence of Ph3P and Br2 leads to the formation of the corresponding N-[13N]nitrosamines with


excellent radiochemical conversion.


Design and synthesis of isoform-selective phospholipase D (PLD) inhibitors. Part I: Impact of alternative
halogenated privileged structures for PLD1 specificity


pp 1916–1920


Jana A. Lewis, Sarah A. Scott, Robert Lavieri, Jason R. Buck, Paige E. Selvy,
Sydney L. Stoops, Michelle D. Armstrong,
H. Alex Brown, Craig W. Lindsley *


The synthesis and SAR of isoform-selective PLD inhibitors is described. By virtue of the installation of alternative halogenated piperidinyl benzimidazolone privileged
structures, in combination with a key (S)-methyl group, novel PLD inhibitors with low nM potency and unprecedented levels of isoform selectivity for PLD1 (�1700-fold)
over PLD2 were developed.


Phosphorothioate analogs of m7GTP are enzymatically stable inhibitors of cap-dependent translation pp 1921–1925


Joanna Kowalska, Maciej Lukaszewicz, Joanna Zuberek, Marcin Ziemniak, Edward Darzynkiewicz, Jacek Jemielity *


The synthesis and properties of new potent inhibitors of translation, two diastereomers of 7-methylguanosine 50-(1-thiotriphosphate), are reported. These
analogs of mRNA 50cap are recognized by translational factor eIF4E with high affinity and are resistant to hydrolysis by Decapping Scavenger
pyrophosphatase.


Simple and convenient radiolabeling of proteins using a prelabeling-approach with thiol-DOTA pp 1926–1929


Carmen Wängler *, Ralf Schirrmacher, Peter Bartenstein, Björn Wängler *
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Prelabeled thiol-DOTA enables the efficient and simple introduction of radiometals into proteins under mild conditions.
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3-Hydroxy-4-oxo-4H-pyrido[1,2-a]pyrimidine-2-carboxylates—A new class of HIV-1 integrase inhibitors pp 1930–1934


Monica Donghi *, Olaf D. Kinzel, Vincenzo Summa


HIV-1 Integrase


QUICKIN IC50 19 nM
Spread CIC95: 10% FBS 62 nM


50% NHS 125 nM


N


N


O
OH


H
N


O


F


N


O
N


O


The synthesis and SAR of a new class of HIV-1 integrase inhibitors is reported.


Identification of potent pyrimidine inhibitors of phosphodiesterase 7 (PDE7) and their ability to inhibit T cell
proliferation


pp 1935–1938


Junqing Guo *, Andrew Watson, James Kempson, Marianne Carlsen, Joseph Barbosa, Karen Stebbins, Deborah Lee,
John Dodd, Steven G. Nadler, Murray McKinnon, Joel Barrish, William J. Pitts *
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A series of pyrimidine based inhibitors of PDE7 are discussed. The synthesis, structure–activity relationships (SAR) and selectivity against several other PDE family members
as well as activity in T cells are presented. These compounds were found to have effects on T cell proliferation, however it is not clear whether the mechanism is related to
PDE7 inhibition.


Semi-synthetic analogs of pinitol as potential inhibitors of TNF-a cytokine expression in human neutrophils pp 1939–1943


Khurshid A. Bhat, Bhahwal A. Shah, Kuldeep K. Gupta, Anjali Pandey, Sarang Bani, Subhash C. Taneja *
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Semi-synthetic analogs of pinitol were prepared using chemo-enzymatic approaches and their TNF-a expression in human neutrophils using flowcytometry is reported.


Pharmacophore modeling study based on known Spleen tyrosine kinase inhibitors together with virtual
screening for identifying novel inhibitors


pp 1944–1949


Huan-Zhang Xie, Lin-Li Li, Ji-Xia Ren, Jun Zou, Li Yang, Yu-Quan Wei, Sheng-Yong Yang *
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Design, synthesis, and anti-HCV activity of thiourea compounds pp 1950–1955


Iou-Jiun Kang, Li-Wen Wang, Chung-Chi Lee, Yen-Chun Lee, Yu-Sheng Chao, Tsu-An Hsu *, Jyh-Haur Chern *


N
H


N
H


S


R
X1 (CH2)n X2 Ar


The synthesis and SAR of potent hepatitis C virus inhibitors based on an aryl thiourea scaffold are described.


Cytotoxicity of cardenolides and cardenolide glycosides from Asclepias curassavica pp 1956–1959


Jun-Zhu Li, Chen Qing, Chang-Xiang Chen, Xiao-Jiang Hao, Hai-Yang Liu *
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A new cardenolide 6 and a new doubly linked cardenolide glycoside 13 together with eleven known compounds were isolated from the aerial part of Asclepias curassavica
and their cytotoxic activity was evaluated. The new compound 13 showed significant cytotoxic activity against HepG2 and Raji cell lines with IC50 values of 0.69 and
1.46 lM, respectively.


Incorporation of neutral C-terminal residues in 3-amidinophenylalanine-derived matriptase inhibitors pp 1960–1965


Andrea Schweinitz, Daniel Dönnecke, Alexander Ludwig, Peter Steinmetzer, Alexander Schulze, Joscha Kotthaus,
Silvia Wein, Bernd Clement, Torsten Steinmetzer *
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New cyclic peptide proteasome inhibitors pp 1966–1969


Anna Baldisserotto, Mauro Marastoni *, Riccardo Gavioli, Roberto Tomatis
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New vinyl ester cyclopeptide, derivatives were synthesized and tested as proteasome inhibitors. Some analogues showed selective inhibition of the b1 proteasome catalytic
subunit.
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Synthesis of hydroxypyrone- and hydroxythiopyrone-based matrix metalloproteinase inhibitors: Developing
a structure–activity relationship


pp 1970–1976


Yi-Long Yan, Melissa T. Miller, Yuchen Cao, Seth M. Cohen *


Inhibitors of HIV-1 attachment. Part 2: An initial survey of indole substitution patterns pp 1977–1981


Nicholas A. Meanwell *, Owen B. Wallace, Haiquan Fang, Henry Wang, Milind Deshpande,
Tao Wang, Zhiwei Yin, Zhongxing Zhang, Bradley C. Pearce, Jennifer James, Kap-Sun Yeung,
Zhilei Qiu, J. J. Kim Wright, Zheng Yang, Lisa Zadjura, Donald L. Tweedie, Suresh Yeola,
Fang Zhao, Sunanda Ranadive, Brett A. Robinson, Yi-Fei Gong, Hwei-Gene Heidi Wang,
Wade S. Blair, Pei-Yong Shi, Richard J. Colonno, Pin-fang Lin
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1-(4-benzoylpiperazin-1-yl)-2-(1H-
indol-3-yl)ethane-1,2-dione


The effects of introducing simple halogen, alkyl, and alkoxy substituents to the 4, 5, 6 and 7 positions of 1-(4-
benzoylpiperazin-1-yl)-2-(1H-indol-3-yl)ethane-1,2-dione, an inhibitor of the interaction between HIV gp120 and
host cell CD4 receptors, on activity in an HIV entry assay was examined. Small substituents at C-4 generally resulted in
increased potency whilst substitution at C-7 was readily tolerated and uniformly produced more potent HIV entry
inhibitors. Substituents deployed at C-6 and, particularly, C-5 generally produced a modest to marked weakening of
potency compared to the prototype. Small alkyl substituents at N-1 exerted minimal effect on activity whilst
increasing the size of the alkyl moiety led to progressively reduced inhibitory properties. These studies establish a
basic understanding of the indole element of the HIV attachment inhibitor pharmacophore.


Selective inhibition of Pfmrk, a Plasmodium falciparum CDK, by antimalarial 1,3-diaryl-2-propenones pp 1982–1985


Jeanne A. Geyer, Susan M. Keenan, Cassandra L. Woodard, Philip A. Thompson, Lucia Gerena,
Daniel A. Nichols, Clare E. Gutteridge, Norman C. Waters *
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Various 1,3-diaryl-2-propenones which inhibit Pfmrk in the low micromolar range are identified. Modeling reveals two amino acid residues within the active
site responsible for the selectivity over other CDKs.


Small molecule antagonists of the gonadotropin-releasing hormone (GnRH) receptor: Structure–activity
relationships of small heterocyclic groups appended to the 2-phenyl-4-piperazinyl-benzimidazole template


pp 1986–1990


Diane B. Hauze *, Murty V. Chengalvala, Joshua E. Cottom, Irene B. Feingold, Lloyd Garrick, Daniel M. Green,
Christine Huselton, Wenling Kao, Kenneth Kees, Joseph T. Lundquist IV, Charles W. Mann,
John F. Mehlmann, John F. Rogers, Linda Shanno, Jay Wrobel, Jeffrey C. Pelletier
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The potent GnRH antagonist template, 2-(4-tert-butylphenyl)-4-(1-piperazinyl)benzimidazole was appended to several small heterocycles. The N-ethylimidazole 32 was
screened for in vivo pharmacokinetic and GnRH activity in rats.
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(3,3-Difluoro-pyrrolidin-1-yl)-[(2S,4S)-(4-(4-pyrimidin-2-yl-piperazin-1-yl)-pyrrolidin-2-yl]-methanone:
A potent, selective, orally active dipeptidyl peptidase IV inhibitor


pp 1991–1995


Mark J. Ammirati, Kim M. Andrews, David D. Boyer, Anne M. Brodeur, Dennis E. Danley, Shawn D. Doran,
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A series of 4-substituted proline amides was evaluated as inhibitors of dipeptidyl pepdidase IV for the treatment of type
2 diabetes. (3,3-Difluoro-pyrrolidin-1-yl)-[(2S,4S)-(4-(4-pyrimidin-2-yl-piperazin-1-yl)-pyrrolidin-2-yl]-methanone
(5) emerged as a potent (IC50 = 13 nM) and selective compound, with high oral bioavailability in preclinical species.


Antifungal activity of alkyl and heterocyclic aza-derivatives of gossypol as well as their complexes with NaClO4
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Piotr Przybylski *, Krystian Pyta, Dorota Remlein-Starosta, Grzegorz Schroeder, Bogumil Brzezinski, Franz Bartl


O


O


O


O


N O


O


N O


O


O


O


N O


O


N


Gossypol Schiff bases 
(enamine-enamine tautomer)


Gossypol Hydrazones 
(N-imine-N-imine tautomer)


R


R


NH


HN


H


H H


H


H


H


H


H
H


H
H


H


R


R


Fusarium 
oxysporum
f. sp. lupini


NaClO4NaClO4


The antifungal tests after addition of NaClO4 to gossypol aza-derivatives existing as the enamine–enamine tautomers and being the best ligands in
complexation of Na+ cation or ClO4


- anion, indicated the improved activity of the complexes relatively to that of the pure compounds.


Virtual screening to identify lead inhibitors for bacterial NAD synthetase (NADs) pp 2001–2005


Whitney Beysselance Moro, Zhengrong Yang, Tasha A. Kane, Christie G. Brouillette, Wayne J. Brouillette *


Structure-based virtual screening was used to identify new inhibitors of Bacillus anthracis nicotinamide adenine dinucleotide synthetase (NADs).
18 new small molecule inhibitors were identified with IC50 6 100 lM, and a new lead structural class was chosen for optimization.


Discovery of [3-(4,5,7-trifluoro-benzothiazol-2-ylmethyl)-pyrrolo[2,3-b]pyridin-1-yl]acetic acids as highly potent
and selective inhibitors of aldose reductase for treatment of chronic diabetic complications
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Liver X receptor agonists with selectivity for LXRb; N-aryl-3,3,3-trifluoro-2-hydroxy-2-methylpropionamides pp 2009–2012
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The synthesis and SAR of new liver X receptor agonists is reported. The effort to optimize these hits into LXRb selectivity is described. Compound 20 displayed desirable
pharmacokinetic profile and was evaluated in vivo.


Amide analogs of antifungal dioxane–triazole derivatives: Synthesis and in vitro activities pp 2013–2017
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Synthesis and in vitro antifungal activities of a novel series of triazole antifungal agents wherein the diene part of CS-758 was replaced by an aryl-amide group are
described.


Synthesis of new camptothecin analogs with improved antitumor activities pp 2018–2021


Satoshi Niizuma, Masao Tsukazaki, Hitomi Suda, Takeshi Murata, Jun Ohwada, Sawako Ozawa, Hiroshi Fukuda,
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Yoko Miyazaki, Tsuyoshi Takasuka, Akira Kawashima, Eitaro Nanba, Kounosuke Nakano, Kotaro Ogawa,
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Design and synthesis of new topoisomerase I inhibitor, 7c and its analogs, as well as their
antitumor activities are described. Compound 7c was effective against BCRP positive tumors.


Hybrid a-bromoacryloylamido chalcones. Design, synthesis and biological evaluation pp 2022–2028


Romeo Romagnoli *, Pier Giovanni Baraldi *, Maria Dora Carrion, Olga Cruz-Lopez, Carlota Lopez Cara, Jan Balzarini,
Ernest Hamel, Alessandro Canella, Enrica Fabbri, Roberto Gambari, Giuseppe Basso, Giampietro Viola
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Adjuvant properties of a simplified C32 monomycolyl glycerol analogue pp 2029–2032
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Yvonne Perrie, Gurdyal S. Besra *
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A C32 monomycolyl glycerol analogue demonstrated elevated INF-c and IL-6 levels, comparable to that of the potent Th1 adjuvant trehalose 6,60 di-behenate (TBD) in a
dioctadecyl ammonium bromide (DDA)/Ag85B-ESAT-6 formulation.


Antitumour and antimalarial activity of artemisinin–acridine hybrids pp 2033–2037


Michael Jones, Amy E. Mercer, Paul A. Stocks, Louise J. I. La Pensée, Rick Cosstick,
B. Kevin Park, Miriam E. Kennedy, Ivo Piantanida, Stephen A. Ward,
Jill Davies, Patrick G. Bray, Sarah L. Rawe *, Jonathan Baird,
Tafadzwa Charidza, Omar Janneh, Paul M. O’Neill *


Artemisinin–acridine hybrids were prepared and evaluated for their in vitro activity against
tumour cell lines and a chloroquine sensitive strain of Plasmodium falciparum. They showed a
2–4-fold increase in activity against HL60, MDA-MB-231 and MCF-7 cells in comparison with
dihydroartemisinin (DHA) and moderate antimalarial activity. Strong evidence that the
compounds induce apoptosis in HL60 cells was obtained by flow cytometry, which indicated
accumulation of cells in the G1 phase of the cell cycle.


Semi-synthetic and synthetic 1,2,4-trioxaquines and 1,2,4-trioxolaquines: synthesis, preliminary SAR and
comparison with acridine endoperoxide conjugates


pp 2038–2043


Nuna C. P. Araújo, Victoria Barton, Michael Jones, Paul A. Stocks, Stephen A. Ward, Jill Davies, Patrick G. Bray,
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A series of semi-synthetic trioxaquines and synthetic trioxolaquines were prepared, in moderate to good yields, and were evaluated against both the chloroquine-sensitive
3D7 and resistant K1 strain of Plasmodium falciparum. For comparison the corresponding 9-amino acridine analogues were also prepared and shown to have low nanomolar
activity like their quinoline counterparts.


Synthetic oligoribonucleotides containing arabinonucleotides act as agonists of TLR7 and 8 pp 2044–2047


Tao Lan, Lakshmi Bhagat, Daqing Wang, Meiru Dai, Ekambar R. Kandimalla, Sudhir Agrawal *


 A/C/G/UO


OHO


PO


O


O


S-


A/C/G/UO
HO


O


PO


O


O


S-


Ribonucleotide Arabinonucleotide


Oligoribonucleotides incorporating arabinonucleotides are synthesized and studied as agonists of Toll-like receptors 7 and 8.
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Screening hit
rat mic. SCD IC50 210 nM
HEPG2 SCD IC50 410 nM


rat mic. SCD IC50 0.6 nM
HEPG2 SCD IC50 0.05 nM


Exploring the pharmacokinetic properties of phosphorus-containing selective HDAC 1 and 2 inhibitors (SHI-1:2) pp 2053–2058
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Preparation and structure–activity relationships of phosphorus-containing histone deacetylase inhibitors are detailed. A strong trend between decreasing phosphorus
functional group size and superior mouse pharmacokinetic properties was identified. In addition, optimized candidates showed tumor growth inhibition in xenograft studies.


Improved CILAT reagents for quantitative proteomics pp 2059–2061


Dexing Zeng, Shuwei Li *


Novel stable isotope labeled reagents are synthesized, providing a robust tool for MS-based quantitative proteomics.


Identification of nobiletin, a polymethoxyflavonoid, as an enhancer of adiponectin secretion pp 2062–2064
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The identification of nobiletin as an enhancer of adiponectin secretion is reported.
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Photoirradiation products of flavin derivatives, and the effects of photooxidation on guanine pp 2070–2074
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Discovery of CP-533536: An EP2 receptor selective prostaglandin E2 (PGE2) agonist that induces local bone
formation


pp 2075–2078
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We describe the synthesis, SAR, and in vivo efficacy of a series of EP2-selective sulfonamide derivatives.


Design and efficient synthesis of novel ascorbyl conjugated peptide with high collagen biosynthesis
stimulating effects
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A series of benzofuran derivatives were synthesized and evaluated against HUVEC proliferation. Among
these compounds, compound 32 exhibited good inhibitory activity and remarkable selectivity to HUVEC.
Our current data suggested that array order of methyl, acrylate and carboxylate groups in benzofuran
scaffold is the basic requirement for inhibitory activity against HUVEC proliferation. These results dem-
onstrated that benzofuran scaffold represents a promising structural core to discover a new class of active
and selective angiogenesis inhibitors.


� 2009 Elsevier Ltd. All rights reserved.

Cancer is one of the major mortal reasons all over the world. Re-
ports from WHO shows that more than 7 millions of cancer pa-
tients died in 2007. Over last decades, many anticancer drugs
were discovered and developed and being used in clinical treat-
ment, but they are not met the needs for eradicating so incorrigible
and crafty cancer cells. Discovery and development of new effec-
tive anticancer agents are still urgent for human’s battling against
cancer.


Many studies suggested that once a tumor grows beyond a
critical size, which is of approximately 1 mm3 and with about
106 cells, it has an ability to develop its own blood supply sys-
tem for the gain of sufficient nutrients and oxygen and the re-
moval of toxic wastes by angiogenesis-the process of new
blood vessel formation.1 On the situation, tumor cells can stimu-
late the transcription of vascular endothelial cell growth factor
(VEGF) or/and basic fibroblast growth factor (bFGF), and these
angiogenic factors, in turn, promote the development of new
blood vessels from the preexisting vasculature.2 Angiogenesis is
not only responsible for the critical growth of a tumor but also
for the recurrence and metastasis of a tumor.3 Because of these
reasons, the effective inhibition of tumor angiogenesis can block
tumor progression and growth beyond a critical size or metasta-
sis to other organs.4


It is known that dihydrobenzofuran scaffold actually exists in
some anti-angiogenesis agents like cryptotanshinone5, lignans6


and A-3922.7 Our current efforts to discover angiogenesis inhibi-
tors from the Traditional Chinese Medicine (TCM) led to the iden-

ll rights reserved.


: +86 20 32290606.
hou).

tification of some benzofuran compounds with potential activity
against HUVEC (Human umbilical vein endothelial cell) prolifera-
tion (data not shown here). Based on these facts, we designed
and synthesized a series of benzofuran derivatives characterized
as bi-substituted a,b-unsaturated carboxylic esters at different
benzofuran positions. Among them, compound 32 showed good
inhibitory activity meanwhile compounds 14, 29 and 37 exhibited
moderate inhibitory activity toward HUVEC proliferation. All of
these active compounds have remarkable selectivity to HUVEC.
Here, we report the chemical synthesis of these benzofuran com-
pounds and their biological evaluation with the intention to reveal
the structural elements that contribute to their inhibitory potency
and selectivity against HUVEC proliferation. According to our cur-
rent data, benzofuran compounds can be as lead compounds to dis-
cover more potent angiogenesis inhibitors.


Firstly, the benzofuran scaffold was constructed by Michael
addition of quinone with activated propanal8 or ethyl acetyl ace-
tate and then cyclization (Scheme 1). It seemed that piperidine is
the best amine to the preparation of 1 in our tries. Compound 2
was prepared by the catalysis of anhydrous zinc chloride.9 Even
different proportions of quinine and ethyl acetyl acetate were used
for the reaction, 2 was always accompanied by 3-ring compound
310 with almost same ratio. With the starting materials 1 and 2
in hand, we explored the introduction of bi-substituted a,b-unsat-
urated carboxylic ester and different substitutions at positions 1
and 2 of benzofuran core.


After phenol group of 1 was acetylated into 4, 4 was bromated
into 5 by NBS and AIBN. Treated 5 with KI in acetone and then by
saturated NaHCO3, 6 with hydroxyl group was got. Compound 6
was oxidized into an aldehyde 7 and then 7 was reacted with
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Wittig–Horner reagent to give 8, which was easily de-acetylated by
aq. Na2CO3 at room temperature to give compound 9 (Scheme 2).


Compound 1411 with 2-methyl substitution was designed to
understand if methyl substitution at position 2 is important for
anti-angiogenesis activity and selectivity as compared with 9. Syn-
thesis of 14 was achieved by general methods and using compound
2 as starting material. By substitution exchange of methyl group
and acrylate group of compound 14, target product 18 was ex-
pected. Phenol group in 1 was protected by benzyl group and then
15 was formylated into 16 with DMF and POCl3. Wittig–Horner
reaction of aldehyde 16 and deprotection of 17 by BBr3 gave target
compound 18 (Scheme 3).


We also prepared compounds 29 and 32 (Scheme 4), which are
corresponding to 18 and 14 by replacement of methyl with carbox-
ylate, respectively. Starting with 10, compound 20 was prepared
after bromation of 10 and hydrolysis of 19 to give 20. After protec-
tion of 20, 21 was reduced into alcohol 22 by DIBAL-H and 22 was
oxidized with PCC to produce aldehyde 23. Wittig–Horner reaction
of 23 and deprotection of 24 gave intermediate 25. Compound 25
was selectively protected to yield 26 by acetylation at 0 �C. Later,
free hydroxyl group of 26 was oxidized into carboxylic acid 28
through aldehyde 27. Compound 2912 was at last prepared by
esterification. Synthesis of 32 started with 20, PCC oxidation of
20, Wittig–Horner reaction of aldehyde 30. After deprotection of
31, compound 32,13 which is the counterpart of 29, was prepared
successfully.


After the exploration of incorporating one acrylate group into
benzofuran core at position 1 or position 2, it was urged to intro-
duce two acrylate groups into positions 1 and 2 simultaneously.
The target compound 3714 was obtained by usual methods as
shown in Scheme 5.


The inhibitory activity of these compounds against cell prolifer-
ation of HUVEC (human umbilical vein endothelial cell) and three
cancer cell lines of A549 (non-small cell lung cancer cell line),
Bel-7402 (hepatocarcinoma cell line) and MCF-7 (breast cancer
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cell line) was assayed by MTT method. Briefly, 1000 HUVECs/well
or 1500 cancer cells/well were seeded in 96-well plate and allowed
to attach for 20 h before treated with a compound in 0.1% DMSO at
different concentrations or same volume of carrier. Every concen-
tration of each compound or carrier is in triplicate. After incubated
for 96 h, cells were treated with MTT reagents and relative cell via-
bility of each well was calculated. IC50 value of the compound was
calculated based on the relationship of cell viability versus the
corresponding concentration. The assay data are summarized in
Table 1.


In our study streamline, compound 9 from 1 was the first com-
pound to be tested for inhibitory activity against HUVEC prolifera-
tion but 9 did not show the activity of anti-HUVEC proliferation.
This fact made us shift to functionate position 2 of benzofuran core
and compounds 2 and 14 were prepared for the evaluation against
HUVEC proliferation. It was fortune that compound 2 showed po-
tential activity and compound 14 has moderate activity for anti-
HUVEC proliferation. These initial testing data provided us a clue
that methyl, acrylate and carboxylate can be introduced into ben-
zofuran core at different position to tune benzofuran’s activity
against HUVEC proliferation. Based on this initiation, compounds
18, 25, 29 and 32 were synthesized and evaluated. After exchange
of methyl and acrylate in 14, 18 lost anti-HUVEC proliferation
activity which exhibited in original compound 14; conversion of
methyl into hydroxymethyl made 25 become an inactive com-
pound to HUVEC proliferation. With different substitution at posi-
tion 2 from compounds 9, 14 and 25, compound 29 displayed
moderate inhibitory activity like compound 14. Reciprocation of
carboxylate and acrylate in 29, compound 32 showed surprisingly
good inhibitory potency (4.3 lM) against HUVEC proliferation.
Comparison of 32 with 2 implied that acrylate group in 32 en-
hanced anti-HUVEC activity.


Because acrylate group is important for the activity of 32, 37
with two acrylate groups was synthesized and used to explore
whether two acrylate groups may make interaction be stronger

Br


O


AcO OH
1)Acetone/KI
2) sat. NaHCO3


40%


PCC
78%


O


CO2Et


O


HO


CO2Et


aq. Na2CO3


89%


6


8 9


rt


2.







BnCl
NaH O


BnO POCl3
DMF


86% 70% O


BnO


CHO
P
O


EtO
OEt


CH2CO2Et


NaH
85%


O


BnO


CO2Et
BBr3


O


HO


CO2Et80%


1


15 16


17 18


O


TBSO
LiAlH4


OH


0oC
44% O


CHOTBSO
PCC
77%


P
O


EtO
OEt


CH2CO2Et


NaH
95%


11 12


O


TBSO
CO2Et


13
O


HO
CO2Et


14


O


CO2EtTBSO
TBDMS-Cl
Imidazole


95%


2


10


TBAF
90%


Scheme 3.


PCC


O


CO2EtTBSO


CHO
P
O


EtO
OEt


CH2CO2Et


NaH
78%


87% O


CO2EtTBSO


CO2Et


O


CO2EtHO


CO2Et95%
TBAF


19 20O


CO2Et
TBSO


Br72%


10 1)NaOAc
O


CO2Et
TBSO


OH


O


CO2Et
TBSO


OTBS 86%


DIBAL-H


O


TBSO


OTBS


OH


Et2O,-78oC
PCC
DCM


O


CHO
TBSO


OTBS


73%


P
O


CH2CO2EtEtO
OEt


NaH, THF
O


TBSO


OTBS


CO2Et


85%


O


HO


OH


CO2Et


TBAF
THF
93%


K2CO3/Ac2O
 0 0C O


AcO
CO2Et


OH


PCC
DCM


O
CHO


AcO
CO2Et


O
COOH


CO2Et


AcO


O
CO2Et


CO2Et
HO


2)K2CO3
60%


TBDMS-Cl
Imidazole


93%


NBS
AIBN


78%
61%


88%


SOCl2
EtOH


20


30 31


32


21 22


23 24


25 26 27


28 29


NaClO2/NaH2PO4


t-BuOH/H2O(1:1)
 87%


Scheme 4.


Y. Chen et al. / Bioorg. Med. Chem. Lett. 19 (2009) 1851–1854 1853







NBS
AIBN
87%


O


TBSO
CO2Et


Br O


TBSO
CO2Et


OAc75%
NaOAc K2CO3


EtOH/H2O O


TBSO
CO2Et


OH
67%


PCC


O


TBSO


CHO


CO2Et


31%
P
O


EtO
OEt


CH2CO2Et, NaH


95%
O


HO
CO2Et


CO2Et


34 35


36
37


33
13


1)


2) TBAF


Scheme 5.


Table 1
Inhibitory activity of compounds


Compd IC50, lM


HUVEC A549 Bel-7402 MCF-7


2 >50 NA NA NA
9 NA NA NA NA
14 27.6 NA NA NA
18 >50 NA NA NA
25 NA NA NA NA
29 32.6 NA NA NA
32 4.3 NA NA NA
37 32.9 NA NA NA


Notes: ‘NA’ means ‘not active’; ‘>50’ represents ‘approaching 50% inhibition at
50 lM’.
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than 32. Due to the bulkiness of 37 or/and the possibility that two
acrylate groups make the interaction become complicated, 37 ex-
pressed much weaker inhibitory activity than 32 to HUVEC
proliferation.


It is important to note that all of these compounds showed
remarkable preference for their inhibitory activity against HUVEC
proliferation and absence of the inhibitory activity to cancer cells
of A549, Bel-7402 and MCF-7.


In summary, a series of benzofuran derivatives were synthe-
sized and tested against the proliferation of HUVEC, A549, Bel-
7402 and MCF-7. Compound 32 exhibited remarkable selectivity
against HUVEC proliferation with IC50 in low micromolar range.
These data suggested that array order of methyl, acrylate and car-
boxylate groups in benzofuran scaffold is the basic requirement for
inhibitory activity against HUVEC proliferation. The results demon-
strated that benzofuran scaffold represents a promising structural
core to discover a new class of active and selective angiogenesis
inhibitors.
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An inhibition study of the cytosolic carbonic anhydrase (CA, EC 4.2.1.1) isoforms I, II, III, VII and XIII with
anions such as stannate(IV), selenate(VI), tellurate(VI), perosmate(VIII), persulfate, pyrophosphate(V),
pyrovanadate(V), tetraborate, persulfate, perrhenate(VII), perrutenate(VII), selenocyanate, iminodisulfo-
nate, fluorosulfate and trithiocarbonate is reported. Trithiocarbonate was the best inhibitor detected,
showing affinities of 8.7–9.9 lM for CA I–III, of 36.15 mM for CA VII and of 0.43 mM for CA XIII. Consid-
ering trithiocarbonate as lead, we show that compounds incorporating the new zinc-binding group CS2


� ,
such as among other the dithiocarbamates, are even more active inhibitors, with submicromolar inhibi-
tory activity. New classes of CA inhibitors are being detected based on the CS2


� zinc-binding group.
� 2009 Elsevier Ltd. All rights reserved.

Inorganic anions constitute a well-known class of inhibitors of
the metallo-enzyme carbonic anhydrase (CA, EC 4.2.1.1).1–4 Our
group investigated1–3 the interaction between all mammalian CA
isozymes with simple inorganic anions, including the physiological
ones (such as chloride, bicarbonate, carbonate and sulfate), as well
as ‘metal poisons’ (cyanide, cyanate, thiocyanate, azide, hydrogen
sulfide, bisulfite, nitrite, etc.) or anions with less affinity for metal
ions in solution (tetrafluroborate, perchlorate, nitrate, fluoride and
heavier halides, among others).1–4 16 CA isoforms are presently
known in mammals, CA I–CA XV, of which 13 show catalytic activ-
ity, that is, CA I–CA VII, CA IX, CA XII–CA XV (there are two type ‘V’
isoforms, CA VA and CA VB).3 Such studies are helpful for better
understanding the CA catalytic/inhibition mechanism,3 the physio-
logical role of some CA isoforms which may work in tissues where
high concentrations of inorganic anions are present,5 but also for
the design of novel zinc-binding groups to be incorporated in
new classes of tight-binding CA inhibitors (CAIs).3,6 Indeed, inor-
ganic anions are usually weak CAIs, with affinities in the millimo-
lar–submillimolar range, with few anions arriving to be low
micromolar inhibitors for some isoforms (e.g., cyanide, azide and
hydrogen sulfide).1–3 Still, some of these anions may be used to de-
sign much better CAIs incorporating a zinc-binding group (ZBG) at-
tached to an organic scaffold, which usually lead to enhanced
affinity for the enzyme active site and whence much better inhib-
itory activity as compared to the starting inorganic anion. Indeed,

ll rights reserved.
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ran).

considering HS� as lead, organic thiols (of the type Ar-SH or Het-
SH where Ar is an aromatic, substituted benzene, and Het a hetero-
cyclic 1,3,4-thiadiazole or 1,3,4-triazole scaffold) were shown to
act as potent CAIs, with low nanomolar affinity being detected in
some cases.7


Except the simple anions mentioned above, few other such
compounds have been investigated for their inhibitory capacity
against CAs. In one such study Innocenti et al.8 reported the interac-
tions of the human isoforms hCA I, II, IV, VA and IX with complex
anions such as hexafluorosilicate, hexafluorophosphate, hexafluo-
roarsenate(V), hexafluoroaluminate(III), hexafluoroferrate(III),
heptafluroniobate(V), tetrachloroplatinate(II), hexachloroplati-
nate(IV) as well as complex cyanides of Cu(I), Ag(I), Au(I), Pd(II),
Fe(II) and Fe(III). The investigated 5 CA isoforms showed a very
different inhibition profile with these anions, some of which were
acting as low micromolar inhibitors.8 Continuing our work in explor-
ing diverse anions with CA inhibitory activity, we report here an
inhibition study of the five cytosolic mammalian isoforms (CA I, II,
III, VII and XIII, of murine (m) or human (h) origin) with less investi-
gated inorganic anions, such as stannate(IV), selenate(VI),
tellurate(VI), perosmate(VIII), persulfate, pyrophosphate(V), pyro-
vanadate(V), tetraborate, perrhenate(VII), perrutenate(VII), persul-
fate, selenocyanate, iminodisulfonate, fluorosulfate and
trithiocarbonate.9


Table 1 shows in vitro inhibition data of recombinant, purified
CA isozymes hCA I, II, III, VII and mCA XIII with these less investi-
gated inorganic anions mentioned above, obtained by a stopped-
flow assay, monitoring the physiologic reaction catalyzed by CAs,
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Table 1
Inhibition constants of anionic inhibitors and N,N-diethyl-dithiocarbamate against
cytosolic isozymes hCA I, II, III, VII and mCA XIII, for the CO2 hydration reaction, at
20 �C12


Inhibitorb KI
a (mM)


hCA I hCA II hCA IIII hCA VII mCA XIII


SnO3
2� 0.57 0.83 0.64 0.67 0.93


SeO4
2� 118 112 138 215 484


TeO4
2� 0.66 0.92 0.27 0.46 0.38


OsO5
2� 0.92 0.95 1.06 1.02 0.96


S2O7
2� 0.99 0.97 1.10 0.76 0.71


P2O7
4� 25.77 48.50 1.01 0.87 0.73


V2O7
4� 0.54 0.57 0.29 0.60 0.39


B4O7
2� 0.64 0.95 0.69 0.68 0.69


ReO4
� 0.110 0.75 0.92 36.54 21.18


RuO4
� 0.101 0.69 1.06 17.50 20.45


S2O8
2� 0.107 0.084 1.00 3.11 4.31


SeCN� 0.085 0.086 0.85 1.10 26.51
NHðSO3Þ22� 0.31 0.76 1.00 39.10 0.98
FSO3


� 0.79 0.46 39.66 1.31 61.83
CS3


2� 0.0087 0.0088 0.0099 36.15 0.43
Et2NCS2


� 0.00079 0.0031 0.0065 1.47 0.056


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


b As sodium salts.
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Figure 1. Putative bidentate binding mode of trithiocarbonate to the CA active site,
based on the binding of carbonate/bicarbonate3,15 (A), and, proposed monodentate
binding for derivatives possessing the new ZBG based on the trithiocarbonate one
(R = SR0 for monosubstituted trithiocarbonates or R02N for dithiocarbamates, an
example of which is shown in Table 1, R = Et2N), (B).
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that is, CO2 hydration to bicarbonate and a proton.10 The following
should be noted regarding data of Table 1:


(i) The slow, ubiquitous isoform hCA I was weakly inhibited by
selenate and pyrophosphate (KIs of 25.77–118 mM), whereas most
of the investigated anions (e.g., stannate, tellurate, perosmate,
pyrosulfate, pyrovanadate, tetraborate, iminodisulfonate and flu-
orosulfate) were weak, submicromolar inhibitors, with inhibition
constants in the range of 0.31–0.99 mM. Several anions, among
which perrhenate, perrutenate, persulfate and selenocyanate
showed much better hCA I inhibitory activity compared to the pre-
vious anions, with KIs in the range of 85–110 lM. The best hCA I
inhibitor was trithiocarbonate (KI of 8.7 lM), which is an anion iso-
structural to carbonate (and bicarbonate), which are CA substrates.
Trithiocarbonate is in fact one of the best anion hCA I inhibitor ever
detected up to now, which is indeed a remarkable result.1–3


(ii) The physiologically dominant, rapid isoform hCA II showed a
rather similar inhibition profile with hCA I, with anions investi-
gated here. Thus, selenate and pyrophosphate were the weakest
inhibitors (KIs of 48.50–112 mM), and stannate, tellurate, peros-
mate, pyrosulfate, perrhenate, perrutenate, pyrovanadate, tetrabo-
rate, iminodisulfonate and fluorosulfate showed a moderate
inhibitory capacity, with inhibition constants in the range of
0.46–0.97 mM. Pyrosulfate and selenocyanate were again effective
inhibitors (KIs of 84–86 lM), whereas trithiocarbonate was the
best, low micromolar hCA II inhibitor in this series of anions (KI


of 8.8 lM).
(iii) A completely different inhibition profile with these anions


was observed for the very slow, muscle cytosolic isozyme hCA III
(Table 1). Thus, the least effective inhibitors were selenate and flu-
orosulfate, with KIs of 39.66–138 mM, whereas all the remaining
anions except trithiocarbonate, showed a compact behaviour of
weak inhibitors with KIs of 0.29–1.10 mM. As for hCA I and II, tri-
thiocarbonate effectively inhibited hCA III, with a KI of 9.9 lM, As
this isozyme is not easily inhibited by sulfonamides (the main class
of organic CAIs)11,12 due to the presence of the very bulky Phe198
in the middle of the enzyme active site, which interferes with the
binding of organic, bulky inhibitors,13 this is indeed a significant
result, as it evidences a low micromolar hCA III inhibitor, possibly
useful in physiologic studies in which the activity of CA III should
be inhibited.


(iv) The brain cytosolic isoform hCA VII was weakly inhibited by
selenate, perrhenate, perrutenate, iminodisulfonate and unexpect-

edly, trithiocarbonate, with KIs in the range of 17.50–215 mM. On
the other hand, all the remaining anions showed more effective
inhibitory activity, with inhibition constants in the range of
0.46–3.11 mM. The best hCA VII inhibitor in this series was tellu-
rate (KI of 0.46 mM). It is interesting to note the important differ-
ence of activity between the isostructural, tetrahedral anions
selenate, tellurate, perrhenate and perrutenate (Table 1). Thus, tel-
lurate is 467 times a better hCA VII inhibitor than selenate; a 79.4
times better inhibitor than perrhenate and a 38 times better inhib-
itor than perrutenate, respectively.


(v) The last cytosolic isoform, mCA XIII also showed a distinct
inhibition profile with these anions, compared to the remaining
four other CAs investigated here. Thus, selenate was an exceed-
ingly weak inhibitor (KI of 484 mM) whereas perrhenate, perrute-
nate, selenocyanate and fluorosulfate were also weak ones (KI in
the range of 20.45–61.83 mM). The remaining anions showed
again a compact behaviour, with a low affinity for this isozyme
(KI in the range of 0.39–4.31 mM). The best mCA XIII inhibitor
was pyrovanadate. A remarkable fact is the lack of susceptibility
of mCA XIII to be inhibited by selenocyanate (KI of 26.51 mM)
whereas all other cytosolic isoforms were generally easily inhib-
ited by this anion (KIs of 85 lM–1.10 mM, Table 1).


(vi) The most interesting finding of this work regards the strong
inhibitory activity against several cytosolic CA isozymes of the sim-
ple anion trithiocarbonate, which presumably binds to the Zn(II)
ion within the active site in a bidentate manner, similarly to car-
bonate (Fig. 1A).1–3 Indeed, this anion represents a new ZBG for
obtaining CAIs, which has never before been considered for such
a purpose,6 although literature data show that disubstituted organ-
ic trithiocarbonates possessing the general formula RS–C(@S)–SR0


act as efficient inhibitors of another zinc enzyme, the histone
deacetylase.14


Such disubstituted trithiocarbonates are on the other hand too
bulky to fit well in the restricted active site bottom of CAs, where
the Zn(II) ion is placed.11,12,15 However, compounds possessing a
monodentate ZBG based on the trithiocarbonate, of the type R–
S–C(@S)–S� or even R–C(@S)S� might in principle also act as effi-
cient CAIs, with a binding similar to the one shown schematically
in Figure 1B. In fact it is rather easy to check our hypothesis, since
the widely used reagents in analytical chemistry dialkyl-dithiocar-
bamates16 (of which sodium N,N-diethyl-dithiocarbamate is a
well-known example) are available commercially. Thus, we tested
sodium N,N-diethyl-dithiocarbamate for the inhibition of these
cytosolic CAs, in the same conditions as the other anions (Table
1). The obtained data strongly confirm our hypothesis, i.e., it is pos-
sible to design potent CAIs possessing a new ZBGs, based on the
CS2


� motif present in trithiocarbonate. Thus, N,N-diethyl-dithio-
carbamate was an even more potent CAI as compared to the lead
trithiocarbonate, inhibiting hCA I with a KI of 0.79 lM (11 times
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better than trithiocarbonate which had a KI of 8.7 lM); hCA II with
a KI of 3.1 lM (2.8 times better than trithiocarbonate); hCA III with
a KI of 6.5 lM (1.5 times better than trithiocarbonate), hCA VII with
a KI of 1.47 mM (24.6 times better than trithiocarbonate); and mCA
XIII with a KI of 56 lM (7.6 times better than trithiocarbonate),
respectively (Table 1).


In conclusion, we explored here less investigated inorganic an-
ions for their interactions with the five cytosolic CA isozymes, I, II,
III, VII and XIII. Selenocyanate was an effective inhibitor of CA I and
II but showed less affinity for the other isoforms. Selenate was the
worst inhibitor among the investigated anions, against all five iso-
forms. Trithiocarbonate was the best inhibitor detected here,
showing affinities of 8.7–9.9 lM for CA I–III, of 36.15 mM for CA
VII and of 0.43 mM for CA XIII. Considering trithiocarbonate as
lead, we demonstrate that compounds incorporating the new
zinc-binding group CS2


�, such as among other the N,N-dialkyl-
dithiocarbamates, are even more active inhibitors, with submi-
cromolar activity against some isoforms. These new classes of CAIs
can be further enlarged and developed due to ease of synthesis of
both monosubstituted trithiocarbonates as well as dialkyl-dithio-
carbamates possessing a wealth of diverse scaffolds.


Acknowledgements


This research was financed in part by a grant of the 6th Frame-
work Programme of the EU (DeZnIT project), by a 7th Framework
Programme EU project (METOXIA) and by an Italian FIRB project
(MIUR/FIRB RBNE03PX83_001).


References and notes


1. (a) Franchi, M.; Vullo, D.; Gallori, E.; Antel, J.; Wurl, M.; Scozzafava, A.; Supuran,
C. T. Bioorg. Med. Chem. Lett. 2003, 13, 2857; (b) Vullo, D.; Franchi, M.; Gallori,
E.; Pastorek, J.; Scozzafava, A.; Pastorekova, S.; Supuran, C. T. J. Enzyme Inhib.
Med. Chem. 2003, 18, 403; (c) Lehtonen, J.; Shen, B.; Vihinen, M.; Casini, A.;
Scozzafava, A.; Supuran, C. T.; Parkkila, A. K.; Saarnio, J.; Kivela, A. J.; Waheed,
A.; Sly, W. S.; Parkkila, S. J. Biol. Chem. 2004, 279, 2719; (d) Innocenti, A.;
Lehtonen, J. M.; Parkkila, S.; Scozzafava, A.; Supuran, C. T. Bioorg. Med. Chem.
Lett. 2004, 14, 5435; (e) Innocenti, A.; Vullo, D.; Scozzafava, A.; Supuran, C. T.
Bioorg. Med. Chem. Lett. 2005, 15, 567; (f) Innocenti, A.; Firnges, M. A.; Antel, J.;
Wurl, M.; Scozzafava, A.; Supuran, C. T. Bioorg. Med. Chem. Lett. 2004, 14, 5769;
(g) Innocenti, A.; Hilvo, M.; Parkkila, S.; Scozzafava, A.; Supuran, C. T. Bioorg.
Med. Chem. Lett. 2009, 19, 1155.


2. (a) Vullo, D.; Ruusuvuori, E.; Kaila, K.; Scozzafava, A.; Supuran, C. T. Bioorg. Med.
Chem. Lett. 2006, 16, 3139; (b) Nishimori, I.; Innocenti, A.; Vullo, D.; Scozzafava,
A.; Supuran, C. T. Bioorg. Med. Chem. Lett. 2007, 17, 1037; (c) Innocenti, A.; Vullo,
D.; Pastorek, J.; Scozzafava, A.; Pastorekova, S.; Nishimori, I.; Supuran, C. T.
Bioorg. Med. Chem. Lett. 2007, 17, 1532; (d) Nishimori, I.; Innocenti, A.; Vullo, D.;
Scozzafava, A.; Supuran, C. T. Bioorg. Med. Chem. 2007, 15, 6742; (e) Nishimori,
I.; Minakuchi, T.; Onishi, S.; Vullo, D.; Cecchi, A.; Scozzafava, A.; Supuran, C. T. J.
Enzyme Inhib. Med. Chem. 2009, 29, 70; (f) Innocenti, A.; Vullo, D.; Scozzafava,
A.; Casey, J. R.; Supuran, C. T. Bioorg. Med. Chem. Lett. 2005, 15, 573; (g) Bertucci,
A.; Innocenti, A.; Zoccola, D.; Scozzafava, A.; Allemand, D.; Tambutté, S.;
Supuran, C. T. Bioorg. Med. Chem. Lett. 2009, 19, 650.


3. Supuran, C. T. Nat. Rev. Drug Disc. 2008, 7, 168.
4. (a) Supuran, C. T.; Scozzafava, A.; Casini, A. Med. Res. Rev. 2003, 23, 146; (b)


Supuran, C. T.; Scozzafava, A. Exp. Opin. Ther. Patents 2002, 12, 217; (c)
Pastorekova, S.; Parkkila, S.; Pastorek, J.; Supuran, C. T. J. Enzyme Inhib. Med.
Chem. 2004, 18, 199; (d)Carbonic Anhydrase—Its Inhibitors and Activators;
Supuran, C. T., Scozzafava, A., Conway, J., Eds.; CRC Press: Boca Raton (FL),
USA, 2004; pp 1–363 and references cited therein.

5. (a) Casey, J. R. Biochem. Cell Biol. 2006, 84, 930; (b) Morgan, P. E.; Supuran, C. T.;
Casey, J. R. Mol. Membr. Biol. 2004, 21, 423; (c) Sterling, D.; Brown, N. J. D.;
Supuran, C. T.; Casey, J. R. Am. J. Physiol. Cell Physiol. 2002, 283, C1522; (d)
Alvarez, B.; Loiselle, F. B.; Supuran, C. T.; Schwartz, G. J.; Casey, J. R. Biochemistry
2003, 42, 12321.


6. (a) Winum, J. Y.; Scozzafava, A.; Montero, J. L.; Supuran, C. T. Mini. Rev. Med.
Chem. 2006, 6, 921; (b) Winum, J. Y.; Scozzafava, A.; Montero, J. L.; Supuran, C.
T. Curr. Pharm. Des. 2008, 14, 615.


7. (a) Almajan, G. L.; Innocenti, A.; Puccetti, L.; Manole, G.; Barbuceanu, S.;
Saramet, I.; Scozzafava, A.; Supuran, C. T. Bioorg. Med. Chem. Lett. 2005, 15,
2347; (b) Supuran, C. T.; Scozzafava, A.; Saramet, I.; Banciu, M. D. J. Enzyme
Inhib. 1998, 13, 177; (c) Barrese, A. A.; Genis, C.; Fisher, S. Z.; Orwenyo, J. N.;
Kumara, M. T.; Dutta, S. K.; Phillips, E.; Kiddle, J. J.; Tu, C.; Silverman, D. N.;
Govindasamy, L.; Agbandje-McKenna, M.; McKenna, R.; Tripp, B. C. Biochemistry
2008, 47, 3174; (d) Innocenti, A.; Maresca, A.; Scozzafava, A.; Supuran, C. T.
Bioorg. Med. Chem. Lett. 2008, 18, 3938.


8. Innocenti, A.; Antel, J.; Wurl, M.; Vullo, D.; Firnges, M. A.; Scozzafava, A.;
Supuran, C. T. Bioorg. Med. Chem. Lett. 2005, 15, 1909.


9. Buffers and metal salts (sodium or potassium stannate(IV), selenate(VI),
tellurate(VI), perosmate(VIII), persulfate, pyrophosphate(V), pyrovanadate(V),
tetraborate, persulfate, perrhenate (VII), perrutenate(VII), selenocyanate,
iminodisulfonate, fluorosulfate and trithiocarbonate) were of highest purity
available, and were used without further purification, being from Sigma–
Aldrich (Milan, Italy). Sodium N,N-diethyl-dithiocarbamate was from Sigma–
Aldrich too. All CA isozymes were recombinant, purified enzymes obtained as
described earlier.1,2


10. Khalifah, R. G. J. Biol. Chem. 1971, 246, 2561. An Applied Photophysics stopped-
flow instrument has been used for assaying the CA catalyzed CO2 hydration
activity. Phenol red (at a concentration of 0.2 mM) has been used as indicator,
working at the absorbance maximum of 557 nm, with 20 mM Hepes (pH 7.5)
as buffer, and 20 mM Na2SO4 or 20 mM NaBF4 (for maintaining constant the
ionic strength), following the initial rates of the CA-catalyzed CO2 hydration
reaction for a period of 10–100 s. The CO2 concentrations ranged from 1.7 to
17 mM for the determination of the kinetic parameters and inhibition
constants. For each inhibitor at least six traces of the initial 5–10% of the
reaction have been used for determining the initial velocity. The uncatalyzed
rates were determined in the same manner and subtracted from the total
observed rates. Stock solutions of inhibitor (100 mM) were prepared in
distilled-deionized water and dilutions up to 0.001 lM were done thereafter
with distilled-deionized water. Inhibitor and enzyme solutions were
preincubated together for 15 min at room temperature prior to assay, in
order to allow for the formation of the E–I complex. The inhibition constants
were obtained by non-linear least-squares methods using PRISM 3, whereas
the kinetic parameters for the uninhibited enzymes from Lineweaver–Burk
plots, as reported earlier,1,2 and represent the mean from at least three
different determinations.


11. (a) Alterio, V.; Vitale, R. M.; Monti, S. M.; Pedone, C.; Scozzafava, A.; Cecchi, A.;
De Simone, G.; Supuran, C. T. J. Am. Chem. Soc. 2006, 128, 8329; (b) Supuran, C.
T.; Mincione, F.; Scozzafava, A.; Briganti, F.; Mincione, G.; Ilies, M. A. Eur. J. Med.
Chem. 1998, 33, 247; (c) Supuran, C. T.; Nicolae, A.; Popescu, A. Eur. J. Med.
Chem. 1996, 31, 431.


12. (a) D’Ambrosio, K.; Vitale, R. M.; Dogné, J. M.; Masereel, B.; Innocenti, A.;
Scozzafava, A.; De Simone, G.; Supuran, C. T. J. Med. Chem. 2008, 51, 3230; (b)
Menchise, V.; De Simone, G.; Alterio, V.; Di Fiore, A.; Pedone, C.; Scozzafava, A.;
Supuran, C. T. J. Med. Chem. 2005, 48, 5721; (c) De Simone, G.; Vitale, R. M.; Di
Fiore, A.; Pedone, C.; Scozzafava, A.; Montero, J. L.; Winum, J. Y.; Supuran, C. T. J.
Med. Chem. 2006, 49, 5544; (d) Casini, A.; Antel, J.; Abbate, F.; Scozzafava, A.;
David, S.; Waldeck, H.; Schäfer, S.; Supuran, C. T. Bioorg. Med. Chem. Lett. 2003,
13, 841; (e) Winum, J. Y.; Temperini, C.; El Cheikh, K.; Innocenti, A.; Vullo, D.;
Ciattini, S.; Montero, J. L.; Scozzafava, A.; Supuran, C. T. J. Med. Chem. 2006, 49,
7024.


13. Nishimori, I.; Minakuchi, T.; Onishi, S.; Vullo, D.; Cecchi, A.; Scozzafava, A.;
Supuran, C. T. Bioorg. Med. Chem. 2007, 15, 7229.


14. (a) Dehmel, F.; Weinbrenner, S.; Julius, H.; Ciossek, T.; Maier, T.; Stengel, T.;
fettis, K.; Burkhardt, C.; Wieland, H.; Beckers, T. J. Med. Chem. 2008, 51, 3985;
(b) Dehmel, F.; Ciossek, T.; Maier, T.; Weinbrenner, S.; Schmidt, B.; Zoche, M.;
Beckers, T. Bioorg. Med. Chem. Lett. 2007, 17, 4746.


15. Xue, Y.; Vidgren, J.; Svensson, L. A.; Liljas, A.; Jonsson, B. H.; Lindskog, S. Proteins
1993, 15, 80.


16. Adam, I. S.; Anthemidis, A. N. Talanta 2009, 15, 1160.





		Carbonic anhydrase inhibitors. Inhibition of cytosolic isoforms I, II, III, VII and XIII with less investigated inorganic anions

		Acknowledgements

		References and notes








Bioorganic & Medicinal Chemistry Letters 19 (2009) 1858–1860

Contents lists available at ScienceDirect


Bioorganic & Medicinal Chemistry Letters


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

Inhibition of NF-kB and metalloproteinase-9 expression and secretion
by parthenolide derivatives


Mario Dell’Agli a,*, Germana V. Galli a, Enrica Bosisio a, Michele D’Ambrosio b


a Department of Pharmacological Sciences, University of Milan, Italy
b Laboratorio di Chimica Bioorganica, University of Trento, Italy


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

Article history:
Received 13 January 2009
Revised 18 February 2009
Accepted 20 February 2009
Available online 25 February 2009


Keywords:
Metalloproteinase-9
Gene expression
Parthenolide
Sesquiterpenes
Parthenolide derivatives
NF-kB driven transcription

0960-894X/$ - see front matter � 2009 Elsevier Ltd.
doi:10.1016/j.bmcl.2009.02.080


* Corresponding author. Tel.: +39 0250318398/345
E-mail address: mario.dellagli@unimi.it (M. Dell’A

Semisynthetic derivatives of parthenolide (1) were tested on NF-kB driven transcription and metallopro-
teinase-9 (MMP-9) expression and secretion. The four membered ring compounds 5 and 6, obtained by
acidic treatment of 1, exhibited a higher activity with respect to 1 in all the biological assays. Then an
increased ability of the 5 and 6 to inhibit NF-kB driven transcription may lead to a down-regulation of
MMP-9 expression and secretion. This work provides new details about the structural requisites for
NF-kB inhibition.


� 2009 Elsevier Ltd. All rights reserved.

Parthenolide is the major active principle of Tanacetum parthe-
nium (L.) Schultz Bip. (Asteraceae) used for the treatment of mi-
graine and other pathologic situations related to inflammatory
processes.1 The anti-inflammatory activity of parthenolide and
other sesquiterpene lactones (SLs) is exerted through the inhibition
of the nuclear transcription factor-kB (NF-kB).2–5 This transcription
factor, when activated, induces the expression of a variety of genes
that are known to be involved in atherosclerosis, cancer, and
inflammatory diseases.6 Matrix metalloproteinase-9 (MMP-9) is a
member of a family of structurally related zinc-containing en-
zymes,7 whose expression is partly controlled by NF-kB.8 MMP-9
is overexpressed in many pathological conditions like cancer inva-
sion and metastasis,9 cartilage destruction in arthritis, atheroscle-
rotic plaque rupture,10 and gastric ulcer.11


Previous studies investigated the influence of chemical func-
tionalities and molecular conformations of SLs in order to find
a relationship between chemical structure and biological activ-
ity.12–18 Despite this intensive research, the question of defin-
ing the pharmacophore for designing better pharmaceutical
compounds remains open. In a previous study we prepared
and tested semisynthetic derivatives of parthenolide on human
leukocyte chemotaxis.19 The results lead to the new hypothesis
that the pharmacophore structure should be searched in the
bicyclic core of the sesquiterpene compound. Since NF-kB rep-

All rights reserved.
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gli).

resents the central mediator of the immune system and the
target for parthenolide antinflammatory activity, in the present
study we investigated the effect of the parthenolide semisyn-
thetic derivatives previously described19 on the NF-kB driven
transcription and MMP-9 secretion and expression, with the
aim to obtain more information about the structural require-
ments for NF-kB inhibition. The present study helps to high-
light that stereochemistry and the hydroxyl functional groups
of the carbocyclic skeleton modulate the parthenolide
bioactivity.


NF-kB driven transcription was evaluated by transient transfec-
tion in Human Embryonic Kidney cells (HEK293) challenged with
phorbol myristate acetate (PMA) 100 nM, as pro-inflammatory
agent.20 MMP-9 transcription was performed in HEK293 cells,20


and MMP-9 secretion21 was evaluated in THP-1 macrophages trea-
ted with 10 nM PMA.22 Cytotoxicity of the compounds towards
THP-1 and HEK293 cells was investigated by the MTT assay.23


Structures of the compounds under study are reported in Figure
1. Electrophilic transannular cyclization reaction on 1 performed
in methanol at acidic pH lead to the synthesis of compounds 3–
5.19 Taking into account that the physiological environment is
aqueous, the cyclization was carried out in acetone/water mixture,
thus obtaining 6,24 which revealed to be spectroscopically identical
to michampanolide previously isolated from Michelia champaca L.
(Magnoliaceae).25 We also performed this reaction in water and
strong proton exchanger beads as catalyst thus affording identical
products.
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Table 1
Effect of parthenolide derivatives on NF-kB driven transcription


Compound IC50 ± SD (lM)


1 9.76 ± 0.83
2 7.4 ± 0.85
3 8.8 ± 0.42
4 6.0 ± 1.31a


5 2.04 ± 0.36a


6 2.8 ± 0.12a


a IC50 of 4 (p < 0.05), 5, and 6 (p < 0.01) are statistically different with respect to 1
(parthenolide).


Table 2
Effects of parthenolide derivatives on MMP-9 gene transcription


Compound IC50 ± SD (lM)


1 6.6 ± 1.2
2 8.5 ± 1.1
3 6.6 ± 1.7
4 8.6 ± 1.6
5 3.2 ± 0.5a


6 3.8 ± 0.3a


a IC50 of 5 (p < 0.01) and 6 (p < 0.05) are statistically different with respect to 1
(parthenolide).
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Figure 1. Chemical modifications of parthenolide (1).
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The results of the bioassays are shown in Tables 1 and 2 and Fig-
ure 2. Statistical analysis was performed by one-way Anova analy-
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Figure 2. Effects of parthenolide derivatives on MMP-9 secretion in THP-1
macrophages. Compounds were tested at 20 lM; this concentration was not
cytotoxic, as assessed by the MTT test. Results are expressed as OD units normalized
for the intracellular protein content, and are calculated as % versus ctrl treated only
with vehicle. Results are the mean ± SD of three experiments in triplicate.
Epigallocatechin-3-gallate (EGCg) 20 lM was used as reference compound. 5 and
6 are statistically different with respect to parthenolide (p < 0.05). **p < 0.01 versus
ctrl.

sis of variance with post-hoc Bonferroni test, using Graph Pad
Prism 4. LogP values were calculated by a software ACD/
ChemSketch.11.


Regarding the effect on NF-kB driven transcription, IC50s of
compound 2, and 3 were not statistically different when compared
with 1, while compounds 5 and 6 showed IC50s 3–5 fold lower than
that of 1 (Table 1). The inhibitory effect on MMP-9 transcription
and secretion exerted by 2–4 did not significantly differ from that
of 1. Conversely, the higher inhibitory potency against NF-kB was
reflected in a higher effect of 5 and 6 on MMP-9 transcription (Ta-
ble 2) and secretion (Fig. 2). At 20 lM, the highest concentration
used in the experiments, the derivatives were not cytotoxic.


In previous studies,12,17,18 the biological activity of 1 and other
SLs has been related to the alkylating ability of the conjugated exo-
methylene lactone. This moiety is kept unaltered in the derivatives
presently tested, therefore the alkylating potential is not sufficient
to explain the differences highlighted in our experiments and other
chemical and structural properties must be taken into
consideration.


Compounds 3–6 are more polar than 1 because of their hydro-
xyl group at C4 (3 and 4, 3� alcohol oriented below the main molec-
ular plane) or C5 (5, 2� alcohol oriented above the main molecular
plane) or C5 and C10 (6, 2� and 3� alcohols oriented above and be-
low, respectively). Such a different polarity is mirrored by the shift
of logP values, from 2.42 ± 0.42 of 1 to 0.86 ± 0.42 (mean ± SD) of 6.
A linear correlation was found between the logP values and the
IC50s calculated for NF-kB inhibition (r = 0.83). The direct correla-
tion between partition coefficient and inhibitory activity may sug-
gest two different possibilities: either compounds 5 and 6 are more
accessible to the site of action because they diffuse better, or the
higher is the hydrophilia the better is the conformation in aqueous
solution thus facilitating the interaction with the target protein.


From a structural point of view, compounds 3 and 4 or 5 and 6
belong to the [5.3.0] or [6.2.0] decane ring systems so that their
docking features may be different and also modulated by the dif-
ferent accessibility of 3� versus 2� alcohol. Moreover, the hydroxyl
group at C10 in 6 gives additional proton donor character in the
hydrogen bond formation.


At this stage, we may conclude that the bioactivity of partheno-
lide derivatives depends on the carbocyclic skeleton as well as on
its stereochemistry and functionalization.


One more clue from this study is the instability of 1 in aqueous
medium at acidic pH (Fig. 1), from which we may assume that in
the gastric environment 1 is transformed into more active metabo-
lites. The hypothesis that 1 may behave as a pro-drug was previously
formulated19 and receives further support from this study. Data on
metabolic transformation of 1 in vivo are not reported, but patients
treated daily with an oral dose of a feverfew preparation containing
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up to 4 mg of parthenolide had undetectable plasma concentrations
of parthenolide.26 If further ADME studies confirm our hypothesis,
new perspectives will open for drug optimization.
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A series of caffeic acid amide derivatives 2-cyano-(3-substituted phenyl)acrylamides were synthesized
via Knoevenogal condensation of substituted benzaldehydes with cyanoacetamides. The structure of
compound 1f was determined as E-isomer by X-ray diffractive analysis. The biological screening tests
in vitro showed that compound 1b has obvious inhibitory activities against human gastric carcinoma cell
line BGC-823, human nasopharyngeal carcinoma cell line KB and human hepatoma cell line BEL-7402
with IC50 values of 5.6 lg/mL, 13.1 lg/mL and 12.5 lg/mL, respectively. Some preliminary structure–
activity relationships (SAR) were also proposed which may provide a direction for further study.


� 2009 Elsevier Ltd. All rights reserved.

To find the synthetic or naturally occurring small molecules
which have significant biological activity or therapeutic use still
deserves current interests. In the last decade, much attention has
been focused on the caffeic acid and its derivatives. Lots of re-
searches have shown that some caffeic acid derivatives possess a
wide range of biological activities such as anti-cancer activity,1–5


anti-bacterial activity,6 anti-oxidation,7,8 and anti-viral activity.9


Typically, the caffeic acid phenylethanolester (CAPE), firstly iso-
lated from beeswax in 1988, was proved to have remarkable
anti-cancer activities.5 A derivative of caffeic acid amide,
Entacapone, chemically named E-2-cyano-N,N-diethyl-3-(3,4-
dihydroxy-5-notrophenyl)acrylamide, was a selective catechol O-
methyltransferase (COMT) inhibitory agent and has been clinically
used as an anti-parkinsonism drug for near ten years.10–12 Besides,
there are researches revealed that some derivatives of Entacapone
possess obvious anti-cancer activity.13,14 Although there have been
lots of reports involving the biological activities of CAPE and its
analogues, study on the relationship between the structure and
its biological activity for this kind of compounds is still in demand.
Due to our interest in this, we have synthesized ten caffeic acid
amides derivatives 2-cyano-(3-substituted phenyl)acrylamides
and further investigated their biological activities. We report here
the synthesis, X-ray structure and inhibitory activities against
BGC-823, KB, BEL-7402 and acetylcholinesterase of these compounds.

ll rights reserved.
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Initially, we try to prepare the title compounds by two steps:
firstly by Knoevenagel condensation of substituted benzaldehydes
with cyanoacetic esters to give 2-cyano-(3-substituted phenyl) ac-
rylic esters, then followed by condensation with various aryl or ali-
cyclic amines to form amides. In the second step, however, the
condensation proceeded in a poor yield for the lack of enough
activity of the ester group caused by its delocalization with vicinal
pi-bond. Then we try to synthesize the 2-cyano-(3-substituted
phenyl)acrylamides by Knoevenagel condensations of substituted
benzaldehydes with cyanoacetamides.


Most of N-substituted cyanoacetamides are not available and
need to be prepared. Although there have been several literature
methods available for its preparation, there are some disadvantages
in these methods such as needing high temperature and high pres-
sure,15 needing microwave,16 using poisonous reagent17 or using
lithium amide at very low temperature,18 which are inconvenient
in the laboratory preparation. Here we developed a convenient
method for the preparation of cyanoacetamides, that is, by condens-
ing cyanoacetic acid with amines under the presence of DCC as
coupling agent. By means of this method, the intermediate cyanoac-
etamides (3k–3q) were synthesized in a moderate yield except the
cyanoacetamide (3r), which prepared by reacting ethyl cyanoace-
tate with aqueous ammonia according to the standard procedure.19


The starting materials nitro-substituted benzaldehydes were pre-
pared from vanillin according to the literature methods.20


As a result, the synthesis of 2-cyano-(3-substituted phenyl)-
acrylamides were achieved in moderate to high yield via
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Scheme 1. Synthetic route of 2-cyano-(3-substituted phenyl)acrylamides.
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Knoevenagel condensations of substituted benzaldehydes with cya-
noacetamides in the presence of piperidine as catalyst (Scheme 1).25


The whole synthetic route was shown in Scheme 1. The synthe-
sis of all title compounds were summarized in Table 1. The synthe-
sis of cyanoacetamides and their characterizations were
summarized in Table 2.


The structures of all title compounds were characterized by IR,
1H NMR and EI-MS, besides, four new compounds were addition-

Table 1
Synthesis and 1H NMR data of 2-yano-(3-substituted phenyl)acrylamides


Entry 2 �NR4R5 Yield
(%)


Mp, �C [lit] 1H NM


1a


CHO


HO
OH


NO2


N
Ph


Ph
88 265–267 7.29–7


7.95 (s,


1b*


CHO


HO
OH


NO2


H
N


CH3


89 217–219 2.31 (s,
(d, J = 2


1c


CHO


HO
OH


NO2


H
N OCH3 95 211–214


[210–214]21
3.75 (s,
1H, C@


1d


CHO


HO
OH


NO2


H
N


Cl


98 244–247
[242–248]13


7.20 (d
1H), 8.1


1e*


CHO


HO
OH


NO2


H
N


Cl


40 225–226 7.29 (t,
1H), 8.2


1f*


CHO


OH
H3CO


O2N H
N


Cl


42 217–218 3.90 (s,
C@CH),


1g


CHO


OH
H3CO NO2


H
N


Cl


82 231–234
[229–231]13


3.95 (s,
(d, J = 1

ally confirmed by elemental analysis. For these compounds, it
seemed that they can exist in either configuration of cis(Z) or
trans(E) for a C–C double bond involving in the molecular struc-
ture. Unfortunately, it is difficult to determine their geometries
based on the direct spectroscopic evidences since the a-cyanocaf-
feamido products contain single vinylic hydrogen that does not al-
low facile NMR assignment based on vicinal proton–proton
coupling. According to the observation of a single vinylic signal

R, r (DMSO-d6, 400 MHz)


.33 (m, 5H), 7.41–7.45 (m, 5H), 7.61 (d, J = 2.0 Hz,1H), 7.83 (d, J = 2.0 Hz, 1H),
1H, C@CH)


3H), 6.96 (d, 1H), 7.25 (t, 1H), 7.46 (d, 1H), 7.49 (s, 1H), 7.84 (d, J = 2.0 Hz, 1H), 7.99
.0 Hz, 1H), 8.16 (s, 1H, C@CH), 10.25 (s, 1H, –NH)


3H), 6.94 (d, 2H), 7.56 (d, 2H), 7.83 (d, J = 1.6 Hz, 1H), 7.99 (d, J = 1.6 Hz, 1H), 8.14 (s,
CH), 10.20 (s, 1H, –NH)


, 1H), 7.40 (t, 1H), 7.60 (d, 1H), 7.82 (s, 1H), 7.84 (d, J = 2.0 Hz, 1H), 8.00 (d, J = 2.0 Hz,
8 (s, 1H, C@CH), 10.48 (s, 1H, –NH)


1H), 7.38 (t, 1H), 7.55 (d, 1H), 7.63 (d, 1H), 7.83 (d, J = 2.0 Hz, 1H), 8.00 (d, J = 2.0 Hz,
1 (s, 1H, C@CH), 9.95 (s, 1H, –NH)


3H), 7.21 (d, 1H), 7.29 (d, 1H), 7.40 (t, 1H), 7.57 (d, 1H), 7.79 (s, 1H), 7.88 (s, 1H,
7.90 (d, 1H), 10.52 (s, 1H, –NH)


3H), 7.20 (d, 1H), 7.41 (t, 1H), 7.60 (d, 1H), 7.83 (s, 1H), 7.94 (d, J = 1.6 Hz, 1H), 8.18
.6 Hz, 1H), 8.27 (s, 1H, C@CH), 10.52 (s, 1H, –NH)







Table 1 (continued)


Entry 2 �NR4R5 Yield
(%)


Mp, �C [lit] 1H NMR, r (DMSO-d6, 400 MHz)


1h


CHO


HO
OH


NO2


N 67 207–208
[206–207]21


1.55–1.63 (m, 6H), 3.51 (t, 4H), 7.63 (s, 1H, C@CH), 7.75 (d, J = 2.4 Hz, 1H), 7.90 (d, J = 2.4 Hz,
1H)


1i


CHO


HO
OH


NO2


ON 78 186–190
[190–192]21


3.59 (m, 4H), 3.62 (m, 4H), 7.68 (s, 1H, C@CH), 7.77 (d, J = 2.0 Hz, 1H), 7.93 (d, J = 2.0 Hz, 1H)


1j


CHO


HO
OH


NO2


–NH2 53 300–303
[296–298]22


7.73 (s, 1H, –NH), 7.77 (d, J = 2.0 Hz, 1H), 7.85 (s, 1H, –NH), 7.93 (d, J = 2.0 Hz, 1H), 8.05 (s,
1H, C@CH)


* New compound.
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in the 1H NMR spectrum (see Table 1), we believe that only one
geometric isomer exists in each compound. Furthermore, by means
of the X-ray diffractive analysis of single-crystal, the structure of
compound 1f was undoubtedly confirmed as trans-configuration
(Fig. 1).23 Based on the above facts, accordingly, these title com-
pounds prepared in this paper were assumed to be in trans-geom-
etry. The selectivity in configuration may derive from the repulsion

Table 2
Synthesis and characterizations of the intermediate cyanoacetamides


Entry –NR4R5 Reaction
time (h)


Yield (%) Mp (�C) [lit] Solvent


3k N
Ph


Ph
6 52 154–156 [151–152]18 CH2Cl2


3l


H
N


CH3


4 61 134–137 CH2Cl2


3m
H
N OCH3 1.5 73 128–131 [131]24a Petro. e


3n


H
N


Cl


4 73 135–137 THF


3o


H
N


Cl


4 69 116–119 [118]24b CH2Cl2


3p N 7 60 87–89 [85–86]24c CH2Cl2


3q ON 5 73 86–88 [85–86]18 EtOH


3r –NH2 2 70 120–121 [119–120]19 EtOH (

between the substituted phenyl group and amide group, which are
two bulky moieties bonding on C–C double bond.


The screening tests of antitumor activities in vitro for all title
compounds and cis-diamminedichloroplatinum (DDP) as a positive
control were carried out on human gastric carcinoma cell line BGC-
823, human nasopharyngeal carcinoma cell line KB and human
hepatoma cell line BEL-7402 with MTT assay. The IC50 values of

for recryst. IR r (cm�1) 1H NMR, d CDCl3


2275, 1676 3.43 (s, 2H), 7.25–7.45 (m, 10H)


3273, 2256, 1668 2.35 (s, 3H), 3.54 (s, 2H),
7.02–7.33 (m, 4H)


ther 3309, 2280, 1657 DMSO-d6, 3.72 (s, 3H),
3.84 (s, 2H), 6.8–7.4 (m, 4H)


3273, 2256, 1668 DMSO-d6, 3.92 (s, 2H), 7.15–7.74 (m, 4H)


3254, 2261, 1671 3.61 (s, 2H), 7.11–7.42 (m, 4H)


2256, 1643 1.57–1.65 (m, 6H), 3.38 (t, 2H),
3.47 (s, 2H), 3.55 (t, 2H)


2280, 1660 3.90–3.45 (m, 4H), 3.63 (t, 2H),
3.46 (t, 2H), 3.48(s, 2H)


95%) 3408, 3203, 2271, 1686 3.58 (s, 2H), 7.32 (br d, 1H),
7.64 (br d, 1H)







Figure 1. Molecular structure diagram of compound 1f with 30% probability
displacement ellipsoids.


Table 3
Values IC50 of all title compounds against BGC-823, KB and BEL-7402


Compound BGC-823 (lg/mL) KB (lg/mL) BEL-7402 (lg/mL)


1a >100 56.2 104
1b 5.6 13.1 12.5
1c 45.4 >100 29.2
1d >100 40.1 72.7
1e 10.5 24 37.4
1f >100 65.3 >100
1g 26.1 21.1 56.6
1h >100 >100 >100
1i >100 >100 >100
1j >100 >100 >100
DDP 0.7 0.6 1.77


Table 4
Inhibitory rates of all title compounds against acetylcholinesterase


Compound Concentration (mol/L) Inhibitory rate (%)


1a 2.5 � 10�5 7.38
1b 2.5 � 10�5 2.73
1c 2.5 � 10�5 4.64
1d 2.5 � 10�5 4.37
1e 2.5 � 10�5 0.95
1f 2.5 � 10�5 2.19
1g 2.5 � 10�5 1.64
1h 2.5 � 10�5 0.27
1i 2.5 � 10�5 3.00
1j 2.5 � 10�5 1.09
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inhibitory cell growing for these compounds were summarized in
Table 3.


In Table 3, it is clear that those compounds with phenyl or
substituted phenyl in the amide moiety of the molecular struc-
ture(compound 1a, 1b, 1c, 1d, 1e, 1f and 1g) possess more strong
inhibitory activities than that with alicyclic substituents (com-
pound 1h and 1i) or hydrogen (compound 1j). This suggests that
an aryl substituent in the molecular amide moiety maybe more
preferred than an aliphatic or alicyclic substituent. Comparing
their structures and IC50 values of compound 1b–1e, we can con-
clude that the nature and position of substituent in the phenyl of
amide moiety exert an effect on the molecule’s inhibitory activi-
ties, and the m-methyl substituent in phenyl is more preferred
than p-methoxy and m or o-chloro substituent. Besides, compound
1g shows more strong inhibitory activities than compound 1d and
1f, which indicates that the substituents on the other phenyl bond-
ing to the C–C double bond also affect its activities.


In these compounds, compound 1b shows a better results than
others—its IC50 values against BGC-823, KB and BEL-7402 reach to
5.6 lg/mL, 13.1 lg/mL and 12.5 lg/mL, respectively. So, it would
be a valuable lead compound for further study, although its IC50


is larger approximately by an order of magnitude than that of
the general antitumor agent DDP.


Inspired by the fact that Entacapone has selective COMT inhib-
itory activity and has been clinically used as anti-parkinsonism
drug, we have carried out the screening test of inhibitory activities
against acetylcholinesterase for these compounds. Unfortunately,
all compounds showed a very limited activity—the inhibitory rate
being under 7.38% in the concentration of 2.5 � 10�5 mol/L (Table
4). Maybe, this indicates that the aryl substituent in the amide
moiety of these compounds should be replaced by the aliphatic
substituent, such as the diethyl substituent in the Entacapone.
The further investigation on the SAR is ongoing.
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We have recently reported on a novel class of histone deacetylase (HDAC) inhibitors bearing a sulfamide
group as the zinc-binding unit. Herein, we report on the synthesis of sulfamide based inhibitors designed
around a lysine scaffold and their structure–activity relationships against HDAC1 and HDAC6 isotypes as
well as 293T cells. Our efforts led us to an improvement of the originally disclosed lysine-based sulfam-
ide, 2a to compound 12h which has equal potency in enzyme and cell-based assays as well as enhanced
metabolic stability and PK profile.


� 2009 Elsevier Ltd. All rights reserved.
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The acetylation status of lysine residues on the N-terminus of
core H2A/B, H3 and H4 is known to play a crucial role in chromatin
structure and hence the regulation of gene expression.1 Hyperacet-
ylation of histones is catalyzed by a family of histone acetyl-trans-
ferases (HAT) and leads to the relaxation of chromatin and, thus,
gene activation. Conversely, hypoacetylation, which is controlled
by the histone deacetylases (HDAC), causes the condensation of
chromatin resulting in transcriptional repression. The HDAC family
is classified into two categories: zinc-dependent amidohydrolases
(classes I, II and IV) and the NAD+ dependent enzymes (class III)
also known as sirtuins. Class I of the zinc-dependent HDAC family
is composed of isotypes 1, 2, 3 and 8. Class II is further subdivided
into two subclasses: class IIa (HDAC4, 5, 7 and 9) and IIb (HDAC6
and 10). HDAC11 is the only known member of class IV.1a–c


HDAC inhibitors have shown attractive anti-cancer properties
by inducing transcriptional events involved in growth arrest, cell
proliferation, and apoptosis.1,2 The HDAC inhibitor vorinostat (Zo-
linza�, formerly known as SAHA)3 was approved in 2006 for the
treatment of cutaneous T-cell lymphoma (CTCL),4a and a number
of other inhibitors are in different stages of clinical development.4


Various structural classes of HDAC inhibitors have been developed,
yet most feature a common pharmacophore comprised of a zinc-
binding group, a linker (scaffold), and a surface recognition domain

All rights reserved.
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hhab).

(cap) which together impart potency and isotype selectivity.2


Examples of inhibitors are depicted in Figure 1 and range from
hydroxamic acids such as vorinostat to short-chained fatty acids
such as valproic acid.5 Vorinostat typically exhibits non-selective
inhibition against most of the zinc-dependent HDAC’s, while
MGCD0103,6 an aminobenzamide currently in Phase I/II clinical
trials, is more selective for class I HDAC’s over class II. Apicidin7,

Figure 1. Examples of HDAC inhibitors in preclinical or various stages of clinical
development.
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Scheme 1. Reagents and conditions: (a) POCl3, pyr, 4-phenylthiazol-2-amine; (b)
4 N HCl, dioxane/DCM; (c) ClSO2NCO, tBuOH, Et3N, DCM; (d) piperidine, DCM; (e)
BOP, Et3N, DCM and 2-phenylacetic acid; (f) N,N0-disuccinimidyl carbonate, 2,6-
lutidine DCM/MeCN and alcohol; (g) Et3N, THF and 4-fluorobenzylisocyanate; (h)
PhCH2SO2Cl, pyr/DCM; (i) 2-(5-methoxy-2-methyl-1H-indol-3-yl)acetic acid, POCl3,
pyr; (j) TFA, DCM.
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with its ethyl ketone unit as the zinc-binding group and its cyclic
tetrapeptide as the surface recognition domain, also shows mainly
class I selectivity.2a


Previously,8 we have reported on an alternative class of HDAC
inhibitors featuring a sulfamide moiety as a novel replacement
for the more common hydroxamic acid, benzamide or ethyl ketone
zinc-binding groups. Furthermore, it was found that the nature of
the surface recognition domain that was paired with the sulfamide
led to changes in isotype selectivity. For instance, compound 1
with a linear 5-carbon linker was selective against HDAC6 (IC50
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0.9 lM) while compound 2a based on the N-carbobenzyloxy
(Cbz) derived lysine scaffold was active against both HDAC1 and
HDAC6 (IC50’s 0.16 lM and 0.18 lM). In addition to its enzyme po-
tency, sulfamide 2a also showed whole cell HDAC inhibition in
293T cells (IC50 2.3 lM) and displayed histone (H3Ac, EC50


0.7 lM) and a-tubulin (TubAc, EC50 0.6 lM) acetylations in T24
cancer cells. Given the compound’s activity profile and its relative
ease of synthesis, it was chosen for further optimization.


Diversification and replacement of the phenylthiazolylamide of
2a were achieved using the synthetic procedures described previ-
ously8b while functionalization of the a-amino group on the lysine
scaffold was performed using different orthogonally protected ly-
sine derivatives. Starting from commercially available lysine deriv-
ative 3, the protected sulfamide 4 was obtained via coupling with
4-phenylthiazol-2-amine using POCl3 to give the amide, followed
by removal of the Boc group from the e-nitrogen, installation of
the protected sulfamide using ClSO2NCO and t-butanol, and then
deprotection of the a-nitrogen from the Fmoc group (Scheme 1).
The free amine on 4 was further functionalized to the amide, car-
bamate, urea and the sulfonamide derivatives (6b–d, 6f, and 6h–
j). The removal of the Boc group from the sulfamide group was eas-
ily achieved by exposure to TFA to give the final compounds. For
the synthesis of ethyl carbamate 5e and phenyl urea 5g, lysine
derivative 7 was utilized by first installing the protected sulfamide,
as described above, cleavage of the Cbz group from the a-amino
group to allow for subsequent N-functionalization, followed by es-
ter hydrolysis, then amide formation and finally deprotection of
the sulfamide (Scheme 2).


Most replacements of the amide unit of 2a with various hetero-
cycles were achieved from the commercially available lysine deriv-
ative 10 and by introducing the sulfamide unit at the end of each
synthetic sequence (Scheme 3). The 1,3,4-oxadiazole 12e was ob-
tained by the coupling of 10 with benzhydrazide followed by
dehydrative cyclization. The 2-phenylthiazole containing sulfam-
ide 12a was obtained via conversion of 10 to the thioamide 13 fol-
lowed by treatment with 2-bromo-1-phenylethanone, while the 4-
phenylthiazole isomers, 12b–d, were formed via the addition and
condensation of the a-bromoketone intermediate (15) with vari-
ous thioamides. The 2-phenylimidazole analog 12j was accessible
through the reaction of benzimidamide with a-bromoketone 15.
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The 1,2,4-triazoles 12j and 12k were obtained by heating the
hydrazide and methylhydrazide analogs of lysine 10 in the pres-
ence of methyl benzimidate. Finally, coupling of 10 with hydroxy-
amidine 22 followed by cyclization gave the 1,2,4-oxadiazole 12f
after installation of the sulfamide unit. For the synthesis of benz-
imidazoles 12g–h, the lysine derivative 7 was used and the Boc-
protected sulfamide unit was attached prior to the formation of
the benzimidazole ring. Cyclization was achieved by heating benz-
amide intermediates, 26g–h in acetic acid (Scheme 4).


All synthesized compounds were screened against a panel of re-
combinant human HDAC’s 1–8.8c The IC50’s of the inhibition of
HDAC1 (representative of class I HDAC’s) and HDAC6 (representa-
tive of class IIb) are summarized in the tables below, while the re-
sults for the other HDAC’s were omitted for clarity. These
compounds were tested for their ability to inhibit the cellular
HDAC activity in 293T cells.8d


Table 1 depicts the HDAC inhibitory activities of different thia-
zole amides compared to the parent compound 2a. The unsubsti-
tuted thiazolylamide (2b) had almost negligible activity against
both HDAC1 and HDAC6, while the benzothiazole (2c) retained
its potency on HDAC6 at the dramatic cost of HDAC1 leading to
an isotype selectivity of 24 to 1. A phenyl substituent off the thia-
zole ring of 2a was more favored than the bulky t-butyl group (2d),
which lost significant activity against both enzymes. The ethyl es-
ter substitution (2e) abrogated HDAC1 activity but retained some
of it against HDAC6. The 4,5-diphenyl substituted thiazole amide
(2f) was five and threefold less active than 2a against HDAC1
and HDAC6, respectively, implicating that a mono-phenyl substitu-
ent is superior to disubstitution. Compounds 2g–j were prepared
to investigate the effect of substitution off the phenyl ring of 2a.
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Table 1
SAR on the thiazole amide capping unita


N
H


O


NHCBz


X


Compound


X =
S


N


R1


R2


HDAC1 IC50


2a R1 = H, R2 = Ph 0.16
2b R1 = H, R2 = H >10


2c X =
S


N
4.5


2d R1 = H, R2 = tBu 3.6
2e R1 = H, R2 = CO2Et >10
2f R1 = Ph, R2 = Ph 0.85
2g R1 = H, R2 = p-MeOC6H4 0.12
2h R1 = H, R2 = m-MeOC6H4 0.46
2i R1 = H, R2 = p-ClC6H4 0.15
2j R1 = H, R2 = 4-i-PrC6H4 0.52


a Values are means of at least two experiments.

As can be seen from Table 1, substitution on the phenyl group
was well tolerated as demonstrated by compounds with electron
donating (2g and 2h) and electron withdrawing groups (2i), all
showing submicromolar activities. Bulkier para-aliphatic substitu-
ents on the phenyl ring such as an iso-propyl (2j) were partially tol-
erated against HDAC1 but less so against HDAC6. Overall,
monoaryl thiazoles provided the best activity, but within this ser-
ies no particular compound exhibited a significant improvement
with the exception of compound 2g which had four times the cel-
lular activity of 2a in 293T cells.


Modifications of the a-amino substituent on 2a were also per-
formed to further explore the tolerance of substitution at this posi-
tion (see Table 2). Complete removal of the benzyl carbamate to
leave the free amine (5a) resulted in a significant reduction in
the activity against both enzymes, thus indicating the importance
of functionalization at this position. Substitution on the phenyl
unit of the benzyl carbamate of 2a, as illustrated by compounds
5b–d, gave an overall decrease in both enzyme and whole cell
HDAC activities. Aliphatic carbamates, such as the ethyl carbamate
5e, showed a noticeable loss in HDAC1 activity in both the enzyme
and cell, but remained significantly potent on HDAC6. The removal
of the oxygen from the benzyl carbamate to give the benzyl amide
analog (5f) resulted in a drop of potency against the HDAC1 en-
zyme. Likewise, the phenyl urea (5g), lost most of its activity espe-
cially on HDAC1, yet the benzyl urea derivative (5h) regained some
of it at the enzyme level thus suggesting the importance of the ex-
tra atom on the inhibitors’ side chain. Further sensitivity on HDAC1
towards amino-substitution was illustrated by the sulfonamide on
compound 5i which was poorly tolerated by the enzyme. Finally,
the use of the 2-methyl-5-methoxyindole (5j) resulted in excep-
tional HDAC1 activities (0.064 lM and 0.59 lM on HDAC1 and
whole cell, respectively). Overall, marginal improvements were ob-
served by replacing the benzyl carbamate of 2a and therefore, for
further studies we retained this group given the ease of obtaining
commercially available Cbz-protected lysine derivatives for
synthesis.


During our investigation, it was discovered that compound 2a
had a poor pharmacokinetic (PK) profile in rats (see below). Also,
preliminary evaluation of the metabolic stability of 2a indicated
that only 3% of the compound remained intact over 1 h in rat plas-
ma at 37 �C. This instability was determined to be mostly due to
cleavage of its amide bond to give the acid and 4-phenylthiazol-
2-amine. These observations lead us to explore isosteric heterocy-
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Table 2
SAR of the a-amino substituenta
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2a R = PhCH2, Y = O 0.16 0.18 2.3
5a X = H >10 1.1 >50
5b R = p-ClC6H4CH2, Y = O 0.57 0.53 6.8
5c R = m-ClC6H4CH2, Y = O 0.35 0.28 3.6
5d R = 3-pyridinyl-CH2, Y = O 1.5 0.60 18
5e R = Et, Y = O 2.5 0.20 17
5f R = Ph, Y = CH2 0.70 0.15 6.1
5g R = Ph, Y = NH 2.3 0.56 >50
5h R = p-FC6H4CH2, Y = NH 0.35 0.37 29
5i X = PhCH2SO2 1.4 0.52 38
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X =


0.064 1.2 0.59


a Values are means of at least two experiments.


Table 3
SAR of amide excluded HDAC inhibitors.a
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a Values are means of at least two experiments.
b Not available.
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cles as replacements for the amide unit.9 For instance; compound
12a incorporates the same phenylthiazole as 2a, yet excludes the
amide group connecting it to the rest of the lysine scaffold. Unfor-
tunately, the activity of 12a suffered significantly as a result of this
change (Table 3). However, by moving the sulfur atom on the thi-
azole next to the phenyl group to give its regioisomer 12b, the en-
zyme activity returned to submicromolar levels (IC50 of 0.79 lM
and 0.40 lM on HDACs 1 and 6, respectively). Substitution on the
phenyl ring of 12b improved the cellular potency from 6.7 lM
for 12b, down to an impressive 0.12 lM for the more basic 12d.
Both oxadiazoles 12e and 12f were poor isosteres of the amide unit
and had an overall negative effect on the enzymatic activities,
while the benzimidazoles (12g–h) and the imidazole containing
compound (12i) displayed very potent profiles. Among the benz-
imidazole series, the unsubstituted benzimidazole (12g) was al-
most 30-fold more selective for HDAC6 over HDAC1, while aryl
substitution at the heterocycle’s 5-position (12h) resulted in com-
pounds with equal potency against both HDAC1 and HDAC6. Par-
ticularly noteworthy is the submicromolar activity in 293T cells
displayed by benzimidazole 12h at 0.62 lM which is in line with
that of vorinostat (0.6 lM).8a The triazole analogue 12j also re-
vealed partial selectivity for HDAC6, whereas the N-methyltriazole
12k was almost devoid of any significant activity against both
enzymes.


Given their good combinations of enzyme and cellular activities,
the thiazole 12d and benzimidazole 12h were chosen for further
pharmacokinetic and phasma stability studies. The metabolic
stability of benzimidazole 12h was an improvement upon 2a,
being stable in both rat and human plasma (data not shown).
The PK profiles of 12d and 12h in rats revealed that both
compounds had lower clearances and increased half lives com-
pared to 2a (Table 4). However, they still suffered from poor oral
absorption as indicated by the low AUC values and dismal bioavail-
ability. Furthermore, the poor PK profile was also observed across
different species. Despite the acceptable clearance and half-life of
12h in dog (0.51 (L/h)/kg and 5.7 h, respectively), the AUC was still
poor at 0.2 lM h/(mg/kg), and the bioavailability was a mere
6%. The poor bioavailability displayed by this class of compounds
could be attributed to the sulfamide unit. Middleton et al.,10a and
Beaumont et al.,10b encountered a similar problem with their







Table 4
PK profile in rat of selected compounds


Compound AUC (PO) lM h/(mg/kg) Cl (IV) (L/h)/kg Vss L/kg t1/2 (h) %F


2a 0.063 2.5 0.02 0.025 4.9
12d 0.005 2.3 0.78 1.6 0.5
12h 0.023 0.41 0.03 1.2 0.5
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NK2 antagonists bearing a sulfamide group, and have ascribed
their compounds’ poor oral absorption to weak intrinsic perme-
ability and transporter-mediated efflux from the GI tract.10


In conclusion, a structure–activity investigation around the
originally disclosed lysine-based sulfamide, 2a has revealed that
subtle modifications around the periphery of the molecule are tol-
erated when tested against HDAC 1 and 6 isotypes and in
293Tcells, but more significant modifications resulted in consider-
able losses in HDAC1 activity or, in some cases, both HDAC1 and
HDAC6. However, replacement of the core amide linkage on 2a
with different heterocycles led to compounds of equal potency
with improved pharmacokinetic profiles. In particular, benzimid-
azole 12h showed promising potency and metabolic stability, how-
ever, further optimization of its pharmacokinetic properties is
needed.
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New 7-sulfonamido-3-benzazepines 3 are disclosed as 5-HT2C receptor agonists. Appropriate substitution
of the amino group (R1R2N–) gave compounds that were potent 5-HT2C agonists with minimal activation
of the 5-HT2A and 5-HT2B receptors. Furthermore, representative examples had excellent in vitro ADME
properties and good selectivity over ion channel activity.
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The neurotransmitter serotonin (5-HT) mediates its effects
through at least 14 different receptor subtypes that have been classi-
fied into seven major families, 5-HT1–7.1 The 5-HT2 family has three
members 2A, 2B and 2C and unlike 5-HT2A and 5-HT2B receptors, the
expression of 5-HT2C receptors appears to be restricted to the central
nervous system (CNS).2 5-HT2C receptor agonists have become attrac-
tive drug targets that have potential use in the treatment of a number
of conditions including obesity, schizophrenia, sexual dysfunction,
and urinary incontinence.3 For these indications, selectivity over
agonism at the 5-HT2A and 5-HT2B receptors would be a key objective
because 5-HT2A agonists can potentially be hallucinogenic and have
cardiovascular (CV) effects,4 whereas 5-HT2B agonism has been asso-
ciated with heart valvulopathy and pulmonary hypertension.5


The search for potent and selective 5-HT2C agonists has identi-
fied lorcaserin (1) (APD-356; Arena) which is in advanced clinical
trials for the treatment of obesity6 and vabicaserin (2) (SCA-136;
Wyeth) as a potential therapy for schizophrenia.7 Furthermore,
several small molecule 5-HT2C agonists have been reported to be
in early clinical development.8
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We have disclosed several new templates as 5-HT2C receptor ago-
nists9–12 and some of these compounds have now progressed to
clinical trials. As part of our research efforts to identify potential
new 5-HT2C agonist drug candidates, we adopted a strategy of
exploring multiple chemical templates in order to increase our
chances of having compounds survive to become advanced clinical
candidates. In this Letter, we disclose new 7-sulfonamido-3-ben-
zazepines (3) as potent and selective 5-HT2C agonists.


There have been few reports of sulfonamido-3-benzazepines (3)
as 5-HT2C receptor agonists and these have been restricted to the
patent literature with few examples of specific compounds or dis-
closures of receptor affinity or selectivity.13 Hence, we initiated a
hit-to-lead research program to explore the structure–activity rela-
tionships (SAR) of 3 with the objective of seeking potent 5-HT2C


agonists with minimal activity at either the 5-HT2A or 5-HT2B


receptors. Furthermore, target compounds were designed to have
drug-like properties consistent with CNS target space.14 It was also
our intention to evaluate sulfones 4 and reversed sulfonamides 5
as these would explore the effect of the linker group and be avail-
able from common intermediates.


Target compounds 3 and 4 were prepared using a short synthe-
sis employing 3-benzazepine-7-sulfonyl chlorides 1115 as ad-
vanced intermediates (Scheme 1). Sulfonamides 3 were prepared
by reaction of 11 with the appropriate amine (R1R2NH) followed
by deprotection of the trifluoroacetyl amide under standard condi-
tions. Sulfones 4 were prepared from 11 by activation to the sulfo-
nyl fluoride and then treatment with a Grignard reagent
(R1MgX).16 Where the benzazepines 9 were not readily available,
the azepine ring was constructed from the phenylacetic acid 6 by
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Scheme 1. Synthesis of sulfonamides 3 and sulfones 4. Reagents: (a) SOCl2; (b)
H2NCH2CH(OMe)2; (c) concd HCl; (d) H2, Pd/C, AcOH; (e) BH3�THF; (f) (CF3CO)2O;
(g) ClSO3H; (h) R1R2NH; (i) K2CO3, MeOH; (j) KF, 18-crown-6 (cat), MeCN; (k)
R1MgX, THF.
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acid-catalyzed cyclization of 7 to give 8 followed by sequential
reduction of the alkene and then amide.17 Protection of the azepine
N-atom followed by chlorosulfonylation furnished 11.


Reversed sulfonamides 5 were also prepared from benzazepine
9 (Scheme 2). Nitration of 9 with fuming HNO3 selectively intro-
duced a 7-NO2 group in good yield.18 Boc protection of the aze-
pine and hydrogenolysis of the 7-NO2 group afforded aniline
12.19 Reductive amination of 12 with aldehydes under standard
conditions gave sec-amines 13 and then reaction with sulfonyl
chlorides followed by deprotection of the azepine N-Boc group
gave 5.


The 5-HT2C agonist activity of target compounds (Table 1) was
initially evaluated by measuring the ability to induce a fluorescent
based calcium mobilization signal in a FLIPR assay employing re-
combinant CHO K1 cells expressing the human 5-HT2C receptor.12
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Scheme 2. Synthesis of reversed sulfonamides 5. Reagents: (a) fuming HNO3; (b)
(Boc)2O; (c) H2, Pd/C; (d) aldehyde, MeOH then NaBH4; (e) R2SO2Cl; (f) CF3CO2H.

Target compounds were also tested for their ability to inhibit bind-
ing of [3H]-meselurgine at the human 5-HT2C receptor utilizing SPA
technology and cellular membrane preparations generated from
recombinant Swiss 3T3 cells.12 Agonist activity at the 5-HT2B


receptor was measured in recombinant cell-based systems
expressing the human receptor.


The secondary sulfonamides 3a–f were found to be weak 5-
HT2C agonists with 5-HT2B activity, and several examples were
more active at the 5-HT2B receptor (3b) (Table 1). In contrast, ter-
tiary sulfonamides 3g–m, whether alkyl, benzyl or cyclic amines,
had improved 5-HT2C activity and some examples demonstrated
minimal 5-HT2B activity. Dihydrobenzofuran 3n was one of the
most potent 5-HT2C agonists from this set and had no significant
5-HT2B activity (<10% @ 10 lM). As part of our next iteration of
analogue synthesis, we elected to explore further this motif by
scaffold hopping from the dihydrobenzofuran to aryloxy amines
II-X (Fig. 1). These targets were designed to be more chemically en-
abled and promote a rapid exploration of the SAR of the amine ring
size and aryl ring substitution.


Azetidines 3o–q, pyrrolidines 3r,s and piperidines 3t–w all fur-
nished examples of potent 5-HT2C agonists with minimal 5-HT2B


activity. The aryloxy group was clearly making an important con-
tribution to both these SARs (e.g. 3r vs 3k and 3v vs 3l).


Introduction of a second or third substituent on the aryl ring of
the benzazepine 3x-aa proved detrimental within this very limited
set of R3 groups (e.g. 3v vs 3y vs 3aa). Further investigation of this
SAR, where R3 was from a broader set of substituents, would rep-
resent a suitable position for potential optimization of 3.


An analysis of 5-HT2C activity of 3 aligned by R1R2N- clusters for
all the compounds (n = 169) was performed with scatter plots
which assisted in the identification of SAR trends and preferred
compounds (Fig. 2). For example, it proved difficult to divorce 5-
HT2C and 5-HT2B activity with aniline derivatives (3: R1 = Ar)
whereas compounds containing azetidines and pyrrolidines fur-
nished many potent 5-HT2C agonists with minimal activity at 5-
HT2B.


Aryl sulfones 4 were potent 5-HT2C agonists which also demon-
strated significant 5-HT2B agonist activity and were not pursued.
Reversed sulfonamides 5 failed to show any significant 5-HT2C


activity which highlighted the importance of the sulfonamide of
3 in picking up specific favourable interactions and/or presenting
the amino substituents in a favourable trajectory.


Selected compounds were then screened in high throughput
in vitro ADME and safety screens as a wider assessment of their
properties: metabolic stability in human liver microsomes (HLM),
transit performance across MDCK-mdr1 cells to assess membrane
permeability,20 and binding to the potassium hERG channel as a
measure of ion channel activity (Table 2). In general, sulfonamides
3 had good metabolic stability consistent with low predicted clear-
ance, good membrane permeability with low affinity for P-gp ef-
flux transporters, and moderate affinity for the potassium hERG
channel.


Pharmacological evaluation for activity at the 5-HT2A receptor
was measured in a FLIPR assay employing Swiss 3T3 cells express-
ing the recombinant human 5-HT2A receptor, and in vitro tissue
preparations with femoral artery.21 Screening of 3v in the recombi-
nant assay gave a significant response with an EC50 32 nM and Emax


70%. However, our experience has taught us that this was a highly
expressed/coupled cell-line which over estimates 5-HT2A activity
and that the tissue preparation assay was a better predictor of
in vivo outcomes.22,23 Evaluation of 3v in the canine femoral artery
gave a minimal response of <10% at 0.54 lM, and we concluded
that 3v has no significant 5-HT2A activity.


Compound 3v was then evaluated in additional ADME and
pharmacology screens as a representative example from this ser-
ies. Sulfonamide 3v had weak inhibition of CYP450 enzymes 1A2,







Table 1
5-HT2C and 5-HT2B activity for compounds 3–5a,b,c
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Compound R1 R2 R3 5-HT2C 5-HT2C 5-HT2B


EC50 (nM) Emax (%) Ki (nM) EC50 (nM) Emax (%)


Secondary
3a nPr H H 959 59 531 197 30
3b Ph H H 697 38 382 69 50
3c 2-F–Ph H H 197 47 133 75 41
3d 2-Cl–Ph H H 857 38 156 478 16
3e CH2(2-Cl–Ph) H H 46 48 30 802 19
3f CH2cPr H H 631 47 235 103 47


Tertiary
3g Me Me H 47 74 87 125 57
3h Ph Me H — 23%d 1200 478 46
3i CH2Ph Me H 94 40 10 >9940 —
3j CH2cPr Me H 71 88 7 17 50
3k Pyrrolidine H 50 86 51 357 68
3l Piperidine H 84 66 9 34 89
3m Morpholine H 186 55 196 NT —
3n I H 41 74 58 >9940 —


Azetidines
3o II H 31 76 NT >9940 —
3p III H 12 82 NT >9940 —
3q IV H 28 66 NT >9940 —


Pyrrolidines
3r V H 14 73 NT >9940 —
3s VI H 31 47 NT >9940 —


Piperidines
3t VII H 508 59 NT >9940 —
3u VIII H 115 52 15 >9940 —
3v IX H 31 66 13 >9940 —
3w X H 273 71 NT >9940 —


Aryl substitution
3x CH2Ph Me 6-OMe — <10%d NT NT —
3y IX 6-OMe — <10%d NT NT —
3z CH2Ph Me 6,9-(OMe)2 170 50 NT >9940 —
3aa IX 6,9-(OMe)2 365 57 NT NT —


Sulfones
4a Ph — H 9 71 6 18 61
4b 2-F–Ph — H 7 70 NT 18 66
4c 3-F–Ph — H 9 81 NT 33 67
4d 4-F–Ph — H 80 47 NT 15 60


Reversed sulfonamides
5a H 2-F–Ph H — 18%d NT NT —
5b Me 2-F–Ph H — 10%d NT NT —
5c H CH2(4-F–Ph) H — 10%d NT NT —
5d Me CH2(4-F–Ph) H — 20%d NT NT —


a See Ref. 12 for complete details of assay conditions.
b Values (EC50, Emax, Ki) are geometric means of 2–4 experiments. Differences of <2-fold should not be considered significant.
c NT denotes not tested.
d % activation at 10 lM.
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Figure 1. Design of aryloxy cyclic sulfonamides II-X derived from dihydrobenzo-
furan 3n.


Table 2
Measured distribution coefficients (LogD7.4), ADME properties and ion channel
affinities for examples of 3 and 4a


Compound Log D7.4 HLM Cli


(lL/min/mg)
MDCK-mdr1 AB/BA
(Papp � 10�6 cms�1)


hERG Ki


(nM)


3i 1.0 NT 29/33 NT
3n 1.0 NT 18/34 2990
3o 1.1 NT NT 3410
3p 1.7 9 12/20 3690
3q 1.6 <8 NT 2090
3r 1.3 36 15/34 3430
3s 1.3 34 NT 5240
3v 2.0 17 15/26 2900
4a 0.5 <8 21/25 >7200


a NT denotes not tested.
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2C9, 3A4 (<50% @ 3 lM) although 3v did show moderate inhibition
of CYP2D6 (69% @ 3 lM). Sulfonamide 3v had modest ion channel
activity as measured by binding to representative sodium (site 2: Ki


2400 nM) and calcium (L-type, diltiazem: Ki 1200 nM) channels.
Compound 3v was also screened for off-target pharmacology
against a panel of 110 receptors, enzymes and ion channels (CEREP,
BioprintTM) and was found to have binding affinity for the human 5-
HT1B, 5-HT6 and dopamine D3 receptors. Hence, further optimisa-
tion of sulfonamides such as 3v would need to reduce these
activities.


In summary, new 7-sulfonamido-3-benzazepines 3 are dis-
closed as 5-HT2C receptor agonists. Appropriate substitution of
the amino group (R1R2N–) gave compounds that were potent 5-
HT2C agonists with minimal activation of the 5-HT2A and 5-HT2B


receptors. Furthermore, representative examples had excellent
in vitro ADME properties and good selectivity over ion channel
activity. The next phase of this lead optimization program will be
to reduce unwanted off-target pharmacology by further modifica-
tion of structural features whilst maintaining appropriate physico-
chemical properties for CNS penetration.

Anilines


Azetidines


N
-benzyl


N
-alkyl


piperidines


Pyrrolidines


5-
H


T 2
C


EC
50


(n
M


)


10000


8000


6000


4000


2000


0


Anilines


Azetidines


N
-benzyl


N
-alkyl


piperidines


Pyrrolidines


5-
H


T 2
C


EC
50


(n
M


)


Aniline Azetidine N-Benzyl N-alkyl Piperidine Pyrrolidine


a


Figure 2. Scatter plots of 5-HT2C activity aligned by amine clusters (R1R2N-) for 3. (a) D
significant 5-HT2B agonist activity (Emax < 10% @ 10 lM).
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A potent antiinflammatory methyl picolinate alkaloid CJ-14877 [(+)-1] and its enantiomer (�)-1 were
synthesized in two steps starting from commercially available methyl 5-bromopicolinate. The synthesis
includes microwave-assisted Suzuki coupling reaction and Sharpless asymmetric dihydroxylation.


� 2009 Elsevier Ltd. All rights reserved.
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A methyl picolinate derivative having a C3 unit on C-5, CJ-14877
[(+)-1], and its family (2–4) are potent cytokine inhibitors isolated
from a fermentation broth of a fungus basidiomycetes (Fig. 1).1


Isolation of (+)-1 was reported also from a culture filtrate of a fun-
gus, Hirsutella nivea BCC 2594, a pathogen of insects.2 These com-
pounds are shown to inhibit lipopolysaccharide (LPS)-induced
production of interleukin-1b without decreasing the leucine
uptake.1 However, the structure–activity relationship is not known
yet. To obtain new antiinflammatory drugs of this series, we stud-
ied synthesis of (+)-1. We established a facile two step synthesis of
(+)-1 and its enantiomer (�)-1, by the synthetic strategy shown in
Scheme 1: stereoselective preparation of (+)-1 and its enantiomer
(�)-1 by Sharpless asymmetric dihydroxylation3 of compound 5,
which may be obtained via Suzuki coupling reaction4 between
(E)-prop-1-enylboronic acid with commercially available methyl
5-bromopicolinate (6).5


The present paper reports detailed procedure of this method.
First, the Suzuki coupling reaction of 6 with (E)-prop-1-enylboronic
acid (7) was carried out under several reaction conditions (Table 1).
A mixture of 6 and 7 was heated at 80 �C for 0.5 h under an Argon
atmosphere to give the corresponding coupling product 5 in 84%
yield (entry 6). Prolonged reaction time gave no further improve-
ment in the yield (entries 7 and 8). Recently, microwave has come
to be used as an efficient heating procedure.6 A microwave-as-
sisted Suzuki coupling reaction was described by Sharma et al.,7

All rights reserved.


: +81 426 77 1436.
a).

which we applied to the present scheme. When the reaction
mixture was heated by means of microwave at 140 �C for 5 min,
the reaction proceeded to give the corresponding coupling product
5 in 87% yield (entry 15).8 When (Z)-prop-1-enylboronic acid (8)
was employed as the substrate, the coupling product 9 was
obtained in 93% yield (entry 16). By the Sharpless asymmetric
dihydroxylation (AD) of the coupling product 5 using AD-mix-a,9


diol (+)-1 was obtained in quantitative yield,10 whose spectral
and physical data were identical to those of natural (+)-1. The

CJ-14877 [(+)-1]CJ-15336 (3)


Figure 1. Natural cytokine production inhibitors CJ-14877 [(+)-1] and their
analogues.
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Table 2
IL-1b production inhibitory activity (%) induced with LPS


Compounds Concentration (lM)


0.01 0.1 1.0 10


(+)-1 �9.5 13.8 39.6 49.8
(�)-1 9.1 4.3 10.6 �7.5


Figure 2. Effect of (+)-1 and its enantiomer (�)-1 on IL-1b production induced with
LPS (100 ng).


Scheme 2. Asymmetric dihydroxylation of 5.


Y. Aoyagi et al. / Bioorg. Med. Chem. Lett. 19 (2009) 1876–1878 1877

enatiomeric excess of this product was calculated by using the
chiral column OD-HPLC system and was shown to be 97% ee.11

Table 1
Palladium-mediated coupling reactions of methyl 5-bromopicolinate (6) with (E)- or (Z)-p


N
O


O


Br Suzu


B


OH


OH+
10 m
K2CO


(E)
(Z )


6
7
8


Entriesa Boronic acids (3.0 equiv) Reaction temp (�C)


1 7 rt
2 7 rt
3 7 50
4 7 50
5 7 50 (MW)c


6 7 80
7 7 80
8 7 80
9 7 80 (MW)c


10 7 80 (MW)c


11 7 120 (MW)c


12 7 120 (MW)c


13 7 120 (MW)c


14 7 130 (MW)c


15 7 140 (MW)c


16 8 140 (MW)c


a Ref. 8.
b The yields in parenthesis means the recovery of the starting material.
c MW: microwave irradiation.

When AD-mix-b9 was employed as an oxidant in the dihydroxyla-
tion reaction of 5, instead of AD-mix-a, the enatiomer (�)-1 was
obtained also in very high yield and with very high enantiomeric
excess (Scheme 2).


The both of CJ-14877 [(+)-1] and its enantiomer [(�)-1] were
evaluated for inhibitory activities of LPS-stimulated IL-1b produc-
tion by human PBMC.12 The results was shown in Table 2 and
Figure 2. CJ-14877 [(+)-1] inhibited IL-1b production depending

rop-1-enylboronic acids (7 or 8)


ki Coupling


N
O


O


ol% Pd(PPh3)4


3 (3 eq.) / DMF
5
9


(E )
(Z )


Reaction time (h) Products Yields (%)


5 5 70 (12)b


24 5 65 (15)b


1 5 58 (28)b


5 5 87
5 min 5 20 (61)b


0.5 5 84
1 5 85
5 5 85
5 min 5 43 (46)b


5 min � 2 5 53 (26)b


5 min 5 73 (20)b


10 min 5 88 (5)b


5 min � 2 5 87
5 min 5 80 (5)b


5 min 5 87 (1)b


5 min 9 93
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on the substrate level and the inhibition ratio was 49.8% at 10 lM.
On the other hand, its enantiomer [(�)-1] showed no IL-1b produc-
tion inhibitory activity at 10 lM. That indicated that the stereo-
chemistry on C-7 and C-8 of compound 1 are important on the
activity.


In summary, an effective and facile two step synthesis of
CJ-14877 ((+)-1) and its enantiomer [(�)-1] from commercially
available methyl 5-bromopicolinate (6) was successfully estab-
lished for the first time. Preparation of a series of synthetic
analogues is now in progress.
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Herein we report the syntheses of 2,3-diaryl-substituted pyrrolo[3,2-b]pyridine-5-carbonitriles via a one-
pot 5-endo-dig-cyclization/protection reaction followed by palladium catalyzed arylation. In addition, a
complementary synthesis route employing Larock methodology is applied to efficiently explore further
aryl moieties in the 2-position. The novel compounds’ expedient c-Met receptor tyrosine kinase inhibi-
tion activity is discussed.
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The hepatocyte growth factor (HGF) receptor, also known as
mesenchymal–epithelial transition factor (c-Met), is a receptor
tyrosine kinase (RTK) present in both normal and malignant cells.1


The main biological effects upon its signaling pathway activation
comprise promotion of tissue regeneration, angiogenesis, and en-
hanced cell motility.2 c-Met is known to be over-expressed and
mutated in a variety of human cancer types.3 Thus, signal trans-
duction through the activation of the c-Met receptor is accountable
for proliferation, scattering, invasiveness and metastasis of tumor
cells. On this account, small molecule inhibitors, preventing recep-
tor autophosphorylation and recruitment of the downstream effec-
tors of c-Met, are of current interest.4


Currently, there are several ATP-competitive c-Met kinase inhib-
itors known, based on different scaffolds.5 Recent developments fea-
ture 7-azaindoles,6 aminopyridines6 and triazolopyridazines7 with
high potency and selectivity for c-Met.


As part of our studies towards aromatically substituted
azaindoles as kinase inhibitors, the rarely used core structure of
the 4-azaindoles in combination with diaryl substitution in the
2- and 3-position attracted our attention.8,9 At present, this struc-
ture is unknown as an inhibitor of c-Met and 5-cyano-2,3-diaryl-4-
azaindoles (1) in particular have not been previously described as
kinase inhibitors. By analogy to known compounds,8 these pyrrol-
opyridines are anticipated to offer kinase inhibiting potential.

ll rights reserved.


olman).

For the full syntheses of azaindoles a growing number of


approaches are known, heavily depending on the desired substitu-
tion pattern.10 Recently, Cacchi et al. transferred their highly versa-
tile methodology for the assembly of 2,3-diaryl-substituted
indoles11 onto 4- and 7-azaindoles.9 This methodology comprises
the reaction of 2-alkynyl-3-trifluoroacetamidopyridines with aryl-
bromides and -triflates in an aminopalladation-reductive elimina-
tion procedure. However, in our hands, this approach failed to yield
the desired 5-cyano-substituted azaindoles due to loss of the
trifluoroacetate protecting group under the reaction conditions.12


Therefore a strategy based upon base-induced cyclization of
o-aminoalkynylpyridines was employed (Scheme 1).


Silver(I)-assisted electrophilic aromatic iodination of commer-
cially available 5-aminopicolinonitrile 2 gave the mono-iodinated
intermediate 3 in 79% yield. The cyclization precursor 4a could
be obtained under Sonogashira-like alkynylation conditions in
moderate yield (66%).13


Azaindoles 5 were synthesized by subsequent base-induced
5-endo-dig cyclization in NMP,14 direct addition of N-iodosuccini-
mide and BOC-anhydride, leading to the protected 3-iodo-4-azain-
doles in good yields of 73–83% (see Ref. 15 for an exemplary
procedure). These compounds are stable if directly purified via
chromatography over neutral aluminum oxide and stored at
�20 �C.16 Arylation in the 3-position was achieved via Suzuki–
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Scheme 1. Reagents and conditions: (a) I2, Ag2SO4, EtOH, rt, 79%; (b) 4-ethynylpyridine, Cs2CO3, Pd(dppf)Cl2, THF, 50 �C, 66%; (c) 3-phenylpropiolic acid, Na2CO3, LiCl,
Pd(dppf)Cl2, DMF, 110 �C, 20%; (d) KOtBu, NMP, 90 �C, then NIS, DCM, 0 �C to RT, then (BOC)2O, DMAP, DCM, 0� to RT, 73–83%; (e) R1B(OR)2, K2CO3, Pd(dppf)Cl2, DME/H2O 2:1,
85 �C then TFA or ethan. HCl, 60 �C, 25–86%; (f) DHP, MgBr2, THF, 65 �C, quant.; (g) 11a or 11b, Na2CO3, LiCl, Pd(dppf)Cl2, DMF, 110 �C (h) IPy2BF4, TfOH, DCE, 83 �C, 48–66%
over two steps (i) R2B(OR)2, K2CO3, Pd(dppf)Cl2, DME/H2O 2:1, 85 �C, 9–77% (j) 13, Na2CO3, LiCl, Pd(dppf)Cl2, DMF, 110 �C then 1 N HCl, 110 �C, 39%.


Scheme 2. Reagents and conditions: (a) triethylsilylacetylene, Pd(PPh3)4, CuI,
Et2NH, 75%; (b) nBuLi, TESCl, THF, �78 �C to rt, 86%; (c) 4-ethynylpyridine-
hydrochloride, Pd(PPh3)4, CuI, Et2NH, 53%.


Scheme 3. Reagents and conditions: (a) NaH, BnCl, DMF, 0 �C to rt, 23%; (b)
Bis(pincolato)diboron, KOAc, Pd(dba)2, XPhos, dioxane, 110 �C, 95% -quant.
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Miyaura-coupling with various boronic acids or -esters. The
protecting group was quantitatively removed by subsequent acid-
ification of the reaction mixture with TFA or hydrochloric acid to
yield the desired 2,3-diaryl-substituted pyrrolo[3,2-b]pyridine-5-
carbonitriles 1a–e and 1g–p. The BOC-protecting group was indis-
pensable in this step, as unprotected 3-iodo-4-azaindoles failed to
undergo efficient Suzuki-type cross-coupling, showing dehalogen-
ation as major side reaction.17 Thus, employing two one-pot
routines we were able to prepare highly decorated 4-azaindoles
from quite simple starting materials.


An alternative approach was based upon Larock’s indole synthe-
sis. Via this route variable aryl substitution in the 2-position could
be efficiently explored. For the key cycloaddition step introduction
of an electron donating protecting group was indispensable.18


Therefore, iodo-aminopyridine 3 was reacted with dihydropyran
under Lewis-acid catalysis, yielding 6 quantitatively. The 4-azain-
doles 7 were prepared under Larock conditions with triethylsilyl-
protected alkynes 11 (vide infra).19 Thereby, traces of N-deprotec-
ted products were generated. This crude product mixture was trea-
ted with IPy2BF4 in the presence of an excess of triflic acid to
convert the TES-group to the corresponding iodides 8.20 The THP-
group was concurrently removed during this halogenation. Deriv-
atives 1q–y were achieved under standard Suzuki-coupling condi-
tions. It is noteworthy that this coupling works uneventfully
without N-protection on the indole. The 2,3-dipyridinyl-derivative
1f was yielded by Larock-reaction of 6 with symmetrically substi-
tuted ethyne 13 and subsequent acidic THP-group removal.


The alkynes 11a, 11b and 13, employed in the Larock reactions
with pyridine 6 were prepared according to known procedures
(Scheme 2).21


Iodobenzene 9 was converted to 11a via Sonogashira-coupling
with TES-ethyne, whereas 4-ethylnylpyridine and 4-iodopyridine
12 were coupled to ethyne 13, respectively. Ethynyl-benzene 10
was silylated with TES-chloride after deprotonation with n-BuLi,
to yield 11b.


Synthesis of the non-commercially available boronic acids 14a
and 14b employed in the final synthesis step for the derivatives
1u and 1v, respectively, were performed following a procedure
published by Buchwald et al. (Scheme 3).22


First, the structure activity relation of 4-azaindoles 1a–o with
different aryl-substituents in the 3-position is discussed, and their
c-Met-kinase inhibition activity is listed in Table 1. The phenyl-

derivative 1a shows an IC50-value of 2.09 lM, suggesting that
lipophilic moieties are preferred as substituents in the 3-position
of the 4-azaindole. The activity is maintained with the introduction
of a p-fluoro substitution (1b), but steadily decreases with increas-
ing size of the halogen (1a–d). Similarly, derivative 1e, bearing a
pseudohalogenic cyano substitution, is significantly less active.
The m-chloro-derivative 1g, exhibiting a 50-fold activity increase
compared to the phenyl derivative 1a, indicates that additional
halogen substituents are beneficial in this position. In case of the
m,m0-disubstituted derivatives (1i, 1j), the m-chloro, m0-fluoro-
derivative (1j) is about 7.5-fold more potent than 1i. But remark-
ably, when combining meta- and para-substitution (1k, 1l) the
chloro-substituent (1k) is about ninefold superior to the fluoro-
derivative (1l). However, the m-,p-dichloro-derivative 1h is







Table 2
c-Met inhibition activity of the 2-aryl-substituted 3-(4-fluorophenyl)-1H-pyrrolo[3,2-
b]pyridine-5-carbonitriles 1p–s


Compounds R2 IC50
a


1p nab


1q >10c


1r >10c


1s 0.33


a IC50 in lM.
b Inactive at 10 lM.
c Remaining activity >60% at 10 lM.


Table 1
c-Met inhibition activity of the 3-aryl-substitued 2-(pyridin-4-yl)-1H-pyrrolo[3,2-
b]pyridine-5-carbonitriles 1a–o


Compounds R1 IC50
a


1a 2.09


1b 1.95b


1c 10


1d >10c


1e >10c


1f nad


1g 0.04


1h >10c


1i 2.55


1j 0.34


1k 0.18


1l 1.59


1m >10c


1n nad


1o nad


a IC50 values represent average values from 2 to 4 measurements, and are defined
as the concentration (lM) resulting in 50% inhibition of activity, for assay condi-
tions see Ref. 23.


b Exemplary solubility data: (in water at pH 7.4): 1 lg/ml.
c Remaining activity >60% at 10 lM
d Inactive at 10 lM.


Table 3
c-Met inhibition activity of the 2-aryl-substituted 3-(3-chloro-4-fluorophenyl)-1H-
pyrrolo[3,2-b]pyridine-5-carbonitriles 1t–y


Compounds R2 IC50
a


1t >10b


1u 0.13


1v 5.57


1w >10b


1x >10b


1y >10b


a IC50 in lM.
b Remaining activity >60% at 10 lM.
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significantly less active. The compounds 1n and 1o, bearing an
amino-pyrimidinyl and a p-methylsulfonyl-phenyl substitution,
respectively, are inactive.

The potency of 1g became apparent when the optimization of
the 2-aryl-moiety with derivatives of 1b (see Table 2) and 1k
(see Table 3) was already ongoing.


Comparing the inactive phenyl-derivative 1p with the above-
mentioned pyridine-analog 1b the pyridine nitrogen is clearly
accountable for the lM activity. In case of an influencing
o-chloro-substituent (1q) the activity gain of the pyridine nitrogen
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is reduced. Derivative 1r, the pyridine-2-yl-isomer of 1b,24 cannot
sustain the activity, whereas introduction of a second meta-nitro-
gen (1s) obviously compensates this effect. Thus, 1s is about sixfold
more active than the pyridine-4-yl-analog 1b. In light of published
structures8 this effect is surprising. Obviously, this result cannot be
generally extrapolated, because the pyrimidinyl in position 2
together with a m-chloro,p-fluoro-phenyl-moiety in the 3-position
(1t, Table 3) reduces activity drastically, revealing subtle structure
activity relations.


Compounds 1u and 1v are based on 1k. Comparable derivatiza-
tion of the pyridine-moiety is known to be beneficial for similar
p38-kinase inhibitors.8 Introduction of a 2-aminopyridin-4-yl-moi-
ety in the 2-position of the azaindole has no effect on activity (1u)
evidencing that an o-amino-substituent is tolerated. Benzyl-substi-
tution in 1v, however, results in a 30-fold loss of activity compared
to 1k, showing that large lipophilic moieties are not tolerated in
this position.


The 2-aminopyridin-3-yl isomer 1x cannot maintain the activ-
ity (compared to 1u). This observation is consistent with the loss
of activity already noticed for the pyridine-3-yl-isomer 1r. Simi-
larly, the analogs 1w and 1y exhibit only weak inhibition activity.


Employing two different protocols based on identical starting
material various 2,3-diaryl-substituted 5-cyano-4-azaindoles
could be efficiently synthesized. The application of optimized pro-
tocols in one-pot procedures enabled a convenient synthesis of
highly decorated heterocycles. The compounds showed promising
inhibition activity of the c-Met RTK and led to the identification of
an inhibitor with an IC50 of 40 nM (1g).


Elucidation of the compounds’ selectivity profiles, particularly
discrimination of p38-kinases, is currently under investigation:
Preliminary screening of single compounds against a panel of 80
kinases revealed promising selectivities. Further studies compris-
ing improvement of activity and solubility enhancement are
currently ongoing in our group.
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60 �C for 15 h, set to pH 12 using dil NaOH and extracted with ethylacetate. The
combined organic phases were dried, evaporated and purified via flash-
chromatography (eluent: ethyl acetate to ethyl acetate/methanol 95:5) to yield
95.0 mg (0.287 mmol) of 3-(3-chlorophenyl)-2-(pyridin-4-yl)-1H-pyrrolo[3,2-
b]pyridine-5-carbonitrile 1g as a beige solid. Mp 267 �C. 1H NMR (300 MHz,
DMSO-d6): d 12.71 (s, 1H), 8.67 (d, J = 5.6 Hz, 2H), 8.00 (d, J = 8.2 Hz, 1H), 7.82
(d, J = 8.2 Hz, 1H), 7.55 (m, 1H), 7.51–7.36 (m, 5H). APCI-MS: m/z (%): 331 (100,
[M+H]+).


16. At room temperature under atmosphere compounds 5 show dehalogenation as
major decomposition reaction.


17. Without BOC-protection, product yields only less than 15% could be achieved
under various reaction conditions. Similar observations for Suzuki-couplings in
the 3-position of pyrroles are reported in the literature: Handy, S. T.; Bregman,
H.; Lewis, J.; Zhang, X.; Zhang, Y. Tetrahedron Lett. 2003, 44, 427. and citations
within.


18. During our studies towards the synthesis of electron-deficient 4- and 7-
azaindoles via Larock reaction the tetrahydropyranyl-moiety was found to be
highly enhancing reactivity of the aminopyridine. Results will be published
elsewhere.


19. The TES-group was used instead of TMS-protection, offering superior stability
during the Larock-reaction.


20. Barluenga, J.; Gonzales, J. M.; Garcia-Martin, M. A.; Campos, P. J.; Asencio, G. J.
Org. Chem. 1993, 58, 2058.


21. Larock, C.; Yum, E. K.; Refvik, M. D. J. Org. Chem. 1998, 63, 7652; Che, C.-M.; Yu,
W.-Y.; Chan, P.-M.; Cheng, W.-C.; Peng, S.-M.; Lau, K.-C.; Li, W.-K. J. Am. Chem.
Soc. 2000, 122, 11380.


22. Billingsley, K. L.; Barder, T. E.; Buchwald, S. L. Angew. Chem., Int. Ed. 2007, 46,
5359.


23. The assay is based on procedures described in: Hays, J. L.; Watowich, S. J. J. Biol.
Chem. 2003, 278, 27456; Wang, X.; Le, P.; Liang, C.; Chan, J.; Kiewlich, D.; Miller,
T. Mol. Cancer Ther. 2003, 2, 1085.


24. Synthesis of the 1-pyridinyl-isomer of 1r failed, leading to a complex reaction
mixture.
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A series of analogues of the PPARc ligand 15-deoxy-D -PGJ2 have been synthesized by functionaliza-
tion of a 5-alkyl-4-hydroxycyclopentenone core structure obtained by Piancatelli rearrangement of pre-
cursor furylcarbinol. Transient transactivation assays indicate that analogues 18 and 20 are selective
nanomolar agonists of PPARc. This subtype selectivity is lost in derivatives (23, 24) with an alkynyl
(oct-1-yn) chain at the C3 position, although the cyclopentenone derivative with cis relative configuration
(23) showed greater affinity for PPARa.


� 2009 Elsevier Ltd. All rights reserved.
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Peroxisome proliferator-activated receptors (PPARs)1,2 are
members of the nuclear hormone receptor superfamily.3 Upon
activation by a ligand, these proteins act as transcription factors,
regulating multiple physiological pathways including reproduc-
tion, growth, differentiation, development, energy metabolism
and homeostasis.1,2 The PPAR subfamily comprises three subtypes
(a, c and d) that exhibit different tissue distribution and physiolog-
ical function. Each subtype plays a defined role in lipid, lipoprotein
and glucose homeostasis.2 PPARa (NR1C1) is highly enriched in the
liver and other tissues involved in lipid oxidation; upon binding its
ligands, such as the fibrates, the activated complex stimulates lipid
metabolism downregulating or upregulating genes involved in
fatty acid uptake and degradation, and in reverse cholesterol trans-
port. PPARc (NR1C3) is highly expressed in adipose tissue, macro-
phages and vascular smooth muscles and acts as regulator of
adipocyte differentiation and other processes that affect energy
metabolism. Together, the a and c subtypes regulate the balance
between catabolism and storage of long-chain fatty acids. The
PPARd subtype (NR1C2),4 which is ubiquitously expressed, is a po-
tent transcriptional repressor4a that inhibits the ligand-induced
transcriptional activity of PPARa and PPARc. Its activation by a li-
gand increases HDL cholesterol levels, exerts glycemic control and
improves glucose tolerance and insulin resistance in ob/ob mice.4b


Recent work with selective ligands has contributed to unveil the
pleiotropic pharmacology of the PPAR subtypes, and confirmed
that their activities extend beyond metabolic homeostasis to the
treatment of inflammation, cancer and neurodegeneration.1–3

ll rights reserved.

Therefore, in addition to being relevant biological tools, ligands
selective for a particular PPAR subtype hold great therapeutic po-
tential.5 In this regard, synthetic PPARc agonists such as the anti-
(type II)diabetic thiazolidinedione drugs (TZDs) rosiglitazone 1
and pioglitazone 2 (Fig. 1) induce adipocyte gene expression and
stimulate their differentiation in cell culture,6 although their use
is not free from associated side effects, namely body weight gain
(including heart weight of rodents), adipose tissue proliferation
and fatty acid changes in bone marrow, and also cardiovascular
risks.7


The identity of the physiological ligand for PPARc remains a
matter of controversy. Some natural ligands with fatty acid and
eicosanoid skeletons are known to bind to and activate PPARc at
micromolar concentrations.8–10 These include linoleic acid, linole-
nic acid, arachidonic acid, eicosapentaenoic acid (EPA), and metab-
olites of the 15-lipoxygenase pathway such as 9-HODE and 13-
HODE.8 The most potent natural PPARc ligand is the prostaglandin
derivative 15-deoxy-D12,14-PGJ2 3 (Fig. 1),9 which induces differen-
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Figure 1. Antidiabetic glitazones (1, 2), 15-deoxy-D12,14-PGJ2 3 and analogues 4.
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tiation of adipocytes at low micromolar concentrations and re-
presses the expression of several genes in activated macrophages,
including iNOS (NO synthase) and TNFa.10a Although this metabo-
lite has been considered an endogenous ligand of PPARc, and as
such might exert some of its effects via receptor binding and trans-
activation, activities that appear to be independent of PPARc bind-
ing are increasingly being discovered.10b The functional studies are
however limited by the instability of the ligand, which is even
greater than that of common prostaglandins since the bis-unsatu-
rated alkylidenecyclopentenone structure of 15-deoxy-D12,14-PGJ2


3 renders this compound particularly prone to Michael addition.
In fact, covalent binding of 3 to PPARc by addition of a sulfahydryl
of a cysteine (Cys285) residue of the LBP to the unsaturated ketone
has been demonstrated.11


In order to fully exploit the therapeutic potential of these PG-re-
lated compounds, more stable cyclopentenones that retain PPAR
transcriptional activity are highly desirable. We report herein the
preparation of a series of PPAR ligands with cyclopentenone core
structure (compounds 4) having substituents at C3 and C5 as well
as a x-4-alkoxy carboxylic acid side chain. Transient transactiva-
tion studies confirmed the PPARc activation profile of the C3-iod-
ocyclopentenones, which are nanomolar agonists, thus
considerably more potent than ligand 3. This activity is largely
independent of the relative configuration of the 4,5-disubstituted
cyclopentenone ring but is very sensitive to the substitution of
the iodine atom by a hydrogen or a long alkynyl chain.


The synthetic sequence started with the preparation of trans-5-
heptyl-4-hydroxycyclopentenone 8 from alcohol 7 (the addition
product of heptylmagnesium bromide 6 to furfural 5) according
to the procedure described by Piancatelli.12 The transformation of
7–8 involves the rearrangement of a hydroxypentadienyl carbocat-
ion through a Nazarov-type electrocyclic reaction.13 In practice, 2-
furylcarbinol 7 was heated to 65 �C for 48 h in the presence of sub-
stoichiometric quantities of polyphosphoric acid in a 2:1 (v/v) ace-
tone/H2O mixture. Variable amounts of the starting material were
partially recovered and recycled. The corrected yield of the trans-
formation was 50%. The direct alkylation of the C4-hydroxy group
of 8 was unsuccessful, and all our attempts led to the rearrange-
ment product with the isomeric 2-alkyl-4-hydroxycyclopentenone
skeleton.12,14 Therefore, protection of 8 as silyl ether 9 with
TBDMSCl/DMAP and Et3N15 in CH2Cl2 was followed by a-iodin-
ation to 10 upon addition of a solution of iodine in a CH2Cl2/pyri-
dine mixture16 to a cooled (0 �C) solution of 9 (87% yield).
Reduction of the carbonyl group required the use of excess Luche’s
reagent (NaBH4, CeCl3�7H2O in MeOH).17 The diastereomeric alco-

O
OH


O


OH
O CHO


6


7 8


6
a b c


O


OTBDMS
9


6


O


OTBDMS
10


6
d I


OH


OTBDMS
11


6


e


I +


OH


OTBDMS
12


6
I


OH


OTBDMS
13


6
I+


5
6


BrMg


5


Scheme 1. Reagents and reaction conditions: (a) Mg, 1-bromoheptane, diethyl
ether, reflux; then 25 �C, 2 h (85%); (b) PPA, acetone/H2O (2:1 v/v), 65 �C, 48 h (50%
brsm); (c) TBDMSCl, Et3N, DMAP, CH2Cl2, 0–25 �C, 12 h (81%); (d) I2, pyridine/
CH2Cl2, 0–25 �C, 2 h (87%); (e) NaBH4, CeCl3�7H2O, MeOH, 0 �C, 2 h [11 (64%), 12
(9%), 13 (14%)].

hols (1S*,4S*,5R*)- and (1R*,4S*,5R*)-11 were obtained in a 1:1 ratio
accompanied by small amounts of products 12 and 13 resulting
from overreduction (Scheme 1) (87% overall yield). The inseparable
mixture of diastereomers 11 was carried on through the following
steps.


O-alkylation was achieved by treatment18 of 11 with tert-butyl
6-iodohexanoate 1419 in DMF at 0 �C (79%). Desilylation was car-
ried out using a solution of n-Bu4NF in THF at 25 �C for 10 h, afford-
ing the mixture of alcohols 16 in 99% yield (Scheme 2). Oxidation
of 16 with PDC20 in CH2Cl2 required stirring for 12 h at 25 �C
(94%) and the mixture of ketones 17 and 19 was separated at this
stage by column chromatography.21 Hydrolysis of the tert-butyl es-
ters 17 and 19 was carried out with TFA,22 affording carboxylic
acids 18 and 20, respectively, in high yields. Copper-promoted
Stille cross-coupling23 [(CH3CN)2PdCl2, CuI, AsPh3, NMP, 80 �C,
40 min] with the stannane 21 derived from oct-1-yne24 provided
enynes 22 and 24, in 89% and 95% yields, respectively. Hydrolysis
with TFA produced carboxylic acids 23 and 25 in quantitative yield.


The activity of the cyclopentenones as PPAR ligands was mea-
sured in transactivation assays in a cellular context that is more
representative of a physiological response than a binding assay.
We used a reporter assay with genetically engineered HeLa cell
lines that had been stably cotransfected with a chimeric receptor
construct and the cognate reporter gene to evaluate the effects of
the described cyclopentenones on PPARa, PPARd, and PPARc-med-
iated transactivation. The system is based on fusion proteins,
which consist of the ligand-binding domain of the corresponding
receptor and the DNA-binding domain of the yeast Gal4 transcrip-
tion factor. The cells also contain stably integrated luciferase
reporters, which are controlled by five Gal4 response elements in
front of a minimal b-globin promoter; these are referred to as re-
porter genes ‘(17mer)5-bGlob-Luc-SVNeo and Gal-PPAR[DE-
F](a,d,c)-puro’. In this assay, the activation or inhibition of
receptors by an agonist (activator) or an inverse agonist (inhibitor)
in the cells leads to the induction/repression of the luciferase re-
porter gene which generates light in the presence of the substrate.
The synthesized compounds were evaluated in 96-well plates ver-
sus a reference ligand (Fig. 2): GW9578 26 for PPARa, GW501516
27 for PPARd, and rosiglitazone 1 (BRL49653) for PPARc. Dose
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Scheme 2. Reagents and reaction conditions: (a) NaH, DMF, �10 �C to 0 �C, 4 h
(79%); (b) n-Bu4NF, THF, 25 �C, 10 h (99%); (c) PDC, CH2Cl2, 0–25 �C, 12 h [17 (47%),
19 (47%)]; (d) TFA, 25 �C, 5–10 min [18 (99%), 20 (83%), 23 (99%), 25 (99%)]; (e)
(CH3CN)2PdCl2, AsPh3, CuI, NMP, 80 �C, 40 min [22 (89%), 24 (95%)].
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Figure 2. Structures of PPAR reference agonists (26, 27), the non-iodinated
cyclopentenones 28 and 29, and ligands GW4331 30 and analogue rac-31.


Figure 3. Superimposition of the docking solution for cyclopentenones 18 (in
yellow) and 20 (in blue).


M. Paz Otero et al. / Bioorg. Med. Chem. Lett. 19 (2009) 1883–1886 1885

response curves were constructed and the concentration at which
50% of the maximal activation is achieved was calculated. The EC50


values of each compound expressed in nM for the three PPAR sub-
types (a,d,c) is shown in Table 1.


The diastereomeric C3-iodocyclopentenones 18 and 20 exhib-
ited nanomolar affinities for the PPARc subtype, with the cis iso-
mer 18 transactivating exclusively through PPARc. There is a
change in subtype selectivity for the C3-alkynylsubstituted deriva-
tives 23 and 25, which showed a higher affinity for PPARa, with 23
exhibiting greater discrimination among subtypes than reference
agonist GW9578 26. Moreover 25 retains some of the PPARd activ-
ity of iododerivative 20, which might be associated to the trans rel-
ative configuration of the substituents at the cyclopentenone core
in both structures. The effect of the halogen is most pronounced,
since the non-iodinated analogues 28 and 29 (Fig. 2, synthesis
not shown) exhibited weak affinity for all the PPAR subtypes (Table
1).


We then addressed by Molecular Docking the interaction of the
potent and selective ligands 18 and 20 with PPARc. Understanding
the structural factors responsible for the subtype selectivity is not a
trivial endeavor in these nuclear receptors, since the Y-shaped LBP
of the PPAR subtypes is a large domain25 and thus capable of bind-
ing a variety of synthetic ligands and fatty acids (and even two
fatty acids simultaneously26) in alternative conformations as
shown in several crystal structures.27 First, the geometry of the li-
gands was optimized using the ab initio quantum chemistry pro-
gram GAUSSIAN 0328 and the B3LYP/6-31G* basis set, in conjunction
with the Stuttgart/Dresden—relativistic-effective core potential
for iodine. The choice of the PPARc-(R)-31 complex crystal struc-
ture (PDB code 2i4j)27c was prompted by the presence in 31, an
analogue of ureidofibrate GW2331 30, of an alicyclic chain con-
nected to a five-membered ring core, which is also found in ligands
18 and 20. The genetic algorithm29 implemented in AutoDock30


with the target PPARc crystal structure upon removal of the ligand
(R)-31 was used to generate different PPARc-cyclopentenone 18/
20 conformers by randomly changing torsion angles and the over-
all orientation of the molecules. A volume for exploration was de-
fined in the shape of a three-dimensional cubic grid with a spacing
of 0.3 Å that enclosed the residues that are known to constitute the
ligand-binding pocket. At each grid point, the atomic affinity
potentials for the carbon, oxygen, iodine and hydrogen atoms pres-
ent in 18/20 were pre-calculated for rapid intra- and intermolecu-
lar energy evaluation of the docking solutions. To obtain additional
validation of the proposed binding mode for the ligand, GRID31 was
also used to search for sites on the receptor that could be comple-
mentary to the functional groups present in the ligand. For the
GRID calculations, a 18 Å � 21 Å � 21 Å lattice of points spaced at
0.5 Å was established at the binding site, with C3 (CH3 group),
COO- (aliphatic carboxylate) and I (iodine) as probes, and dielectric
constants of 4.0 for the macromolecule and 80.0 for the bulk water.

Table 1
PPAR-transcriptional activities (EC50 in nM) of cyclopentenones and reference
agonists


Compound PPARa PPARd PPARc


18 NAa,b NA 60
20 1000 500 30
23 500 NA 4000
25 500 2000 8000
28 NDc 2000 2000
29 1000 NA 4000
GW9578, 26 250 1000 250
GW501516, 27 NA 8 NA
Rosiglitazone, 1 NA NA 15


a NA: not active.
b Activity cut-off: >10,000.
c ND: not determined.

A variety of binding modes were found by the automated dock-
ing method in the region delimited for exploration, but the major-
ity were judged as unproductive. The highest score for the docking
pose PPARc-18 and PPARc-20 was selected as representative
(Fig. 3). The docking was validated by the GRID maps.32


Iodocyclopentenones bind in a similar orientation than other
PPARc inhibitors like the ureidofibrate derivatives 31 (in this case,
whereas the R enantiomer is a full agonist, the S enantiomer is a
partial agonist in transient transactivation assays).27c The carbox-
ylic acid establishes contacts with Tyr473 and His323 (Fig. 3) as well
as with His449 and Ser289 (not shown for clarity). Diastereomer 20
shows an opposite orientation of the alkyl chain relative to 18,
pointing towards the region that other fatty acid ligands such as
DHA occupy (see S.I.).


This binding mode moreover explains the drastic reduction of
activity of the derivatives with an alkyne substituent in place of
the halogen atom at C3 since the halogen points towards a rather
restricted region. The fact that the non-iodinated cyclopentenones
28 and 29 show also reduction in binding affinity despite their
smaller size suggests instead the likely involvement of stabilizing
‘halogen bonds’33 or charge-transfer complex from binding pocket
heteroatom lone pairs (Lewis base) to the halogen (Lewis acid). A
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recent thermodynamic study has highlighted the role of the ligand
halogen atoms (identity and position) on protein–ligand binding
parameters.34


In conclusion, these preliminary results establish proof-of-prin-
ciple that more stable analogues of 15-deoxy-D12,14-PGJ2 3 with
cyclopentenone structure35 can be generated that exhibit PPARc-
subtype selectivity and greater potency than the native ligand.
Since the synthetic scheme allows for the straightforward incorpo-
ration of additional substituents at C3 (other halogens, alkyl, alke-
nyl, aryl or alkynyl group via Pd-catalyzed cross-coupling
reactions) a greater number of PPARc ligands are being prepared,
aided by molecular modeling, in order to better define the require-
ments of the PPAR subtype selectivity in these series.
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A sequence of substituted benzophenone-N-ethyl piperidine ether analogues has been synthesized and
evaluated as orally active anti-inflammatory agents with reduced side effects. The anti-inflammatory
and ulcerogenic activities of the compounds were compared with naproxen, indomethacin, and phenyl-
butazone. These analogues showed an interesting anti-inflammatory activity in carrageenan-induced foot
pad edema assay. In the air-pouch test, some of the analogues reduced the total number of leukocytes of
the exudate, which indicates inhibition of prostaglandin production. Side effects of the compounds were
examined on gastric mucosa, in the liver and stomach. None of the compounds illustrated significant side
effects compared with standard drugs like indomethacin and naproxen.


� 2009 Elsevier Ltd. All rights reserved.

Inflammation is the complex biological response of vascular tis-
sues to harmful stimuli, such as pathogens, damaged cells, or irri-
tants.1,2 Symptoms of inflammation include pain, swelling, red
coloration to the area, and sometimes loss of movement or func-
tion.3 The potent mediators of inflammation are derivatives of ara-
chidonic acid a 20-carbon unsaturated fatty acid produced from
membrane phospholipids.4 The principal pathways of arachidonic
acid metabolism are the 5-lipoxygenase pathway, which produce
a collection of leukotrienes and cyclooxygenase (COX), the key en-
zyme required for the conversion of arachidonic acid to prostaglan-
dins.5 COX was first identified over 20 years ago and drugs that
inhibit COX activity have been available to the public for about
100 years.6 In the past decade, however, more progress has been
made in understanding the role of COX enzymes in biology and dis-
ease than at any other time in history.7,8 Pharmacological inhibi-
tion of COX can provide relief from the symptoms of
inflammation and pain.9 Two COX isoforms have been identified
and are referred to as COX-1 and COX-2.5 Both COX are constitu-
tively expressed in most tissues, but COX-2, in contrast to COX-1,
is the mitogen inducible isoform.10,11 COX isoforms are almost
identical in structure but have important differences in substrate
and inhibitor selectivity and in their intracellular locations.12


COX is the principal target of nonsteroidal anti-inflammatory drugs
(NSAIDs) and metabolites of the COX pathway are widely accepted
as mediators of the inflammatory response. NSAIDs blocks the for-

ll rights reserved.


num).

mation of prostaglandins and have anti-inflammatory, analgesic,
and antipyretic activity.8


The proficiency of piperidine analogues as chemotherapeutic
agents, in particular anti-inflammatory agents are well docu-
mented.13,14 Scientist has explored anti-proliferative and anti-
inflammatory activities of phenylpiperidine analogues which is
comparable or slightly inferior to that of standard drug.15 For in-
stance, piperidine ureas display an unprecedented combination
of potency and selectivity for use as potential analgesic and anxio-
lytic agents.16 Recently synthesis, anti-inflammatory activity and
structure–activity relationship of a series of trialkyl-piperidine
analogues were performed.17


Benzophenones, the precursor for the synthesis of the title com-
pounds are essential due to their diverse biological and chemical
properties. For instance, these analogues possess a high analge-
sic.18 efficacy and also endowed with anti-inflammatory property.7


Several attempts to derive COX-2 selective inhibitors from NSAIDs
like benzophenone analogue8 have been published and are indi-
cated in the treatment of rheumatoid arthritis, ankylosing spondy-
litis, and osteoarthritis. The literature investigation reveals that no
endeavor was proposed toward the designing of benzophenone-N-
ethyl piperidine ether analogues to verify the importance of title
compounds on the pharmacological activity. Based on this infor-
mation and in our search for new molecules with anti-inflamma-
tory activity,19,20 it was considered valuable to synthesize
benzophenone-N-ethyl piperidine ether analogues (5a–j) as anti-
inflammatory agents as explained below, for a rational study of
the structure–activity relationships.
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Chemicals were purchased from Aldrich Chemical Co. TLC
was performed on aluminium-backed silica plated with visuali-
zation by UV-light. Melting points were determined on a Tho-
mas Hoover capillary melting point apparatus with a digital
thermometer. IR spectra were recorded in Nujol on FT-IR Shima-
dzu 8300 spectrometer and 1H NMR spectra were recorded on a
Bruker 300 MHz spectrometer in CDCl3. Chemical shifts were
recorded in parts per million downfield from tetramethylsilane.
Mass spectra were obtained with a VG70-70H mass spectrome-
ter and elemental analysis results are within 0.4% of the calcu-
lated value.


The synthetic sequence is outlined in Scheme 1. To 2-methyl-
phenol (1, 13.9 mmol), corresponding benzoyl chlorides (2a–j,
13.9 mmol) were added with constant stirring. The reaction mix-
ture was cooled to 0 �C, made alkaline by adding 10% sodium
hydroxide solution and stirring was continued for about 1 h. The
separated oil was extracted with ether (3 � 20 ml), the organic
layer was washed with 10% sodium hydroxide solution
(3 � 15 ml) and with distilled water (3 � 30 ml). Finally, the organ-
ic layer was dried over anhydrous sodium sulfate and ether was re-
moved to afford substituted 2-methylphenyl benzoates (3a–j).


Substituted hydroxy benzophenones (4a–j) were synthesized
by Fries rearrangement of 3a–j. A mixture of anhydrous aluminum
chloride (6.1 mmol) and 3a–j (4.1 mmol) was heated over oil bath
at 80–90 �C for 45 min. At the end of this period the solution was
cooled and decomposed by ice-cold water. The residual solid was
crushed into powder, dissolved in ether (40 ml) and extracted with
10% sodium hydroxide (3 � 30 ml). The basic aqueous solution was
neutralized with 10% hydrochloric acid. The filtered solid was
washed with distilled water (3 � 30 ml) and recrystallized from
ethanol to afford 4a–j.
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c: R1=CH3, R2=R3=H          


e: R1=R2=H, R3=CH3         


g: R1=R2=H, R3=OCH3
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Scheme

A mixture of 4a–j (2.06 mmol) and 1-(2-chloroethyl) piperidine
hydrochloride (2.06 mmol) in presence of anhydrous potassium
carbonate (5.15 mmol) and dimethyl sulfoxide (10 ml) was re-
fluxed for 9 h then cooled. The residual mass was triturated with
ice water to remove potassium carbonate and dimethyl sulfoxide
and extracted with ethyl acetate (3 � 20 ml). The ethyl acetate
layer was washed with saturated sodium chloride solution
(3 � 20 ml), 10% sodium hydroxide solution (3 � 20 ml) followed
by distilled water (3 � 30 ml) and then dried over anhydrous so-
dium sulfate. Finally the ether layer was evaporated to dryness
to get crude product, which on recrystallization with ethanol gave
pasty mass of the title compounds 5b–j. The compounds 3a–j,21


4a–j,22 and 5a–j23 were characterized by IR, 1H NMR, and mass
spectrophotometer.


Biological evaluation of compounds: All the animal experiments
with Albino mice were carried out at Farooqia College of Pharmacy,
Mysore and permission for conducting these animal experiments
was obtained from institutional Animals Ethics Committee
(1848/06-07). The animals were housed in groups of six and accli-
matized to room conditions for at least 2 days before the experi-
ments, with food and water at libitum. The food was withdrawn
on the day before the experiment, but free access to water was al-
lowed. The compounds (100 mg/kg) and the reference NSAIDs,
phenylbutazone (100 mg/kg), indomethacin (10 mg/kg), and na-
proxen (30 mg/kg), were suspended in 0.5% carboxymethylcellu-
lose (CMC) and administered orally by animal feeding needle.
The control groups received appropriate volumes of the vehicle
(0.5% CMC, oral) only.


Anti-inflammatory activity–carrageenan paw edema test
(CPE):24,25 One hour after oral administration of the compounds,
the thickness of right hind paw was measured by a peacok dial
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thickness gauge and 0.1 ml 2% carrageenan was injected subcuta-
neously into the plantar surface of the right hind paw. After 2 h,
the volume of the edema was measured again and the anti-ede-
matic effects of the drugs were estimated in terms of percent inhi-
bition using following equation:


Anti-inflammatory activity ð%Þ ¼ ðm�m0Þ
m


� �
� 100


where m and m0 indicate the difference in thickness between the
first and second measurements of hind paws in control and test
groups, respectively.


Air-pouch test:26–28 The carrageenan powder was dissolved in
saline to a concentration of 10 mg/ml. The solution was sterilized
and homogenized by placing it in an oven at 90 �C for about 1 h.
It was then maintained at 37 �C. Air pouches were formed by sub-
cutaneous (sc) injection of 1 ml of air for 3 days. On the third day,
after the initial injection of air, carrageenan solution (1 ml) was in-
jected into the air-pouch to induce inflammation. Compounds
were administered orally 1 h before injection of the carrageenan
into the pouch. After 4 h, mice were killed by ether exposure and
pouches washed thoroughly with 3 ml of phosphate buffer solu-
tion (PBS) containing 50 l/ml heparin. Lavage fluids were centri-
fuged at 2000 rpm for 15 min at 4 �C and the pellet was
resuspended in 1 ml of PBS-heparin. The total number of polymor-
phonuclear leukocytes (PMNL) infiltration was measured using a
Coulter Counter.


Histopathological examination: Mice were sacrificed 4 h after the
paw edema experiments and their liver, stomach, and kidneys
were removed and put into 10% formalin solution. The sections ta-
ken from these specimens were stained with hematoxilen eosine
and examined under the light microscope.


The pharmacological results (Table 1) indicate that some of the
compounds possess anti-inflammatory properties. In the CPE as-
say, compounds 5a, 5b, 5d, 5f, 5g, and 5i showed anti-inflamma-
tory activity. The most effective compounds were 5a, 5d, and 5f
which have a bromo, chloro, and fluoro, respectively, group at para
position in benzoyl moiety. Compound 5b with chloro groups at
meta position, 5g with a methoxy group at para position and 5i
with a bromo group at ortho position, in benzoyl moiety, showed
promising activity whereas compounds 5c with a methyl group
at ortho position, 5h with a methyl group meta position and 5j with
no substituent in benzoyl moiety showed only weak activity com-
pared to standard. In addition to the synthesis and identification of

Table 1
Anti-inflammatory activity of compounds 5a–j


Compd 100 mg/kg CPE (% inhibition SE)a PMNL (105/cm3)
(n = 6, after 4 h)b


Control — 122.40 4.06
5a 67.51 9.26c 31.75 0.75
5b 51.42 3.97c 56.26 0.37
5c 35.62 1.21d 69.51 0.96
5d 60.60 8.54c 32.41 3.14
5e n.a n.t
5f 68.70 9.55c 30.15 0.77
5g 51.42 3.97c 56.26 0.37
5h 15.45 1.67d 104.76 1.56
5i 51.41 3.98c 56.25 0.38
5j 22.44 3.08d 95.25 0.80
Naproxen (30 mg/kg) 66.90 1.70c 49.20 1.30
Phenylbutazone (100 mg/kg) 53.28 1.84c 53.28 1.71
Indomethacin (10 mg/kg) 32.11 1.39c 68.81 1.80


PMNL, polymorphonuclear leucocytes; n.a.: no activity; n.t: not tested.
a Results are expressed as their mean values (n = 6).
b Mean SEM (n = 6).
c p < 0.01.
d p < 0.05.

new anti-inflammatory compounds, it is desirable to search for a
new series of compounds with low ulceration potential. Our results
show that the newly synthesized compounds reduce leukocytes,
which suggests inhibition of PG synthesis. COX-1, is constitutively
expressed in most tissues and appears to be relevant for tissue
homeostatic functions of PGs, whereas COX-2 is an inducible iso-
zyme and plays a role in many inflammatory reactions.11 The en-
zymes are the primary targets of aspirin and other NSAIDs and
thus are of major interest in pharmacology, pharmacogenetics,
and epidemiology. NSAIDs have several potential pharmacologic
effects. However, their anti-inflammatory action depends primar-
ily on their ability to inhibit the COX enzymes.29 This results in
the decreased production of pro-inflammatory PGs. Macrophages
is known to produce PGE2 via the COX-2 dependent pathway in re-
sponse to pro-inflammatory cytokines. Furthermore, rat peritoneal
macrophages have been recently found to have the capacity to
metabolize exogenous arachidonic acid to thromboxane via COX-
1 and to PGE2 via COX-2.30 This observation suggested that there
is a preferential, phase-specific correlation between the two COX
isoforms and the downstream respective terminal PG synthases.


Previous work has shown that the inflammatory effect of carra-
geenan is due to an influx of predominantly neutrophilic leuko-
cytes (predominantly PMNL) from blood circulation into the
cavity. In addition, leukocyte migration is induced locally in the
inflammatory process and leukocytes also intensify inflammation
by releasing several inflammatory mediators. The method is used
for measuring the edema induced by injection of carrageenan into
the pouches in mice back. Air-pouches were highly reactive to
inflammatory stimulus. The enhanced inflammatory reactions in
the sites correlated with formation of lining tissue, the type of cells,
and/or the reactivity of newly formed blood cells.26,27,31,32 Mean
leukocyte numbers per milliliter of exudates for each drug com-
pared with control values obtained from similar group of animals
receiving vehicle alone and the degree of inflammatory response
produced in the air pouch cavity was assessed by measuring total
cell number of the exudates. Compounds 5a, 5d, and 5f reduced to-
tal number of leukocytes of the exudates. The reduction of leuko-
cytes suggests inhibition of PG production. Compounds 5a, 5d,
and 5f were inhibited PMNL production compared with control
and reference compounds 4–4.5 and 1–1.4-fold greater, respec-
tively (Table 1).


The ulcerogenic potential of anti-inflammatory compounds can
be demonstrated in animal models using positive (naproxen, ido-
methacin) and negative (phenylbutazone) controls. Upon micro-
scopic examination, lesions seen in the stomach, kidney and liver
tissues are graded according to their severity. The grade of the
scale is designed as (+) for mild (++) for moderate and (+++) for se-
vere changes. Stomachs of the mice are thoroughly sectioned and
both corpus and antrum are evaluated. Surface epithelium and
the lamina propria of the gastric mucosa are all examined. Acute
gastritis may exist in an earlier or milder non-erosive form with
merely mucosal congestion, edema and histological evidence of
inflammation. These earlier changes are known to be transient
and completely reversible within few days, but the development
of erosions and hemorrhages is more serious and related to an in-
creased risk of major upper gastrointestinal bleeding. In our study,
the animals were sacrificed 4 h after ingestion of the drugs. None of
the sections displayed the morphology of the ulceration, but the
non-erosive form of acute gastritis was observed in various degrees
of severity with compounds 5b, 5c, 5e, 5h, and 5j (Table 2). Upon
microscopic examination of the kidney sections, the morphologic
mononuclear cell infiltrations were characteristic for tubulointer-
stitial nephritis. The presence of some scattered eosinophil leuko-
cytes also provided evidence for the drug effect. Focal areas
displaying variable but generally mild degree of tubular regenera-
tion were also present. Acute pyelonephritis should be considered







Table 2
Histopathological examination results of compounds 5a–j


Compd (100 mg/kg) p.o. Kidney Stomach Liver


Edema Infected cell (MNL) Gastritis Fatty change Acute hepatitis/spotty necrosis Cholestasis


5a � � � � � �
5b � + � ++ + �
5c � � � ++ ++ ++
5d � � � � � �
5e � � � � ++ �
5f � � � � + �
5g � � + � + �
5h � ++ ++ + � �
5i � � + � � �
5j � � ++ + + +
Indomethacin (10 mg/kg) ++ + +++ ++ ++ �
Naproxen (30 mg/kg) + + + + +++ �
Phenylbutazone (100 mg/kg) � � � � � �


�, no; +, mild; ++, moderate; +++, severe side effects.
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in the differential diagnosis of the tubulointerstitial nephritis, but
none of our samples showed interstitial suppurative (inflammation
with polymorphonuclear leukocytes) inflammation with microab-
scesses. Therefore, the renal morphologic findings reflect the ef-
fects of the compounds. Liver tissues were also examined
thoroughly and the integrity of the basic structure, degree of lobu-
lar and portal inflammation and the presence or absence of necro-
sis, fatty change or cholestasis were evaluated. NSAIDs such as
phenylbutazone33 and naproxen34 are known to cause acute or
chronic hepatitis, confluent or spotty necrosis, cholestatic hepatitis
and/or fatty change. This shows the importance of examining the
liver tissues to better assess the safety of NSAIDs. In compounds
5b, 5c, 5h, and 5j (moderate, ++) showed macro and microvesicular
fatty change and several scattered mild (+) focal spotty necrosis.
Multiple foci of spotty necrosis (moderate ++) was seen with com-
pounds 5c and 5e. Cholestatic hepatitis was observed for com-
pounds 5c and 5j (Table 2).


In conclusion, a new sequence of benzophenone N-ethyl piper-
idine ether analogues exhibiting anti-inflammatory activity was
synthesized. Halo compounds, with a bromo group (5a), fluoro
group (5d), and chloro group (5f), at para position showed signifi-
cant anti-inflammatory profile with low gastric ulceration inci-
dence as compared with similar toxic profiles for reference non
NSAIDs in the liver.
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27.74 g (92%). IR (Nujol): 1770 cm�1 (ester, C@O); 1H NMR (CDCl3): d 2.3 (s, 3H,
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4.82; F, 8.25. Found: C, 73.13; H, 4.75; F, 8.12. Compound 3e: IR (Nujol):
1760 cm�1 (ester, C@O); 1H NMR (CDCl3): d 2.2–2.5 (d, 6H, 2CH3), 6.95–7.43
(m, 8H, Ar-H). Anal. Calcd for C15H14O2 (226): C, 79.62; H, 6.24. Found: C,
79.51; H, 6.16. Compound 3f: IR (Nujol): 1735 cm�1 (ester, C@O); 1H NMR
(CDCl3): d 2.15 (s, 3H, CH3), 6.9–7.5 (m, 7H, Ar-H). Anal. Calcd for C14H10Cl2O2


(281): C, 59.81; H, 3.59; Cl, 25.22. Found: C, 59.72; H, 3.66; Cl, 25.15. Compound
3g: IR (Nujol): 1750 cm�1 (ester, C@O); 1H NMR (CDCl3): d 2.2 (s, 3H, CH3), 3.75
(s, 3H, OCH3), 6.8–7.65 (m, 8H, Ar-H). Anal. Calcd for C15H14O3 (242): C, 74.38;
H, 5.78. Found: C, 74.34; H, 5.75. Compound 3h: IR (Nujol): 1720 cm�1 (ester,
C@O); 1H NMR (CDCl3): d 2.2–2.4 (d, 6H, 2CH3), 6.85–7.5 (m, 8H, Ar-H). Anal.
Calcd for C15H14O2 (226): C, 79.62; H, 6.24. Found: C, 79.44; H, 6.10. Compound
3i: IR (Nujol): 1710 cm�1 (ester, C@O); 1H NMR (CDCl3): d 2.2 (s, 3H, CH3),
6.95–7.4 (m, 8H, Ar-H). Anal. Calcd for C14H11BrO2 (291): C, 57.76; H, 3.81; Br,
27.45. Found: C, 57.59; H, 3.81; Br, 27.29. Compound 3j: IR (Nujol): 1765 cm�1


(ester, C@O); 1H NMR (CDCl3): d 2.2 (s, 3H, CH3), 6.75–7.55 (m, 9H, Ar-H). Anal.
Calcd for C14H12O2 (212): C, 79.22; H, 5.70. Found: C, 79.05; H, 5.79.


22. Compound 4a: mp 166–168 �C; IR (Nujol): 1640 (C@O), 3515–3630 cm�1 (OH);
1H NMR (CDCl3): d 2.1 (s, 3H, CH3), 6.9–7.4 (m, 7H, Ar-H), 9.0 (br s, 1H, OH); EI-
MS: m/z 290 (M+, 84), 292 (M+, 81), 289 (100), 291 (94), 135 (56), 107 (51).
Anal. Calcd for C14H11BrO2 (291): C, 57.73; H, 3.78; Br, 27.49. Found: C, 57.67;
H, 3.88; Br, 27.39. Compound 4b: mp 158–160 �C; IR (Nujol): 1660 (C@O),
3515–3625 cm�1 (OH); 1H NMR (CDCl3): d 2.2 (s, 3H, CH3), 6.9–7.35 (m, 7H, Ar-
H), 9.3 (br s, 1H, OH); EI-MS: m/z 246.5 (M+, 86), 245.5 (100), 135 (57), 107
(52). Anal. Calcd for C14H11ClO2 (246.5): C, 68.15; H, 4.46; Cl, 14.40. Found: C,
68.11; H, 4.42; Cl, 14.36. Compound 4c: mp 156–158 �C; IR (Nujol): 1660
(C@O), 3520–3610 cm�1 (OH); 1H NMR (CDCl3): d 2.3 (s, 6H, 2CH3), 6.95–7.65
(m, 7H, Ar-H), 9.25 (br s, 1H, OH); EI-MS: m/z 226 (M+, 87), 225 (100), 135 (56),
107 (51). Anal. Calcd for C15H14O2 (226): C, 79.62; H, 6.24. Found: C, 79.75; H,
6.38. Compound 4d: mp 130–132 �C; IR (Nujol): 1670 (C@O), 3570–3665 cm�1


(OH); 1H NMR (CDCl3): d 2.0 (s, 3H, CH3), 6.8–7.55 (m, 7H, Ar-H), 9.3 (br s, 1H,
OH); EI-MS: m/z 230 (M+, 79), 229 (100), 135 (60), 107 (47). Anal. Calcd for
C14H11FO2 (230): C, 73.03; H, 4.82; F, 8.25. Found: C, 73.13; H, 4.75; F, 8.32.
Compound 4e: mp 160–162 �C; IR (Nujol): 1673 (C@O), 3550–3640 cm�1


(OH);1H NMR (CDCl3): d 2.2–2.45 (d, 6H, 2CH3), 6.95–7.65 (m, 7H, Ar-H), 9.1 (br
s, 1H, OH); EI-MS: m/z 226 (M+, 88), 225 (100), 135 (55), 107 (50). Anal. Calcd
for C15H14O2 (226): C, 79.62; H, 6.24. Found: C, 79.70; H, 6.35. Compound 4f:
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mp 128–130 �C; IR (Nujol): 1675 (C@O), 3515–3655 cm�1 (OH); 1H NMR
(CDCl3): d 2.2 (s, 3H, CH3), 6.9–7.5 (m, 7H, Ar-H), 9.1 (br s, 1H, OH); EI-MS: m/z
281 (M+, 80), 280 (100), 135 (57), 107 (51). Anal. Calcd for C14H10Cl2O2 (281): C,
59.81; H, 3.59; Cl, 25.22. Found: C, 59.73; H, 3.45; Cl, 25.12. Compound 4g: mp
150–152 �C; IR (Nujol): 1665 (C@O), 3520–3640 cm�1 (OH); 1H NMR (CDCl3): d
2.3 (s, 3H, CH3), 3.7 (s, 3H, OCH3), 6.8–7.5 (m, 7H, Ar-H), 9.5 (br s, 1H, OH); EI-
MS: m/z 242 (M+, 83), 241 (100), 135 (56), 107 (52). Anal. Calcd for C15H14O3


(242): C, 74.38; H, 5.78. Found: C, 74.31; H, 5.71. Compound 4h: mp 168–
170 �C; IR (Nujol): 1620 (C@O), 3560–3650 cm�1 (OH); 1H NMR (CDCl3): d 2.1–
2.4 (d, 6H, 2CH3), 6.9–7.6 (m, 7H, Ar-H), 9.0 (br s, 1H, OH); EI-MS: m/z 226 (M+,
85), 225 (100), 135 (53), 107 (50). Anal. Calcd for C15H14O2 (226): C, 79.62; H,
6.24. Found: C, 79.61; H, 6.28. Compound 4i: mp 164–166 �C; IR (Nujol): 1650
(C@O), 3510–3610 cm�1 (OH); 1H NMR (CDCl3): d 2.3 (s, 3H, CH3), 6.8–7.75 (m,
7H, Ar-H), 12.0 (br s, 1H, OH); EI-MS: m/z 290 (M+, 85), 292 (M+, 80), 289 (100),
291 (95), 135 (55), 107 (50). Anal. Calcd for C14H11BrO2 (291): C, 57.73; H, 3.78;
Br, 27.49. Found: C, 57.80; H, 3.69; Br, 27.41. Compound 4j: mp 138–140 �C; IR
(Nujol): 1670 (C@O), 3545–3649 cm�1 (OH); 1H NMR (CDCl3): d 2.3 (s, 3H,
CH3), 6.85–7.75 (m, 8H, Ar-H), 9.05 (br s, 1H, OH); MS: m/z 212 (M+, 87), 211
(100), 135 (60), 107 (55). Anal. Calcd for C14H12O2 (212): C, 79.24; H, 5.66.
Found: C, 79.33; H, 5.58.


23. Compound 5a: IR (Nujol): 1650 cm�1 (C@O); 1H NMR (CDCl3): d 1.2–1.5 (m, 6H,
ring-3CH2), 2.0 (s, 3H, CH3), 2.35 (t, 4H, ring-2NCH2), 2.78 (t, 2H, NCH2), 4.1 (t,
2H, OCH2), 6.8–7.4 (m, 7H, Ar-H); EI-MS: m/z 403 (M+, 65) and 401 (M+, 62).
Anal. Calcd for C21H24BrNO2 (402): C, 62.69; H, 6.01; Br, 19.86; N, 3.48. Found:
C, 62.54; H, 6.21; Br, 19.69; N, 3.32. Compound 5b: IR (Nujol): 1655 cm�1


(C@O); 1H NMR (CDCl3): d 1.25–1.52 (m, 6H, ring-3CH2), 2.2 (s, 3H, CH3), 2.4 (t,
4H, ring-2NCH2), 2.8 (t, 2H, NCH2), 4.15 (t, 2H, OCH2), 6.8–7.55 (m, 7H, Ar-H);
EI-MS: m/z 357.5 (M+, 63). Anal. Calcd for C21H24ClNO2 (357.5): C, 70.48; H,
6.76; Cl, 9.91; N, 3.91. Found: C, 70.37; H, 6.65; Cl, 9.82; N, 3.81. Compound 5c:
IR (Nujol): 1605 cm�1 (C@O); 1H NMR (CDCl3): d 1.22–1.51 (m, 6H, ring-3CH2),
2.3 (s, 6H, 2CH3), 2.55 (t, 4H, ring-2NCH2), 2.81 (t, 2H, NCH2), 4.15 (t, 2H, OCH2),
6.8–7.65 (m, 7H, Ar-H); EI-MS: m/z 337 (M+, 60). Anal. Calcd for C22H27NO2


(337): C, 78.30; H, 8.06; N, 4.15. Found: C, 78.39; H, 8.16; N, 4.25. Compound
5d:IR (Nujol): 1655 cm�1 (C@O); 1H NMR (CDCl3): d 1.2–1.5 (m, 6H, ring-
3CH2), 2.0–2.3 (d, 6H, 2CH3), 2.56 (t, 4H, ring-2NCH2), 2.85 (t, 2H, NCH2), 4.2 (t,
2H, OCH2), 6.9–7.7 (m, 7H, Ar-H); EI-MS: m/z 230 (M+, 61). Anal. Calcd for
C21H24FNO2 (341): C, 73.88; H, 7.09; F, 5.56; N, 4.10. Found: C, 73.77; H, 7.18; F,
5.42; N, 4.22. Compound 5e: IR (Nujol): 1615 cm�1 (C@O); 1H NMR (CDCl3): d
1.23–1.53 (m, 6H, ring-3CH2), 2.0–2.2 (d, 6H, 2CH3), 2.5 (t, 4H, ring-2NCH2), 2.8
(t, 2H, NCH2), 4.1 (t, 2H, OCH2), 6.9–7.6 (m, 7H, Ar-H); EI-MS: m/z 337 (M+, 61).
Anal. Calcd for C22H27NO2 (337): C, 78.30; H, 8.06; N, 4.15. Found: C, 78.38; H,

8.18; N, 4.26. Compound 5f: IR (Nujol): 1675 cm�1 (C@O); 1H NMR (CDCl3): d
1.24–1.53 (m, 6H, ring-3CH2), 2.1 (s, 3H, CH3), 2.42 (t, 4H, ring-2NCH2), 2.85 (t,
2H, NCH2), 4.2 (t, 2H, OCH2), 6.9–7.8 (m, 6H, Ar-H); EI-MS: m/z 392 (M+, 63).
Anal. Calcd for C21H23Cl2NO2 (392): C, 64.29; H, 5.91; Cl, 18.07; N, 3.57. Found:
C, 64.15; H, 5.62; Cl, 18.16; N, 3.44. Compound 5g: IR (Nujol): 1605 cm�1


(C@O); 1H NMR (CDCl3): d 1.21–1.52 (m, 6H, ring-3CH2), 2.1 (d, 6H, 2CH3), 2.45
(t, 4H, ring-2NCH2), 2.75 (t, 2H, NCH2), 3.8 (s, 3H, OCH3), 4.2 (t, 2H, OCH2),
6.95–7.75 (m, 7H, Ar-H); EI-MS: m/z 353 (M+, 59). Anal. Calcd for C22H27NO3


(353): C, 74.76; H, 7.70; N, 3.96. Found: C, 74.82; H, 7.61; N, 3.83. Compound
5h: IR (Nujol): 1610 cm�1 (C@O); 1H NMR (CDCl3): d 1.24–1.54 (m, 6H, ring-
3CH2), 2.1–2.25 (d, 6H, 2CH3), 2.6 (t, 4H, ring-2NCH2), 2.85 (t, 2H, NCH2), 4.2 (t,
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Compound 5i: IR (Nujol): 1620 cm�1 (C@O); 1H NMR (CDCl3): d 1.25–1.55 (m,
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A series of novel phenacylimidazolium derivatives, bearing an aryl or alkyl substituent at position-1 and a
phenacyl substituent at position-3 of the imidazole ring, has been prepared and evaluated in vitro against
a panel of human tumor cell lines. Phenacylimidazolium bromides bearing a highly sterically hindered
aryl group at position-1 and an electron-rich phenacyl or naphthylacyl substituent at position-3 of imid-
azole ring proved to be more active than imidazolium bromides with other substituted groups. In partic-
ular, compound 5j was found to be the most potent compounds with IC50 values lower than 5.0 lM
against 8 strains human tumor cell lines and more active than cisplatin (DDP).


� 2009 Elsevier Ltd. All rights reserved.

Imidazolium salts have attracted considerable interests in re-
cent years for their versatile properties in chemistry and pharma-
cology. They are well-known as room-temperature ionic liquids
that can be used as electrolytes or green solvents because of their
low vapor pressure and wide chemical stability.1 Imidazolium salts
are also used as precursors for stable carbenes with many applica-
tions in organic synthesis.2,3


A number of biological activities of imidazolium salts have been
reported including antimicrobial and antifungal (l,3-dialky imidazo-
lium chlorides),4 antitumor (l,3-dialky imidazolium iodides),5


antimuscarinic (1,3-disubstituted imidazolium halides),6 throm-
boxane synthetase inhibition (1,3-disubstituted imidazolium ha-
lides),7 anti-inflammatory (enol betaines of phenacyl halides),8


antiarrhythmic (1,3-disubstituted imidazolium halides),9 and plas-
mid DNA cleavage (monometallic cyclen complexes containing
1,3-disubstituted imidazolium bromides group)10 activity. In 1989,
a series of phenacylimidazolium halides were synthesized and found
to possess effective hypoglycemic activity by Dominianni.11 Progly-
cosyn (LY177507, 1, Fig. 1), a representative of these compounds,
stimulates glycogen synthesis and inhibits glucose production from
various substrates in rat hepatocytes.12 Additionally, phenacylimi-
dazolium salts have been used as intermediates in a regiospecific
synthesis of 3-substituted L-histidines.13 To the best of our knowl-

All rights reserved.
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@yun.edu.cn (H.-B. Zhang).

edge, however, no reports concerning antitumor activity for phena-
cylimidazolium salt was reported.


The present investigation was stimulated by the discovery of
two new imidazolium halides (Fig. 1), 1,3-dibenzyl-4,5-dimethy-
limidazolium chloride (2) and 1,3-dibenzyl-2,4,5-trimethylimi-
dazolium chloride (3), isolated from the roots of Lepidium
meyenii, which showed potent cytotoxic activity against the hu-
man cancer cell lines (UMUC3, PACA2, MDA231, and FDIGROV).14


In our efforts to discover effective ligands for catalytic organic
transformation and active agents toward antitumor activity, we
were particularly interested in the imidazole ring. Our long stand-
ing interest in imidazole has resulted in the synthesis of a number
of imidazolium salts.15 In the present research, we have designed
and synthesized a series of novel imidazolium bromides, bearing
an aryl or alkyl substituent at position-1 and a phenacyl substitu-
ent at position-3 of imidazole ring. The purpose of this study was
to investigate effect of phenacylimidazolium bromides on the anti-
tumor activity, with the ultimate aim of developing novel potent
antitumor agents.


Based on the synthetic method described in our previous
reports,16,17 a number of 1-aryl and 1-alkyl substituted imidazoles
4a–4u were prepared, including a few N-arylimidazoles and
N-alkylimidazoles with highly electron-rich and highly sterically
hindered substituted groups (method A and B, Scheme 1).18


Twenty-one phenacylimidazolium salts were prepared as shown
in Scheme 1. 1-Aryl/alkyl and 3-phenacyl substituted imidazolium
bromides (compounds 5a–5u) were prepared with highly yields by
reaction of 1-aryl or 1-alkyl substituted imidazoles with the
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Figure 1. Chemical structure of proglycosyn and natural imidazolium chlorides.
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corresponding phenacyl bromides in refluxing toluene.19 The
structures and yields of imidazolium halides derivatives were
shown in Scheme 1.


The cytotoxic potential of all newly synthesized phenacylimi-
dazolium bromides was evaluated in vitro against a panel of hu-
man tumor cell lines according to procedures described in the
literature.20 The tumor cell line panel consisted of myeloid leukae-
mia (HL-60 and K562), epidermoid carcinoma (A431), ovarian car-
cinoma (Skov-3), gastric carcinoma (MKN-28), liver carcinoma
(SMMC-7721), laryngeal carcinoma (Hep-2), and lung carcinoma
(GLC-15). Cisplatin (DDP) was used as the reference drug. The re-
sults of the cytotoxicity studies were summarized in Table 1
(IC50 value, defined as the concentrations corresponding to 50%
growth inhibition).
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As shown in Table 1, compounds 5a–5c with a tert-butyl substi-
tuent at position-1 or a tert-butylacyl substituent at position-3 of
imidazole ring were almost inactive to all tumor cell lines investi-
gated at the concentration of 200 lM. However, compounds 5d–5h
with other alkyl substituents (adamantyl and phenethyl) at posi-
tion-1 of imidazole ring exhibited moderate cytotoxic activities.
Among them, compound 5f, bearing a naphthylacyl substituent
at position-3 of imidazole, was the most active.


Compared with above alkyl substituted derivatives, 1- and
3-aromatic substituted imidazolium bromides 5e–5u exhibited
higher cytotoxic activities. Most of this kind of derivatives showed
remarkable activities. Compounds 5j, 5n, 5o, and 5s, bearing a
highly sterically hindered alkyl substituted benzene (2,4,6-trim-
ethylbenzene or 2,6-diisopropylbenzene) at position-1 and an elec-
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Table 1
Cytotoxic activities of phenacylimidazolium bromides in vitrob (IC50, lMa)


Compound HL-60 A431 Skov-3 MKN-28 K562 SMMC-7721 Hep-2 GLC-15


5a >200 >200 >200 >200 >200 >200 >200 >200
5b >200 66.2 >200 >200 >200 >200 116.8 178.8
5c 112.6 >200 191.8 >200 >200 154.4 132.0 >200
5d 39.0 13.3 59.3 197.5 >200 107.9 93.4 108.0
5e 14.7 6.3 5.6 158.1 1.5 27.9 7.1 59.3
5f 4.2 6.4 4.0 12.8 3.4 7.7 0.8 0.8
5g 50.4 187.6 37.4 >200 >200 62.3 62.3 33.4
5h 54.2 75.0 11.0 85.4 168.8 34.4 77.2 50.2
5i 31.3 15.6 29.9 >200 >200 16.8 97.6 >200
5j 3.1 1.7 1.6 5.0 2.4 4.7 1.5 2.2
5k 25.8 7.0 >200 >200 >200 53.4 >200 53.5
5l 44.4 14.5 61.1 140.1 16.7 91.6 84.8 26.5
5m 8.6 75.5 26.6 112.7 112.6 >200 41.6 97.6
5n 2.8 4.4 2.1 8.7 2.7 6.8 0.7 0.4
5o 1.1 4.2 5.0 10.0 2.6 9.9 2.8 5.1
5p 1.5 14.7 1.9 9.6 0.4 10.5 3.5 6.2
5q 6.1 18.2 31.5 85.3 70.1 33.5 12.3 23.5
5r 4.5 5.1 25.5 59.6 12.1 44.3 11.6 36.9
5s 4.1 3.9 3.7 1.7 0.2 9.8 1.9 4.3
5t 13.4 5.4 33.1 76.6 21.4 23.8 22.1 36.9
5u 3.8 4.6 11.3 35.3 2.8 10.9 9.2 18.4
DDP 4.7 2.0 1.7 4.3 4.7 9.2 1.5 5.7


a Cytotoxicity as IC50 for each cell line, is the concentration of compound which reduced by 50% the optical density of treated cells with respect to untreated cells using the
MTT assay.


b Data represent the mean values of three independent determinations.
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tron-rich phenacyl or naphthylacyl substituent at position-3 of
imidazole ring, displayed potent or similar cytotoxic activity
in vitro compared with DDP. The IC50 values of these compounds
were lower than 10.0 lM against all of human tumor cell lines
investigated. Interestingly, compound 5j, with a 2,4,6-trimethyl-
benzene at position-1 and a 4-mehtoxyphenacyl substituent at po-
sition-3 of imidazole ring, was found to be the most potent
derivative with IC50 values lower than 5.0 lM against 8 strains hu-
man tumor cell lines and more active than DDP (except against
MKN-28 cell). These results suggested that substitution of the po-
sition-1 with a highly sterically hindered alkyl substituted benzene
and substitution of the position-3 with an electron-rich phenacyl
substituent played a vital role in the modulation of the cytotoxic
activities (Scheme 2).


In conclusion, a number of novel phenacylimidazolium halides
derivatives prepared in this paper proved to be remarkably potent
antitumor activities. Phenacylimidazolium bromides 5j, 5n, 5o,
and 5s, bearing a highly sterically hindered alkyl substituted ben-
zene at position-1 and an electron-rich phenacyl or naphthylacyl
substituent at position-3 of imidazole ring, were found to be the
most potent compounds with IC50 values lower than 10.0 lM
against a panel of human tumor cell lines. Therefore, imidazolium

bromides 5j, 5n, 5o, and 5s can be considered promising leads for
further structural modifications guided by the valuable informa-
tion derivable from our detailed SARs.
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The artificial actin-depolymerizing compounds 3–6, based on aplyronine A, an actin-depolymerizing anti-
tumor marine macrolide, were synthesized, and their actin-depolymerizing activities and cytotoxicities
were evaluated.
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Actin-disrupting marine natural products are of interest to
natural products chemists and pharmacologists.1 Aplyronine A
(1), an antitumor macrolide isolated from Aplysia kurodai,2 inter-
acts with actin, the major protein in cytoskeleton. Actin regulates
various cell functions such as muscle contraction, cell motility,
and cell division. Actin exists as a dynamic equilibrium mixture
of two forms; polymeric F-actin and monomeric G-actin. Aplyro-
nine A (1) not only inhibits the polymerization of actin by seques-
tering G-actin and forming a 1:1 complex, but also depolymerizes
F-actin to G-actin by severing.3 We investigated the structure-
activity relationships of aplyronine A (1) using natural and
synthetic analogs: the side-chain in 1 is essential for actin-depoly-
merizing activity, and analog 2, which consists only of the side-
chain moiety of 1, exhibits strong activity (Fig. 1).4 Structure-activ-
ity relationships of bistramide A5 and iejimalides6 were investi-
gated in detail. We recently determined the crystal structure of
actin-aplyronine A complex via synchrotron X-ray analysis7 and
obtained chemical evidence for the direct interaction between
actin and the side-chain portion of aplyronine A by photoaffinity
labeling experiments.8 These results demonstrate the great impor-
tance of the side-chain moiety in the activity against actin. To ob-
tain further information regarding the importance of the side-
chain, we planned to synthesize short side-chain analogs 3–6.
The phenyl group in 4–6 is expected to enhance the affinity for ac-
tin through hydrophobic interaction and/or CH-p interaction. In

All rights reserved.


aga).

this paper, we report the synthesis of 3–6 and their actin-depoly-
merizing activities and cytotoxicities against HeLa S3 cells.


The synthesis of 3 started from alcohol 74d,e, a synthetic inter-
mediate of aplyronine A (1) (Scheme 1). Oxidation of 7 with TEMPO
and PhI(OAc)2


9 followed by a Takai olefination reaction10 gave
vinyl iodide 8. Vinyl iodide 8 was subjected to a Buchwald amida-
tion reaction11 to afford enamide 9, a common intermediate of ana-
logs 3–6. Removal of the acetonide protecting group of 9 and
regioselective acylation gave analog 3.12


Analogs 4–6 with a phenyl group were synthesized from ena-
mide 9. Regioselective cross olefin metathesis reaction of 9 with
styrene, 4-phenyl-1-butene, and 6-phenyl-1-hexene provided ole-
fins 10, 11, and 12, respectively. While olefins 10 and 12 were
obtained in good yields (82% and 86%, respectively), olefin 11
was obtained in only 48% yield due to isomerization of the double
bond into byproduct 13.


The actin-depolymerizing activities and cytotoxicities against
HeLa S3 cells of analogs 3–6 are summarized in Table 1. Analog 3
with enamide and dimethylalanine group, which corresponds to
the half-length side-chain of aplyronine A (1), showed actin-depo-
lymerizing activity, although this activity was weak. This result
corresponds to X-ray analysis of actin-aplyronine A complex: both
enamide and dimethylalanine groups of aplyronine A (1) inter-
acted with actin by hydrogen bonds.7 Analogs 4–6 with a phenyl
group showed stronger actin-depolymerizing activity than 3. These
results indicate that (1) the terminal portion of the side-chain plays
a key role in its activity, and (2) the phenyl group enhances the
activity: hydrophobic and/or aromatic nature is important. Analogs
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Table 1
Actin-depolymerizing activities and cytotoxicities against HeLa S3 cells of aplyronine
A and the artificial analogs


Compounds Actin-depolymerizing activitya IC50, mM Cytotoxicity IC50, mg/mL


1 1.6b 0.00048c


2 7.9b >10b


3 210 >10
4 85 >10
5 47 >10
6 21 >10


a Activity was monitored by measuring the fluorescent intensity of pyrenyl actin.
For the assay conditions, see Ref. 4e. IC50 indicates the concentration required to
depolymerize F-actin (3.7 mM) to 50% of its control amplitude.


b Ref. 4e.
c Ref. 4a.
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Figure 1. Structures of aplyronine A (1) and its artificial side-chain analogs.
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3–6 exhibited no cytotoxicity against HeLa S3 cells below 10 lg/
mL. For analyzing cytotoxic mechanism of aplyronine A, cytotoxic-
ities of aplyronine A (1) in the presence (5 lg/mL) or absence of
analog 6 were evaluated. However, cytotoxicity of aplyronine A
(1) was not inhibited by analog 6.13


In conclusion, we synthesized the artificial actin-depolymerizing
compounds 3–6, based on aplyronine A, an actin-depolymerizing
antitumor marine macrolide, and their actin-depolymerizing activ-
ities and cytotoxicities were evaluated. Among the synthesized
analogs, compound 6 showed relatively strong actin-depolymeriz-
ing activity comparable to that of the full-length side-chain analog
(2) of aplyronine A.
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J = 13.8 Hz, 1H), 5.66 (m, 1H), 5.43 (m, 1H), 5.34 (br d, J = 6.5 Hz, 1H), 4.99 (m,
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(d, J = 7.0 Hz, 3H), 1.02 (d, J = 7.0 Hz, 3H), 0.96 (d, J = 7.0 Hz, 3H). The minor
counterparts of doubled signals in the ratio of 2:1 are in brackets; 13C NMR
(100.4 MHz, CDCl3) d 172.2, 170.3, 161.9, 129.2, 128.9, 127.9, 110.4, 77.1, 72.8,
62.9, 41.6, 39.4, 36.8, 33.0, 27.6, 20.9, 19.3, 17.8, 15.4, 10.4. Compound 4: TLC,
Rf 0.44 (benzene–EtOAc–MeOH 3:3:1); ½a�25


D �40.0 (c 0.10, CHCl3); IR (neat)
1738, 1693, 1656, 1450, 1373, 1235, 1168, 1077, 968, 751, 695 cm�1; 1H NMR
(400 MHz, CDCl3) d 8.27 [8.07] (s, 1H), 7.36–7.23 (m, 5H), 6.55 (d, J = 16.0 Hz,
1H), 6.49 [7.17] (d, J = 14.4 Hz, 1H), 6.13 (m, 1H), 5.58 (m, 1H), 5.01 (m, 1H),
4.89 (dd, J = 2.4, 10.0 Hz, 1H), 3.29 (q, J = 6.8 Hz, 1H), 3.03 [3.07] (s, 3H), 2.57
(m, 1H), 2.37 (s, 6H), 2.11 (s, 3H), 1.95 (m, 1H), 1.36 (d, J = 6.8 Hz, 3H), 1.05 (d,
J = 6.8 Hz, 3H), 1.02 (d, J = 6.8 Hz, 3H). The minor counterparts of doubled
signals in the ratio of 2:1 are in brackets. Compound 5: TLC, Rf 0.47 (benzene–
EtOAc–MeOH 3:3:1); ½a�25


D �24.0 (c 0.10, CHCl3); IR (neat) 1738, 1693, 1657,
1453, 1374, 1235, 1170, 1076, 969, 748, 700 cm�1; 1H NMR (400 MHz, CDCl3) d
8.29 [8.08] (s, 1H), 7.28–7.13 (m, 5H), 6.48 (d, J = 14.0 Hz, 1H), 5.64 (m, 1H),

5.40 (m, 1H), 5.35 (br d, J = 5.1 Hz, 1H), 4.97 (m, 1H), 4.81 (dd, J = 2.8, 9.9 Hz,
1H), 3.24 (q, J = 7.0 Hz, 1H), 3.04 [3.08] (s, 3H), 2.68 (t, J = 7.7 Hz, 2H), 2.52 (m,
1H), 2.37 (s, 6H), 2.09 (s, 3H), 1.78 (m, 1H), 1.29 (d, J = 7.0 Hz, 3H), 1.03 (d,
J = 6.8 Hz, 3H), 0.89 (d, J = 6.8 Hz, 3H). The minor counterparts of doubled
signals in the ratio of 2:1 are in brackets. The minor counterpart of the signal of
6.48 ppm was overlapped with those of 7.28–7.13 ppm. Compound 6: TLC, Rf


0.50 (benzene–EtOAc–MeOH 3:3:1); ½a�25
D �31.0 (c 0.50, CHCl3); IR (neat) 1738,


1694, 1656, 1453, 1373, 1235, 1170, 1076, 968, 749, 700 cm�1; 1H NMR
(400 MHz, CDCl3) d 8.28 [8.08] (s, 1H), 7.27–7.14 (m, 5H), 6.48 (d, J = 14.0 Hz,
1H), 5.65 (m, 1H), 5.37 (m, 1H), 5.37 (m, 1H), 4.98 (m, 1H), 4.83 (dd, J = 2.8,
9.9 Hz, 1H), 3.23 (q, J = 7.0 Hz, 1H), 3.03 [3.07] (s, 3H), 2.59 (t, J = 7.6 Hz, 2H),
2.59 (m, 1H), 2.37 (s, 6H), 2.09 (s, 3H), 1.81 (m, 1H), 1.60 (m, 2H), 1.40 (m, 2H),
1.30 (d, J = 6.8 Hz, 3H), 1.03 (d, J = 6.4 Hz, 3H), 0.95 (d, J = 6.8 Hz, 3H). The minor
counterparts of doubled signals in the ratio of 2:1 are in brackets. The minor
counterpart of the signal of 6.48 ppm was overlapped with those of 7.27–
7.14 ppm.


13. IC50 values of aplyronine A in the presence (5 mg/mL) and absence of analog 6
were 0.2 ng/mL and 0.2 ng/mL, respectively.
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Cannabinoid CB-1 receptors have been the focus of extensive studies since the first clinical results of
rimonabant (SR141716) for the treatment of obesity and obesity-related metabolic disorders were
reported in 2001. To further evaluate the properties of CB receptors, we have designed and efficiently pre-
pared a series of oxadiazole-diarylpyrazole 4-carboxamides. Six of the new compounds which displayed
high in vitro CB1 binding affinities were assayed for binding to CB2 receptor. Noticeably, 5-(4-bromophe-
nyl)-3-(5-tert-butyl-1,3,4-oxadiazol-2-yl)-1-(2,4-dichlorophenyl)-N-phenyl-1H-pyrazole-4-carboxamide
(12q) and 5-(4-bromophenyl)-3-(5-tert-butyl-1,3,4-oxadiazol-2-yl)-1-(2,4-dichlorophenyl)-N-(pyridin-
2-yl)-1H-pyrazole-4-carboxamide (12r) demonstrated good binding affinity and decent selectivity for
CB1 receptor (IC50 = 1.35 nM, CB2/CB1 = 286 for 12q; IC50 = 1.46 nM, CB2/CB1 = 256 for 12r).


� 2009 Elsevier Ltd. All rights reserved.
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Figure 1. Rimonabant and its receptor–ligand interaction.

Recent development of obesity drugs reveals that it is possible
to control appetite and reduce weight by blocking cannabinoid
receptors in the brain, liver or muscle, via cannabinoid (CB1) recep-
tor antagonists or CB1 receptor inverse agonists.1,2 A cannabinoid
CB1 receptor antagonist is designed to block the effects of endoge-
nous cannabinoids. This type of drug is particularly interesting
since it not only causes weight loss but also reverses the metabolic
effects of obesity such as insulin resistance and hyperlipidemia.3


The other cannabinoid receptor, CB2 is related to immune regula-
tion and neurodegeneration.4 Therefore, the CB2/CB1 selectivity
should be taken into consideration for new drug development of
anti-obesity agent.


The first specific cannabinoid CB1 receptor antagonist, rimona-
bant was discovered in a high throughput screening program at
Sanofi-Synthélabo in 1994.5 Several CB1 receptor antagonists
including SR141716 (rimonabant), SLV319 (ibipinabant),6 CP-
945,598 (otenabant) and MK-0364 (taranabant)7 have been re-
ported to be in various phase of clinical trials.8,9,23 A pharmaco-
phore model for the binding of a low energy conformation of
rimonabant in the CB1 receptor has been well-documented.9,10


The key receptor–ligand interaction is known to be a hydrogen
bond between the carbonyl group of rimonabant and the Lys192-
Asp366 residue of the CB1 receptor, thereby exerting a stabilizing
effect on the Lys192-Asp366 salt bridge as shown in Figure 1.1


To date, various analogs of rimonabant by replacing the key car-
bonyl group have been designed for the purpose of enhancing
binding affinity and selectivity for the CB1 receptor. We note that

ll rights reserved.


: +82 31 260 9870.
.


such approaches were already demonstrated successfully with
imidazole,11 tetrazole.12 Subsequently, we also discovered that
the oxadiazole13 scaffold has also been employed for this purpose,
even though there are clear differences evident between our previ-
ous works14 and these prior examples.


With our efforts to discover and develop a new medicine for the
treatment of obesity, we have recently reported the diarylpyrazolyl
oxadiazole derivatives as potent, selective, orally bioavailable can-
nabinoid-1 receptor antagonists for the treatment of obesity.14a


Therein, we demonstrated that incorporation of a 1,2,4-triazole
ring onto the C-4 region of pyrazole scaffold via a methylene linker
improved in vitro binding affinity, in turn leading to excellent
in vivo efficacy on animal model.15 We envisioned that the polar
amide groups in the C-4 region of pyrazole scaffold can be accom-
modated based on the observation that this region is capable of
embracing substituents of varying functionality, size, and polarity.
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Scheme 1. Reagents and conditions: (a) NBS, AIBN, CCl4, reflux, 55% (b) AgNO3,
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NaClO2, KH2PO4, 2-methylbut-2-ene, t-BuOH–H2O, rt, 95%.


N N


Cl


Cl Cl


a


9


N N


Cl


Cl
Cl


HO


O


NN


R1


c


N N


Cl


Cl
Cl


HO


O


NN


R1


O


O


NN


R1
N N


Cl


Cl Cl


10


O


NN


R1


Br


b


7 8


Scheme 2. Reagents and conditions: (a) NBS, AIBN, CCl4, reflux, 78%; (b) (i) NaOAc,
THF–H2O, rt, 63%; (ii) LiOH, THF–H2O, rt, 95%; (c) (i) Dess–Martin periodinane,
CH2Cl2, rt, 78%; (ii) NaClO2, KH2PO4, 2-methylbut-2-ene, t-BuOH–H2O, rt, 95%.


N N


Cl


Cl
Cl


O


NN


R1


8


N N


Cl


Cl
Cl


Cl


11


a


HO
O


Scheme 3. Reagents and conditions: (a) oxalyl chloride, cat


1900 S. H. Lee et al. / Bioorg. Med. Chem. Lett. 19 (2009) 1899–1902

Herein, we wish to describe the chemical synthesis, biological
evaluation of oxadiazole-diarylpyrazole 4-carboxamide analogs
as our additional research efforts toward discovery of a promising
antiobesity agent.


Synthesis of oxadiazole-biarylpyrazoles commenced with the
generic carboxylate 1.16 he carboxylate 1 was converted to the bro-
mide 2 using NBS in the presence of a catalytic amount of AIBN,8


and this intermediate was then treated with silver nitrate in aque-
ous acetone17 to afford the corresponding alcohol 3. Subsequently,
alcohol 3 was protected with TIPSCl (triisopropylsilyl chloride) in
the presence of a suitable base such as imidazole to provide 4.
Treatment of the ester 4 with hydrazine efficiently gave rise to
hydrazide 5 which was used to couple with an acid in the presence
of appropriate coupling reagents such as EDC and HOBt to provide
acyl hydrazide 6. Cyclization was then performed using the Bur-
gess reagent18 under heating conditions, and subsequent TIPS
deprotection with TBAF was conducted to afford alcohol 7. Oxida-
tion of the alcohol 7 to the corresponding aldehyde was achieved
through the use of Dess–Martin periodinane.19 Aldehyde was fur-
ther oxidized to acid 8 by use of sodium chlorite and monobasic
potassium phosphate in aqueous t-BuOH as shown in Scheme 1.14a


Alternatively, acid 8 can be prepared by benzylic bromination-
type reaction on pyrazole 9 as illustrated in Scheme 2.24 The
alcohol functionality was then introduced by treating bromide 10
with sodium acetate, followed by basic hydrolysis of the resulting
acetate. Subsequent two-step oxidation of alcohol 7 to acid 8 was
conducted in the same way as described previously.14a


With requisite acid 8 in hand, the preparation of various amides
was conducted as shown in Scheme 3. The first approach toward
12 using coupling reagents such as EDC, HOBt in the suitable base
was unable to effect the requisite coupling reaction in a satisfac-
tory manner. Subsequently, we found out that the two-step se-
quence via acyl chloride 11 proved to be more efficient in
producing amides 12 in reasonable yields.


The target analogs were evaluated in vitro at a rat CB1 binding
assay,20,22 and the results are shown in Table 1.25 Unsubstituted
carboxamide 12a had modest in vitro activity for rat CB1 receptor
(IC50 = 23.8 nM). As the size of the carbon chain on carboxamide in-
creases, increase in the binding affinity for rat CB1 receptor is ob-
served up to C-3 chain. Thus, N-methyl 12b, N-ethyl 12c, and N-
propyl 12d showed rat binding affinity for CB1 receptor
IC50 = 18.3, 12.7, 5.72 nM, respectively. The binding affinity for
CB1 was decreased when the alkyl chain became more prolongated
(12g, IC50 = 17.8 nM).


Preferable in vitro binding affinity displayed for the carbocycle
(N-cyclopropyl, 12f, IC50 = 3.27 nM) than straight chain (N-propyl,
12d, IC50 = 5.72 nM) or branched chain (N-isopropyl, 12e,
IC50 = 9.31 nM) if the same number of carbons are counted. As
the size of carbocycle increases, the binding affinity for CB1 recep-
tor decreases. For example, N-cyclopentyl, 12h showed the slightly
weaker binding affinity for CB1 receptor (IC50 = 7.25 nM), whereas
N-cyclopropyl, 12f showed the superior binding affinity for CB1
receptor (IC50 = 3.27 nM). N,N-disubstitution on carboxamide such
as N,N-dimethyl 12m, N-ethyl-N-methyl 12n appeared to be toler-
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Table 1
Binding affinity of 4-carboxamide diarylpyrazoles to rCB1 receptora


N N


Cl


Cl
Cl


O


NN


12


N
O


R1
R2


R1 R2 Compound rCB1 IC50
b


Rimonabant 5.0 ± 1.0c


H H 12a 23.8
Me H 12b 18.3
Et H 12c 12.7
n-Propyl H 12d 5.72
i-Propyl H 12e 9.31
c-Propyl H 12f 3.27
n-Butyl H 12g 17.8
c-Pentyl H 12h 7.25
N-Piperidinyl H 12i 17.2
Ph H 12j 1.66
2-Pyridinyl H 12k 1.47
CH2(CO)CH3 H 12l 3.51
Me Me 12m 13.4
Et Me 12n 11.5
Et Et 12o 62.1


CH2CH2 CH2CH2 12p 93.4


a CB1 receptor was collected from brain tissue of SD rat.
b These data were obtained by single determinations.
c The CB1R binding affinity for rimonabant has showed a certain number in the


close range (IC50 = 5.0 ± 1.0 nM) in each different assay (>1500 compounds tested).
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ated for the replacement to a degree, but as the size of substituted
chains become bigger (12o, 12p), none appeared more potent than
the monosubstituted carboxamide (12c). As shown in N-(2-oxo-
propyl)-1H-pyrazole-4-carboxamide 12l, polar carbonyl group ap-
pears to be tolerated, indicating that there might be some SAR
potential for other carbocycles. Among the various rings, or chains
tested on carboxamide, the best result was obtained when nitrogen
on carboxamide has simple phenyl (12j) or 2-pyridinyl (12k). They
showed excellent binding affinity for rat CB1R (IC50 = 1.66 nM for
12j, 1.47 nM for 12k, respectively).

Table 2
Binding affinity of 4-carboxamide diarylpyrazoles to rCB1 and hCB2 receptorsa,b


N N


X


Cl
Cl


12


HN
R1


R1 R2 X Compo


Rimonabant
Ph t-Butyl Cl 12j
2-Pyridinyl t-Butyl Cl 12k
Ph t-Butyl Br 12q
2-Pyridinyl t-Butyl Br 12r
Ph (4-Chlorophenyl)cyclopropyl Br 12s
2-Pyrininyl trifluoromethylcyclopropyl Cl 12t


a CB1 receptor was collected from brain tissue of SD rat.
b CB2 receptor was recombinant human receptor expressed in CHO cell.
c These data were obtained by single determinations.
d This data was obtained by multiple determinations.

In order to improve the binding affinity levels for the CB1 recep-
tor, a structural replacement of 4-chlorophenyl moiety to 4-
bromophenyl was undertaken.


In addition, the surrogate effect of the cyclopropyl group for a
gem-dimethyl group was also studied. A structurally related series
of oxadiazole-diarylpyrazole 4-carboxamide derivatives was pre-
pared in an analogous fashion previously described. The binding
affinity data of these oxadiazole-diarylpyrazole 4-carboxamide
analogs are shown in Table 2. The interesting compounds were fur-
ther evaluated with observation of the CB2 receptor binding affin-
ity. The IC50 values were measured for the recombinant human CB2
receptor expressed in CHO cells and employing [3H]WIN-55,212-2
as a radio-ligand.21 Replacement of 5-(4-chlorophenyl) 12j
(IC50 = 1.66 nM) with 5-(4-bromophenyl) 12q (IC50 = 1.35 nM)
slightly improved CB1 receptor binding affinity. However, this phe-
nomenon is not clearly demonstrated by replacement of 12k
(IC50 = 1.47 nM) with 12r (IC50 = 1.46 nM). Regarding the CB2/CB1
selectivity, there appeared to deteriorate as chlorines were
switched to the corresponding bromides, as exemplified by two
pairs of compounds involving 12j (CB2/CB1 selectivity = 445) to
12q(CB2/CB1 selectivity = 286) and 12k(CB2/CB1 selectivity = 433)
to 12r (CB2/CB1 selectivity = 256). As far as the CB2 receptor activ-
ity is concerned, the best result was obtained when R2 is substi-
tuted with bulky (4-chlorophenyl)cyclopropyl (12s, IC50 = >10 lM
for CB2R), indicating the importance of massive groups for the re-
gion for improvement of the CB2/CB1 selectivity.26


In conclusion, we investigated a series of oxadiazole-diarylpy-
razole 4-carboxamide derivatives for their binding affinity for can-
nabinoid CB1 and CB2 receptors. We have identified a novel series
of small molecule cannabinoid CB1 ligands that shows binding
affinity superior to that of known CB1 antagonists. Several com-
pounds in this series exhibited potent CB1 receptor binding affini-
ties, validating the hypothesis that the polar amide groups in the C-
4 region of pyrazole scaffold can be accommodated. Importantly,
these analogs also display good selectivity for CB1R over CB2R.
Additional PK and in vivo efficacy studies in addition to further
SAR studies of the oxadiazole-diarylpyrazole 4-carboxamide deriv-
atives will be the subject of future investigations.
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22. CB1 and CB2 Receptor Binding Assay. For the CB1 receptor binding studies, rat


cerebellar membranes were prepared aspreviously described by the methods of
Kuster et al.20 MaleSprague–Dawley rats (200–300 g) were sacrificed by
decapitation and the cerebella rapidly removed. The tissue was homogenized
in 30 volumes of TME buffer (50 mM Tris–HCl, 1 mM EDTA, 3 mM MgCl2,
pH = 7.4) using a Dounce homogenizer. The crude homogenates were
immediately centrifuged (48,000g) for 30 min at 4 �C. The resultant pellets
were resuspended in 30 volumes of TME buffer, and protein concentration was
determined by the method of Bradford and stored at�70 �C until use. For the CB2
receptor binding studies, CHO K-1 cells were transfected with the human CB2
receptor as previously described, and cell membranes were prepared as
described above.21 Competitive binding assays were performed as described.
Briefly, approximately 10 lg of rat cerebella membranes (containing CB1

receptor) or cell membranes (containing CB2 receptor) were incubated in 96-
well plate with TME buffer containing 0.5% essentially fatty acid free bovine
serum albumin (BSA), 3 nM [3H]WIN55,212-2 (for CB2 receptor, NEN; specific
activity 50–80 Ci/mmol) or 3 nM ([3H]CP55,940, [3H]2-[(1S,2R,5S)-5-hydroxy-
2-(3-hydroxypropyl) cyclohexyl]-5-(2-methyloctan-2-yl)phenol, for CB1
receptor, NEN; specific activity 120–190 Ci/mmol) and various concentrations
of the synthesized cannabinoid ligands in a final volume of 200 lL. The assays
were incubated for 1 h at 30 �C and then immediately filtered over GF/B glass
fiber fiber filter (PerkinElmer Life and Analytical Sciences, Boston, MA) that had
been soaked in 0.1% PEI for 1 h by a cell harvester (PerkinElmer Life and
Analytical Sciences, Boston, MA). Filters were washed five times with ice-cold
TBE buffer containing 0.1% essentially fatty acid free BSA, followed by oven-dried
for 60 min and then placed in 5 mL of scintillation fluid (Ultima Gold XR;
PerkinElmer Life and Analytical Sciences, Boston, MA), and radioactivity was
quantitated by liquid scintillation spectrometry. In CB1 and CB2 receptor
competitive binding assay, nonspecific binding was assessed using 1 lM
rimonabant and 1 lM WIN55,212-2, respectively. Specific binding was defined
as the difference between the binding that occurred in the presence and absence
of 1 lM concentrations of rimonabant or WIN55,212-2 and was 70–80% of the
total binding. IC50 was determined by nonlinear regression analysis using
Graph–Pad PRISM. All data were collected in triplicate and IC50 was determined
from three independent experiments.


23. As of November 5, 2008, Sanofi-Aventis, Merck, and Pfizer announced that
they have decided to discontinue their ongoing clinical development
programs about rimonabant (SR141716), taranabant (MK-0364), and
otenabant (CP-945,598), respectively based on changing regulatory
perspectives on the risk/benefit profile of the CB1 class and likely new
regulatory requirements for approval.


24.


Comparison of alternative routes to key intermediates 81,b

Scheme 1

 Scheme 2

R1

 4-(Chlorophenyl) cyclopropyl

 t-Butyl


Overall yield (%)

 19 (8-steps)

 15 (8-steps)


Retention time (min)

 8.119

 4.835


Purity (%)

 99

 99

b Compound 9 was prepared from compound 1 as described in 14a.
1 HPLC Purity was determined by Agilent 1200 series high performance liquid


chromatography with UV detection at 254 nm (Xterra� MS C18 3.5 lm,
2.1 � 50 mm, 12 min, 0.3 mL/min flow rate, 50–100% 0.05% TFA in CH3CN/ 100–50%
0.05% TFA in H2O).

25.


Table of HPLC retention time and Purity of final compoundsa

Compound

 Retention time (min)

 Purity (%)

12a

 3.717

 >99


12b

 4.279

 >99


12c

 5.483

 >99


12d

 6.831

 99


12e

 6.601

 99


12f

 5.705

 >99


12g

 7.988

 >99


12h

 8.201

 >99


12i

 2.953

 >99


12j

 9.540

 99


12k

 6.280

 >99


12l

 4.703

 >99


12m

 4.513

 >99


12n

 5.551

 >99


12o

 6.594

 99


12p

 5.338

 >99


12q

 9.850

 >99


12r

 6.597

 >99


12s

 11.795

 99


12t

 6.661

 >99

a HPLC Retention time and Purity were determined by Agilent 1200 series high
performance liquid chromatography with UV detection at 254 nm (Xterra� MS C18
3.5 lm, 2.1 � 50 mm, 12 min, 0.3 mL/min flow rate, 50–100% 0.05% TFA in CH3CN/
100–50% 0.05% TFA in H2O).

26. As pointed out by a reviewer, compound 12s represents the best
diarylpyrazole-oxadiazole to date, and the selectivity is impressive. A bulky
group such as (4-chlorophenyl)cyclopropyl in compound 12 appears to
deactivate CB2 receptor binding affinity while maintaining its activity for
CB1 receptor, thereby improving CB2/CB1 selectivity.



http://dx.doi.org/10.1016/j.bmcl.2009.02.063
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Topical microbicides offer women the opportunity to protect themselves from sexual HIV transmission
under their own control. A series of poly[styrene-alt-(maleic anhydride)] derivatives were prepared by
amidation or hydrolysis of the anhydride moiety. The derivatives were shown to be of low cell toxicity
and effectively inhibited HIV-1 infections in an in vitro cellular model. Poly[styrene-alt-(maleic acid,
sodium salt)] was the most potent inhibitor, being 100-fold more potent than dextran sulfate suggesting
its potential application as a new class of polyanionic microbicides.


� 2009 Elsevier Ltd. All rights reserved.

Acquired Immunodeficiency Syndrome (AIDS) caused by the
human immunodeficiency virus type 1 (HIV-1) has become a
worldwide concern. Currently, more than 4 million new HIV-1
infections occur each year, mainly through heterosexual contact.1


Due to intrinsic physiological differences, women are twice as
likely to be subjected to HIV-1 infection through unprotected het-
erosexual intercourse.2 Social or behavioral factors also render
women more vulnerable than men to sexual HIV-1 infection as
women are less likely to determine condom use and are thus more
likely to be subjected to non-consensual sex. Consequently, in sub-
Saharan Africa women living with AIDS (13 million) outnumbered
infected men (9 million) in 2005 while there were as many
infected men as infected women in 1985.3 Given the increasing
population with AIDS and the dependence of women on male
cooperation to prevent sexual HIV-1 transmission, methods that
enable women to protect themselves under their own control
would be valuable in combating the global HIV-1 epidemic.


Topical microbicides offer the promising options for women
against sexual HIV-1 transmissions. Being natural or synthetic sub-
stances formulated as a gel, or a time-released suppository, etc.,
microbicides could be inserted directly into the vagina to prevent

ll rights reserved.
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HIV-1 from entering host cells.2 In the initial stage of HIV-1 infec-
tion, the viral envelope glycoprotein gp120 binds to host cell sur-
face receptor CD4, leading to a conformational change in gp120.
The conformation change enables gp120 to recruit its co-receptors
CCR5 or CXCR4. The recruitment results in further conformational
change of gp120 and the exposure of glycoprotein gp41. Gp41,
non-covalently bound to gp120, is originally buried within the vir-
al envelope. Once exposed, gp41 assists in the fusion of HIV and the
host cell membranes, leading to effective viral infection.3–5 Due to
the essential roles of gp120 in HIV infections, inhibitors that can
block the interaction of gp120 with its receptor or co-receptors
have potential antiviral applications. Based on the inhibitory
mechanisms, candidate microbicides have been categorized into
detergents, pH modifiers, reverse transcriptase inhibitors, chemo-
kine receptor blockers, antibodies, and polyanionic compounds.6,2


Exemplary anionic compounds that have been considered as
potential microbicides include sulfated polysaccharides,7,8 dextran
or dextrin sulfate,9–12 poly(naphthalene sulfonate),13,14 poly
(styrene-4-sulfonate),15 sulfated dendrimers16 and carboxylate
bearing compounds.17,18 The inhibitory activity of anionic com-
pounds have been attributed to the formation of salt linkages
between the positively charged V3 loop of gp120 and the nega-
tively charged groups on the polyanionic compounds,19–21 which
prevents viral entry into host cells. Here we report the potent
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Scheme 1. Synthetic routes and morphologies of poly[styrene-alt-(maleic anhydride)] derivatives. Amidation of poly[styrene-alt-(maleic anhydride)]: Poly{styrene-co-
[(maleic anhydride)-alt-styrene]} (20 mg), selected monosaccharide (30 mg) [e.g., b-1-O-(20-aminoethyl)-D-glucopyranoside] and triethylamine (0.1 mL) were added to a flask
containing anhydrous DMF (1 mL). The solution was stirred at room temperature overnight, followed by addition of water (9 mL) and was then ultrasonicated for 40 min at
room temperature. The solution was dialyzed against deionized water using a dialysis tube (MWCO 3000) and then filtered through a 0.22 lm filter to produce the
corresponding nanoparticles. Hydrolysis of the polymers: poly(styrene-alt-maleic anhydride) or poly{styrene-co-[(maleic anhydride)-alt-styrene]} (20 mg) was suspended in
an aqueous solution of sodium hydroxide (1 M, 10 mL). The mixture was stirred at room temperature for 3 h, neutralized with acetic acid, and then dialyzed against deionized
water using a dialysis tube (MWCO 3000).
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inhibitory effects and cell toxicity of poly[styrene-alt-(maleic
anhydride)] derivatives on cellular models and the possible use
of .this class of anionic polymers as topical microbicides.


Following reported procedures,22 poly{styrene-co-[styrene-alt-
(maleic anhydride)]} and poly[styrene-alt-(maleic anhydride)]
were synthesized from styrene and maleic anhydride via free rad-
ical polymerization. A group of poly[styrene-alt-(maleic anhy-
dride)] derivatives were prepared as described in Scheme 1.
Poly[styrene-alt-(maleic acid, sodium salt)], abbreviated as
poly(St-alt-MAA), was prepared via hydrolysis of poly[styrene-
alt-(maleic anhydride)] in an aqueous solution of sodium hydrox-
ide. Poly(St-alt-MAA) exists in aqueous solutions as linear
polymers with negatively charged carboxylate groups. Similarly,
poly{styrene-co-[styrene-alt-(maleic acid, sodium salt)]} (desig-
nated as PS-COONa) was obtained from the alkaline hydrolysis of
poly{styrene-co-[styrene-alt-(maleic anhydride)]}. PS-COONa, an
amphiphilic diblock polymer, self-assembled in water into hairy
micellar nanoparticles with surface anchored polymeric poly
[styrene-alt-(maleic acid, sodium salt)] chains22 (Scheme 1). The
mean diameter of PS-COONa was found to be 35.2 nm as
determined by dynamic light scattering (Fig. 1). Poly{styrene-co-
[styrene-alt-(D-mannopyranosyl-a-O-ethylamidomaleic acid)]}
(PS-mannose) and poly{styrene-co-[styrene-alt-(D-glucopyrano-
syl-a-O-ethylamidomaleic acid)]} (PS-glucose) were prepared by
amidation of the anhydride moiety with b-1-O-(20-aminoethyl)-
D-mannosylpyranoside and b-1-O-(20-aminoethyl)-D-glucopyrano-
side separately (Scheme 1).23 The diameters of PS-mannose and
PS-glucose were determined to be 31.4 and 20.0 nm separately

(Fig. 1). The structurally related derivatives were evaluated for
the effects of morphology (liner polymer vs hairy nanoparticles)
and selected functional groups (mannose vs glucose) on antiviral
activity and cell toxicity.


To assess the inhibitory efficacy of poly[styrene-alt-(maleic
anhydride)] derivatives, TZM-bl cells were employed as the model
host cells for quantitative analysis of HIV-1 infectivity.24,25 TZM-bl,
a Hela cell line stably expressing a large amount of CD4, CCR5 and
CXCR4, is highly sensitive to infection with diverse isolates of HIV-
1.24 TZM-bl cells also harbor an integrated b-Gal reporter gene that
codes for b-galactosidase under the control of the HIV-1
promoter.25 Activation of the b-Gal reporter gene upon HIV-1 entry
leads to expression of b-galactosidase. Enzymatic hydrolysis of
5-bromo-4-chloro-3-indolyl-b-D-galactopyranoside (X-Gal) cata-
lyzed by b-galactosidase results in a blue precipitate inside cells.
Experimentally, various doses of each derivative were first co-cul-
tured with HIV-1pNL4-3 and TZM-bl cells for 48 h, and then TZM-bl
cells were stained with X-gal. The pNL4-3 virus is subtype B of HIV-
1 and infects host cells via the cell surface CXCR4 receptor. The per-
centages of cells stained blue, an indicator of HIV-1 infectivity,
were recorded as functions of the doses of the derivatives
(Fig. 2). As shown in Figure 2, HIV-1pNL4-3 infections on TZM-bl
cells were effectively inhibited by all the poly[styrene-alt-(maleic
anhydride)] derivatives at various concentrations. Among the
derivatives, poly(St-alt-MAA) was the most potent with an IC50


value of 0.01 lg/mL (Fig. 2). The IC50 value is the compound con-
centration required to inhibit virus infection by 50%. For direct
comparison of the inhibition efficiencies of the titled derivatives







Figure 1. Determination of the diameter size of nanoparticles assembled from
poly{styrene-co-[styrene-alt-(maleic anhydride)]} derivatives by dynamic light
scattering.
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with the well studied candidate microbicides, heparin26 (1.5 kDa)
and sulfated dextran27,28 (500 kDa) were included in our inhibition
assays. The IC50 values of heparin and sulfated dextran on HIV-
1pNL4-3 infectivity were 0.5 lg/mL and 1.0 lg/mL, respectively
(Fig. 2), which were in good agreement with reported values.27,28


Of the titled derivatives, poly(St-alt-MAA) was 50–100 times more
potent than heparin and sulfated dextran against HIV-1pNL4-3 infec-
tion. PRO2000 is composed of naphthalene sulfonate polymers and
is currently in clinical trial phase III.14 PRO2000 was reported to
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Figure 2. Inhibitory effects of poly[styrene-alt-(maleic anhydride)] derivatives on HIV-
procedure.42 Briefly, HIV-1pNL4-3 was produced from 293FT cells and quantitated using a
plates (1 � 105/well) and cultured in DMEM at 37 �C overnight in a CO2 incubator. Th
containing HIV-1pNL4-3 (2.96 � 104 pg/mL), DEAE (20 lg/mL), and 25 lL of serially twofol
of 500 lL DMEM. The plates were further incubated for 48 h and then the cells were fixed
stained with X-Gal staining solution for 20 min. Infected cells were counted through an

inhibit HIV-1 infections with an IC50 value of 15 lg/mL using
similar assays.14 Compared with PRO2000, poly(St-alt-MAA) is
three orders of magnitude (1500-fold) more potent against HIV-1
infection. Based on the in vitro cellular assay, poly(St-alt-MAA) is
far more superior than most-if not all-of the reported polyanionic
microbicides in inhibiting HIV-1pNL4-3 infection.


Several subtypes of HIV-1 circulate among human beings
worldwide, including subtype B in the United States and subtype
C in Africa. Subtype C binds to host cell surface CCR5 in the initial
stage of its life cycle while Subtype B targets cell surface CXCR4
receptor.29 To probe the inhibition efficacy of poly(St-alt-MAA),
the most potent inhibitor we have identified, against different
HIV-1 strains, the infectivity of the pMJ4 virus on TZM-bl cells
was determined using the aforementioned assay. The pMJ4 virus
is subtype C of HIV-1. Poly(St-alt-MAA) inhibited HIV-1pMJ4 infec-
tion approximately 300-fold less effectively (IC50: 3.0 lg/mL,
Fig. 3) than HIV-1pNL4-3. Although capable of inhibiting both
subtype B and C of HIV-1, poly(St-alt-MAA) is more effective
against subtype B, which targets cell surface CXCR4 receptor.


Nature utilizes multivalency to achieve stable protein-glycan
binding for the initiation of subsequent biological activities despite
the fact that glycan-binding proteins typically bind their monovalent
ligands with low affinity.30 Poly(St-alt-MAA) (MW 1 Kd) is too small
to bridge trimeric gp120 (MW 120Kd) or multiple gp120 on the virus
surface. Given the size of the HIV-1 viron (120 nm), we were inter-
ested to see if poly[styrene-alt-(maleic acid, sodium salt)] displayed
on a nanoparticle surface could allow simultaneous multivalent
binding of the anionic polymers with multiple gp120 molecules on
HIV-1. Multivalent interactions between polyanionic nanoparticles
and multiple gp120 molecules might be beneficial for enhanced inhi-
bition activity. Poly{styrene-co-[(maleic acid, sodium salt)-alt-sty-
rene]} is an amphiphilic diblock copolymer capable of forming
hairy micellar nanoparticles with corona comprised of multimeric
hydrophilic linear polymers and a hydrophobic core in aqueous solu-
tions. The nanoparticles (NP-COONa) were formed with an average
diameter of 35 nm (Fig. 1A). To our surprise, the potency of PS-COONa
against HIV-1 infection (IC50: 0.5 lg/mL, Fig. 2) was 50 times weaker
than poly(St-alt-MAA). The decreased inhibition efficiency indicated
that the anticipated multivalent nanoparticle–virus interactions did
not occur in the assay conditions.


Microbicides conferred with dual or multiple biomedical
functions, like contraceptive or mucoadhesive properties, are

erivatives (µg/mL)


rin Poly(St-alt-MAA) PS-COONa Dextran


1pNL4-3 infection of TZM-bl cells. The assay was performed according to a reported
P24 enzyme-linked immunosorbent assay.43 TZM-bl cells were seeded in 48-well


e medium was then removed and then 75 lL of DMEM was added to each well
d diluted compounds. The plates were cultured at 37 �C for 2 h followed by addition
. After aspiration of the fixing solution, cells were washed with PBS buffer and then
ELISPOT reader.
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Figure 3. Inhibitory effects of Poly(St-alt-MAA) on the HIV-1pMJ4 infectivity of TZM-
bl cells as compared to HIV-1pNL4-3.
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advantageous for practical applications. Genital HIV-1 infection and
sperm fertilization share the same anatomical and functional con-
text.31 It is valuable to develop anti-HIV microbicides which could
simultaneously target sperm cells to prevent unintended pregnan-
cies. Located on the sperm cell surface, a mannose binding lectin is
essential for sperm-oocyte fusion.32,33,31 Blocking of this receptor
by D-mannose monosaccharide has been shown to be able to prevent
fertilization.34,35 PS-mannose assembled into hairy micellar nano-
particles with multivalent mannose displayed on the surface with
mean diameter of 31 nm (Scheme 1, Fig. 1). PS-mannose has been
shown to bind to human sperm cells with high affinity and caused
aggregation of the sperm cells, indicating its potential application
as a contraceptive agent.23 Hence inhibition of PS-mannose of HIV-
1 infection on TZM-bl cells was performed. The IC50 value was
0.8 lg/mL and was comparable to the inhibition efficiency of PS-
COONa (Fig. 2). Due to the potent inhibition of HIV-infections and
its ability to bind sperm cells with high affinity, PS-mannose might

Figure 4. Cell toxicities of poly[styrene-alt-(maleic anhydride)] derivatives on T cells. MT
supplemented with various amounts of the derivatives. The cells were cultured at 37 �C w
blue. Cell number and cell viability were determined using the trypan blue exclusion te

find a dual application as a contraceptive microbicide. As the struc-
tural analog of PS-mannose, PS-glucose was assayed as the control of
PS-mannose against HIV-1 infection. The IC50 value for the inhibition
of HIV-1 infection by PS-glucose was 9 lg/mL, 10-fold weaker than
PS-mannose. Mannose differs from glucose by inversion of the C2
chiral center. This apparently simple change leads to the drastically
different inhibition efficiencies of PS-mannose and PS-glucose,
which is probably due to their differential interactions with some
cell surface receptors. It is viable to introduce functional molecules
into poly[styrene-alt-(maleic anhydride)] to produce derivatives
with new therapeutic functions while maintaining various extent
of antiviral activity. Since thiol containing polymers have been
shown to be mucoadhesive,36,37 incorporating thiol-containing mol-
ecules into the poly[styrene-alt-(maleic anhydride)] might produce
mucoadhesive microbicides that can attach to mucins in the genital
tract for sustained anti-HIV-1 activity.


In addition to inhibition efficiency, safety is another important
factor needed to be taken into account for practical microbicides.
To evaluate the cell toxicities of poly[styrene-alt-(maleic anhy-
dride)] derivatives, time course studies were performed to exam-
ine the effects of each derivatives on T cell growth and cell
viability at various doses. In all the cases, cell growth slowed down
moderately (20–30%), even after 6 days of co-culture with doses
that can effectively suppress HIV-1 infections. No significant cell
death was observed (Fig. 4), suggesting that the derivatives are of
low cell toxicity. Particularly, in the presence of poly(St-alt-MAA)
cells remains fairly healthy at the dose (1.6 lg/mL) that is four
times higher than the threshold dose amount required to fully
inhibit virus infections (0.4 lg/mL). Biodistribution and immuno-
genicity studies have shown that poly(St-alt-MAA) was nontoxic
and nonimmunogenic in vivo.38 Conjugation of poly(St-alt-MAA)
with the antitumor protein neocarcinostatin has been marketed
in Japan to treat primary hepatoma and secondary tumor of the
liver.38 The low toxicity of poly(St-alt-MAA) as shown in our assays

4 cells were seeded in 48-well plates (1 � 105 cells/well) in DMEM medium (500 lL)
ith 5% CO2. Every 24 h, an aliquot of the cells was taken out and stained with trypan
st.
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strongly suggest that poly(St-alt-MAA) is safe as a potential topical
microbicide.


Successful microbicides need to be potent, safe, as well as
affordable. There has been dramatic success in AIDS treatments
largely achieved through the use of antiretroviral therapy.39–41


Although the success has tremendously improved survival and
quality of life, current therapies remain largely inaccessible to
low-income populations. Poly[styrene-alt-(maleic anhydride)] can
be easily prepared in a large scale via a one-step reaction under
mild conditions. The derivatives can be produced in high yields
via alkaline hydrolysis of the anhydride moieties. The low-cost
production of poly[styrene-alt-(maleic anhydride)] derivatives
make it suitable for applications in developing countries.


In conclusion, these preliminary data demonstrate that
poly[styrene-alt-(maleic anhydride)] derivatives are of low cell
toxicity and are active against HIV-1 infections in an in vitro cellu-
lar model. To our knowledge, poly(St-alt-MAA) was the most
potent inhibitor against HIV-1 infection with efficacy superior to
most microbicide candidates.14,27 Given the in vivo safety demon-
strated by the success of its bioconjugate in anticancer therapy38


and its low-cost production, poly(St-alt-MAA) derivatives are
potential microbicides worthy of further biological evaluations.
Novel biomedical properties could be conferred to the derivatives
by coupling a selected functional group with the anhydride moiety
via reliable amidation chemistry, which might be beneficial for
practical applications using the derivatives to control the global
HIV-1 epidemic.
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A series of (2S)-cyanopyrrolidines with glutamic acid derivatives at the P2 site have been prepared and
evaluated as inhibitors of dipeptidyl peptidase IV (DPP-IV). The structure–activity relationships (SAR)
led to the discovery of potent 3-substituted glutamic acid analogues, providing enhanced chemical sta-
bility and excellent selectivity over the closely related enzymes, DPP8, DPP-II and FAP. Compound 13f
exhibited the ability to both significantly decrease the glucose excursion and inhibit plasma DPP-IV
activity.
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Dipeptidyl peptidase IV (DPP-IV, also known as CD26) (EC
3.4.14.5) is a prolyl dipeptidase involved in the in vivo degradation
of two insulin-sensing hormones, glucagon-like peptide 1 (GLP-1)
and glucose-dependent insulinotropic polypeptide (GIP), by cleav-
ing at the peptide bond of the penultimate position.1,2 Glucagon-
like peptide-1 (GLP-1) is an incretin hormone secreted by intestinal
L-cells in response to food intake.3 The active form of GLP-1 is a 30-
amino acid peptide, which stimulates insulin release, inhibits gluc-
agons release, and slows gastric emptying, each a benefit in the
control of glucose homeostasis in patients with type II diabetes.
4–7 Thus inhibition of DPP-IV extends the half-life of endogenously
secreted GLP-1, which in turn enhances insulin secretion and im-
proves the glucose tolerance. DPP-IV inhibitors offer several poten-
tial advantages over existing therapies including decreased risk of
hypoglycemia, potential for weight loss, and the potential for
regeneration and differentiation of pancreatic b-cells.8 Therefore,
DPP-IV has become a validated target for the treatment of type II
diabetes, and several inhibitors of DPP-IV are currently undergoing
late-stage clinical trials; the first DPP-IV inhibitor, sitagliptin 1
(Januvia, Merck) was approved in October 2006 (Fig. 1),9,10 vildag-
liptin 2 (Glavus, Novartis) was approved for use in Europe in Sep-
tember 2007.11


With few exceptions, most DPP-IV inhibitors resemble the P2–
P1 dipeptidyl substrate cleavage product. As shown in Figure 1, vil-
dagliptin 2 is a covalent inhibitor. Often this electrophilic cyano-
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Figure 1. Inhibitors of DPP-IV.
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Scheme 2. Synthesis of 7b–d: Reagents: (a) (Boc)2O, 4-DMAP, CH2Cl2; (b) NaOH(aq),
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Scheme 1. Synthesis of glutamic acid derivatives: Reagents: (a) EDC, HOBt, 1,4-
dioxane/CH2Cl2, various amines; (b) H2, 5% Pd/C, MeOH; (c) TFA, CH2Cl2; (d)
(Boc)2O, NaHCO3, H2O/1,4-dioxane; (e) EDC, HOBt, 1,4-dioxane/CH2Cl2; (f) imidaz-
ole, POCl3, pyridine.
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pyrrolidine is able to bind covalently with the serine 630 in the S1
pocket of DPP-IV, whereas the non-covalent inhibitor sitagliptin 1
depend on non-covalent protein–ligand interactions and the
substituted phenyl group occupies very well the hydrophobic S1
pocket of the enzyme.9 Previous report from our laboratories de-
scribed asparatic acid derivatives as potent DPP-IV inhibitors (3,
Fig. 1),12a but this class of inhibitors lacks selectivity toward
DPP8 (Table 1). This selectivity is an important criterion for their
further development as antidiabetic agents, since in vivo studies
indicate that selective inhibition of DPP8/9 may be associated with
profound toxicities.13 Extensive SAR studies by replacement of
aspartic acid with glutamic acid at the P2 site, glutamic acid deriv-
ative 4a is 150-fold more potent in DPP-IV inhibition and 800-fold
more selective toward DPP8 than aspartic acid derivative 3.12b,12c


In comparison with 4a, lengthening by one carbon (5) results in
fivefold lost in DPP-IV potency, and suffers from poor selectivity
over DPP8, DPP-II,14 and FAP (Fibroblast activation protein).15


The cyanopyrrolidine derivatives 3–5 are potent DPP-IV inhibitors,
but the electrophilic nitrile group makes these compound instable
due to reaction with the primary amine of the P2 amino acid.16 Re-
lated compound thiazolidine 6 lacking an electrophile possess
much greater chemical stability, but this compound shows a dras-
tic reduction in DPP-IV inhibition (IC50 = 1.6 lM).


The data shown in Table 1 compare the DPP-IV potency and
selectivity of compounds 3–6 to two diabetes drugs 1 and 2, we se-
lected compound 4a as a lead compound for further modification
in an effort to improve intrinsic selectivity and stability of com-
pound 4a. Augeri et al. reported that increasing the degree of
branching at the b-position of the alkylglycine substituent in-
creases solution stability.17 Based on the result, we decided to
add alkyl substituent in the b-position of the P2 site glutamic acid
(Scheme 1, compounds 11–13) and investigated the effects of
methyl, ethyl and dimethyl substituents on stability and selectivity
compared to unsubstituted 4. This study describes here has led to
the discovery of the potent, selective and stable DPP-IV inhibitor
13f and its analogues. This selective 13f demonstrated in vivo effi-
cacy comparable to that of DPP-IV inhibitor 2.


A series of (2S)-cyanopyrrolidines with glutamic acid deriva-
tives at the P2 site, compounds 4 and 11–13, was prepared as de-
scribed in Scheme 1. Inhibitors 4 and 11–13 were synthesized from
7a–d, respectively. Boc-L-glutamic acid 1-benzyl ester 7a is com-
mercially available. The preparation of Boc-protected (3R)-3-
methyl and -ethyl 1-tert-butyl ester 7b–c and 3,3-dimethyl 1-
tert-butyl ester 7d (racemate) will be discussed in Scheme 2. EDC
coupling of 7a–d with primary or secondary amines was followed
by hydrogenation to give 8a or by deprotection of the tert-butylc-
arbamate and tert-butyl ester and reprotection of the free amines
to give acids 8b–d. Compounds 8a–d were then coupled with L-
prolinamide 9 followed by dehydration of the amides to provide
10a–d. (2S)-Glutamic acid derivative 10d (less polar fraction) and
another diastereomer of 10d (more polar fraction) can be sepa-
rated by chromatography. Removal of the BOC protecting group
of 10a–d with trifluoroacetic acid yielded the desired glutamic acid
derivatives 4 and 11–13, respectively. The assignment of configu-

Table 1
Inhibition of DPP-IV, DPP8, DPP-II and FAP by compounds 1–6


Compd IC50 (lM)


DPP-IV DPP8 DPP-II FAP


1 0.030 >20 >20 >20
2 0.056 14 >20 >20
3 0.298 0.22 >20 >20
4a 0.002 1.2 15 1.2
5 0.010 0.36 2.6 0.054
6 1.6 >20 >20 12

ration at the a-carbon of 3,3-dimethyl glutamic acid was based
on the fact that compound 13a derived from corresponding 10d
showed at least 10-fold more potent than another diastereomer
of 13a as DPP-IV inhibitor. The result permitted the assignment
of (2S) configuration of 3,3-dimethyl glutamic acid to the more ac-
tive compound 13.


As shown in Scheme 2, Boc-protected 7b–c and 7d were pre-
pared from cyclic (2S,3R)-3-methyl or ethyl pyroglutamate 1418a


and racemic cyclic 3,3-dimethyl pyroglutamic acid 16,18b respec-
tively. Compounds 14 and 16 were synthesized according to the
literature procedures.18 The treatment of 14 with (Boc)2O in the
presence of 4-(dimethylamino)pyridine (4-DMAP) in dichloro-
methane gave 15, which selectively hydrolyzed the N-Boc pro-
tected amide bond using NaOH (1.5 equiv) in THF/H2O to furnish
7b–c. Racemic acid 16 was effected by treatment with N,N-dimeth-
ylformamide di-tert-butyl acetal to provide tert-butyl ester 17.
Compound 17 can be transformed to 3,3-dimethyl 1-tert-butyl es-
ter 7d (racemate) by two-step reaction as 14 was treated.







Table 2
Inhibition of DPP-IV, DPP8, DPP-II and FAP by compound 4


H3N


O


N


CNTFA


OW


4


Compd W IC50 (lM)a SIc


DPP-IV DPP8 DPP-II FAP


4a N 0.002 1.2 8.4 1.2 600


4b
N


0.005 0.83 10 8.8 166


4cb N


O


O
0.035 1.2 4.5 6.1 34


4d


N


N


S


4-FC6H4


0.040 1.0 12 2.3 25


4e
NS


0.006 2.5 12 7.5 417


4f
N


N
N


N
0.007 7.2 >20 >20 1028


4g


N


N
N


N


F3C


0.005 5.7 4.5 >20 1140


4h
N


NN


N
F3C 0.009 11 >20 >20 1222


4i
N


N


N
F3C 0.006 7.9 12 14 1316


4j N 0.007 5.3 >20 11 757


4k
S


N 0.010 3.9 >20 8.3 390


4l


N


O


0.022 5.5 >20 21 250


4m


N


O


0.007 12 >20 20 1714


able 2 (continued)


ompd W IC50 (lM)a SIc


DPP-IV DPP8 DPP-II FAP


n
N


0.015 2.7 >20 >20 180


o
N


O
0.017 4.9 >20 >20 288


p


N


N


O


EtO 0.031 2.5 >20 3.1 81


q


N


N


O


F3C 0.008 3.9 >20 19 488


r


N


N


N


0.019 0.98 17 0.47 52


s NH 0.037 1.5 ND ND 41


t
H
N 0.011 5.4 >20 >20 491


a Means of at least three experiments; standard deviations are ±40%; see Ref. 21.
b The first carbon position of isoquinoline is racemate.
c Selectivity index (SI) = DPP8 IC50/ DPP-IV IC50.
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Generally, this class of inhibitors shown in Table 2 and Table 3
exhibited potent DPP-IV inhibition (IC50 < 40 nM), therefore
improvement of selectivity against the off-target enzymes, in par-
ticular DPP-8 and DPP-9 was of great concern. Since inhibition of
DPP8 and/or DPP9 is associated with significant toxicity in preclin-
ical species.13,19 A selectivity (DPP-IV/DPP8) index of >1000 is se-
lected for the development candidates. Firstly, the effects of
bicyclic group on the glutamic acid were investigated. To improve
the selectivity and to maintain the potency toward DPP-IV, we re-
placed the isoindoline of lead compound 4a at 5-position of glu-
tamic acid with isoquinoline, generating isoquinoline analogues
4b and 4c (Table 2). Both compounds 4b–c neither improved
DPP-IV potency nor enhanced selectivity toward DPP8, DPP-II
and FAP. Having failed to improve both the potency and selectivity
of the lead compound 4a, we set out to investigate the effect of
varying heterobicyclic group. Since Gao et al. reported that hetero-
atoms or polar substituents at the P2 site would help to increase
the DPP8 IC50/ DPP-IV IC50 ratio, namely, to provide more selective
DPP-IV inhibitors.20 Nevertheless, 4,5,6,7-tetrahydro-thiazolo[5,4-
c]pyridine 4d and 4,5,6,7-tetrahydro-thieno[2,3-c]pyridine 4e did
not improved potency and selectivity. Compound 4d showed 18-
fold decrease in DPP-IV inhibition compared to lead 4a. Further
modification was carried out with more polar heterobicyclic build-
ing blocks, such as triazolopyrazine derivatives 4f–h and imidazo-
pyrazine 4i, led to at least a 2.5-fold decrease in DPP-IV inhibitory
potency compared to lead compound 4a. In contrast, all the four
compounds were more selective than 4a for DPP-IV over DPP8
and FAP; the selectivity index (SI) of these heterobicyclic analogues
(4f–i) for DPP-IV versus DPP8 inhibition is >1000-fold compared
with 4a which SI is 600-fold, and these compounds dramatically
improved selectivity with respect to FAP (IC50 > 14 lM).


Next, we investigated the effects of varying monocyclic deriva-
tives, such as five-member ring 4j–m and six-member ring 4n–r.







Table 3
Inhibition of DPP-IV, DPP8, DPP-II and FAP by compounds 11–13


O


N


CN


OW


H3N


TFA O


N


CN


OW


H3N


TFA O


N
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H3N


TFA


(R) (R)


11 12 13


Compd W IC50 (lM)a SIb


DPP-IV DPP8 DPP-II FAP


4a 0.002 1.2 15 1.2 600


11a


N


N
N


N


F3C


0.008 2.0 >20 7.1 250


12a


N


N
N


N


F3C


0.031 17 >20 >20 548


13a


N


N
N


N


F3C


0.012 10 >20 >20 833


13b
N


NN


N
F3C 0.031 6.2 >20 >20 200


13c N 0.012 1.9 >20 >20 158


13d
N


0.016 1.0 >20 >20 63


13e
NS


0.025 1.2 >20 >20 48


13f


N


O


0.014 15 >20 >20 1071


13g
N


0.013 11 >20 >20 846


a Means of at least three experiments; standard deviations are ±40%; see Ref. 21.
b Selectivity index (SI) = DPP8 IC50/ DPP-IV IC50.
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This approach did not result in improvement in potency but in
selectivity (Table 2). Pyrrolidine 4j exhibited a similar activity as
thiazolidine 4k, but 4j was more selective than 4k for DPP-IV over
DPP8. Addition of a methoxymethyl group at the 2-position of pyr-
rolidine provided diasteromers 4l and 4m. The chirality at C2 (4m
vs 4l) has threefold effect on DPP-IV inhibition in favor of the (S)
configuration, and S-diasteromer 4m showed significantly better

selectivity toward DPP8 (1700-fold) compared to R-diasteromer
4l (250-fold). This methoxymethyl analogue 4m represents the
most selective DPP-IV inhibitor among the 5-substituted glutamic
acid series of inhibitors. In comparison with five-member ring 4m,
six-member ring system, such as piperidine 4n and morpholine 4o
showed a twofold decrease in potency (DPP-IV IC50 = 15–17 nM,
Table 2), and had reduced selectivity over DPP8. As for piperazine
derivatives, ethyl carbamate 4p was a less potent inhibitor of DPP-
IV in this series; its selectivity over DPP8 and FAP was relatively
low. Replacement of carbamate in 4p with trifluoro-acetamide 4q
was equipotent to five-member ring 4m; however, 4q displayed
unacceptable DPP8 activity (IC50 = 3.9 lM). Interestingly, 1-pyri-
din-4-yl-piperazine 4r inhibited DPP8 and FAP at submicromolar
level. Further modification was carried out at bringing the nitrogen
out of the ring system and developing the aniline derivative 4s and
cyclopentylamine derivative 4t. Aniline substituent was detrimen-
tal to DPP-IV inhibition; cyclopentylamine substituent provided no
improvement in selectivity over DPP8.


Among these compounds shown in Table 2, compounds 4f, 4h
and 4m were potent inhibitors for DPP-IV, with IC50 values of
<10 nM; >1000-fold selectivity over DPP-IV, DPP-II and FAP. But
these compounds (free base forms) are inherently unstable
(t1/2 < 24 h) because the amino group intramolecularly cyclizes
with the nitrile thus forming a cyclic amidine or diketopipera-
zine.16,17 For this reason, further development of a series of com-
pounds with alkyl substituent at the b-position of the P2 site
glutamic acid was continued. In this Letter, we just report (R) con-
figuration at C3 of glutamic acid because (3S) configuration gave
less selective than (3R) configuration (data not shown).


As shown in Table 3, the methyl group at C3 with (R) configura-
tion (11a) resulted in a slight decrease in both potency and selec-
tivity over DPP8 compared to unsubstituted 4g. Ethyl analogue 12a
exhibited a sixfold decrease in DPP-IV potency, leading no
improvement in selectivity index between DPP-IV and DPP8 rela-
tive to 4g. For this reason, methyl or ethyl analogue was not further
optimized. Increasing the bulk of the branching by introduction of
a dimethyl group gave compounds 13a–g. Compared with monoal-
kyl analogues 11a and 12a, compound 13a still maintained good
potency (IC50 = 12 nM) and showed 1000-fold selectivity over
DPP8. Apparently, dimethyl group is well tolerated at the C3 posi-
tion; further optimization of a series of compounds with 3,3-di-
methyl group was continued. Next, moving the nitrogen from the
2 to 3 position in the triazolopiperazine of 13a (analogue 13b) ap-
peared unfavorable for DPP-IV inhibition (IC50 = 31 nM). The same
general trend for dramatically decreased selectivity over DPP8
when the triazolopiperazine bicycle (13a, 833-fold) was replaced
by less polar bicycles, such as isoindoline (13c, 158-fold), isoquin-
oline (13d, 63-fold) and thiazolo[5,4-c]pyridine (13e, 48-fold). In
comparison with 13a, both analogues 13c-d maintained potency,
but 13e gave a twofold decrease in potency. Monocyclic pyrrol-
idines with methoxymethyl group and methyl group, 13f and
13g, remained potency against DPP-IV with >800-fold selectivity
versus DPP8. Except for monomethyl analogue 11a, all the com-
pounds with alkyl substituent at the b-position of the P2 site glu-
tamic acid shown in Table 3 were inactive toward DPP-II and FAP
(IC50 > 20 lM).


Compound 13f is a potent and selective DPP-IV inhibitor with a
high stability in aqueous solution (t1/2 > 7 days in phosphate buffer
solution, pH �7.4), and thus this compound was chosen for more
extensive in vivo studies. In an oral glucose tolerance test (OGTT),21


compounds were administered by oral route at 3 mpk to C57BL/6j
mice 30 min before glucose administration (3 g/kg), and then blood
samples drawn and analyzed for glucose levels. The glucose AUC
was determined from 0 to 120 min, OGTT data on 2 and 13f are
summarized in Figure 2. Both 2 and 13f significantly suppressed
the glucose excursion observed after glucose challenge. For the
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Figure 3. DPP-IV inhibition in rats for 2 (n = 5) and 13f (n = 4) at 3 mpk po versus
control (water, n = 3).


Figure 2. Effects of 2 and 13f on glucose excursion in C57BL/6j mice (3 mpk po,
n = 6), control is water.
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plasma DPP-IV inhibition assay,21 the compounds were adminis-
tered to Wistar rats by oral route at 3 mpk, blood samples were
collected and analyzed for plasma DPP-IV activity (Fig. 3). A max-
imum inhibition of plasma DPP-IV activity was observed approxi-
mately 30 min after the oral dosing of compounds 2 or 13f, the
inhibition was >80% from 30 min to 4 h and >60% at 8 h. The com-
pound 13f showed similar inhibition profile of plasma DPP-IV
activity as 2. The in vivo effects shown in Figures 2 and 3 demon-
strate the ability of 13f to both significantly decrease the glucose
excursion and inhibit plasma DPP-IV activity, and these pharmaco-
logical profiles of 13f are comparable to those of compound 2, a
DPP-IV inhibitor, which is a diabetes drug for the European market.


In summary, we have identified a novel series of glutamic acid
derivatives as potent and selective DPP-IV inhibitors. Notable
among these is compound 13f having 3,3-dimethyl substituents
in the b-position of the P2 site glutamic acid. This compound is
an IC50 = 14 nM DPP-IV inhibitors with an excellent selectivity pro-
file over DPP8 (IC50 = 14 lM), FAP (IC50 > 20 lM) and DPP-II

(IC50 > 20 lM). The inhibitor also exhibited excellent aqueous
stability. The in vivo effects of compound 13f, including inhibition
of plasma DPP-IV activity and suppression of blood glucose eleva-
tion, were also demonstrated. The result of these pharmacological
studies indicates that 13f is a potent, selective, and orally available
inhibitor of DPP-IV.
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In the present Letter, a fast and reproducible method for the synthesis of N-[ N]nitrosamines is reported.
The labeling strategy is based on trapping [13N]NO2


� in an anion exchange resin. The reaction with sec-
ondary amines in the presence of Ph3P and Br2 led to the formation of the desired nitrosamines in short
reaction times (2 min) with excellent radiochemical conversion (>45%). Final radiotracers were obtained
after purification in good radiochemical yields (>30%, decay corrected). Radiochemical purity was above
99% in all cases.


� 2009 Elsevier Ltd. All rights reserved.

Positron emission tomography (PET) is a non-invasive in vivo
imaging technique which produces a three-dimensional image of
functional processes in a living organism. Commonly used radio-
nuclides for PET imaging include carbon-11 (11C), fluorine-18
(18F), oxygen-15 (15O), nitrogen-13 (13N) or bromine-76 (76Br),
which can be easily produced in good yields in cyclotrons for fur-
ther incorporation into organic molecules to be used as radiotra-
cers.1 Due to radioactive decay, the preparation of the
radiotracers requires the development of fast and efficient syn-
thetic strategies to be carried out in automatic-remote controlled
synthesis modules.


Among all PET radionuclides, 11C (half-life of 20.4 min and max-
imum positron energy of 960.5 keV) and 18F (half-life of 109.8 min
and maximum positron energy of 633.5 keV) have been by far the
most widely used, due to their versatile chemistry, relatively long
half-life and high production yields in commercially available
cyclotrons. In spite of the historical importance of 11C and 18F,
the use of other radioisotopes (e.g., 13N, with a half-life of
9.97 min and maximum positron energy of 1.19 MeV) might be
very advantageous for the development of alternative synthetic
strategies to label molecules in different positions, thus giving fur-
ther understanding of specific biological and/or physiological pro-
cesses. A clear example is found in nitrosamines. Since Magee and
Barnes showed the carcinogenic potential of N-nitrosodimethyl-
amine (NDMA) in rats in 1956,2 a high number of nitrosamines
have shown potent carcinogenic effects in experimental studies

ll rights reserved.

with tumor induction in different sites like oral cavity, esophagus,
stomach, urinary bladder and brain.3 In spite of the large number
of studies in the preclinical area, a better understanding of the
in vivo mechanism by which nitrosamines exert their carcinogenic
effect is highly desirable. Especially, the carcinogenic potential of
nitrosamines has driven the studies about the influence of tobacco
and food additives. In this sense, 13N labeling (either combined
with 11C labeling or not) would represent a powerful tool to per-
form in vivo pharmacokinetic studies in animals, including bio-dis-
tribution and metabolism.


N-Nitrosation of amines is a well explored reaction in organic
synthesis. In the last decades, different nitrosating agents including
nitrous acid (HNO2), nitrosyl chloride (NOCl), dinitrogen trioxide
(N2O3), dinitrogen tetroxide (N2O4), nitrosonium tetrafluoroborate
and alkyl nitrites have been applied widely for the synthesis of
nitrosamines. More recently, heterogeneous reagent systems have
been demonstrated to be an excellent alternative for the synthesis
of nitrosamines following simple experimental procedures under
mild conditions.4 However, the [13N]nitrosation of amines is
strongly restricted due to the limited availability of cyclotron-gen-
erated radioactive precursors ([13N]NH4


þ and [13N]NO3
�) and the


low amount (sub-micro molar scale) in which they can be
produced.


In a recent work, we presented a fast and simple strategy for the
generation of the radioactive precursor [13N]NO2


� and further
reaction with glutathione to yield S-[13N]nitrosoglutathione.5 In
continuation of our work, we have used the same radioactive pre-
cursor to efficiently synthesize different N-[13N]nitrosamines fol-
lowing the Ph3P/Br2/NO2


� strategy recently described by
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Table 1


Entry R1R2NH R1R2NNO RCCa,c,d RCYb,c,d


1 1 5 53.4 ± 1.3 (51.9–54.4) 37.8 ± 3.1 (34.7–40.9)
2 2 6 50.2 ± 9.8 (38.8–56.2) 40.7 ± 8.0 (31.6–46.1)
3 3 7 45.6 ± 7.4 (38.1–52.8)e 34.0 ± 7.3 (27.3–41.9)e


4 4 8 45.9 ± 5.4 (42.0–49.7) 36.4 ± 5.0 (32.9–40.0)


a RCC: Radiochemical conversion (%), calculated as the ratio between the amount
of radioactivity present as N-[13N]nitrosamine and the amount of radioactivity
trapped in the SPE cartridge.


b RCY: Radiochemical yield (%), calculated as the ratio between the amount of
radioactivity present as N-[13N]nitrosamine (after purification) and the amount of
radioactivity generated in the cyclotron.


c Decay corrected values.
d AVG ± STDV (range).
e Amount of Ph3P/Br2/amine was 50/50/40 lmol.
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Nowrouzi and co-workers.6 Although very high yields were de-
scribed in this work, in the particular case of using non carrier
added-cyclotron produced [13N]NO2


�, the anion is obtained in very
low concentration aqueous solution, and thus application of the
methodology is not trivial.


Our first attempts to synthesize N-[13N]nitrosamines followed
the general procedure in which nitrous acid, (generated from ni-
trite solution and mineral acid in water) is reacted with secondary
amines. In this case, using piperidine (1) as secondary amine, under
non radioactive conditions and for a wide range of temperatures
(0 �C 6 T 6 100 �C) and acid concentrations (1 6 pH 6 4.5, NO2


�/
amine ratio = 1.2/1), the reaction of formation of N-nitrosopiperi-
dine (5) was very slow and chemical conversion (NO2


� into 5)
was very poor (under 5% in all cases) after 10 min of reaction.
The reaction was also carried out at lower NO2


�/amine ratios (to
simulate radioactive conditions) and chemical conversion was
strongly decreased. These results were confirmed, also using 1 as
secondary amine, under radioactive conditions. No radioactive
peak corresponding to [13N]5 was detected in any case.


With the aim of improving our results, the resin-supported
methodology for the synthesis of N-[13N]nitrosamines previously
reported by Vavrek and Mulholland7 was used;8 under these con-
ditions, the formation of [13N]5 could not be detected after
10 min of reaction. Due to this fact, the combined approach
(resin-supported NO2


� + Ph3P/Br2/amine strategy) was assayed
(Scheme 1).


In a typical experiment, 13N (25 mCi, 925 GBq) was produced in
a cyclotron via the 16O(p,a)13N nuclear reaction. The target (con-
taining 3.2 mL of purified water) was irradiated with 18 MeV pro-
tons at a beam current of 10 lA for 2 min. The resulting solution,
containing [13N]NO2


� (16.5 ± 3.8%), [13N]NO3
� (74.1 ± 3.5%) and


[13N]NH4
þ (9.4 ± 0.4%) was passed through a glass column filled


with cadmium/sand 3:1 mixture (w/w, column length = 16.5 cm)
to obtain a virtually [13N]NO3


� free solution (95.5 ± 1.1%
[13N]NO2


�, 0.7 ± 0.45% [13N]NO3
� and 3.8 ± 1.4% [13N]NH4


þ).9


The solution was directed to an anion exchange solid phase
extraction (SPE) cartridge (Sep-Pak� Accell Plus QMA, Waters) to
trap [13N]NO2


� quantitatively. The cartridge was dried with nitro-
gen, washed with tetrahydrofuran (2 mL) and dried again. A freshly
prepared solution (0.8 mL) containing Ph3P/Br2/amine
(25:25:20 lmol) in dry dichloromethane was circulated through
the cartridge at a flow rate of 0.4 mL/min. The eluted solution
was recovered in a vial, dried under continuous nitrogen flow
and the residue was reconstituted with water (2 mL).


The resulting solution was analyzed by HPLC using a YMC
J’sphere ODS-H80 column (4 lm particle size, 15 � 0.46 mm) as
stationary phase and water/acetonitrile/methanol (28:18.5:3.5)
as mobile phase.10 Simultaneous UV (k = 254 nm) and isotopic
detection were used. The presence of N-[13N]nitrosamine was con-
firmed by co-elution with reference compound solution (retention
times = 3.43, 2.56, 5.62, and 3.23 min for 5, 6, 7, and 8,
respectively).

Scheme 1. Synthesis of N-[13N]nitrosamines by following the combined approach
(resin-supported NO2


� + Ph3P/Br2/amine).

In Table 1, the radiochemical conversion of [13N]NO2
� into


N-[13N]nitrosamine is shown for amines 1–4. In all cases, radio-
chemical conversion (decay corrected) was above 45%. Impor-
tantly, irrespectively of the structure of the secondary amine,
only the presence of one major chemical impurity (retention
time = 10.5 min) was detected in all cases in the final solution be-
fore purification. As previously reported in the literature,11 Ph3P
quantitatively reacts with Br2 to immediately yield bromotriphe-
nylphosphonium bromide. The slow reaction of this reagent with
the secondary amine yields the precursor for the nitrosation reac-
tion (triphenyl(amin-1-yl)phosphonium bromide, see Scheme 2 for
structure). The excess of bromotriphenylphosphonium bromide
constituted the undesired impurity observed in the HPLC at the
end of the synthesis, and could be removed from the bulk solution
by eluting the reaction mixture through a C-18 SPE cartridge, rins-
ing with purified water and eluting the desired radiotracer with
3 mL of ethanol/water solution (25/75 in the case of [13N]7, 20/
80 in the case of [13N]5 and 15/85 in the other cases). This purifi-
cation step was also successful in removing unreacted [13N]NO2


�


and [13N]NO3
�. Final reconstitution with 5 mL of injectable


physiologic solution and filtering through a 0.22 lm filter left the
radiotracer ready for putative in vivo studies in animals.


Average radiochemical yields (calculated as the ratio between
the amount of radiotracer and the amount of radioactivity gener-
ated in the cyclotron, decay corrected) for the preparation of
N-[13N]nitrosamines were in the range 34.0–40.7% (Table 1). Total
synthesis time (including purification) was less than 10 min and
radiochemical purity was above 99% in all cases.


As can be seen in Table 1, the lowest radiochemical conversion
and yield were obtained for [13N]7, despite a higher concentration
of Ph3P/Br2/amine was used. We believe that this is due to steric
hindrance exerted by diisopropylamine after formation of tri-
phenyl(diisopropylamin-1-yl)phosphonium bromide.


In summary, we present here a simple, fast and easy to auto-
mate procedure for the preparation of [13N]labeled nitrosamines.
By using a combined approach (resin-supported 13NO2


� + Ph3P/
Br2/amine), 13NO2


� (aqueous solution) can be reacted with second-
ary amines to synthesize nitrosamines with excellent conversion
and good radiochemical yields. Despite [13N]NO2


� is obtained as
aqueous solution from the cyclotron, the amine is solved in dichlo-
romethane; thus, the method is applicable to the preparation of

Scheme 2. Reaction of formation of the precursor triphenyl(amin-1-yl)phospho-
nium bromide.
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other nitrosamines with more complex structure, even if they are
not water-soluble.
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This Letter describes the synthesis and structure–activity-relationships (SAR) of isoform-selective PLD
inhibitors. By virtue of the installation of alternative halogenated piperidinyl benzimidazolone privileged
structures, in combination with a key (S)-methyl group, novel PLD inhibitors with low nM potency and
unprecedented levels of PLD1 isoform selectivity (�1700-fold) over PLD2 were developed.


� 2009 Elsevier Ltd. All rights reserved.
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Phospholipase D (PLD) isozymes mediate the parallel reactions
of phospholipid hydrolysis and transphosphatidylation. There are
two mammalian isoforms of PLD, coined PLD1 and PLD2, and de-
spite conserved regulatory and catalytic domains, studies indicate
distinct modes of activation and functional roles for PLD1 and
PLD2.1 From a therapeutic perspective, PLD has been implicated
in a human cancer cell progression (breast, renal, gastric and colo-
rectal) as well as actin cytoskeleton reorganization and cell motil-
ity.2–8 Thus, small molecules that selectively inhibit PLD1 or PLD2
could represent a novel approach for the treatment of cancer. The
lack of isoform selective and direct-acting inhibitors has hindered
the PLD field for decades. Instead, the study of PLD has been facil-
itated for decades by the use of n-butanol or indirect, non-selective
inhibitors such as trans-diethylstilbestrol, resveratrol, honokiol
and SCH420789, or non-selective, direct-acting inhibitors such as
raloxifene and tamoxifen.9–15


Recently, Monovich and co-workers reported that halopemide 1
and some related congeners, identified in a PLD high throughput
screen (HTS) inhibited PLD2.16 As we have recently reported, this
work did not discuss activity for these compounds on PLD1, and
in fact, we found that these compounds are a combination of dual
PLD1/2 inhibitors and modestly PLD1-preferring inhibitors—none

All rights reserved.
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. Lindsley).


Figure 1. Halopemide 1, and our recently reported isoform-selective PLD inhibi-
tors: dual PLD1/2 inhibitor 2, PLD1-selective (>100-fold) inhibitors 3 and 4, and
PLD2 preferring (>9-fold) inhibitor 5.
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of the analogs disclosed showed any PLD2-preferring inhibition.17


In the course of our initial investigation of this report, we devel-
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Figure 2. Library strategy to refine PLD inhibitors to improve potency and PLD
isoform selectivity.
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Scheme 1. Reagents and conditions: (a) MP-B(OAc)3, DCE, rt, 16 h (77–97%); (b) 4 N
HCl/dioxane, MeOH (98%); (c) R2COCl, DCM, DIEA, rt (65–95%) or (i) R2COH, PS-DCC,
HOBt, DCM, DIEA; (ii) MP-CO3


2� (58–90%).


Table 1
Structures and activities of analogs 11
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a Cellular PLD1 assay with Calu-1 Cells.
b Cellular assay with HEK293-gfp PLD2 cells. Each IC50 was determined in triplicate.

oped a series of small molecule, isoform-selective PLD inhibitors
which included a dual PLD1/2 inhibitor 2, two PLD1 selective
(>100-fold) inhibitors 3 and 4 (>100-fold), and the only known
PLD2 preferring (>9-fold) inhibitor 5 (Figure 1). Inhibition of PLD
with these direct-acting inhibitors leads to decreased invasive
migration in breast cancer cell lines (i.e., MDA-231, 4T1 and
PMT), and siRNA confirmed the role of PLD in this response.17 Thus,
PLD inhibitors represent a new class of antimetastatic agents.
However, to further probe PLD and the function and role of the
individual PLD isoforms, more potent inhibitors with a greater de-
gree of PLD isoform specificity are required.


Our initial library was based on a diversity-oriented approach
utilizing commercial (1-(piperidin-4-yl)-1H-benzo[d]imidazol-
2(3H)-one, and the analogous 5-chloro congener, as key scaffolds
which afforded inhibitors 2–4, but was limited in scope. This
screen also identified the (S)-methyl group on the ethyl diamine
linker as a PLD1-inhibition enhancing moiety.17 In order to refine
these inhibitors, we employed our iterative parallel synthesis ap-
proach,18 and synthesized libraries to address the potential SAR de-
picted in Figure 2.


The alternative halogenated (4-F, 5-F, 6-F, 5-Br) (1-(piperidin-4-
yl)-1H-benzo[d]imidazol-2(3H)-ones 6 were not commercially
available and were synthesized as previously described.19 The
remaining monomers were readily available and the libraries were
prepared according to the general route depicted in Scheme 1. In
the event, a halogenated (4-F, 5-F, 6-F, 5-Br) or unsubstituted (1-
(piperidin-4-yl)-1H-benzo[d]imidazol-2(3H)-one 6 underwent a
reductive amination with either N-Boc glycinal, a functionalized ali-
nal 7 or a homologated/cyclic constrained N-Boc amino aldehyde 8 to
yield 9. Subsequent removal of the Boc group with 4 N HCl and stan-
dard acylation chemistry provides analogs 10. All compounds were
then purified to >98% purity by mass-directed preparative HPLC.20

NH


O
R1


C50
a (nM) PLD2 IC50


b (nM) Fold PLD1-selective


380 18


3900 111


42 5.1


730 18


740 10.5


860 7.8


850 7


For details see Ref. 17.
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Robust, tractable SAR was observed in the 10 libraries (�250
compounds) synthesized in an iterative fashion over several
months—refining library design with new biochemical data.18 All
of the halogenated (4-F, 5-F, 6-F, 5-Br) (1-(piperidin-4-yl)-1H-
benzo[d]imidazol-2(3H)-one provided PLD inhibitors, and a di-
verse array of alternative amides were also tolerated. In contrast,
the ethyl diamino linker was essential—homologation to the corre-
sponding 3- and 4-carbon tethers were inactive, as were cyclic con-
straints. Only H or (S)-methyl substitution was tolerated on the
ethyl diamino linker. All library members were evaluated for their
ability to inhibit PLD1 and PLD2 in a cellular assay (Calu-1 and
HEK293-gfpPLD2, respectively) as well as a biochemical assay with
recombinant PLD1 and PLD2 enzymes.17 The cellular assays were
the ‘workhorse’ assays that drove the SAR, with routine confirma-
tion in the in vitro biochemical assay. Table 1 highlights unsubsti-
tuted (X = H) 6 congeners 11 without the (S)-methyl group and
examines only alternative amides.


While a number of amide caps afforded good PLD1 inhibition,
the 2-naphthyl analog 11a provided single digit nanomolar levels
of PLD1 inhibition, but poor selectivity versus PLD2 (�5.1-fold).
The trans-phenyl cyclopropane congener 4 provided a 35 nM
PLD1 inhibitor with excellent selectivity against PLD2 (111-fold).17

Table 2
Structures and activities of halogenated analogs 12
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a Cellular PLD1 assay with Calu-1 Cells.
b Cellular assay with HEK293-gfp PLD2 cells. Each IC50 was determined in triplicate.

Next, we evaluated halogenated (5-F, 6-F, 5-Cl and 5-Br) (1-
(piperidin-4-yl)-1H-benzo[d]imidazol-2(3H)-one analogs 12 with-
out the (S)-methyl group and explored alternative amides (Table
2). Robust, tractable SAR was observed, with this exploration iden-
tifying a combination of dual PLD1/2 inhibitors (12e and 12i) with
�3-fold PLD1 selectivity to an inhibitor 12b (X = 5-Cl, trans-phenyl
cyclopropane amide) with improved PLD1 selectivity (250-fold)
compared to 4. In general, halogen substitution increased PLD1
inhibition to the low nanomolar range irrespective of the halogen
(F, Cl or Br) or the position (5- or 6-substitution). However, the de-
gree of PLD2 inhibition also increased relative to analogs 11. Thus,
efforts now centered on installation of the key PLD1 enhancing (S)-
methyl group in an attempt to further improve PLD1 inhibition
while diminishing activity towards PLD2 inhibition.


The combination of halogenated (4-F, 5-F, 6-F, 5-Cl and 5-Br) (1-
(piperidin-4-yl)-1H-benzo[d]imidazol-2(3H)-ones 6 with the (S)-
methyl group and optimized amides led to some phenomenal, syn-
ergistic results (Table 3). With only two exceptions (13b and 13l)
PLD1 selectivity for analogs 13 exceeded 140-fold. Importantly,
the combination of halogen substitution on the benzimidazolone
ring and the (S)-methyl group on the diamino ethyl linker per-
formed as we had hypothesized, and increased PLD1 activity into

N
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O
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C50
a (nM) PLD2 IC50


b (nM) Fold PLD1-selective


300 14.2


240 24


520 250


140 35


61 3.3


375 31


97 32


76 19


42 6


14 3.2


For details see Ref. 17.







Table 3
Structures and activities of halogenated analogs 13
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Table 3 (continued)


Cmpd X R1 PLD1 IC50
a (nM) PLD2 IC50


b (nM) Fold PLD1-selective


13p 6-F 2 360 180


13q 6-F 12 3800 320


a Cellular PLD1 assay with Calu-1 Cells.
b Cellular assay with HEK293-gfp PLD2 cells. Each IC50 was determined in triplicate. For details see Ref. 17.
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Figure 3. CRCs for cellular PLD1 j (Calu-1) assay and PLD2 N (HEK293-gfpPLD2)
assay, highlighting the unprecedented PLD1 versus PLD2 selectivity (1700-fold).
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the single digit nanomolar range, while dramatically decreasing
PLD2 inhibition into the micromolar range. Without question, the
trans-phenyl cyclopropane amide was the optimal amide moiety,
uniformly providing 140- to 1700-fold PLD1 versus PLD2 selectiv-
ity. In terms of potency and selectivity, the 5-Br (13l–m) and 6-F
(13p and q) substitutions offered the best results, providing PLD1
IC50s ranging from 2 nM to 12 nM and with high PLD1 selectivity.
Of all of these analogs, 13o was the standout molecule and pos-
sesses unprecedented selectivity for PLD1 inhibition. Compound
13o, with the 5-Br-(1-(piperidin-4-yl)-1H-benzo[d]imidazol-
2(3H)-one, the (S)-methyl group linker and the racemic trans-phe-
nyl cyclopropane amide is the most potent (IC50 = 3.7 nM) and
selective versus PLD2 (IC50 = 6.4 lM, �1700-fold selective) PLD1
inhibitor described to date. The concentration-response-curves
(CRC) for the cellular PLD1 (Calu-1) and PLD2 (HEK293-gfpPLD2)
assays17 are shown in Figure 3.


How can we account for this unprecedented level of PLD1 iso-
form selectivity? Preliminary evidence suggests that these inhibi-
tors do not interact with the catalytic site of PLD, but may bind,
and inhibit PLD via an allosteric site.21 Further work to confirm this
allosteric mode of isoform-selective PLD inhibition is in progress.


In summary, the discovery of these highly potent and selective
PLD1 inhibitors highlights the power of an iterative analog library
synthesis approach for lead optimization, coupled with biochemi-
cal assays and mass spectrometric lipid profiling of cellular re-
sponses. PLD inhibitor 13o (PLD1 IC50 = 3.7 nM, PLD2
IC50 = 6400 nM, 1700-fold selective) represents the most potent
and selective PLD1 small molecule inhibitor reported to date, and
will serve as an invaluable tool to study and dissect the role of

PLD1 in blocking invasiveness in metastatic breast cancer models
and other signaling pathways in which PLD is thought to play
key regulatory roles. In order to better understand the role of
PLD, a more potent PLD2 selective inhibitor is still required; how-
ever, PLD2 preferring inhibitors with the same order of selectivity
of those generated for PLD1 remain elusive thus far in this chemi-
cal series. Work in this field, as well as additional studies to con-
firm an allosteric mode of inhibition are ongoing.
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We report synthesis and properties of a pair of new potent inhibitors of translation, namely two diaste-
reomers of 7-methylguanosine 50-(1-thiotriphosphate). These new analogs of mRNA 50cap (referred to as
m7GTPaS (D1) and (D2)) are recognized by translational factor eIF4E with high affinity and are not sus-
ceptible to hydrolysis by Decapping Scavenger pyrophosphatase (DcpS). The more potent of diastereo-
mers, m7GTPaS (D1), inhibited cap-dependent translation in rabbit reticulocyte lysate �8-fold and
�15-fold more efficiently than m7GTP and m7GpppG, respectively. Both analogs were also significantly
more stable in RRL than unmodified ones.


� 2009 Elsevier Ltd. All rights reserved.

A characteristic feature of all eukaryotic mRNAs is a cap struc-
ture, m7Gppp(Np)n, consisting of 7-methylguanosine linked to
the first nucleotide of mRNA chain by 50,50-triphosphate bridge.
This structure is involved in numerous events of mRNA metabo-
lism, including intracellular transport, translation and turnover.1


During the initiation of translation, the cap is specifically recog-
nized by eukaryotic Initiation Factor 4E (eIF4E), which participates
in the recruitment of ribosomes to mRNA.2 eIF4E plays a crucial
role in translational control of gene expression. It is known that
eIF4E is overexpressed in many types of tumor cells and elevated
eIF4E levels selectively increase the translation of mRNAs impor-
tant in malignant transformation and metastasis.3 Studies demon-
strated that targeting eIF4E may inhibit the growth of tumor cells
and induce apoptosis.4,5 An antisense oligonucleotide-based anti-
tumor therapy directed against eIF4E is currently under clinical
trials.6


Synthetic cap analogs, such as 7-methylguanosine 50-poly-
phosphates (m7Gpn), dinucleotides of m7GpnN structure and
their various derivatives, were shown to inhibit cap-dependent
translation in vitro by competing with mRNA for eIF4E.7,8 From
this fact, an idea of employing cap analogs in therapy, as specific
inhibitors that might counteract elevated eIF4E levels in tumor

ll rights reserved.
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cells, originated. Further studies revealed that the ability of an
individual analog to inhibit translation is qualitatively correlated
with its binding affinity for eIF4E.9 Two general conclusions can
be drawn from these works. First, the binding affinity for eIF4E
and the resulting inhibitory potency is increasing with the
length of polyphosphate bridge (e.g., m7GTP is �1.7-fold and
�88-fold more potent inhibitor than m7GDP and m7GMP, respec-
tively). Second, mononucleotides are better inhibitors than corre-
sponding dinucleotides with the same length of polyphosphate
bridge.8,9


This work is a part of our project aimed at designing new,
highly specific eIF4E inhibitors. Recently, we synthesized several
phosphorothioate analogs of m7GpppG that bind tightly to
eIF4E.10 Both diastereomers of the analog modified at the posi-
tion closest to m7Guo (abbreviated as m7GpSppG (D1) and
m7GpSppG (D2)) were resistant to Decapping Scavenger pyro-
phosphatase (DcpS), which is responsible for degradation of such
compounds in living cells.11 Both of them proved also to be
stronger inhibitors of in vitro translation than m7GpppG. Since
it is known, that m7GTP is a better inhibitor than m7GpppG, in
this work we synthesized and studied a diastereomeric pair of
m7GTP analogs modified with phosphorothioate moiety at the
corresponding position (m7GTPaS, Fig. 1).


The chemical synthesis of m7GTPaS was accomplished by 50-
thiophosphorylation of 7-methylguanosine in (MeO)3PO in the
presence of 2,6-lutidine,12 followed by addition of tributylammo-
nium pyrophosphate and subsequent hydrolysis of the trimeta-
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Figure 1. Structures and abbreviations of compounds used in this study. Due to the presence of P-stereogenic centers, two diastereomers of phosphorothioate cap analogs
(m7GTPaS and m7GpSppG) exist. (See above-mentioned references for further information.)


Scheme 1. Synthesis of 7-methylguanosine 50-(1-thiotriphosphate). Conditions: (i) PSCl3, 2,6-lutidine, (MeO)3PO, 0 �C (ii) 0.5 M tributylammonium pyrophosphate in DMF
(iii) TEAB.


Table 1
Summary of biophysical and biological characteristics of the studied inhibitors of translation


Cap analog KAS
a cap-eIF4E (lM�1) DG�


(kcal/mol)
Susceptibility
to hDcpS


IC50
b in RRL


conditions A (lM)
IC50


b in RRL
conditions B (lM)


Reported IC50 values


m7GpppG 9.4 ± 0.4c �9.35 ± 0.02c Hydrolyzed 8.3 ± 0.2 N.D.d (<20) 17.1 ± 1.0c


m7GpSppG (D1) 30.8 ± 0.5c �10.04 ± 0.01c Resistantc 1.1 ± 0.1 1.2 ± 0.3 4.1 ± 0.2c


m7GpSppG (D2) 10.0 ± 0.2c �9.39 ± 0.01c Resistantc 3.8 ± 0.6 2.1 ± 0.6 12.1 ± 3.2c


m7GTP 124 ± 6 �10.85 ± 0.03 Hydrolyzed 4.5 ± 0.9 8.0 ± 1.5 4.39 ± 0.89e


m7GTPaS (D1) 371 ± 19 �11.49 ± 0.03 Resistant 0.56 ± 0.08 0.56 ± 0.02 —
m7GTPaS (D2) 190 ± 7 �11.10 ± 0.02 Resistant 1.44 ± 0.2 1.3 ± 0.3 —


a Determined by fluorescence quenching titration.15


b Cap analog concentration at which cap-dependent translation is inhibited by 50%; values are means of n = 2–7 exp, except m7GpppG, for which n = 22.
c Data from Ref. 10.
d The value could not be determined since the experimental data did not fit to theoretical curve.
e Data from Ref. 8.
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phosphate-like intermediate (Scheme 1, complete synthetic de-
tails and spectroscopic analysis are available online in Supple-
mentary data).

Besides the desired product, the after-reaction mixture con-
tained 7-methylganosine 50-thiophosphate (m7GMPS) and minor
amounts of 7-methylguanosine 50-(1-thiopentaphosphate) which







Figure 2. Comparison of the association constants for complexes of eIF4E with
m7GTPaS, m7GpSppG diastereomers and their parent analogs. Fluorescence titra-
tion measurements were carried out in 50 mM HEPES/KOH (pH 7.2), 100 mM KCl,
0.5 mM EDTA, 1 mM DTT at 20.0 ± 0.2 �C.
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probably resulted from the attack of pyrophosphate on the cyclic
intermediate. The Sephadex ion-exchange purification afforded
m7GTPaS diastereomeric mixture with 35% isolated yield. We
encountered difficulties in preparative separation of diastereomers
by RP HPLC, however, it was successfully accomplished with trieth-
ylammonium acetate as a mobile phase. The diastereomers, re-
ferred to as D1 and D2, according to their elution order during
separation, were subsequently converted to sodium salts on Dow-
ex resin. Their structures and homogeneities were confirmed by
MS ESI(-), 1H and 31P NMR.13 The absolute configurations of D1
and D2 were assigned as SP and RP, respectively, on the basis of
H8 protons shifts in 1H NMR,13 as previously shown for similar
compounds.14


The binding affinities of m7GTPaS diastereomers for murine
eIF4E were determined by fluorescence quenching titration.15


The equilibrium association constants (KAS) and free binding ener-
gies (DG�) of these analogs are shown in Table 1, together with the
same data for m7GTP, m7GpppG and both diastereomers of
m7GpSppG. The most important finding is that the phosphorothio-
ate moiety stabilizes also the binding of mononucleotides to eIF4E.
For both isomers of m7GTPaS the KAS values are higher than that
for the parent analog. The eIF4E ability to bind a cap analog is
strongly dependent on its absolute configuration around P-stereo-
genic center: D1 isomer (SP) shows more than 3-fold greater affin-
ity to eIF4E than m7GTP, whereas the affinity of D2 is only �1.5-
fold higher. We observed similar structure-affinity dependence
previously, in case of m7GpSppG diastereomers (Fig. 2).10 This indi-
cates that in case of both mono- and dinucleotides, an oxygen-to-
sulfur substitution in the proSP position is energetically favorable
by DDG� ��0.7 kcal/mol, whereas in proRP it is less significant,
not exceeding �0.25 kcal/mol.


The susceptibility to hydrolysis by human DcpS was tested with
an HPLC-based assay (Fig. 3).10 Cap analogs were subjected to
enzymatic digestion by DcpS in conditions leading to complete
degradation of m7GpppG (positive control) within less than
10 min. We found that in analogous conditions m7GTP is also
hydrolyzed by DcpS, however, notably slower than m7GpppG. On
the contrary, both isomers of m7GTPaS remained completely undi-
gested by DcpS. Hence, the susceptibility to DcpS can be ordered as
follows: m7GpppG > m7GTP�m7GTPaS (D1 and D2).


The ability of cap analogs to inhibit cap-dependent transla-
tion was tested in a micrococcal nuclease treated rabbit reticu-
locyte lysate. In previously reported assays, the system was
programmed with natural rabbit b-globin mRNA and the protein
synthesis was determined by measuring the incorporation of
[3H] leucine.8,9 In our study, an in vitro transcribed, ARCA-

capped, b-globin 50 UTR containing mRNA encoding firefly lucif-
erase was used to allow determination of protein synthesis by
luminometry. To verify the influence of this alteration on the
reliability of the assay and to make our results comparable with
the previous findings, in addition to m7GpppG, we also included
m7GTP, m7GpSppG (D1) and (D2) as reference compounds. The
IC50 values for these compounds, obtained from our experi-
ments, were different but in good correlation with those re-
ported previously (see Table 1).


As expected, both m7GTPaS isomers were more potent inhibitors
of cap-dependent translation than m7GTP. Although there were
some variations between individual experiments, the general order
from the most to the least potent inhibitor was always the same, that
is, m7GTPaS (D1) > m7GpSppG (D1) �m7GTPaS (D2) > m7GpSppG
(D2) > m7GTP > m7GpppG. Representative experimental data for se-
lected analogs are shown in Figure 4A. Analogously as for dinucleo-
tides, m7GTPaS (D1) was �3-fold more inhibitory than its D2
counterpart, which is in agreement with its higher binding affinity
for eIF4E from fluorescent titration measurements.


Strikingly, we also noticed that the inhibitory potency of
unmodified cap analogs is diminished if they are preincubated in
RRL before addition of mRNA to the system (See Supplementary
Fig. S5). We performed another series of experiments, in which
appropriate cap analog was added to RRL not together with mRNA
(Fig. 4A), but 60 min prior to addition of mRNA (Fig. 4B). We ob-
served that 60 min preincubation in RRL completely destroys
m7GpppG inhibitory properties up to 20 lM concentrations and
also increases IC50 value of m7GTP. The preincubation of either
phosphorothioate cap analog did not alter their IC50 significantly,
which suggests that they are much more stable in RRL.


To summarize our results, the new pair of m7GTP analogs rep-
resents potent and enzymatically stable inhibitors of translation.
The new assay conditions were developed to allow measurement
of protein synthesis in RRL by luminometry and to assess stability
of cap analogs in this cell-free system. Although the determined
IC50 values differed from the reported ones, they correlated with
them and with the binding affinity of individual analogs for eIF4E.
The differences may result from combination of several reasons.
First, the translation rate depends on many factors including the
type of mRNA being translated, the pH, the ionic strength, the
mRNA concentration, and the particular batch of reticulocyte ly-
sate that is used.16 Furthermore, by luminometry only full-length,
properly folded luciferase is detected, whereas measurement of
radioactively labeled amino acid incorporation may also include
truncated or misfolded proteins, which would result in virtually
higher IC50 values.


The stability of analogs in RRL, estimated indirectly via preincu-
bation experiment, appears to correlate with their susceptibility to
human DcpS. However, we have no evidence that DcpS is actually
present in RRL, thus it may as well be an effect of other enzymatic
activity. Still, we consider DcpS-resistance particularly important
in the context of potential in vivo applications, since this decapping
enzyme is responsible for degradation of compounds of this type in
living cells.11


Recently, Graff et al. reported potent antitumor effects of anti-
sense oligonucleotides targeting eIF4E encoding mRNA, thereby pro-
viding the first in vivo evidence that cancers may be more
susceptible to eIF4E inhibition than normal tissues.6 However, the
ability of cap analogs to inhibit translation has not yet been demon-
strated in vivo, even in cultured cells. One of the reasons may be that
the analogs developed to date do not have sufficient stability in cel-
lular environment. This thesis is supported by our results from pre-
incubation experiments. We hope that the phosphorothioate
analogs of m7GTP offer a promising new solution to this problem.


Due to their stability, such analogs may be also useful in
studying interrelations between cap-dependent and independent







Figure 3. Example HPLC profiles from human DcpS susceptibility assay. Under the applied conditions (see Supplementary data) m7GpppG was hydrolyzed by hDcpS in less
than 10 min (A). m7GTP was also hydrolyzed by hDcpS, but noticeably slower than m7GpppG (B). m7GTPaS (D1) and (D2) remained undigested by DcpS even after 90 min
reaction time (C and D). E represents sample mixtures of substrates and expected degradation products—m7GMP and m7GMPS, respectively.
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processes (e.g., IRES mediated translation) in various cellular
and cell-free systems. Finally, they may be exploited as ligands
for affinity isolation and purification of cap-binding proteins
with decapping activity. In conclusion, we hope that these
new compounds will prove useful for verifying the concept of
exploiting cap analogs as translational inhibitors in living cells,
helpful in designing new potential therapeutics as well as ex-
pand the spectrum of cap analog tools for studying cap-depen-
dent processes.
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Commonly applied methods for radiometal-labeling of proteins require complex and protracted deriva-
tization reactions of the protein and the subsequent radiolabeling is time-consuming due to the low reac-
tion temperatures applicable. Therefore, a convenient and efficient prelabeling technique for proteins
using the DOTA derivative 2,20,20 0-(10-(2-(2-mercaptoethylamino)-2-oxoethyl)-1,4,7,10-tetraazacyclod-
odecane-1,4,7-triyl)triacetic acid (thiol-DOTA) containing a thiol moiety for rapid and selective introduc-
tion into maleimide-derivatized proteins was developed. Thiol-DOTA was labeled with 68Ga, 90Y and
177Lu and subsequently introduced into bovine serum albumin and a human IgG with maximum radio-
chemical yields of 66%. The entire radiolabeling procedure was completed after only 30 min making this a
favorable new labeling technique for proteins.


� 2009 Elsevier Ltd. All rights reserved.

Although bioactive compounds labeled with radiometals as, for
example, 68Ga, 90Y and 177Lu have gained widespread interest in
diagnostic imaging as well as for therapeutic purposes, only few
examples of proteins labeled with radiometals can be found. Using
the commonly applied radiometal chelator DOTA (1,4,7,10-tetraaz-
acyclodocecane-N,N0,N0 0,N0 0 0-tetraacetic acid), which forms highly
stable complexes with a broad variety of radiometals, high temper-
atures for a fast and quantitative complexation reaction are re-
quired. These conditions are suitable for the labeling of peptides
and oligonucleotides but not for proteins when the chelator is con-
jugated to the protein prior to the radiolabeling reaction.


Recently, labeling methods for proteins with 67Ga and 68Ga
using the chelators NOTA and HBED-CC were described.1–5 How-
ever, these chelators either form stable complexes only with gal-
lium and indium isotopes and are not applicable for the stable
labeling with other important radiometals such as 86Y, 90Y and
177Lu or are only accessible by a complex synthesis and have
shown to be highly immunogenic.6–8 As mentioned above, DOTA
derivatives are particularly suitable for radiometal-labeling as they
form very stable complexes with a broad variety of radiometal
ions. Several DOTA derivatives for the modification and subsequent

All rights reserved.
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labeling of proteins at mild temperatures were described for the
use in post-labeling approaches as, for example, DOTA-L-p-isothio-
cyanato-phenylalanine, DOTA-triglycyl-L-p-isothiocyanato-phen-
ylalanine, DOTA N-hydroxysulfosuccinimide, DOTA-maleimidoe-
thylacetamide and active esters of DOTA. However, the derivatiza-
tion reactions of the proteins are complex and time-consuming
and the subsequent labeling reactions take between 30 and
60 min due to the low reaction temperature.9–15 This is relatively
long regarding the short half-life of some radionuclides such as
68Ga (t1/2: 68 min). In addition, the complexation reactions are
mostly not quantitative due to the low reaction temperatures used
to avoid protein denaturation.


Using DOTA-triglycyl-L-p-isothiocyanato-phenylalanine in a
prelabeling approach, the labeling procedure was time-consuming
and the reaction of the precomplexed nuclide with the protein re-
quired a high excess of the protein to be labeled to ensure accept-
able reaction yields of the moderately reactive isothiocyanate with
the protein.16 This resulted in a high amount of non-radioactive
protein which can negatively influence the pharmacokinetic and
pharmacodynamic properties of the radiolabeled compound.


Thus, a DOTA derivative allowing an efficient and rapid intro-
duction of various radiometals into proteins without intricate
and time-consuming derivatization and purification steps would
be advantageous. This would also allow the use of short-lived
radionuclides such as 68Ga and should result in an uncomplicated
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synthesis of radiolabeled proteins. The DOTA derivative should fur-
thermore allow a facile determination of the number of derivatiza-
tion sites introduced per protein as strong structural changes
exerted by the derivatization can easily result in a significant loss
of the biological activity of the protein.17–19


A DOTA derivative meeting these requirements is thiol-DOTA
(3) which was synthesized according to an earlier published proce-
dure.20 This DOTA derivative, containing a thiol moiety for effective
and selective introduction into maleimide-derivatized substances,
showed to be oxidation-resistant in solution at pH 7.2 for several
hours and also exhibits very favorable coupling properties as the
Michael addition to the maleimide generally takes place within
minutes. Thiol-DOTA (3) was thus investigated regarding its appli-
cability for a prelabeling approach with 68Ga, 90Y and 177Lu and its
use as a labeling agent for the maleimide-derivatized proteins bo-
vine serum albumin (BSA) and a human monoclonal IgG. These
proteins were derivatized with Sulfo-SMCC (2) (sulfosuccinim-
idyl-4-(N-maleimidomethyl)-cyclohexane-1-carboxylate sodium
salt) to introduce maleimide moieties and subsequently reacted
with the prelabeled thiol-DOTA (5).21 The amount of maleimide-
derivatization sites per proteins was determined according to
Wängler et al. by Ellman’s Assay and found to be between 1.5
and 1.8.19


The prelabeling approach using thiol-DOTA (3) allowed an effi-
cient complexation of 68Ga, 90Y and 177Lu at high temperatures and
subsequently a very rapid introduction into the maleimide-func-
tionalized proteins under mild conditions. The final purification
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Scheme 1. Labeling of proteins (bovine serum albumin or human IgG) with radiometa
7 equiv Sulfo-SMCC (2), 1 h, room temperature, phosphate buffer (0.5 mL, 0.1 M, pH 7.2),
(1.1 mL, 0.1 M, pH 3.8) or 0.5–1.1 GBq 90Y in sodium acetate buffer (0.5 mL, 0.4 M, pH 4
99 �C; (iii) 10–35 nmol maleimide-derivatized protein (4), prelabeled thiol-DOTA from i

step could be carried out using a size exclusion gel cartridge. Thus,
this prelabeling approach enables the very rapid radiolabeling of
various proteins.


A typical labeling procedure comprised the following steps
(Scheme 1):


1. the prelabeling of thiol-DOTA (3, 4.35 lg, 10 nmol) with the
radiometal (230–250 MBq 68Ga in sodium acetate buffer
(1.1 mL, 0.1 M, pH 3.8) or 0.5–1.1 GBq 90Y in sodium acetate
buffer (0.5 mL, 0.4 M, pH 4.8) or 550–850 MBq 177Lu in sodium
acetate buffer (0.5 mL, 0.4 M, pH 4.8)) for 10 min at 99 �C,


2. the introduction of the prelabeled complex (5) into the malei-
mide-derivatized protein (4, 10–35 nmol)21 by reacting
10 min at room temperature in phosphate buffer (1 mL, 0.5 M,
pH 7.2) and


3. the purification of the radiolabeled protein (6) using a NAP-10-
column (GE Healthcare Bio-Sciences AB, Uppsala, Sweden).


The prelabeling of thiol-DOTA (3) with 68Ga (Fig. 1A), 90Y and
177Lu (Fig. 1D) proceeded with high yields, giving the radiolabeled
thiol-DOTA complex (5) in radiochemical yields of 93–98% and
high radiochemical purities within 10 min at 99 �C. As the thiol-
DOTA (3) was used in low quantities of only 10 nmol, the achieved
specific activities were between 20–25 GBq/lmol for 68Ga, 45–
100 GBq/lmol for 90Y and 50–80 GBq/lmol for 177Lu.


The 68Ga–thiol-DOTA-complex (68Ga-5) (Fig. 1A) and the 90Y-
and 177Lu–thiol-DOTA-complexes (177Lu-5) (Fig. 1D) show differ-
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95–98%21; (ii) 10 nmol thiol-DOTA (3), 230–250 MBq 68Ga in sodium acetate buffer
.8) or 550–850 MBq 177Lu in sodium acetate buffer (0.5 mL, 0.4 M, pH 4.8), 10 min,
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Figure 1. Analytical radio-HPLC chromatograms at different stages of the labeling reaction: A and D show the finished precomplexation reactions of thiol-DOTA with 68Ga
and 177Lu, B and E the reactions of maleimide-derivatized BSA (4) with the labeled 68Ga- and 177Lu–thiol-DOTA complexes (5) and C and F the purified 68Ga- and 177Lu-labeled
BSA (6). 90Y labeling reactions result in equivalent chromatograms to those of 177Lu.
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ent retention times under the same HPLC conditions of 0.95 min
and 1.6 min, respectively, which might be attributed to the differ-
ent ion radius and therefore to the different complexation behavior
of the radiometals. The free thiol function does not seem to con-
tribute to the complex formation as it subsequently reacts with
the maleimide-derivatized protein. Moreover, the contribution of
the thiol moiety in the complexation is not likely regarding the
known complex geometry of DOTA complexes.22


In contrast to the prelabeling step yielding only the desired
complexation product (5), its reaction with the maleimide-deriva-
tized proteins (4) shows the formation of some unidentified side
products (Fig. 1B and E) which are likely to consist of small labeled
molecules as can be deduced from analyzing the same reaction
mixtures with size exclusion FPLC.23 However, these side products
can be easily removed by the final gel filtration purification (Fig. 1C
and F), yielding the pure radiolabeled proteins (6).


The overall radiochemical yields of the labeling reactions were
between 18% and 66% and the specific activities achieved were be-
tween 1.1–3.2 GBq/lmol for 68Ga, 8.1–27 GBq/lmol for 177Lu and
4.5–32 GBq/lmol for 90Y which is in the range of published
values.9,11,12,16


By applying Ellman’s assay,24 the extent of the maleimide-
derivatization of the proteins can be verified. Using this assay,
we introduced a well defined and low number of 1.5–1.8 malei-
mide-derivatization sites into the proteins which results in only
minor structural alteration and by this in a highly preserved bio-
logical activity of the protein to be labeled. As the maleimide-

derivatized proteins can be stored in solution at 4 �C for several
hours without loss of maleimide reactivity, the derivatization can
be accomplished before labeling, further shortening the labeling
procedure.25


The radiolabeling of the maleimide-derivatized proteins (4) can
be accomplished within 30 min as the prelabeling of thiol-DOTA
(3) takes only 10 min as well as the reaction of the prelabeled com-
plex with the protein and the purification of the final product via a
gel cartridge can be carried out within 5–10 min.


In summary, it has been demonstrated that thiol-DOTA can be
used as a valuable tool for the convenient and rapid radiolabeling
of maleimide-derivatized proteins with 68Ga, 90Y and 177Lu. Partic-
ularly the very simple, mild and defined derivatization of the pro-
tein and the efficient radiolabeling procedure which is completed
after a short time span of only 30 min make this labeling technique
a valuable alternative to applied methods.
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The Acquired Immunodeficiency Syndrome (AIDS) is a major
epidemic with more than 33 million infected people worldwide.1


Its etiological agent has been identified as human immunodefi-
ciency virus type 1 (HIV-1). Current approved therapies target
four steps of the HIV life cycle (fusion, reverse transcription,
integration and proteolytic maturation).2 Triple therapy, com-
monly referred to as HAART (highly active antiretroviral therapy)
is the standard for HIV treatment. Unfortunately, despite the
great efficacy of HAART long term treatment has many side ef-
fects and the selection of mutated viruses leads to the failure
of the therapy. Therefore there is a continuous need for new
agents with improved properties.


Integrase is an enzyme encoded by the HIV genome and repre-
sents a well established target. It catalyses the insertion and inte-
gration of the proviral DNA into the genome of the host cell in two
steps: 30-processing (endonucleolytic sequence-specific hydrolysis
of the 30-ends of the viral cDNA) and strand transfer (ligation of the
viral 30-OH cDNA ends to the phosphate backbone of the host DNA
acceptor).3


While first generation integrase inhibitors attempted to block
the whole assembly process, recent series have been designed to
specifically inhibit the strand transfer reaction.4 Selective inhibi-
tion of the integrase activity causes an interruption of the HIV-1
replication cycle and represents an answer to the unmet medical
need for new improved treatments.5 Recently the first integrase
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inhibitor (raltegravir) was approved in the U.S. and in Europe for
treatment of HIV infection.6


In a previous article, we reported the discovery of bicyclic
pyrimidinones which were created by linking the N1-Methyl
group of the pyrimidinone scaffold 17 into a saturated cycle as
in 2 (Fig. 1).8


Herein we describe further studies evolving the 6,7,8,9-tetrahy-
dropyrido[1,2-a]pyrimidin-4-one scaffold 2 into a pyrido[1,2-
a]pyrimidin-4-one scaffold 3 with the aim of removing the ben-
zylic stereocenter.


In order to evaluate the validity of the scaffold, the unsubstitut-
ed template 4 was first prepared and tested in the enzymatic assay
QUICKIN (QI) (Table 1).


The compound resulted to be a very potent inhibitor of the
strand transfer showing an IC50 of 22 nM.


Efforts were then directed towards the evaluation of different
linker atoms like N and C for the substituents at position 9 of the
bicyclic scaffold.


Amines and amides were tolerated by the enzyme. N-methyl
amino derivative 5 lost sixfold compared to the unsubstituted scaf-
fold 4 while the N-ethyl amino derivative 6 and the benzamide
derivative 8 maintained high activity. The N,N-dimethylamino
substituted compound 7 lost threefold.


The substitution of 4 with a methyl group in position 9 led to a
twofold gain in enzymatic activity (9, IC50 = 9 nM). In the light of
this result we investigated the homologation of amine and amide
derivatives. With the introduction of basic substituents (e.g., 10
and 11) a nearly 20-fold loss in intrinsic potency was observed.
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Table 2
Amide substitution


N


N


O
OH


H
N


ON R2R3


Compound* R2 R3


6 Et H


13 Et
O


N


14 Et
O


N
O


15 Et


O


N


16 Et


O
N


17 Et


O


N N


O


18 Et


O


S


N


19 Et
O


N
O


a Strand transfer inhibition assay, see Ref. 9.
b HIV-1 infection spread inhibition in cell culture, see Ref. 9.
c All compounds did not show any toxicity up to 50 lM.


Table 1
In vitro activity


N
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OH


H
N


O


F


R1
9


Compound R1 QUICKIN IC50
a (nM)


4 H 22
5 NHMe 130
6 NHEt 36
7 NMe2 70
8 NHCOPh 18
9 Me 9


10
N


O 170


11


N
N


O
185


12 CH2NHCOPh 24


a Strand transfer inhibition assay, see Ref. 9.
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Figure 1. From bicyclic pyrimidinones to fused pyridopyrimidones.
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On the other hand, the homologated benzamide 12 retained
activity.


Unfortunately, inhibition in the cell based assay (Spread) was
lower than desired even under low serum condition (10% fetal bo-
vine serum). This effect could be due to the combination of subop-
timal physical chemical properties, including high lipophilicity.
Only 6 exhibited activity (Table 2) less than 1.5 lM.


Therefore 6 was chosen as starting point for further SAR and
was acylated giving compounds 13–19 (Table 2). Based on our pre-
vious experience the introduction of amines or small polar hetero-
cycles was beneficial to modulate physico-chemical properties and
to improve activity in the cell based assay. Following this strategy
some interesting results were obtained.


Upon introduction of N,N-dimethylglycine a nearly fivefold loss
in intrinsic potency was observed (compound 13). However, the
intrinsic activity of 6 could be maintained by substitution with
morpholin-4-yl acetamide (14). Unfortunately, no improvement
in the cell-based assay was achieved.


All compounds 15–19 containing a heterocycle fragment
showed activity in the strand transfer assay with IC50 between
20 and 50 nM and improved activity in the spread assay. The intro-

F


QUICKIN IC50
a (nM) Spread CIC95


b,c (nM)


10% FBS 50% NHS


36 1250 >1000


185 >1000 >1000


23 >1000 >1000


50 >1000 >1000


21 250 1000


50 500 >1000


21 250 >1000


18 500 >1000
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Scheme 1. Benzylamide formation.
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Scheme 2. Synthesis of aminomethyl pyrido pyrimidines derivatives.
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duction of pyridine-2-carboxamide 16 and thiazolecarboxamide 18
resulted in a fivefold improvement in cell-based activity. Interest-
ingly, the position of the pyridine nitrogen does seem to play a role
in activity, since the para-derivative 15 has a comparatively low
activity in the spread assay. This might have to do with the change
in basicity of the pyridine nitrogen.


The introduction of an oxadiazole 17 as precedented by ralte-
gravir or of an isoxazole 19 led to a twofold gain in cell-based
activity under low-serum conditions.


In other series of HIV integrase inhibitors the presence of an
oxalamide had been found to have a positive effect on activity
and pharmacological profile.6a,8 Hence, we decided to study this
substitution as well in our new template. All compounds prepared
showed comparatively high activity in the enzymatic assay and im-
proved activity in the cell based spread assay in the presence of 10%
fetal bovine serum and 50% human serum with respect to 6. Substi-
tutions were carried out on the two extremities of the oxalamide
fragment (Table 3). First N,N-dimethyl oxalamides differing on the
amino group attached to the scaffold (R2 = Me, Et, nPr, iPr, 20–23)
were prepared and the Et derivative 21 was identified as the most
potent compound in the cell-based spread assay at high serum
condition, (CIC95: 10% FBS = 62 nM; 50% NHS = 250 nM).


For further evaluation, R2 = Et was kept fixed and R4 was mod-
ified. Compounds 24–27 maintained a good activity in the enzy-
matic assay, which for compounds 25–26 translated without a
significant shift into the low-serum spread assay. However, this
was paired with a pronounced shift (>4-fold) under high serum
conditions.


The most potent compound identified was the N,N-diethyl-
amide 24 which exhibited nanomolar potency in the spread assay
at low serum conditions and a twofold shift under high serum con-
ditions (CIC95: 10% FBS = 62 nM; 50% NHS = 125 nM).


In order to evaluate the PK properties of the series, 21 was fur-
ther investigated as a representative compound. It was dosed at
3 mg/kg both IV and PO and the rat PK profile was obtained. The
compound showed 40% oral bioavailability (F%), plasma exposure
of 2.9 lM*h (AUC), plasma half life of 4.5 h (t½) and after IV dosing
a plasma clearance of 24 ml/min/kg.

Table 3
Oxalamide substitution


N


N


O
OH


H
N


ON R2O


OR4


Compound R2 R4


20 Me NMe2


21 Et NMe2


22 nPr NMe2


23 iPr NMe2


24 Et NEt2


25 Et N O


26 Et N


27 Et N N


a Strand transfer inhibition assay, see Ref. 9.
b HIV-1 infection spread inhibition in cell culture, see Ref. 9.
c All compounds did not show any toxicity up to 50 lM.

The synthesis of the compounds described in Tables 1–3 was
based on our recent report on the new pyridopyrimidone scaf-
fold.10 The methyl esters 28–29 were transformed into the corre-
sponding amides 4 and 9 by standard aminolysis using para-
fluorobenzyl amine (Scheme 1).


Compound 29 was further elaborated by radical bromination
of the methyl group in the benzylic position of the scaffold, fur-

F


QUICKIN IC50
a (nM) Spread CIC95


b,c (nM)


10% FBS 50%NHS


26 125 500
36 62 250
18 31 500
21 62 >1000
19 62 125


25 31 250


21 31 1000


21 125 500
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nishing the bromo derivative 30 in 50% yield. The benzylic bro-
mide 30 was displaced with a variety of secondary amines at
room temperature. The corresponding amides 10–11 were ob-
tained by one pot aminolysis with para-fluorobenzyl amine
(30–40%) (Scheme 2).


Compound 30 was also reacted under Staudinger conditions
with sodium azide to yield, after reduction of the azide, the amino
methyl derivative. During this reaction, migration of the benzoate
from the 50-OH to the newly formed amino functionality was ob-
served (14%, compound 12).


The methyl ester 3110 was transformed with para-fluorobenzyl-
amine into the corresponding amide 32a (Scheme 3).


Treatment of 32a with 37% hydrogen bromide in acetic acid led
to the cleavage of the Cbz group liberating the amine 32b as its
hydrobromide salt in quantitative yield. This material was sub-
jected to reductive amination under standard conditions leading
to the alkylated amines 5–7 and 33a–b (30–60%). These amines
were then acylated with a series of acid chlorides leading to com-
pounds 8 and 15–19 (46–56%). For the synthesis of the a-amino
acid derivatives 13–14, the acylation was carried out with chloro-
acetyl chloride, followed by substitution of the resulting alkyl chlo-
ride with the corresponding amine (21–25%).


Alternatively, acylation of the monoamines (5, 7, 34) was car-
ried out by heating them with oxalic acid methylester chloride
(Scheme 4). The resulting intermediary oxalic acid methylester
amides were transformed in one pot into unsymmetric bis-amides
by treatment with different amines, yielding compounds 20–27
(29–56%).11


In conclusion, we have designed and studied a new viable alter-
native bicyclic template of HIV-1-integrase inhibitors, which is
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Scheme 3. Synthesis of amino pyrido pyrimidines derivatives.
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Scheme 4. Oxalamide synthesis.

characterized by a pyrido[1,2-a]pyrimidin-4-one scaffold thus
eliminating the presence of any stereocenters in the core of the
inhibitor. Various substituents were tolerated at position 9 of the
bicyclic scaffold. The presence of an oxalamide was very beneficial
for both intrinsic and cellular activity. A number of very potent
compounds with nanomolar activity both in the enzymatic and
in the cellular spread assay under high serum conditions were
identified. The PK profile of the representative compound 21
showed good parameters.
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11. Synthetic and brief spectroscopic data on compound 24: Step 1: Compound 3110


(1.1 mmol) was dissolved in MeOH (0.08 M) and p-fluorobenzylamine
(2.16 mmol, 2 equiv) was added. The resulting suspension was stirred for
16 h at 80 �C. The solvent was evaporated and the residue washed with HCl
2 M in Et2O.1HNMR (400 MHz, DMSO-d6) d 12.45 (s, 1H), 10.44 (s br, 1H), 10.02
(s, 1H), 8.45 (d, J = 7.1 Hz, 1H), 8.24 (d, J = 7.5 Hz, 1H), 7.48–7.38 (m, 6H), 7.18
(m, 3H), 5.29 (s, 2H), 4.61 (s, br, 2H); MS (ES+) m/z 463 (M+H)+.Step 2: benzyl
(2-{[(4-fluorobenzyl)amino] carbonyl}-3-hydroxy-4-oxo-4H-pyrido[1,2-
a]pyrimidin-9-yl)carbamate (1.1 mmol) was dissolved in acetic acid (0.07 M)
and HBr (30% in acetic acid) was added. The resulting solution was stirred at rt
for 2 h. The solvent was evaporated, the residue dissolved several times in
toluene and the solvent evaporated. The resulting solid was dissolved in 1,2-
dichloroethane-MeOH (1:1, 0.02 M) acetaldehyde (1.1 mmol, 1 equiv) and
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sodium cyanoborohydride (1.1 mmol, 1 equiv) were added and the mixture
was stirred at rt. After 30 min. the reaction mixture was quenched by the
addition of water. The solvent was evaporated and the residue washed with
water, (95% yield). 1HNMR (400 MHz, DMSO-d6) 12.19 (s, 1H), 10.05 (s br, 1H),
8.03 (d, J = 6.9 Hz, 1H), 7.41(m, 2H), 7.20 (m, 2H), 7.04 (m, 1H), 6.5 (d, J = 7.4 Hz,
1H), 4.62 (d, J = 6.0 Hz, 2H), 3.3 (m, 2H), 1.24 (t, J = 6.8 Hz, 3H); MS (ES+) m/z
356 (M+H)+.Step 3: Compound N-(4fluorobenzyl)-3-hydroxy 9(ethylamino)-4-
oxo-4H-pyrido[1,2-a]pyrimidine-2-carboxamide (0.17 mmol) was dissolved in
1,2-dichloroethane (0.02 M) and methyl chloro(oxo)acetate (0.34 mmol,
2 equiv) was added. The resulting solution was heated to 80 �C and stirred
for 1 h. The solvent was evaporated; the residue dissolved in MeOH (0.02 M)
and diethylamine (0.17 mmol, 1 equiv) was added. The resulting solution was

heated to 50 �C and stirred for 1 h. The solvent was evaporated and the residue
dissolved in acetonitrile and purified by RP-HPLC (stationary phase: Symmetry
C18, 5 lm, 19 � 300 mm. Mobile phase: acetonitrile/H2O buffered with 0.1%
TFA). The fractions were combined and lyophilised to afford the title
compounds as yellow powder (23% yield). The 1H NMR spectrum shows the
presence of two conformers in a ratio of 3:2.Compound 24: 1H NMR (400 MHz,
CD3CN) d 12.48 (s, br, 0.6H), 12.08 (s, br, 0.4H), 9.63 (s, br, 0.4H), 8.74 (d,
J = 7.41 Hz, 0.4H), 8.59 (s, br, 0.6H), 7.64 (d, J = 6.9 Hz, 0.4H), 7.59 (d, J = 6.9 Hz,
0.6H), 7.48 (t, br, 0.8H), 7.42 (t, br, 1.2H), 7.13–7.06 (m, 3H), 4.68–4.56 (m, 2H),
4.43 (m, 0.6H), 3.5–3.42 (m, 4H), 3.23 (m, 0.4H), 2.91–2.83 (m, 1H), 1.20 (t,
J = 6.9 Hz, 1.5H), 1.11 (t, J = 6.5 Hz, 1.5H), 0.9 (t, J = 6.8 Hz, 1.5H), 0.58 (t,
J = 6.9 Hz, 1.5H). MS (ES+) m/z 484 (M+H)+.





		3-Hydroxy-4-oxo-4H-pyrido[1,2-a]pyrimidine-2-carboxylates—A new class of HIV-1 integrase inhibitors

		Acknowledgements

		References and notes








Bioorganic & Medicinal Chemistry Letters 19 (2009) 1935–1938

Contents lists available at ScienceDirect


Bioorganic & Medicinal Chemistry Letters


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

Identification of potent pyrimidine inhibitors of phosphodiesterase 7
(PDE7) and their ability to inhibit T cell proliferation


Junqing Guo *, Andrew Watson, James Kempson, Marianne Carlsen, Joseph Barbosa, Karen Stebbins,
Deborah Lee, John Dodd, Steven G. Nadler, Murray McKinnon, Joel Barrish, William J. Pitts *


Bristol-Myers Squibb Pharmaceutical Research Institute, Princeton, NJ 08543, USA


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

Article history:
Received 27 October 2008
Revised 13 February 2009
Accepted 13 February 2009
Available online 21 February 2009


Keywords:
Pyrimidine
Phosphodiesterase 7
T cell

0960-894X/$ - see front matter � 2009 Elsevier Ltd. A
doi:10.1016/j.bmcl.2009.02.060


* Corresponding authors.
E-mail address: junqing.guo@bms.com (J. Guo).

A series of pyrimidine based inhibitors of PDE7 are discussed. The synthesis, structure–activity relation-
ships (SAR) and selectivity against several other PDE family members as well as activity in T cells are pre-
sented. These compounds were found to have effects on T cell proliferation, however it is not clear
whether the mechanism is related to PDE7 inhibition.


� 2009 Elsevier Ltd. All rights reserved.

Phosphodiesterases (PDEs) play a critical role in various
biological processes by hydrolyzing the key second messengers
cAMP and cGMP to the corresponding 50-monophosphate nucleo-
tides. In the immune system, cAMP is the primary regulatory cyclic
nucleotide and it is believed that cAMP broadly suppresses the func-
tions of immune and inflammatory cells. The reduction of cAMP lev-
els is mediated principally by the action of cell-specific
phosphodiesterases (PDEs) and as such, an approach to sustain
cAMP levels through PDE-inhibition would provide a strategy to
treat a variety of immune and inflammatory diseases.1


A functional role of PDE7A in activation and/or proliferation of T
cells has been reported.2 Resting T lymphocytes express mainly
PDE3 and PDE4. However, upon activation, T cells dramatically
up-regulate PDE7A1 and appear to principally rely on this isozyme
for regulation of cAMP levels. Suppression of PDE7 up-regulation
by anti-sense oligonucleotides inhibited T cell proliferation and
decreased IL-2 production, and maintained elevated levels of intra-
cellular cAMP in CD3xCD28 stimulated T cells. PDE7A3, a splice
variant of PDE7A1, is also reported to be up-regulated in activated
CD4+ T cells.3 This expression profile suggests inhibitors of PDE7A
would have broad application as an immunosuppressant. To this
end, several groups have reported the preparation of potent inhib-
itors of PDE74 with optimization of pharmacokinetic properties.5


We recently reported chemistry efforts around our purine-based
deck hit.6 However, since our report that PDE7A deficient mice
show no deficiencies in T cell function,7 the identification of a small

ll rights reserved.

molecule inhibitor of PDE7 has continued to be of interest in order
to complete our understanding of the relationship between PDE7
inhibition and T cell function. Recently there have been reports
of selective PDE7 inhibitors which have failed to demonstrate sig-
nificant effects on T cells.8 We report herein on selective inhibitors
of PDE7 which were found to suppress T cell proliferation and evi-
dence which suggests that this activity is not related to PDE7
inhibition.


Our initial SAR focused on bicyclic systems such as 1a and 1b. In
an effort to understand the minimal phamacophore we prepared
pyrimidine 2a. This compound displayed a 22-fold loss in PDE7
potency compared to 1a. However we postulated that addition of
a second group at the 6-position would increase the potency
against PDE7 similar to that observed with the constrained analog
1b (Fig. 1).


The synthesis of pyrimidine analogues 2b–m is shown in
Scheme 1. Thiazole guanidine 5 was prepared through the conden-
sation of 2-imino-4-thiobiurea 3 with 2-chloroacetoacetate 4 in
the presence of pyridine. Guanidine 5 was condensed with com-
mercially available diethyl malonate under basic conditions in
refluxing ethanol to give the desired pyrimidone 6 in �100% yield.
Dichloropyrimidine 7 was formed in 80–95% yield after treatment
of 6 with POCl3. The chlorine atom at the 4 position of dichloropy-
rimidine could be readily displaced with amines to produce inter-
mediate 8. Subjecting intermediate 8 to a second displacement
with a variety of amines at higher temperature using a microwave
reactor produced compounds 2b–m.


In vitro data for the diaminopyrimidine series (2b–m) is
presented in Table 1. We were gratified to find that compared to
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O
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2c NHN


N
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O
O
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N
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OMe
0.031 >10 8.0 2.3 0.32 1.2 12


2e NHN
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0.010 7.9 22 3.2 7.6 0.45 14
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0.039 4.1 27 5.1 5.2 0.69 >25


2g NN
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N
0.056 27 19 9.4 >10 2.2 15


2h NN N N 0.083 >50 46 >10 >10 2.5 15


2i ON N N 0.13 15 13 9.5 >10 2.0 >25


2j


NHN


NH2


O


N N 0.082 23 >50 8.0 6.5 3.1 >25


2k
N


OH


N N 0.12 11 >50 9.3 >10 5.0 >25


2l N OH N N 0.076 23 >50 >10 >10 1.5 >25


2m N OH N OH 0.063 4.9 20 3.2 0.70 0.12 >25
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2a all compounds with a second substituent showed improved
potency against PDE7. Compounds 2e and 1b which contain the
same substitution pattern in different chemotypes were essentially
equipotent. This compound also possessed excellent selectivity
against PDE1 and PDE3-5. Interestingly, we observed the phenyl

ring was not a requirement for PDE7 activity (2g–m). Compounds
2c–l all had excellent aqueous solubility at acidic pH, and had
aqueous solubility in the range of >20 lg/mL <100 lg/mL at pH
6.5. In general CACO2 permeability for these compounds was high
(data not shown) suggesting these compounds had acceptable
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biopharmaceutical properties.9 Compound 2m also maintained
comparable aqueous solubility (20 lg/ml at pH 6.5) even in the
absence of a basic amine. The compounds displayed PDE7 IC50’s
comparable to our earlier reported series together with excellent
PDE family selectivity profiles (e.g., 2e–l).


Since the compounds had sufficient solubility they were exam-
ined in an in vitro T cell proliferation assay.10 Compounds 2b–m
were found to inhibit T cell proliferation in a range of IC50’s from
0.12 lM to 7.2 lM. A graph of the PDE7 IC50’s versus the T cell pro-
liferation IC50’s for the most selective compounds (2e–l) suggests a
rough correlation, although the data set is limited (Fig. 2). The inhi-
bition of T cell proliferation by these compounds is surprising since
we had seen minimal effects on T cell proliferation between wild
type and PDE7 KO animals. This discrepancy could result from a
number of potential compensatory mechanisms in KO animals.
Alternatively the reports of selective PDE7 inhibitors which are
devoid of effects in T cells could result from a lack of cell penetra-
tion. In an effort to put our results in context we examined com-
pound 2m in a proliferation assay using splenocytes derived
from both wild type and PDE7 KO animals. The percent inhibition
values obtained with compound 2m for both wild type and PDE7
KO animals were virtually identical (wild type IC50 = 0.21 lM,
PDE7 KO IC50 = 0.15 lM). This result suggests that the inhibition
reported in Table 1 is not directly related to inhibition of PDE7.
There have been reports in the literature of dual inhibitors of
PDE4 and PDE7 showing greater potency in assays than might be
expected from inhibition of a single PDE.11 It is not clear that this

is the case for 2 m since the effects observed in cells are at a level
below the enzyme IC50 for PDE4. Further results from this lab
regarding the activity of these and similar compounds will be
presented in due course.


References and notes


1. Francis, S. H.; Turko, I. V.; Corbin, J. D. Prog. Nucleic Acid Res. Mol. Biol. 2001, 65,
1.


2. Li, L.; Yee, C.; Beavo, J. A. Science 1999, 283, 848.
3. Smith, S. J.; Brookes-Fazakerley, S.; Donnelly, L. E.; Barnes, P. J.; Barnette, M. S.;


Giembycz, M. A. Am. J. Physiol. Lung Cell Mol. Physiol. 2003, 284, L279.
4. (a) Martnez, A.; Castro, A.; Gil, C.; Miralpeix, M.; Segarra, V.; Domenech, T.;


Beleta, J.; Palacios, J. M.; Ryder, H.; Miro, X.; Bonet, C.; Casacuberta, J. M.;
Azorin, F.; Pina, B.; Puigdomenech, P. J. Med. Chem. 2000, 43, 683; (b) Barnes, M.
J.; Cooper, N.; Davenport, R. J.; Dyke, H. J.; Galleway, F. P.; Galvin, F. C. A.;
Gowers, L.; Haughan, A. F.; Lowe, C.; Meissner, J. W. G.; Montana, J. G.; Morgan,
T.; Picken, C. L.; Watson, R. J. Bioorg. Med. Chem. Lett. 2001, 11, 1081.


5. Vergne, F.; Bernadelli, P.; Lorthiois, E.; Pham, N.; Proust, E.; Oliveira, C.;
Magroud, A.-K.; Ducrot, P.; Wrigglesworth, R.; Berlioz-Seux, F.; Coleon, F.;
Chevalier, E.; Moreau, F.; Idrissi, M.; Tertre, A.; Descours, A.; Berna, P.; Li, M.
Bioorg. Med. Chem. Lett. 2004, 14, 4615.


6. (a) Pitts, W. J.; Vaccaro, W.; Huynh, T.; Leftheris, K.; Roberge, J. Y.; Barbosa, J.;
Guo, J.; Brown, B.; Watson, A.; Donaldson, K.; Starling, G. C.; Kiener, P. A.; Poss,
M. A.; Dodd, J. H.; Barrish, J. C. Bioorg. Med. Chem. Lett. 2004, 14, 2955; (b)
Kempson, J.; Pitts, W. J.; Barbosa, J.; Guo, J.; Omotoso, O.; Watson, A.; Stebbins,
K.; Starling, G. C.; Dodd, J. H.; Barrish, J. C.; Felix, R.; Fischer, K. Bioorg. Med.
Chem. Lett. 2005, 15, 1829.


7. Yang, G.; McIntyre, K. W.; Townsend, R. M.; Shen, H. H.; Pitts, W. J.; Dodd, J. H.;
Nadler, S. G.; McKinnon, M.; Watson, A. J. J. Immunol. 2003, 171, 6414.


8. (a) Smith, S. J.; Cieslinski, L. B.; Newton, R.; Donnelly, L. E.; Fenwick, P. S.;
Nicholson, A. G.; Barnes, P. J.; Barnette, M. S.; Giembycz, M. A. Mol. Pharmacol.
2004, 66, 1679; (b) Nueda, A.; Garcia-Roger, N.; Domenech, T.; Godessart, N.;
Cardenas, A.; Santamaria-Babi, L. F.; Beleta, J. Cell. Immun. 2006, 242, 31.


9. Lennernaes, H.; Abrahamsson, B. In Comprehensive Medicinal Chemistry II; Testa,
B., Waterbeemd, H. van de, Eds.; Elsevier: Vol. 5, 2006; pp 971–998.


10. Peripheral blood mononuclear cells (PBMC) were isolated from whole blood by
density gradient centrifugation over Lymphoprep, 1.077. Cells were plated into
96 well U-bottom plates at 2.5 � 105 cells/well in 10% FBS RPMI 1640 (Life
Technologies/Gibco-BRL) containing 10 lg/ml anti-CD3 (G19-4, Bristol-Myers
Squibb P.R.I., Princeton, NJ) and 1 lg/ml anti-CD28 (9.3, Bristol-Myers Squibb
P.R.I.) in the presence and absence of inhibitors. DMSO (used as a solvent for
inhibitors) was added to the medium at 0.2% final concentration. The total
volume per well was 200 ll. Cells were incubated at 37C 5% CO2 for 3 days, at
which time 0.5 lCi of 3H-thymidine was added to each well. Six hours
following the addition of 3H-thymidine, the plates were harvested onto filter
plates, 30 ll EcoLite scintillant (ICN, Costa Mesa, CA) was added per well, and
plates read on a Top Count-NXT scintillation counter.


11. (a) Giembycz, M. A. Proc. Am. Thoracic Soc. 2005, 2, 326; (b) Yamamoto, S.;
Sugahara, S.; Ikeda, K.; Shimizu, Y. Eur. J. Pharmacol. 2007, 559, 219.





		Identification of potent pyrimidine inhibitors of phosphodiesterase 7  (PDE7) and their ability to inhibit T cell proliferation

		References and notes








Bioorganic & Medicinal Chemistry Letters 19 (2009) 1939–1943

Contents lists available at ScienceDirect


Bioorganic & Medicinal Chemistry Letters


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

Semi-synthetic analogs of pinitol as potential inhibitors of TNF-a cytokine
expression in human neutrophils


Khurshid A. Bhat, Bhahwal A. Shah, Kuldeep K. Gupta, Anjali Pandey, Sarang Bani, Subhash C. Taneja *


Indian Institute of Integrative Medicine (CSIR), Canal Road, Jammu 180001, India


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

Article history:
Received 2 December 2008
Revised 22 January 2009
Accepted 12 February 2009
Available online 20 February 2009


Keywords:
Pinitol
Lipase
Acylates
Diacetonide
TNF-a expression
Flowcytometry

0960-894X/$ - see front matter � 2009 Elsevier Ltd. A
doi:10.1016/j.bmcl.2009.02.050


* Corresponding author. Tel.: +91 191 2569111; fax
E-mail address: sc_taneja@yahoo.co.in (S.C. Taneja


OMe


HO


OH


HO O


O


Figure 1.

Semi-synthetic analogs of pinitol were subjected to screening by determining TNF-a expression in
human neutrophils using flowcytometry. Among the tested compounds, three derivatives displayed more
than 50% inhibition of TNF-a cytokine secretion in LPS induced stimulated neutrophils and can be con-
sidered as potent anti-inflammatory moieties.


� 2009 Elsevier Ltd. All rights reserved.

Inositols and their derivatives have attracted considerable
attention due to their innumerable roles in living organisms,1


and diverse biological activities.2 They also serve as starting mate-
rial in the synthesis of natural products.3 The major naturally
occurring inositol is myo-inositol. Other naturally occurring iso-
mers (occur in low concentrations) are scyllo-, chiro-, muco-, and
neo-inositol. Pinitol is 3-O-methyl ether of D-chiro-inositol also
known as Mateziol or Sennitol or Cathrtomannitol (Fig. 1). The con-
figuration of D-chiro-inositol has been determined by Posternak,4


although the position of the methyl group in pinitol was estab-
lished by Arthur, et al.5 in 1952, assigning its structure as
3-O-methyl-chiro-inositol.

ll rights reserved.
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Pinitol is one of the major constituents and mainly being iso-
lated from Bougainvillea spectabilis,6 Pinus lambertiana7 and soya-
bean (Glycine max).8 There is also a widespread presence of D-
pinitol in Alfalfa and legumes.9 Pinitol appears to mimic the effects
of insulin by acting downstream in the insulin signaling pathway.10


Bougainvillea spectabilis is used as a traditional medicine for the
treatment of diabetes in Asia and West Indies.6 Pinitol has been
shown to lower the blood glucose concentration in diabetic rats
and in normal rats given glucose.11 Its hypoglycemic and anti-dia-
betic activities are attributed to insulin like effects in normal and
alloxan induced diabetic albino mice.12 The insulin is able to up-
regulate the expression of the TNF-a gene in macrophages derived
from the THP-1 cell,13 and TNF-a is involved in insulin resistance
through the inhibitory effect on insulin sensitivity.14


Pinitol derivatives (e.g., aminocyclitols) are reported to exhibit
glycosidase inhibitory activities,15 thus adding to their biological
importance, since glycosidase inhibitors are the potential thera-
peutic agents.16 Azole nucleoside analogs of D-pinitol have recently
been reported as potent antitumor agents.17 Pilot studies have
indicated that co-administration of creatine (a natural nutrient
found in animal foods, claimed to be an effective nutritional ergo-
genic aid to enhance sports related activities and physical perfor-
mance18) with low doses of D-pinitol help in augmenting whole
body creatine stores by non-caloric means.19 The pinitol has shown
its potential as anti-inflammatory agent,20,21 and a remedy for fe-
ver and respiratory disorders.22 Pinitol has been demonstrated to
decrease the lipid laden foam cell formation in THP-1 derived
human macrophages23 and inhibit TNF-a production.24 From the
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literature survey it is apparent that pinitol and its derivatives are
associated with a wide range of bioactivities, for example, anti-dia-
betic, anti-inflammatory, anticancer, stamina enhancing. There-
fore, D-pinitol analogs were subjected to study their role in
inhibiting TNF-a cytokine expression in LPS activated human neu-
trophils, as they play essential roles in host defence through their
ability to clear bacterial infections. The literature scan revealed
that there are no reports of the preparation of selectively acylated
and randomly/multi-acylated derivatives of pinitol. We therefore
envisaged synthesizing various acylated derivatives of pinitol. In
this Letter, we report the preparation of selectively acylated pinitol
derivatives through (a) biotransformation, and (b) chemical ap-
proaches and their TNF-a inhibitory studies.


Enzymes are known to be the versatile catalysts for the kinetic
resolution and desymmetrization of prostereogenic substrates. A
variety of lipases of different origins are known to be useful in reg-
ioselective transesterification as well as hydrolysis reactions. Since
it was almost impossible to get selectively acylated derivatives of
pinitol through chemical transformation in one step reaction, it
was envisaged that transesterification of pinitol would be an alter-
native process. Our attempts for the preparation of regioselectively
acylated derivatives through transesterification of pinitol turned
futile, though different solvent combinations, and temperature
conditions were tried. Therefore, we proceeded through selective
hydrolysis route for the preparation of desired compounds. In this
approach, regioselective lipase catalyzed hydrolysis of penta-acy-
lates of pinitol was studied. A number of lipases from institutional
microbial repository and commercial sources were screened for
the selective hydrolysis of penta-acetates, penta-butyrates and
penta-benzoates of pinitol. Using the commercial lipase CAL-A+B,
monodeacylated products 2 and 3 in the ratio of 48:52 were ob-
tained by regioselective hydrolysis of D-1,2,4,5,6-penta-O-acetyl-
3-O-methyl-chiro-inositol 1 with an overall yield of 72%.25 The
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reaction mixture comprising the products was separated by col-
umn chromatography and characterized as D-1,2,3,5-tetra-O-acet-
yl-4-O-methyl-chiro-inositol (2) and D-1,2,4,5-tetra-O-acetyl-3-O-
methyl-chiro-inositol (3) on the basis of 1H NMR, 13C NMR,
1H–1H COSY and 1H–13C COSY spectral analysis (Scheme 1).


Various acyl analogs of pinitol (new as well as reported ones)
were also synthesized for bioactivity screening (Schemes 2–4).26


Preparation of 1D-3-O-acetyl-4-O-methyl-chiro-inositol (6a), 1D-3-
O-butanoyl-4-O-methyl-chiro-inositol (6b), 1D-3-O-methyl-4-O-
propanoyl-chiro-inositol (6c) and 1D-3-O-iso-butanoyl-4-O-
methyl-chiro-inositol (6d) was achieved in a three step reaction
process (Scheme 2). The vicinal syn hydroxyl functions were first
protected through diacetonide formation followed by esterification
of the remaining hydroxyl group by reacting it with an acid anhy-
dride in presence of pyridine as a base to produce 5 in almost
quantitative yield. Deprotection of isopropylidene acetals was
achieved by a method using HClO4–SiO2.27 Therefore, HClO4–SiO2


was prepared according to the standard procedure and used for
the deprotection of isopropylidene acetals in acetonitrile. Catalytic
amount of the reagent (0.035 mmol/mmol of diacetonide) was suf-
ficient to cleave the diacetonide in half an hour to furnish the prod-
ucts 6 (a–d) in 90–92% yield.


Alkoxy derivatives 7a–c were synthesized from a common
diacetonide intermediate 4, by performing standard alkylation
reactions, respectively, in presence of a base. Removal of the aceto-
nide groups under acidic conditions described as above yielded the
desired derivatives 8a–c, respectively (Scheme 3; Joanne B. H.
2004).28


3-Keto derivative 10 was prepared by oxidation of diacetonide, 4
(822 mg, 3.0 mmol) with pyridinium chlorochromate (PCC, 1.290 g,
6.0 mmol) in dichloromethane (DCM) at 0 �C (5 h). On the other hand
diacetonide 4 was converted into 3-chloro analog 9 with thionyl
chloride in excess of pyridine in 45% yield (Scheme 4).
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Scheme 4. Reagents and conditions: (i) PCC, DCM; (ii) SOCl2, Pyridine.
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From 1H NMR studies including coupling constants, it was
established that chlorination occurred with the retention of
configuration. The J-value of the double doublet for the proton at
C-3 position in 4 is almost the same as that of the proton at C-4
position in 1D-3-chloro-1,2:5,6-di-O-isopropylidene-4-O-methyl-
chiro-inositol (9). Penta-acyl derivatives of pinitol, that is, D-1,2,
4,5,6-penta-O-acetyl-3-O-methyl-chiro-inositol (11), 1D-3-O-meth-
yl-1,2,4,5,6-penta-O-propanoyl-chiro-inositol (12), D-1,2,4,5,6-pen-
ta-O-butanoyl-3-O-methyl-chiro-inositol (13), and 1D-1,2,4,5,
6-penta-O-benzoyl-3-O-methyl-chiro-inositol (14) were prepared
from pinitol (5 mmol), and respective alkanoic anhydride (25 mmol)
in presence of dimethyl amino pyridine (DMAP, 10–15 mg) by known
methods.


Flowcytometric studies were carried out to determine the anti-
inflammatory effect of pinitol (Schemes 2–5) and its derivatives on
TNF-a cytokine expression in LPS activated human neutrophils.
Neutrophils play essential roles in host defence through their abil-
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Scheme 5. Reagents and condition

ity to clear bacterial infections. Their inappropriate activation con-
tributes to a variety of inflammatory diseases, from the acute
respiratory distress syndrome to asthma, chronic obstructive pul-
monary disease and rheumatoid arthritis. TNF-a cytokine was cho-
sen as the target for anti-inflammatory activity screening because
of the fact that it is a pro-inflammatory cytokine and plays a major
role in the pathogenesis of septic shock induced by LPS (Lipopoly-
saccharide) endotoxin injection.29 LPS is an important triggering
factor for in vivo systemic inflammatory response.30 LPS activates
neutrophils via engagement of TLR4 (Toll-like receptor 4),31 result-
ing in the induction of a characteristic proinflammatory phenotype
and prolongation of cell lifespan.32 In brief, neutrophils extraction
was performed by taking human blood and centrifuging it at 250g
for 20 min. Two layers were formed, the platelet rich upper layer
was discarded and the lower layer centrifuged at 1800g. Again
three layers were formed: the platelet poor upper layer was dis-
carded, the middle layer which appeared to be the buffy coat layer
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was taken and the lower layer which was RBC rich layer was also
discarded. Middle layer was taken and layered with histopaque
and incubated for 10 min. The samples were centrifuged at 700 g.
After centrifugation two layers were observed, upper layer was ta-
ken and Facs Lysing solution added for the lysis of any traces of
RBC. The samples were washed with PBS (200 g) for 10 min. The
intracellular TNF-a level was then estimated in gated population
of neutrophils. Neutrophils separation was carried out as described
(A new method for detecting TNF-a secreting cells using direct-
immunofluoresence surface membrane staining).33 Cells were
stimulated with LPS and incubated with test compounds for 3 h,
in CO2 incubator. For the permeabilisation of the cells Permeablis-
ing sol. (1X) (BD-Biosciences) was added and incubated for 10 min.
The cells were then labeled with conjugated anti-mouse TNF-a
monoclonal antibody (BD-Biosciences). Incubation of the cells
was carried out for 30 min in dark. After washing with PBS (Phos-
phate buffered saline, Sigma Chemicals, USA) the samples were ac-
quired directly on BD-LSR Flowcytometer (BD-LSR, Beckton–
Dickinson Biosciences, CA, USA). A fluorescence trigger was set
on the PE (FL1) parameter of the gated neutrophil populations
(10,000 events). Fluorescence compensation, data analysis, and
data presentation was performed using Cell Quest Pro software
(Beckton–Dickinson Biosciences, CA, USA).


Most of the semi-synthetic analogs displayed a range of TNF-a
expression inhibition from low to high. Pinitol displayed average
inhibition of the expression of TNF-a in the range of 30.03% using
flowcytometry. From the results given in Table 1, (flowcytometric
studies) it is clear that analogs 10 (1D-1,2: 5,6-di-O-isopropyli-
dene-3-oxo-4-O-methyl-chiro-inositol), 13 (1D-1,2,4,5,6-penta-O-
butanoyl-3-O-methyl-chiro-inositol), and 14 (1D-1,2,4,5,6-penta-
O-benzoyl-3-O-methyl-chiro-inositol) displayed maximum inhibi-
tory effect on TNF-a cytokine secretion in murine isolated neutro-
phils in response to LPS stimulant. Neutrophils were in vitro
treated with 1.0 lg/ml concentration of 10, 13, and 14 showing
50.57%, 52.47%, and 51.71% TNF-a suppression respectively. The
compounds showing more than 50% inhibition of TNF-a expression

Table 1
Effect of different pinitol derivatives on intracellular TNF-a expression by LPS
activated neutrophils


S.No. Sample Concn (lg/ml) Mean ± S.E. Activity (%)


LPS Control 1 2.63 ± 0.01 —
1 Pinitol 1 1.84 ± 0.04 30.03 ;
2 2 1 2.60 ± 0.08 1.14 ;
3 3 1 1.75 ± 0.04 33.46 ;
4 4 1 2.19 ± 0.11 13.09 ;
5 5a 1 1.51 ± 0.02 42.58 ;
6 5b 1 1.59 ± 0.03 39.54 ;
7 5c 1 1.71 ± 0.02 32.14 ;
8 5d 1 2.19 ± 0.15 20.65 ;
9 6a 1 2.57 ± 0.04 2.28 ;


10 6b 1 2.41 ± 0.08 8.36 ;
11 6c 1 2.08 ± 0.01 20.91 ;
12 6d 1 2.07 ± 0.11 17.85;
13 7a 1 1.71 ± 0.07 34.98 ;
14 7b 1 1.68 ± 0.04 33.33 ;
15 7c 1 1.62 ± 0.04 38.40 ;
16 8a 1 1.85 ± 0.05 29.65 ;
17 8b 1 1.60 ± 0.02 39.16 ;
18 8c 1 1.67 ± 0.02 36.50 ;
19 9 1 1.64 ± 0.05 37.64 ;
20 10 1 1.30 ± 0.03 50.57 ;
21 11 1 1.75 ± 0.04 33.46 ;
22 12 1 1.82 ± 0.09 30.79 ;
23 13 1 1.25 ± 0.02 52.47 ;
24 14 1 1.27 ± 0.06 51.71 ;
25 Rolipram 10 1.24 ± 0.07 52.85 ;


Samples showing TNF alpha suppression around 50% are considered to be active.
%;: indicates suppression of TNF- alpha expression; No. of observations = 3.

are considered to have potent TNF-a inhibitory activity. It was
found to be efficacious in suppressing intracellular TNF-a level at
the dose of 1.0 lg/ml when compared to the LPS control. Therefore,
these compounds can be considered as lead molecules for detailed
investigations of their anti-inflammatory potential both in vitro
and in vivo.


Partial information about SAR has also been obtained from
these studies, though no definite relationship could be established.
In general, the molecules protected with ester or acetonide groups
displayed much higher TNF-a inhibition than the corresponding
unprotected compounds. Furthermore, the dialkylated molecules,
for example, 8a–c exhibited higher activity than their acylated
counterparts (e.g., 6a–c). In case of alkylated analogs, for example,
6a–c, respectively, the bioactivity improved with the increase in
the length of side chain; however, the effect is reversed in case
of 5a–c, where the activity decreased with increase in the length
of side chain. The oxo derivative (10) was more active than the
chloro derivative (9), the reason possibly may be attributed to
the presence of oxo functionality which could be involved in the
interaction (through hydrogen bonding) at the receptor site. Out
of all semi-synthetic analogs, the peracylated derivatives, with
longer alkyl chain were found to be more potent than those with
smaller alkyl chain. Much higher TNF-a inhibition displayed by
compound 3 in comparison to 2 can not be explained though it
may be attributed to stereochemical factors (position of hydroxyl
groups), given that the molecule is having 6 chiral centers. It ap-
pears that lipophilicity played an important role and improved
the inhibitory activity, indicating that alkylated part of the mole-
cule probably interacts with the binding site of TNF-a receptor.


In conclusion 23 semi-synthetic analogs of pinitol were pre-
pared using chemo and chemo-enzymatic methodologies. Some
interesting structure activity relationships (SAR) could be drawn
from the data. However, the three analogs viz. 10, 13, and 14 dis-
played significant TNF-a inhibition activity, which is almost one
log higher than the known standard rolipram, and just about dou-
ble as compared to parent molecule pinitol. The identified lead
molecules are being studied to ascertain their potential as chemo-
therapeutic anti-inflammatory agents.
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In this investigation, chemical features based 3D pharmacophore models were developed based on the
known inhibitors of Spleen tyrosine kinase (Syk) with the aid of HIPHOP and HYPOREFINE modules within
CATALYST. The best quantitative pharmacophore model, Hypo1, was used as a 3D structural query for
retrieving potential inhibitors from chemical databases including Specs, NCI, MayBridge, and Chinese
Nature Product Database (CNPD). The hit compounds were subsequently subjected to filtering by Lipin-
ski’s rule of five and docking studies to refine the retrieved hits. Finally 30 compounds were selected from
the top ranked hit compounds and conducted an in vitro kinase inhibitory assay. Six compounds showed
a good inhibitory potency against Syk, which have been selected for further investigation.


� 2009 Elsevier Ltd. All rights reserved.

Spleen tyrosine kinase (Syk), a type of cytosolic non-receptor
tyrosine kinase, has been demonstrated to play critical roles in
the intracellular signal propagation of hematopoietic cells.1–3 For
example, Syk was shown to be an important regulator of FceRI sig-
naling in mast cells and basophils, suggesting that it could be a po-
tential target for treating type I hypersensitivity reactions
including allergic rhinitis, asthma, and anaphylaxis.4 Further, the
significant roles of Syk in B-cell receptor signaling on autoreactive
B cells have also been realized, which uncovered an opportunity to
suppress the formation of autoantibodies involved in a number of
immune complex (IC) diseases, such as rheumatoid arthritis (RA),
systemic lupus erythematosus (SLE), and multiple sclerosis
(MS).5,6 All of these prompt that Syk inhibitors might be effective
in the treatment of allergic or immunological disorders. Indeed, re-
cently a Syk inhibitor, R788 (tamatinib fodium), has been in phase
II clinical trial of treating RA and already shown very good effi-
cacy.7 R788 is thought as a direct challenger to the tumor necrosis
factor-alpha (TNF-a) inhibitor biologics.8 Study of using R788 in
the treatment of SLE is also in progress.9


Due to the potential therapeutic value of Syk inhibitors in the
treatment of allergic and autoimmune diseases, some pharmaceu-
tical companies including Rigel, Pfizer, ZaBeCor,6 as well as many
academic institutions have been involved in the development of
small molecule kinase inhibitors of Syk. As far as we know, more
than one hundred small molecule inhibitors against Syk have been
reported publicly at present. These provide a good basis for eluci-
dating the structure–activity relationship (SAR) of these diverse
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compounds, and hence facilitate identifying more new Syk
inhibitors.


The goal of this account is to develop 3D pharmacophore mod-
els based on the known Syk inhibitors, which can correctly reflect
the structure–activity relationship (SAR) of the existing Syk inhib-
itors. Then this model will be used as 3D search queries for search-
ing several chemical databases, including Specs, NCI, MayBridge
and Chinese Nature Product Database (CNPD) for identifying new
inhibitors of Syk. The hit compounds will be subsequently sub-
jected to filtering by Lipinski’s rule of five10 and docking studies
to refine the retrieved hits.11,12 Finally some of the refined hit com-
pounds were purchased from the market and conducted an in vitro
inhibitory assay against recombinant Syk protein kinase. By the
way, as far as we know, this is the first report on the pharmaco-
phore modeling even the first virtual screening study of Syk
inhibitors.


Training set selection and conformational modeling. A set of 141
Syk inhibitors were collected from different literature re-
sources.1,13–26 From which, 23 compounds were carefully chosen
to form a training set, which was based on the principles of struc-
tural diversity and wide coverage of activity range. The IC50 values
of the inhibitors in training set span a range of five orders of mag-
nitude (IC50 values range from 3 nM to 76,400 nM). Structures and
biological activities of the training set compounds are shown in
Chart 1. The remaining compounds were used as a test set (see Ta-
ble S1 in Supplementary data).


All compounds were built in 2D/3D Visualizer within CATALYST


4.1127 and minimized to the closest local minimum using the
CHARMm-like force field incorporated in the CATALYST program. A
series of energetically reasonable conformational models which
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Chart 1. Chemical structures of Syk kinase inhibitors in training set (compounds 1–23) together with their biological activity data (IC50 values, in parentheses).


Table 1
Statistical parameters of the top 10 hypotheses of Syk kinase inhibitors generated by
HYPOREFINE program


Hypo. no. Total cost DCosta RMSD Correlation Featuresb


1 98.56 101.62 0.80 0.971 ADYRE3
2 107.84 92.34 1.22 0.931 ADYRE1
3 108.10 92.08 1.24 0.928 ADYRE2
4 114.54 85.64 1.44 0.901 ADYR
5 116.32 83.86 1.37 0.914 ADY
6 117.05 83.13 1.39 0.910 ADY
7 117.32 82.86 1.54 0.887 DDYR
8 117.35 82.83 1.52 0.889 ADYR
9 118.90 81.28 1.49 0.895 ADDRE1


10 119.33 80.85 1.59 0.879 DDYR


a DCost = (null cost � total cost), where null cost = 184.29, fixed cost = 90.18,
configuration = 15.86, all cost units are in bits.


b A = hydrogen-bond accept; D = hydrogen-bond donor; Y = hydrophobic aro-
matic; R = ring aromatic; E = excluded volumes; arabic numeral indicates the
number of the excluded volumes.
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represent the flexibility of each compound were generated by Cat-
Conf program within CATALYST. Conformations of all molecules were
generated by using the ‘Best conformer generation’ with 20 kcal/
mol as energy cutoff and 250 as maximum number conformers,
while all other parameters were set to default.


Pharmacophore generation. Before performing quantitative phar-
macophore modeling for the Syk kinase inhibitors, qualitative HIP-


HOP
28 models were first generated based on the six most-active


compounds in the training set (compounds 1–6, Chart 1), which
purpose was to identify the common chemical features necessary
for potent Syk kinase inhibitors, as well as to provide some infor-
mation for the development of quantitative pharmacophore model.
In the HIPHOP run, compound 1 was considered as reference mole-
cule. The best HIPHOP model generated (not provided here) contains
five types of chemical features, namely, hydrogen-bond donors (D),
hydrogen-bond acceptor (A), ring aromatic (R), hydrophobic aro-
matic (Y), and hydrophobic aliphatic (Z) features. Following this
information, the five chemical features were selected as the initial
input of pharmacophore features in the subsequent quantitative
pharmacophore modeling. The quantitative pharmacophore mod-
els were then generated by using the HYPOREFINE module within
the CATALYST based on the training set (compounds 1–23, Chart 1).
The ‘Uncertainty’ values for all of compounds in the training set
were set to 2.5, and default values for other parameters were
employed.


The top 10 hypotheses as well as their statistical parameters ob-
tained from the HYPOREFINE run are shown in Table 1. From Table 1,
we can see that the best hypothesis corresponds to Hypo1, which
was characterized by the lowest total cost value (98.56), the high-
est cost difference (101.62), the lowest RMS deviation (0.80), and
the best correlation coefficient (0.971). Hypo1 contains four fea-
tures, including one hydrogen-bond donor, one hydrogen-bond
acceptor, one hydrophobic aromatic, and one ring aromatic fea-

tures, as well as three excluded volumes (Fig. 1A). The 3D space
and distance constraints of these pharmacophore features are
shown in Figure 1B. Figure 1C and D presents the Hypo1 aligned
with one of the most active compounds (compound 2, IC50 = 4 nM)
and the lowest active compound (23, IC50 = 76,400 nM) in the
training set. All features of Hypo1 model were nicely mapped with
the corresponding chemical functional groups on compound 2. By
contrast, the compound 23 just mapped two features while the
other two features were not mapped.


To examine Hypo1’s discriminating ability among Syk inhibitors
in the training set with activity in different orders of magnitude,
the training set compounds were roughly classified into three cat-
egories: highly active (IC50 6 100 nM, +++), moderately active
(100 nM < IC50 6 5000 nM, ++), and low active (IC50 > 5000 nM,







Figure 1. Pharmacophore model of Syk kinase inhibitors generated by HYPOREFINE. (A) The best HYPOREFINE model Hypo1. (B) 3D spatial relationship and geometric parameters of
Hypo1. (C) Hypo1 mapping with one of the most active compound 2 (IC50 = 4 nM). (D) Hypo1 mapping with one of the least active compound 23 (IC50 = 76,400 nM).
Pharmacophore features are color-coded with light-blue for hydrophobic aromatic feature, orange for ring aromatic feature, green for hydrogen-bond acceptor, magenta for
hydrogen-bond donor, and grey for excluded volumes.
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+). Table 2 shows the experimental and estimated inhibitory activ-
ities of the 23 training set compounds. Obviously, all compounds
were predicted correctly except compounds 5 and 8, which are
highly active experimentally but are predicted to be moderately

Table 2
Experimentally measured and predicted (by Hypo 1) activity (IC50 values, nM) for the tra


Compound No. Fit value IC50 (nM)


Pred. E


1 8.28 7.2
2 8.68 2.9
3 7.71 27
4 8.23 8
5 7.06 120
6 7.43 51
7 7.62 32
8 6.96 150
9 6.55 380


10 6.30 680
11 6.61 340
12 6.18 900
13 6.40 540
14 6.05 1200
15 5.46 4800
16 6.07 1100
17 5.01 13,000
18 4.87 18,000
19 4.80 21,000 1
20 4.91 17,000 3
21 4.75 24,000 3
22 4.89 17,000 3
23 4.44 49,000 7


a The error cost is computed as the ratio between the experimental IC50 and the estim
experimental IC50; ‘�’ indicates that the estimated IC50 is lower than the experimental


b Activity scale: +++, IC50 6 100 nM (highly active); ++, 100 nM < IC50 6 5000 nM (mod

active. Additionally one may also notice that most of the absolute
values of error costs, defined as the ratio between experimental
and estimated activity, are below 3, indicating a considerable con-
sistency between estimated and experimental IC50 values.

ining set compounds


Error costa Activity scaleb


xptl. Pred. Exptl.


3 +2.4 +++ +++
4 �1.4 +++ +++
9 +3.0 +++ +++


30 �3.7 +++ +++
41 +2.9 ++ +++
50 +1.0 +++ +++
60 �1.9 +++ +++
90 +1.6 ++ +++


230 +1.7 ++ ++
300 +2.3 ++ ++
310 +1.1 ++ ++
500 +1.8 ++ ++
940 �1.7 ++ ++


2000 �1.6 ++ ++
3800 +1.3 ++ ++
5000 �4.4 ++ ++
7700 +1.7 + +
8600 +2.1 + +
7,000 +1.3 + +
7,000 �2.2 + +
8,000 �1.6 + +
9,000 �2.3 + +
6,000 �1.6 + +


ated IC50 by the hypotheses. ‘+’ indicates that the estimated IC50 is higher than the
IC50.


erately active); +, IC50 > 5000 nM (low active).
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Validation of the pharmacophore model. The purpose of the quan-
titative pharmacophore modeling is not just to estimate the activ-
ity of the training set compounds correctly but also to verify
whether the model is capable of predicting the activity of external
compounds of the test set series. The test set contains 118 com-
pounds (see Table S1 in Supplementary data) structurally distinct
from the training set molecules. All the test molecules were pre-
pared by the same way as that for the training set molecules.
Hypo1 was regressed against the compounds of test set, and a cor-
relation coefficient of 0.817 was obtained. The results are pre-
sented in Figure 2. Obviously Hypo1 is capable of predicting the
IC50 values correctly (the detailed information is provided in Sup-
plementary data, see Table S1).


Furthermore, a cross validation that based on Fischer randomi-
zation test method29 was used to evaluate the statistical relevance
of Hypo1. With the aid of the CATSCRAMBLE program implemented in
CATALYST, the spreadsheet of our training set was modified by ran-
domly scrambling the experimental activities for all compounds,

Figure 2. Plot of the correlation between the experimental activity a


Figure 3. The difference in total cost of hypotheses between the initi

and the resulting training set was used for a HYPOREFINE run. As the
confidence level was set to 95% in this study, the CATSCRAMBLE pro-
gram generated 19 random spreadsheets, and then all the spread-
sheets were used to construct hypotheses using exactly the same
conditions as used in generating the original pharmacophore
hypotheses. The total costs of pharmacophore models obtained in
the 19 HYPOREFINE runs as well as the original HYPOREFINE run are pre-
sented in Figure 3. From Figure 3, one can see that the original
hypothesis is far more superior to those of the 19 generated
hypotheses after randomization. These results provide confidence
on our pharmacophore model.


Comparison between Hypo1 and chemical features in the active
site of Syk protein. The pharmacophore models developed here
are all based on the known ligands of Syk protein. One may wonder
whether the chemical features and their space arrangement de-
scribed in the pharmacophore model are consistent with the actual
protein–ligand interactions. Fortunately, there had already existed
two crystal structures of Syk–ligand complexes in Protein Data

nd the predicted activity by Hypo1 for the test set compounds.


al spreadsheet and 19 random spreadsheets after CATSCRAMBLE run.







Figure 4. (A) The pharmacophore model Hypo1 positioned into the active site of Syk–Staurosporine complex (1XBC). (B) Enlargement of (A). The excluded volumes are
ignored for clarity. Dashed lines indicate hydrogen bonds.


Figure 5. Two selected compounds showing a good inhibitory potency against the
Syk protein kinase.
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Bank at the time when we were preparing this manuscript: one is
the Syk protein complexed with Staurosporine (compound 1 in the
training set, PDB entry: 1XBC),21 the other one is the Syk protein
complexed with imatinib (PDB entry: 1XBB). Since Staurosporine
has a very high inhibitory potency26 (3 nM) against Syk, whereas
imatinib just has a low activity (5000 nM), the comparison will
be made between the pharmacophore model Hypo1 and chemical
features in the active site of Syk–Staurosporine complex.


Figure 4 presents the mapping of Hypo1 with the active site of
Syk–Staurosporine complex. Clearly the hydrogen-bond acceptor
feature (A) of Hypo1 corresponds to the hydrogen-bond interaction
between the backbone amino nitrogen of Ala451 (hydrogen donor)
and the pyrrol-2-one motif (hydrogen acceptor); this type of
hydrogen-bond interaction is commonly observed in other ki-
nase-inhibitor complexes.30 The hydrogen-bond donor feature
(D) of Hypo1 corresponds to the hydrogen-bond interaction be-
tween the methylamine in the tail of Staurosporine and the back-
bone carbonyl oxygen of Arg498. The hydrophobic aromatic
feature (Y) locates in the hydrophobic region surrounded by
Leu377, Gly454, and Pro455. The ring aromatic feature (R) was
mapped on the central pyrrole ring, which roughly locates in the
adenine region.31 Among the three excluded volumes, two are very
close to the back-bone of the protein, and one is in the position of
side chain of Leu377. Therefore, we can conclude here that the
pharmacophore model Hypo1 developed from the small molecule
inhibitors of Syk can correctly reflect the interactions between
Syk and its ligands.


Database searching. The best quantitative pharmacophore model
Hypo1 was used as a 3D structural query for retrieving potential
inhibitors from chemical databases including NCI (136,000 mole-
cules), MayBridge (59,652 molecules), Specs (202,487 molecules),
and CNPD (43,055 molecules). A total of 3368 hit compounds were
obtained from the first screening by restricting the minimum esti-
mated activity to 5 lM. The hit compounds were further screened
by using the Lipinski’s rule of five to make them more drug-like.
1471 compounds passed the drug-like check.


Docking study. To further refine the retrieved hits, the 1471 hit
compounds were docked into the ATP binding site of Syk by using
LigandFit within Accelrys Discovery Studio 1.7.32 The crystal struc-
ture of Syk complexed with staurosporine (PDB entry: 1XBC) was
chosen as reference protein. The active site search was carried
out in the shape-based mode based on the X-ray structure of
receptor and the site was further modified to cover the co-crystal
ligand. The docking protocol was validated through docking the

bound ligand back into the protein. The best docked pose should
differ only minimally from the position of the ligand in the crystal
structure (Root mean square deviation is less than 0.5 Å). Confor-
mations of each compound were created with Monte Carlo simula-
tion (15,000 trials). Several scoring functions are available within
LigandFit, including LigScore1, LigScore2, PLP1, PLP2, Jain, Ludi,
and PMF. The Ludi scoring function was used as the sorting func-
tion since it performed better than others in a pre-evaluating pro-
cess. A total of 30 compounds were carefully chosen from the top
ranked hit compounds based on our experience and visual inspec-
tion. These compounds were purchased from the market and
shifted for the subsequent in vitro assay. By the way, some new
scaffolds that deviate from that of the training set molecules have
been obtained in the final selected hit compounds.


In vitro kinase inhibitory assays. In vitro kinase inhibitory assays
were performed against recombinant Syk kinase at the Km of ATP
(15 lM) and at a fixed concentration of 10 lM of test compounds.
Each assay was repeated twice. All the inhibitory assays against
Syk were carried out through kinase profiling services provided
by ProQinase (PanQinase, Freiburg, Germany), in which radiomet-
ric protein kinase assays were used. Among the selected 30 com-
pounds, six compounds showed a good inhibitory potency again
Syk at the concentration of 10 lM. Figure 5 presents two of the
six compounds, AK-968/1209687 and AK-968/15361771, which
afforded an inhibitory rate of 51% and 63%, respectively. All of
the six compounds have been selected for further investigation.


In conclusion, 3D pharmacophore models of Syk inhibitors have
been developed with the aid of HIPHOP and HYPOREFINE modules in CAT-


ALYST program packet. The pharmacophore models established were
validated by test set and Fischer randomization test methods. And
comparison between the pharmacophore model and chemical fea-
tures in the active site of Syk protein was made, which shows that
the pharmacophore model Hypo1 developed from the small mole-
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cule inhibitors of Syk can correctly reflect the interactions between
Syk and its ligands. Furthermore, the best pharmacophore model
Hypo1 was used as a 3D structural query for retrieving potential
inhibitors from chemical databases including Specs, NCI, May-
Bridge, and CNPD. The hit compounds were subsequently sub-
jected to filtering by Lipinski’s rule of five and docking studies to
refine the retrieved hits. Finally a total of 30 compounds were se-
lected and conducted an in vitro kinase inhibitory assay. Six com-
pounds showed a good inhibitory potency against Syk, which have
been selected for further investigation.
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A series of thiourea derivatives were synthesized and their antiviral activity was evaluated in a cell-based
HCV subgenomic replicon assay. SAR studies revealed that the chain length and the position of the alkyl
linker largely influenced the in vitro anti-HCV activity of this class of potent antiviral agents. Among this
series of compounds synthesized, the thiourea derivative with a six-carbon alkyl linker at the meta-posi-
tion of the central phenyl ring (10) was identified as the most potent anti-HCV inhibitor
(EC50 = 0.047 lM) with a selectivity index of 596.


� 2009 Elsevier Ltd. All rights reserved.

N
H


H2N


S


O


Hepatitis C virus (HCV) is a blood-borne virus that was identi-
fied in 1989.1 Six genotypes with several subtypes within each
genotype have been described for this member of the Flaviviridae
family.2 It is estimated that more than 170 million people world-
wide are infected by HCV.3 Most of those with acute hepatitis C de-
velop a chronic infection. Chronic hepatitis C is often
asymptomatic but may lead to liver cirrhosis and hepatocellular
carcinoma (HCC) within the next decade.4 Liver failure related to
HCV infection is, in many countries, the leading cause of liver
transplantation.5 There is currently no vaccine or a direct antiviral
agent for HCV.6 The standard of care for treating HCV is a combina-
tion of pegylated interferon and ribavirin. However, this therapy in
patients with genotype 1 is not very successful and associated with
serious side effects.7 Therefore, there is an urgent need to discover
and develop new anti-HCV agents that are more effective and bet-
ter tolerated by patients.


Recently, an antiviral screening program was initiated to search
for new HCV inhibitors via HCV replicon assay8 in our laboratory.
Interestingly, a thiourea compound 1 was identified as a potential
anti-HCV agent, the structure of which is illustrated in Figure 1.9


This compound was found to possess antiviral activity against
HCV with an EC50 of 0.494 lM. Therefore many structurally related
thiourea compounds were synthesized and evaluated for their
anti-HCV activity. Details of this investigation will be described
herein.


In this Letter, we described the synthesis of antiviral thiourea
compounds via the key nucleophilic substitution of phenol or ani-
line with phenylalkyl bromide, compound 22 and ditosylate 56
(Schemes 1–3). All the resulting compounds were then submitted
for anti-HCV testing as well as cytotoxicity evaluation in the

All rights reserved.


16; fax: +886 37 586 456 (J.-

Ava5 cell lines. Preliminary structure-activity relationships against
HCV are reported (Tables 1 and 2).


The thiourea compounds 1 and 5–20 were prepared by the
method summarized in Scheme 1. Nucleophilic substitution of
phenol (or aniline) 2 with phenylalkyl bromide using potassium
carbonate as a base in 1-methyl-2-pyrrolidine (NMP) at 90 �C for
3 h afforded compound 3. Subsequent nitro reduction of com-
pound 3 in the presence of tin(II) chloride in ethanol at 70 �C over-
night gave the aniline 4 in excellent yields. The aniline 4 was
treated with 1,10-(thiocarbonyl)diimidazole (TCDI) in dichloro-
methane at room temperature followed by reaction with 25%
ammonia solution or the appropriate primary amines to give the
desired compounds 1 and 5–20.


Compounds 25–53 were synthesized by the method summa-
rized in Scheme 2. In the presence of potassium carbonate, alcohol
21 can undergo nucleophilic substitution with dibromo compound
to give compound 22. Subsequent O-alkylation of 3-nitrophenol
with compound 22 in the presence of potassium carbonate in
NMP at 90 �C gave compound 23. A solution of compound 23 in
ethyl acetate is hydrogenated in the presence of 10% Pd/C with
hydrogen filled in a balloon at room temperature overnight to give
the aniline 24 in excellent yields. The aniline 24 was treated with
1,10-(thiocarbonyl)diimidazole (TCDI) in dichloromethane at room

EC50 = 0.494 µM


1


Figure 1. Structure of thiourea compound 1.
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1, 5-20


25% NH3 (aq)
or R1NH2


10. R1 = H, X = O, n = 6, meta
11. R1 = H, X = O, n = 7, meta
12. R1 = H, X = O, n = 5, ortho
13. R1 = H, X = O, n = 5, para
14. R1 = H, X = NH, n = 5, meta
15. R1 = Me, X = O, n = 5, meta
16. R1 = Et, X = O, n = 5, meta
17. R1 = n-Pr, X = O, n = 5, meta
18. R1 = Ph, X = O, n = 5, meta
19. R1 = CH2Ph, X = O, n = 5, meta
20. R1 = CH2CH2Ph, X = O, n = 5, meta


1. R1 = H, X = O, n = 0, meta
5. R1 = H, X = O, n = 1, meta
6. R1 = H, X = O, n = 2, meta
7. R1 = H, X = O, n = 3, meta
8. R1 = H, X = O, n = 4, meta
9. R1 = H, X = O, n = 5, meta


Scheme 1. General synthetic route to thiourea compounds 1 and 5–20.
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33. R2 = H, Ar = 3-PhPh
34. R2 = H, Ar = 2-PhPh
35. R2 = H, Ar = 1-Naphthyl
36. R2 = H, Ar = 3-CH2PhPh
37. R2 = H, Ar = 3-OPhPh
38. R2 = H, Ar = 3-NHPhPh
39. R2 = H, Ar = 3-COPhPh
40. R2 = H, Ar = 4-NEt2Ph


41. R2 = H, Ar = 4-pyrrolidinylPh
42. R2 = H, Ar = 4-piperidinylPh
43. R2 = H, Ar = 4-morpholinylPh
44. R2 = H, Ar = 4-pyrrolinylPh
45. R2 = H, Ar = 4-(2-furyl)Ph
46. R2 = H, Ar = 4-(2-thienyl)Ph
47. R2 = H, Ar = 2-pyridyl
48. R2 = H, Ar = 3-pyridyl
49. R2 = H, Ar = 4-pyridyl
50. R2 = H, Ar = 5-isoquinolyl
51. R2 = H, Ar = 5-quinolyl
52. R2 = H, Ar = 4-quinolyl
53. R2 = H, Ar = 4-indolyl


25. R2 = H, Ar = Ph
26. R2 = Me, Ar = Ph
27. R2 = H, Ar = 4-FPh
28. R2 = H, Ar = 4-ClPh
29. R2 = H, Ar = 4-BrPh
30. R2 = H, Ar = 4-OMePh
31. R2 = H, Ar = 4-CO2HPh
32. R2 = H, Ar = 4-PhPh


Scheme 2. General synthetic route to thiourea compounds 25–53.
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temperature followed by reaction with 25% ammonia solution gave
the target compounds 25–53.


Compound 60 was synthesized by the method summarized in
Scheme 3. Reduction of the glutaric acid 54 with lithium aluminum
hydride in dry ether gave the diol 55, which was then reacted with
p-toluenesulfonyl chloride in pyridine to give the corresponding
ditosylate 56. Subsequent nucleophilic substitution of 3-nitrophe-

nol with 2 equiv of the ditosylate 56 using potassium carbonate as
a base at refluxing acetonitrile gave compound 57, which was cou-
pled with phenol in the presence of potassium carbonate in aceto-
nitrile to give the compound 58. A solution of compound 58 in
ethyl acetate is hydrogenated in the presence of 10% Pd/C with
hydrogen filled in a balloon at room temperature overnight to give
the aniline 59 in excellent yields. The aniline 59 was treated with
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Scheme 3. Synthesis of thiourea compound 60.


Table 1
Anti-HCV activity and cytotoxicity for compounds 1 and 5–20


N
H


N
H


S


R1
X (CH2)n


Compound R1 X Isomer n 1b EC50 (lM)a CC50 (lM)a SIb


1 H O Meta 0 0.494 >50 >101
5 H O Meta 1 0.561 >50 >89
6 H O Meta 2 0.335 >50 >149
7 H O Meta 3 0.231 >50 >216
8 H O Meta 4 0.159 >50 >314
9 H O Meta 5 0.048 22 458
10 H O Meta 6 0.047 28 596
11 H O Meta 7 0.097 23 237
12 H O Ortho 5 1.012 31 31
13 H O Para 5 0.197 10 51
14 H NH Meta 5 0.143 >50 >350
15 Me O Meta 5 0.822 >50 >61
16 Et O Meta 5 0.685 >50 >73
17 n-Pr O Meta 5 0.708 32 45
18 Ph O Meta 5 31.497 35 1
19 CH2Ph O Meta 5 7.238 32 4
20 CH2CH2Ph O Meta 5 13.388 33 2


a Mean of triplicate well values. All experiments were performed at least twice.
b In vitro selectivity index (CC50/EC50).
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1,10-(thiocarbonyl)diimidazole (TCDI) in dichloromethane at room
temperature followed by reaction with 25% ammonia solution gave
the target compound 60.


The thiourea compounds described herein were tested in an
HCV subgenomic replicon assay with a SEcreted Alkaline Phospha-
tase (SEAP) reporter. Compounds 1, 5–53 and 60 were submitted
for anti-HCV testing as well as cytotoxicity evaluation in the
Ava5 cell lines. As shown in Table 1, compared to the lead com-
pound 1, several thiourea compounds with various tether lengths
(5–11) were synthesized in order to determine the optimal spacing
between the oxygen atom and the distal phenyl group. Interest-
ingly, the chain length was found to be of considerable importance

for the activity of compounds. Compound 5 with a chain length of
one carbon was found to be less active compared to lead com-
pound 1. On the other hand compounds 6–10 with a chain length
of two, three, four, five and six carbons increased the potency
about 1.5- to 10-fold with respect to compound 1. However, going
to longer seven-carbon homologue (11) was not favorable for
activity. These significant results demonstrated that the five and
six-carbon homologues (9, 10) in this series were more active
against HCV (EC50 = 0.048 and 0.047 lM, respectively) than their
corresponding longer or shorter compounds. These observations
provide remarkable evidence that the hydrophobic interaction
and conformational flexibility of the alkyl linker influence anti-







Table 2
Anti-HCV activity and cytotoxicity for compounds 25–53 and 60


N
H


H2N


S


O O Ar


R2 R3


Compound R2 R3 Ar 1b EC50 (lM)a CC50 (lM)a SIb


25 H H 0.059 >50 >847


26 Me H 0.104 >50 >481


60 Me Me 0.105 13 124


27 H H F 0.072 5 69


28 H H Cl 0.072 7 97


29 H H Br 0.072 19 264


30 H H OMe 0.218 >50 >229


31 H H CO2H >50 >50 >1


32 H H 0.191 >50 >262


33 H H 0.214 13 61


34 H H 0.097 13 134


35 H H 0.058 14 241


36 H H 0.058 13 224


37 H H
O


0.107 18 168


38 H H
N
H


0.177 11 62


(continued on next page)
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Table 2 (continued)


Compound R2 R3 Ar 1b EC50 (lM)a CC50 (lM)a SIb


39 H H


O


0.218 13 60


40 H H N 0.594 >50 >84


41 H H N 0.913 16 18


42 H H N 0.407 12 29


43 H H N O 0.485 >50 >103


44 H H N 0.255 >50 >196


45 H H
O


0.136 11 81


46 H H
S


0.121 >50 >413


47 H H
N


0.279 >50 >179


48 H H
N


1.134 >50 >44


49 H H N 2.992 >50 >17


50 H H


N


0.481 26 54


51 H H


N
0.250 15 60


52 H H
N


0.411 24 58


53 H H


NH


0.355 >50 >141


a Mean of triplicate well values. All experiments were performed at least twice.
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HCV activity of these thiourea compounds. The position of the alkyl
linker at the central phenyl ring of five-carbon homologues (9, 12,
13) impacted anti-HCV activity. The activity increased from ortho-

substitution (12) to para-substitution (13), and to meta-substitu-
tion (9), the latter being the most preferred pattern for sterically
demanding substituents. Replacing the oxygen linker (9) with a
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NH unit (14) resulted in a threefold decrease in activity, perhaps
caused by a conformational change of the side chain. Substitution
at the NH2 of the thiourea moiety with methyl (15), ethyl (16), n-
propyl (17), phenyl (18), benzyl (19) and phenethyl (20) groups
showed a 14- to 656-fold loss in activity compared to the corre-
sponding compound 9. The results of antiviral testing indicate that
a free NH2 is required for maintaining activity.


In this study, we observed that the thiourea compound 10, in
terms of potency and selectivity index (SI = 596), appear to be the
most promising candidate for further development as an anti-HCV
agent. On the basis of the skeleton of compound 10, several thiourea
compounds 25–53 and 60 were thus synthesized (Schemes 2 and 3).
The results are shown in Table 2 and are compared to the compound
10. The simple replacement of a carbon atom by oxygen (25) in the
alkyl linker of compound 10 showed a much better selectivity index
(SI > 847) in the replicon assay with an EC50 of 0.059 lM and no cyto-
toxicity up to 50 lM. Introduction of one (26) or two (60) methyl
groups at the 3-position of the alkyl linker resulted in a 1.7-fold de-
crease in activity compared to compound 25. This effect might be
due to their drastically conformational change and steric require-
ment of the alkyl linker of these thiourea compounds. Introduction
of a substituent (F, Cl, Br, OMe) at the para-position of the distal phe-
nyl ring of compound 25, such as compounds 27–30, resulted in a
1.2- to 3.7-fold decrease in activity. It is also interesting to note that
the methoxy analogue 30 was considerably less active than the halo
analogues 27–29. On the other hand, the carboxylic acid analogue
31 showed a total loss of activity. Among the biphenyl analogues (
32–34), the ortho-biphenyl analogue 34 showed better activity
(EC50 = 0.097 lM) than the para- and the meta-analogues (32, 33).
On a direct comparison of compound 25 with compounds 35 and
36, where the phenyl ring (25) was replaced with naphthalene
(35) and diphenylmethane (36), an equivalent potency was ob-
served (EC50 = 0.058 lM for 35 and 36).


Replacing the methylene group (36) of the diphenylmethane
moiety by an oxygen atom (37), amino group (38) and carbonyl
group (39) resulted in a slight loss of activity, indicating that meth-
ylene linker is optimal for activity. Additionally, replacement of the
phenyl group (32) in the para-position of biphenyl moiety with
diethyl amino (40), pyrrolidinyl (41), piperidinyl (42), morpholinyl
(43) and pyrrolyl (44) groups caused a loss of activity. This effect
might be due to their distinct differences of hydrophobic proper-
ties. A comparison of the furan-containing compound (45) with
thiophene analogue (46) reveals some interesting differences.
The thienyl compound 46 exhibited 1.1 times more potent anti-
HCV activity (EC50 = 0.121 lM), 5 times higher selective index
(SI > 413) than the furyl compound 45. Among the pyridyl ana-
logues (47–49), the 2-pyridyl analogue 47 was more active than
3- and 4-pyridyl analogues (48, 49) without significant cytotoxicity
(CC50 > 50 lM). Replacement of the naphthyl group of compound
35 with isoquinolyl (50), quinolyl (51, 52) and indolyl (53) groups
resulted in a 4.3- to 8.3-fold decrease in activity. The significant

results demonstrated that the endocyclic nitrogen of the pyridyl,
isoquinolyl and quinolyl moieties was not tolerated (compare 25
to 47–49 and 35 to 50–52). This unexpected biological result is
not fully understood and is worthy of further study.


In conclusion, from the compound screening using a cell-based
HCV subgenomic replicon assay, we identified a lead compound 1
with an EC50 of 0.494 lM. We explored the structure-activity rela-
tionship for this class of inhibitors. A free NH2 group of the thiourea
moiety is critical for activity. The activities of this series of com-
pounds were very sensitive to the variation in the chain length of
the alkyl linker. Attempts to replace the oxygen linker with nitro-
gen caused a loss of activity. On the basis of these biological results,
compound 10 with a chain length of six carbons was found to ex-
hibit the most potent antiviral activity against HCV
(EC50 = 0.047 lM). Further SAR studies and mechanistic studies
on this class of antiviral compounds are currently under active
investigation and will be reported in due course.
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A new cardenolide, 12b,14b-dihydroxy-3b,19-epoxy-3a-methoxy-5a-card-20(22)-enolide (6), and a new
doubly linked cardenolide glycoside, 12b-hydroxycalotropin (13), together with eleven known com-
pounds, coroglaucigenin (1), 12b-hydroxycoroglaucigenin (2), calotropagenin (3), desglucouzarin (4),
60-O-feruloyl-desglucouzarin (5), calotropin (7), uscharidin (8), asclepin (9), 16a-hydroxyasclepin (10),
16a-acetoxycalotropin (11), and 16a-acetoxyasclepin (12), were isolated from the aerial part of orna-
mental milkweed, Asclepias curassavica and chemically elucidated through spectral analyses. All the iso-
lates were evaluated for their cytotoxic activity against HepG2 and Raji cell lines. The results showed that
asclepin (9) had the strongest cytotoxic activity with an IC50 value of 0.02 lM against the two cancer cell
lines and the new compound 13 had significant cytotoxic activity with IC50 values of 0.69 and 1.46 lM,
respectively.


� 2009 Elsevier Ltd. All rights reserved.

Asclepias curassavica L. (Asclepiadaceae) is a common garden
plant and has been used as a treatment for tumor, hemostasia,
anti-inflammation, acesodyne in traditional medical practice.1


Previous phytochemical investigations have led to the character-
ization of cytotoxic cardenolides and cardenolide glycosides,
3,4-seco-triterpenoids, pregnanes, and pregnane glycosides from
this plant.2–6 In our ongoing research for new cytotoxic compounds
from medicinal plants from Yunnan flora, we had the opportunity
to investigate the chemical constituents of A. curassavica. However,
oxypregnane glycosides which we isolated from the plant were al-
most no cytotoxicity.7 Further investigation on extracts of A. curas-
savica resulted in the isolation of one new cardenolide (6) and one
new doubly linked cardenolide glycoside (13), as well as eleven
known compounds (1–5, 7–12).8 These known compounds were
identified as coroglaucigenin (1),2 12b-hydroxycoroglaucigenin
(2),2 calotropagenin (3),9 desglucouzarin (4),10 60-O-feruloyl-des-
glucouzarin (5),11 calotropin (7),12 uscharidin (8),13 asclepin (9),4


16a-hydroxyasclepin (10),4 16a-acetoxycalotropin (11),14 and
16a-acetoxyasclepin (12),11 respectively, by comparison of their
MS, 1H, and 13C NMR spectroscopic data with those reported. The
structural elucidation of the two new compounds and cytotoxicity
of the isolated compounds are reported in this Letter (Fig. 1).


Compound 6,15 obtained as a white amorphous powder, dis-
played the molecular formula C24H34O6 from the HR-ESI-MS (m/z
419.2436 [M+H]+). Its IR spectrum exhibited absorption bands for

All rights reserved.


.
iu).

hydroxyl (3426 cm�1), carbonyl (1727 cm�1), and olefinic
(1629 cm�1) groups. The UV spectrum indicated the presence of
an a,b-unsaturated carbonyl group (kmax 220 nm). A 5a-cardeno-
lide skeleton was evident from the characteristic 1H and 13C NMR
spectra of 6 (Table 1) displaying the presence of an a,b-unsatu-
rated-c-lactone [dH 6.24 (s), 5.24 (dd, J = 1.5, 18.0 Hz), 5.11 (dd,
J = 1.5, 18.0 Hz); dC 176.4 (s), 174.6 (s), 117.4 (d), 74.0 (t)], one ter-
tiary methyl (dC 10.1), one methoxyl (dC 49.1), nine methylenes
(including an oxygenated methylene, dC 67.0), five methines
(including an oxygenated methines, dC 74.3), three quaternary car-
bons (including an oxygenated quaternary carbon, dC 84.9), and a
ketal carbon (dC 98.2). Inspection of NMR spectral data of 6
revealed their similarity to those of 2. The major differences in
the 13C NMR spectral data between 6 and 2 were the presence of
a ketal group in 6 instead of one oxygenated methane in 2. The
HMBC cross-peaks between the ketal carbon (dC 98.2) and H2-1
(dH 1.25, 2.16), H2-2 (dH 1.70, 2.09), H2-4 (dH 1.61, 1.95), H-5 (dH


1.51), H2-19 (dH 3.96, 4.27), and OMe (dH 3.33), and between the
oxygenated methylene (dC 67.0) and H2-1 (dH 1.25, 2.16), H-5 (dH


1.51) suggested that the ketal linkage was located between C-19
and C-3. The relative configuration of 6 was assigned by the ROSEY
correlations (Fig. 2) observed among the protons OMe/H-5, H-9/
H-12, H-12/H-17, H2-19/H-8, which supported the a-configuration
of the methoxyl group and H-12. Accordingly, 6 was assigned
as 12b,14b-dihydroxy-3b,19-epoxy-3a-methoxy-5a-card-20(22)-
enolide.


Compound 1316 was isolated as a white amorphous powder,
and its molecular formula was unequivocally determined as
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Figure 1. Chemical structures of compounds 1–13.


Table 1
1H and 13C NMR spectral data of 6 and 13 in C5D5N (d in ppm, J in Hz)


Position 6 13


13C 1H 13C 1H


1 32.0 (t) 1.25 (m) 36.5 (t) 1.17 (m)
2.16 (m) 2.52 (dd, 4.5, 12.5)


2 29.9 (t) 1.70 (m) 69.4 (d) 4.44 (m)
2.09 (m)


3 98.2 (s) 72.4 (d) 4.32 (ddd, 5.0, 10.0, 10.0)
4 38.6 (t) 1.61 (m) 32.9 (t) 1.59 (m)


1.95 (m) 1.74 (m)
5 39.5 (d) 1.51 (m) 42.4 (d) 1.84 (m)
6 27.7 (t) 1.08 (m) 28.0 (t) 1.46 (m)


2.34 (dd, 3.0, 13.0) 2.46 (m)
7 31.4 (t) 1.68 (m) 28.0 (t) 1.46 (m)


2.02 (m) 2.46 (m)
8 41.9 (d) 1.69 (m) 43.6 (d) 1.36 (m)
9 42.1 (d) 1.21 (m) 45.9 (d) 1.41 (m)
10 34.0 (s) 52.6 (s)
11 31.3 (t) 2.01 (m) 31.2 (t) 1.68 (m)


1.46 (d, 11.5) 2.10 (m)
12 74.3 (d) 3.64 (dd, 3.5, 11.5) 73.8 (d) 3.64 (dd, 5.0, 9.0)
13 56.5 (s) 56.6 (s)
14 84.9 (s) 84.7 (s)
15 33.2 (t) 1.89 (m) 33.9 (t) 1.92 (m)


2.13 (m) 2.08 (m)
16 27.6 (t) 1.92 (m) 27.6 (t) 1.90 (m)


2.10 (m) 2.10 (m)
17 46.5 (d) 3.71 (t, 8.0) 46.4 (d) 3.70 (m)
18 10.1 (q) 1.21 (s) 9.9 (q) 1.13 (s)
19 67.0 (t) 3.96 (d, 8.8) 207.8 (d) 10.01 (s)


4.27 (dd, 2.5, 8.8)
20 176.4 (s) 176.3 (s)
21 74.0 (t) 5.11 (dd, 1.5, 18.0) 73.9 (t) 5.09 (brs)


5.24 (dd, 1.5, 18.0) 5.21 (s)
22 117.4 (d) 6.24 (s) 117.6 (d) 6.20 (s)
23 174.6 (s) 174.6 (s)
OMe 49.1 (q) 3.33 (s)
10 97.3 (d) 5.01 (s)
20 92.8 (s)
30 73.8 (d) 3.72 (m)
40 39.9 (t) 1.99 (m)


2.08 (m)
50 68.4 (d) 4.11 (m)
60 21.6 (q) 1.34 (d, 6.0)


All 1H and 13C NMR were obtained on DRX-500 MHz spectrometers.
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C29H40O10 by HR-ESI-MS (m/z 547.2550 [M�H]�). Both the 1H and
13C NMR spectra of 13 (Table 1) showed the typical signals for a
doubly linked cardenolide glycoside including a butenolactone ring
[dH 6.20 (s), 5.21 (s), and 5.09 (br s); dC 176.3 (s), 174.6 (s), 117.6
(d), and 73.9 (t)], an anomeric singal [dH 5.01 (s); dC 97.3 (d)], as

well as an aldehyde group [dH 10.01 (s); dC 207.8 (s)] and a methyl
[dH 1.13 (s); dC 9.9 (q)]. Comparison of the NMR spectrum of 13 and
711 indicated that their structures were quite similar except that a
methylene in 7 was replaced by an oxymethine in 13, which was
confirmed by the mass difference of m/z = 16. The chemical shift







Table 2
IC50 values of compounds 1–13 against tumor cell lines


Compounds IC50
a (lM)


HepG2 Raji


1 6.70 0.14
2 5.17 14.56
3 56.61 24.28
4 8.53 0.75
5 >100 41.14
6 89.93 64.67
7 0.04 0.02
8 0.38 0.02
9 0.02 0.02
10 3.03 0.05
11 1.34 3.54
12 0.76 3.21
13 0.69 1.46
DDPb 2.57 2.10


a Each data point was the average value of two experimental measurements.
b DDP, an anti-tumor agent used as positive control.
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of C-11 (dC 31.2 for 13, dC 22.2 for 7) and C-13 (dC 56.6 for 13, dC


49.8 for 7) were moved downfield dramatically. These features im-
plied the hydroxyl group was linked at C-12, which was further
confirmed by the HMBC correlations (Fig. 3) of H-12 (dH 3.64) with
C-11 (dC 21.2), C-13 (dC 56.6), C-14 (dC 84.7), C-17 (dC 46.4), and
C-18 (dC 9.9). Comparable coupling constants and patterns of the
corresponding proton signals in 7 and 13 suggested that both
had an identical relative configuration, as shown. The b-configura-
tion of the hydroxyl group attached to C-12 was deduced from the
ROSEY correlations (Fig. 3) between H-12 (dH 3.64) and H-9 (dH


1.41) and H-17 (dH 3.70). On the basis of above evidence, 13 was
tentatively elucidated as 12b-hydroxycalotropin.


The cytotoxic activities of all compounds 1–13 were evaluated
against HepG2 and Raji cell lines using the improved MTT method.
The cytotoxicity data and IC50 values in lM were shown in Table 2.
As evident from cytotoxic activity results, compounds 7, 8, 9, 11,
12, and 13 showed stronger cytotoxicity on HepG2 cell line than
that of the positive control cis-platinum (DDP) while compounds
1, 4, 7, 8, 9, 10, and 13 had stronger cytotoxicity on Raji cell line
than that of the positive control DDP. Among them, asclepin (9)
exhibited the most potent activity, with equal IC50 values of
0.02 lM against HepG2 and Raji cell lines. The new compound
13 showed significant cytotoxicity on the two tumor cell lines with
IC50 values of 0.69 and 1.46 lM, respectively. However, the new
cardenolide (6) displayed weak inhibitory activity against the
two tumor cell lines with IC50 values of 89.93 and 41.14 lM,
respectively. As indicated by the IC50 values, the doubly linked car-
denolide glycosides (7-13) had stronger cytotoxicity ranging from
0.02 lM to 3.03 lM against HepG2 cell line than those of the car-
denolides (1-3, 6) and cardenolide glycosides (4, 5). As for the dou-
bly linked cardenolide glycosides (7–13), the appearance of the
hydroxyl group at C-12 or C-16 and the acetoxyl group at C-16 in
compounds 10–13 are dramatically less active than the com-
pounds 7–9, lacking this structural feature, against the two cell
lines. In addition, the presence of an acetoxyl group at C-30 in com-
pound 9 as compared with 7 and 8, or in compound 12 as com-
pared with 11, may have contributed to their potent cytotoxic
activities against HepG2 cell line as demonstrated in this assay.
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A novel series of matriptase inhibitors based on previously identified tribasic 3-amidinophenylalanine
derivatives was prepared. The C-terminal basic group was replaced by neutral residues to reduce the
hydrophilicity of the inhibitors. The most potent compound 22 inhibits matriptase with a Ki value of
0.43 nM, but lacks selectivity towards factor Xa. By combination with neutral N-terminal sulfonyl resi-
dues several potent thrombin inhibitors were identified, which had reduced matriptase affinity.
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Matriptase, also named MT-SP1, TADG-15, ST14, or epithin in
mice, is a type II transmembrane serine protease that contains a
short N-terminal intracellular domain and a larger extracellular re-
gion.1 Matriptase has a complex multidomain structure, with its
trypsin-like protease domain located at the C-terminus of the pro-
tein on the cell surface. Many insights regarding the physiological
role of matriptase have been obtained with matriptase-null mutant
mice. Matriptase has a critical role in the proper development of a
number of epithelial tissues, including epidermis, oral epithelium,
thymic epithelium, and hair follicles. Matriptase knockout mice die
shortly after birth due to severe dehydration and impaired epider-
mal barrier function.2 These studies with knockout mice revealed a
defect in the proteolytic processing of the epidermal polyprotein
profilaggrin into filaggrin monomer units, which are required for
proper epidermis development.3 In addition, matriptase may also
act as an activator of prostasin, a glycophosphatidylinositol-an-
chored membrane serine protease. This was supported by the
observation that matriptase and prostasin knockout mice have
nearly identical phenotypes.


Under normal conditions the activity of matriptase is tightly
regulated by the endogenous hepatocyte growth factor activator
inhibitors HAI-1 and/or HAI-2, which are type I transmembrane
proteins that contain two Kunitz-type serine protease inhibitor do-

All rights reserved.


x: +49 6421 2825901.
(T. Steinmetzer).

mains.4 Recently matriptase has also been identified as a potential
drug target in oncology based on many reports that have causally
linked the overexpression of matriptase or an increased matrip-
tase/HAI-1 ratio to a variety of epithelial tumors.5 However, it must
be noted that in some tumor studies also a downregulation of
matriptase and HAI-1 expression was detected.6


In addition to both profilaggrin and prostasin, which have to be
processed for normal embryogenesis and epithelial development,
other potential matriptase substrates have been identified, which
are probably involved in tumorigenicity. Among them are the pro-
form of hepatocyte growth factor, also named scatter factor (pro-
HGF/SF),7 pro-uPA, the protease activated receptor PAR-2,8 the
insulin-like growth factor binding protein-related protein-1
(IGFBP-rP1),9 and stromelysin (MMP-3).10


In a first publication on matriptase inhibitors we described the
development of tribasic secondary amides of sulfonylated 3-ami-
dinophenylalanine, such as 1 (Table 1).11 Despite excellent potency
for matriptase and high selectivity towards other trypsin-like ser-
ine proteases, such compounds have no potential for oral bioavail-
ability due to their high hydrophilicity and consequently poor
penetration. Therefore, with the assumption that it should be pos-
sible to convert the 3-amidinophenylalanine into a less basic, more
hydrophobic hydroxyamidino prodrug similar to that used for the
anti-metastatic uPA inhibitor mesupron and the thrombin inhibi-
tor prodrug ximelagatran,12 we focused our efforts on the elimina-
tion of the positively charged groups in the N- and C-terminal
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Table 1
Inhibition of matriptase and other trypsin-like serine proteases by inhibitors of the general formula


H
N


R


O


S
O2


HN
NH2


N
H


H2N


O


No. R Ki (lM)


Matriptase Plasmin uPA Thrombin fXa


1
N


N
H


NH2


NH
0.0018 5.0 1.7 6.0 9.5


2 N


OH


O 0.255 3.3 17 14 18


3 N


O


O 0.0061 2.8 2.5 0.60 6.1


4
N


N
H


O
0.0063 1.6 3.3 0.85 10


5
N


NH2


O
0.012 2.9 2.1 0.67 8.2


6
N


N O


O


0.0075 1.3 3.3 1.4 19


7
N


NH2


O


0.013 1.2 3.3 1.25 2.5


8 N 0.017 2.8 2.2 0.35 3.4


9 N NH2


O


0.031 1.3 7.4 2.1 15


10 N 0.033 3.3 2.6 0.27 10


11 N


NH
0.037 2.56 0.88 71.7 2.1


12
N


CH3


0.053 6.2 3.0 0.11 4.4


(continued on next page)
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Table 1 (continued)


No. R Ki (lM)


Matriptase Plasmin uPA Thrombin fXa


13
N


N


O


N
H


CH3


O
0.053 3.6 16.9 29 44


14
N


N O


O


CH3
0.065 13.4 9.2 5.1 26


15


N


N


OH


0.15 2.5 8.37 14.5 2.5


16 N


HOOC


0.18 9.4 7.3 2.3 11


17
N


H3C


0.47 4.5 34.5 0.395 17


18
N


O


O


H3C
0.1 4.9 76 24.2 0.10


19
N


O


O


H3C
2.4 69.4 126 10.6 127


20
N


HO


O


11 79 193 159 30
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inhibitor segments. The results of the N-terminal modification
were previously described,13 in the present publication we report
the results of the C-terminal replacements.

H
N


N


O


S
O2


HN
NH2


N
H


H2N


O


N
H


1: Ki = 1.8 nM


NH2


NH


The X-ray structure of a similar inhibitor (number 8 in our pre-
vious publication)11 complexed with matriptase revealed that the


guanidinoethyl group is directed into a negatively charged cleft
of matriptase lined by the carboxylate groups of Asp96 and Asp60b
and the carbonyl groups of His57 and Ile60. However, this guanidyl
group was not directly involved in contacts to the protease and
formed only some water-mediated hydrogen bonds. To probe the
importance of the guanidyl group for matriptase inhibition we

introduced an oppositely charged 4-piperidylbutanoic acid. As ex-
pected, compound 2 has only poor activity (Table 1); however, a
high potency was retained for the analogous methyl ester 3, which
was prepared as a precursor of 2. Replacement of the somewhat la-
bile methyl ester by the isosteric methyl amide resulted in similar
potency (4), whereas the activity of the non-substituted amide was
slightly reduced (5). A relatively high potency was observed also
for the Cbz-protected piperazide 6, the isonepecotic acid amide
7, and the benzylpiperidide 8. Most of these analogues retained
sufficient selectivity for matriptase compared to the other exam-
ined trypsin-like serine proteases. Additional modifications re-
sulted in significantly reduced matriptase affinity (9–20).


In the further course of this work, the N-terminal b-alanyl
amide was replaced with selected groups as described in the pre-
ceding paper.13 We maintained the C-terminal 4-piperidylbutanoyl
methylamide, which should have an improved stability over the
analogous methyl ester and which has also a slightly reduced
molecular weight compared to the similar potent Cbz-protected
piperazide (Table 2). As found previously with similar analogues,13


also in this series inhibitor 22 containing an N-terminal 3-(6-ami-







Table 2
Inhibition of matriptase and other trypsin-like serine proteases by inhibitors of the general formula


H
N


N


O


S
O2


HN
NH2


N
H


OR


No. R Ki (lM)


Matriptase Plasmin uPA Thrombin fXa


21 N


H2N


0.010 1.17 9.5 0.01 0.163


22 N


H2N


0.00043 0.078 7.1 0.02 0.0057


23
N
H


O


HN


0.016 0.354 4.7 0.66 6.93


24


O


0.028 0.211 11.9 0.0055 0.641


25 0.024 0.606 13.5 0.0036 0.371


26 0.087 0.41 17 2.05 0.834


27


HN


N


O


0.024 1.0 45 0.92 0.012


28 N


O


0.030 1.22 26 0.0011 0.704


29


N


N


O


0.098 0.66 24 0.0084 0.85


30 N 0.177 0.95 11 0.0013 1.8


31 N


N


0.238 2.7 31 0.053 6.7
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no-2,3,4,5-tetrahydropyridin-3-yl)benzenesulfonyl group is the
most potent analogue, but additionally efficiently inhibits factor
Xa with a Ki value of 5.7 nM. In contrast, the 4-ethoxy- and 4-eth-
ylphenyl derivatives (24, 25) are stronger thrombin than matrip-

tase inhibitors, whereas the more bulky tert-butyl analogue (26)
is obviously not able to occupy the hydrophobic aryl binding site
of thrombin, but still maintains some affinity to matriptase, which
possesses a more open S3/S4-binding region.
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Scheme 1. Reagents and conditions: (a) 1.1 equiv (Boc)2O, NaOH (pH 9) in dioxane/water 2:1, 15 min 0 �C, 3 h at room temp, (b) 10 equiv CH3–NH2�HCl, 1.5 equiv HBTU,
4.5 equiv DIPEA in ethyl acetate, 5 h stirring at 40 �C, (c) 1 N HCl in acetic acid, 1 h room temp., (d) 1.1 equiv of 32, PyBop, 3.0 equiv DIEA in DMF, 15 min 0 �C and 3 h room
temp, (e) zinc powder in acetic acid, 2 h, room temp, (f) Cbz-b-Ala-OH, N-methyl-morpholine, isobutyl chloroformate, �15 �C, 10 min in DMF, followed by addition of 34, 1 h,
�15 �C, overnight at room temp, (g) (i) 2 equiv hydroxylamine�HCl and DIPEA, reflux in ethanol, 4 h, stirring overnight at room temp and evaporation of the ethanol; (ii)
2.5 equiv Ac2O in acetic acid, 30 min room temp and evaporation; (iii) H2 and Pd/C as catalyst in 90% acetic acid, stirring over night at 30 �C; (h) purification by preparative
reversed phase HPLC.1
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stirring 1.5 h at 110 �C, ii: flash chromatography on silica gel using a DCM/MeOH gradient.
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A third series of analogues containing a C–N-bond between
both rings within the sulfonyl residue was prepared (27–31). The
piperazinone and piperidinone inhibitors still inhibit matriptase
with Ki values 630 nM, whereas the other compounds were less
efficient. Some of the more hydrophobic analogues possess a
remarkable activity as thrombin inhibitors (e.g., 28, 30), whereas
again in this case the basic piperazin-2-one derivative 27 preferen-
tially inhibits factor Xa.


Two hydroxyamidino prodrugs12 of analogues 24 and 26 were
prepared and orally applied to rats via a gastric feeding tube at a
dose of 10 mg/kg (n = 3). These prodrugs were selected due to their
high clogP values of 3.75 and 5.02, respectively. However, the HPLC
or LC/MS-analysis of the plasma samples at different times over a
period of 180 min never revealed any concentration of the pro-
drugs or their active metabolites above the detection limit
(100 nmol/L or 0.065 lg/mL for the parent compounds, and
200 nmol/L or 0.13 lg/mL for both prodrugs). In addition, neither
inhibitor nor prodrug could be detected in kidney, liver, or in the

urine. These results clearly indicate that both prodrugs are not or-
ally available. In contrast, after oral application of the reference
compound ximelagatran12 (20 mg/kg, n = 3), a double prodrug of
the thrombin inhibitor melagatran that also contains a hydroxy-
amidino prodrug moiety, significant levels could be detected for
the drug melagatran (Cmax = 1.0 lmol/L) as well as for the mono
prodrug N-hydroxy-melagatran (Cmax = 1.1 lmol/L) over a period
of 120 min.


However, although we could not demonstrate oral bioavailability
for these types of matriptase inhibitors, we used several analogues of
this and our preceding series in tumor cell-based assays to elucidate
further the role of matriptase in invasion, pro-uPA , and pro-HGF
cleavage with subsequent c-Met activation and phosphorylation.
The results of these studies will be published elsewhere.14


All inhibitors summarized in Table 1 were synthesized using
standard procedures, an example of which is described for the
preparation of 4 (Scheme 1). Briefly, commercially available 4-
(piperidin-4-yl)butanoic acid was converted into its methylamide
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32. This intermediate was coupled to the 3-cyanophenylalanine
derivative 33, followed by reduction of the nitro group and cou-
pling of Cbz-b-Ala-OH using the mixed anhydride method. The
conversion of the nitrile into the amidine 4 was performed accord-
ing to the method of Judkins.11,15 Appropriate commercially avail-
able secondary amines were used as starting material for the
synthesis of other compounds given in Table 1. All inhibitors with
free carboxyl group were obtained from their analogous methyl es-
ters by saponification in the final step.


The biphenyl-3-sulfonyl derivatives (21, 24–26) were obtained
by Suzuki coupling as previously described.13 Inhibitor 22 was ob-
tained by hydrogenation of purified 21 using Pd/C as catalyst in
90% acetic acid over 2 days. The coupling of the nitrogen heterocy-
cles to the aryl iodide for inhibitors 27 to 31 was performed by a
copper-catalyzed reaction (Scheme 2).16 The final conversion of
the nitrile into the amidine was performed as described above.
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Here we report the study of a new series of vinyl ester cyclopeptide analogues synthesized on the basis of
our previous development of a class of cyclopeptides derived from our linear prototype inhibitors. In
these compounds, the exocyclic pharmacophoric unit Leu-VE was linked to the c-carboxyl group of
the glutamic acid residue at the C-terminal. The best analogues of the series have been shown to inhibit
the caspase-like activity of the proteasome at nanomolar concentrations and have also demonstrated
good resistance to proteolysis and a capacity to permeate the cell membrane.


� 2009 Elsevier Ltd. All rights reserved.

The proteasome is a multicatalytic protease1 which is involved
in a number of proteolytically mediated intracellular processes,
including: the constitutive turnover of many intracellular proteins,
elimination of proteins with abnormal structures, control of the
cell cycle and transcription, proteolytic activation of the transcrip-
tion factor NF-jB, and processing of antigens for presentation by
class I major histocompatibility complex proteins. The balance of
protein synthesis and degradation processes is essential to pre-
serve cellular homeostasis.


The controlled degradation of damaged or misfolded proteins
and the regulation of short-lived proteins is achieved by the ubiq-
uitin/proteasome pathway, in which the target protein is marked
by a polyubiquitin chain and, after recognition, is degraded in an
ATP-dependent manner by the 26 S proteasome.2 This multicata-
lytic complex consists of a 20 S proteolytic core particle, which
has a cylindrical shape, with the a and b subunits forming four
stacked rings, and two 19 S regulatory caps which recognize ubiq-
uitinated protein substrates and promote their entry into the cen-
tral catalytic chamber. Three major proteolytic activities of
proteasome can be distinguished as trypsin-like (T-L), chymotryp-
sin-like (CT-L), and peptidyl-glutamyl peptide hydrolase (PGPH)
activities, which cleave peptide bonds on the carboxyl side of basic,
hydrophobic, and acidic amino acid residues, respectively. The cat-
alytic core of the 20 S proteasome is a Thr residue, responsible for
the catalytic cleavage of substrates through nucleophilic attack.3


Inhibition of this enzymatic activity with b-subunit-specific pro-
teasome inhibitors may provide an anti-tumoral effect by inhibit-
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ing cell proliferation and angiogenesis, and by selectively
inducing apoptosis of tumor cells.4,5


Several classes of synthetic and biological compounds which in-
hibit the proteolytic activities of the multicatalytic complex have
been developed, and have contributed significantly to identifica-
tion of the essential functions of the 26 S proteasome in various
processes and pathways in eukaryotic cells.6


Most proteasome inhibitors are short peptides bearing a phar-
macophoric group, such as aldehyde (e.g., MG132), boronic acid
(Bortezomib), or vinyl sulphone, which forms a covalent bond with
the catalytic Oc-Thr 1 in three catalytic sites.7,8 Several natural
molecules (epoxomicin, lactacystin, salinosporamide) also form
covalent adducts.9 Non-covalent inhibitors, such as TMC-95A10


(a naturally-constrained cyclic tripeptide) have been investigated
in less detail, although they are thought to have weaker side effects
in therapeutic applications.


We have recently been involved in the development of tri- or tet-
ra-peptide-based derivatives with good pharmacokinetics proper-
ties and with selective activity towards the three catalytic sites. In
particular, we have identified and characterized a new class of inhib-
itors, selective for the b2 subunit, which bear a C-terminal vinyl ester
function able to interact with catalytic threonine in the same way
that has been suggested for the well-known vinyl sulphone peptides.
The best of these derivatives inhibit the trypsin-like activity in a nM
range, are non-toxic, do not affect cell proliferation and are able to
modulate the generation of antigenic peptides linked by MHC class
I molecules.11


Elucidation of the 3D structure of proteasomal inhibitors can pro-
vide interesting information required for improving existing inhibi-
tors and for the design of new compounds. Therefore, the most
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Scheme 1. Synthesis of vinyl ester cyclopeptides 5–8.
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interesting vinyl ester derivatives were subjected to conformational
studies. In general, our derivatives presented a mass structure de-
rived from a conformational level with a high degree of liberty; in
the crystal state, the wrapping is similar to a b-sheet secondary
structure. Through flexible alignment, our compounds showed some
conformational similarities to the cyclic inhibitor TMC 95A.12


On the basis of these biological and structural data, we designed
and prepared new vinyl ester derivatives characterized by confor-
mational constraints.13 These constrained analogues showed little
interesting activity. However, we also synthesized a class of vinyl
ester cyclopeptide analogues, and some of these latter derivatives
were shown to inhibit the chymotrypsin-like activity of the protea-
some at nM concentrations; their potency was found to depend on
the size of the tetrapeptidic cyclic portion. Docking simulation re-
sults demonstrated that the vinyl ester moiety of these molecules
is located near the Thr 1 residue, in accordance with the hypothesis
that this molecular fragment can be considered the potential sub-
strate for catalytic threonine.14


Here we describe the synthesis and biological activity of a
new class of derivatives made up of four linear sequences (com-
pounds 1–4) and the corresponding cyclopeptides analogues (5–
8) (Fig. 1). The exocyclic pharmacophoric unit Leu-VE was linked
at the c-carboxyl group of the glutamic acid residue at the
C-terminal. The dipeptidic central sequence was Leu–Leu, while
the glycine, alanine or a serine residues could be present at the
N-terminal.


Cyclization was performed head-to-tail to obtain a 12-centre
cycle related to the prototype c[Phe-Leu-Leu-Glu(Leu-VE)].


Pseudo-tetrapeptide amides with the pharmacophoric unit Leu-
VE linked to the glutamic acid side chain (1–4) were prepared
through solid phase synthesis starting from Rink amide resin.
Fmoc-protected amino acids were condensed using WSC/HOBt
and a solution of 20% piperidine/DMF was used to remove the
Fmoc. The resin with the common tripeptide Glu-Leu-Leu was por-
tioned for coupling of the N-terminal variable. After resin displace-
ment with TFA, Fmoc-protected tetrapeptide amides were coupled
to H-Leu-VE and finally treated with piperidine/DMF.

Vinyl ester cyclopeptides 5–8 were synthesized by the con-
ventional methodology using stepwise C-terminal elongation
(Scheme 1). Commencing with the glutamic acid residue mono-
protected in the side chain as a benzyl ester, the other Na-Boc-pro-
tected amino acids of the sequence were condensed as succinim-
idyl esters. After each coupling step, Boc was removed by TFA.
Head-to-tail cyclization of the linear tetrapeptides was achieved
using the activating reagent DPPA (diphenylphosphorylazide) un-
der conditions known to incur minor racemization and minimal
oligomerization.15 After catalytic hydrogenation, the exocyclic leu-
cine vinyl ester unit, prepared as previously described,11a was cou-
pled using WSC/HOBt.


All products were purified by preparative RP-HPLC, and the
homogeneity of the purified products was accessed by HPLC. Struc-
tural characterization was then achieved by electrospray ionisation
(ESI) mass spectrometry (MICROMASS ZMD 2000) (Table 1) and 1H
NMR spectroscopy (Bruker AC 200).16


The activity of the vinyl ester cyclopeptides was tested to assess
inhibition of the b1, b2 and b5 active sites of the 20S proteasome,
previously purified from lymphoblastoid cell lines.17,18 Suc-LLVY-
AMC, Boc-LRR-AMC and Z-LLE-AMC, specific fluorogenic substrates
for the three main proteolytic activities of the enzymatic complex,
were used to measure chymotrypsin-like, trypsin-like and caspase-
like proteasome activities, respectively. Substrates were incubated
at 37 �C for 30 min with the proteasome, untreated or pre-treated
with incremented concentrations (from 0.001 to 10 lM) of vinyl
ester cyclopeptides, with the reference inhibitors epoxomicin and







Table 1
Physicochemical data of linear and correlated vinyl ester cyclopeptides


Compound HPLCa P.f. ½a�20
D MS


KI (a) KI (b) (�C) (c 1, MeOH) [M+H]+


1 H-Gly-Leu-Leu-Glu(Leu-VE)-NH2 7.35 6.34 185–188 �25.4 596.4
2 H-Ala-Leu-Leu-Glu(Leu-VE)-NH2 8.11 7.63 190–193 �28.2 610.4
3 H-Val-Leu-Leu-Glu(Leu-VE)-NH2 8.52 8.05 195–199 �17.8 624.5
4 H-Ser-Leu-Leu-Glu(Leu-VE)-NH2 7.21 6.04 175–178 �35.5 626.5
5 c[Gly-Leu-Leu-Glu(Leu-VE)] 8.06 7.22 113–115 �13.8 579.3
6 c[Ala-Leu-Leu-Glu(Leu-VE)] 8.94 8.38 140–143 �19.1 593.4
7 c[Val-Leu-Leu-Glu(Leu-VE)] 9.13 8.74 137–139 �17.7 607.4
8 c[Ser-Leu-Leu-Glu(Leu-VE)] 7.97 6.98 99–103 �17.4 609.4


a Capacity factor (KI) of the peptides was determined by HPLC using two different solvent system gradient.
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the aldehydic tripeptide derivative MG132 in activity buffer. Fluo-
rescence was determined by a fluorimeter (Spectrafluor plus, Te-
can, Salzburg, Austria) using an excitation of 360 nm and an
emission of 465 nm. Activity was evaluated in fluorescence units,
and the inhibitory activity of the compounds is expressed here as
IC50. The data were then plotted as percentage control (the ratio
of percentage conversion in the presence and absence of the inhib-
itor) versus the inhibitor concentration, and fitted with the equa-
tion Y = 100/1+(X/IC50)A, where IC50 is the inhibitor concentration
at 50% inhibition and A is the slope of the inhibition curve.19


In general, the new cyclic analogues showed insignificant inhi-
bition of chymotrypsin-like activity, with IC50 values above 10 lM.
The inhibitory capacity of the cyclopeptides against the b2 subunit
was in some cases comparable with the reference inhibitors, with
IC50 values less than 10 lM. In particular, the cyclic compounds
seemed to be more active than the corresponding linear sequences.
Inhibition data of trypsin-like activity failed to reveal specific infor-
mation about the structure-activity relationship, but it is evident
that the more hydrophilic sequence with a serine residue at the
N-terminal was preferred, analogous to previous data from our vi-
nyl ester derivatives. It was extremely interesting to discover b1
inhibition by the new derivatives with IC50 values in the order of
a nM range. The pseudo-peptide 8, with an endocyclic serine resi-
due, was found to be the most active compound of the series. Cycli-
zation masks with b-lactam head-to-tail bonded the free aminic
function of the corresponding linear sequences, and these results
confirm previous data regarding compounds with a lipophilic N-
terminal elongation. It is evident that the conformational con-
straint derived from cyclization favours interaction with the cata-
lytic site and, in particular, the exocyclic portion with the vinyl
ester pharmacophore was placed near the enzymatic Thr 1. Substi-
tution of a phenylalanine residue with an amino acid bearing a
compact lateral chain favours more complementary conforma-
tional adaptation with the structure of the catalytic site. Finally,
all compounds revealed themselves to be potent and selective

Table 2
Subsites proteasome inhibition and enzymatic stability of peptides 1–8 and reference inh


Compound Isolated enzyme IC50
a (lM)


ChT-L T-L PGPH


Epoxomicin 0.009 0.311 5.640
MG132 0.005 1.398 >10
1 H-Gly-Leu-Leu-Glu(Leu-VE)-NH2 >10 6.470 >10
2 H-Ala-Leu-Leu-Glu(Leu-VE)-NH2 >10 4.530 >10
3 H-Val-Leu-Leu-Glu(Leu-VE)-NH2 >10 >10 >10
4 H-Ser-Leu-Leu-Glu(Leu-VE)-NH2 >10 1.390 >10
5 c[Gly-Leu-Leu-Glu(Leu-VE)] >10 3.580 0.172
6 c[Ala-Leu-Leu-Glu(Leu-VE)] >10 8.830 0.121
7 c[Val-Leu-Leu-Glu(Leu-VE)] >10 >10 0.205
8 c[Ser-Leu-Leu-Glu(Leu-VE)] >10 2.980 0.065


a The values reported are the average of three independent determinations.

against the 20S proteasome b1 catalytic subsite with IC50 values
in the nM range.


Subsequently, the cell membrane permeation of the most repre-
sentative compounds, 5–8, was tested in live cells. After cell treat-
ment, proteasomes were purified and assayed for proteolytic
activity using specific substrates for T-L, ChT-L and caspase-like
activities as previously described.19 The results obtained (Table
2) were comparable to those observed in the in vitro assay, thereby
demonstrating that vinyl ester cyclopeptides are cell-permeable
and able to inhibit the proteasome in vivo.


Resistance to proteolysis of the selected cyclic derivatives was
then studied in human plasma. The degradation kinetics were
determined by incubation in human plasma at 37 �C for time incre-
ments up to 360 min, and the incubation was halted by addition of
ethanol. After centrifugation, an aliquot of the clear supernatant
was analysed in HPLC.19 The degradation half-lives were obtained
by a least-squares linear regression analysis of a plot of logarithmic
compound concentrations versus time, using a minimum of five
points. The data, reported in Table 2, as expected on the basis of
the molecular features determined by cyclization, show that all
derivatives analyzed possess great stability against human plasma
protease, with a half-life of over 6 h.


In conclusion, we have presented herein a new series of cyclo-
peptide vinyl ester proteasome inhibitors. The new oligomeric
derivatives have shown to selectively and efficiently inhibit the
b1 enzymatic subsite. The specificity and potency of this inhibition
appears to be directly related to the conformational constraint im-
posed by cyclization. The distinctive characteristics of these new
molecules could represent an interesting springboard for future
investigation into b1-mediated biological activity, and for analysis
of the structural features essential for a precise interaction with
the post-acidic site.


Considering the high therapeutic potential of molecules which
are active, selective and specific for the three catalytic subunits
of the proteasome, we have obtained new inhibitors selective for

ibitors


In vivo inhibition IC50
a (lM) Half-life (min) plasma


ChT-L T-L PGPH


48.5
73.2
117.4
86.1


>10 5.830 0.221 >360
>10 >10 0.123 >360
>10 >10 0.273 >360
>10 6.940 0.091 >360
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caspase-like activity, stable to enzymatic degradation, and able to
permeate cell membranes. Selective inhibitors for the b1 catalytic
subsite could be useful due to their biological profiles related to
the boronic derivative PS-341 (VelcadeR), which are used as an
anti-tumoral therapy in the treatment of multiple myeloma.6a
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The zinc(II)-dependent matrix metalloproteinases (MMPs) are associated with a variety of diseases.
Development of inhibitors to modulate MMP activity has been an active area of investigation for thera-
peutic development. Hydroxypyrones and hydroxythiopyrones are alternative zinc-binding groups
(ZBGs) that, when combined with peptidomimetic backbones, comprise a novel class of MMP inhibitors
(MMPi). In this report, a series of hydroxypyrone- and hydroxythiopyrone-based MMPi with aryl back-
bones at the 2-, 5-, and 6-positions of the hydroxypyrone ring have been synthesized. Synthetic routes
for developing inhibitors with substituents at two of these positions (so-called double-handed inhibitors)
are also explored. The MMP inhibition profiles and structure–activity relationship of synthesized hydrox-
ypyrones and hydroxythiopyrones have been analyzed. The results here show that the ZBG, the position
of the backbone on the ZBG, and the nature of the linker between the ZBG and backbone are critical for
MMPi activities.


� 2009 Elsevier Ltd. All rights reserved.

Matrix metalloproteinases (MMPs) are a class of hydrolytic
metalloenzymes involved in the degradation of the extracellular
matrix (ECM).1–3 At the catalytic center of MMPs is a conserved
tris(histidine)-bound zinc(II) ion. The protein matrix surrounding
the zinc center is comprised of a series of subsite pockets desig-
nated as S10, S20, S30, S1, S2, and S3 (Fig. 1). The different structures
of the MMP subsites, and the amino acids comprising those sub-
sites, lead to substrate selectivity for different MMP isoforms.
MMPs are involved in tissue remodeling, wound healing, and
growth. The misregulated activities of these enzymes are also
implicated in a variety of diseases such as cancer, arthritis, athero-
sclerosis, and heart disease.1–3 Thus, a number of investigations in
both academia and industry have been carried out to develop
MMP inhibitors (MMPi) as therapeutics to treat MMP-related
diseases.1–4 A typical MMPi has two parts (Fig. 1): a zinc-binding
group (ZBG) able to chelate a zinc(II) ion thus blocking the access
of the substrate to the catalytic center, and a peptidomimetic back-
bone that provides non-covalent interactions with the subsite
pockets thus tuning inhibitor potency and selectivity. Often in an
MMPi a linking group (L) can also be defined that connects the
backbone substituent to the ZBG. Most reported MMPi employ a
hydroxamic acid as the ZBG with at least part of the backbone di-
rected toward the S10 pocket.1–4 This strategy has been successful
in providing potent MMPi, but hydroxamate inhibitors have limita-
tions including in vivo hydrolysis and dose-limiting side effects. To

All rights reserved.


: +1 858 822 5598.

overcome the drawbacks of hydroxamic acids, new MMPi with
alternative ZBGs have been explored.


Hydroxypyrones and hydroxythiopyrones have versatile metal
coordination chemistry.5–10 Among the most commonly studied
hydroxypyrones are natural products maltol and kojic acid
(Fig. 2), which are widely used as food and cosmetics additives,
suggesting that they possess good biocompatibility.11 Hydroxypy-
rones have been explored for the development of new MMPi.
Tris(pyrazolyl)borate zinc(II) complexes, used to mimic the MMP
catalytic zinc(II) center, show that hydroxypyrones and hydroxy-
thiopyrones can bind to the zinc(II) ion in a bidentate fashion.12


Maltol (hydroxypyrone) and thiomaltol (hydroxythiopyrone) are
more effective ZBGs against MMP-3 (stromelysin) when compared
to a simple hydroxamate ligand.13,14 Using hydroxypyrone as the
ZBG, a series of potent and selective pyrone-based inhibitors of
MMP-3 have been developed by attaching an aryl backbone to
the 2-position of the pyrone ring.15,16 Simple hydroxythiopyrones
have shown much higher inhibition activity (30�60 fold) than
corresponding hydroxypyrones.14 This observation promoted us
to explore the potential of a hydroxythiopyrone ZBG for develop-
ment of full length MMP inhibitors. Unlike hydroxamate terminal
chelators, in which the inhibitor backbone can only be extended
in one direction, the hydroxypyrone ring has several positions
(2-, 5-, an 6-) to attach backbones (Fig. 2). Hence, it is possible to
develop novel hydroxypyrone-based inhibitors with multiple
backbones to interact with MMP pockets (Fig. 1). In this report,
we describe the syntheses of hydroxythiopyrone-based MMP
inhibitors and their inhibition activities are compared with that
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Figure 2. Structures of hydroxamate, hydroxypyrone, and hydroxythiopyrone chelators.


Figure 1. Schematic interactions between MMPs and MMP inhibitors.
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of corresponding hydroxypyrones. The synthetic schemes for
developing double-handed hydroxypyrone-based inhibitors have
been explored. Hydroxypyrones and their hydroxythiopyrone ana-
logues have also been widely reported in other biomedical applica-
tions such as iron balance in anemia and iron overload disorder,7,8


aluminium removal in Alzheimer’s disease,9,18,19 treatment of dia-
betes,20–23 and contrast agents for medical imaging.24 As such, the
synthetic studies and activity analysis provided here should be a
valuable reference for development of new hydroxypyrones and
hydroxythiopyrones for a wide range of medicinal applications.


Previously, our laboratory has reported several potent and
selective hydroxypyrone MMPi with aryl backbones at the 2-posi-
tion.15,16 Thus, we first synthesized corresponding 2-backbone
hydroxythiopyrones and evaluated their inhibition activities
(Scheme 1).15,16 Intermediate 1 was prepared according to a liter-
ature method.8 A coupling reaction of compound 1 with 4-
methoxybenzylamine in the presence of EDCI and HOBt provided
amide 2 in 71% yield. It was found that coupling reagent 1-ethyl-
3-(3-dimethylaminopropyl)carbodiimide (EDCI) was preferable
over dicyclohexylcarbodiimide (DCC), due to the difficulty in
removing dicyclohexylurea (DCU) from reaction mixtures employ-
ing DCC. The benzyl protecting group on compound 2 was easily
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removed by stirring in CH3CO2H/HCl (v/v 1:1) at room temperature
overnight to give the previously reported hydroxypyrone AM-4
(referred to here as compound 3) in 81% yield. The corresponding
hydroxythiopyrone AM-4S (3-S) was synthesized in 61% yield by
thionation of compound 3 with P4S10 in the presence of hexame-
thyldisiloxane (HMDO).25 The methyl group on the aryl backbone
of compound 3 was removed by reaction with BBr3 resulting in
the new hydroxypyrone 4 in 63% yield.


The inhibitory activities of synthesized hydroxypyrones and
hydroxythiopyrones against MMPs were evaluated against human
MMP catalytic domain using a fluorescent substrate assay.17 MMP-
1 (collagenase), MMP-2 (gelatinase A), and MMP-3 (stromelysin)
are examples of MMPs with shallow, intermediate, and deep S10


pockets, respectively. For comparison of structural impact on the
inhibitor activity, all inhibitors were evaluated at a concentration
of 50 lM against the aforementioned MMPs (Table 1). IC50 values
were determined in cases where an inhibitor showed relatively
strong inhibition against a given MMP.


Inhibition data comparison of 2-substituted thiopyrone 3-S and
pyrone 3 and 4 shows that hydroxythiopyrone 3-S led to higher
inhibition than hydroxypyrones 3 and 4 for all MMPs tested at
50 lM concentration. This outcome agrees with the earlier finding

3


OCH3


HCl:CH3CO2H
   (v/v 1:1), rt


O


O
OH


N
H


O


OCH381%


3 (AM-4)


for 2-C backbone MMPi.







Table 1
Percent inhibition at inhibitor concentrations of 50 lM and select IC50 values (in parentheses)


Compound ID Structure MMP-1 MMP-2 MMP-3


3-S (AM-4S) 70 ± 1 (30) 94 ± 1 (19) 97 ± 1 (16.4 ± 2.3)


3 (AM-4) 29 ± 6 26 ± 2 93 ± 2 (2.4)a


4 66 ± 4 25 ± 4 94 ± 1 (3.7 ± 1.2)


AM-2S — — (5.6)b


AM-2a (>50) (9.3) (0.24)


9a-S 62 ± 2 (44) 98 ± 1 (14.4) 91 ± 1 (13.3)


9a 12 ± 2 14 ± 3 44 ± 2


9b-S 31 ± 1 85 ± 2 91 ± 1 (13.9 ± 0.9)


9b 16 ± 4 11 ± 4 22 ± 4


14a-Sc 52 94 (23) 45


14a 15 ± 4 21 ± 1 28 ± 1


14b-S 49 ± 5 69 ± 1 (30) 36 ± 1
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Table 1 (continued)


Compound ID Structure MMP-1 MMP-2 MMP-3


14b 15 ± 1 33 ± 2 18 ± 1


15 17 ± 5 24 ± 5 32 ± 1


21 13 ± 1 18 ± 1 <1


22 18 ± 3 24 ± 4 32 ± 1


26 21 ± 4 15 ± 4 26 ± 2


30 6 ± 1 63 ± 1 (37.7 ± 1.2) 4 ± 1


a Data cited from Ref. 15.
b Data cited from Ref. 29.
c Data cited from Ref. 26.
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that O,S donor ligands are more potent ZBGs than O,O ligands.13,14


But it is interesting to note that thiopyrone 3-S and AM-2S have
poorer IC50 values than corresponding pyrone 3 and AM-2 (Table
1) against MMP-3.15,16 X-ray structures of thiomaltol and maltol
tris(pyrazolyl)borate zinc(II) complexes reveal that the hydroxy-
thiopyrone and hydroxypyrone ligands coordinate to tris(pyrazol-
yl)borate zinc(II) in different geometries (Fig. 3),12 suggesting that
substituents at the same positions of thiopyrone and pyrone rings
may interact with MMP active sites in different fashions. These
findings promote us to investigate 5- and 6-substituted hydrox-
ypyrones and hydroxythiopyrones.


The synthesis of inhibitors with backbones in the 6-C position
was performed according to Scheme 2, resulting in compounds
9a, 9b, 9a-S, and 9b-S. The ring hydroxyl of kojic acid (5) was selec-
tively protected with a benzyl group by treatment with BnBr in the
presence of NaOH to give compound 6. The hydroxymethyl group
of 6 was oxidized to carboxylic acid 7 in 65% yield using Jones re-
agent. The aryl backbones were introduced by coupling reactions
using EDCI/HOBt which afforded compounds 8a and 8b in
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Figure 3. Geometries of maltol- and thiomalto

73�74% yield. The removal of the benzyl protecting groups from
compound 8a and 8b was conducted in mixed-solvents HCl/
CH3CO2H/CF3CO2H (v/v 10:10:1) at 60 �C, providing compounds
9a and 9b in 76�80% yield. In contrast to the benzyl group depro-
tection of compound 2 (Scheme 1), the benzyl group in 8a and 8b
survived in CH3CO2H/HCl (v/v 1:1) at room temperature, but addi-
tion of CF3CO2H with increased temperature promoted its removal.
This observation indicates that the substitution pattern on the pyr-
one can significantly change the electronic properties of the 3-ben-
zyloxy group on the ring. Thionation of 9a and 9b by P4S10 in the
presence of HMDO provided 9a-S and 9b-S in 61�68% yield.25


Syntheses of 5-C backbone inhibitors 14a, 14b, 14a-S, and 14b-
S followed a scheme recently developed in our laboratory (Scheme
3),26 with some modifications. In the intramolecular condensation
of activated bromo ester 10 to produce 3,3-diethyoxypyran-4-one
11, previously we used 2 equiv each of ethyl b-keto ester and NaH
in order to make a homogeneous anion solution. Ethyl b-keto ester
has an Rf value similar to that of product 11 and is difficult to sep-
arate in large-scale preparations. In the improved procedure,
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1.0 equiv of ethyl b-keto ester and 2.0 equiv of NaH were em-
ployed. The reaction was first stirred at room temperature for 1 h
to form intermediate I then refluxed to generate product 11. In
the preparation of amide 13a and 13b, EDCI/HOBt was employed
as the coupling system instead of DCC/DMAP or DCC/NHS to avoid
DCU contamination during product purification. After coupling of
the backbone, the remaining synthetic procedures were performed
as previously reported.26 In contrast to the high yields (60�70%) in
formation of the hydroxythiopyrones 3-S, 9a-S, and 9b-S from the
corresponding hydroxypyrones, thionation of 14a and 14b pro-
vided 14a-S and 14b-S in relatively low yields (16�18%).25 The
low yields in this transformation were tentatively explained by a
steric effect at the keto position of 14a and 14b which arose from
the neighboring 3-hydroxy and 5-amido groups. Demethylation of
14b by BBr3 affords 15 in 63% yield.


In vitro evaluation of 5- and 6-substituted inhibitors shows that
hydroxythiopyrones such as 9a-S, 9b-S, 14a-S, and 14b-S were
consistently more potent than their hydroxypyrone counterparts
9a, 9b, 14a, and 14b for all MMPs tested. For hydroxypyrone inhib-
itors, only inhibitors with backbones at the 2-position (e.g., 3, 4,
and AM-2) were selective against MMP-3 over MMP-1 and MMP-
2; and all 5- and 6-backbone hydroxypyrones 9a–b, 14a–b, and
15 were overall less potent for all MMPs and generally lacked iso-
form selectivity. The high potency and selectivity of these 2-C

O


O O


OEt


OBr


O


Br O


O


O O
NO2


OEt


O O


NaH (2.0 eq)/THF


O


O


EtO


O


O


O


I


O


O


OBr


O


O


O


H
N


O


O
OR


O


O


H
N


O
OHR


O


O


H
N


O
OH


HO


III


83%


..


NaOH
60


HCO2H/H2O
     reflux
79−82%


P


B


BBr3, CH2Cl2, rt


63%
14b


14a, 14b


10


11


13a, 13b


15


(1.0 eq)


Scheme 3. Synthetic scheme

backbone hydroxypyrone inhibitors for MMP-3 is consistent with
the favorable orientation of the 2-substituent of the hydroxypy-
rone toward the MMP-3 S10 pocket.15 The low inhibition of
MMP-1 by the 2-C backbone inhibitors confirms the incompatibil-
ity between the bulky aryl backbones and the smaller S10 pocket in
this MMP. 9a showed higher inhibition against MMP-3 over other
MMPs, while 9a-S showed comparable inhibition for MMP-2 and
MMP-3; compound 14a was not potent and lacked selectivity for
all MMPs, but 14a-S showed some preference against MMP-2.
These findings further highlight the interplay between the ZBG
structure and the position of the backbone on the ZBG can be opti-
mized to improve both potency and selectivity.


Most reported MMPi interact with MMPs at the primed side of
the active site (i.e., right-handed inhibitors). Inhibitors with back-
bones designed to interact with both the primed and unprimed
pockets, so-called ‘double-handed’ inhibitors, may have higher
selectivity and potency (Fig. 1).3,27,28 Hydroxypyrones and
hydroxythiopyrones have several positions (2-, 5-, and 6-) for
derivatization (Fig. 2), and thus are ideal for development of MMPi
with multiple backbones. In Scheme 4, a structural extension at
both sides of the hydroxypyrone chelator was achieved. Intermedi-
ate 16 was obtained in 60% yield by refluxing compound 11 in for-
mic acid in the presence of water. A hydroxymethyl group was
introduced at the 2-position of compound 16 by reaction with
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formaldehyde in the presence of NaOH aqueous solution. This
hydroxymethylation reaction takes advantage of the ring hydroxyl
of 16 resulting in compound 17 in 60% yield. Compared with the
natural products kojic acid and maltol (Fig. 2), synthon 17 is highly
versatile and provides synthetic handles for further functional
extension at both sides of the hydroxypyrone chelator. The struc-
ture of 17 was unambiguously assigned by determining a single
X-ray crystal structure of the compound complexed with iron
(see Supplementary data). The ring hydroxyl was selectively ben-
zylated using benzyl bromide in the presence of K2CO3 providing
intermediate 18 in 61% yield. Mesylation of 18 provided sulfonic
acid ester 19 in 67% yield. The 4-biphenylmethyl backbone was
introduced by refluxing mesylate 19 with 4-biphenylmethylamine
in CH3CN resulting in compound 20 in 73% yield. The benzyl group
was removed by refluxing compound 20 in HCO2H/CF3CO2H mixed
solvents, which afforded compound 21 in 51% yield. As the 5-ester
and 6-methyl groups provide attachment points for further func-
tionalization of compound 21, it is possible to synthesize novel
hydroxypyrone inhibitors with multiple backbones to interact with
MMP active sites. Similarly, compound 14b, with an amido back-
bone at the 5-position, could also be hydroxymethylated at the
2-position generating compound 22 and thus providing a second
route for introducing a new backbone at this position.


The simple double-handed intermediates 21 and 22 were not
potent against the MMPs screened. Comparing the structure of
21 with potent inhibitor AM-2, which uses an amido linkage to at-
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tach the backbone, we reason that the backbone linkage might be
another important factor governing the interaction between an
inhibitor and MMPs. Thus two analogous compounds of AM-2,
compounds 26 and 30 with ether and amino linkages, respectively,
were synthesized to investigate the impact of the linker on inhib-
itor potency.


The synthesis of compound 26 is shown in Scheme 5. Interme-
diate 23 was prepared from kojic acid (5) following a reported
method.8 The hydroxyl group on the pyrone ring was selectively
protected with a PMB (p-methoxybenzyl) group using PMBCl to
give compound 24. The introduction of a 4-biphenylmethyl back-
bone was attained by treatment of compound 24 with 4-bromo-
methyl-biphenyl in the presence of NaH that led to the formation
of compound 25. The selective removal of the PMB group was
achieved by treatment of compound 25 with CF3CO2H at room
temperature in CH2Cl2 providing inhibitor 26 in 84% yield. The
use of a benzyl (BnBr) group instead of a PMB group to protect
the pyrone hydroxyl group was also examined. It was found that
the benzyl protecting group was not cleaved with CF3CO2H at room
temperature. The benzyl group could be removed by refluxing in
CH3CO2H/CF3CO2H (v/v 1:1) or hydrogenation in the presence of
Pd/C, but under such conditions the 4-biphenylmethyl backbone
was also partially removed, resulting in a low yield and difficulty
in purifying product 26.


The preparation of compound 30 is shown in Scheme 6. Treat-
ment of intermediate 24 with methanesulfonyl chloride at 0 �C
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provided the mesylate ester 27 in 50% yield. The major side prod-
uct in this transformation was the corresponding chloride 28 (21%
yield). The 4-biphenylmethyl backbone was introduced by reflux-
ing of 27 with 4-biphenylmethylamine in CH3CN in the presence
of triethylamine, resulting in compound 29. Again, the PMB pro-
tecting group was easily removed by treatment with CF3CO2H at
room temperature to give compound 30. In the preparation of
30, a benzyl protecting group was tested instead of the PMB pro-
tecting group, but again the 4-biphenylmethyl backbone was par-
tially removed, as was found in the preparation of compound 26.


The inhibition data for compounds AM-2, 26, and 30 reveals the
importance of the backbone linkage. The three inhibitors have the
same ZBG and 4-biphenylmethyl backbone, but each has a differ-
ent linker, namely amido (AM-2), ether (26), and amino (30). Com-
pounds 26 and 30 are much less potent than AM-2 against MMP-3,
which may be partially explained by favorable hydrogen bonding
between the amido carbonyl group of AM-2 and the amino acid
L164 in the MMP.15 In addition, the ether linkage of 26 and the
amino linkage of 30 are electron-donating, while the amido linkage
of AM-2 is electron-withdrawing. The differing electronic effects of
linkers at the 2-position leads to significant differences in the pKa


values of the hydroxypyrone chelator,30 with the amide compound
being more acidic than either the ether- or amino-linked com-
pound (unpublished results). These findings suggest that the link-
ing group between the backbone and the ZBG can significantly
influence the efficacy of an inhibitor through both direct (e.g., H-
bonding) and inductive (e.g., ligand acidity) effects that must be
carefully considered for successful MMPi design.


In summary, diverse arrays of hydroxypyrone and hydroxythio-
pyrone derivatives with different substitution patterns were syn-
thesized and their inhibitory activity against three MMPs were
examined. Our results suggest that hydroxypyrones and hydroxy-
thiopyrones have different conformations with the same back-
bones leading to different selectivity and potency against MMPs.
Our findings also show that an amide linkage between the chelator
and the backbone is also essential for potent inhibition in this sys-
tem. These synthetic approaches for manipulating hydroxypyrones
and the structure–activity relationship information obtained from
these MMPi should provide guidance for future design and optimi-
zation of potent and selective hydroxypyrone-based MMPi with
multiple interactions with MMPs.
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The effects of introducing simple halogen, alkyl, and alkoxy substituents to the 4, 5, 6 and 7 positions of 1-
(4-benzoylpiperazin-1-yl)-2-(1H-indol-3-yl)ethane-1,2-dione, an inhibitor of the interaction between
HIV gp120 and host cell CD4 receptors, on activity in an HIV entry assay was examined. Small substitu-
ents at C-4 generally resulted in increased potency whilst substitution at C-7 was readily tolerated and
uniformly produced more potent HIV entry inhibitors. Substituents deployed at C-6 and, particularly,
C-5 generally produced a modest to marked weakening of potency compared to the prototype. Small
alkyl substituents at N-1 exerted minimal effect on activity whilst increasing the size of the alkyl moiety
led to progressively reduced inhibitory properties. These studies establish a basic understanding of the
indole element of the HIV attachment inhibitor pharmacophore.


� 2009 Elsevier Ltd. All rights reserved.

The interaction of the human immunodeficiency virus-1 (HIV- ternary complex with gp-120 and CD4 and interfere with the


1) surface glycoprotein gp120 with CD4, a glycoprotein receptor
expressed on mammalian cells, is the critical first step of a series
of several carefully choreographed events that allows virus access
to host cells.2,3 The binding of gp120 to CD4 induces a conforma-
tional change in the virus glycoprotein that exposes binding sites
recognized by coreceptors expressed on the surface of host cells,
either CCR5 or CXCR4, depending on virus tropism. The engage-
ment of coreceptors by gp120 leads to its dissociation from gp41,
the virus membrane-spanning protein that mediates the fusion of
the virus with the host cell. We have recently described the discov-
ery of indole-3-glyoxamide derivatives as the first small molecule
inhibitors of the gp120-CD4 interaction (HIV-1 attachment inhibi-
tion) that demonstrate potent antiviral activity in cell culture.1,4–7


These compounds, of which the 4-fluoro derivative 1b is prototyp-
ical, appear to act by stabilizing a specific conformation of gp120
that is poorly recognized by CD4.4–7 However, under certain cir-
cumstances, compounds of this class have been shown to form a

ll rights reserved.


. Meanwell).

CD4-induced exposure of the gp41 heptad repeats, providing a po-
tential additional mode of action.8,9 Resistance to these attachment
inhibitors has been shown to map to a highly conserved, recessed
binding pocket of gp120 that recognizes Phe43 of CD4.4–7,10,11


Structural optimization to address deficiencies in the physical
chemical profile of 1b afforded BMS-378806 (2) and BMS-488043
(3), a compound that has demonstrated antiviral activity in HIV-
1-infected patients following oral administration.1,6,12 In this Let-
ter, we elaborate the basic structure–activity relationships associ-
ated with the indole ring that identify the preferred patterns of
substitution for this element of the pharmacophore that ultimately
provided a foundation for the design of BMS-488043 (3).


The target compounds were synthesized by acylating a
substituted indole with oxalyl chloride followed by coupling of
the acid chloride with 1-benzoylpiperazine, a process depicted in
Scheme 1.13 For indole derivatives substituted with electron with-
drawing elements an alternative process was employed that com-
prised reaction of the indole with methyl or ethyl chlorooxoacetate
in the presence of a Lewis acid, typically AlCl3,14 followed by alka-
line hydrolysis of the ester moiety and coupling with 1-benzoyl-
piperazine. Alkylation of the indole N atom was accomplished by
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heating with an alkyl halide in DMF at 80 �C in the presence of a
slight excess of the phosphazene base 2-tert-butylimino-2-diethyl-
amino-1,3-dimethyl-perhydro-1,3,2-diazaphosphorine (BEMP).
The starting indoles were procured by methods described in the
literature and the compounds surveyed are compiled in Table 1.


The antiviral activity of target compounds was determined by
evaluation in a single-cycle viral infection system using luciferase
activity as the endpoint.4,15 To generate pseudotype virus, pJRFL-
LucDEnv, which contains full length HIV-1JRFL in which the HIV-1
envelope sequences are replaced by the firefly luciferase gene se-
quence, and a plasmid expressing the HIV-1JRFL envelope sequence
were used to transfect HEK-293 cells and incubated for 48 hours.
The titer of pseudovirus was determined by infecting HeLa67 cells
expressing the primary HIV-1 receptor CD4 and the coreceptor
CCR5 with a serial dilution of virus stock and quantifying luciferase
activity (Luciferase Gene Reporter Assay Kit by Roche) on day 3
after infection. To assess the antiviral activity against the pseudo-
virus, fourfold serial dilutions of compounds were prepared in
DMSO and applied to a luminescence plate containing pseudovirus
and HeLa CD4/CCR5 cells. After three days, the resulting luciferase
activity data were used to estimate the EC50 values of individual
compounds in preventing pseudovirus infection. The cytotoxicity
of compounds toward HeLa67 cells was determined in parallel
and an XTT assay performed 3 days after compound addition.
Where the data reported are the average of only 2 experiments,
the individual results are provided as a measure of assay variabil-
ity. In this assay, 1b half-maximally inhibited infection by the
pseudovirus at a concentration of 2.59 nM.


The prototype compound of the series, indole 1a (Table 1), was
discovered as an HIV-1 attachment inhibitor using a cell-based
screening assay designed to query the Bristol-Myers Squibb pro-
prietary collection.1,4–7,15 This compound potently inhibits the en-
try of pseudotype virus and expresses antiviral activity towards a
representative panel of HIV-1 strains in cell culture.1 The initial ef-
fort to study this new chemotype focused on surveying the effect of
introducing substituents to the indole ring with a view to increas-
ing potency and establishing a basic understanding of this aspect of
the pharmacophore, data that is presented in Table 1. Three sub-
stituents, fluorine, chlorine and a methoxy moiety, were intro-
duced individually at each of the positions of the aromatic ring,
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Scheme 1. Reagents and conditions: (a) oxalyl chloride/THF or Et2O for R0 = Cl; or Et
withdrawing; (b) N-benzoylpiperazine/iPr2NEt/THF for R0 = Cl or (i) NaOH or K2CO3/MeO
dry DMF/80 �C.

providing a consistent series with which to systematically probe
the effects of different electronic and hydrophobic elements. The
results for this cluster of compounds, 1b,c,h for C-4, 1k,l,o for C-
5, 1s,t,u for C-6 and 1w,x,ab for C-7, reveal a pattern of struc-
ture-activity correlates in which these substituents when installed
at C-4 and C-7 lead to enhanced potency compared to the parent
1a. However, these substituents produce markedly less active
HIV-1 attachment inhibitors when deployed at C-5 and generally
weaker inhibitors when installed at C-6. The tolerance for substitu-
tion at C-5 is particularly poor, as exemplified by the micromolar
EC50s recorded for 1k, 1l, and 1o, and confirmed by the data asso-
ciated with the additional 5 examples 1m, 1n, and 1p–r. At C-6, a
fluorine atom improves the potency of the prototype by sevenfold
(1s) but replacement by the larger chlorine (1t) and methoxy sub-
stituents (1u) leads to an erosion of antiviral activity that corre-
lates with the size of the substituent.16 However, the single
additional C-6-substituted analog evaluated, the CF3 derivative
1v, exhibits markedly weaker activity than would be anticipated
based simply on steric dimensions, suggestive of the contribution
of an additional electronic component.


The introduction of a halogen at C-4 produced a homologous
series of potent HIV-1 attachment inhibitors 1b–d that offer a
30–60-fold advantage over 1a, with virus entry inhibitory activity
largely independent of the identity of the substituent. A methoxy
(1h) or ethoxy (1i) substituent at C-4 provides a higher level of po-
tency but the isopropoxy analog 1j is over three orders of magni-
tude weaker. This observation indicates high sensitivity to steric
effects in this region of the pharmacophore and can be attributed
to branching since non-branched alkoxy substituents at C-4 have
been shown to exert a less severe negative impact on potency.17


The same principle may underlie the poor entry inhibition ob-
served for the acetoxy derivative 1f, which is over 160-fold weaker
than 1a and almost 50,000-fold weaker than 1h. However, under
the conditions of the assay, this compound may suffer cleavage
to the simple C-4 hydroxy compound 1g which is equally ineffec-
tive, perhaps pointing to a problem with the presence of polarity at
this site. The final compound prepared in this series, the nitro
derivative 1e, exhibits potency comparable to the prototype 1a.17


The introduction of substituents at C-7 in all cases examined
enhanced the potency of the prototype molecule 1a, with alkoxy
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Table 1
Structure, HIV pseudotype virus inhibitory activity and cytotoxicity associated with indole glyoxamide derivatives


N


O


O


N
N Ph


O


R1


R2


R3


R4 R5


Compd # R1 R2 R3 R4 R5 EC50
a (nM) CC50 (lM)


1a H H H H H 152.97 ± 119.0 (n = 21) 338.8 ± 50.7 (n = 11)
1b F H H H H 2.59 ± 2.46 (n = 17) >300 (n = 7)
1c Cl H H H H 4.3 ± 4.2 (n = 6) 212 ± 67 (n = 4)
1d Br H H H H 4.5 (7.1, 1.8) 142 (n = 1)
1e NO2 H H H H 149.8 (177.9, 121.6) >300 (n = 2)
1f OCO�CH3 H H H H 24,857.5 (30,068.4, 19,646.6) >300 (n = 2)
1g OH H H H H 20,137.4 (20,477.4, 19,7973) >300 (n = 2)
1h OCH3 H H H H 0.52 (0.62, 0.41) >300 (n = 2)
1i OCH2CH3 H H H H 0.45 (0.62, 0.27) >94.8 (>94.8, 153.4)
1j OiPr H H H H >500 (n = 2) 150.2 (135.2, 165.2)
1k H F H H H 838.3 (1039.6, 646.9) >300 (n = 2)
1l H Cl H H H 395 (572, 218) 46 (44, 47)
1m H Br H H H 1090.3 (1603.5, 577.1) >149 (149.2, >300)
1n H CH3 H H H 1548.6 (1648.2, 1449.0) >300 (n = 2)
1o H OCH3 H H H 21,100 (27,000, 15200) >300 (n = 2)
1p H NO2 H H H 3,800 (5900, 1700) 44.6 (17.4, 71.9)
1q H CN H H H 120,523.1 (156,613.0, 84,433.1) >300 (n = 2)
1r H OCO�CH3 H H H 952.2 (892.5, 1011.8) 95.2 (70.7, 119.6)
1s H H F H H 21.1 (34.7, 7.4) >245 (245.9, >300)
1t H H Cl H H 208 (377, 38) >110 (110.1, >300)
1u H H OCH3 H H 328.8 (418.5, 239.0) >300 (n = 2)
1v H H CF3 H H >5000 (n = 2) 54.5 (74.0, 35.0)
1w H H H F H 7.3 (7.7, 6.9) >152 (152.2, >300)
1x H H H Cl H 4.4 (4.2, 4.5) 162.0 (n = 1)
1y H H H Br H 17.4 (n = 1) 64.0 ± 16.3 (n = 3)
1z H H H CH3 H 89.5 ± 48.7 (n = 3) >218 (n = 1)
1aa H H H CH3CH2 H 24.2 ± 23.9 (n = 3) >49 (49.2, >300)
1ab H H H OCH3 H 6.6 ± 2.2 (n = 4) 153.6 ± 22.5 (n = 4)
1ac H H H OCH2CH3 H 0.5 (0.5, 0.6) 117.4 (163.6, 71.1)
1ad H H H OC4H9 H 0.14 (0.09, 0.2) 64.5 (48.8, 42.1)
1ae H H H CN H 4.9 (3.7, 6.1) 234.3 (184.4, 284.3)
1af F Br F H H 23.1 (17.3, 28.9) 20.9 (28.9, 12.9)
1ag H F F H H >290 (292.9, >500) 170.4 (112.1, 228.7)
1ah H Cl Cl H H 500 (500, 500)b 52.3 (49.6, 55.0)
1ai H F Cl H H >500 98.5 (145.7, 51.2)
1aj H OCH3 OCH3 H H 46,451.2 (43,771.5, 49,130.8) >300 (n = 2)
1ak H F H Br H 73.1 (110.4, 35.8) 22.5 (22.7, 22.3)
1al F H H F H 0.35 ± 0.24 (n = 8) >300 (n = 8)
1am OCH3 H H OCH3 H 0.23 ± 0.33 (n = 7) 279.0 (277.3, 280.6)
1an OCH3 H H Cl H 0.07 ± 0.05 (n = 4) >300 (n = 1)
1ao OCH3 H H Br H 0.13 (n = 1) 118 (n = 1)
1ap OCH3 H H CN H 0.06 (0.06, 0.06) >275 (275.4, >300)
1aq OCF3 H H Br H 42.8 (28.1, 57.4) 75.7 (92.6, 58.8)
1ar F H H Br H 0.13 ± 0.07 (n = 4) 39.8 ± 29.9 (n = 4)
1as F H H CH3 H 0.56 ± 0.15 (n = 4) 87.5 ± 19.3 (n = 3)
1at F H H OCH3 H 0.06 (0.008, 0.111) >300 (n = 2)
1au F H H OCH2CF3 H 0.71 (n = 1) 196.1 ± 26.9 (n = 3)
1av F H H CN H 1.9 (3.0, 0.8) >300 (n = 2)
1aw Br H H F H 8.2 (10.2, 6.1) 86.0 (98.1, 73.9)
1ax CN H H F H >500 (n = 2) >300 (n = 2)
1ay CH3 H H CH3 H >500 (n = 2) 201.6 (109.7, 293.5)
1az F H F H H 0.42 ± 0.04 (n = 3) >188 (188.3, >300, >244.0)
1aaa F F F F H 1.7 (1.5, 1.9) 55.7 (n = 1)
1aab H H H H CH3 265 (310, 220) 226 (300, 152)
1aac H H H H CH3CH2 1450 (1900, 1000) >300 (>300, >300)
1aad H H H H CH3(CH2)3 2650 (2400, 2900) >300 (>300, >300)
1aae H H H H CH2=CH-CH2 6760 (7720, 5800) 201.5 (195, 208)
1aaf H H H H PhCH2 13750 (22300, 5200) 182 (137, 227)


a Data are the means of two or more experiments with individual data provided for those experiments conducted twice.
b LAI envelope used rather than JRFL.
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(1ab–ad) superior to alkyl (1z and 1aa) and both demonstrating a
trend in which potency increases with the size of the substituent.


With a basic understanding of the SAR associated with substitu-
tion at each of the 4 sites established, it became of considerable
interest to examine the effect of combinations, results that are cap-
tured by compounds 1af–1aaa in Table 1. Dual substitution at C-5
and C-6 (1ag–1aj) produced compounds with unimpressive biolog-
ical activity, reflecting an additive combination of the effects of the
individual substituents. However, the poor potency associated
with this pattern could be mitigated quite considerably by the
introduction of a fluorine atom at C-4, as exemplified by 1af, fur-
ther underscoring the marked positive effect observed with this
substituent in the context of the parent molecule. This property ex-
tends to the C-4, C-6 difluoro analog 1az and the tetra-fluoro deriv-
ative 1aaa, both of which are more potent than might be
anticipated based on the data for the individually substituted com-
pounds. The single C-5, C-7 combination studied, the fluoro, bromo
derivative 1ak, performed essentially as expected based on a com-
posite of the individual components. It was anticipated that com-
binations of C-4 and C-7 substituents would be particularly
productive, an aspect of SAR probed with compounds 1am–1aaa
and most effectively realized with analogs 1am–1ap and 1ar–
1au. The most impressive representatives of this substitution pat-
tern are 1an, 1ap and 1at, all of which demonstrate EC50s in the
pseudotype virus assay of 60–70 picomolar. The results with 1ax
and 1ay provide some insight into what may be expected of either
a C-4 CN or CH3 substituent, compounds not explicitly investigated
but anticipated to show poor antiviral activity.


The effect of alkylating the indole N atom in the context of the
parent molecule 1a, surveyed with 1aab–1aaf, indicates that only
a CH3 substituent (1aab) preserves significant HIV inhibitory activ-
ity with potency progressively eroded as the size of the alkyl group
increases within this short series.17


The pharmacokinetic properties of compounds 1a, 1b, 1al and
1am were evaluated in the rat, data that is summarized in Table
2. The parent compound 1a, selected to provide a basic under-
standing of the chemotype, demonstrated high clearance in the
rat after intravenous administration and modest oral bioavailabil-
ity of 29% after oral dosing. The 4-fluoro analog 1b exhibited mar-

Table 2
Pharmacokinetic parameters of compounds 1a, 1b, 1al and 1am in the rat


1a 1b


Rat IV: dosea 5 mpk (n = 3) 5 mpk (n
CL (mL/min/kg) 57 ± 11 48 ± 6
Vss (L/kg) 1.5 ± 0.3 0.99 ± 0.0
Terminal T1/2 (min) 30 ± 12 28 ± 7
MRT (min) 26 ± 4 21 ± 3


Rat PO: dosea 25 mpk, n = 3 25 mpk, n
Cmax (ng/mL) 1037 ± 871 649 ± 324
Tmax (min) 33 ± 12 53 ± 59
Terminal T1/2 (min) 163 ± 131 72 ± 20
F (%) 29 ± 15 17 ± 9


a Dosed as solutions in PEG400/EtOH (90:10).


Table 3
Pharmacokinetic parameters for different formulations of compound 1b in the rat and do


Entry # Species Dose Formulation


1 Rat 5 mpk (n = 3) PEG 400/EtOH (90:
2 Rat 25 mpk (n = 3) PEG 400/EtOH (90:
3 Rat 5 mpk (n = 3) Nanosuspension (1
4 Dog 1 mpk (n = 3) PEG 400/EtOH (90:
5 Dog 1 mpk (n = 3 Micronized suspen
6 Dog 1 mpk (n = 3) Nanosuspension (1

ginally reduced clearance and lower oral bioavailability, data that
were predicted by rat liver microsomal studies where the rate of
metabolic degradation predicted clearance in rats of 52 mL/min/
kg, close to the observed figure reported in Table 2. However, com-
pound 1b is considerably more stable in human liver microsomes
with clearance predicted to be 8 mL/min/kg, a figure that places
this compound in the intermediate range of clearance. The 4,7-
difluoro derivative 1al performed similarly to 1b in the rat, with
high clearance also predicted well by rat liver microsomal stability
data. For all three of these compounds, the terminal half life fol-
lowing oral dosing was longer than that measured after intrave-
nous (IV) administration, indicative of an absorption rate that is
slower than the rate of elimination. This appears to be a function
of the dissolution properties of the drug in the gut since all three
compounds readily permeate a confluent Caco-2 cell layer with
rates of 228, 100 and 219 nm/s for 1a, 1b and 1al, respectively, data
consistent with high membrane permeability based on comparison
to standard agents. This was supported by subsequent studies with
1b in higher species, where bioavailability was complete after oral
dosing of a solution of the drug in poly(ethylene glycol) 400 (PEG
400) and ethanol (90:10 v/v) to cynomolgus monkeys and dogs.1


The 4,7-dimethoxy derivative 1am offered superior pharmacoki-
netic properties in the rat, with low clearance (5.4 mL/min/kg),
an observation predicted by good in vitro rat liver microsomal sta-
bility, and excellent absorption, anticipated based on the high
Caco-2 cell permeability of 204 nm/s. Taken together, these prop-
erties predict the complete bioavailability of this compound that
is observed in the rat. Whilst the potency of 1am represents a
10-fold improvement compared to 1b, further profiling of this
compound was not pursued after in vitro studies with human liver
microsomal preparations revealed that demethylation of each of
the methoxy moieties were prevalent metabolic pathways, arous-
ing concern for the potential of para-quinone formation in vivo
should further oxidative metabolism of this electron-rich ring sys-
tem occur. Quinones are chemically reactive electrophiles that
have been shown to form covalent adducts with proteins and
nucleotides and are associated with a number of toxicological ef-
fects.18–20 Indoloquinones demonstrate a range of biological prop-
erties,21 including cytotoxic acitvity in vitro, and metabolic

1al 1am


= 3) 1 mpk (n = 2) 1 mpk (n = 2)
46.9 (44.5/49.2) 5.2 (5.4/5.1)


8 0.85 (0.9/0.79) 0.52 (.39/0.65)
17 (20/14) 138 (120/156)
19 (23/16) 102 (72/126)


= 3 5 mpk, n = 2 5 mpk, n = 2
55 (80/30) 3200 (3100/3400)
20 (10/30) 180 (240/120)
551 (684/416) 111 (108/114)
11 (8.3/13) 107 (113/102)


g


Cmax (ng/mL) Tmax (min) F (%)


10) 57 ± 13 37 ± 46 9 ± 2
10) 649 ± 324 53 ± 59 17 ± 9
84 nm) 18 ± 7 170 ± 165 4 ± 0.2
10) 560 ± 84 72 ± 17 89 ± 14
sion (46 lm) 60 ± 26 240 ± 0 12 ± 6
84 nm) 160 ± 32 108 ± 17 36 ± 6
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activation of 1am in vivo may lead to toxicity, possibly idiosyn-
cratic in nature.22–24


Consequently, from these four compounds attention was fo-
cused on the 4-fluoro analog 1b, a compound that demonstrated a
sufficiently promising antiviral profile towards a panel of HIV-1
viruses replicating in cell culture to be a useful vehicle for a more de-
tailed evaluation. In probing 1b in greater depth, the objective was
to develop a greater appreciation for the potential of the chemotype
and to identify any issues that might interfere with a drug develop-
ment campaign. Whilst the pharmacokinetic profile of 1b in higher
species was quite encouraging following oral administration as a
solution in PEG 400/ethanol and increases in exposure were ob-
served with increased dosage in rats, problems were encountered
when the compound was dosed to rats as a suspension in water con-
taining 0.75% w/w of Methocel 4AM and 0.5% w/w of Pluronic F68.1


The results of experiments conducted with different formulations in
rats and dogs are summarized in Table 3. After oral administration
of a solution of 1b to rats at 5 mpk, a Cmax of 57 ng/mL was observed
at 37 min after dosing and bioavailability was 9% (Table 3, entry 1).
Increasing the dose to 25 mpk as a solution resulted in an 11-fold in-
crease in Cmax with a Tmax delayed to 53 min and an increase in bio-
availability to 17% (Table 3, entry 2). However, dosing a
nanosuspension in water gave a Cmax that was only 31% of that of
the solution formulation and the significant increase in Tmax is indic-
ative of slowed absorption (Table 3, entry 4). An analogous series of
experiments in the dog revealed a similar pattern of exposure with
the Cmax after a micronized suspension�10% of the solution formu-
lation and the Tmax markedly extended (Table 3, entries 5 and 6). A
nanosuspension formulation of 1b increased the Cmax almost three-
fold relative to the micronized form whilst reducing Tmax. The rela-
tive oral bioavailabilities of the micronized suspension and the
nanosuspension compared to the solution formulation were 13%
and 40%, respectively. These findings were reflected in the physical
properties of 1b which exhibited a melting point of 236 �C and sol-
ubility ranging from 5 ng/mL in water to 4.6 mg/mL in PEG 400. Ta-
ken together, these data indicated that the poor performance in vivo
following oral administration of suspension formulations could be
attributed to poor dissolution in the gut, a problem only partially
addressed by reducing particle size.


In summary, structure–activity relationships associated with
this series of indole-based HIV-1 attachment inhibitors provide
fundamental insights into the optimal indole substitution patterns
and compounds with increased potency were readily obtained by
the introduction of relatively simple substituents at C-4 and C-7.
Whilst representative compounds demonstrated good pharmaco-
kinetic properties in the rat and dog following oral administration
as solutions in PEG-400/ethanol, the physical properties associated
with the chemotype resulted in poor performance in vivo following
dosing of aqueous suspensions. As a consequence, attention was
directed towards identifying analogs with improved intrinsic solu-

bility that would demonstrate enhanced dissolution properties, the
results of which will be communicated in due course.
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The cyclin dependent protein kinases, Pfmrk and PfPK5, most likely play an essential role in cell cycle
control and differentiation in Plasmodium falciparum and are thus an attractive target for antimalarial
drug development. Various 1,3-diaryl-2-propenones (chalcone derivatives) which selectivity inhibit
Pfmrk in the low micromolar range (over PfPK5) are identified. Molecular modeling shows a pair of amino
acid residues within the Pfmrk active site which appear to confer this selectivity. Predicted interactions
between the chalcones and Pfmrk correlate well with observed potency. Pfmrk inhibition and activity
against the parasite in vitro correlate weakly. Several mechanisms of action have been suggested for chal-
cone derivatives and our study suggests that kinase inhibition may be an additional mechanism of anti-
malarial activity for this class of compounds.


Published by Elsevier Ltd.

Cyclin-dependent protein kinases (CDKs) are essential for main-
taining the tightly orchestrated cell cycle events associated with
growth and development.1 Abnormalities in the regulation of CDKs
lead to numerous cell cycle defects, resulting in disease. To this
end, CDKs are pursued as drug targets in cancer, neurological dis-
orders and cardiovascular disease.2–4 Mammalian CDKs demon-
strate variable inhibitor profiles and are often grouped according
to their inhibitor sensitivities.5,6 CDKs are highly conserved among
eukaryotic pathogens and their role in cell growth makes them
attractive targets for therapeutic intervention. This is especially
true for the protozoan parasites responsible for human disease,
including Plasmodium, Trypanasoma and Leishmania species.7–9


Several CDKs have been characterized from Plasmodium falcipa-
rum, the causative agent of the most severe form of malaria, includ-
ing Pfmrk and PfPK5.10 Pfmrk shares its greatest sequence identity
with mammalian CDK7.11 CDK7 has a dual function as the TFIIH
associated kinase responsible for the initiation of transcription

Ltd.
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alia. Tel.: +61 07 3332 4817;


Waters).

and, through T-loop mediated phosphorylation, activation of down-
stream CDKs.12 Control of transcription and CDK activation may put
CDK7 in a unique position to integrate gene expression with cell cy-
cle control. As with CDK7, maximal Pfmrk kinase activity occurs
upon formation of a trimeric complex which includes the effectors
proteins PfMAT1 and cyclin. This complex phosphorylates the CTD
of RNA Polymerase II.13 PfPK5 is most similar to mammalian CDK1
and is believed to play a role in regulating DNA synthesis in the ma-
laria parasite.14 Numerous cyclins associate with and activate PfPK5
in vitro which suggest that cellular activity of PfPK5 may be regu-
lated by its association with a particular cyclin.15,16 The exact func-
tions of Pfmrk and PfPK5 have yet to be clearly defined; however,
substrate specificity, sequence identity and conserved regulatory
mechanisms (effector molecule binding and T-loop phosphoryla-
tion) suggest that the function of malarial CDKs may also be con-
served. If so, they most likely play an essential role in malaria cell
cycle control and differentiation and so make an attractive target
for antimalarial drug development. Indeed, several different classes
of compounds, identified as inhibitors of Pfmrk and PfPK5,17 are
modest inhibitors of P. falciparum growth. Herein we explore the
chalcones (1,3-diphenyl-2-propenone) a class of compounds that
selectivity inhibits Pfmrk over PfPK5.
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We previously identified the chalcones as Pfmrk inhibitors
through an inhibitor-defined pharmacophore specific for
Pfmrk.18,19 Although they do not have a clear mechanism of anti-
malarial action, initial reports suggest that the chalcones may inhi-
bit malaria proteases responsible for hemoglobin digestion,
interfere with the detoxification process of hemozoin formation,
inhibit the new permeation pathways that uptake essential nutri-
ents, or a combination of all of these events.20–22 The identification
of chalcones as malaria CDK inhibitors may provide an additional
explanation for their antimalarial activity. Herein we expand our
chalcone inhibitor studies to define a preliminary SAR for Pfmrk
inhibition. Then, by modeling the interaction between these inhib-
itors and the various CDKs, we explore the amino acid residues in
the active site of Pfmrk and identify those which confer the ob-
served selectivity.


A series of diverse chalcone compounds were tested against
Pfmrk and PfPK5 (Fig. 1). As shown in Table 1, the extent of inhibi-
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Figure 1. Structures of chalcones e

tion varies among these compounds. The most potent Pfmrk inhib-
itor was compound 6 with an IC50 of 1.3 lM. Several compounds
failed to inhibit Pfmrk at concentrations as high as 100 lM (5,
15, 16, 19). Failure to effectively inhibit PfPK5 was observed for
all tested compounds. The best PfPK5 inhibition was observed at
100 lM with compound 4. Structural modification, either to intro-
duce complexity or to return to a simpler ‘core’ chalcone, did not
increase PfPK5 inhibition, suggesting that chalcones are not PfPK5
inhibitors.


To better understand the structural features important for the
affinity of these compounds for Pfmrk, we have utilized molecular
models. We previously developed a 3D model of Pfmrk based on
the inactive conformation of hCDK7 (PDB# 1UA2).23 This model
was validated using a series of oxindole-based small molecule
inhibitors24 as described elsewhere.25 The hydrophilic and p/p
stacking interactions predicted between the binding site residues
of Pfmrk and the most potent chalcone, 6 (IC50 = 1.3 lM), are illus-
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Table 1
Inhibitory activity of chalcones on CDKs and parasites in vitro IC50 (lM)


Compound Pfmrk PfPK5 P. falciparum W2 P. falciparum D6


1 20 >360 11.5 11.7
2 22 >382 ND ND
3 12 >100 10.5 7.1
4 8.2 100 12.2 12
5 >100 >100 10 9.1
6 1.3 >100 4.6 4.9
7 100 ND >16 8.7
8 19 >100 >14 >14
9 50 >100 5.8 4.3
10 34 >100 2.3 2.5
11 38 >100 3.9 3.2
12 9 >100 3.2 2.8
13 10 >316 >19.8 >19.8
14 18 >315 >19.7 11.0
15 268 >268 >16.8 >16.8
16 >256 >256 8.2 8.3
17 61 123 ND ND
18 17 >302 9.9 10.9
19 >100 >299 10.5 >18.2


ND, not determined.
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trated in Figure 2a. In contrast to most kinase inhibitors, the family
of chalcone molecules does not mimic ATP by forming hydrogen
bonds with hinge region residues (Glu-92 to Met-94). Rather, the
active chalcones, through interactions of the ketone carbonyl or
para-methoxy groups, form hydrogen bonds with the side chain
hydrogen-donating nitrogen of the highly conserved catalytic ly-
sine (Lys-39). Additionally, active compounds form hydrogen
bonds with residues that comprise the glycine-rich region of the
kinase (Gly-17 to Gly-22). Interestingly, the specific functional
group of each small molecule that interacts with the glycine rich
region is dependent upon the presence or absence of the pyridine
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Figure 2. Orientation of chalcones in the Pfmrk binding site dependent upon the pres
representation. Orange line indicates p/p stacking interactions and magenta line, hydro

ring which influences the orientation of the inhibitors within the
binding site (Fig. 2b). Depending upon the position of the nitrogen
within the pyridyl group, the hydrophilic interactions are coordi-
nated by Ser-20, Tyr-21 and Gly-22 (4-pyridyl, e.g., compound
12) or Gly-19 (3-pyridyl, e.g., compound 11) and, in some cases,
Lys-39 (2-pyridyl, e.g., compound 10). In the absence of the pyri-
dine ring, methoxy-groups in the ortho- and para-positions of the
phenyl ring are able to substitute as hydrogen bond acceptors for
donating residues within the glycine rich region (e.g., compound
6). The number of polar interactions between Lys-39, the glycine
rich region, and a particular chalcone correlates well with the ob-
served affinity of the compound. For example, the dimethoxy-
substituted 6 participates in three hydrogen bonds, the trimeth-
oxy-substituted 9 in two, and the monomethoxy 5 in only one.
The affinity of these compounds is, respectively, 1.3 lM, 50 lM
and >100 lM. The meta-methoxy moiety does not participate in
a hydrogen bond in any of the structures examined and indeed re-
duces the likelihood that the para-methoxy group is oriented such
that a hydrogen bond with Lys-39 is possible. An additional inter-
action for all active chalcones, regardless of the specific ring system
(naphthyl or pyridyl) and of the global orientation of the small
molecule within the binding pocket, is a p/p stacking interaction
between an aromatic ring of the chalcone and the aromatic side
chain of Phe-143. The presence of an aromatic residue at position
143 is unusual (Fig. 3) and is known to effectively bifurcate the
ATP binding pocket of Pfmrk, thus decreasing the volume available
for association of small molecules.25,26 Finally, all active com-
pounds participate in a multitude of hydrophobic interactions with
nonpolar resides lining the binding site including the residues of
the hinge region. Both the a-naphthyl- and b-naphthyl-rings are
well tolerated within the hinge region and exhibit similar numbers
of hydrophobic interactions. The b-naphthyl connectivity however
is not compatible with the methoxy-phenyl mediated hydrogen

Lys 39


Ser 20


Phe 143


12 ryTegniH


Gly 22


O


O


O


O


N


H


NH
O


NH O


OH


NH
O


OH


NH


O
NH3+


NH


O


Phe 143


Lys 39


Gly 22


Tyr 21


Ser 20


Compound 12


Hinge


ence of a pyridine ring. Upper panel, Pymol representation; Lower panel, flat-land
gen bonds (a) compound 6 and (b) compound 12.







Pfrmk


CDK1


CDK2


PfPK5


16 17 19 20 21 22 24 36 37 39 41 75 91 92 93 94 95 97 100 140 141 143 154


I G G T Y G V F A K I V F E H L D D K Q N L D
I G G T Y G V V A K I V F E F L H D K Q N L D


L G G S Y G V V A K M M M E I M D D K A N F D
I G G T Y G V V A K I V F E F L S D K Q N L D


Figure 3. Multiple sequence alignment of binding site residues. Alignment performed using ClustalW. Numbering for Pfmrk. Boxes indicate the residues that are important
for chalcone association with Pfmrk and that are substituted in other kinases. Amino acids in the alignment are not contiguous and only represent those residues that
compose the active binding site.
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bonds with the glycine rich region, which perhaps explains the
100-fold lower affinity of 7 as compared to 6. To date, no chalcone
tested has appreciable affinity for PfPK5. There are two amino acid
residue substitutions within the binding site that we propose con-
tribute to this lack of affinity.


First, as mentioned above, the phenylalanine residue at position
143. In PfPK5, the corresponding residue is leucine (Fig. 3). While
leucine does offer potential hydrophobic interactions, the loss of
the p/p stacking interactions could result in reduced affinity. Crys-
tal structures for PfPK5 have been solved,27 and analysis of the
chalcone compounds in the PfPK5 kinase binding site provides
additional insights into affinity. Compound 6 with the naphthalene
ring oriented towards the hinge region is able to potentially form
hydrogen bonds with Lys-32 and Lys-88 and participate in numer-
ous interactions with hydrophobic residues (e.g., Phe-79, Val-63
and Leu-132). However, compound 6 is essentially inactive with
regard to PfPK5 while it has an appreciable affinity for Pfmrk sug-
gesting the importance of the p/p stacking interaction. Second, Ser-
20 within the glycine rich region, is substituted with a threonine in
PfPK5. As compounds with higher affinity for Pfmrk generally form
hydrogen bonds with Ser-20, the extra methyl group of threonine
presumably adversely impacts this association. Interestingly, based
on the PfPK5 structural information, Thr-14 is not oriented into the
ATP binding site and thus does not provide hydrogen bonding
potential.


The activities of these chalcones were evaluated against the
chloroquine resistant W2 and sensitive D6 strains of P. falciparum.
As previously reported,28 methoxy substitution on the 1-phenyl
ring gave the most active antimalarial compounds (Table 1). Gen-
erally compounds were equally potent against the W2 and the
D6 parasite strains. The only exceptions were compounds 7 and
14 which were less effective against the W2 drug resistant strain.
There was a weak correlation between Pfmrk inhibition and anti-
malarial activity. The most potent Pfmrk inhibitors were the best
antimalarial compounds. However several compounds that failed
to inhibit Pfmrk, at concentrations as high as 100 lM, were effec-
tive at killing the parasites at low micromolar concentrations. In
such cases the mechanism of action is clearly not inhibition of
Pfmrk. That additional mechanisms of antimalarial activity exist
for the chalcones is consistent with previous reports.20–22


In summary, we have demonstrated that a series of chalcones
preferentially inhibits Pfmrk over PfPK5. Chalcones are known to
interfere with cell cycle progression, but to the best of our knowl-
edge, this is the first time that chalcones have been reported as
inhibitors of CDKs. They inhibit Pfmrk (selectivity over PfPK5) in
the low micromolar range. A weak correlation between Pfmrk inhi-
bition and activity against the parasite in vitro was found. We
therefore propose that inhibition of Pfmrk may be an additional
mechanism of antimalarial action, at least for some chalcones. Fu-
ture studies using genetically modified parasite lines that either
over-express or knockout Pfmrk may validate this kinase as an
in vivo target of chalcones. Such compounds, disclosed in this
study, may provide insight not only into the structural differences
between PfPK5 and Pfmrk, but also may be used as tools to dissect

the role of these cell cycle CDKs during the growth and develop-
ment of the malaria parasite.
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A previous report described the serum LH suppression pharmacology of the 2-phenyl-4-piperazinyl-
benzimidazole N-ethyluracil GnRH receptor antagonist 1 following oral administration in rats. A series
of small heterocycles were appended to the 2-(4-tert-butylphenyl)-4-piperazinyl-benzimidazole tem-
plate in place of the N-ethyluracil. Two imidazole analogues, 32 and 41, were shown to possess substan-
tial in vitro potency at the target receptor (hGnRH IC50 = 7 and 18 nM, respectively) and aqueous
solubility (55 and 100 lg/mL at pH 7.4, respectively). Both compounds had high oral bioavailability in
rats and 32 was further examined in an orchidectomized rat model for serum LH suppression based on
increased volume of distribution over 41. Serum LH levels trended lower in orchidectomized rats follow-
ing oral administration of 32.


� 2009 Elsevier Ltd. All rights reserved.

4

Antagonists of the gonadotropin releasing hormone (GnRH)
Receptor have shown positive clinical results in numerous repro-
ductive tissue disorders, such as endometriosis and prostate
cancer, due to their ability to inhibit the release of the gonadotro-
pins leuteinizing hormone (LH) and follicle stimulating hormone
(FSH).1 Abarelix and Cetrorelix are peptide antagonists of GnRH
currently sold in injectable form due to their poor pharmacokinetic
properties and low bioavailability when taken orally.2 Abarelix is
also administered in extended release formulations which lower
sex hormones to castration levels in patients, triggering numerous
mechanistic side effects. An orally active small molecule GnRH
antagonist could offer benefits such as improved compliance, the
ability to titrate drug and hormone levels, as well as the flexibility
to withdraw the drug relatively quickly when adverse symptoms
are seen. Numerous small molecule GnRH antagonists have been
reported in the literature.3 Many of these examples have poor bio-
availability and exhibit species selectivity precluding the use of
simple in vivo models such as the rat.


We recently reported a potent small molecule antagonist of the
GnRH receptor (1, Fig. 1) with a 2-phenyl-4-(1-piperazinyl)benz-
imidazole template that displayed excellent oral bioavailability
and elicited plasma suppression of LH after oral administration in

All rights reserved.

rats. However, compound 1 has poor solubility, CYP 3A4 inhibi-
tion and poor liver microsome stability (Fig. 1) which were ex-
pected to be significant liabilities in drug development. As a
result, we set out to mitigate the molecular property issues via
structural modification. As shown earlier,4 the heterocycle linked
to the piperazine via a methylene can withstand significant struc-
tural variability and retain biological activity. We chose empirical
modification of this portion of the molecule with the intention of
retaining human and rat GnRH activity, then improving pharma-
ceutical properties on a suitable lead molecule. In addition, small
heterocycles were particularly attractive since molecular weight
would not deviate significantly from the lead and may even be re-
duced, which is an attractive feature for enhancing the pharmaceu-
tical profile.5


In an attempt to quickly determine GnRH receptor affinity for
new analogues, a diverse array of commercially available heterocy-
clic aldehydes was reacted in parallel with the 2-phenyl-4-piperaz-
inyl-benzimidazole template 2 under reductive amination
conditions (Scheme 1). As shown in Table 1, simple thiophenes,
furans, pyrroles and a 2-thiazole analogue showed only weak affin-
ity (Table 1, entries 3–10) for the receptor at 50 nM. The most po-
tent compounds were found to be the 4-imidazoles (11–13) with
substantial binding affinity for the human GnRH receptor. The sole
example of a weakly active imidazole analogue in our initial set
was the 2-imidazole 14. Affinity for the rat GnRH receptor, which
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rGnRH Binding IC50 (nM)                         18


CYP 3A4 inhib. @ 3 µM (%)                     74 (<20)


Solubility @ pH 7.4 (µg/ mL)                    11 (>100)


rat liver microsome stability                      12 (>80)
(% remaining after 15 mins @ 1.0 µM)1


Figure 1. Structure, binding data and in vitro pharmaceutical profiling data (with ideal values in parentheses) for an orally active GnRH antagonist lead.
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Scheme 1. Preparation of GnRH antagonists.
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was necessary for the evaluation of compounds in early in vivo
models, was also substantial in the 4-imidazoles (IC50 = 28–
290 nM for 11–13, respectively). From this data it was clear that
a nitrogen in the heterocyclic ring was required but not necessarily
sufficient for affinity to both rat and human receptors.


Further investigation of the SAR surrounding the pendant het-
erocycle included substituted azoles. A series of alkylated 5-substi-
tuted oxazoles showed an increase in GnRH affinity with the
introduction of a 2-alkyl group (15 vs 16, 17). Alkylated 4-substi-
tuted oxazoles (18) were equipotent with the 5-substituted ver-
sion (17). Thiazole compounds substituted in the 5 position were
in the same range of activity as the oxazole analogs (19 vs. 16).
Increasing the 4-alkyl chain length from methyl to ethyl (19, 21)
caused a loss in activity, while the 2 position tolerated the change
to ethyl (19, 20). A 2-n-butyl group in this position (22) also caused
a loss of activity. In general, oxazole and thiazole affinity for the rat
receptor was 10–30 times weaker than it was for the human pro-
tein (Table 2). This level of potency was too modest for in vivo con-
sideration so attention was turned to pyrazoles and, as suggested
by the data in Table 1, imidazoles as well.


Pyrazoles were more sensitive to ring substitution than the
oxazoles and thiazoles. N1-Methyl analogs substituted at the 5-po-
sition (Table 3, 25 and 26) gave the most potent compounds in this
series. As in the case of the oxazoles and thiazoles, however, rat
GnRH affinity was considerably weaker than affinity for the human
receptor. The substituted imidazoles, on the other hand, provided
the most potent analogs overall. Alkyl disubstitution at the 1,5-
and 1,2-imidazole positions provided potent human GnRH binding
agents (IC50’s = 5–46 nM). Affinity for the rat receptor for most of
these compounds was only 3–5 times weaker (IC50’s = 24–78 nM)
than they were for the human receptor. Alkylation of the nitrogen
adjacent to the point of attachment (36, 45) provided the weakest
analogs in the series.


The imidazole analogs that had both human and rat GnRH
receptor affinity of 50 nM or less were evaluated in secondary

functional assays as well as in vitro pharmaceutical profiling (Table
4). Two compounds were chosen for PK evaluation based on their
overall profile. Compounds 32 and 41 showed reasonable potency
in functional assays as well as good solubility in buffer (pH 7.4).
Their increased solubility over the lead, 1, is most likely due to de-
creased crystallinity since the uracil is more polar than the imida-
zoles. In addition, both compounds were stable in rat liver
microsomes (t1/2 > 15 min.). Although both compounds appeared
to inhibit CYP 3A4 at a level comparable to 1, they did not inhibit
liver enzymes CYP 2D6 and CYP 2C9.


Both compounds 41 and 32 were evaluated in one-day pharma-
cokinetic assays in orchidectomized rats. Although oral bioavail-
ability was high in both instances, 41 had low volume of
distribution. In contrast, 32 had moderate volume of distribution
making it likely that it would quickly diffuse to the target tissue
(Table 5). As a result, compound 32 was examined in vivo for the
ability to lower serum LH levels.


Antagonism of GnRH in vivo leads to a drop in serum LH levels
which in turn leads to lower levels of sex hormones. This decrease
in serum LH has shown clinical significance in the treatment of sex
hormone sensitive conditions. Intact animals have pulsatile pat-
terns of serum LH, making accurate measurements difficult. Orchi-
dectomized rats, however, display elevated, stable levels of serum
LH due to the removal of the testosterone mediated feedback loop
that controls the central release of GnRH. Two cohorts of orchidec-
tomized rats were treated with compound 32 and vehicle, respec-
tively, via oral gavage. Serum levels of LH were then measured
periodically over 24 h. The results of this experiment are shown
in Table 6. Hormone levels trended lower in the drug treated
group. LH levels at 4 and 6 h, however, were considerably higher
than expected for an agent with significant in vitro GnRH antago-
nist properties and failed to drop LH levels as significantly as com-
pound 1.4 We attribute this to residual LH level variability in
several animals of the drug treated group which may be due to
ineffective castration in some animals.







Table 1
GnRH receptor affinity for compounds prepared from commercially available
aldehydes


N
HN N


N Ar


Cmpd number Ar= hGnRH IC50 (nM) or
% inhibition at 50 nMa


rGnRH IC50


(nM)a


3
S


24% —


4


S
6% —


5
O


12% —


6
O


705 —


7


O
20% —


8 N
H


7% —


9 N 6% —


10
N


S
26% —


11


N


N
H


21 290


12
N


N
33 98


13


N


N
H


7.5 28


14


N


N
H


40% —


a Binding to overexpressed human or rat GnRH receptors in competition with
125I-(D-Trp6)-GnRH (Ref. 6). Results are given as an average of two independent
experiments run in triplicate. The standard deviations for these assays were typi-
cally within ±50% of the IC50.


Table 2
GnRH receptor affinity for oxazole and thiazole analogs


N
HN N


N Ar


Compd
number


Ar hGnRH IC50 (nM) or %
inhibition at 50 nMa


rGnRH IC50


(nM)a


15
N


O
90 850


16
N


O
31 740


17
N


O
37 320


18
O


N
27 550


19
N


S
27 —


20
N


S
20 120


21
N


S
26% —


22
N


S
4% —


23
S


N
21 —


a Binding to overexpressed human or rat GnRH receptors in competition with
125I-(D-Trp6)-GnRH (Ref. 6). Results are given as an average of two independent
experiments run in triplicate. The standard deviations for these assays were typi-
cally within ±50% of the IC50.
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In conclusion, we used empirical techniques to diversify the ap-
pended uracil of lead compound 1. Systematic replacement of the
uracil with smaller heterocycles led to the eventual discovery of
imidazoles 32 and 41 with nanomolar affinity for the human and
rat receptors. Both compounds had improved liver microsome sta-
bility and solubility over the uracil. Inhibition of the CYP 3A4 iso-
zyme, however, remained unchanged from the parent molecule.8


Oral and iv pharmacokinetics on compound 32 supported an
in vivo efficacy trial. Although this compound showed excellent







Table 3
GnRH receptor affinity for pyrazole and imidazole analogs


N
HN N


N Ar


Compd
number


Ar hGnRH IC50 (nM) or
% inhibition at 50 nMa


rGnRH IC50


(nM)a


24 N
N 25% —


25 N
N


23 310


26 N
N


22 250


27 N
N
H


68 —


28 N
N


38 450


29 N N
83 —


30 N N
43 350


31 N N 32% —


32


N


N 7 24


33


N


N 12 47


34


N


N 19 61


Table 3 (continued)


Compd
number


Ar hGnRH IC50 (nM) or
% inhibition at 50 nMa


rGnRH IC50


(nM)a


35


N


N
46 49


36 N


N


67% —


37
N


N
10 34


38
N


N
18 78


39
N


N
26 58


40


N


N 10 51


41


N


N 18 41


42


N


N 11 69


43


N


N 8 49


44


N


N 29 57


45 N


N


57 120


a Binding to overexpressed human or rat GnRH receptors in competition with
125I-(D-Trp6)-GnRH (Ref. 6). Results are given as an average of two independent
experiments run in triplicate. The standard deviations for these assays were typi-
cally ±50% of the average or less.
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Table 4
In vitro profile and pharmaceutical properties of lead imidazoles


Cmpd number 1 13 32 35 37 41 43


hGnRH IC50 (nM)a 1.7 7.5 7 46 10 18 8
rGnRH IC50 (nM)a 18 28 24 49 34 41 49
Human inositol phosphate IC50 (nM)b 4 44 14 71 23 43 13
Rat LH release IC50 (nM)c 59 250 200 570 300 240 296
Solubility at pH 7.4 (lg/mL)d 13 46 >100 3 51 55 25
Rat liver microsome t1/2 (min)d 5 >30 21 >30 9 25 12
CYP 3A4 (% inhibition at 3 lM)d 74 85 73 84 66 85 —
CYP 2D6 (% inhibition at 3 lM)d 0 14 14 21 3 13 —
CYP 2C9 (% inhibition at 3 lM)d 34 23 27 53 12 19 —


a See footnote a in Tables 1–3.
b Compound driven IP reduction in whole cells following stimulation with (D-Trp6)-GnRH (Ref. 7).
c Compound driven reduction in LH release from primary rat pituitary cells stimulated with (D-Trp6)-GnRH (Ref. 4).
d Details for pharmaceutical profiling assays can be found in Ref. 9.


Table 5
Single dose pharmacokinetics of compounds 32 and 41 in orchidectomized SD rats


Cmpd number iv po Bioavailability (% F)


Clearance (mL/min/kg) Vss (L/kg) t1/2 (h) AUC (0–a) ng h/mL t1/2 (h)


41a 10 0.2 0.9 3830 2.9 100
32b 134 2.7 0.3 3444 3.7 93


a iv dose of 1 mg/kg in 20% DMSO/PEG 200; oral dose of 20 mg/kg in 0.4 N HCl/2% TWEEN 80.
b iv dose of 1 mg/kg in 20% DMSO/PEG 200; oral dose of 30 mg/kg in PEG 400.


Table 6
Serum LH levels of rats treated with compound 32 (30 mg/kg po, PEG 400)


Time (h) Compound 32a Vehiclea Change


Average LHb SD Average LHb SD


0.5 70.3 24.0 70.5 28.0 �0.2
1 50.0 15.9 68.0 24.1 �18
2 46.5 16.9 99.3 48.8 �52.8
4 100.8 50.5 86.3 18.9 +14.5
6 94.5 42.5 125.8 52.2 �32.3


24 90.0 34.8 93.5 24.2 �3.5


a n = 6 animals per group.
b Relative LH levels at t = 0 adjusted to 100.
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bioavailability and a trend toward pharmacological activity in a rat
in vivo assay, it was not as efficacious as 1 in lowering serum LH
levels. We attribute this to variable GnRH levels in several animals
that may have resulted from inadequate orchidectomy.
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A series of 4-substituted proline amides was synthesized and evaluated as inhibitors of dipeptidyl
pepdidase IV for the treatment of type 2 diabetes. (3,3-Difluoro-pyrrolidin-1-yl)-[(2S,4S)-(4-(4-pyrimi-
din-2-yl-piperazin-1-yl)-pyrrolidin-2-yl]-methanone (5) emerged as a potent (IC50 = 13 nM) and selec-
tive compound, with high oral bioavailability in preclinical species and low plasma protein binding.
Compound 5, PF-00734200, was selected for development as a potential new treatment for type 2
diabetes.


� 2009 Elsevier Ltd. All rights reserved.

Type 2 diabetes mellitus is a chronic disorder characterized by
hyperglycemia coupled with a gradual decline in insulin sensitivity
and insulin secretion. The incretin hormone glucagon-like peptide-
1 (GLP-1), which is released post-prandially from the L-cells of the
intestine, stimulates the release of insulin from pancreatic b-cells.
However, GLP-1 is rapidly degraded in vivo by peptidases, includ-
ing dipeptidyl peptidase IV (DPP-4), which is a widely distributed
serine protease that specifically cleaves N-terminal dipeptides
from polypeptides with proline or alanine at the penultimate posi-
tion. In vivo administration of DPP-4 inhibitors to human subjects
results in higher circulating concentrations of endogenous GLP-1
and subsequent decrease in plasma glucose. Long term treatment
with a DPP-4 inhibitor leads to a reduction in circulating HbA1c
(glycosylated hemoglobin). DPP-4 inhibition also offers the poten-
tial to improve the insulin producing function of the pancreas
through either b-cell preservation or regeneration. Therefore,
DPP-4 inhibition has emerged as a promising new treatment of
Type 2 diabetes.1


Clinical proof of concept has been established for several DPP-4
clinical candidates, two of which have become marketed drugs.

ll rights reserved.


: +1 860 686 6627.
.W. Piotrowski).

JanuviaTM (sitagliptin phosphate, 1) has recently been approved by
the US Food and Drug Administration (FDA) for the treatment of
type 2 diabetes and GalvusTM (vildagliptin, 2) has been approved
by the European Medicines Agency. Several other DPP-4 inhibitors
are currently being evaluated in human clinical trials including
saxagliptin 3, alogliptin 4 and PF-00734200 5.


DPP-4 inhibitors containing electrophiles (nitriles, boronic
acids) as part of a proline P1 group are highly potent and display
a time-dependent kinetic profile. However, a delicate balance be-
tween potency and chemical stability is required to achieve suit-
able drug-like attributes.2 Competitive inhibitors, such as the
highly ligand efficient3 thiazolidide P32/98 6, can exhibit better
chemical stability. While substrate analog 6 is among the smallest
known P2-P1 fragments,4 thiazolidine amides can elicit profound
toxicological effects.5 Reports from Pfizer and other laboratories
have demonstrated that fluorinated azetidines and pyrrolidines
can not only function as P1 binding fragments but can also offer
potency gains relative to their non-fluorinated counterparts.6 It
has also been established that some additional potency gains can
be achieved by maximizing interactions of the P2 fragment.7 Our
ideal candidate would possess reversible, competitive enzyme
kinetics, achieve rapid onset of action, and be administered in a
low-dose consistent with once-a-day dosing. These requirements
stipulate that the compound not only be highly potent but also
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possess high permeability, low intrinsic clearance and high
solubility.


The natural constraint provided by a prolyl pyrrolidide P2-P1
fragment offered an ideal scaffold to explore both the P1 and P2
portions of the molecule. The P1 fragment was explored by incor-
poration of fluorinated amines6a by a standard amide bond cou-
pling to the commercially available N-BOC-L-ketoproline 7. The
P2 portion of the scaffold was explored by reductive amination
of ketone 8 with a range of substituted piperidines, pyrrolidines,
piperazines, homopiperazines and heterocyclic fused variants
thereof. The heterocyclic substituted piperazines offered the best
balance of potency and selectivity for the increase in molecular
weight. Specifically, the hydrochloride salts of 5, 9–25 were ac-
cessed by substrate controlled, stereoselective reductive amination
followed by BOC deprotection according to Scheme 1. In general,
the reductive amination step afforded only the cis isomer. The ste-
reochemistry of 5 was confirmed as cis (2S,4S) by single crystal X-
ray crystallography.8 The trans isomer 26 was prepared by reduc-
tion of ketone 8, in situ formation of the triflate followed by dis-
placement with 2-pyrimidinylpiperazine and BOC deprotection.


A combination of DPP-4 potency and selectivity against DPP-8
was used to advance compounds, with the minimum criteria for
further consideration being DPP-4 IC50 less than 20 nM and greater
than 100-fold selectivity versus DPP-8. Table 1 summarizes the
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inhibitory properties for selected analogs.9a,c,10 The cis isomer 5
was �24�more potent than the trans isomer 26. Compounds with
the unnatural proline 2R-stereochemistry (data not shown) were
inactive at the highest concentration tested (3 lM). Thus, we fo-
cused on compounds with 2S,4S stereochemistry. Mono- or bicyclic
analogs 5, 9–16 all displayed high potency and a varying degree of
selectivity over DPP-2 and DPP-8. Bicyclic analogs like 11, 12 and
16 were generally more DPP-2 selective, while monocyclic analogs
5 and 15 showed higher selectivity over DPP-8. Pyrimidine 5 dis-
played a balance of potency, selectivity, ADME and physical prop-
erties. Thus, exploration of the amide portion was done while
holding the 2-pyrimidinylpiperazine constant. Amides 18–22 and
24–25 were derived from fluorinated pyrrolidines and azetidines.
The general amide SAR trend was pyrrolidide > azetidide >> piperi-
dide (data not shown), with certain fluorinated versions thereof
being more potent than their non-fluorinated analogs. Removal,
addition or transposition of fluorine atoms relative to 5, as shown
in examples 17–19, 21 and 22, led to reduced potency. Of note
were meso-difluoropyrrolidide 20 and fluoroazetidide 24, which
were potent and offered high selectivity over both DPP-2 and
DPP-8.


The co-crystal structure of compound 5 in recombinant human
DPP-4 confirmed the expected binding mode in the active site of
DPP-4. The difluoropyrrolidide moiety has extensive hydrophobic
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Table 1
Human DPP inhibition, ADME and physicochemical properties of N-heterocyclicpiperazinylproline amides


N
H


NR1R2


O


N


N
Het


Compd Het NR1R2 DPP-4
IC50, nMa


DPP-2
IC50, lMa


DPP-8
IC50, lMa


cELogDb MDCKc


(AB/BA)
DOFd% inh
@10 lM


hERGe IC50, lM


5 2-Pyrimidinyl 3,3-Difluoropyrrolidine 12.9 ± 4.6 3.3 ± 0.6 7.0 ± 0.5 0.61 13.0/11.0 14.9 126
9 3-Benzisoxazolyl 3,3-Difluoropyrrolidine 8.7 1.23 2.24 2.12 18.6/11.2 26.7
10 2-Benzoxazolyl 3,3-Difluoropyrrolidine 8.2 2.26 2.66 1.84 nd nd


11
N


ON
3,3-Difluoropyrrolidine 7.4 7.12 0.97 1.08 nd nd


12
N


O


N
3,3-Difluoropyrrolidine 5.8 8.47 1.15 1.23 nd 8.1


13 2-Pyrazinyl 3,3-Difluoropyrrolidine 5.6 0.66 0.54 0.61 9.4/10.4 5.4


14
N


F3C 3,3-Difluoropyrrolidine 5.2 0.66 0.53 2.11 16.3/11.4 80.2 40.3% at 0.3 lM


15


N


CN


3,3-Difluoropyrrolidine 4.8 0.21 9.15 0.93 10.4/13.5 �7.3 >10


16
N


ON
3,3-Difluoropyrrolidine 5.2 ± 3.3 2.88 2.39 1.48 nd 7.4


17 2-Pyrimidinyl Pyrrolidine 31 20.4 9.69 �0.11 5.7/7.4 18.0
18 2-Pyrimidinyl (R)-3-Fluoropyrrolidine 51 28.3 10.3 0.28 11.6/7.0 2.7
19 2-Pyrimidinyl (S)-3-Fluoropyrrolidine 31 31.4 15.1 0.28 8.5/6.0 6.4


20 2-Pyrimidinyl N


F


F


13 11.1 17.1 0.44 3.7/6.7 7.2 54


21 2-Pyrimidinyl N


F


F


309 nd nd 0.44 15.6/9.4 �1.6


22 2-Pyrimidinyl N


F


F


F
F


25 2.46 7.88 1.43 23.0/11.5 1.0


23 2-Pyrimidinyl Azetidine 309 nd nd �0.28 2.7/2.4 �6.0
24 2-Pyrimidinyl 3-Fluoroazetidine 41 >30 >30 �0.06 12.8/6.4 �1.5
25 2-Pyrimidinyl 3,3-Difluoroazetidine 134 nd nd 0.51 nd nd
26f 2-Pyrimidinyl 3,3-Difluoropyrrolidine 338 nd nd nd nd


a Recombinant wild-type human enzyme DPP-4,10a DPP-2,9a DPP-8.9c Where available, values are means of two to four experiments. Typical standard deviations are ± 15%.
b clogD calculated from an in-house rule-based regression model based on experimental LogD.
c MDCK = Madin Darby Canine Kidney cells, Papp, 10�6 cm/s.
d DOF = [3H]-dofetilide binding assay.11a,b


e hERG patch clamp.11c


f Trans (2S,4R) stereochemistry. nd = not determined.
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interactions with the side chains of Trp659, Val 656, Tyr631,
Ser630, Tyr666 and Tyr662 that form the S1 pocket. One of the
pyrrolidide fluorines appears to be within hydrogen bonding
distance to form a hydrogen bond with either the side chain of
Ser630 or the main chain amide of Tyr631. The secondary
amine of the pyrrolidine forms a salt bridge with the conserved
glutamate cluster, Glu206 and Glu205. The pyrimidine extends to
Phe357 and forms a pi–pi stacking interaction with its side chain
(Fig. 1).12

Desirable safety properties, in particular hERG, could be ad-
justed by careful control of LogD. For this series, there was a strong
correlation between LogD and percent inhibition [3H]-dofetilide
binding at 10 lM, where LogD > 1.5 increased the probability of
high percent dofetilide inhibition. High percent inhibition in the
dofetilide assay corresponded to high affinity for the hERG channel
as measured in patch clamp experiments.11d For example, 14 had a
high percent inhibition in the dofetilide binding assay and high
affinity for hERG while 5, 15 and 20 had a low percent inhibition







Figure 1. Binding interactions in the active site. Compound 5 co-crystallized with
human DPP-4.


Table 3
Pharmacological and ADME properties of 5


5


Human plasma DPP-4 IC50 11.3 ± 2.7 nMa


Rat plasma DPP-4 IC50 12.8 nM
Selectivityb >400�
DPP-3 >30,000 nM
DPP-9 5980 nM
APP >30,000 nM
FAP 10,300 nM
POP >30,000 nM
Projected human CLc 2.6 mL/min/


kg
Projected human Vdd 1.0 L/kg
Projected F%e 70
CEREP broad receptor and enzyme profile (73


assays)
IC50 > 10 lM


CYP1A2, 2C9, 2C19, 2D6, 3A4 IC50 > 30 lM


a Values are means of at least three experiments.
b DPP-3, DPP-9, APP, FAP, POP.9
c Projected value based on allometry (total).
d Projected by multiple methods (allometry, Oie-Tozer and dog-human


proportionality).
e Projected value based on preclinical F%.
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Figure 2. PK–PD in Sprague–Dawley rats using an ex-vivo plasma DPP-4 inhibition
assay.
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and low affinity for the hERG channel. Thus, low hERG and high po-
tency/selectivity space could be defined as 0.5 > LogD < 1.5. ADME
properties such as in vitro microsomal stability and high flux in
permeability assays could be obtained by working within this
physicochemical property space.


Compounds 5, 15, 20 and 24 were selected for in vivo evalua-
tion based on their in vitro profiles: pharmacokinetic (PK) data
are summarized in Table 2. Compound 17 was included as a non-
fluorinated comparator. Compounds 5, 20 and 24 all exhibited
moderate clearance, moderate volume of distribution, moderate
half life and good bioavailability, while 15 was characterized by a
high clearance and low bioavailability. Compound 5 achieved and
maintained higher plasma concentrations than did the non-fluori-
nated comparator 17, which had a clearance higher than rat liver
blood flow. Based on the desirable PK properties in rat, 5 was ad-
vanced to further PK profiling in dog and monkey, where moderate
clearance, moderate volume of distribution, moderate half-life and
good bioavailability were again noted. The low turnover from
in vitro systems (microsomes and hepatocytes13) suggested that
cytochrome P450 mediated metabolism was not a major clearance
mechanism for compound 5. In vivo data from the rat, dog and
monkey supported this conclusion, since, even with moderate
clearance the bioavailability across species was high suggesting
that first-pass metabolism was minimal. Human clearance was
predicted using allometric scaling of rat, dog and monkey clear-
ance data (Table 3).


Compound 5 was further assessed in an advanced battery of
in vitro assays, for which the data are summarized in Table 3. Of
note was the high selectivity over closely related serine proteases
and P450 enzymes as well as selectivity over a wide panel of en-
zymes, receptors and ion channels. No notable binding differences

Table 2
Pharmacokinetic profiles of selected DPP-4 inhibitorsa


Cmpd Species CLp (mL/min/kg) Vss (L/kg)


5 Rat 38 1.9
Dog 3.7 0.7
Monkey 7.6 1.0


15 Rat 61 1.8
17 Rat 84 2.5
20 Rat 27 1.9
24 Rat 16 0.9


a Dose: Sprague–Dawley rat, beagle dog, cynomolgus monkey iv: 1 mg/kg in sterile s
water.

were observed between rat and human plasma DPP-4 enzyme. On
the basis of desirable drug-like properties, excellent PK properties
and synthetic simplicity, 5 was selected for in vivo profiling. An
ex vivo plasma DPP-4 inhibition assay utilizing 50 lM substrate
(GlyProAMC) and corrected for plasma dilution was used to assess
the pharmacodynamic profile.10 Maximal efficacy (Emax) and IC50


were determined to be 98% and 1.3 ng/mL, respectively, (Fig. 2).
Because 5 exhibited a high free fraction (80–100%) in rat, dog,
monkey and human, the human dose projection could be set using
the rat PK–PD relationship and the human DPP-4 inhibition data
without correction. Thus, administration of single oral doses of 5

t1/2 (h) F (%) po AUC (ng h/mL) po Cmax (ng/mL)


2.5 109 2398 1406
2.9 95 7162 1526
7.6 71 843 517
1.5 20 276 237
2.2 78 775 449
2.3 93 3948 1817
3.6 91 1073 1718


aline; rat po: 5 mg/kg in 0.5% methylcellulose; dog, monkey po: 1 mg/kg in sterile
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to healthy adult subjects under fasted conditions resulted in mean
serum concentrations that increased in a dose proportional man-
ner with ascending doses. Compound 5 was rapidly absorbed with
a median Tmax of 0.5–1.5 h and the estimated mean terminal half-
life ranged from 15.1–27.4 h across dose levels of 0.3–300 mg. The
mean Cmax and AUClast increased in an approximately dose-propor-
tional fashion.14


In summary, a series of 4-substituted proline amides were eval-
uated as inhibitors of DPP-4. A potent and selective compound with
low clearance, high permeability and low probability for hERG liabil-
ity was achieved by operating in optimal physicochemical property
space. PF-00734200 (5), (3,3-difluoro-pyrrolidin-1-yl)-[(2S,4S)-
(4-(4-pyrimidin-2-yl-piperazin-1-yl)-pyrrolidin-2-yl]-methanone,
was selected for clinical development. In Phase 1 human trials, PF-
00734200 was rapidly absorbed, showed dose-proportional in-
crease in exposure and demonstrated a human PK-PD profile that
should permit a once-daily dosing regimen.
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Eight alkyl and six heterocyclic aza-derivatives of gossypol (2–15) have been synthesized using gossypol
(1) extracted from Gossypium Herbaceum cottonseeds. The ability of gossypol aza-derivatives to form
complexes with NaClO4 has been investigated by electrospray ionisation (ESI) mass spectra recorded in
the positive and negative ion detection modes. The gossypol aza-derivatives have been characterized
by FT-IR, 1H and 13C NMR spectroscopic methods and subsequently tested for their antifungal properties
against Fusarium oxysporum. Four alkyl aza-derivatives (2–5), present in the enamine–enamine tauto-
meric form, have shown activity comparable or higher than that of gossypol against this fungus. To
improve the antifungal activity the complexes of the most active compounds 2–5 with NaClO4 were pre-
pared. Complexes of 2 and 5 with NaClO4 have shown antifungal activity higher than that of the uncom-
plexed compounds.


� 2009 Elsevier Ltd. All rights reserved.

Gossypol is a yellow pigment, present in various parts of the
cotton plants1, which has drawn the attention of many scientist
because of its wide biological activities such as contraceptive,2


anticancer,3 antiviral4 or antimicrobial.5 Despite these interesting
and potentially useful effects, the application of gossypol as a ther-
apeutic or antimicrobial agent still remains a challenge because of
a number of serious sides effects.6 A convenient way to obtain less
toxic compounds based on gossypol is to block the gossypol alde-
hyde groups by their conversion into, for example, Schiff bases,
hydrazones, nitriles etc. Up to now various thio-, aza- and aza-
modifications of gossypol have been tested in order to obtain less
toxic derivatives which would extend the fields of its application.7


From earlier studies it is known that the tautomeric forms of gos-
sypol aza-derivatives (Fig. 1) depend on the nature of the substitu-
ent directly bonded to N16 and N160 atoms.8


The fungus Fusarium oxysporum is a worldwide serious problem
because induction of wilt disease in a wide range of host plants
such as, for example, cereals, tomatoes, potatoes, bananas and
watermelons.9 This plant pathogenic fungus strain produces poi-
sonous chemical compounds like mycotoxins (e.g., Fusaric acid)
which contaminate harvested crops. Ingestion of cereals vegetables
or fruits affected by the disease evoked by the Fusarium oxysporum
may give rise to allergic symptoms or be carcinogenic by long-term

All rights reserved.


+48 61 829 1505.
.


consumption in humans and animals due to the presence of myco-
toxins produced by the fungus.10


Gossypol antifungal activity is concerned with its protecting role
of cotton plants against many pathogens like, for example, Rhizocto-
nia Solani.11 Recently, Turco et al. investigated in vitro the effect of
gossypol and its mixture with NaCl on conidial germination and via-
bility of Fusarium oxysporum sp. Vasinfectum isolates.12 These
authors have reported that the inhibitory effect against Fusarium
oxysporum is significant at gossypol concentrations between 10
and 20 mg/L, while the addition of the salt reduces the antifungal
activity of gossypol. Up to now many derivatives, especially fluorine
derivatives of various heterocycles13, have been tested against
Fusarium oxysporum in contrast to gossypol aza-derivatives whose
antifungal activity in this field is unexplored. This fact has motivated
our group to undertake synthesis and biological tests of a series of
gossypol aza-derivatives containing alkyl and heterocyclic moieties
and their complexes with NaClO4 against the pathogenic fungus.
Gossypol was extracted14 from cottonseeds of Gossypium herbaceum
and subsequently converted into its eight Schiff bases and six hydra-
zones by a simple condensation of amines and hydrazines with the
two aldehyde groups of gossypol in dichloromethane.15


The structures of all Schiff bases and hydrazones of gossypol were
determined by the ESI MS, FT-IR and NMR methods.16,17 The FT-IR
spectra of gossypol Schiff bases and gossypol hydrazones are signif-
icantly different in them(C@O) range. In the spectra of gossypol Schiff
bases (2–9) an intense band at about 1640 cm�1, assigned to the
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Figure 1. Chemical structure together with the atom numbering of gossypol and its aza-derivatives studied.
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m[C(7)@O] stretching vibrations of carbonyl group is observed.
Instead of this band in the FT-IR spectra of gossypol hydrazones
(10–15) a medium intense band at about 1610 cm�1, assigned to
the overlapped m(C@N) and m(C@C) stretching vibrations, is present.
These spectral features already indicate the presence of the enam-
ine–enamine and N-imine–N-imine tautomeric forms in gossypol
Schiff bases and gossypol hydrazones, respectively.


Valuable information on these tautomeric forms can be also
obtained from the chemical shifts of the C(7) carbon atom signals
in the 13C NMR spectra. In the spectrum of 1 the signal of C(7)
carbon atom was found at 151.4 ppm in CD3CN18, whereas the signal
of C(7) carbon atom in the spectra of 10–15 in DMSO-d6 was in the
range 150.4–151.6 ppm. The chemical shift of the C(7) signals of 1,
similarly to those of 10–15, are in the range characteristic of the
C–OH carbon atoms of phenols demonstrating the presence of
aldehyde–aldehyde and N-imine–N-imine tautomeric forms within
1 and 10–15, respectively. The C(7) resonances of 2–9 are positioned
in different range 171.8–172.7 ppm demonstrating the double bond
character of C(7)=O bond in naphthalene ring. The strongest

engagement of the N(16)-H and O(7)-H protons in the N(16)-H���O(7)
and N(16)���H-O(7) intramolecular hydrogen bonds is well reflected
in their 1H chemical resonances in DMSO-d6, that is, dH16 = 13.17–
13.21 ppm /2–9/ and dH7 14.15–14.54 ppm /10–15/, respectively.
Relatively weakly hydrogen bonded are the protons of O(1)H groups
because their chemical shifts in DMSO-d6, irrespectively of the type
of tautomer, are found in a similar narrow range dH1 = 7.69–
7.97 ppm. The presence of different tautomers within gossypol
Schiff bases and hydrazones is also reflected in the chemical shifts
of O(6)-H protons which are hydrogen-bonded to the oxygen atoms
of C(7)=O carbonyl (dH6 = 8.41–8.96 ppm for 2–9) and C(7)-OH
phenol groups (dH6 = 7.99–8.13 ppm for 10–15), respectively.
A comparison of the position of C(7) carbon atom signals in the
13C NMR spectra of gossypol Schiff base (4)16 and gossypol
hydrazone (14)17, recorded in DMSO-d6, with those taken in CDCl3


8


indicates the preservation of the respective tautomeric forms in
different solvents.


This result confirms that gossypol Schiff bases (2–9) and gossy-
pol hydrazones, irrespectively of the type of substituent and kind
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of solvent, exist in different tautomeric forms in solutions, stabi-
lized by several intramolecular hydrogen bonds (Fig. 1).


Fourteen gossypol aza-derivatives dissolved in DMSO (2–15),
were preliminary examined for their antifungal activity against
Fusarium oxysporum at concentrations of 20 lg/mL and 1 lg/mL
following the method described in Ref. 19. For comparison 1,

Table 1
Antifungal activity of gossypol (1) and its alkyl and heterocyclic aza-derivatives (2–15) as
(Ā) (mm)


Compound Concn
(lg/mL)


Ā after 48 h
(mm)


Ā after 96 h
(mm)


A
(


1 20 14.88 ± 0.79 25.25 ± 0.88 3
1 17.25 ± 0.57 26.25 ± 0.88 3
0.5 18.63 ± 0.92 27.88 ± 0.79 3
0.1 19.63 ± 0.92 30.63 ± 0.92 4


2 20 14.63 ± 0.64 24.75 ± 0.57 3
1 17.13 ± 0.79 26.00 ± 0.94 3
0.5 18.13 ± 0.79 27.25 ± 0.88 3
0.1 19.25 ± 0.88 29.88 ± 1.03 4


3 20 14.38 ± 0.64 24.50 ± 0.94 3
1 16.00 ± 0.66 25.75 ± 0.88 3
0.5 17.63 ± 0.64 26.50 ± 0.66 3
0.1 18.13 ± 1.03 28.50 ± 1.15 4


4 20 13.50 ± 0.66 23.63 ± 0.64 3
1 14.25 ± 0.57 23.50 ± 0.94 3
0.5 15.13 ± 0.44 24.63 ± 0.64 3
0.1 16.38 ± 1.13 25.63 ± 1.61 3


5 20 14.13 ± 0.79 24.13 ± 0.79 3
1 14.88 ± 1.03 25.00 ± 0.66 3
0.5 16.38 ± 1.74 25.75 ± 1.59 3
0.1 16.75 ± 1.10 27.00 ± 0.94 3


6 20 19.38 ± 0.64 31.75 ± 0.57 4
1 19.63 ± 0.64 32.00 ± 0.66 4


7 20 19.50 ± 0.66 31.88 ± 0.44 4
1 19.75 ± 0.57 32.13 ± 0.44 4


8 20 19.25 ± 0.88 31.63 ± 0.64 4
1 19.50 ± 0.94 31.88 ± 0.79 4


9 20 19.63 ± 0.64 32.13 ± 0.44 4
1 19.88 ± 0.44 32.25 ± 0.57 4


10 20 19.50 ± 0.66 31.88 ± 0.79 4
1 19.75 ± 0.57 32.13 ± 0.79 4


11 20 19.38 ± 0.64 31.75 ± 1.10 4
1 19.63 ± 0.64 32.00 ± 1.15 4


12 20 19.88 ± 1.03 32.00 ± 1.48 4
1 19.88 ± 0.44 32.25 ± 1.10 4


13 20 19.63 ± 0.92 31.63 ± 1.31 4
1 19.75 ± 0.88 32.13 ± 1.03 4


14 20 19.25 ± 0.57 31.63 ± 0.92 4
1 19.38 ± 0.64 31.88 ± 1.23 4


15 20 19.50 ± 0.94 31.50 ± 1.15 4
1 19.63 ± 0.64 32.00 ± 0.94 4


2+NaClO4 1 15.63 ± 0.64 24.13 ± 0.79 3
0.5 17.13 ± 0,79 26.25 ± 1.10 3
0.1 18.50 ± 0.66 28.75 ± 0.88 3


3+NaClO4 1 15.50 ± 0.94 24.75 ± 1.28 3
0.5 17.25 ± 0.57 26.25 ± 0.57 3
0.1 17.63 ± 1.13 28.00 ± 1.15 3


4+NaClO4 1 14.00 ± 0.94 23.13 ± 1.03 3
0.5 14.88 ± 0.79 24.38 ± 0.64 3
0.1 16.13 ± 0.79 25.38 ± 1.13 3


5+NaClO4 1 14.50 ± 0.94 23.88 ± 0.44 3
0.5 15.00 ± 1.15 24.00 ± 0.94 3
0.1 15.50 ± 1.62 24.75 ± 1.84 3


DMSO — 19.88 ± 0.79 32.38 ± 0.92 4
NaClO4/DMSO 1* 19.75 ± 1.10 31.75 ± 1.72 4


0.5* 19.75 ± 0.57 32.13 ± 1.23 4
0.1* 19.88 ± 0.44 32.38 ± 0.92 4


Thiophanate-methyl 20 17.00 ± 0.94 30.63 ± 0.64 4
1 19.00 ± 0.94 31.88 ± 1.03 4
0.5 20.13 ± 1.03 32.88 ± 1.23 4
0.1 21.38 ± 0.92 33.50 ± 0.94 4


Control — 23.00 ± 0.94 38.63 ± 1.31 5


The error for the measurements was determined for the a = 0.01.
t-Student statistical test was performed.


* Amount of NaClO4 used as in the tests of the gossypol derivative-NaClO4 complexes
** Improvement of fungi growth inhibition after complexation relative to respective go

DMSO, NaClO4/DMSO as well as thiophanate-methyl as a standard
antimicrobial drug were also tested (Table 1). A comparison of the
antifungal test results, collected in Table 1, demonstrates that at
the 20 lg/mL and 1 lg/mL concentrations gossypol Schiff bases
(2–5), present in the enamine–enamine tautomeric forms, show
antifungal activity in contrast to gossypol hydrazones (10–15),

well as aza-derivative (2–5) complexes with NaClO4, radial growth inhibition of fungi


¯ after 144 h
mm)


Ā after 192 h
(mm)


Improvement of fungi growth inhibition
relative to DMSO (%) after 192 h


5.00 ± 0.66 46.00 ± 0.66 22.4
6.75 ± 0.88 47.25 ± 1.10 20.3
9.50 ± 0.94 50.50 ± 0.94 14.8
2.75 ± 0.88 55.00 ± 0.94 7.2
4.63 ± 0.64 45.88 ± 0.79 22.6
6.63 ± 0.92 47.00 ± 0.94 20.7
8.88 ± 0.79 50.00 ± 0.94 15.6
1.63 ± 0.92 53.75 ± 0.88 9.3
4.50 ± 0.94 45.25 ± 0.88 23.6
5.88 ± 1.23 46.25 ± 1.10 21.9
8.00 ± 1.32 49.50 ± 0.94 16.5
0.38 ± 0.92 52.63 ± 0.92 11.2
3.25 ± 0.88 43.63 ± 0.92 26.4
3.88 ± 1.23 44.00 ± 0.94 25.7
4.75 ± 1.28 45.13 ± 1.03 23.8
6.75 ± 1.10 49.25 ± 1.44 16.9
4.13 ± 1.39 44.00 ± 1.15 25.7
5.25 ± 0.57 45.75 ± 0.88 22.8
6.88 ± 1.68 48.50 ± 1.48 18.1
9.25 ± 1.44 51.75 ± 1.28 12.7
5.75 ± 0.57 58.75 ± 0.57 0.8
6.00 ± 0.66 59.13 ± 1.03 0.2
5.88 ± 0.44 58.88 ± 0.44 0.6
6.13 ± 0.79 59.25 ± 1.10 0.0
5.63 ± 0.64 58.63 ± 0.64 1.0
5.88 ± 0.79 59.00 ± 1.32 0.4
6.00 ± 0.66 59.00 ± 0.66 0.4
6.25 ± 0.88 59.25 ± 1.10 0.0
5.88 ± 1.03 58.88 ± 1.03 0.6
6.13 ± 1.23 59.00 ± 1.15 0.4
5.88 ± 1.23 58.63 ± 1.61 1.0
5.88 ± 0.79 58.88 ± 0.79 0.6
6.13 ± 1.03 58.88 ± 1.39 0.6
6.13 ± 0.79 59.13 ± 1.03 0.2
5.50 ± 0.66 58.38 ± 1.47 1.5
5.63 ± 0.92 58.63 ± 1.13 1.0
5.75 ± 0.88 58.50 ± 1.15 1.3
5.75 ± 0.57 58.75 ± 0.57 0.8
5.38 ± 0.64 58.25 ± 1.28 1.7
5.50 ± 0.66 58.50 ± 0.94 1.3
4.88 ± 0.79 45.25 ± 0.88 23.6 (3.7)**


7.00 ± 1.32 47.38 ± 1.13 20.0 (5.2)**


9.63 ± 0.64 51.13 ± 1.03 13.7 (4.9)**


4.75 ± 0.88 45.38 ± 1.31 23.4 (1,9)**


7.50 ± 0.66 49.00 ± 0.94 17.3 (1.0)**


9.75 ± 1.10 52.00 ± 1.15 12.2 (1.2)**


3.50 ± 0.94 43.63 ± 1.13 26.4 (0.8)**


4.50 ± 1.15 44.88 ± 1.23 24.3 (0.8)**


6.50 ± 0.66 48.88 ± 1.39 17.6 (0.8)**


3.88 ± 1.80 44.00 ± 1.62 25.7 (3.8)**


4.50 ± 0.94 45.00 ± 0.94 24.1 (7.2)**


5.50 ± 1.75 46.13 ± 1.54 22.1 (10.9)**


6.38 ± 1.13 59.25 ± 1.44 —
5.88 ± 1.23 58.75 ± 1.10 0.8
6.00 ± 0.66 58.88 ± 1.23 0.6
6.00 ± 0.66 59.25 ± 0.88 0.0
1.50 ± 0.94 53.13 ± 1.03 10.3
2.75 ± 0.88 54.00 ± 1.15 8.9
4.75 ± 1.10 55.38 ± 0.92 6.5
6.13 ± 0.79 57.13 ± 0.79 3.6
7.38 ± 1.31 70.25 ± 1.28 —


at respective concentrations.
ssypol aza-derivative [%] after 192 h
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present in the N-imine–N-imine tautomeric forms (Supplementary
data—Scheme 1a). Despite the existence of the enamine–enamine
tautomeric form within all Schiff bases, only some of them have
very promising antifungal activity, that is, gossypol Schiff bases
2–5 are active in contrast to the gossypol Schiff bases 6–9 which
show no activity (Table 1).


Thus, the antifungal activity of compounds 2–5 is a result of
both, the presence of the enamine–enamine tautomeric form as
well as alkyl chains within the gossypol aza-derivative structures.
Alkyl chains of 2–5 probably enable the interaction with the cell
walls of Fusarium oxysporum, built of chitin and b-1,3-glucan,
responsible for the rigidity of the cell wall of the fungus.20


Further biological tests of the active compounds 2–5, performed
at even lower concentrations (0.5 lg/mL and 0.1 lg/mL), still
revealed significant activity of these derivatives.


Earlier studies have shown that gossypol aza-derivatives, in
contrast to 1, are able to form stable complexes with Na+ cations
and ClO4


� anion21 (Supplementary data—Scheme 2). The next step
of our investigations was to check if the addition of the salt at
lower concentrations (1 lg/mL, 0.5 lg/mL; 0.1 lg/mL) influences
the activity of the compounds being both the best ligands toward
NaClO4 (Supplementary data—Scheme 3a and b) and the most active
ones (2–5).


The results of biological tests of the equimolar mixtures 2–5 with
NaClO4 are shown in Table 1. Generally, these data demonstrate that
the addition of the salt improves the activity of all gossypol Schiff
bases 2–5 containing alkyl substituents (Supplementary data—
Scheme 1b), while the greatest improvement in the antifungal activ-
ity was noted for compounds 2 and 5. To explain the dependence of
the activity improvement of 2–5 after addition of NaClO4, respective
electrospray ionization mass spectra of 4:1:1:1:1 mixtures of Na-
ClO4 and 2–5 compounds in the negative (ESI�) and positive (ESI+)
ion detection modes were recorded (Supplementary data—Scheme
4a and b). The ESI+ and ESI�mass spectra reveal that the ClO4


� anion
is the best complexed by 2 while the Na+ cation is the best complexed
by compound 5 because the [2+ClO4]� and [5+Na]+ signals are of the
highest intensities. The signals of [3+ClO4]�, [3+Na]+, [4+ClO4]�,
[4+Na]+ ions in the mass spectra are of medium and low abundance
indicating moderate affinity of compounds 3 and 4 both toward the
Na+ cation and ClO4


� anion. Taking this result into account, we can
conclude that the greatest improvement in the antifungal activity
of compounds 2 and 5 after addition of the salt can be related to good
complexation abilities of these ions. As we have shown earlier, the
complexation process of ClO4


� anion and Na+ cation by the gossypol
aza-derivatives, which contain alkyl moieties, evoked the conforma-
tional change and in consequence the exposition of the hydrophobic
part of the molecules to the outer environment21, for example, to the
lipid bilayers of Fusarium oxysporum.


In the present work, we have synthesized fourteen gossypol
aza-derivatives (2–15) and their structures have been investigated
by spectroscopic methods. Among all compounds studied, only 2–5
which contain alkyl moieties and are present as the enamine–en-
amine tautomers have shown promising activity against plant
pathogen fungus—Fusarium oxysporum at various concentrations.
Furthermore, we have demonstrated that the addition of NaClO4


salt to the active compounds 2 and 5, showing the best complexa-
tion properties toward the anion or the cation, improves their anti-
fungal properties.
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17. Selected spectral data for (12): ESI-MS (m/z): 839 [M+H]+; 1H NMR (d ppm in
DMSO-d6): 7.97 (2H, s, OH-1), 7.64 (2H, s, H-4), 8.13 (2H, s, OH-6), 14.59 (2H, s,
OH-7), 10.04 (2H, s, H-11), 1.98 (6H, s, H-12), 3.75 (2H, sept, J = 7.5 Hz, H-13),
1.44 and 1.46 (12H, d, J = 7.5 Hz, H-14 and H-15), 6.56 (2H, s, H-17), 3.38 (4H, t,
J = 7.1 Hz, H-18), 3.69 (4H, t, J = 7.1 Hz, H-19), 3.49 (4H, t, J = 5.3 Hz, H-20),
�3.56 (4H, t, J = 5.3 Hz, H-21), 3.54 (4H, t, J = 4.9 Hz, H-22), 3.49 (4H, t,
J = 4.9 Hz, H-23), 3.22 (6H, s, H-24); 13C NMR (d ppm in DMSO-d6): 149.8 (C-1),
115.6 (C-2), 132.0 (C-3), 117.4 (C-4), 126.0 (C-5), 143.8 (C-6), 150.7 (C-7), 106.9
(C-8), 114.6 (C-9), 129.7 (C-10), 151.2 (C-11), 20.0 (C-12), 26.7 (C-13), 20.2 (C-
14 and C-15), 50.9 (C-18), 68.4 (C-19), 69.1 (C-20), 69.5 (C-21), 69.1 (C-22);
72.1 (C-23); 59.6 (C-24); 1H and 13C resonance assignments were confirmed by
the COSY, HSQC, HMBC and NOESY 2D correlations; FT-IR (KBr pellet):
1608 cm�1 m(C@N) + m(Carom@Carom); Elemental Anal. Calcd for C44H62N4O12:
C, 62.99; H, 7.45; N, 6.68. Found: C, 62.96; H, 7.41; N, 6.65. Other gossypol
hydrazones (10, 11, 13–15) were characterized by us in Refs. 8a,h.


18. Przybylski, P.; Kira, J.; Schroeder, G.; Brzezinski, B.; Bartl, F. J. Phys. Chem. A
2008, 112, 8061.

19. Stock cultures of Fusarium oxysporum f. sp. Lupini were grown on PDA medium
(pH 6.5) at 25 �C for 14 days. Appropriate solutions in DMSO of thiophanate-
methyl, 1, 2–15 as well as 2+NaClO4, 3+NaClO4, 4+NaClO4, 5+NaClO4 mixtures
were added to melted PDA, so that the final concentration were respectively
20, 1, 0.5, 0.1 lg/mL. Agar discs with actively growing mycelium were cut out
with sterile cork borer and placed at the center of Petri dishes. Four replicate
plates were inoculated for each concentration of 1, 2–15 (20 lg/mL and 1 lg/
mL). For comparison four replicate plates of thiophanate-methyl (20, 1, 0.5,
0.1 lg/mL), NaClO4/DMSO (1, 0.5, 0.1 lg/mL), DMSO and PDA medium
(Control) were also inoculated. The plates were incubated at 25 �C and after
appropriate time intervals (48 h) two diagonal measurements of radial growth
inhibition of fungi for four replicate plates (eight measurements) were made.
The data obtained are given in Table 1 while exemplary results of the
antifungal tests performed on the active aza-derivatives and their complexes
(after 192 h) are given in Scheme 1a and b (Supplementary data), respectively.
The most active gossypol aza-derivatives (2–5) were further tested at lower
concentrations (0.5 and 0.1 lg/mL) as well as after addition of NaClO4


(gossypol aza-derivative:NaClO4 equal 1:1 molar ratio) for
concentrations = 1, 0.5, 0.1 lg/mL. Four replicate plates were inoculated for
each sample concentration and subsequently radial growth inhibition of fungi
was measured two times. The data obtained were analyzed by a t-Student test
using Statistica 8.0 (1984–2008 StatSoft. Inc., Tulsa, OK, USA) at significance
level of a = 0.01.


20. Schoffelmeer, E. A. M.; Klis, F. M.; Sietsma, J. H.; Cornelissen, B. J. C. Fungal
Genet. Biol. 1999, 27, 275.


21. (a) Przybylski, P.; Pyta, K.; Ratajczak-Sitarz, M.; Katrusiak, A.; Brzezinski, B.
Struc. Chem. 2008, 19, 124; b Przybylski, P.; Pyta, K.; Brzezinski, B.; Bartl, F. J.
Mass Spectrom., in press. doi:10.1002/jms.1559.



http://dx.doi.org/10.1002/jms.1559



		Antifungal activity of alkyl and heterocyclic aza-derivatives of gossypol as  well as their complexes with NaClO4 against Fusarium oxysporum f. sp. lupini

		Acknowledgements

		Supplementary data

		References and notes








Bioorganic & Medicinal Chemistry Letters 19 (2009) 2001–2005

Contents lists available at ScienceDirect


Bioorganic & Medicinal Chemistry Letters


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

Virtual screening to identify lead inhibitors for bacterial NAD synthetase (NADs)


Whitney Beysselance Moro a,b, Zhengrong Yang a,b, Tasha A. Kane a, Christie G. Brouillette a,b,
Wayne J. Brouillette a,b,*


a Center for Biophysical Sciences and Engineering, University of Alabama at Birmingham, 1025 18th Street South, Birmingham, AL 35294, United States
b Department of Chemistry, University of Alabama at Birmingham, 901 14th Street South, Birmingham, AL 35294, United States


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

Article history:
Received 10 December 2008
Revised 5 February 2009
Accepted 9 February 2009
Available online 12 February 2009


Keywords:
NAD synthetase
Inhibitor
Antibacterial
Virtual screening
Anthrax

0960-894X/$ - see front matter � 2009 Elsevier Ltd. A
doi:10.1016/j.bmcl.2009.02.034


* Corresponding author. Tel.: +1 205 934 8288; fax
E-mail address: wbrou@uab.edu (W.J. Brouillette).

Virtual screening was employed to identify new drug-like inhibitors of NAD synthetase (NADs) as anti-
bacterial agents. Four databases of commercially available compounds were docked against three sub-
sites of the NADs active site using FlexX in conjunction with CScore. Over 200 commercial compounds
were purchased and evaluated in enzyme inhibition and antibacterial assays. 18 compounds inhibited
NADs at or below 100 lM (7.6% hit rate), and two were selected for future SAR studies.


� 2009 Elsevier Ltd. All rights reserved.

With the increasing threat of pathogens, such as Bacillus anthra-
cis, being used as bioweapons,1 and the rise in the incidence of
multi-drug resistant bacteria,2 the need for new antibiotics that
act at novel targets has never been greater. Previous studies within
this group3–5 have revealed that inhibition of one such target, the
amidotransferase enzyme nicotinamide adenine dinucleotide
(NAD) synthetase (NADs), could hinder both spore outgrowth
and vegetative growth, which would provide antibacterial action
at two different steps in the bacterial life cycle.6–10


The first class of NADs inhibitors designed by this group con-
sisted of tethered dimers that contain two hydrophobic groups
linked by a polymethylene tether, and a positively charged nitro-
gen on one end.3–5 These inhibitors were antibacterial, and there
was a correlation between the potencies of enzyme inhibition
and antibacterial effects. However, the permanent positive charge
and detergent-like properties of this class of compounds were
unattractive for further drug development.11,12 More drug-like lead
inhibitors were, therefore, sought.


Virtual screening of compound databases using the detailed
structure of the drug target can serve to greatly enhance success
in the lead discovery process.13–17 Here we use the in silico screen-
ing program FlexX 1.20.1 (BiosolveIT GmbH�) for the virtual
screening of commercially available compounds within the cata-
lytic site of NADs to identify new classes of lead inhibitors. In this
study, four commercial compound databases were filtered accord-

ll rights reserved.


: +1 205 934 2543.

ing to Lipinski’s rule of 5 using Tripos’ program Unity: Maybridge
(58,650 after filtering), ChemBridge (404,132), Tripos’ LeadQuest
(72,660), and ComGenex (82,737). Because these docking studies
predate our solution of the crystal structure of B. anthracis NADs
(PDB code 2PZB),18 the highest available resolution crystal struc-
ture of B. subtilis NADs,19 reported by our group, was utilized for
docking (PDB code 1KQP19). The crystal structures of B. anthracis
and B. subtilis NADs reveal that the binding sites are nearly identi-
cal, with all active site residues being conserved.18


NADs is a large homodimer of approximately 60 kDa that
contains two identical binding sites. The crystal structure of the
protein from B. subtilis reveals two identical long, linear binding
sites containing the adenylated reaction intermediates lying partly
within the dimer interface on the NaAD end, and in a buried cavity
within one monomer on the ATP end. Due to the enormity of the
NADs homodimer catalytic site, and considering our limited com-
putational resources at that time, three smaller binding subsites
were constructed to be used in the virtual screening study. To
accomplish this, a sphere with radius 25 Å around one of the bound
intermediates was extracted from the whole protein structure to
produce a partial protein structure which consisted of the three
shells of amino acid residues immediately surrounding the binding
cavity and which fully contained one complete binding site. All
crystallographic waters and metals were removed, hydrogens were
added, and the protonation states of active site residues were
adjusted to their dominant ionic forms assuming a local physiolog-
ical pH. The ‘‘active site,” as needed for use by FlexX, was further
defined by creating a smaller sphere of radius 17 Å which consisted
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Table 1
Commercial compounds identified by FlexX studies to be NAD synthetase inhibitors
at or below 300 lM, the subsites in which they were predicted to bind, and their
biological activities


ID MW NADs subsite IC50 (lM) MIC100 (lM)


5379 278.27 NaAD 51 120
5588 466.84 ATP 78.5 >215
5589 378.34 center 136.6 >264
5591 364.32 center 160 >274
5597 446.48 ATP 86.1 >224
5599 356.40 center 168.1 3.8
5604 450.54 ATP 141 >222
5605 368.37 ATP 145.9 >259
5606 422.37 center 141.1 >237
5609 490.61 ATP 70 >204
5615 449.40 ATP 55.4 >223
5616 404.21 center 207.5 >247
5617 438.29 center 77.5 15
5660 258.23 NaAD 22.5 >387
5679 303.71 NaAD 262 >329
5684 440.26 NaAD 99.5 >227
5691 430.25 NaAD 106 >232
5707 424.43 ATP 253 >240
5710 327.39 NaAD 128.5 >240
5724 443.44 NaAD 290.6 >240
5731 506.92 center 270.7 >240
5737 354.39 NaAD 235.3 >240
5749 527.76 NaAD 219.8 >240
5763 472.89 NaAD 232.1 >240
5764 505.96 NaAD 97.2 >240
5768 455.50 center 170.5 >240
5775 432.33 NaAD 290 >240
5785 426.39 center 108.6 >240
5792 346.35 NaAD 76 >240
5793 465.52 NaAD 78.8 >240
5798 472.68 NaAD 61.8 >240
5799 479.45 NaAD 174.8 >240
5802 411.42 NaAD 225.2 >240
5806 413.44 NaAD 67.8 >240
5807 401.40 NaAD 123.9 >240
5815 404.47 NaAD 185.6 >240
5818 494.51 NaAD 65.7 >240
5821 411.80 NaAD 103.6 >240
5822 424.46 NaAD 107.1 >240
5824 481.32 NaAD 10 1.9
5830 441.49 NaAD 198.2 >240
5831 451.89 NaAD 243.3 >240
5833 483.51 NaAD 78.3 15
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of the first two shells of amino acids surrounding the bound sub-
strate, resulting in a rather large active site: 31 Å in length, and a
width ranging from 7 Å on the NaAD end to 16 Å on the ATP end.


As explained earlier, the complete catalytic site was then di-
vided into three overlapping subsites: the NaAD binding subsite,
the ATP subsite, and a center subsite which bridges the two end
sites. The resulting NaAD binding subsite is the most confined
and is approximately 16 Å long and 7 Å wide, appearing as a ‘‘can-
yon” near the homodimer interface; the center subsite is shaped
like a tunnel, and is 14 Å long and 9 Å wide; the ATP subsite is bur-
ied within a single monomer and is the largest of the three at 21 Å
long and 16 Å in width. The bound ligand was excluded from all
docking runs.


Each of the four commercial databases was docked into each of
the three subsites employing FlexX 1.20.1, which has been shown
to be suitable for exploring many kinds of binding sites,14,20 and
routinely produces hit rates comparable to other highly regarded
programs.21–23 FlexX was accessed using the SYBYL 6.9 suite of
programs (Tripos, Inc.�), and default parameters were used for
each docking run. For our purposes, automatic base fragment
selection was employed. Within each of the three subsites, the core
subpocket was defined as all residues which interact directly with
the bound substrate. Formal charges were assigned, and 5 poses for
each ligand were saved. Docking began on a 64 bit dual processor
SGI Octane computer running Unix, and was completed in parallel
using a 64 bit PQS 4-processor Opteron Quantum Cube running Li-
nux. After all databases were screened against all sites and ranked
according to FlexX score, the best poses from each run were com-
bined and re-ranked using a consensus scoring24 program,
CScore.25 A total of 22,240 compounds were ranked with CScore,
and all compounds with a CScore of 5 were reviewed according
to several criteria: realistic orientation within the binding pocket,
a predicted binding conformation that is energetically reasonable,
structures that are chemically simple and can be easily modified
synthetically, and compounds representative of chemically diverse
structural classes that are considered medicinally interesting.
Additionally, selected compounds with both a CScore of 4 and a
good FlexX score were reviewed if they were structurally unique.
Representatives from the most interesting structural classes were
purchased and screened in our NADs enzyme inhibition and
B. anthracis antibacterial assays.


The high-throughput assay utilized by us for previous synthetic
NAD synthetase inhibitors11 monitored production of NAD via
enzymatic conversion to NADH, and the latter was detected by
both fluorescence and UV absorption. However, this assay was
unsuitable for many commercial compounds because they inter-
fered with the fluorescence and/or absorbance at the wavelengths
observed. Further, some compounds gave false positives due to
direct reaction with NADH. Therefore, an alternate HPLC assay
was designed and is presented here for the first time.


In this new assay the reaction product NAD was directly moni-
tored. Sample plates were prepared using a BioMek� FX liquid han-
dling system and the reaction volume was 200 lL. The reaction
mixture contained 60 mM HEPPS, pH 8.5, 0.5 mM NH4Cl, 20 mM
KCl, 10 mM MgCl2, 0.1 mM NaAD, 0.2 mM ATP, 6 lg/ml purified
B. anthracis NADS, 2.5% (v/v) DMSO, 0.3% BOG and inhibitors at
various concentrations. Compounds were assayed beginning at
600 lM and at doubling dilutions down to 0.6 lM. The reaction
was initiated by adding 0.2 mM ATP, and quenched after 10 min
by adding 50 lL of 6 M guanidine-HCl. The plates were sealed by
aluminum tape, and centrifuged at 2500 rpm for 10 min in order
to pellet any precipitation that may have been caused by the inhib-
itors. Plates were stored at 4 �C prior to the HPLC analysis.


The HPLC procedure utilized a Gilson� 215 liquid handler, two
Gilson� 306 pumps, and a Gilson� 170 diode array detector. A Phe-
nomenex� Luna 5 lm, C5, 100 Å, 100 � 4.60 mm column was used

for separations. The mobile phase was A: 20 mM NaH2PO4 pH 6.90
and B: acetonitrile. The gradient was 100% A from 0–3 min, to 5%
A/95% B from 3–4 min for each 20 lL injection. The flow rate was
1.0 mL/min and DAD detection was 190–400 nm. Peak height esti-
mation for NAD was based on baseline integration. The percentage
inhibition at each inhibitor concentration was calculated by the
difference in peak height of NAD compared to reactions without
inhibitor. The IC50 was determined from the plot of NAD peak
height vs. inhibitor concentration, and is defined as the concentra-
tion of inhibitor required to produce NAD peak height at 50% of the
uninhibited reaction. Peak areas were used to calculate the IC50 for
selected active compounds, and similar results were obtained. Each
compound was tested in duplicate, and the IC50 is reported as the
average IC50 obtained from duplicate runs. False positives due to
promiscuous inhibition were excluded by including detergents in
the inhibition assay.


All purchased commercial compounds were also screened
against Bacillus anthracis Sterne in an antibacterial assay as previ-
ously reported8,11 with the following modifications. B. anthracis
Sterne spores were subcultured from stock cultures into Luria-Ber-
tani (LB) broth and incubated for 2–3 h at 37 �C in ambient air until
the OD600 measurement reached 0.5 to 0.6, when the bacteria were
in mid-log phase. The cultures were diluted 1:1 into LB Broth with







Table 2
Examples of NADs inhibitors from the most common structural classes identified through in silico screening


Cmpd. ID Structure NADs IC50 (lM) B.a. MIC (lM)


Cipro — 0.5


5824 10 1.9


5599 168.1 3.8


5617 77.5 15


5833 78.3 15


5660 22.5 >387


5379 51 120


5615 55.4 >223


5798 61.8 >240


5818 65.7 >240


5609 70 >204
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an absorbance at 600 nm measuring 0.25–0.3, then were added to
plates containing 240 lM samples of the compounds to be tested.
Compounds were tested at a final DMSO concentration of 1%. The
plates were incubated at 37 �C, and absorbance at 600 nm was read
at 0 h and every hour for 5 h. Any compounds which inhibited
growth of the vegetative cell (as compared to the control contain-
ing only DMSO) were screened in a full MIC determination starting
at 240 lM and creating doubling dilutions down to 1.88 lM in
quadruplicate wells. A plot of cell density vs. time yields inhibition
of growth results, and the MIC is defined as the lowest concentra-
tion of compound required to completely inhibit growth (100%
inhibition). MIC100 is reported as the average of the four data points
acquired for each compound. Controls for each assay measured ste-
rility, B. anthracis Sterne viability, and included a commercial anti-
biotic positive control (ciprofloxacin hydrochloride from MP
Biomedicals).


Among the NADs subsites, the best FlexX scores were obtained
from docking in the larger ATP subsite, presumably due to the
many residues capable of charge-charge interactions. A total of
211 commercial compounds were purchased based on the CScore
rankings: 135 from the NaAD, 31 from the center and 45 from
the ATP subsites; 43 (20%) of those compounds were found to have
IC50’s less than or equal to 300 lM against NADs (Table 1). It should
be noted that ranking compounds solely by their FlexX scores pro-
duced fewer hits than when compounds were ranked using con-
sensus scoring. At 100 lM or below, 16 compounds (7.6% hit
rate) were active against NADs (a cutoff routinely used to define
virtual screening hit rates)15,17,26, while 4 were active at or below
50 lM. The hit rate at 100 lM is similar to those obtained by other
virtual screening studies against different enzymatic targets.17,26,27


Of these active compounds, 27 inhibitors resulted from their pre-
dicted binding in the NaAD subsite, while 9 and 7 were predicted
to bind in the center and ATP sites, respectively. The hit rates
(100 lM) based on the number of compounds purchased from
the NaAD, center, and ATP subsites were 8.1%, 6.5%, and 8.9%,
respectively. Only a few compounds scored well in more than
one subsite, and none of those screened were enzyme inhibitors.


The most significant result of this study was the identification
of drug-like compounds that have good activities against both
NADs and B. anthracis: 5617, 5824, and 5833. However, unlike
our earlier tethered dimer inhibitors, there is a poor correlation be-
tween enzyme inhibition and antibacterial effects. Several enzy-
matically inactive commercial compounds were found to behave
as antibacterial agents, while only 4 compounds that inhibited
NADs were also effective against the vegetative cell, with MIC’s
at or below 15 lM. As mentioned earlier, this is in contrast to
our results for earlier libraries of tethered dimer NADs inhibitors,
which exhibited a linear correlation between enzyme inhibition
and antibacterial activity.10 Possible explanations for active en-
zyme inhibitors that do not show a good MIC include: (1) low per-
meability into the bacterial cell; (2) loss via efflux pumps;28 (3)
metabolism by the bacterial cell into inactive forms. It can also
be inferred that those compounds which confer antibacterial activ-
ity against the vegetative cell but do not inhibit NADs must be act-
ing on a different target(s). Our preliminary studies support the
identity of a second target that explains the antibacterials with
no enzyme activity, and these results will be reported separately
upon completion.


Among the enzyme inhibitors identified, several different struc-
tural classes have emerged (Table 2), and those that also inhibit
bacterial growth are considered most interesting for further opti-
mization. 5379 is an acrylonitrile—potentially a good Michael
acceptor, and thus not an ideal drug candidate. Other structural
classes that produced NADs inhibitors include sulfonamides
(5599, 5617 and 5824), ureas (5609, 5617, and 5824), complex
amides (5615, 5798, 5818 and 5833), and Schiff bases (5660).

Except for 5833, all of the antibacterial inhibitors (5599, 5617
and 5824) contain a sulfonamide, a urea, or a combination of both.
While all four of these antibacterial inhibitors meet the require-
ments for moderate molecular weight in a drug-like structure, with
the possibility for further analog generation, we selected 5617 and
5824 as compounds that best meet these requirements. 5833 ap-
pears less suitable for facile synthetic modifications, and the
o-nitronaphthylamine moiety of 5599 contains two lower ranking
functionalities relative to drug potential (e.g., the nitro and naph-
thalene groups). Compounds 5617 and 5824 reveal some similari-
ties; both contain three aryl rings linked by a urea and a
sulfonamide, and both contain a 3,4-dichlorophenyl ring. This class
of urea-sulfonamides was chosen for future SAR analysis via paral-
lel library synthesis.


During submission of this report, a related online prepublica-
tion29 appeared describing modest inhibitors of NADs from myco-
bacteria—the only other reported inhibitors of NADs—although
these compounds did not block mycobacterial growth.


In conclusion, virtual screening has provided the first reported
drug-like small molecule inhibitors of NAD synthetase with anti-
bacterial activity.
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Efforts to identify treatments for chronic diabetic complications have resulted in the discovery of a novel
series of highly potent and selective [3-(4,5,7-trifluoro-benzothiazol-2-ylmethyl)-pyrrolo[2,3-b]pyridin-
1-yl]acetic acid aldose reductase inhibitors. The lead candidate, [6-methyl-3-(4,5,7-trifluoro-ben-
zothiazol-2-ylmethyl)-pyrrolo[2,3-b]pyridin-1-yl]acetic acid example 16, inhibits aldose reductase with
an IC50 of 8 nM, while being inactive against aldehyde reductase (IC50 > 100 lM), a related enzyme
involved in the detoxification of reactive aldehydes.


� 2009 Elsevier Ltd. All rights reserved.

Chronic diabetic complications which include blindness, renal
failure, neuropathy, limb amputation, myocardial infarction and
stroke arise from elevated levels of glucose in tissues such as the
nerve, kidney, retina and lens. Although glucose is preferentially
metabolized through the glycolytic pathway, during conditions of
hyperglycemia, as observed in diabetes mellitus, elevated blood
glucose levels saturate the normal pathways of glucose metabo-
lism and a dramatic increase in flux through the polyol pathway
results (Scheme 1).1 Glucose entering the polyol pathway is re-
duced to sorbitol by aldose reductase (ALR2) and NADPH. Sorbitol
is subsequently oxidized to fructose by sorbitol dehydrogenase and
NAD+. This increased flux through the polyol pathway results in a
reduced ratio of NADPH to NADP+, and an increased ratio of NADH
to NAD+. These changes, which alter the reduction potential of the
cell are collectively termed oxidative stress. The impact of oxida-
tive stress has been clearly demonstrated.2 It is linked to depleted
intracellular levels of reduced glutathione, increased non-enzy-
matic glycation and activation of protein kinase C.


Although many potent aldose reductase inhibitors (ARIs) have
been identified and developed, none are currently marketed for
worldwide use.3 Many of these candidates failed to gain acceptance
due to an inadequate therapeutic index.4 In some cases this toxicity
likely resulted from a lack of selectivity relative to aldehyde reduc-
tase (ALR1). The physiological importance of ALR1 has been clearly
demonstrated.5 It converts highly reactive 2-oxoaldehydes like

All rights reserved.
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3-deoxyglucosone and methyl glyoxal to their corresponding nonre-
active alcohols.6 These aldehydes, which are involved in the forma-
tion of various protein cross-links and other advanced glycation end
products (AGEs), are formed as degradation products from glucose
and fructose.7 During conditions of prolonged hyperglycemia, high
concentrations of these aldehydes are formed resulting in the devel-
opment of chronic diabetic complications and accelerated aging.8


As a member of the aldo-ketoreductase super family, ALR1 shares
greater than 85% sequence homology with ALR2. Specific amino acid
changes in the C-terminal loop, a section of the protein lining the
active site cleft known as the specificity pocket, are primarily
responsible for the various substrate and inhibitor specificities.9


Our work in this area has focused on identifying new carboxylic
acid-based templates with significantly improved oral efficacy and
selectivity relative to aldehyde reductase. Following the identifica-
tion and clinical development of lidorestat (1, Fig. 1),10 continued
optimization of this series has resulted in the discovery of a novel
series of [3-(4,5,7-trifluoro-benzothiazol-2-ylmethyl)-pyrrolo[2,3-
b]pyridin-1-yl]acetic acids.


The target compounds were synthesized using the method illus-
trated in Scheme 2. The synthesis of [6-ethyl-3-(4,5,7-trifluoro-ben-
zothiazol-2-ylmethyl)-pyrrolo[2,3-b]pyridin-1-yl]acetic acid (15) is
described as an example. Here, acylation of 2-amino-6-ethylpyri-
dine 2 with pivaloyl chloride gives the corresponding amide 3 in
54% yield after recrystallization. Subsequent treatment with 2 equiv
of tert-butyl lithium followed by alkylation with methyl iodide gives
3-methyl substituted pyridine 4. Retreatment with tert-butyl
lithium provides the bis-anion which, after quenching with dimeth-
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ylformamide and hydrolysis, gives the intermediate aldehyde.
Without purification, cyclization with 4 N hydrochloric acid gives
the desired 7-azaindole 5 in 58% yield (2 steps). Formation of
gramine intermediate 6 with aq dimethylamine and formaldehyde
in acetic acid followed by displacement with potassium cyanide in
acetic acid gives indole-3-acetonitrile derivative 7. Alkylation with
ethyl bromoacetate using sodium hydride in acetonitrile provides
the N-alkylated product (8) in 55% yield. In parallel, the 2-amino-
thiophenol hydrochloride salt 13 is prepared from 2,3,5,6-tetrafluo-
roaniline 9. Acylation with acetic anhydride in pyridine at 120 �C
followed by treatment with P4S10 in benzene conveniently gives
the intermediate thioamide 11. Subsequent cyclization using

Scheme 2. Reagents and conditions: (a) PivCl, Et3N, CH2Cl2, (54%); (b) (i) t-BuLi, (ii)
dimethylamine, 37 wt % formaldehyde, acetic acid, 100 �C (88%); (f) KCN, aq acetic acid
120 �C (82%); (i)P4S10, benzene (88%); (j) NaH, toluene (96%); (k) 30% aq NaOH, ethylene

sodium hydride provides 2-methylbenzthiazole 12. Hydrolysis of
the heterocyclic ring with aqueous sodium hydroxide followed by
acidification with 2 N HCl gives the desired 2-aminothiophenol as
the hydrochloride salt (13). Condensation with 7-azaindole 3-aceto-
nitrile 8 as a melt provides benzothiazole 14 in 86% yield. Finally,
hydrolysis with aq NaOH in ethanol provides the target compound
15 in 5% overall yield (9 linear steps).


With lidorestat proceeding to a phase II clinical trial, the major
objective of this program has been to identify a highly potent and
efficacious back-up candidate with increased selectivity. All com-
pounds in the program were initially tested for potency against hu-
man aldose reductase (hALR2) and selectivity relative to human
aldehyde reductase (hALR1). The results from these experiments
are listed in Table 1.


Based on our experience with lidorestat and related carboxylic
acid based aldose reductase inhibitors9, the previously optimized
4,5,7-trifluorobenzthiazole side-chain which interacts directly
with the specificity pocket11 was kept constant while variations
in the indole core were explored.


As illustrated in Table 1, the 7-aza-analogs are very potent and
selective relative to ALR1. Example (17), along with the 60-methyl
(16) and 60-ethyl (15) substituted compounds have IC50’s of 7, 8
and 12 nM respectively. Activity for ALR1 is minimal with all com-
pounds having IC50’s > 100 lM.

MeI (69%); (c) (i) t-BuLi, THF; (ii) DMF; (d) 6 N HCl (58% c and d); (e) 40 wt %
, 110 �C (93%); (g) ethyl bromoacetate, NaH, acetonitrile (55%); (h) Ac2O, pyridine,


glycol, 125 �C (73%); (l) melt, cat. BHT, 120 �C (86%); (m) aq NaOH, ethanol (56%).







Table 1
In vitro activity of 7-azaindoleacetic acid ARIs


X NR O


OH


S


N


F
F


F


Ex. R X hALR2a (nM) HALR1b (nM)


1 H CH 5 27,000
17 H N 7 >100,000c


16 CH3 N 8 >100,000
15 CH2CH3 N 12 >100,000


a Recombinant human aldose reductase.
b Recombinant human aldehyde reductase.
c %Inhibition < 50% @ 100,000 lM.


Figure 2.


Figure 3.
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The use of X-ray crystallography early in the program was
essential. The structures provided a clear understanding of the
important interactions that make up the enzyme-inhibitor com-
plexes. The complexes were obtained using human ALR2 expressed
in Escherichia Coli and crystallized with the oxidized form of the
coenzyme b-NADPH+ at pH 5 and 277 K. Diffraction data for exam-
ple 17 was collected with a laboratory source at a resolution of
1.8 Å. As illustrated in Figure 2, the inhibitor is oriented in the ac-
tive site of ALR2 in a manner such that the hydrophilic carboxylate
head forms tight hydrogen bonds with the OH of Tyr 48 (2.74 Å),
the NE2 of His 110 (2.74 Å) and the NE1 of Trp 111 (2.96 Å). These
hydrogen bonds anchor the inhibitor in an anionic well deep with-
in the enzyme active site. Interactions between the aromatic
hydrophobic side chain of the inhibitor and apolar and aromatic
residues lining the active sites further stabilize the inhibitors.


As this class of inhibitors bind to the ALR2 active site, a confor-
mational change occurs opening a pocket between Trp 111 and Leu
300. The specific opening of the pocket varies to accommodate the
particular inhibitor, producing an ‘induced fit’. Since the residues
lining this pocket are not conserved in ALR1, the interactions in
this pocket are specific for ALR2. This is exemplified in Figure 3,
where the structure of the complex ALR2—example 17 has been
superposed with the structure of ALR1 (magenta). Using this
superposed structure, it is clear that the inhibitor has strong steric
clashes with the ALR1 residues Pro 301 (1.35 Å) and Tyr 116
(1.10 Å). These clashes can explain the strong selectivity of this
class of inhibitors for ALR2 versus ALR1. The structure of example
17 has been deposited in the Protein Data Bank. The PDB code is
3G5E.

Although it is not clear what selectivity profile is necessary to
avoid potential aldehyde reductase related toxicity, combining
the 4,5,7-trifluorobenzothiazole with novel heterocycle cores such
as the 7-azaindole, can result is new ARIs with exceptional potency
and selectivity.
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The synthesis and SAR of a new series of LXR agonist is reported. The N-Aryl-3,3,3-trifluoro-2-hydroxy-2-
methyl-propionamide hits were found in a limited screen of the AstraZeneca compound collection. The
effort to optimize these hits into LXRb selectivity is described. Compound 20 displayed desirable pharma-
cokinetic profile and up regulation of ABCA1 and ABCG1 mRNA in the brain were achieved when evalu-
ated in vivo in mice.


� 2009 Elsevier Ltd. All rights reserved.

The liver X receptors, LXRa and LXRb are members of the nucle-
ar hormone receptor super family and are involved in the regula-
tion of cholesterol and lipid metabolism.1 Disordered cholesterol
balance in the brain is a hallmark of several neurological disorders
including Alzheimer’s disease.


The LXRs induce the expression of several genes involved in re-
verse cholesterol transport and lipid metabolism including ATP
binding cassette transporter ABCA1, ABCG1 and apolipoprotein E
(ApoE).2 The potential to prevent or reverse the atherosclerotic
process by increasing the expression of these genes makes LXR
an attractive target for treatment of atherosclerosis, dyslipidemia
as well as for Alzheimer’s disease.2,3


LXRa is expressed at high level in liver, adipose tissue and mac-
rophages, whereas LXRb is expressed ubiquitously and in the brain.
Several LXR agonists have been reported the natural ligand 24(S)-
25-epoxycholesterol 1 (Fig. 1) and synthetic agonists such as
T0901317 2 and GW3965 3.4 These ligands increase the expression
of ABCA1, ABCG1 and ApoE, but they also induce triglyceride syn-
thesis in the liver via up regulation of sterol regulatory element
binding protein 1c (SREBP-1c) and fatty acid synthase (FAS).5 The
liver contains predominantly LXRa and it is considered that LXRb
or tissue selective agonists would have less impact on TG synthe-

ll rights reserved.


m (B.-M. Swahn).

sis. Even though several synthetic LXR agonists have been re-
ported1 only two publications of LXRb selective compounds have
been disclosed.6


A FRET-based co-activator (SRC-1) recruitment assay measur-
ing agonist activity7 was used in a limited screen of the AstraZen-
eca compound collection. N-Aryl-3,3,3-trifluoro-2-hydroxy-2-
methylpropionamides, a series of compounds 4, 5 and 6 (Fig. 2)
previously investigated at AstraZeneca for inhibition of pyruvate
dehydrogenase kinase8 and as KATP channel openers, were found
to be active as LXRb agonists. These known secondary interac-
tions can be diminished since the LXRb activity was preferably
retained in the S-enantiomers, which have poor PDHK9 activity,
and in the 2-chloroaryl amides, which are devoid of affinity for
KATP channels.10


Compounds 4, 5 and 6 were also profiled for LXRa agonist activ-
ity in the FRET-based co-activator recruitment assay,7 where a
minor beta selectivity could be seen, as shown in Table 1. These
compounds also displayed selectivity in the cell-based reporter
gene assay, GAL-hLXRb/hLXRa LBD construct in SHSY5Y cells,11


shown in Table 1. More interestingly compound 5 was inactive in
the reporter gene assay in U2OS cells indicating that different
activity can be achieved in different cell types thus enabling the
possibility to find tissue selective agonists.


The ligand binding domains of LXRb/a share a high sequence
identity (78%) and residue differences are located far away from
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Figure 2. Hits from limited screen of AstraZeneca compound collection.


Table 1
FRET and reporter EC50 (lM)a for compounds 2–6


Compound FRET LXRb LXRa Reporter LXRb LXRa


1 0.286 0.280 0.470 n.d.
2 0.008 0.010 0.075 0.085
3 0.078 0.280 0.130 0.310
4 1.90 3.30 0.959 5.00
5 0.626 n.d. 0.813 1.82
6 1.50 1.97 1.59 5.00


a Values are means of n P 2 determinations, standard deviation 6 ±10%.


2010 B.-M. Swahn et al. / Bioorg. Med. Chem. Lett. 19 (2009) 2009–2012

the ligand binding pocket.12 Even though all residues in close con-
tact with known ligands (i.e., 5 Å) are identical secondary interac-
tions and induced fit binding can constitute an opportunity for
increased selectivity. It has been shown in X-ray crystal structures
of compound 1, 2 and 3 that the ligand binding domain of LXRb is
highly flexible and the side chains of compound 2 and 3 are bind-
ing into different pockets not utilized by the natural ligand 1.13


Compound 5 was docked14 into the active site of the ligand-bind-
ing domain of LXRb as shown in Figure 3. Comparison with
T0901317 2 reveals that the trifluoro-2-hydroxy-2-methyl-propi-
onamide motif can bind in a similar fashion as for the di-trifluoro-
methyl-hydroxy group in compound 2. We decided to explore if
the LXRb activity and selectivity of compound 5 could be increased
by the introduction of larger substituents on the sulfonamide
nitrogen. We anticipated that these substituents could bind into

either the C2 cavity occupied by the trifluoroethyl group of com-
pound 2 or the C4 cavity occupied by the di-phenyl group of 3 as
described by Färnegårdh et al.13


The new analogues were synthesized as described in Scheme 1.
Commercially available acid 8 was treated with thionylchloride
and the resulting acid chloride was added to the amine 7 to yield
amide 9.8,9 The nitro group of 9 was reduced to the amine 10
and subsequently reacted with sulfonyl chloride 11 to give sulfon-
amide 12. Sulfonamide 12 was alkylated with alkyl halides to yield
15–17.


Derivative 14 was synthesized via reductive amination of 10
with acetaldehyde to yield the ethylaniline 13, which was subse-
quently reacted with sulfonyl chloride 11 to yield 14.


As can be seen in Table 2 larger substituents such as benzyl in
15 increased LXRb selectivity as measured in the FRET assay.
Unfortunately this was not picked up in the reporter gene assay
where the compound was inactive. Only the ethyl derivative 14
displayed activity in the SHSY5Y cell assay.


The importance of the trifluoromethyl-methyl-hydroxy group
was also investigated. When this moiety was changed into a di-
methyl-hydroxy or a di-trifluoromethyl-hydroxy group the agonist
activity was lost. Thus it can be concluded that the pKa of the 3,3,3-
trifluoro-2-hydroxy-2-methyl-propionamide group is crucial for
agonist activity.


Different substituents on the aryl-sulfonamide part of the mol-
ecule were also explored. It was anticipated that by expanding the
compounds with para substituents it could be possible to extend
the compounds into the direction of Arg319, a region of the LXRb







Figure 3. An overlay of compounds 2 and 5 docked into the active site of ligand-
binding domain of LXRb based on X-ray co crystal structure of T0901317.15


Table 2
FRET and reporter EC50 (lM)a for compounds 14–17


Compound FRET LXRb LXRa Reporter LXRb LXRa


14 0.79 1.00 7.5 8.5
15 0.88 >100 >30 >30
16 0.94 1.08 >30 >30
17 0.58 0.47 >30 >30


a Values are means of n P 2 determinations, standard deviation 6 ±10%.
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ligand binding domain reached by compound 3 (not shown in
Fig. 3).13 These compounds were synthesized as described in
Scheme 2. The aniline 10 was reacted with sulfonyl chlorides 18
to yield 19. Alkylation with methyl iodide produced derivative
20. The methyl esters 21 and 23 were hydrolyzed to the corre-
sponding acids 22 and 24 with LiOH.


The compounds were evaluated for LXRb agonist activity, Table
3, and the most potent compounds were the shorter derivatives 20
and 21. The acids 22 and 24 were inactive and this probably
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Scheme 1. Reagents and conditions: (a) SOCl2, toluene, reflux 16 h; (b) 5% Pt/C, TEA, 50 �C
for 15.

reflects the fact that the bioactive conformation of sulfonamide 5
is the one predicted in Figure 3. The carboxylic acid group in com-
pound 24 can thus not reach and bind to Arg319. In this small set of
compounds the potency was not increased compared to 5 but the
selectivity for LXRb in the reporter gene assay in SHSY5Y cells was
still �2 for compound 20. Interestingly compound 20 was also
inactive for both LXRa and b in the reporter gene assay conducted
in U2OS cells.


Compound 20 displayed a reasonable solubility of 61 lM16 and
good permeability in both Caco-2, 28 � 10�6 cm/s, and a blood-
brain barrier model, 33 � 10�3 cm/min. Therefore it was further
evaluated in vivo in rat. The clearance was 24.6 mL/min/kg, volume
of distribution 4.1 L/kg, half-life 4.4 h (po), and the bioavailability
39%.


Since the compound 20 had a moderate effect in SHSY5Y cells,
representative for neurons in the brain, but not in U20S cells we
decided to evaluate if it was possible to get up regulation of ABCA1
and ABCG1 mRNA levels in the brain with this compound without
increasing TG synthesis measured as up regulation of SREBP-1c
mRNA in the liver. The compound was dosed once daily with
30 lmol/kg po to mice and after 3 days the up regulation of mRNA
levels of ABCA1 and ABCG1 in brain homogenate was determined
to 1.25- and 1.30-fold, respectively.17 For compound 2 (10 lmol/
kg po) the corresponding values for ABCA1 and ABCG1 mRNA up
regulation were 1.5 and 1.0, respectively. The up regulation of
SREBP-1c mRNA in the liver for compound 20 (30 lmol/kg po)
was only 1.3 compared to 3.6 for the low dose of compound 2
(1.0 lmol/kg po).
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Scheme 2. Reagents and conditions: (a) pyridine/CH2Cl2, rt, 45% for 20; (b) MeI,
K2CO3, acetone, rt, 82% for 20; (c) LiOH, H20/THF.


Table 3
FRET and reporter EC50 (lM)a for compounds 20–24


Compound FRET LXRb LXRa Reporter LXRb LXRa


20 2.60 3.40 2.70 5.00
21 2.32 3.10 3.81 3.61
22 >100 >100 >30 >30
23 3.50 5.00 >30 >30
24 >100 >100 >30 >30


a Values are means of n P 2 determinations, standard deviation 6 ±10%.
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In summary we found some compounds with selectivity for
LXRb, but more interestingly we discovered a variation of activity
in different cell lines, reflecting that secondary effects such as
co-activator recruitment might vary between cell-lines. An
attempt to optimize the activity of compound 5 was described
and one compound with good DMPK profile was evaluated for
ABCA1 and ABCG1 mRNA up regulation in vivo.
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A new series of triazole compounds possessing an amide-part were efficiently synthesized and their
in vitro antifungal activities were investigated. The amide analogs showed excellent in vitro activity
against Candida, Cryptococcus and Aspergillus species. The MICs of compound 23d against C. albicans
ATCC24433, C. neoformans TIMM1855 and A. fumigatus ATCC26430 were 60.008, 0.031 and 0.031 lg/
mL, respectively, (MICs of fluconazole: 0.5, >4 and >4 lg/mL; MICs of itraconazole: 0.125, 0.25,
0.25 lg/mL). Furthermore, compound 23d was stable under acidic conditions.


� 2009 Elsevier Ltd. All rights reserved.

The growing population of immunocompromised patients due
to transplantation, AIDS and cancer chemotherapy, has resulted
in an increase in severe fungal infections.1 In many cases, it is
not the AIDS or cancer itself but the mycoses that are lethal to
these patients. Triazole compounds are an important class of anti-
fungal agents because of their generally broad antifungal spec-
trum, high potency and low toxicity.2 Triazole derivatives
displace lanosterol from lanosterol 14-demethylase, a cytochrome
P450-dependent enzyme, and block the biosynthesis of an essen-
tial component of the fungal cell membrane, ergosterol.3 Previ-
ously, we synthesized a series of dioxane–triazole compounds
possessing an olefin part, as depicted by general formula A
(Fig. 1).4 We varied the length of the side chains (n = 0, 1, 2) and
the substituents on aromatic ring Ar. From these compounds, CS-
758 was chosen as a candidate compound on the basis of minimum
inhibitory concentrations (MICs), solubility and chemical/meta-
bolic stability. CS-758 is currently under development as an anti-
fungal agent against systemic mycosis.


In parallel to the development study of CS-758, we continued to
explore additional compounds with excellent antifungal activity
and good pharmacokinetics. Although there is a fear of acid insta-
bility in the 1,3-dioxane ring in structure A, the ring is crucial to
the antifungal activity, and the extent of the acid stability varied
enormously between compounds.5 We assumed that the acid-sta-
bility of CS-758 could be ascribed to its electron-withdrawing CN
and F groups on the ring Ar, and designed a novel series of com-
pounds as depicted by general structure B, wherein electron-with-

ll rights reserved.


: +81 3 5496 8344.

drawing groups X such as an amide group or a sulfonyl group are
situated in closer proximity to the 1,3-dioxane ring. In this Letter,
we describe the synthesis and the in vitro antifungal activities of
such a novel series of triazole derivatives.


First, we synthesized compounds 1a–d, which have various
electron-withdrawing groups X, and compared their MICs (Fig.
2). The Ar group was fixed to the 4-fluorophenyl group. Synthesis
of 1a was conducted as shown in Scheme 1. Alcohol 4, which
was synthesized from ethyl bromocrotonate 2 in two steps, was
oxidized with MnO2 to give corresponding aldehyde 5. The alde-
hyde 5 was coupled with triol 64a in the presence of p-toluenesul-

Figure 1. Structural formulas of dioxane–triazole derivatives.
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Figure 2. Structural formulas of 1a�d.


Scheme 4. Synthesis of 1d. Reagents and conditions: (a) (COCl)2, cat. N,N-
dimethylformamide, THF, rt, 100%; (b) 1.6 equiv Et3N, 1.5 equiv 18, THF, rt, 78%;
(c) 0.9 equiv 6, 3.2 equiv p-toluenesulfonic acid hydrate, THF, rt, evaporation, 49%.
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fonic acid hydrate and molecular sieves 4 Å to give 1a. The trans
dioxane isomer 1a was predominantly produced over its cis iso-
mer, and was easily separated by silica gel column
chromatography.6


Synthesis of 1b was conducted as shown in Scheme 2. Sodium
4-fluorophenylsulfinate obtained from 7 was allowed to react with
epichlorohydrin to afford alcohol 9.7 9 was oxidized to give corre-
sponding aldehyde 10. Though 10 did not react with triol 6 in the
presence of p-toluenesulfonic acid hydrate and molecular sieves
4 Å in dichloromethane, compound 1b was afforded by acetaliza-
tion using trimethylsilyl chloride and a catalytic amount of tri-
methylsilyl trifluoromethanesulfonate.


Synthesis of 1c was conducted as shown in Scheme 3. Com-
pound 13, obtained in two steps from 11, was treated with n-BuLi
and 4-fluorobenzoyl chloride to afford 14. The tosyl group and the
dimethylacetal group in 14 were removed in a single step by treat-
ment with hydrochloric acid at 60 �C to give aldehyde 16. The alde-
hyde 16 was acetalyzed with triol 6 by treatment with
p-toluenesulfonic acid hydrate and molecular sieves 4 Å.


Synthesis of 1d was conducted as shown in Scheme 4. The
amine 19 was coupled with acid chloride 18 to give amide 20.
Compound 20 was acetalyzed with triol 6 to give compound 1d.
The acetalization reaction was driven in the presence of p-toluene-
sulfonic acid in tetrahydrofuran using a rotary evaporator to re-

Scheme 1. Synthesis of 1a. Reagents and conditions: (a) 2 N KOH, H2O, reflux, 76%; (b) 1-
THF, 0 �C to rt, 47%; (c) MnO2, CH2Cl2, 70%; (d) 6, p-toluenesulfonic acid hydrate, molec


Scheme 2. Synthsis of 1b. Reagents and conditions: (a) Na2SO3, NaOH, H2O, 0–40 �C, 58%;
40%; (e) 6, i-Pr2NEt, Me3SiCl, cat. Me3SiOTf, CH2Cl2, i-PrOH, 15%.


Scheme 3. Synthesis of 1c. Reagents and conditions: (a) 0.8 equiv acrolein, AcOH, rt; (b)
2.0 equiv n-BuLi, 1 equiv 4-F-BzCl, THF, �78 �C to rt, 65%; (d) 2 N HCl, THF, 60 �C, 72%;

move the water. The trans dioxane isomer 1d was predominantly
produced over its cis isomer.


The MICs of compounds 1a–d were determined8 against Can-
dida, Cryptococcus and Aspergillus species and compared with those
of our former compound 1e (Table 1). The MICs of compounds 1a–c
were higher than those of 1e. This difference was most clear in the
activity against Aspergillus flavus SANK18497. Compound 1d,
which has an aryl-amide group, showed good MICs, which are al-
most comparable to those of 1e. In particular, the MICs against
Candida albicans TIMM3164 (fluconazole resistant strain) and C.
tropicalis ATCC750 were remarkable. Against C. glabrata, the MIC
of 1d was slightly inferior to that of 1e.


We then fixed X to the aryl-amide group, and the substituents
on the terminal benzene ring Ar were examined. These compounds
(23a–k) were synthesized in a manner similar to that shown in
Scheme 4 or according to the route shown in Scheme 5, wherein
common intermediate 22 was prepared by an acetalization reac-
tion of 21 with triol 6. The intermediate 22 was condensed with
the appropriate amine using trimethyaluminum to afford desired

ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochloride, Et3N, 4-fluoroaniline,
ular sieves 4 Å, CH2Cl2, 39%.


(b) NaOH, H2O, DMF, rt; (c) epichlorohydrin, reflux, 60% (2 steps); (d) MnO2, CH2Cl2,


2.0 equiv CH(OMe)3, cat. p-toluenesulfonic acid hydrate, MeOH rt, 42% (2 steps); (c)
(e) 6, p-toluenesulfonic acid hydrate, molecular sieves 4 Å, CH2Cl2, 35%.







Table 2
MICs of 1d, and 23a–k


Strainb MIC (lg/mL)a


Cmpd. 1d 23a 23b 23c 23d 23e 23f 23g 23h 23i 23j 23k
Z 4-F 4-Cl 4-Br 4-Me 4-CN 4-Ac 4-OH 4-OCH2CF2CHF2 4-SCF3 3,4-(CN)2 3-Cl-4-CN 2-F-4-CN


C. albicans SANK51486 60.008 60.008 60.008 60.008 60.008 60.008 0.016 0.016 60.008 60.008 60.008 60.008
C. albicans TIMM3164 0.016 60.008 0.016 0.016 60.008 0.031 0.063 0.031 0.031 0.016 0.016 0.016
C. glabrata ATCC90030 2 >4 >4 2 2 >4 >4 >4 1 >4 1 >4
C. tropicalis ATCC750 0.016 0.016 60.008 60.008 0.016 0.125 0.25 0.125 0.031 0.031 0.063 0.031
C. neoformans TIMM1855 0.031 0.016 0.016 0.031 0.031 0.125 0.25 0.063 0.016 0.063 0.031 0.063
A. fumigatus SANK10569 0.125 0.063 0.063 0.063 0.031 0.063 0.5 0.125 0.25 0.25 0.125 0.031
A. flavus SANK18497 0.25 0.125 0.125 0.25 0.125 0.25 1 0.5 0.5 0.5 0.25 0.125


a MICs were determined at 35 �C (30 �C for Aspergillus spp.) in RPMI1640 medium (yeast nitrogen base for C. neoformans) at pH 7.0. MICs were defined as the minimum
concentration of the test compounds that inhibit the growth of the fungi by 80%.


b C. albicans, Candida albicans; C. glabrata, Candida glabrata; C. tropicalis, Candida tropicalis; C. neoformans, Cryptococcus neoformans; A. fumigatus, Aspergillus fumigatus; A.
flavus, Aspergillus flavus.


Table 1
MICs of 1a–d


Strainb MICa (lg/mL)


Cmpd. 1a 1bc 1cc 1d 1e


X


C. albicans SANK51486 60.008 60.008 60.008 60.008 60.008
C. albicans TIMM3164 0.125 0.125 0.125 0.016 0.063
C. glabrata ATCC90030 4 2 1 2 1
C. tropicalis ATCC750 0.125 0.5 0.5 0.016 0.25
C. neoformans TIMM1855 0.125 0.125 0.125 0.031 0.016
A. fumigatus SANK10569 0.5 4 1 0.125 0.063
A. flavus SANK18497 4 >4 >4 0.25 0.25


a MICs were determined at 35 �C (30 �C for Aspergillus spp.) in RPMI1640 medium (yeast nitrogen base for C. neoformans) at pH 7.0. MICs were defined as the minimum
concentration of the test compounds that inhibit the growth of the fungi by 80%.


b C. albicans, Candida albicans; C. glabrata, Candida glabrata; C. tropicalis, Candida tropicalis; C. neoformans, Cryptococcus neoformans; A. fumigatus, Aspergillus fumigatus; A.
flavus, Aspergillus flavus.


c For 1b and 1c, their maleic acid salts were subjected to the test.


Scheme 5. Synthesis of 23. Reagents and conditions: (a) 0.9 equiv 6, 1.6 equiv p-toluenesulfonic acid hydrate, THF, rt, evaporation, 67%; (b) 4 equiv trimethylaluminum,
4 equiv R1R2NH, toluene, 71–96%.
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amide 23 in good yield (71–96%). The MICs of these compounds are
listed in Tables 2 and 3.


Compounds with a halogen atom at the C4 position on the ben-
zene ring (1d, 23a, 23b) showed good MICs. Compound 23d,9 in
which a cyano group was introduced to the C4 position on the ben-
zene ring, showed the best MICs of all the compounds, particularly
against C. albicans TIMM3164 (fluconazole resistant strain), A. fumig-
atus SANK10569, and A. flavus SANK18497. The introduction of a po-
lar subsistent, such as an acetyl group (23e) or a hydroxy group (23f),
reduced in vitro activity. Compounds 23g, 23h, which have fluorine
atoms, showed slightly higher MICs than 23d. Because CS-758 has a
fluorine atom at the C2 position and a cyano group at the C4 position

Table 3
MICs of 23l–p


Strainb


Cmpd. 23l


NR1R2


C. albicans SANK51486 60.008
C. albicans TIMM3164 0.031
C. glabrata ATCC90030 >4
C. tropicalis ATCC750 0.125
C. neoformans TIMM1855 0.125
A. fumigatus SANK10569 0.25
A. flavus SANK18497 0.25


a MICs were determined at 35 �C (30 �C for Aspergillus spp.) in RPMI1640 medium (ye
concentration of the test compounds that inhibit the growth of the fungi by 80%.


b C. albicans, Candida albicans; C. glabrata, Candida glabrata; C. tropicalis, Candida tropi
flavus, Aspergillus flavus.


Table 4
MICs of 23d and 24a–c


Strainb


Cmpd. 23d


A


C. albicans SANK51486 60.008
C. albicans TIMM3164 60.008
C. glabrata ATCC90030 2
C. tropicalis ATCC750 0.016
C. neoformans TIMM1855 0.031
A. fumigatus SANK10569 0.031
A. flavus SANK18497 0.125


a MICs were determined at 35 �C (30 �C for Aspergillus spp.) in RPMI1640 medium (ye
concentration of the test compounds that inhibit the growth of the fungi by 80%.


b C. albicans, Candida albicans; C. glabrata, Candida glabrata; C. tropicalis, Candida tropi
flavus, Aspergillus flavus.

on the benzene ring, a fluorine atom was introduced to the C2 posi-
tion on the benzene ring to give 23k. But the MICs of compound 23k
were higher than the MICs of 23d.


Compounds with a terminal heterocycle ring instead of a ben-
zene ring, such as pyridine, thiazole, morpholine, piperazine,
showed lower in vitro activities (Table 3). The decrease of
in vitro activity was particularly obvious in compounds with a
non-aromatic ring (23n, 23o, 23p).


We then fixed the terminal ring Ar to the 4-cyano-phenyl group,
and compared the MICs of the derivatives 23d and 24a–c (Table 4)
with various arylene spacers A. These compounds were synthe-
sized in a manner similar to that shown in Scheme 5. The anti-

MIC (lg/mL)a


23m 23n 23o 23p


60.008 0.063 0.016 0.016
0.031 0.25 0.125 0.125
2 >4 4 2
0.125 1 0.5 0.5
0.125 0.125 0.031 0.016
0.063 4 0.5 1
0.5 >4 4 2


ast nitrogen base for C. neoformans) at pH 7.0. MICs were defined as the minimum


calis; C. neoformans, Cryptococcus neoformans; A. fumigatus, Aspergillus fumigatus; A.


MIC (lg/mL)a


24a 24b 24c


60.008 60.008 60.008
0.25 0.031 0.031
2 2 >4
1 60.008 0.016
1 0.031 0.063
2 0.063 0.063


>4 0.25 0.25


ast nitrogen base for C. neoformans) at pH 7.0. MICs were defined as the minimum


calis; C. neoformans, Cryptococcus neoformans; A. fumigatus, Aspergillus fumigatus; A.







Table 5
MICs of 23d, fluconazole and itraconazole


Strainb MIC (lg/mL)a


Cmpd. 23d CS-758 Fluconazole Itrazonazole


C. albicans ATCC24433 60.008 0.016 0.5 0.125
C. albicans SANK51486 60.008 60.008 0.25 0.031
C. albicans TIMM3164 60.008 0.063 >4 0.25
C. albicans ATCC64550 0.25 0.5 >4 1
C. parapsilosis ATCC90018 60.008 0.016 0.5 0.125
C. glabrata ATCC90030 2 1 >4 1
C. krusei ATCC6258 0.063 0.25 >4 0.5
C. tropicalis ATCC750 0.016 0.25 2 0.5
C. neoformans TIMM1855 0.031 0.016 >4 0.25
A. fumigatus ATCC26430 0.031 0.063 >4 0.25
A. fumigatus SANK10569 0.031 0.063 >4 0.25
A. flavus SANK18497 0.125 0.25 >4 0.5


a MICs were determined at 35 �C (30 �C for Aspergillus spp.) in RPMI1640 medium (yeast nitrogen base for C. neoformans) at pH 7.0. MICs were defined as the minimum
concentration of the test compounds that inhibit the growth of the fungi by 80%.


b C. albicans, Candida albicans; C. parapsilosis, Candida parapsilosis; C. glabrata, Candida glabrata; C. krusei, Candida krusei; C. tropicalis, Candida tropicalis; C. neoformans,
Cryptococcus neoformans; A. fumigatus, Aspergillus fumigatus; A. flavus, Aspergillus flavus.
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fungal activity of compound 24a, which has a meta phenylene
group, was drastically weakened, whereas the MICs of compound
24b, in which a fluorine atom was introduced to the inner benzene
ring were almost comparable to or slightly higher than those of
23d.


Finally, the MICs of 23d were determined against 12 fungal
strains and compared with those of CS-758, fluconazole, and
itrazonazole (Table 5). The MICs of 23d surpassed those of fluco-
nazole, and itrazonazole, and were almost comparable to those of
CS-758.


In a stability test under acidic conditions, the half-life (t1/2) of
23d in HCl (0.007 mol/L) solution in CH3CN–H2O (3:7, v/v at
37 �C) was over 160 min, whereas that of CS-758 was 6.40 min.
Thus, compound 23d showed dramatic improvement in its acid-
stability compared with CS-758.10


In conclusion, efficient routes were found for the synthesis of
our novel aryl-amide analogs of antifungal dioxane–triazole deriv-
atives. Compound 23d, which has a cyano group at the C4 position
on the benzene ring, exhibited higher in vitro activities than fluco-
nazole or itraconazole. Furthermore, compound 23d has a much
longer half-life under acidic conditions than CS-758. Further eval-
uations of this class of compounds are currently proceeding.
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5. Though itraconazole has a ketal moiety, it is stable under acidic conditions and
used for oral administration.


6. The stereochemistry of the 1,3-dioxane ring was elucidated by the coupling
constants in the 1H NMR spectra. The trans isomers showed characteristic
signals of the axial methylene protons on the C4 and C6 positions in the 1,3-
dioxane ring with large coupling constants (triplet, J = ca. 11 Hz). In contrast,
the corresponding signals of cis isomers appeared as multiplets.


7. Maiti, A. K.; Bhattacharyya, P. Tetrahedron 1994, 50, 10483.
8. MICs were determined by the broth microdilution methods in accordance with


the guidelines in the National Committee for Clinical Laboratory Standards
(NCCLS) documents. 1997. M27-A; 1995. M27-T; 1998. M38-P. National
Committee for Clinical Laboratory Standards, Wayne, PA.


9. Data for 23d: mp 185–187 �C; 1H NMR (270 MHz, CDCl3) d: 1.22 (d, 3H,
J = 7 Hz), 3.36 (q, 1H, J = 7 Hz), 3.4–3.6 (m, 1H), 3.76 (t, 1H, J = 11 Hz), 3.79 (t,
1H, J = 11 Hz), 4.42 (ddd, 1H, J = 11, 5, 2 Hz), 4.55 (ddd, 1H, J = 11, 5, 2 Hz), 4.85
(d, 1H, J = 14 Hz), 5.05 (d, 1H, J = 1 Hz), 5.05 (d, 1H, J = 14 Hz), 5.55 (s, 1H), 6.7–
6.8 (m, 2H), 7.3–7.4 (m, 1H), 7.65 (d, 2H, J = 8 Hz), 7.68 (d, 2H, J = 8 Hz), 7.80 (s,
2H), 7.80 (d, 2H, J = 8 Hz), 7.89 (d, 2H, J = 8 Hz), 7.93(s, 1H); IR (mmax/cm�1, KBr):
3371, 2225, 1679, 1512, 1319, 1139; MS (FAB) m/z: 592 [M+H]+; ½a�25


D �52� (c
0.60, AcOEt); HRMS: calcd for C30H28F2N5O4S [M+H]+ 592.18301, found
592.18186; Anal. Calcd for C30H27F2N5O4S: C, 60.90; H, 4.60; N, 11.84; S,
5.42; F, 6.42. Found: C, 61.14; H, 4.35; N, 11.58; S, 5.30; F, 6.39.


10. Contrary to expectation, the absolute bioavailability (BA) of 23d in rats after
oral administration (20 mg/kg) of its polyethylene glycol 400 solution was only
31.7%, whereas that of CS-758 was 113%. Though the reason for the low
bioavailability of 23d was not determined, we reason that hydrolysis of the
amide moiety presumably contributed. CS-758 is a compound that can be
hydrolyzed in acidic conditions faster than 23d, but the acid-stability to this
degree seems to be sufficient for use in oral administration.
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Novel hexacyclic camptothecin analogs containing cyclic amidine, urea, or thiourea moiety were
designed and synthesized based on the proposed 3D-structure of the topoisomerase I (Topo I)/DNA/cam-
ptothecin ternary complex. The analogs were prepared from 9-nitrocamptothecin via 7,9-diaminocam-
ptothecin derivatives as a key intermediate. Among them, 7c exhibited in vivo antitumor activities
superior to CPT-11 in human cancer xenograft models in mice at their maximum tolerated doses though
its in vitro antiproliferative activity was comparable to SN-38 against corresponding cell lines.


� 2009 Elsevier Ltd. All rights reserved.
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Tremendous efforts have been made over the years to discover
more effective agents for the treatment of gastro-intestinal tumors,
but 5-fluorouracil (5-FU)/leucovorine, an oral 5-FU prodrug (cape-
citabine) and a camptothecin derivative (irinotecan [CPT-11]) still
remain the key drugs for the treatment of advanced gastric and/
or colorectal cancer (CRC), in combination with other agents.1,2


CPT-11 is a prodrug of SN-38 with improved water-solubility. It
is used for treatment of CRC in combination with 5-FU/leucovorine
(named FOLFIRI) with or without an additional agent (e.g., bev-
acizumab). The clinical efficacy of CPT-11 is, however, limited
due to the following drawbacks: high inter-patient variability in
pharmacokinetics (from poor bioconversion to the active drug,
SN-38, and SNPs of the metabolizing enzyme, UGT1A1) and severe
toxicity in bone marrow and intestine. The camptothecin analogs
with an amino group in the core structure for increasing solubility,
for example, topotecan and Dx8951 (Fig. 1), showed limited clini-
cal efficacy, likely because of insufficient tissue distribution in hu-
man.3,4 In order to develop a new camptothecin analog with higher
antitumor efficacy and broader spectrum by overcoming the draw-
backs of CPT-11 mentioned above, we designed new lipophilic
camptothecin analogs with high profile tissue distribution and
their water-soluble prodrugs for intravenous application. In this
paper, we describe the design, synthesis, and biological activities
of the parent drug CH0793076 (7c) that exhibited higher antitumor
activity than CPT-11 in various human cancer xenograft models.

All rights reserved.


: +81 467 45 6824.
. Shimma).

We designed new camptothecin analogs (Fig. 2) based on the
ternary complex of DNA-Topo I-camptothecin proposed by Redin-
bo et al.5 In this model, we found a large space around the C-7 po-
sition of camptothecin that allowed the introduction of an
additional F-ring and a hydrophobic side chain (R1) (Fig. 3a). There

OOHOOH Dx8951topotecan


Figure 1. Camptothecin and representative analogs.
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Figure 3. Presumed binding conformation of CH0793076 (7c) with DNA-Topo I
complex. The presumed binding conformation (a) was made based on the model
proposed by Redinbo et al. Originally, we designed our compounds based on the
binding conformation (a). The presumed binding conformation (b) was made based
on the crystal structure of DNA-Topo I-topotecan ternary complex (PDB accession
number, 1K4T). Although the binding conformation (b) is different from the binding
conformation (a), the additional F-ring and the hydrophobic side chain occupy the
same binding pocket. DNA structures which intercalate with CH0793076 (7c) are
omitted to be clarified.
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Scheme 1. Reagents and conditions for camptothecin analogs: (a) (i) hydrogen peroxid
dioxane, reflux; (c) Pd/C, H2(g), MeOH/HCl, rt; (d) (i) thiocarbonyl 1,1’-diimidazole, diis
MeOH; (e) (i) triphosgene, DCM, rt; (ii) hydrazine, MeOH, rt; (iii) 4 N HCl/MeOH; (f) (i) or
(i) orthoacetic acid methyl ester, TsOH, DCM, reflux, 3 h; (ii) hydrazine, MeOH, rt; (i
overnight; (ii) hydrazine, MeOH, rt; (iii) 4 N HCl/MeOH.
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Figure 2. Newly designed camptothecin analogs.
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is also a large space around the C-7 position of camptothecin in a
new model based on the crystal structure of DNA-Topo I- topotec-
an ternary complex (Fig. 3b).6


In order to synthesize various heterocyclic rings for the F-ring,
the key intermediates, 7,9-diaminocamptothecins 4a–e, were pre-
pared from 9-nitrocamptothecin 20(S)-O-acetate (1) as illustrated
in Scheme 1.7 1 was oxidized to the N-oxide using a hydrogen per-
oxide-urea complex, followed by treatment with oxalyl chloride to
give a 7-chloro derivative (2).


A substituted amino group was introduced at C-7 by treatment
of 2 with various amines in refluxing dioxane to give 3a–e in mod-
est to good yields. Derivatives 3a–e were converted to the corre-
sponding diamino derivatives 4a–e by hydrogenation.


The resulting diamino derivatives 4a–e were then transformed
into various camptothecin analogs having an F-ring. Treatment of
4a–e with triphosgene followed by the removal of the acetyl group
at C-20 with hydrazine gave urea type analogs 6a–e. In the same
manner and by treating with thiocarbonyl 1,10-diimidazole, 4d
was converted to the thiourea analog 5d.


The syntheses of cyclic amidine analogs were carried out under
two conditions: (1) 7a–e and 8c derivatives were obtained by
treating 4 with methyl orthoformate or methyl orthoacetate in
the presence of an acid catalyst followed by hydrazine treatment,
and (2) the functionalized cyclic amidine analog 9d was prepared
by the reaction of 4d with acetoxyacetyl chloride in the presence
of diisopropylamine, followed by hydrolysis of the ester groups
with hydrazine.


The in vitro antiproliferative activities of the new camptothecin
analogs against human cancer cell lines, CRC (HCT116) and NSCLC
(non-small cell lung carcinoma; QG56, NCI-H460), were evaluated
(Table 1). The cyclic urea and amidine analogs having a morpholi-
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e-urea complex, TFA, rt, 5 h; (ii) oxalyl chloride, DMF, 15 �C, 1.5 h; (b) R1NH2, 1,4-
opropylethylamine, DMAP, DCM, reflux, 6 h; (ii) hydrazine, MeOH, rt; (iii) 4 N HCl/
thoformic acid methyl ester, TsOH; (ii) hydrazine, MeOH, rt; (iii) 4 N HCl/MeOH; (g)
ii) 4 N HCl/MeOH; (h) (i) acetoxyacetyl chloride, diisopropylethylamine, DCM, rt,







Table 1
In vitro antiproliferative activities of the derivatives against human cancer cell lines


Core structure X R1 R2 Compound In vitro IC50 (nM)


HCT116 (CRC) QG56 (NSCLC) NCI-H460 (NSCLC)


N
N


O


O


O


NHN


X
R1


HO


O
N OCH2CH2 ·HCl


— 6a 3.6 18 26


O (CH2)3CH3 — 6b 0.40 1.2 0.99
O (CH2)4CH3 — 6c 0.85 8.5 8.2
O (CH2)2CH(CH3)2 — 6d 0.05 0.58 0.72
O CH2CH2Ph — 6e 0.25 1.2 0.38
S (CH2)2CH(CH3)2 — 5d 0.02 0.16 0.08


N
N


O


O


O
HO


NN R1
R2 —


N OCH2CH2 ·HCl
H 7a 2.2 9.4 7.2


— (CH2)3CH3 H 7b 0.52 2.3 1.6
— (CH2)4CH3 H 7c 0.36 2.3 2.3
— (CH2)2CH(CH3)2 H 7d <0.04 0.25 0.11
— CH2CH2Ph H 7e 0.36 2.1 0.91
— (CH2)4CH3 Me 8c 0.12 1.8 0.66
— (CH2)2CH(CH3)2 CH2OH 9d 0.44 1.8 0.52


SN-38 0.55 2.8 3.3


In vitro cytotoxic assay: The cells were exposed to test compounds for 3 days at 37 �C in an incubator containing 5% CO2 in air. The concentration of a test compound
producing 50% inhibition (IC50) of cell growth was calculated.


Table 2
Effect of BCRP on antiproliferative activities of SN-38 and 7c in PC-6/BCRP and PC-6/
pRC human small cell lung cancer cell lines


IC50 (nM)[Mean ± S.E.]


SN-38 7c


PC-6/BCRP 5.1 ± 1.8 0.35 ± 0.04
PC-6/pRC 0.43 ± 0.07 0.18 ± 0.01
Ratio 12 2


The PC-6/BCRP and PC-6/pRC cells were established by transfecting the BCRP gene
and vector, respectively, into PC-6 human small-cell lung cancer cells. The cells
were exposed to test compounds for 6 days. The experiments were performed in
triplicate.
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noethyl group in the side chain (6a, 7a) showed weaker activity
than SN-38, whereas the analogs having hydrophobic side chains
(6b–e, 7b–e) exhibited activities comparable to or stronger than
SN-38. From the introduction of a methyl or hydroxymethyl group
on the amidine carbon (8c, 9d), the antiproliferative activities were
retained. Among the analogs synthesized, 5d, 6d, and 7d with an
isopentyl side chain exhibited most potent activities with IC50 val-
ues against human colon cancer cell line HCT116 of 0.02, 0.05, and
<0.04 nM, respectively.


These analogs were further evaluated for their in vivo antitumor
activity against human cancer xenograft HCT116 (CRC) as well as
the effective dose range, defined as the range from the effective
dose for 50% tumor growth inhibition (ED50) to the maximum tol-
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Figure 4. Antitumor effect of CH0793076 and CPT-11 in human cancer xenograft models. CH0793076 and CPT-11 were administered at the maximum tolerated dose (MTD)
by bolus intravenous injection once per week for 3 weeks. The MTD was 40 mg/kg for CH0793076 and 100 mg/kg for CPT-11. Each group consisted of 4 to 5 mice. Values
indicate the mean tumor volume with standard deviation. s: vehicle, N: CPT-11, d: CH0793076. BCRP protein was detected by Western blotting. *: Statistically significantly
differences in mice treated with CH0793076 compared with mice treated with CPT-11 (P < 0.05).
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erated dose (MTD). From the results, 7c (CH0793076) was selected
as a candidate for further development.


7c showed somewhat stronger inhibitory activity (IC50 = 2.3 lM)
against human topoisomerase I than SN-38 (IC50 = 5.5 lM). It has
been reported that CPT-11 is sensitive to the drug efflux pump BCRP
(breast cancer resistant protein) that is overexpressed in several hu-
man cancer cell lines.8 Although information on expression levels in
the tumors in cancer patients is still limited, BCRP is thought to be
one of the factors that limit the antitumor activity of CPT-11. We
tested the effect of BCRP on the antiproliferative activity of SN-38
and 7c in human small cell lung cancer cell line PC-6 that had been
transfected with a BCRP gene (PC-6/BCRP) and with the vector alone
(PC-6/pRC). The activity of SN-38 showed a decrease in the BCRP-
gene transfected cells, but, in contrast, 7c was only marginally influ-
enced by the presence of BCRP (Table 2).


The antitumor activity of 7c (one a week iv treatment � 3 at the
MTD) was further evaluated in two cancer xenograft models: hu-
man colon cancer HCT116 (BCRP negative) and human non-small
cell lung cancer NCI-H460 (BCRP positive).


The results are shown in Figure. 4. Compound 7c exhibited sig-
nificantly higher efficacy than CPT-11 in these two human cancer
xenografts regardless of the level of BCRP expression.


In summary, we successfully designed and synthesized new
hexacyclic camptothecin analogs based on the proposed structure
of the Topo I/DNA/camptothecin ternary complex. CH0793076 (7c)
is not a substrate of drug efflux pump BCRP and showed more po-

tent antitumor activity in human cancer xenograft models than
CPT-11, regardless of the level of BCRP expression. Thus, 7c was se-
lected as a parent drug for further development of the new water-
soluble prodrug which enables intravenous administration.


We have developed a new water-soluble prodrug of 7c that can be
activated by a non-enzymatic process, namely pH-dependent acti-
vation. The results will be reported in a separate paper.
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Research into the anti-tumor properties of chalcones has received significant attention over the last few
years Two novel large series of a-bromoacryloylamido chalcones 1a–m and 2a–k containing a pair of
Michael acceptors in their structures, corresponding to the a-bromoacryloyl moiety and the a,b-unsatu-
rated ketone system of the chalcone framework, were synthesized and evaluated for antiproliferative
activity against five cancer cell lines. Such hybrid derivatives demonstrated significantly increased
anti-tumor activity compared with the corresponding amino chalcones. The most promising lead mole-
cules were 1k, 1m and 2j, which had the highest activity toward the five cell lines. Flow cytometry with
K562 cells showed that the most active compounds resulted in a large proportion of the cells entering in
the apoptotic sub-G0–G1 peak. Moreover, compound 1k induced apoptosis through the mitochondrial
pathway and activated caspase-3.


� 2009 Elsevier Ltd. All rights reserved.

Among currently identified anti-tumor agents, chalcones repre-
sent an important class of natural small molecules useful in cancer
chemotherapy.1 Chalcones (1,3-diaryl-2-propen-1-ones, Chart 1)
are known to exhibit antimitotic properties caused by inhibition
of tubulin polymerization by binding to the colchicine-binding
site.2 Chemically, they are open-chained molecules consisting of
two aromatic rings linked by a three-carbon enone fragment. Sev-
eral research groups have shown that the s-cis conformation of
chalcones is important for their biological activity.3 The double
bond of the enone system is the essential moiety for chalcones as
anti-tumor agents.4 It has been reported that hydrogenation or
bromination across the carbon–carbon double bond or its transfor-
mation into the corresponding epoxide dramatically reduces chal-
cone activity.5 Their simple structure and the ease of preparation
make chalcones an attractive scaffold for structure–activity rela-
tionship (SAR) studies, and a wide number of substituted chalcones
have been synthesized to evaluate effects of various functional
groups on biological activity.1


The pyrroloiminoquinone cytotoxic alkaloids Discorhabdin A6


and Discorhabdin G7 are characterized by the presence of an

All rights reserved.
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a-bromoacryloyl alkylating moiety of low chemical reactivity, an
unusual feature for cytotoxic compounds. In fact, a-bromoacrylic
acid is not per se cytotoxic (IC50 for L1210 cells being greater
than120 lM).8 The same moiety is present in a series of potent
anticancer distamycin-like minor groove binders, for example,
PNU-166196 (brostallicin), which is currently undergoing Phase
II clinical trials.9 PNU-166196 is an a-bromoacrylamido derivative
of a four-pyrrole distamycin homologue ending with a guanidino
moiety (Chart 1).9


The reactivity of the a-bromoacryoyl moiety has been hypoth-
esized to be based on a first-step Michael-type nucleophilic attack,
followed by a further reaction of the former vinylic bromo substi-
tuent alpha to the carbonyl, leading successively either to a second
nucleophilic substitution or to beta elimination.10


Furthermore, several studies confirmed that the a,b-unsatu-
rated ketone system of chalcones acts as a Michael acceptor, sug-
gesting that alkylation of the b-position of the reactive enone
system by biological nucleophiles may be one mechanism by
which antiproliferative activity is exerted in vitro.11


The observations that both the chalcone and the a-bromoacry-
loyl group can act as trapping agents of cellular nucleophiles led us
to prepare and evaluate two novel and unusual classes of synthetic
conjugates with general formulae 1a–m and 2a–k (Chart 1), incor-
porating these two moieties within their structures. If such
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processes occur, the a-bromoacryloylamido chalcone derivatives
1a–m and 2a–k, characterized by the presence of two potential
sites for electrophilic attack on cellular constituents, should be
more potent than the corresponding compounds containing only
one nucleophilic center.


While compounds 1a–m were designed to evaluate the SAR
arising from different substitutions (both electron-releasing and
electron-withdrawing groups), as well as different positions on
the phenyl ring, for hybrids 2a–k we focused on the synthesis of
methoxylated derivatives with one or more methoxy groups at dif-
ferent positions on the aryl moiety.


Synthesis of derivatives 1a–m and 2a–k was carried out by the
general methodology shown in Scheme 1. Nitrochalcones 5a–m
and 6a–k were synthesized in high yields (81–95%) by the Clais-
en–Schmidt aldol condensation of 4-nitrobenzaldehyde or 4-nitro-
acetophenone with the corresponding appropriately functionalized
acetophenones 3a–m or benzaldehydes 4a–k, respectively, in the
presence of 50% w/v aqueous solution of sodium hydroxide.12


Coupling constants (J) from the proton nuclear magnetic resonance
(1H NMR) spectra clearly indicated that derivatives 5a–m and 6a–
k were both geometrically pure and were exclusively trans (E) iso-
mers (JtransC@C = 15–16 Hz). The cluster of compounds 6a–k may
be referred to as ‘reversed chalcones’, whereby the carbonyl and
ethylene groups present in the series 5a–m are interchanged.
Aminochalcones 7a–m and 8a–k were generated from the the

corresponding nitro derivatives 5a–m and 6a–k by reduction with
iron in a refluxing solution mixture of 37% HCl in water and etha-
nol (1:2.5 v/v).


Finally, the hybrid compounds 1a–m and 2a–k were prepared,
in acceptable yields (54–68%), by the condensation of a-bromoac-
rylic acid with aminochalcones 7a–m and 8a–k, respectively. This
condensation was performed using an excess (2 equiv) both of 1-
ethyl-3-[3-(dimethylamino)propyl]carbodiimide hydrochloride
(EDCl) and 1-hydroxy-1,2,3-benzotriazole (1-HOBt), in dry DMF
as solvent at room temperature and with identical reaction times
(18 h).


Tables 1 and 2 summarize the antiproliferative effects of a-
bromoacryloylamido chalcones 1a–m and 2a–k, respectively,
against the growth of murine leukemia (L1210), murine mammary
carcinoma (FM3A), human T-lymphoblastoid (Molt/4 and CEM)
and human cervix carcinoma (HeLa) cells, using aminochalcones
7a–m and 8a–k as reference compounds.


In general, the a-bromoacryloylamido chalcones 1a–m and 2a–
k, were 10–100-fold more active than the corresponding amino
chalcones 7a–m and 8a–k, respectively, demonstrating that the
presence of an a-bromoacryloyl moiety significantly enhanced
antiproliferative activity. The compounds displaying the greatest
potency were 1k (p-EtO), 1m (2-thienyl) and 2j (o, m, p-3OMe),
with IC50 values of 0.24–0.63, 0.52–0.68, 0.55–0.68, 0.73–0.84
and 0.34–0.75 lM against the L1210, FM3A, Molt4, CEM and Hela
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Scheme 1. Reagents and conditions: (a) 50% aqueous NaOH solution, p-NO2C6H4CHO for 3 or p-NO2C6H4COCH3 for 4, EtOH, rt, 18 h; (b) Fe, HCl 37% in water, EtOH, reflux, 3 h;
(c) a-bromoacrylic acid, EDCI, HOBt, DMF, 18 h, rt.
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cell lines, respectively. The bioisosteric replacement of phenyl (1a)
with a thiophene ring (1m) greatly increased activity, with IC50 val-
ues 0.25–0.73 lM versus 3.1–5.0 lM against the five tumor cell
lines. A positive effect was also observed for the 1-naphthyl deriv-
ative 1l, which had IC50 values of 1.1–3.1 lM, as compared with 1a.


The data presented in Tables 1 and 2 demonstrate effects of dif-
ferent substituents on the phenyl rings linked to the carbonyl and
at the b-position of the enone system, respectively. With com-
pounds 1a–k (Table 1), the substitution pattern significantly af-
fected potency. The introduction of either electron-releasing
(ERG) or electron-withdrawing (EWG) substituents (derivatives
1b–k) enhanced antiproliferative activity as compared with the
unsubstituted analogue 1a, and there was no clear difference be-
tween them. Ignoring the derivative with a p-I (1f), the greatest
enhancement of activity occurred with the bulkier substituents,
p-Br (1e) and p-EtO (1k).


Specifically with the para-halogen substituted 1bcef (Table 1),
activity increased in the following order: Br (1e) > Cl (1c), F
(1b) > I (1f). Insertion of a second chlorine atom, to yield the
m,p-dichloro derivative 1d, resulted in about a twofold reduction
in activity. Turning to the effects of an ERG on the phenyl
moiety, we found that replacement of p-methyl (1g) with a

p-methoxy (1h) group caused only a minor improvement in anti-
proliferative activity. Moreover, a twofold reduction in activity
was observed by shifting the methoxy group from the para to
the meta position (1i). Replacement of the p-MeO group (1h)
with a p-EtO moiety (1k) caused a twofold increase in potency,
while the o,m,p-trimethoxy derivative 1j was only slightly more
active than 1h.


In the case of the second series (Table 2), compounds 2b–j, with
methoxy substituents on the phenyl ring, had antiproliferative
activity that, in general, was comparable with that of the unsubsti-
tuted 2a. Similarly, the antiproliferative activity of the N,N0-
dimethylamino derivative 2k was not greatly different from that
of the unsubstituted 2a.


A comparison of the antiproliferative activity of compounds
with the same substituent on the phenyl ring (1a vs 2a, 1h vs 2b,
1i vs 2c and 1j vs 2i), the ‘reversed’ a-bromoacryloylamido deriv-
atives 2a, 2b, 2c and 2i generally had higher IC50 values than did
the corresponding analogues 1a, 1h, 1i and 1j.


Chalcones are known to block cells in the G2-M phase of the cell
cycle, which is consistent with their ability to inhibit tubulin
assembly.2 We therefore determined whether these hybrid mole-
cules behaved in a similar manner.







Table 1
In vitro inhibitory effects of compounds 1a–m and 7a–m on the proliferation of
murine leukemia (L1210), murine mammary carcinoma (FM3A), human T-leukemia
(Molt/4 and CEM) and human cervix carcinoma (HeLa) cells


Compound IC50 (lM)a


L1210 FM3A Molt4 CEM HeLa


7a 88 ± 12 146 ± 96 10 ± 2 34 ± 1 36 ± 1
7b 123 ± 92 185 ± 3 12 ± 2 39 ± 0 40 ± 4
7c 111 ± 15 178 ± 30 7.8 ± 1.9 21 ± 17 43 ± 1
7d 26 ± 1 33 ± 0 13 ± 0 15 ± 0 31 ± 9
7e 90 ± 12 120 ± 3 10 ± 0 14 ± 1 49 ± 2
7f 50 ± 4 110 ± 9 7.5 ± 0.8 16 ± 1 58 ± 11
7g 49 ± 12 107 ± 25 12 ± 7 31 ± 3 40 ± 1
7h 160 ± 15 282 ± 44 19 ± 13 37 ± 8 98 ± 64
7i 38 ± 15 43 ± 0 20 ± 15 26 ± 24 33 ± 6
7j 14 ± 3 36 ± 6 1.5 ± 0.3 2.5 ± 0.2 1.9 ± 0.2
7k 21 ± 4 55 ± 0 11 ± 1 15 ± 0 41 ± 4
7l 32 ± 9 41 ± 4 12 ± 2 22 ± 14 18 ± 4
7m 87 ± 7 123 ± 20 13 ± 2 27 ± 19 15 ± 3
1a 5.0 ± 1.7 3.9 ± 1.5 3.1 ± 1.4 4.0 ± 2.5 3.9 ± 1.5
1b 1.6 ± 0.9 1.2 ± 0.3 0.66 ± 0.02 1.1 ± 0.9 1.4 ± 0.1
1c 1.1 ± 0.2 1.3 ± 0.0 0.81 ± 0.33 0.95 ± 0.62 1.6 ± 0.2
1d 2.1 ± 0.1 3.2 ± 1.1 1.8 ± 0.2 1.7 ± 0.1 3.2 ± 1.4
1e 0.62 ± 0.20 1.1 ± 0.8 0.68 ± 0.24 0.99 ± 0.31 1.0 ± 0.0
1f 3.4 ± 0.6 8.3 ± 2.6 2.8 ± 0.7 4.0 ± 2.4 7.7 ± 3.4
1g 1.9 ± 0.4 2.1 ± 0.1 1.7 ± 0.1 1.8 ± 0.2 2.1 ± 0.7
1h 0.98 ± 0.96 1.2 ± 0.5 1.3 ± 1.2 1.4 ± 1.2 1.4 ± 0.2
1i 2.1 ± 1.5 2.7 ± 1.2 0.85 ± 0.06 2.3 ± 1.7 0.70 ± 0.10
1j 0.91 ± 0.68 0.95 ± 0.77 0.85 ± 0.30 1.1 ± 0.8 1.1 ± 0.6
1k 0.24 ± 0.05 0.68 ± 0.20 0.61 ± 0.17 0.75 ± 0.20 0.75 ± 0.05
1l 1.1 ± 0.1 2.4 ± 0.8 2.1 ± 0.6 3.1 ± 1.3 2.0 ± 0.5
1m 0.25 ± 0.11 0.52 ± 0.06 0.55 ± 0.18 0.73 ± 0.25 0.34 ± 0.12


a IC50 = compound concentration required to inhibit tumor cell proliferation by
50%. Data are expressed as the mean ± SE from the dose–response curves of at least
three independent experiments.


Table 2
In vitro inhibitory effects of compounds 2a–k and 8a–k on the proliferation of murine
leukemia (L1210), murine mammary carcinoma (FM3A), human T-leukemia (Molt/4
and CEM) and human cervix carcinoma (HeLa) cells


Compound IC50 (lM)a


L1210 FM3A Molt4 CEM HeLa


8a 14 ± 3 34 ± 1 7.9 ± 0.8 8.5 ± 1.5 7.7 ± 0.6
8b 18 ± 5 35 ± 6 8.6 ± 0.4 14 ± 3 8.7 ± 0.3
8c 22 ± 15 45 ± 10 21 ± 11 23 ± 15 19 ± 14
8d 12 ± 1.0 25 ± 5 8.3 ± 0.9 6.3 ± 1.0 7.8 ± 0.3
8e 13 ± 8 29 ± 2 8.5 ± 0.3 7.6 ± 1.0 6.8 ± 0.0
8f 25 ± 17 35 ± 3 8.6 ± 0.2 9.3 ± 0.2 7.8 ± 0.1
8g 34 ± 12 43 ± 0 20 ± 11 18 ± 7 22 ± 6
8h 6.0 ± 4.2 12 ± 1 7.5 ± 0.1 5.7 ± 0.5 7.9 ± 0.7
8i 7.8 ± 0.1 8.8 ± 0.0 5.6 ± 1.2 2.3 ± 0.3 6.9 ± 0.8
8j 25 ± 16 29 ± 3 10 ± 1 9.7 ± 0.6 8.2 ± 0.9
8k 67 ± 33 96 ± 32 9.9 ± 1.0 20 ± 3 28 ± 10
2a 0.88 ± 0.59 0.69 ± 0.68 0.50 ± 0.17 1.5 ± 0.0 0.96 ± 0.34
2b 0.90 ± 0.63 1.0 ± 0.1 0.61 ± 0.55 1.1 ± 0.8 0.31 ± 0.00
2c 1.1 ± 0.6 1.8 ± 0.5 1.1 ± 0.1 1.8 ± 0.2 0.50 ± 0.00
2d 1.7 ± 0.3 0.37 ± 0.33 0.24 ± 0.20 0.58 ± 0.53 1.3 ± 0.2
2e 1.1 ± 0.9 0.55 ± 0.31 0.49 ± 0.07 0.71 ± 0.53 0.38 ± 0.03
2f 1.3 ± 0.9 1.2 ± 1.1 1.8 ± 0.2 1.6 ± 0.2 0.77 ± 0.36
2g 0.52 ± 0.05 1.2 ± 0.9 1.5 ± 0.8 1.1 ± 0.3 1.1 ± 1.0
2h 2.7 ± 0.7 2.0 ± 0.1 1.5 ± 0.0 2.2 ± 0.0 1.7 ± 0.3
2i 1.5 ± 0.9 1.8 ± 1.9 0.28 ± 0.08 0.33 ± 0.1 0.42 ± 0.0
2j 0.63 ± 0.12 0.53 ± 0.28 0.68 ± 0.26 0.84 ± 0.2 0.51 ± 0.0
2k 1.9 ± 1.6 2.8 ± 1.5 1.3 ± 0.3 1.5 ± 0.2 0.61 ± 0.07


a IC50 = compound concentration required to inhibit tumor cell proliferation by
50%. Data are expressed as the mean ± SE from the dose-response curves of at least
three independent experiments.


Table 3
Cell-cycle distribution of K562 cells after 72 h of treatment with compounds 1e, 1k,
1m, 2a–b, 2d–e and 2j


Compound IC75
a (lM) Cell cycle percentage (%)


Sub-G1b G0–G1 S G2-M


Control NM 10.8 39.8 30.7 18.7
1e 0.84 ± 0.18 20.4 35.9 27.5 16.2
1k 0.85 ± 0.21 52.3 16.5 19.6 11.6
1m 0.82 ± 0.13 42.8 17.0 23.2 17.0
2a 2.77 ± 0.51 47.6 23.0 16.4 13.0
2b 1.14 ± 0.21 68.2 11.0 11.6 9.2
2d 2.94 ± 1.21 83.4 6.4 6.3 3.9
2e 0.64 ± 0.15 48.4 22.3 15.2 14.1
2j 0.71 ± 0.18 57.8 13.7 14.9 13.6


NM: not meaningful.
a IC75 = compound concentration required to inhibit tumor cell proliferation by


75%. Data are expressed as the mean ± SE from the dose-response curves of at least
three independent experiments.


b Apoptosis area.
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The most active compounds (1ekm and 2abdej) were evaluated
for their inhibitory effects on tubulin polymerization and on the
binding of [3H]colchicine to tubulin.13 With the exception of 2d,
all tested compounds were ineffective as inhibitors of tubulin

assembly (IC50 > 40 lM). However, all compounds had poor solu-
bility in the assay medium (all precipitated in the 40 lM assays).
2d showed relatively weak activity as a tubulin polymerization
inhibitor, with an IC50 value of 8.3 ± 0.9 lM, and, at 50 lM, 2d
weakly inhibited the binding of 5 lM [3H]colchicines to tubulin
(37 ± 10% inhibition). These data make it unlikely that the antipro-
liferative activity of these hybrid compounds results from a direct
interaction with tubulin and that it is unlikely that they act as
microtubule depolymerizing agents.


To confirm this idea, we next examined the effects of the most
active compounds on the cell cycle by performing a flow cytomet-
ric analysis of K562 human chronic myelogenous leukemia cells,
which are usually employed by our research group to determine
the alteration of cell cycle parameters following exposure to anti-
tumor compounds.14 Cells were cultured for 72 h in the absence
or presence of each compound at the concentrations summarized
in Table 3, and the cells were then stained with propidium iodide
(Fig. 1, panels A and B). Unlike chalcones, which induced a substan-
tial recruitment of cells into the G2-M phase of the cell cycle, deriv-
atives 1ekm and 2abdej uniformly caused a decrease in the
proportion of cells in all phases of the cell cycle (G0–G1, S and
G2-M), with a proportionate increase in the number of apoptotic
cells in the sub-G1 phase region of the histogram. The absence of
the typical increase in G2-M cell number, together with the mini-
mal effect on tubulin assembly, makes it unlikely that microtubule
disruption underlies the potent apoptotic effect caused by these
hybrid compounds.


The induction of apoptosis was confirmed by the annexin V
test15 with compounds 2j and 2k (Fig. 1, panels C and D). The in-
crease in annexin V-positive cells demonstrated activation of the
apoptotic pathway by these compounds. Figure 2C shows the
extensive binding of annexin V to 2j-treated cells, and Figure 2D
shows how time and concentration of 2k affect the proportion of
cells that become positive for the marker. Similar observations
were made with the other most active compounds.


Impairment of mitochondrial function, is an early event in the
executory phase of programmed cell death in different cell types,
and it occurs as the consequence of a preliminary reduction of
the mitochondrial transmembrane potential (Dwmt).16,17 Early
Dwmt disruption results from an opening of mitochondrial perme-
ability transition pores, and this permeability transition triggers
the release of apoptogenic factors, such as apoptosis inducing fac-
tor and cytochrome c, which in turn lead to later apoptotic
events.16,17


We used the lipophilic cation 5,50,6,60-tetrachlo-1,10,3,30-tetra-
ethylbenzimidazol-carbocyanine (JC-1) to monitor changes in
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Figure 1. Representative histograms of flow cytometry data of untreated control
K562 cells (panel A) or K562 cells treated for 3 days with 0.7 lM 2j (IC75, see Table 3)
(panel B). After 3 days of incubation the cells were labelled with propidium iodide
and analyzed by flow cytometry as described in Materials and Methods. Panel C.
Representative histograms of untreated K562 cells (black line) and K562 cells
treated for 3 days with 0.2 lM 2j (IC50) (green line). After 48 h cells were stained
with annexin V-FITC and analyzed by flow cytometry. Panel D. Effect of 2k
concentration on the proportion of annexin V-positive cells after treatment for 24
and 48 h.
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Figure 2. Induction of loss of Dwmt and production of ROS in K562 cells after
treatment with 1k at different concentrations. Panel A shows representative
histograms of K562 cells incubated with and without 1.25 lM 1k and stained with
the fluorescent probe JC-1 after 24 and 48 h of treatment. The horizontal axis shows
fluorescence intensity of JC-1 monomers, and the vertical axis shows fluorescence
of JC-1 aggregates. Panel B shows the percentage of cells with low Dwmt following
treatment with different concentrations of 1k for the indicated times. Panel C. K562
cells were treated with the indicated concentrations of 1k and at 24 and 48 h cells
were harvested and incubated with HE. Analysis of intracellular fluorescence was
conducted by flow cytometry. The data are represented as percentage of ethidium
positive cells and expressed as mean ± SEM of three independent experiments.
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Dwmt induced by 1k. The method is based on the ability of this
fluorescent probe to enter selectively into the mitochondria, and
its color changes reversibly from green to orange as membrane po-
tential increases.18 This property is due to the reversible formation
of JC-1 aggregates upon membrane polarization. Aggregation
causes a shift in the emitted light from 530 nm (i.e., emission by
JC-1 monomers) to 590 nm (emission by JC-1 aggregates) following
excitation at 490 nm.


K562 cells were treated with compound 1k for 24 and 48 h at
different concentrations. As shown in Figure 2 (panels A and B),
compound 1k induces substantial mitochondrial depolarization
in a time- and concentration-dependent manner. The disruption
of the Dwmt is associated with the appearance of sub-G1 cells
and with the marked increase in the percentage of annexin V-posi-
tive cells.


Mitochondrial membrane depolarization is associated with
mitochondrial production of reactive oxygen species (ROS).19,20


To investigate the effects of 1k on the production of oxygen species
during apoptosis, we utilized the fluorescence indicator hydroethi-
dine (HE), which fluoresces if reactive oxygen species are gener-
ated.21 As shown in Figure 2 (panel C), there was an increase in
cells producing ROS that closely paralleled the increase in cells
with low Dwmt, a function of both the concentration of 1k and
treatment time.


We also evaluated the damage caused by ROS in mitochondria
by assessing the oxidation state of cardiolipin, a phospholipid re-
stricted to the inner mitochondrial membrane. We used 10 N-non-
yl acridine orange (NAO) a fluorescent probe which is independent
of mitochondrial permeability transition.22 The dye interacts stoi-
chiometrically with intact, non-oxidized cardiolipin. Somewhat
unexpectedly, cells did not show reduction in NAO fluorescence,

but rather, a marked increase, especially after 48 h of treatment
with 1k (Fig. 3 panels A and B). This effect suggests an increase
in cardiolipin content as a consequence of increased mitochondrial
mass. This has been observed in some tumor cell lines following
treatment with herbimycin A,23 genistein,24 and the acronicyne
derivative S23906-125 and following oxidative stress.26
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Figure 3. Increase of mitochondrial mass in K562 cells treated with compound 1k.
Panel A. Representative histograms of cells incubated for 24 and 48 h in the
presence of 1k (2.5 lM) and stained with the fluorescent probe NAO. Black
line = controls, red line = 1k. Panel B. K562 cells were treated as above and the
relative NAO intensity was analysed by flow cytometry. The results are expressed as
percentage of the fluorescence intensity with respect to the untreated control. Data
expressed as mean ± SEM of three independent experiments.
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Several caspases have been shown to be key executioners of
apoptosis mediated by various inducers.27 Caspase-3, in particular,
is essential to the propagation of the apoptotic signal after expo-
sure of cells to many DNA-damaging agents and other anticancer
drugs.27,28 We therefore determined whether caspase-3 is involved
in the apoptosis induced by compound 1k. We used a monoclonal
antibody specifically for the active fragment of caspase-3. As
shown in Figure 4, with 0.6 and especially 1.25 lM 1k there was
increased activated caspase-3 after 24 h of treatment, and a further
increase after 48 h.


In summary, our plan to optimize the potency of a single Mi-
chael acceptor by providing multiple sites of reactivity towards
cellular nucleophiles led us to synthesize two series of a-bromoac-
ryloylamido chalcones 1a–m and 2a–k. These compounds were
derived from the hybridization of two kinds of Michael acceptors,
corresponding to the a,b-unsaturated ketone system of chalcone
and the a-bromoacryloyl moiety. While the amino chalcones
7a–m and 8a–k showed weak or no antiproliferative activity
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Figure 4. Caspase-3 activity induced by 1k. K562 cells were treated with the
indicated concentrations of 1k. After 24 h and 48 h cells were harvested and stained
with an anti-human active Caspase-3 fragment monoclonal antibody conjugated
with FITC. Data obtained by flow cytometric analysis is expressed as percentage of
caspase-3 active fragment positive cells.

against five different cancer cell lines, their conversion into the cor-
responding a-bromoacryloylamido derivatives 1a–m and 2a–k
was accompanied by a 10–100-fold increase in potency. More
noteworthy was that compounds 1k (52%), 2b (68%), 2d (83%)
and 2j (57%) induced over half the cells to enter a sub-G1 popula-
tion as compared with untreated control cells (11%). As demon-
strated with 1k, their mechanism of action appears to induce
apoptosis mediated by the involvement of mitochondria and by
the activation of caspase-3. Thus, the mitochondrial apoptotic
pathway plays a major role, in generation of the sub-G1 cell popu-
lation. Further studies to clarify additional details of the molecular
mechanism of action of these compounds and the selectivity to in-
hibit the growth of cancer cells are underway. On the other hand,
the most active compounds should be analyzed for effects on nor-
mal primary normal human cells of different hystotype, in order to
determine potential therapeutic windows supporting further stud-
ies on experimental tumor-bearing animals finalized to verify pos-
sible in vivo anticancer activity.
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A simplified C32 monomycolyl glycerol (MMG) analogue demonstrated enhanced immunostimulatory
activity in a dioctadecyl ammonium bromide (DDA)/Ag85B-ESAT-6 formulation. Elevated levels of IFN-
c and IL-6 were produced in spleen cells from mice immunised with a C32 MMG analogue comparable
activity to the potent Th1 adjuvant, trehalose 6,60-di-behenate (TDB).


� 2009 Elsevier Ltd. All rights reserved.

Tuberculosis (TB) in man has for many years been combated by
vaccination with an attenuated strain of Mycobacterium bovis—the
M. bovis BCG vaccine developed more than 80 years ago. However,
although more than 3 billion doses of BCG have been administered,
it does not always provide satisfactory resistance in every popula-
tion. Modern approaches use well-defined vaccine formulations to
minimize side-reactions.1 However, in order to induce a sufficient
protective immune response, adjuvant potentiating agents may be
required. An adjuvant is any substance that serves to direct, accel-
erate, prolong and/or enhance the specific immune response of a
vaccine. The development of a specific kind of immune response
(humoral or cell-mediated) can be determined by the choice of
adjuvant. For example, protective immunity against intracellular
pathogens like Mycobacterium tuberculosis requires a cell-mediated
immune response, and a suitable adjuvant for a subunit vaccine di-
rected against TB, should enhance a Th1 response.2


Mycobacteria have long been known to exert a number of
immunomodulatory effects and are a good source of adjuvant
preparations. Freund’s complete adjuvant, consisting of a paraffin
oil emulsion and heat killed mycobacteria,3 is best-known, but live
M. bovis BCG has also been used as an immunotherapeutic agent.4,5


Similarly, purified components of mycobacteria have been shown
to have immunostimulatory activity. Wax D (a complex of peptido-
glycan, arabinogalactan and mycolic acids) was found to possess
strong adjuvant activity and trehalose 6,6-dimycolate (or synthetic

ll rights reserved.

analogues thereof) has been included in various adjuvant formula-
tions.6–8 Rosenkrands et al.9 investigated the immunostimulatory
capacity of a total lipid extract of M. bovis BCG Copenhagen. The
tuberculosis subunit vaccine candidate, Ag85B-ESAT-6 (H1) was
administrated in combination with BCG lipids in cationic lipo-
somes formed of either dimethyl dioctadecyl ammonium bromide
(DDA), N-[1-(2,3-dioleoyloxy)propyl]-N,N,N-trimethyl ammonium
chloride (DOTAP) or cholesteryl 3b-N-(dimethylaminoethyl) carba-
mate hydrochloride (DC-Chol); neutral liposomes were formed by
1,2-dioleoyl-sn-glycerol-3-phosphoethanolamine (DOPE) DOPE-
phosphatidylcholine (PC) and anionic liposomes formed by
DOPE-PC-phosphatidylglycerol (PG). Immune responses were
monitored by in vitro restimulation of peripheral blood mononu-
clear cells purified 1 week after the last immunisation. Rosenk-
rands et al.9 showed that apolar BCG lipids, together with DDA,
elicited the most pronounced levels of IFN-c released. DDA-BCG
lipids only gave minimal levels of IL-5. Analysis of antigen-specific
antibodies demonstrated an efficient induction of both IgG1 and
IgG2a antibodies by the combinations of DDA-BCG lipids. The
IgG1 titre was 2.6-fold higher than that when the antigen was
administrated in alum. The ratio of IgG1:IgG2a was increased with
the DDA-BCG lipids compared to the alum control.


Further studies have shown that in subcutaneous immunisation
of mice with 10 lg of the total, polar or apolar lipids incorporated
into DDA liposomes and administrated in conjunction with the
recombinant fusion protein Ag85B-ESAT-6 (H1), the apolar fraction
was found to induce IFN-c release of almost four times that
recorded with polar lipids.10 The apolar components were
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separated according to the procedures outlined by Dobson et al.,11


to give four principal lipid fractions, phthiocerol dimycocerosates
(PDIMs), triacylglycerols (TAGs), phenolic glycolipids (PGLs) and
C70–90 monomycolyl glycerol (C70–90 MMG). C70–90 MMG induced
extremely high levels of all three cytokines IL-12, TNF-a and IL-6
with values of >250 pg/ml, 3500 pg/ml and 5000 pg/ml, respec-
tively. Herein, we report the synthesis of four structural isomers
of a simplified C32 MMG analogue and immunological evaluation.
In order to generate a series of MMG analogues, the core structures
were broken down into two entities, the lipid tail and the glycerol
unit. The rac or sn isopropylidiene-protected glycerol units were
purchased from Sigma Aldrich. The C32 corynomycolate isomers
were synthesised according to Datta et al.12 Briefly, the C32 coryno-
mycolic acid was synthesised by sodium hydride promoted self-
Claisen condensation of methyl palmitate (1) followed by sodium
borohydride reduction of the resulting keto ester to give the diaste-
reomeric hydroxyesters (2a) and (2b) (Scheme 1). Flash column
chromatography of the hydroxyesters mixture gave first 2b, fol-
lowed by 2a (TLC Rf 0.55 and 0.40 in chloroform, respectively).
Hydrolysis with 5% KOH in 1:1 biphasic butanol:water released
the racemic corynomycolic acid (3a) and its diastereoisomer (3b).
Coupling of the glycerol unit with the mycolic acids (3a and 3b)
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Scheme 1. Reagents and conditions: (a) (i) NaH, dry xylene, reflux, 5 h (82 %); (ii) NaBH
isopropylidene glycerol (45 %); (d) 8:17:3 (TFA/THF/H2O), rt, overnight (49%).

was achieved using dicyclohexylcarbodiimide (DCC) and 4-pyrroli-
dinopyridine (PYP).


The 1,2-isopropylidiene-protected glycerol (4a–d) preferen-
tially coupled with the carboxyl terminus of the unprotected my-
colic acid, however a doubly coupled mycolate with a glycerol
unit was identified as a minor side-product (<5%) by mass spec-
trometry. The TLC Rf values of the product and side-product were
0.20 and 0.40, respectively (hexane/ethyl acetate 95:5) and were
separated by column chromatography. Deprotection of the isopro-
pylidiene was achieved with trifluoroacetic acid (TFA)/tetrahydro-
furan (THF)/water (8:17:3) generating erythro and threo C32 sn and
rac glycerol coupled products (5a–d). NMR and mass spectral anal-
ysis of 5a is outlined in Andersen et al.10


Ten groups of three BALB/c mice received three doses of 2 lg H1
with 250 lg DDA and 50 lg of trehalose 6,60-di-behenate (TDB), a
potent Th1 adjuvant or quantities of lipid adjuvant as described in
Table 1 at days 0, 14 and 28.13 Blood samples were taken via the
tail vein at regular intervals to monitor H1 specific antibody and
antibody isotype titres using standard enzyme linked immunosor-
bent assay (ELISA) techniques. The groups were as outlined in
Table 1. Analysis of H1 specific cell proliferation was carried out
using 100 ll volumes of spleen cells from individual mice as
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4, 3 h, rt (95 %); (b) 5 % KOH, 1:1 butanol/water, reflux (90%); (c) DCC, PYP, L-a-b-







Table 1
Dosage groups used to analyse C32 mycolic acid variants


Group Dose


1 MMG [50]
2 5aa [50]
3 5ca [50]
4 5ba [50]b


5 5da [50]
6 5aa [5]b


7 5aa [0.5]b


8 Incomplete Freund’s (ICF)(without DDA)
9 TDB [50]


10 Naïve control


Key: [microgrammes per dose of lipid adjuvant].
a GLYCEROL C32 (5a–d).
b Expected immunoactive agent.
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previously described.14 These were seeded onto 100 ll volumes of
media in sterile 96-well suspension culture plates containing var-
ious concentrations of H1 antigen. After 72 h incubation, 0.5 lCi of
[3H]thymidine (Amersham, UK) was added to each of the microcul-
tures, and the incubation continued for a further 24 h. The well
contents were harvested onto glass filter mats using a cell har-
vester (Titertek). The discs representing each well were punched
from the filter mats into 5 ml volumes of scintillation fluid (Opti-
phase Hisafe, Fisher, UK) to measure incorporation of [3H]thymi-
dine into the cultured cells using standard scintillation counting
procedures. Concomitant H1 specific cytokine production was ana-
lysed by incubation of similar spleen cell microcultures with a con-
centration of 5 lg/ml H1 antigen. Supernatants obtained from
these microcultures were assessed for IFN-c and IL-6, IL-5, IL-10

H1 Specific Spleen Cell Proliferation
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Figure 1. Spleen cell proliferation following restimulation with H1 antigen. ***
Significantly greater than all other groups (n = 3, P < 0.05). Legend Key: [micro-
grammes per dose of lipid adjuvant]; *GLYCEROL C32 (5a–d); **Expected
immunoactive agent. Treatment groups are delineated in Table 1.


Figure 2. H1 specific cytokine production following restimulation of spleen cells with
represent the average cytokine production. Treatment groups are delineated in Table 1.

and IL-2 using DuoSet� capture ELISA kits (R&D Systems Europe,
Oxfordshire, UK) according to the manufacturer’s instructions.
From the adjuvants tested, it could be hypothesized that the syn-
thetic analogue that corresponds with the natural MMG might be
of most interest in mimicking the adjuvant effect of this mycobac-
terial agent. Interestingly, it could be seen that this synthetic agent
was more effective than the optimized dose of the TDB adjuvant in
the elicitation of H1 specific spleen cell proliferation following
restimulation of spleen cells from immunised mice with antigen
in vitro (Fig. 1). However, this was only seen when the dose of
the adjuvant was 100-fold reduced in comparison to the dose of
TDB. The dose of TDB has previously been optimized to 50 lg in
250 lg DDA in order to provide the best adjuvant activity. It is clear
from these results that from the adjuvants tested, the most effec-
tive dose or concentration of the MMG analogue is 0.5 lg with
250 lg DDA. H1 specific cytokine production showed that compar-
atively more IFN-c and IL-6 was produced by spleen cells from
mice immunised with the low dose synthetic adjuvant correspond-
ing to the natural MMG structure (Fig. 2).


From the other cytokines assessed, most groups generated ele-
vated IL-2 indicative of a T-cell driven component to the adjuvant ef-
fect of these analogues (data not shown). Figure 3 shows that H1
specific IgG2a titres were also high for the low dose analogue. All
of the formulated analogues were able to engender enhanced im-
mune responses at the 50 lg dose (Figs. 1 and 3) and these were
comparable to the potent Th1 adjuvant TDB. This observation was
corroborated by isotype specific antibody responses detected in
blood samples taken throughout this study (IgG1 and total IgG not
shown). The immunogenicity studies in mice showed that a glycerol
based non-polar mycobacterial lipid analogue adjuvant formulated
in DDA vesicles can give IgG2a mediated anti H1 antibody titres at
least as high as DDA/TDB with 100-fold less of the adjuvant moiety
present compared to TDB (P = 0.867 after the third dose).


The IgG2a antibody titre delineates a Th1 type response in
BALB/c mice, thought to correlate strongly with protective immune
responses. The BALB/c model is usually predisposed to Th2 type
responses and therefore the ability to engender a Th1 type
response here, supported by the antibody subtype and cytokine
data, is worthy of note. Whilst it remains to be seen whether
alternative synthetic analogues behave in the same way as 5a that
is representative of the mycobacterial MMG in their activity at very
low dose, the data collated from this study strongly support the use
of synthetic MMG as a potent adjuvant with excellent potential.
These results also show the potential for DDA vesicles as a platform
for the delivery of lipid based co-adjuvants in order to elicit poten-
tially effective Th1 biased immune responses against H1 and other
protein subunit vaccines. This study also emphasizes the impor-
tance of optimization of adjuvant dose or adjuvant ratio in partic-
ulate delivery platforms containing co-adjuvants. The inverse
dose-response adjuvant activity of the 5a isomer was highly

antigen. (A) Interferon gamma (IFN-c); (B) Interleukin-6 (IL-6). Horizontal bars
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Figure 3. Serum anti-H1 specific IgG2a antibody titres following immunisation
with the various formulations including the C32 MMG analogues. Horizontal bars
represent the average antibody titres. Treatment groups are delineated (Table 1).
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unexpected. Speculation as to how this occurs may require inves-
tigation into physicochemical aspects as well as possible biological
mechanisms of action—such as interaction with Toll-like receptors
and antigen presenting cells. Such possible interactions are re-
viewed elsewhere.15 Delineation of the exact mechanisms that
underpin this inverse dose-response adjuvant activity provides
the basis for interesting research from a biological as well as a
pharmaceutical perspective.
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Artemisinin–acridine hybrids were prepared and evaluated for their in vitro activity against tumour cell
lines and a chloroquine sensitive strain of Plasmodium falciparum. They showed a 2–4-fold increase in
activity against HL60, MDA-MB-231 and MCF-7 cells in comparison with dihydroartemisinin (DHA)
and moderate antimalarial activity. Strong evidence that the compounds induce apoptosis in HL60 cells
was obtained by flow cytometry, which indicated accumulation of cells in the G1 phase of the cell cycle.
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Artemisinin 1 and its semisynthetic and synthetic analogues are
effective antimalarial agents and are used to treat chloroquine
resistant strains of the disease. Since the early 1990s they have also
been shown to have antiproliferative and antitumour activity.1–5


Their activity is greatest against rapidly proliferating neoplastic
cells with high iron content, since their mode of action almost cer-
tainly involves iron(II) catalysed reductive cleavage of the peroxide
bond leading to the formation of C-centred radical or cationic
intermediates able to alkylate biomolecules and induce cell
death.6–10 We and others have postulated that a possible cellular
target of these alkylating intermediates is DNA10,11 and hoped to
enhance their antitumour properties by preparing DNA-targeted
1,2,4-trioxane-acridine hybrids. Acridines are known to intercalate
with DNA and have been employed as antibacterial, antiparasitic
and antitumour agents,12,13 moreover their fluorescent properties
allow the use of confocal microscopy to examine the accumulation
and cellular location of these drug hybrids.14


Hybrid drugs are formed by covalently linking two distinct
chemical moieties with differing biological modes of action with

ll rights reserved.


ll).

the aim of creating bitherapies that have improved biological activ-
ity and are less susceptible to the development of drug resis-
tance.15–17 We have synthesised a short series of artemisinin–
acridine hybrids in which a 1,2,4-trioxane derived from artemisi-
nin has been covalently linked to the 9-diaminoalkyl-6-chloro-2-
methoxyacridines 2-5, and evaluated these hybrids for their
in vitro antitumour and antimalarial activity (Fig. 1).


The hybrids were designed to incorporate a metabolically stable
C-10 carba linkage at the 1,2,4-trioxane moiety, therefore the car-
boxylic acid 6 was prepared from C-10 allyldeoxoartemisinin.18


Ozonolysis of the terminal double bond in methanol and reduction
of the intermediate ozonide with triphenylphosphine afforded the
aldehyde in 76 % yield, followed by oxidation with sodium chlorite

1
O  2,  n=1


 3, n=2
 4, n=3


5


Figure 1.
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Table 1
Cytotoxicity results for compounds 7–10 and DHA against HL60, HT29-AK, MDA-MB-
231 and MCF-7 tumour cell lines


Compds HL60 HT29-AK MDA-MB-231 MCF-7


Cytotoxicity IC50, lMa


2 12.5 (±0.25) 6.57 (±1.34) 8.12 (±1.13) ND
7 1.17 (±0.35) 193.55 (±22.88) 48.98 (±7.72) 13.69 (±1.78)
8 3.08 (±0.13) 9.91 (±1.85) 11.64 (±0.23) 11.85 (±0.19)
9 1.58 (±0.72) 247.27 (±44.13) 43.30 (±1.39) 11.70 (±0.22)
10 0.56 (±0.17) >750 21.14 (±0.86) 3.51 (±0.42)
DHA 2.41 (±0.71) 16.12 (±1.10) 99.76 (±10.96) 45.23 (±3.54)


a Values are means of three experiments; standard deviation is given in paren-
theses. ND—not determined.


Table 2
Results for antimalarial activity of compounds 7–10 against chloroquine sensitive
3D7 P. falciparum


Compds IC50, nMa


7 5.96 (±1.50)
8 22.42 (±1.97)
9 20.34 (±3.11)
10 289.52 (±10.52)
Artemether 3.53 (±1.91)
DHA 2.30 (±1.50)


a Values are means of three experiments; standard deviation is given in
parentheses.
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to give the carboxylic acid in quantitative yield. Treatment of the
acid with oxalyl chloride followed by addition of the appropriate
9-(diaminoalkyl)acridine afforded the hybrids 7–10 in moderate
to good yields (55–74 %), Scheme 1.19 The 9-(diaminoalkyl)acri-
dines 2–5 were prepared from 6,9-dichloro-3-methoxyacridine
and the corresponding diamines in the presence of phenol.


The hybrids were evaluated for their in vitro activity against
four tumour cell lines (HL60, Colon HT29-AK and Breast MDA-
MB-231 and MCF-7)20 and against a chloroquine sensitive strain
of P.falciparum (3D7)21 relative to DHA as the control (Tables 1
and 2).


The hybrids were cytotoxic in the cell lines evaluated, with the
exception of 10, towards HT29-AK (Table 1). The rank order of sen-
sitivity of the cells to the hybrids were as follows: HL60 > MCF-
7 > MDA-MB-231 > HT29-AK. The observed cytotoxicity of the hy-
brids and DHA against HL60 cells was anticipated since this cell
line is characterised by its rapid proliferation and high iron con-
tent. In HL60, MDA-MB-231 and MCF-7 cells, the hybrids displayed
activity 2–4-fold greater than DHA. In HT29-AK cells, only hybrid 8
was more active than DHA; the remaining hybrids displayed only
moderate activity with the acridine apparently inhibiting the activ-
ity of the 1,2,4-trioxane. In HL60 cell lines the side-chain acridine 2
was also examined and shown to have activity of 12.5 lM. This
indicates that the addition of the endoperoxide to this unit en-
hances cytotoxicity; in breast cancer cell lines HT29-AK and
MDA-MB-231 this is clearly not the case since the hybrids are less
potent than 2. The hybrids were also evaluated for their in vitro
antimalarial activity against chloroquine sensitive 3D7 strain of
P. falciparum but none of them were more active than the positive
controls (DHA and artemether). Indeed, only 7 had good activity,
while 8 and 9 displayed moderate activity and 10 was more than
a 100 times less active than DHA (Table 2).


The ability of hybrid 8 to induce apoptosis was assessed in HL60
cells by flow cytometric measurement of mitochondrial membrane
depolarisation,22 DNA degradation23 and Western blot analysis of
caspase-3 activation.24 This compound was shown to induce mito-
chondrial membrane depolarisation in a concentration-dependent
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Scheme 1. Reagents and conditions: (i) O3, MeOH, �78 �C, 1 h; (ii) PPh3, MeOH, �78 �C
CH2Cl2, 0 �C?rt, 90 min then diaminoacridine (2–5), NEt3, CH2Cl2, 0 �C?rt, 16 h.

manner, reaching a significant level at 1 lM increasing until a max-
imum effect, 98 ± 3% of cells depolarised, was observed at 10 lM
after 24 h. Analysis of cellular DNA content with PI staining showed
concentration-dependent formation of a sub-G0/G1 population with
a maximum effect of 57 ± 2% of cells at 10 lM after 24 h (Fig. 2A).
Western blot analysis of caspase-3 activity also showed concentra-
tion-dependent appearance of the catalytically active subunit of
processed caspase-3 with a concomitant decrease of the inactive
32 kDa precursor (Fig. 2B). Together these results are strongly indic-
ative of the ability of hybrid 8 to induce cell death by apoptosis.
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to rt; (iii) NaClO2, 2-methyl-2-butene, NaH2PO4, t-BuOH/H2O, rt, 2 h; (iv) (COCl)2,







Figure 2. (A) Concentration-dependent induction of mitochondrial depolarisation and DNA degradation by compound 8 in HL-60 cells (24 h). Key- Open circle: percentage of
cell population with depolarised mitochondria. Filled circles: percentage of cell population with degraded DNA (sub G0/G1 population). Results are the mean ± SD of three
independent sets of experiments. ***p < 0.001 and *p < 0.05 significance of data compared with drug blank as tested by the Mann-Whitney U test for nonparametric data. (B)
Concentration-dependent processing of caspase-3 induced by compound 8 in HL60 cells (24 h). Lane 1: control without 8, Lanes 2–5 increasing concentrations of 8: Lane 2,
0.5 lM, Lane 3: 1.0 lM, Lane 4: 5 lM and Lane 5: 10 lM.
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Confocal microscopy was used to determine the cellular loca-
tion of both hybrid 7 and 9-(1,2-diaminoethyl)-6-chloro-2-meth-
oxyacridine 2 in treated parasite infected erythrocytes and MRC-
50 human lung fibroblast cells (7 was selected based on the fact
that this hybrid was the most potent antimalarial in the series).
Both hybrid 7 and 9-aminoacridine 2 were shown to accumulate
selectively in infected erthyrocytes and on the nuclear membrane
of MRC-5 cells (Fig. 3A–C). In malaria parasites acridine 2 was eas-
ily removed by washing with a buffer solution (Fig. 3B) whereas
the endoperoxide hybrid 7 remained, implying covalent binding
of the hybrid (and not the acridine) to intraparasitic cellular bio-

Figure 3. Confocal microscopy studies. (A) Accumulation of 2 in infected erythrocytes; (
lung fibroblasts. (D) Accumulation of 7 in infected erythrocytes. Attempts to remove 7 b

molecules (Fig. 3 D). Similar experiments were performed in the
presence of a ferric iron chelator (desferrioxamine (DFO), and un-
der these conditions the hybrid was removed from the cells on
washing with the buffer (data not shown).14 This result implies
that chelatable iron catalysed reductive cleavage of the peroxide
bond is required for covalent binding of the hybrid to the cellular
targets. (Since DFO is selective for ferric iron it is apparent that
intraparasitic reduction of iron to its ferrous form must be
achieved to facilitate endoperoxide bond cleavage.)


Finally, the in vitro affinity of hybrid 7 and acridine 2 for calf thy-
mus (ct)-DNA and poly A–poly U was investigated spectrophoto-

B) following perfusion of cells with buffer. (C) Accumulation of 7 in MRC-5 human
y cell perfusion failed in line with previous studies.
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Figure 4. UV/vis spectra of 2 and 7 (c = 5 � 10-5 mol dm�3) and complexes 2/ctDNA
and 7/ctDNA at different ratios r = [2 or 7]/[ctDNA], pH 7, Na cacodylate buffer,
I = 0.05 M.
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metrically using thermal melting analysis, electronic absorption,
fluorimetric binding titrations and circular dichroism (CD) analysis.
Addition of ct-DNA at concentrations close to equimolar in respect
of studied compounds yielded significant batochromic shifts in the
electronic absorption spectra of 7 and 2 ( Fig. 4) at wavelengths
characteristic for acridine moiety.25 However, at higher excess of
ct-DNA over 2, 7 precipitation occurred, hampering collection of en-
ough data points for accurate processing by Scatchard equation.26


At variance to UV/vis titrations, strong fluorescence of 2 and 7 al-
lowed fluorimetric titrations with polynucleotides at significantly

Table 3
DTm valuesa (�C) of studied ds-polynucleotides upon addition of 2 and 7 at ratio
rb = 0.3 at pH 7, Na cacodylate buffer, 0.02 M (I = 0.005 M)a


Polynucleotide DTm w/2 (�C) DTm w/7 (�C)


ctDNA 9.3 3.1
Poly A–poly U 2.2 2.4
Poly A–poly Tc 2.9 0.6


a Error in DTm: ±0.5 �C.
b r = [compound]/[polynucleotide].
c With the exception of this experiment (where I = 0.05 M) melting studies were


performed at I = 0.005 M due to the very weak effects at I = 0.05 M.
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Figure 5. (A) Changes in the CD spectrum of ct-DNA (c = 1�10-5 mol dm�3) upon addition
band of acridine moiety at various ratios r (c(ct-DNA) = 1�10-4 mol dm�3). Carried out a

lower concentrations, at which no precipitation was observed.
Emission of both 2 and 7 was strongly quenched by addition of
ct-DNA and poly A–poly U and processing of the fluorimetric titra-
tion data by Scatchard equation26 gave similar binding constants (in
the range Ks � 106 M�1) and ratio binding n[compound]/[polynucleotide] of
about 0.2. In thermal melting studies addition of 2 generally yielded
a significantly stronger stabilisation effect on double stranded
polynucleotides than its hybrid analogue 7 (Table 3).


However, CD studies were the most elucidating. CD analysis of
ct-DNA (Fig. 5) and poly A–poly U in the presence of 2 showed an
increase in the CD of DNA/RNA (220–300 nm range) and a weak
negative induced CD at about 430 nm (absorption attributed to
the acridine), characteristic of intercalation.27 There was no change
in the CD spectra of either ct-DNA or poly A–poly U upon addition
of hybrid 7, indicating that the acridine moiety of the hybrid is not
intercalated into the double helix. That would imply that linking
the acridine moiety to the trioxane prevents intercalation in dou-
ble stranded polynucleotide or at least diminishes its role in bind-
ing, presumably due to the intramolecular aromatic stacking
interaction between acridine and trioxane moiety (visible from
comparison of the UV/vis spectrum of 2 and 7). Consequently,
changes in the electronic emission and absorption spectra of 7
upon addition of studied polynucleotides and the increase in melt-
ing temperature are caused either by counterion stabilisation or by
mixed binding modes including some electrostatic, hydrophobic
and van der Waals interactions as well as intercalation of the acri-
dine as a minor contribution.28


In summary, artemisinin–acridine hybrids display promising
antitumour activity in HL60, MDA-MB-231 and MCF-7 cells. They
have been shown to induce cell death by apoptosis and to cova-
lently bind to their intraparasitic cellular targets in the presence
of iron(II). Linking an acridine to an artemisinin derivative was
shown to enhance antitumour activity in the HL60 leukaemia cell
line (comparing 2 and 7), while it had a largely inhibitory effect
in HT29-AK and MDA-MB-231 cells. Compared to DHA the hybrids
had decreased in vitro antimalarial activity. Although hybrid 7 was
shown to have high affinity toward DNA/RNA, intercalation of hy-
brid 7 into DNA/RNA in vitro was not dominant binding mode, pre-
sumably due to the competitive intramolecular aromatic stacking
interaction between acridine and trioxane moiety. Future work
will involve the synthesis and evaluation of redesigned hybrids
in which longer linkers between the two moieties and a variety
of DNA targeting groups will be used in the hope of achieving
greater DNA affinity and enhanced antitumour activity.
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HT29-AK and MDA-MB-231 cells at drug concentrations up to 750 lM.


21. For in vitro antimalarial assessment versus the 3D7 strain of Plasmodium
falciparum the following protocol was employed. Parasites were maintained in
continuous culture using the method of Jensen and Trager: (a) Trager, W.;
Jensen, J. B. Science 1976, 193, 673–675; Antimalarial activity was assessed
with an adaption of the 48 hr sensitivity assay of Desjardins et al. using [3H]-
hypoxanthine incorporation as an assessment of parasite growth: (b)
Desjardins, R. E.; Canfield, C. J.; Haynes, J. D.; Chulay, J. D. Antimicrob. Agents
Chemother. 1979, 16, 710–718.


22. Mitochondrial membrane potential (MMP) was measured using
tetramethylrhodamine ethyl ester (TMRE) to quantify HL-60 cells with a high
MMP. Drug treated cells (5 � 105 cells) were washed in HBSS and the resultant
cell pellet was resuspended in 500 lL of TMRE solution (50 nM in HBSS) and
incubated for 10 min at 37 �C. A minimum of 500 cells were measured by flow
cytometry on fluorescence channel FL-2 (Coulter Epics, XL Software). The data
was analysed using WinMDI, v2.8 software (Scripps Institute, California, USA).


23. The DNA major groovebinder PI, was used to quantify cellular DNA content to
measure the formation of a sub-G0/G1 population of HL-60 cells. Drug treated
cells (1 � 106) were washed twice in HBSS, fixed in 1 mL of ice-cold 70%
ethanol, and frozen at �20 �C. After 2 h the 70% ethanol was removed and the
cell pellet was resuspended in 1 mL of PI stock solution (phosphate-buffered
saline containing 40 lg/mL PI, 0.1 mg/mL RNase, and 3.8 mM sodium citrate))
and incubated at 37 �C (30 min). A minimum of 5000 cells were analysed by
flow cytometry. PI fluorescence was measured on fluorescence channel FL-2.
The proportion of cells in each stage of the cell cycle was calculated from the
DNA content of the cell using WinMDI, v2.8 software.


24. Cell lysate samples were prepared, cells (3 � 106) were washedbefore
sonication with a sonic probe, (2 � 5 s cycles). The samples were then
assayed for protein content using the Bradford assay. Lysates, with equal
amounts of protein (20 lg per lane), were mixed with SDS–PAGE loading
buffer and denatured at 95 �C for 3 min prior to being resolved on 14% SDS–
PAGE. Proteins were transferred to nitrocellulose membrane for Western
blotting analysis as described previously.29
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A novel series of semi-synthetic trioxaquines and synthetic trioxolaquines were prepared, in moderate to
good yields. Antimalarial activity was evaluated against both the chloroquine-sensitive 3D7 and resistant
K1 strain of Plasmodium falciparum and both series of compounds were shown to be active in the low
nanomolar range. For comparison the corresponding 9-amino acridine analogues were also prepared
and shown to have low nanomolar activity like their quinoline counterparts.
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In spite of numerous efforts to fight Malaria, approximately 40%
of the world’s population remains at risk of contracting the disease.
Malaria causes more than 300 million acute illnesses and at least
one million deaths annually, a number that continues to rise since
resistance1 against common drugs used in malaria chemotherapy
(4-aminoquinolines and sulfadoxine-pyrimethamine) has devel-
oped by Plasmodium falciparum in most endemic countries. It is
estimated that in the absence of adequate solutions the number
of victims may double by 2010.2


Natural artemisinin (1) (Fig. 1) is extracted from the herb Arte-
misia annua (Sweet wormwood) and the structure of this sesquiter-
pene 1,2,4-trioxane was elucidated in the late 1970s.3 Although the
detailed mechanism of action of artemisinin remains a matter of
debate,4–7 it is accepted that the process is dependent on initial
cleavage of the endoperoxide function, which has been shown to
be catalysed by monomeric heme8,9 (ferriprotoporphyrin IX;
present in Plasmodium-infected erythrocytes as a product of hae-
moglobin digestion). Upon endoperoxide cleavage, carbon-centred
free radicals are formed, leading to alkylation of heme and other
essential parasite biomolecules.7

All rights reserved.
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Artemisinin-based combination therapy (ACT) has been recom-
mended by the World Health organisation (WHO) as a priority
treatment in the fight against malaria. The rationale for this com-
bination is that the artemisinin derivative rapidly clears �95% of
the parasites and the remaining 5% are cleared by the longer
half-life partner drug.10 Therefore, it is established that combina-
tions of chemotherapeutic agents can accelerate therapeutic re-
sponse, improve cure rates and protect the component drugs
against resistance. Although artemisinin is highly potent and has
been used clinically for the treatment of multidrug resistant P. fal-
ciparum malaria, its use is limited by poor solubility in both oil and
water.11,12 As a result several soluble derivatives of the parent drug
have been prepared and investigated. The first generation artemis-
inin analogues such as artemether (2) and arteether (3) have pro-
ven to be highly active but have short plasma half-lives and have
been reported to be neurotoxic in animal models.13 Sodium artesu-
nate (4) has been developed as a water-soluble alternative to
artemether and arteether.7


In response to the growing burden of resistance to quinolines,14


there have been many attempts to develop synthetic alternatives
to the semi-synthetic artemisinin derivatives; perhaps the most
significant discovery has been the revelation by Vennerstrom and
co-workers that ozonides (1,2,4-trioxolanes) substituted with an
adamantane ring are not only chemically stable but are active
against P. falciparum in the low nanomolar range.15,16 Later find-
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ings indicated that the clinical candidate OZ277/RBx11160 (6)
Fig. 2) was non-toxic, orally active in mice and effective for a pro-
longed period of action.17 Due to the high efficacy and improved
properties of this drug, it has been accelerated to Phase II dose
range studies in India, Thailand and Africa.17 Further work in this
area has indicated that novel trioxolanes with a wide range of neu-
tral and basic (but not acidic) functional groups possess good anti-
malarial profiles.18,19 Based on the proposed mechanisms of action
of artemisinin and chloroquine, a new class of drugs named ‘triox-
aquines’ were developed by Meunier in a ‘covalent bitherapy’ ap-
proach.20–23 Trioxaquines were obtained by covalent attachment
of a 1,2,4-trioxane entity, responsible for the activity of artemisi-
nin, to an aminoquinoline entity, necessary for the accumulation
of the drug within the parasite. The antimalarial activity of first
generation trioxaquines, such as DU-1101 (7a), DU-1102 (7b)
and DU-1107 (7c) (see A, Fig. 2) on sensitive and resistant strains
are significantly higher than the activity of each of the individual
fragments, indicating a synergistic effect of the trioxaquine and
aminoquinoline components.20,24 Recent studies have shown a
second-generation trioxolane analogue, DU1302, exhibits potent
activity against gameocytes, the form of malaria parasites trans-
mitted by mosquitoes.25


Singh have also synthesised a series of novel trioxaquines incor-
porating the trioxane and 4-aminoquinoline moieties, some of
which are more orally active than the parent trioxane and 4-ami-
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noquinoline derivatives.26 However, these hybrid molecules suffer
from limitations such as poor stability and poor solubility.


In this Letter we describe our efforts in the area of quinoline
endoperoxide hybrids and include for the first time the synthesis
and evaluation of both semi-synthetic artemisinin derivatives
(Fig. 2 B) and synthetic analogues (based on the 1,2,4-trioxolane
heterocycle, Fig. 2 C). Incorporation of the 4-aminoquinoline or
9-aminoacridine unit in the final hybrid drug should act to increase
the drug concentration in the ‘acidic’ ferrous rich food vacuole thus
inducing a greater turnover of potentially toxic free radicals by
endoperoxide bioactivation.27,28 The 9-aminoacridine unit is a
component of the antimalarial mepacrine, a drug used prior to
chloroquine for malaria chemotherapy in humans. A useful prop-
erty of these derivatives is their fluorescence and we have recently
reported the distribution of both acridine containing semi-syn-
thetic and synthetic endoperoxides in infected human red blood
cells using laser scanning confocal microscopy.29 The potential
advantage of both sets of compound may be their capacity to target
the parasite by two distinctive mechanisms. Indeed, any chemical
or metabolic degradation of the endoperoxide bridge will result in
metabolites that may act as alkylating agents or inhibitors of
hematin polymerisation, provided that they do not become cova-
lently attached to proteins in the bioactivation process.


The first series of trioxaquines were designed to incorporate the
metabolically stable C-10 carba linkage. The synthetic route to C-
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10 artemisinin carba linked 4-aminoquinolines is shown in Scheme
1 and involved methodology already developed within the
group.30,31 Dihydroartemisinin (10) was converted into its C-10
benzoate 11 and the ester was allowed to react with allyltrimeth-
ylsilane, in the presence of anhydrous zinc chloride to give the C-
10 allyl derivative 12. Synthesis of the C-10 aldehyde (14) was
achieved by ozonolysis of allyl deoxoartemisinin followed by
reductive work up with sodium borohydride to give alcohol 7.
Alcohol 7 was then oxidised to the corresponding aldehyde 14
via Swern methodology. The final chemical step involved reductive
amination of the aldehyde 14, prepared using a 1:1.25 mixture of
aldehyde and respective alkylaminoquinoline to provide products
8a–8d.32,33 Reductive amination of aldehyde 14 with N1-(2-
chloro-6-methoxyacridin-9-yl)ethane-1,2-diamine gave 8e in
moderate yield. In all of these reactions, yields were compromised
by the formation of by-product dimers. To circumvent this prob-
lem we explored the synthesis of an amide-linked analogue 8h
where the key step involved the synthesis of an intermediate acyl
chloride derived from 7 (by oxidation to carboxylic acid and treat-
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ment with oxalyl chloride). This provided target molecule 8h in
good yield.


A second series of peroxide hybrid molecules (derived from
acridine) were prepared by a shorter chemical route as depicted
in Scheme 2. Alcohol 15 was obtained in good yield and diastere-
oselectivity (b/a, 5:1) by the reaction of dihydroartemisinin with
1,4-bis(hydroxymethyl)benzene in the presence of BF3�Et2O as cat-
alyst. Swern oxidation afforded the expected aldehyde 16, in excel-
lent yields and subsequent reductive amination with the
appropriate aminoalkyl acridines provided 8f and 8g as shown.


For the 1,2,4-trioxolane series a head to head quinoline/acridine
series was produced to examine the effect of (a) the length of the
linker and (b) which of the two heterocyclic ring systems provided
analogues with the best antimalarial profiles. The synthetic path-
way to 1,2,4-trioxolane hybrid molecules is depicted in Scheme 3
and involves only three synthetic steps from adamant-2-one as
shown. Thus, ozonolysis of the methyl oxime15 derived from ada-
mant-2-one in the presence of 1,4-cyclohexadione provided key
intermediate 17. Target trioxolaquines were obtained through
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reductive amination of 30 and aminoquinoline/acridine derivatives
(Scheme 3) as shown for analogues 9a–9f.34 As for the semi-syn-
thetic trioxaquines, this series of compounds could be readily for-
mulated as water-soluble salts. Thus, compound 9a was treated
with citric acid in acetone to afford the corresponding di-citrate
salt in high yield. Apart from 9f all products were produced as a
1:1 mixture of diastereomers (see inset in Scheme 3) that could
not be separated by normal chromatographic methods. Using HPLC
we were able to separate the two distereomers of 9f but it was not
possible to assign the stereochemistry of the trans and cis diaste-
reomers by 1 or 2D NMR methods.


Tables 1 and 2 contain data on the in vitro antimalarial activity
of semi-synthetic analogues and 1,2,4-trioxolane counterparts ver-

Table 1
In vitro antimalarial activity of semi-synthetic analogues versus the 3D7 and K1
strains of Plasmodium falciparuma


Endoperoxide 3D7 IC50/nM SD ± mean K1 IC50/nM SD ± mean


Artemether 3.45 0.34 1.26 0.51
Artemisinin 11.23 2.23 9.54 1.10
Chloroquine 15.62 3.45 187.34 21.10
8a 5.40 2.34 8.70 2.23
8b 11.51 1.45 12.60 4.53
8c 12.61 2.43 13.23 1.23
8d 24.25 4.34 16.21 3.45
8e 12.52 1.01 14.34 3.49
8f 12.32 2.25 19.34 2.45
8g 16.34 4.56 20.22 4.39
8h 9.34 2.55 8.22 4.34


a Parasites were maintained in continuous culture according to the method of
Trager and Jensen.35 IC50 values were measured according to the methods described
by Desjardins et al.36 (3D7 is chloroquine sensitive and K1 is a chloroquine resistant
strain).

sus the chloroquine-sensitive 3D7 strain and K1 resistant strain. All
of the semi-synthetic analogues have nanomolar activity versus
both strains of P. falciparum indicating a complete lack of cross-
resistance with chloroquine. This lack of cross-resistance has also
been noted by Meunier and other co-workers in studies with syn-
thetic trioxaquines.20


Although many of the analogues are more potent than artemis-
inin none of the semi-synthetic analogues tested were more potent
than artemether in these assays. This is somewhat surprising given
the fact these molecules should accumulate within the acidic
digestive vacuole (the site of free hematin generation) much more
efficiently than the parent drug by an ion-trapping mechanism.37


This observation may indicate that other targets outside the food
vacuole such as PfATP6 (or other) may be more important for this

Table 2
In vitro antimalarial activity of synthetic 1,2,4-Trioxolaquines versus the 3D7 and K1
strains of Plasmodium falciparuma


Endoperoxide 3D7 IC50/nM SD ± mean K1 IC50/nM SD ± mean


Artemether 3.10 0.34 2.10 0.34
Artemisinin 9.30 1.22 12.35 2.23
Chloroquine 18.23 1.23 240.34 3.45
9a 6.56 4.23 3.60 2.34
9b 12.33 1.29 8.32 1.45
9c 12.61 2.43 26.21 4.21
9d 9.67 4.34 7.20 2.33
9e 12.52 1.01 11.10 5.22
9f 12.32 2.25 6.76 1.89
17 3.10 0.34 3.02 0.34


a Parasites were maintained in continuous culture according to the method of
Trager and Jensen.35 IC50 values were measured according to the methods described
by Desjardins et al.36 (3D7 is chloroquine sensitive and K1 is a chloroquine resistant
strain).
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class of hybrid-drug.38 Interestingly mono-protic amide 8h was as
active as the diprotic analogues 8a–8d indicating that an additional
protonation site within the hybrid drug has little impact on anti-
malarial activity. An increase in chain length decreases activity
within the series 8a–8d and comparing acridine 8e there is little
difference between a quinoline or acridine heterocycle in terms
of absolute potency. By examining the activities of 8f and 8g, the
SAR also seems to intolerant to the nature of the linker group or
the C-10 anomeric substituent since both molecules have similar
activity to other compounds tested in the series.


The 1,2,4-trioxolane series were generally more potent than the
semi-synthetic derivatives. As was the case for the semi-synthetic
trioxaquines, increasing the linker length reduced activity slightly
across the series 9a–9b. The most potent analogue was 9a with
activity superior to artemisinin and chloroquine against the 3D7
and K1 strains of P. falciparum. As for the semi-synthetic analogues
there was no observable cross-resistance with chloroquine indicat-
ing that the chloroquine resistance mechanism does not recognise
these drug conjugates. Interestingly, ketone 17 had superior activ-
ity to many of the conjugates prepared indicating that the presence
of the additional hematin-binding unit is not enhancing activity
further as seen with the semi-synthetic series.


In spite of the lack of significant increase in antimalarial activity
there are still some advantages of the hydrid drugs described here.
Many of the derivatives prepared can be readily converted into
water-soluble salts making them suitable for oral and iv formula-
tions. Another potential advantage of the drug-hybrid is that even
when the peroxide is ‘chemically spent’ the residual aminoquino-
line or aminoacridine product can still act as an efficient antimalar-
ial, provided that it is not covalently bound to protein. Recent
studies by Tang and Vennerstrom have demonstrated that 1,2,4-
trioxolanes readily fragment by an iron catalysed process leading
to the formation of a secondary C-centred radical in tandem with
cyclohexanone as shown in Scheme 4A.39 Based on this mechanism
it seems plausible that 9d will release acridine ketone 19 following
Fe(II) mediated degradation. Ketone 19 was prepared in two steps
from ketal 18 by reductive amination and acid catalysed deprotec-
tion (Scheme 4B). Antimalarial assessment of this acridine indi-
cated activity at the level of 450 nM versus the K1 strain of P.
falciparum. This result provides some evidence that 9d and other
1,2,4-trioxolane hybrids prepared here may have the capacity to
function as a delivery system for an active hematin binder (i.e.,
aminoacridine or aminoquinoline) in tandem with a potentially
cytotoxic secondary carbon-centred radical following Fe(II) medi-
ated activation (Scheme 4A).

In conclusion, we have prepared two novel series of endoperox-
ide incorporating an aminoquinoline or acridine moiety. Both sets
of hybrid molecule express high levels of antimalarial activity in vi-
tro. Further work is required in this area to elucidate specific bio-
chemical targets of both the trioxaquines and the trioxolaquines
at inhibitory concentrations and to assess these molecules in ro-
dent models of malaria. Recently, a synthetic trioxaquine
(PA1103/SAR116242) was candidate selected for drug develop-
ment indicating that this ‘drug-hybrid’ approach provides mole-
cules with acceptable pharmacological and safety profiles to
permit regulatory drug-development.40
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In continuation of our studies with stabilized immune modulatory RNA (SIMRA) compounds, we have
synthesized novel SIMRA compounds incorporating arabinonucleotides to study their effects on TLR7
and TLR8 activation. The SIMRA compounds containing ara-G, ara-C, ara-U or ara-A substitutions acti-
vated TLR8 in HEK293 cells. Interestingly, the SIMRA compound containing ara-C also activated TLR7
and stimulated immune responses in vivo in mice. In human PBMC and pDC assays, SIMRA compounds
containing arabinonucleotides induced Th1-type cytokine profiles. These results suggest that SIMRA
compounds containing arabinonucleotides act as agonists of TLR7 and TLR8.


� 2009 Elsevier Ltd. All rights reserved.

Single-stranded viral and synthetic RNA (ssRNA) act as agonists
of TLR7 and TLR8, which belong to a family of highly conserved
receptors called pathogen-associated molecular pattern (PAMP)
recognition receptors.1–3 Both receptors are expressed in the mem-
branes of endosomes in the cells but in different cell types.4,5 TLR7
is expressed in human B cells and plasmacytoid dendritic cells
(pDC) and TLR8 is expressed in myeloid DCs (mDC) and mono-
cytes.4–6 The immune profiles induced by ssRNA agonists are
dependent on the type of cells. In general, TLR7 and TLR8 agonists
induce Th1-type immune responses.1–8


Although ssRNA is a ligand for TLR7 and TLR8, wide therapeutic
application of RNA has been hampered by its susceptibility to
nuclease degradation.9–12 Nuclease degradation of RNA occurs pri-
marily from the 30-end by exonucleases and sequence-specifically
at internal sites by endonucleases. Lipid carriers are commonly
used with RNA-based agonists of TLR7/8 for in vitro and in vivo
studies to increase nuclease stability.2,4,13


We have reported a novel class of synthetic oligoribonucleo-
tides, referred to as stabilized immune modulatory RNA (SIMRA)
compounds, in which two short oligoribonucleotides are attached
through their 30-ends. SIMRA compounds are more resistant to
nuclease degradation and stimulate immune responses through
activation of TLR8. SIMRA compounds that have 7-deaza-guano-
sine incorporated in place of guanosine activate TLR8 as well as
TLR7. SIMRA compounds that act as agonists of TLR8 and dual ago-

All rights reserved.


: +1 617 679 5572.
rawal).

nists of TLR7 and TLR8 induce potent immune responses in vivo in
mice and non-human primates.14


RNA compounds with 20-modifications such as 20-deoxy and 20-
methoxy groups have greater nuclease stability but do not induce
TLR7- and TLR8-mediated immune stimulatory activity.15 It is not
known whether RNA compounds containing arbinonucleotides act
as agonists of TLR7 and TLR8. In the present study, to examine the
impact of arabinonucleotides in SIMRA compounds on TLR7 and
TLR8 activation, we synthesized SIMRA compounds incorporating
arabino-guanosine (ara-G) (2), -cytosine (ara-C) (3), or -uridine
(ara-U) (4), in place of G, C, or U residues, respectively, in the par-
ent SIMRA compound 1, which acts as an agonist of TLR8 (Table 1).
Since compound 1 did not have adenosine, we chose SIMRA com-
pound 5, which contains adenosine and acts as an agonist of
TLR8, and substituted adenosine with ara-A (6) (Table 1). Com-
pound 7 was used as a negative control.


All compounds were synthesized with phosphorothioate back-
bone using b-cyanoethylphosphoramidite chemistry on a con-
trolled-pore glass solid support on an automated DNA/RNA
synthesizer. All the compounds were purified and characterized
as described previously.14 The MALDI-ToF characterization of all
SIMRA compounds are shown in Table 1. The nuclease stability
was studied by incubating SIMRA compounds in 1% human serum
in PBS for 10 min, followed by analysis by anion-exchange chroma-
tography to determine the percentage of the full-length product.
The parent compounds (1 and 5) without arabinonucleotides
showed about 75% full-length product. The SIMRA compounds
with arabinonucleotide substitutions showed 76–86% full-length
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Table 1
Sequences of SIMRA compounds containing arabinonucleotides and their MALDI-ToF mass analysis data


Compound number Sequencea Molecular weightb


Calculated Found


1 50-UGCUGCUUGUG-X-GUGUUCGUCGU-50 7486 7487
2 50-UG*CUG*CUUG*UG*-X-G*UG*UUCG*UCG*U-50 7486 7485
3 50-UGC*UGC*UUGUG-X-GUGUUC*GUC*GU-50 7486 7487
4 50-U*GCU*GCUUGUG-X-GUGUUCGU*CGU*-50 7486 7485
5 50-UGUUGUGUGAC-X-CAGUGUGUUGU-50 7540 7545
6 50-UGUUGUGUGA*C-X-CA*GUGUGUUGU-50 7540 7541
7 50-AAAAAAAAAAA-X-AAAAAAAAAAA-50 7690 7688


a All compounds have a phosphorothioate backbone; structures of arabinonucleotides (*) and X are shown below.
b Molecular weight as calculated and determined (found) by MALDI-ToF Mass Spectrometer.
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product depending on the number and nature of arabinonucleo-
tides present. The control compound 7 showed over 90% full-
length product under the same conditions.


The ability of SIMRA compounds to act as agonists of TLR8 was
studied in HEK293XL cells stably expressing human TLR8.17 The re-
sults are expressed as fold change in NF-jB activity over PBS-trea-
ted cells (Fig. 1A). SIMRA compounds 2–4 and 6 (containing ara-G,
ara-C, ara-U, and ara-A, respectively) activated human TLR8. SIMRA
compounds containing ara-C (3), ara-U (4), and ara-A (6) activated
TLR8 in a dose-dependent manner at levels similar to those of their
parent compounds 1 and 5. However, SIMRA compound 2 (contain-
ing ara-G) produced lower levels of NF-jB activation at lower
doses and had similar activity as that of the parent compound 1
at the highest dose. Control compound 7 did not stimulate TLR8.
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Figure 1. Activation of HEK293XL cells expressing human TLR8 (A) and TLR7 (B) by
SIMRA compounds at concentrations of 0, 50, 150, and 300 lg/ml. Data shown are
representative of three or more independent experiments.

These results suggest that SIMRA compounds containing arabino-
nucleotides act as agonists of TLR8.


We then studied the ability of SIMRA compounds containing
arabinonucleotides to activate human TLR7 in HEK293XL cells sta-
bly expressing TLR7.17 Both parent compounds 1 and 5 did not
activate TLR7. These data are consistent with our earlier report that
substitution of G with 7-deaza-G is required for TLR7 activation.14


Interestingly the SIMRA compound containing ara-C (3) showed
dose-dependent activation of TLR7 (Fig. 1B). The other SIMRA com-
pounds containing ara-G, ara-A, or ara-U did not activate TLR7
even at the highest dose studied. The control compound 7 had no
activity in TLR7 expressing HEK293 cells.


We further studied the ability of SIMRA compounds containing
arabinonucleotides and their parent compounds to stimulate im-
mune responses in human PBMC cultures.17 Parent compounds 1
and 5, and SIMRA compounds containing arabinonucleotides in-
duced Th1-type cytokine/chemokine profiles in human PBMC cul-
tures (Fig. 2). In general, the levels of cytokines induced by SIMRA
compounds containing arabinonucleotides were similar to those in-
duced by the parent compounds. However, SIMRA compound 2
(containing ara-G) induced lower levels of cytokines and chemo-
kines than did parent compound 1. As expected, SIMRA compound
3, which activated TLR7 in HEK293 cell assays, induced higher levels
of IFN-a than any other SIMRA compound. Control compound 7 pro-
duced background levels of cytokines/chemokines in PBMC assays.


We studied the ability of SIMRA compounds 1–6 to induce cyto-
kine production by human pDCs.17 All SIMRA compounds induced
cytokine induction in pDCs, but SIMRA compound 3, which acti-
vated both TLR7 and TLR8, induced significantly higher levels of
cytokines, especially IFN-a. The other SIMRA compounds (1, 2, 4–
6), which activated TLR8 only, induced no or low levels of IFN-a
production by human pDCs (Fig. 3). Control compound 7 induced
background levels of cytokine induction.


The ability of SIMRA compounds 1–6 and control compound 7
to induce immune responses in vivo in C57BL/6 mice was stud-
ied.17 SIMRA compound 3 (containing ara-C), which activated both
TLR7 and TLR8 in the cell-based assays, induced significantly high-
er levels of IL-12, KC, and IP-10 than did the control compound
(Fig. 4). As TLR8 is not functional in mice, the other SIMRA com-
pounds, which activated only TLR8, induced background levels of
IL-12 in mice. These results suggest that SIMRA compounds are
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Figure 2. Cytokine and chemokine induction by SIMRA compounds containing arabinonucleotides in human PBMC cultures at 150 lg/ml concentration. M stands for
medium control. Data shown are representative of three or more independent experiments.
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Figure 3. Cytokine and chemokine induction by SIMRA compounds containing arabinonucleotides in human pDC cultures at 150 lg/ml concentration. M stands for medium
control. Data shown are representative of three or more independent experiments.
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stable in vivo without lipid formulation, and that dual agonists of
TLR7 and TLR8 can induce immune responses in mice.


Single-stranded viral and synthetic RNAs are the ligands for
TLR7 and TLR8.1–3 A number of synthetic small molecules, such
as guanosine analogs and imidazoquinolines also activate TLR7
and TLR8.16,18 ssRNA is highly susceptible to nuclease degradation
and formulation with lipid carriers has been required to stabilize
RNAs against nucleases for in vivo use.2,9–12 We have previously
designed RNAs, referred to as SIMRA compounds, that are linked
through their 30-ends to prevent 30-exonuclease degradation and
which act as TLR8 agonists.14 In addition, SIMRA compounds in
which natural guanosines are replaced by 7-deaza-guanosine acti-
vate immune responses through TLR7 in addition to TLR8.14 In the
present study, we studied the ability of TLR8 agonist SIMRA com-
pounds in which ribonucleotides were replaced with arabinonucle-
otides to act as agonists of TLR7 and TLR8.
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/m


l
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Figure 4. Serum cytokines and chemokines induced by SIMRA compounds
containing arabinonucleotides following subcutaneous administration to mice at
50 mg/kg dose. Serum cytokine/chemokine levels were measured by Luminex
Multiplex assay. Naïve indicates untreated mice. Data shown are representative of
two experiments.

In ribonucleotides, the 20-OH group of ribose is trans-oriented
relative to 10-heterocyclic base, which is the primary recognition
site for ribonucleases and many other RNA enzymes.19 In contrast,
arabinonucleotides have the 20-OH group oriented cis to the het-
erocyclic base (Table 1). The cis orientation of 20-OH group causes
the arabinonucleotides to adopt a 20-endo conformation in contrast
to the 30-endo conformation of ribonucleosides.20,21 Site-specific
substitution of ara-G, ara-C, ara-U, or ara-A in TLR8 stimulating
SIMRA compounds showed activation of TLR8 in HEK293XL cells,
suggesting that arabinonucleotide substitutions are tolerated by
TLR8. In addition, the SIMRA compound that contained ara-C acted
as an agonist of both TLR7 and TLR8. Consistent with TLR activation
in HEK293 cells, SIMRA compounds containing arabinonucleotides
induced Th1-type cytokine production in human PBMCs. SIMRA
compound 3 (containing ara-C) induced higher levels of IFN-a than
SIMRA compounds containing other arabinonucleotides in both
human PBMCs and pDCs, consistent with its ability to activate
TLR7, and also stimulated immune responses in vivo in mice. The
lower activity of SIMRA compound 2 (containing eight arabinonu-
cleotides) in HEK293 cells and human PBMCs could be a result of
extensive conformational changes in the RNA that could affect
TLR7/8 recognition and binding. A SIMRA compound with fewer
ara-G substitutions showed activity similar to that of the parent
compound (data not shown).


In the present Letter, we showed that site-specific substitution
of arbinonucletides in TLR8 stimulatory SIMRA compounds does
not compromise TLR8 agonist activity. SIMRA compounds contain-
ing ara-G, ara-C, ara-U, or ara-A activated TLR8. Previously we have
shown that substitution of G with 7-deaza-G in SIMRA compounds
leads to activation of both TLR7 and 8. Interestingly, a SIMRA com-
pound containing ara-C substitutions acted as a ligand for both
TLR7 and TLR8. The ability to modulate immune responses by
incorporating specific arabinonucleotides in SIMRA compounds
may prove to be valuable for the design of novel TLR7 and TLR8
agonists as this class of compounds have therapeutic application
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in infectious diseases, oncology, asthma, and allergies and as vac-
cine adjuvants.


Supplementary data


Supplementary data associated with this article can be found, in
the online version, at doi:10.1016/j.bmcl.2009.02.021.
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We identified a series of structurally novel SCD (D9 desaturase) inhibitors via high-throughput screening
and follow-up SAR studies. Modification of the central bicyclic scaffold has proven key to our potency
optimization effort. The most potent analog (8g) had IC50 value of 50 pM in a HEPG2 SCD assay and
has been shown to be metabolically stable and selective against D5 and D6 desaturases.


� 2009 Elsevier Ltd. All rights reserved.

Stearoyl-CoA desaturases (SCD’s), also known as D9 fatty acid
desaturases are microsomal enzymes that utilize CoA conjugates
of saturated long-chain fatty acids (primarily, stearic acid, and pal-
mitic acid) to introduce a cis-double bond in the C-9 and C-10 po-
sition. The reaction requires molecular O2 and NADH and generates
H2O in the process.1,2 Two isoforms (SCD1 and SCD5, also known as
SCD2) have been identified in humans. SCD1 is primarily found in
liver, adipose and skeletal muscle and is well characterized3 com-
pared to SCD2 which is found primarily in the brain.4 Deletion,
mutation or inhibition of SCD1 in mice and rats results in de-
creased hepatic triglycerides,5–9 resistance to weight gain and
improvements in insulin sensitivity and glucose uptake. Thus,
SCD inhibition may offer a new treatment for obesity, insulin resis-
tance, and diabetes.10–12


The development of isoform-selective compounds may be chal-
lenging due to the high homology of SCD1 and SCD2. In addition,
SCD1 inhibition in peripheral tissues like skin and pancreas may
lead to side-effects.7,13 In light of these observations, the develop-
ment of tissue selective, non-brain penetrating compounds may be

All rights reserved.


: +1 650 384 7559.
n).

more desirable. As a result the compounds described in this letter
were not designed to be SCD1 isoform selective, but rather to be
tested later for appropriate in vivo pharmacokinetics and
pharmacodynamics.


D9 Desaturases are localized to the endoplasmic reticulum and
complexed with cytochrome b5 and cytochrome b5 reductase. This
feature is shared with D5 and D6 desaturases. Therefore, it is crit-
ical to focus the screening effort on small-molecule inhibitors that
act directly on SCD enzyme itself, and not on cytochrome b5 or
cytochrome b5 reductase. We chose to counterscreen lead mole-
cules against D5 and D6 desaturases as a part of our discovery
paradigm.


Sterculic acid (1, Fig. 1)14 is a naturally occurring SCD inhibitor.
A large number of small-molecule SCD inhibitors have been pub-
lished to date (e.g., 2–4).15–17 The striking similarities among many
of reported structures underscore the narrow pharmacophoric
space of SCD inhibitors and the difficulty in generating a unique
IP position when using the literature leads.


We were keen on pursuing an independent approach to discover-
ing new structural series. Using a rat microsomal SCD assay derived
from the literature,14 we performed a screen of approximately 5.2
million unique and proprietary compounds. Initial hits were
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Figure 1. Structures of reported SCD Inhibitors.
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followed up using a cell-based HEPG2 SCD assay. We were not sur-
prised to see differences in IC50 values between rat microsomal
and human HEPG2 assays because of differences in species and the
potential for efficacious compounds in the microsomal assay to
not cross the cell membrane or conversely accumulate in the cell
as a result of active transport. We set out to find the compounds with
high inhibitory potency in both assays. We selected hit compounds
5a and 5b (Table 1, IC50 210 nM/410 nM and 2.8 lM/1.67 lM in rat
microsomal/HEPG2 SCD assays) for SAR follow-up. Synthesis of
compounds in series 5 was carried out in 4 steps, starting with com-
mercially available 2,4-dichloro-5-nitropyrimidine (9; X, Y = N;
Scheme 1; Method A). Initially, amination of 9 (X, Y = N) using a pri-
mary amine [R1(CH2)2–NH2] at room temperature allows regioselec-
tive nucleophilic displacement to be conducted at C-4 based on the
increased reactivity of the 4-chloro position. Further amination with
R2CH2–NH2 was conducted at 60 �C overnight to provide 10.18


Reduction of the nitro group was achieved by either a sodium dithi-
onate method or with Raney Nickel.19,20 Final reaction with an a-
ketoester, followed by cyclization to the pteridinone incorporated
the R3 substituent.21


Through expansion of the SAR around series 5 (Table 1) we have
found that the R1 substituent must contain either an amide (pre-
ferred) or a sulfonamide group separated from the scaffold by

Table 1
Structure–activity relationships in pteridinone series 5


N


NN
H


R2


Substituents


R1 R2


5a NHAc 3,4-Dichlorophenyl
5b NHSO2Me 3,4-Dichlorophenyl
5c NHCOEt 3,4-Dichlorophenyl
5d NHCOPh 3,4-Dichlorophenyl
5e NHCO-3-Thienyl 3,4-Dichlorophenyl
5f CONH2 3,4-Dichlorophenyl
5g NHAc 3-Chlorophenyl
5h NHAc 3-Fluoro-4-chlorophenyl
5i NHAc 4-Fluoro-3-chlorophenyl
5j CONH2 3-(Trifluoromethyl) phenyl
5k NHAc 3,4-Dichlorophenyl
5l CONH2 3,4-Dichlorophenyl
5m CONH2 3-(Trifluoromethyl) phenyl
5n CONH2 3-(Trifluoromethyl) phenyl
5o CONH2 3-(Trifluoromethyl) phenyl


A Not determined.

two methylene units. A number of substituted benzylamines are
tolerated at R2 position, including 3,4-dichlorobenzyl and 3-(tri-
fluoromethyl)benzyl, but the NH is mandatory. Replacement of
the NH with O, S, and N-methyl all resulted in inactive compounds.
Finally, we screened a number of R3 substituents, relying mostly on
commercially available aryl-substituted ketoesters. We found that
the 3-pyridyl (5k, l), 4-chlorophenyl (5n), and 4-methylphenyl (5o)
were the only substituents that, in some cases, match the potency
of the 4-methoxyphenyl substituent. The majority of analogues of
5 did not present a significant improvement over the initial hit 5a.
In the HEPG2 SCD assay, two compounds (5j and 5o) showed sur-
prisingly high potency. Both 5j and 5o possess the combination of a
3-(trifluoromethyl)phenyl group in the R2 position and a CONH2


group (‘reverse amide’) in the R1 position.
Next, we turned our attention to the scaffold itself. We decided


to keep the rather unique pyrazin-2(1H)-one ring B of the pteridi-
none system intact and replace the pyrimidine ring A with the 5-
aza isomer of the pyridine ring, resulting in the alternative [6,6]-
bicyclic system 6 ( Fig. 2). The synthesis of series 6 compounds
was similar to series 5, employing 2,6-dichloro-3-nitropyridine
(9; X = CH, Y = N) as a starting material (Scheme 1; Method A). At
first, we kept the acetamide and 4-methoxyphenyl moieties in
positions R1 and R3, respectively, and focused on exploring the
effect of the R2 substituent on inhibitory potency in the rat micro-
somal assay. The most interesting compounds were followed up on
in the HEPG2 SCD assay to confirm activity (Table 2).


As a general observation, series 6 presented an improvement
over series 5 for potency of SCD inhibition in both microsomal
and HEPG2 assays. Compound 6a displayed IC50 values of 220 nM
and 81 nM in the microsomal and HEPG2 SCD assays, respectively.
A number of R2 substituents have been tested and resulted in com-
pounds with superior activity relative to 5a in the HEPG2 SCD assay
including 3-chloro-4-fluorophenyl (6e, IC50 47 nM), 3-(trifluoro-
methyl)phenyl (6f, 47 nM), 3,5-bis-(trifluoromethyl)phenyl (6i,
IC50 51 nM), and 4-fluoro-3-(trifluoromethyl)phenyl (6j, IC50


16 nM). A clear trend points towards the preference for lipophilic,
halogenated substituents in the 3- and 4-positions on the aromatic
ring. Of those, the 3-position has a greater tolerance for steric bulk
and greater overall impact on potency in both the microsomal and

N


N


O


R3


R1


D9 IC50, nM


R3 Rat Mic. SCD HEPG2 SCD


4-Methoxyphenyl 210 410
4-Methoxyphenyl 2800 1670
4-Methoxyphenyl 2800 n.d.a


4-Methoxyphenyl 560 >30,000
4-Methoxyphenyl 470 4000
4-Methoxyphenyl 177 140
4-Methoxyphenyl 1300 4600
4-Methoxyphenyl 900 n.d.
4-Methoxyphenyl 750 n.d.
4-Methoxyphenyl 145 5.6
3-Pyridyl 270 250
3-Pyridyl 513 36
3-Pyridyl 1890 92
4-Chlorophenyl 330 n.d.
4-Methylphenyl 134 9.6
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the HEPG2 SCD assays. For example, 3-(trifluoromethyl)phenyl
analogue 6f is over 50 times more potent than 4-(trifluoro-
methyl)phenyl analogue (6h, IC50 2.5 lM) in the HEPG2 SCD assay.
One interesting exception is the 4-chlorophenyl substituent. Com-
pound 6b turned out to be the most potent analogue in microsomal
assay among the series 6 compounds (IC50 7.8 nM); however, its
HEPG2 activity was somewhat more moderate (IC50 110 nM).


Next, while staying within scaffold 6, we switched to the re-
verse amide group in the R1 position and explored some limited
SAR (Table 3). Compounds 6t and 6u were synthesized by the pre-
viously detailed procedure (R4 = H; Scheme 1; Method A), using b-
alanine amide hydrochloride in the first step. However, for 6v and
6w, the analogous substituted b-alanine amides were not available.
We modified our synthetic approach to utilize b-alanine ethyl ester

hydrochloride instead, and obtained compound 11 (Scheme 1;
Method B).


The ethyl ester in 11 was hydrolyzed and the resulting carbox-
ylic acid was coupled with methylamine and O-methylhydroxyl-
amine to obtain compounds 6v (R4 = Me) and 6w (R4 = OMe),
respectively.


We have found that the smallest R4 substituent, hydrogen, is
preferred (6t and u). As observed within series 5, the most potent
analogue in the HEPG2 SCD assay (6u) also possessed a combina-
tion of a 3-(trifluoromethyl)phenyl group in the R2 position in con-
junction with the reverse amide in the R1 position.


In the course of our SAR studies in Series 5, the 4-methoxy-
phenyl substituent at the R3 position resulted in the highest num-
ber of active compounds. Another substituent of interest was 3-







Table 4
Structure–activity relationships in series 6 (pyridines, 6x–aa)


N N


N


N O
H


R1


R2


N
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pyridyl. We were interested in the effect the 3-pyridyl substituent
may have on potency when combined with scaffold 6 (Table 4). We
found that compound 6x was the most potent (IC50 127 nM and
15 nM in the microsomal and HEPG2 SCD assays, respectively)
among all 3-pyridyl analogues.


Next, we turned our attention to the isomeric (7-aza) pyridine
core structure 7 (Fig. 2). Compounds of series 7 were obtained from
2,4-dichloro-5-nitropyridine (9; X = N, Y = CH; Scheme 1; Method
A) which was prepared as described in the literature.22 Compounds
7a and 7b (Table 5) are direct analogues of their isomeric counter-

Substituents D9 assay, IC50, nM


R1 R2 Rat mic. HEPG2


6x NHAc 3,4-Dichlorophenyl 127 15
6y NHAc 3-Chloro-4-Fluorophenyl 333 13
6z NHAc 3-(Trifluoromethyl) phenyl 1400 120
6aa CONH2 3-(Trifluoromethyl) phenyl 30,000 n.d.


Table 2
Structure–activity relationships in series 6 (amides, 6a–s)


N N


N


N O
H


NHAc


R2


OMe


Substituents D9 assay, IC50, nM


R2 Rat mic. HEPG2


6a 3,4-Dichlorophenyl 220 81
6b 4-Chlorophenyl 7.8 110
6c 3-Chlorophenyl 376 100
6d 2-Chlorophenyl 549 n.d.
6e 3-Chloro-4-fluorophenyl 466 47
6f 3-(Trifluoromethyl)phenyl 206 47
6g 3-(Trifluoromethoxy)phenyl 260 210
6h 4-(Trifluoromethyl)phenyl 2050 2500
6i 3,5-bis-(Trifluoromethyl)phenyl 217 51
6j 4-Fluoro-3-(trifluoromethyl)phenyl 20 16
6k 2-Fluoro-5-(trifluoromethyl)phenyl 1480 n.d.


6l
N


F3C
330 180


6m
NF3C


13,790 n.d.


6n
NO


Me
>30,000 n.d.


6o 3-Methylphenyl 380 96
6p 3-Fluorophenyl 17,600 n.d.
6q phenyl 840 n.d.
6r 3-Methoxyphenyl 760 n.d.
6s 3-Carboxyphenyl >30,000 n.d.


Table 3
Structure–activity relationships in series 6 (reverse amides, 6t–w)


N N


N


N O
H


R2


OMe


NHR4O


Substituents D9 assay, IC50, nM


R2 R4 Rat mic. HEPG2


6t 3,4-Dichlorophenyl H 29 16
6u 3-(Trifluoromethyl)phenyl H 27 2.8
6v 3-(Trifluoromethyl)phenyl Me 360 120
6w 3-(Trifluoromethyl)phenyl OMe 930 n.d.

parts (6a and 6x, respectively). Based on this direct comparison the
heterocyclic core 7 does not present any advantages over 6 in
terms of potency of SCD inhibition.


Finally, we investigated the effect of the core structure with
fused benzene as Ring A (8, Fig. 2). Compounds of series 8 were pre-
pared by two different methods (Scheme 1; Methods C and D).
Method C is very similar to method A, except 2,4-difluoro-1-nitro-
benzene is used as a starting material and fluoride serves as a leav-
ing group instead of chloride. Method D is centered on coupling
between bromide 13 and amines containing the R2-group under
Buchwald conditions.23 Series 8 (Table 6) provided analogues with
very high potency for SCD inhibition. For example, compound 8g
displayed 0.6 nM potency of SCD inhibition in the microsomal as-
say and 50 pM in the HEPG2 SCD assay—by far the most potent SCD
inhibitor reported to date. The higher potency of some compounds
in cell-based assay was likely due to either species differences or
accumulation of the compound intracellularly.


As previously indicated, we were interested in our compounds’
selectivity against other desaturases, specifically D5 and D6. We
determined D5 and D6 selectivity in microsomal assays24 for a
number of representative compounds from each class, and all com-
pounds tested were found to have IC50 values >30 lM, ensuring
100–50,000-fold selectivity windows (Table 7). Another important
characteristic essential for drug development is metabolic stability
in human and rat liver microsomes. Representative compounds
were evaluated in microsomal stability assays and displayed sta-
bility of 50% or greater following a 30 min microsomal incubation.
This also supported that inhibitory activity results against D9
desaturase, a microsomal enzyme, were not affected to any signif-
icant extent by microsomal metabolism.

Table 5
Structure–activity relationships in series 7


N


N


N


N O
H


R3


NHAc


Cl


Cl


Substituents D9 assay, IC50, nM


R3 Rat mic. HEPG2


7a 4-Methoxyphenyl 190 34
7b 3-Pyridyl 157 21
7c 4-Methylphenyl 343 40







Table 6
Structure–activity relationships in series 8


N


N


N O
H


R3


NHAc


R2


Substituents D9 assay, IC50, nM


R2 R3 Rat mic. HEPG2


8a 3,4-Dichlorophenyl 4-Methoxyphenyl 110 8.6
8b 3-(Trifluoromethyl) phenyl 4-Methoxyphenyl 93 3.3
8c 3-(Trifluoromethyl) phenyl 3-Pyridyl 168 13
8d 3-(Trifluoromethyl) phenyl 4-Ethylphenyl 56 3.2
8e 3-Methylphenyl 4-Methoxyphenyl 18 13
8f 3,4-Dimethylphenyl 4-Methoxyphenyl 26 130
8g 4-Chloro-3-(trifluoro methyl)phenyl 4-Methoxyphenyl 0.6 0.05
8h 4-Fluoro-3-methylphenyl 4-Methoxyphenyl 0.5 3.1


8i
N


F3C
4-Methoxyphenyl 25 6.5


Table 7
Desaturase selectivity and microsomal stability of selected analogues


Other stearolyl-CoA desaturase activity (D9 selectivity) Liver microsomal stability, % after 30 min


Rat mic. D5 IC50, lM Rat mic. D6 IC50, lM Human Rat


5a >30 (>120) >30 (>120) 51 47
6a >30 (>187) >30 (>187) 85 72
6t >30 (>158) >30 (>158) 94 106
6u >30 (>857) >30 (>857) 69 61
6x >30 (>411) >30 (>411) 69 49
7a >30 (>882) >30 (>882) 97 92
8a >30 (>272) >30 (>272) 83 54
8g >30 (>50,000) >30 (>50,000) 81 83
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In conclusion, we conducted a SAR study of structurally novel
bicyclic SCD inhibitors based on pteridinone screening hits 5a
and 5b. Modifications of the ring A of the bicyclic core from
pyrimidine 5 to 5- and 7-isomers of pyridine (6 and 7) to ben-
zene 8 had the greatest impact on potency optimization. Pre-
ferred substituents were also identified in R1, R2, and R3


positions. Overall, our effort led to the discovery of highly potent
(against both human and rat enzymes), selective, metabolically
stable, and structurally novel D9 desaturase (stearoyl-CoA desat-
urase, SCD) inhibitors. Work is underway to fully characterize
their in vivo pharmacokinetic and pharmacodynamic properties
in various animal models.
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Zolinza®

The control of gene expression is maintained by direct chemical
modifications to DNA and control of chromatin structure. The ‘his-
tone code’ of chromatin is represented by differential methylation
of lysine and arginine residues combined with acetylation state of
lysine residues on the four types of histones (H1–H4). These epige-
netic signals, combined with DNA modifications such as CpG island
methylation, represent a complex and tunable mechanism for gene
expression. Analogous to mutations of the primary structure of
DNA, aberrant epigenetic changes have been linked to a growing
number of human diseases, including cancer.1


Histone deacetylases (HDACs), in combination with histone
acetylases (HATs), are important regulators of epigenetic equilib-
rium.2 The eleven known zinc-dependent HDACs are divided into
three classes based on sequence homology. Class I enzymes
(HDACs 1–3, 8) are predominantly found in the nucleus and consist
of 350–500 amino acid residues, while class II examples (HDACs 4–
7, 9–10) are tissue specific, shuttle between the cytoplasm and the
nucleus, and are about 1000 amino acids in length. The single
member of the class III HDACs (HDAC 11) contains two active sites,
and displays characteristics of both class I and II enzymes. The
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complex underlying biology of HDACs, combined with the first
clinically successful inhibitor Zolinza�, makes understanding the
systematic modification of the action of these enzymes an impor-
tant field in medicinal chemistry.


Zolinza� became the first HDAC inhibitor to gain approval in the
United States, and is indicated for the treatment of cutaneous man-
ifestations of cutaneous T-cell lymphoma (Fig. 1).3 In the ortho-
amino benzamide class of HDAC inhibitor, MS-275 has entered
clinical trials for several oncological indications.4 Another example

NH2NO


O


Figure 1. HDAC inhibitors Zolinza� and MS-275.
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Scheme 1. The synthesis of aryl phosphorus derivatives 6a, c, d, e, and f. Reagents
and conditions: (a) NiBr2, phosphonite (RP(OR)2), 160 �C, neat; (b) LiOH, THF/
MeOH/water; (c) 7, EDC, DMF; (d) TFA, DCM.


RP(OR)2RPCl2
ROH


Et3N


R2PORR2PCl
ROH


Et3N


Scheme 2. The preparation of phosphonites (PR(OR)2) and phosphinites P(R)2(OR).


N
H NHBoc


S


O


Br


O


7
Br


Br
8


9


a


2054 R. W. Heidebrecht et al. / Bioorg. Med. Chem. Lett. 19 (2009) 2053–2058

from this class is 1, a potent ortho-amino benzamide malonate
developed in our laboratory with a structurally distinct surface rec-
ognition domain.5 Our most recent reports are exemplified by
biphenyl SHI-1:2 2 (Fig. 2),6 which projects an aryl ring into the
internal cavity of HDACs 1 and 2 (putatively not accommodated
by other HDAC’s), resulting in excellent selectivity over the HDAC3
isoform.7


As exemplified by the inhibitors above (Figs. 1 and 2), we looked
to further expand our understanding of moieties that optimize
interactions at the surface recognition domain.8 It has been noted
that phosphonates and malonates can be bioisosteric.9 With this
in mind, we pursued the synthesis of derivatives containing both
phosphorus-based functional groups in the surface recognition do-
main and a biphenyl warhead to facilitate HDAC 1:2 selectivity.


Our initial synthetic efforts were directed toward simple aryl
and benzylically oriented phosphorus-containing inhibitors. The
aryl examples were prepared via nickel-catalyzed cross coupling
(Scheme 1). A combination of methyl 4-bromobenzoate (3), a
phosphonite (PR(OR)2), and catalytic nickel(II) bromide was heated
at elevated temperatures without solvent to afford phosphinate
4.10 Saponification, amide formation, and deprotection led to our
target compounds 6. Phosphonate 6a (R1, R2 = OEt) was prepared
via a truncated route from the corresponding commercially avail-
able substituted benzoate.11


While many of the phosphonites (PR(OR)2) and phosphinites
(PR2(OR)) required to prepare the requisite derivatives were com-
mercially available, the remainder were prepared via displacement
of the corresponding chloride (Scheme 2). Reactants required for
cross-couplings (e.g., Scheme 1) were prepared in pentane, filtered,
and concentrated.12 Those designated for benzylic derivatives (e.g.,
Scheme 3) were synthesized in toluene, filtered to remove amine
salts, and directly used in subsequent reactions.


The benzylic examples (e.g., Scheme 3) were prepared via a
Michaelis-Arbuzov approach.13 Bromomethylbenzoyl bromide 8
was treated with monoprotected diamine 7 to afford amide 9
(Scheme 3). This key intermediate (9) was reacted with a range
of phosphites, phosphonites, and phosphinites to afford, after
deprotection, target compounds 11.


The phosphonic and phosphinic acid derivatives were prepared
via hydrolysis of the corresponding methoxy and ethoxy phospho-
nates and phosphinates with NaOH in dioxane at elevated temper-
atures.14 This reaction was performed on the deprotected
compounds, affording 6b and 11b/f wherein R2 = OH.
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Figure 2. HDAC inhibitors 1 and 2 superimposed with the pharmocophore.
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Scheme 3. The synthesis of benzylic phosphorus derivatives 11a, c, e, g–k, m–p.
Reagents and conditions: (a) 8, iPr2NEt, DCM; (b) phosphite (P(OR)3), phosphonite
(RP(OR)2), or phosphinite ((R)2POR), toluene, D; (c) TFA, DCM.

To facilitate late-stage generation of structural diversity, a se-
quence was developed beginning with protected benzylically-ori-
ented intermediate 10 (Scheme 4). Methoxy-substituted
phosphonates and phosphinates (10) were hydrolyzed, and their
corresponding acids were subjected to BOP15 coupling; deprotec-
tion provided target compounds 11.


Other structurally unique examples were prepared during the
course of this work. For example, amino phosphonate 13 proved
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to be particularly promising; its synthesis is depicted in Scheme 5.
Key benzyl bromide 9 (4-substituted) was treated with diethyl
(aminomethyl) phosphonate (12)16 and deprotected to afford tar-
get 13 (Scheme 5).

Table 1
Exploration of phosphorus-based functional groups


N
H


O


P
n


O


R1
R2


S


Compound n Substitution


Phosphonates 6a 0 4
6b 0 4
11a 1 4
11b 1 4
11c 1 3


Phosphonites 6c 0 4
6d 0 4
11e 1 4
11f 1 4
11g 1 3
11h 1 4
11i 1 3


Phosphine oxides 11j 1 4
11k 1 3

Gratifyingly, HDAC inhibitors with a phosphorus-based surface
recognition element generally led to compounds with in vitro
activity in the low nanomolar range (Table 1). Both aryl and benzy-
lically-substituted examples were potent inhibitors of HDAC1 en-
zyme and proliferation in HDAC-dependent HCT116 cells17 across
three phosphorus oxidation states: phosphonates, phosphinates,
and phosphine oxides.


Para-substituted benzamides were generally more potent
inhibitors of cell proliferation than their analogous meta examples
with corresponding differences in measured GI50 values; compare
examples 11a and 11c (GI50 = 0.250, 2.50 lM, respectively), 11e
and 11g (GI50 = 0.360, 8.60 lM, respectively), 11h and 11i
(GI50 = 0.130, 6.00 lM, respectively), 11j and 11k (GI50 = 0.200,
>20.0 lM, respectively). It was also apparent that the acids of both
phosphonates (6b, HDAC1 IC50 = 42nM and 11b, HDAC1 IC50 = 38
nM) and phosphinates (11f, HDAC1 IC50 = 38 nM) were potent in
the cell free enzyme assay but were not effective in the inhibition
of immortalized cell growth (GI50 > 20 lM), presumably due to
lack of cell permeability.


It should be noted that several examples were prepared that
varied the biphenyl aryl ring. Similar properties were observed be-
tween phenyl, 2-thiophene, and 3-thiophene substituents.18 The 2-
thiophene ‘warhead’ was utilized due to a general trend affording
modest advantages in GI50 in HCT-116 cells.


With a range of potent compounds in hand, we turned to eval-
uate our leads in pharmacokinetic (PK) and pharmacokinetic/phar-
macodynamic (PK/PD) assays. Compound 11a demonstrated
promising PK in the rat, possessing relatively low plasma clearance
(Clp = 15.8 mL/min/kg) and acceptable oral bioavailability and
exposure (F = 45%, P.O. AUC(0–1) = 4.40 lM h). These results
prompted us to assess the acetylation state of H2B histones after
dosing of HCT116 tumor-bearing nude CD-1 mice at 150 mg/kg
qd for three days. Compound 2 was used as a positive control.
Unfortunately, initial lead 11a did not show a significant increase
in acetylation relative to vehicle (Fig. 3).19 This can be explained
by the low exposure of 11a achieved after ip administration
(1.54 lM in plasma, 3 h post-dose), suggesting that the compound
had high clearance in mice. The pharmacokinetics of 11a in mouse
and dog were assessed, revealing clearance greater than hepatic
blood flow in both species.


A significant improvement in mouse PK was required in order to
determine the in vivo potency and efficacy of our phosphorus-

NH2


6, n = 0
11, n = 1


R1 R2 HDAC1 IC50 (nM) GI50 HCT116 (lM)


OEt OEt 22 0.410
OEt OH 42 >20
OEt OEt 13 0.250
OEt OH 38 >20
OEt OEt 23 2.5


OEt Me 14 0.46
OMe Ph 29 0.38
OMe Ph 20 0.36
OH Ph 28 >20
OMe Ph 140 8.6
OMe Et 7 0.130
OMe Et 90 6.0


Et Et 9 0.20
Et Et 270 >20
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PK/PD(mouse): negative


Figure 3. Summary of data for compound 11a.
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based inhibitors. A streamlined assay to facilitate the weekly
assessment of oral exposure of compounds in mice was designed.

Table 2
The critical relationship between the groups on phosphorus and mouse PK parameters


O


R


Compound R HDAC1 IC50 (nM)


6e PPh
EtO


O
21


6d PPh
MeO


O
29


6c PMe
EtO


O
14


6f PMe
MeO


O
52


11l P
O


O
MeN


3.5


11m P
O


EtO
Et


6.5


11n P
O


EtO
Me


16


11o P
O


MeO
Me


54


11p P
O


iPr
iPr


11


11j P
O


Et
Et


8.5

New chemical entities were dosed orally at 150 mg/kg, and mea-
surements were taken from whole blood collected by nicking the
tail vein at six time points from 0.25 h to 7 h.


An analysis of the mouse pharmacokinetic data from phospho-
rus-containing inhibitors indicated a strong trend where smaller
substituents led to compounds with superior exposure (Table 2).
In the analogs where there is an aryl-phosphorus bond (6e–6f),
going from a phenyl/ethoxy substitution (6e, AUC = 0.91 lM h) to
a methyl/ethoxy phosphinate (6c, AUC = 44 lM h) resulted in a
marked improvement in maximum exposure. These aryl examples
did not appear particularly sensitive to the identity of the alkoxy
groups, exemplified by a small difference between methoxy (6f,
AUC = 60 lM h) and ethoxy (6c, AUC = 44 lM h) phosphinates
when the alkyl group remained constant (Me).


The benzylically-substituted phosphinate examples demon-
strated a similar effect (Table 2, 11l–11o). The largest effect was
observed on the alkoxy group of these phosphinates. As the alkyl
group is held as a methyl, a constant and remarkable improvement
in exposure is observed when going from larger phosphinate esters
such as 3-pyridylmethyl analog 11l (AUC = 16 lM h) to ethoxy

N
H NH2


S


GI50 HCT116(lM) Cmax (lM) AUC (lM h)


0.170 0.56 0.91


0.380 11 12


0.460 43 44


0.420 39 60


0.130 8.8 16


0.240 17 17


0.330 31 50


0.160 88 115


0.270 1.9 1.3


0.200 14 17
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Figure 4. Summary of data for compounds 11n, 11o, and 13.
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Figure 5. Xenograft results for compounds 11o and 13.
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compound 11n (AUC = 50 lM h). The most dramatic result was ob-
tained with methoxy example 11o (AUC = 115 lM h).


Minor improvements in AUC were observed when smaller
phosphorus-linked alkyl groups were installed. This is exemplified
by a comparison of ethyl-substituted phosphinate 11m
(AUC = 17 lM h) with the closely related methyl derivative 11n
(AUC = 50 lM h). The same trend was observed for phosphine oxi-
des: 4-diisopropyl-phosphinomethyl (AUC = 1.3 lM h) 11p gave
much reduced exposure compared to 4-diethylphosphinomethyl
11j (AUC = 17 lM h).


Promising compounds were tested in the PK/PD model for his-
tone acetylation (HCT116 tumor-bearing nude CD-1 mice,
150 mg/kg, po, qd, 3 days), and three examples are depicted below
(Fig. 4). Phosphinate 11n did not demonstrate changes to the ratio
of acetylated to deacetylated H2B histones relative to control;
however, a statistically significant response was demonstrated by
both phosphinate 11o and aminophosphonate 13.


Leads 11o and 13 were further tested in a mouse xenograft
model (HCT116 colon) at various daily oral doses for 21 days
(Fig. 5), and dose-dependent inhibition of tumor growth was ob-
served. Unfortunately, mice treated with 11o also experienced sig-
nificant and dose proportionate weight loss (22% loss in the
100 mg/kg cohort after 21 days), affording a very small therapeutic
window. On the other hand, compound 13 was very well tolerated
at all doses, illustrating the potential utility of phosphorus based
HDAC inhibitors for the treatment of cancer.


The phosphorus-containing biphenyl inhibitors disclosed in this
work possess the excellent selectivity for HDACs 1 and 2 that was
previously observed.7b Full data for compound 13 is provided as an
example (Fig. 6).20 A minimum of three logs of selectivity separates
the in vitro HDAC1 (IC50 = 7.7 nM) and HDAC2 (IC50 = 14 nM) po-
tency of 13 from other class I isoforms, i.e., the closely related
HDAC3 (IC50 = 12,000 nM) as well as HDAC8 (IC50 = 37,000 nM).
Excellent selectivity was observed over class II and III enzymes
(HDACs 4–7, 11, IC50 = >50,000 nM).


In summary, we observed a disconnect between rat and mouse
pharmacokinetics of phosphorus-containing SHI-1:2 analogs. A
survey of mouse PK parameters showed a strong correlation be-
tween smaller alkyl phosphorus-based groups and superior oral
exposure. Sample compound (13) showed promising and signifi-
cant tumor growth inhibition in a xenograft model without signif-
icant weight loss.21
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Improved CILAT reagents have been developed, with which an unprecedented number of protein samples
can be measured in high-throughput assays, providing a robust tool for MS-based quantitative
proteomics.


� 2009 Elsevier Ltd. All rights reserved.

MS-based quantitative proteomics is a robust tool for the sys-
tematic understanding of biological processes.1 Many techniques,
including both stable isotope-labeled and label-free methods, have
been developed to improve the throughput and accuracy of protein
quantitation. Stable-isotope labeled methods, such as ICAT2 and
iTRAQ3, rely on the introduction of stable isotope tags that are
chemically identical, but are distinguishable by MS, into different
biological samples. On the other hand, label-free quantitation is
achieved by spectral count and statistical analysis of unlabeled
proteolytic peptides. Despite the availability of a wide choice of
methods, there are no perfect ways for quantitative proteomics
as each technique has its own benefits and drawbacks.4 For in-
stance, label-free methods are easy to implement, but suffer from
interference from experimental variation and signal noise. Label-
based strategies can provide more accurate quantitation, yet it is
expensive and sometime impractical to label scarce biological sam-
ples. As a result, methods that can overcome limitations of present
techniques have always been sought to improve the speed and reli-
ability of quantitative analysis.


A major advantage of labeled over label-free approaches is the
ability to process multiple specimens in parallel as demonstrated
by commercially available 8-plex iTRAQ5 and 6-plex TMT re-
agents.6 However, as both iTRAQ and TMT reagents react with pri-
mary amine that is ubiquitously present in each proteolytic

ll rights reserved.


led affinity tag; MS, mass
AQ, isobaric tags for relative

peptide, labeled peptides must be extensively fractionized to re-
duce their complexity to a level within the analytic capacity of
MS. This requirement is usually alleviated when ICAT and other
cysteine-targeting reagents are used because labeled cysteine-con-
taining peptides, which represent about 10% of all proteolytic pep-
tides from a proteome, can be enriched by affinity purification
before MS analysis.7 Nevertheless, a drawback of ICAT reagents is
that they can only be used for pair-wise measurement.


Previously, we have developed another type of reagents, named
CILAT8, with attempts to combine benefits offered by both ICAT
and iTRAQ together. However, our prototype reagents were limited
to the comparison of only two samples as well. Here, we demon-
strate the second generation CILAT reagents that allow the quanti-
tation of up to 12 samples. These reagents are a set of 12
chemically identical compounds with each containing an isobaric
tag comprised of a reporter and a balancer (compound 1, Fig. 1a).
They also share a common thiol-capture group to label cysteine-
containing peptides and a cleavable alkyne tag that allows the so-
lid-phase based enrichment of labeled peptides in a catch-and-re-
lease fashion. However, these reagents differ from one another by
incorporating different isotope atoms such as 2H, 13C and 15N into
the different positions of isobaric tags. Consequently, the molecu-
lar weight of the reporters spans from 130 to 142 (except 136)9


and that of the balancers changes concertedly from 167 to 155 to
keep the molecular weight of all isobaric tags at constant 297.
When they are applied for quantitative assay (Fig. 1b), these re-
agents can label up to 12 samples, respectively, which are then
mixed together and digested with trypsin to generate a large pop-
ulation of peptides. Labeled peptides can then be covalently immo-
bilized on beads coated with azide via a biologically compatible
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Figure 1. (a) Structure of CILAT reagents (Compound 1). Each CILAT reagent
contains a thiol capture group, an isobaric tag composed of a reporter and a
balancer, and an acid-cleavable alkyne group as an enrichment tag. The molecule
weight of the reporters in all 12 reagents ranges from 130 to 142, except 136, and
the balancer in each reagent changes correspondingly to keep the molecular weight
of the isobaric tag at 297. (b) Procedure to use CILAT reagents. (1) Up to 12 protein
samples (S1 to S12) can be labeled on cysteine residues with Tag 130 to Tag 142,
respectively. (2) All samples are mixed together and digested with trypsin. (3) The
resulting peptide mixtures are treated with solid support beads coated with azide.
Only cysteine-containing peptides that are labeled with CILAT reagents can couple
to the beads while other unlabeled peptides are washed off. Then, these immobi-
lized peptides are cleaved from beads with acid treatment via the acid-cleavable
linker in CILAT reagents. (4) The labeled peptides are analyzed by MS/MS to
generate signature ions for quantitation.
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[3+2] cycloaddition (click chemistry) between azide and alkyne.10


After extensive washing to remove any unlabeled peptides, tagged
peptides are released from beads by acid treatment and directly
delivered for MS/MS analysis. As the name of isobaric tag suggests,
the same peptides labeled with different CILAT reagents have the

Figure 2. (a) Semi-solid-phase synthesis of CILAT reagents. (b) Isotope-labeled building
rows) indicates the molecular weight difference (Daltons) between this isotope-labele
illustrated in Supplementary data.

same molecule weight, thus exhibiting a single peak in MS. When
this peak is fragmented in MS/MS, the amide bond between the
reporters and the balancers breaks apart to yield a series of strong
signature ions with m/z ranging from 130 to 142 for quantitation.
Other larger fragments can be used for de novo sequencing of this
peptide.


These CILAT reagents were prepared by a simple semi-solid-
phase synthesis (Fig. 2). First, ethanolamine was loaded onto 4-
nitrophenyl carbonate resin via its primary amine group, and its
hydroxyl group was activated by tosylation, which was displaced
with piperazine and coupled with Fmoc-leucine subsequently.
Next, after Fmoc was removed to generate an amine group to cou-
ple with a bromoacetic acid, an intermediate product (compound
2) was cleaved from beads by acid treatment and was used to react
with another intermediate (compound 3) to obtain compound 1.
By using various isotope labeled building block molecules includ-
ing ethanolamine, piperazine, Fmoc-leucine, and bromoacetic acid,
all 12 CILAT reagents were synthesized similarly.


To examine if the CILAT reagents could indeed be used for
12-plex measurement, bovine catalase, a 60 kD protein containing
four cysteines, was tested as an example. 12 samples of this protein
with predetermined ratios (2:2:3:3:5:6:7:6:3:3:4:4) were labeled
with individual CILAT reagents, respectively, mixed together,
precipitated to remove excess labeling reagents, and then digested
with trypsin. After the catch-and-release enrichment of labeled
peptides, three out of four cysteine-containing peptides (m/z =
1392.0, 1575.1 and 2041.4) exhibited strong signals in MS and
the last one (calculated m/z = 4043.0) was not observed due to its
poor ionization efficiency (Fig. 3a). When one of peptides
(1392.0) was selected to fragment at low collision energy condi-
tion, the sequence of this peptide (H-LC*ENIAGHLK-OH)11 was eas-
ily identified (Fig. 3b). At high collision energy condition, a series of
signature ions from 130 to 142 appeared as designed (Fig. 3c). The
other two peptides (1575.1 and 2041.4) also performed similarly
when they were fragmented. Before these peaks were used for
quantitation, however, two issues that might potentially lead to
miscalculation of peptide ratios should be addressed: 1) are these
signature peaks exclusively generated from the isobaric tags? and
2) how can we calibrate quantitation if CILAT reagents are not
100% isotopically pure? To help answer the first question, the same
peptide (1392.0) from bovine catalase solely labeled with Tag 130
was fragmented. A single peak at 130 within the range of 130–142
(Fig. 3d) was observed, implying the signature ions were
indeed produced from the reporters, not from the peptide itself.

block monomers used for the synthesis of Tag 130 to Tag 142. A number (2nd–5th
d monomer and its unlabeled form. The structures of these starting materials are







Figure 3. (a) MS spectrum of labeled peptides after enrichment. Cysteine-contain-
ing peptides are underlined. Ir = % relative intensity (b) MS/MS spectrum of the
precursor ion (1392.04) labeled with all 12 tags at low collision energy condition.
The sequence of this peptide and its y/b-series fragments are shown. An asterisk on
cystein indicates it is labeled with tags. (c) MS/MS spectrum of the precursor ion
(1392.0) labeled with all 12 tags at high collision energy condition. (d) MS/MS
spectrum of the precursor ion (1392.0) solely labeled with Tag 130 at high collision
energy condition. (e) Linear regression relationship between the measured ratios
(y-axis) of labeled peptides and their normalized predetermined ratios (x-axis).
Standard error bars are shown.
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Nevertheless, it is noteworthy that the b1 ion of a peptide contain-
ing an N-terminus Glu/Met/His residue is in this range and may
introduce errors during quantitation. This problem can be solved
by identifying these peptides and removing interfering peaks from
quantitation. For example, the m/z of the b1 ion of a peptide con-
taining an N-terminus Glu residue is 130, so the peak at 130, to-
gether with the peak at 131 and 132 for the sake of isotope
effect, will be excluded during quantitation and the remaining

peaks within the range will be used for a 9-plex measurement,
rather than a 12-plex quantitation. The second concern can be ad-
dressed by slightly modifying an algorithm already developed for
iTRAQ reagents, whose isotope purity also affects the quantitation
of peptides in a similar way.12 Thus, a computer program was
developed to calibrate quantitation (see Supplementary data).
Finally, when all 36 adjusted ratios of these three cysteine-contain-
ing peptides in the 12-plex measurement were plotted versus their
normalized predetermined ratios (2/7:3/7:4/7:5/7:6/7:7/7), the
linear regression relationship between them indicated the CILAT
reagents were indeed able to determine protein ratios in this
high-throughput assay (Fig. 3e).


The second generation CILAT reagents would enable us to pro-
cess an unprecedented number of samples with an additional ben-
efit to reduce biological complexity. In addition, solid-phase
enrichment could potentially eliminate problems associated with
affinity purification based on conventional biotin–avidin system,
such as high background. Although these reagents are designed
to complement, rather than replace existing techniques such as
ICAT and iTRAQ, the ease and robustness of this technique would
make it a preferred choice in many applications.


Supplementary data


Supplementary data associated with this article can be found, in
the online version, at doi:10.1016/j.bmcl.2009.02.022.
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Adiponectin, an adipocyte-derived protein with insulin-sensitizing, anti-diabetic and anti-atherogenic
activities, is known to be induced during adipocyte differentiation. Nobiletin, a citrus polymethoxy flavo-
noid, was found to induce the differentiation of ST-13 preadipocytes into mature adipocytes and enhance
the production of adiponectin protein at a concentration of 10 lM.


� 2009 Elsevier Ltd. All rights reserved.

Recent studies have revealed that in addition to functions as the
major energy reservoir adipocytes play a role as endocrine cells
that secrete different bioactive proteins, which are termed as adi-
pocytokines, including leptin and adiponectin.1–3 Among adipocy-
tokines, the functions of adiponectin have been the focus of recent
attention because accumulating evidence has shown that there are
close relationships between circulating adiponectin levels and a
variety of lifestyle-related diseases, including obesity, coronary
artery disease, type 2 diabetes and metabolic syndrome, and adipo-
nectin exhibits insulin-sensitizing, anti-diabetic and anti-athero-
genic activities.1–4 Collectively, it is reasonable to consider that
adiponectin represents a useful target for treating or preventing
insulin resistance, type 2 diabetes, metabolic syndrome and cardio-
vascular diseases. Adiponectin expression was found to be potently
induced during adipocyte differentiation.5,6 Thiazolidinedione ana-
logs like rosiglitazone (1), which are synthetic ligands for peroxi-
some proliferator-activated receptor c (PPARc), have been shown
to induce adipocyte differentiation and then enhance mRNA

All rights reserved.


: +81 46 828 2661.

expression and secretion of adiponectin.7,8 Most inducers of adipo-
nectin expression and/or secretion, including sulfonylurea agents
like glimepiride (2),9 and anandamide (3),10 have shown to induce
adipocyte differentiation. These findings should imply the possibil-
ity that an inducer of adipocyte differentiation promotes the secre-
tion of adiponectin protein. Based on this possibility, we searched
an adipocyte differentiation inducer using a screening system
involving a ST-13 preadipose cell line that we had previously
established from adult mice,11 and then examined the identified
adipocyte differentiation inducers for their actions on the protein
level of adiponectin.


Adipocytes, but not preadipocytes, show accumulation of lipid
droplets in their cytoplasms. So it is easy to distinguish adipocytes
and preadipocytes by a microscopic examination. Using this exam-
ination, we screened different samples, including chemical agents
and crude extracts derived from plants, microorganisms and mar-
ine sponges, for their differentiation-inducing activity against ST-
13 preadipocytes.12 Among the tested samples, nobiletin (4;
5,6,7,8,30,40-hexamethoxyflavone), a polymethoxy flavonoid from
Citrus depressa, was found to be one of the most potent inducers
of ST-13 preadipocyte differentiation. Figure 1A shows the observa-
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Figure 1. Effects of nobiletin on adipose differentiation of ST-13 cells. ST-13
preadipocytes were cultured in the presence of vehicle (V, 0.1% dimethylsulfoxide),
nobiletin, and troglitazone for 11 days. (A) Oil red O staining of ST-13 cells at day 12
in vehicle medium (a) or in medium supplemented with 10 lM nobiletin (b), or
5 lM troglitazone (c). Original magnification � 100. (B) Triglyceride contents were
determined by the method of Fletcher.18 Data are expressed as means ± SD (n = 3).
*P < 0.05, versus vehicle (V). Tro = troglitazone. (C) mRNA levels of adipsin and
adipocyte P2 (aP2), which are genes specific for differentiated adipocytes, were
analyzed by semi-quantitative RT-PCR.
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tions in representative experiments. The cells treated with nobile-
tin showed visible deposits of Oil red-stained lipid droplets, com-
pared to the vehicle-treated cells. When ST-13 preadipocytes
were treated with the indicated concentrations of nobiletin, they
differentiated into lipid-accumulating adipose cells within 11 days
after cell seeding. Troglitazone, a positive control, also showed
such an activity. The triglyceride determination in the nobiletin-
treated cells showed that its effect was concentration-dependent
up to 10 lM (Fig. 1B). The ability of nobiletin to induce adipocyte
differentiation of ST-13 cells was confirmed by molecular biologi-
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Figure 2. Effect of nobiletin on secretion of adiponectin protein (A), mRNA
expression of adiponectin in ST-13 cells (B), and activation of PPARc in luciferase
ligand assay system (C). (A) The conditioned medium of nobiletin-treated ST-13
cells for 11 days was determined for its adiponectin amounts by ELISA. Data are
expressed as means ± SD (n = 3). *P < 0.05, versus vehicle (V). Tro = troglitazone. (B)
The nobiletin-treated ST-13 cells were subjected to semi-quantitative RT-PCR.
RT = reverse transcriptase. Tro = troglitazone. PPAR = peroxisome proliferator acti-
vated receptor. P = ST-13 preadipocytes. V = vehicle. (C) Data are expressed as
means ± SD (n = 3). *P < 0.05, versus vehicle (V). Tro = troglitazone.
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cal analyses; namely, the compound induced the mRNA expression
of adipsin and aP2, both of which are adipose-specific genes,13 as
shown in Figure 1C. These observations prompted us to evaluate
the effect of nobiletin on the level of adiponectin protein. So the
conditioned media of the ST-13 cells treated with nobiletin were
examined for their adiponectin content by an ELISA kit according
to the manufacturer’s directions (mouse/rat adiponectin ELISA
kit, Otsuka Pharmaceutical, Tokyo, Japan). Nobiletin promoted
adiponectin secretion in a concentration-dependent manner
(Fig. 2A). It stimulated the adiponectin secretion by 340% at a con-
centration of 10 lM, compared to the vehicle-treated control. A
structure/activity relationship analysis showed that 5,7,8,40-tetra-
methoxyflavone had a small effect on adiponectin secretion, sug-
gesting that dimethoxy groups of nobiletin at C6 and C30 were
responsible for its activity.


To examine whether the increased secretion of adiponectin pro-
tein by nobiletin was associated with an increase in mRNA level of
adiponectin, a semi-quantitative RT-PCR was performed. As shown
in Figure 2B, nobiletin potently increased adiponectin mRNA
expression, compared to the vehicle-treated control. Such in-
creases seemed to be concentration-dependent. Saito et al. re-
ported that nobiletin upregulated adiponectin mRNA levels in
3T3-L1 cells.14 However, they did not evaluate the protein level
of adiponectin. Yamada et al. showed that telmisartan upregulated
the mRNA expression of adiponectin, but did not increase the pro-
duction of adiponectin protein.15 Thus, our study first provides evi-
dence that nobiletin elevates the production of adiponectin
protein. Nobiletin also stimulated the mRNA levels of aP2, adipsin
and PPARc2, biomolecular markers specific for differentiated
adipocytes.


Some substances like thiazolidinediones have found to induce
adiponectin expression through direct activation of PPARc.9,10 So
we examined whether nobiletin showed PPARc agonist activity
using a luciferase ligand assay system.16 The luciferase reporter as-
say showed that nobiletin exhibited little or no PPARc agonistic
activity at a concentration of 30 lM, whereas troglitazone, a PPARc
ligand, potently and concentration-dependently activated reporter
gene (Fig. 2C). This might imply that the adiponectin-inducing ac-
tion of mechanism of nobiletin might differ from those of thiazo-
lidinediones like troglitazone which upregulate adiponectin
expression via activation of PPARc. Like nobiletin, cyanidin with-
out PPARc agonist activity has been reported to induce adiponectin
mRNA expression and secretion.17


In summary, the present study identified both the PPARc non-
agonist (nobiletin) and the PPARc agonist (thiazolidinediones) as
an enhancer of adiponectin protein production. This implies that
the system can also detect an inducer of adiponectin protein that
has an action of mechanism distinct from those of the PPARc ago-
nists. These findings indicate that our screening system is useful
for discovering an adiponectin inducer.
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Two series of curcumin analogues, a total of twenty-four compounds, were synthesized and evaluated.
The most potent compound, compound 23, showed potent growth inhibitory activities on both prostate
and breast cancer lines with IC50 values in sub-micromolar range, fifty times more potent than curcumin.
Curcumin analogues might be potential anti-tumor agents for breast and prostate cancers.
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Curcumin, 1,7-bis(4-hydroxy-3-methoxyphenyl)-1,6-heptadi-
en-3,5-dione (Fig. 1), is the primary bioactive compound isolated
from turmeric, the dietary spice made from the rhizome of Cur-
cuma longa. Turmeric has been a mainstay of traditional Indian folk
medicine, and it has been used for the treatment of many diseases
such as diabetes, liver disease, rheumatoid arthritis, atherosclero-
sis, infectious diseases and cancers. The therapeutic effects of cur-
cumin are attributed to its activity on a wide range of molecular
targets.


One of the most important aspects of curcumin is its effective-
ness against various types of cancer with both chemopreventive
and chemotherapeutic properties.1,2 Unlike most chemotherapeu-
tic agents, curcumin is reported to show little to no toxicity (no
dose-limiting toxicity at doses up to 10 g/day in humans).3 Unfor-
tunately, the potential utility of curcumin is somewhat limited due
to poor bioavailability4 and poor selectivity. The lack of selectivity
is due to the numerous molecular targets with which curcumin is
known to interact. These include several targets closely associated
with cancer cell proliferation such as the transcription factors NF-
jB,5 STATs,6,7 AP-18 and PPAR-g.9 Other targets include inflamma-
tory enzymes such as COX-2,10,11 lipoxygenases (LOX)12 and pro-
tein kinases which include EGFR, HER2/neu,13,14 MAPK15 and
AKT.16 In addition, proteins regulating the cell cycle and apoptosis
are also the targets of curcumin.17–19


Numerous analogues of curcumin have been synthesized and
tested to investigate their activity against known biological tar-
gets and to improve upon the pharmacological profile of the nat-

ll rights reserved.


: +1 614 688 8556.

ural product (i.e., improve their selectivity, bioavailability, and
stability).5,20–29 The simple molecular scaffold of curcumin along
with the relative density of functional groups provides medicinal
chemists with an outstanding target for lead optimization and
structure–activity relationship (SAR) studies. Typical strategies
dramatically simplify the molecule into two (or three) distinct
functional elements: aromatic rings joined via olefin bonds to a
b-diketone (Fig. 2). The olefin double bonds, while acknowledged
to be important for activity, are generally only considered to be
a linker between the two key structural elements and have not
been widely modified. Instead, synthetic efforts have primarily
been directed at variation of the aromatic rings and their
substituents.


In our continuing efforts toward the design of anti-tumor agents
for the treatment of both prostate and breast cancers, several series
of curcumin analogues (compounds 1–24) were synthesized and
evaluated to investigate their structure–activity relationships
(Fig. 3). Structurally, the compounds can be divided into two ser-
ies—(1) a heptadiendione series (compounds 1–13) and (2) a pen-
tadienone series (compounds 14–24).


The synthesis of curcumin, compounds 1–4, 6, and 10 were car-
ried out using 2,4-pentanedione and commercially available benz-
aldehydes according to the procedure of Venkateswarlu (Fig. 4).26


Compounds 12 and 13 were obtained by treating curcumin with
hydrazine and N-methylhydrazine in acetic acid, respectively (Fig
5).23,24,30


The syntheses of compounds 14–19 and 23–24 were carried out
via condensation of acetone with the appropriately substituted
benzaldehydes under standard protic conditions31 (methods A
and B, Fig. 6).
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Figure 1. The keto–enol tautomerization of curcumin.
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For the synthesis of sulfamoylated curcumin analogues (com-
pounds 5, 8, 9, 11, 20–22), an established procedure32 was
employed, utilizing chlorosulfonamide (ClSO2NH2) in dimethyl-
acetamide (DMA) at room temperature for 24 h. The synthesis of
compound 5 from curcumin is shown in Figure 7.
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Figure 2. Functional regions of curcumin.
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Since curcumin and its analogues have been reported to affect
multiple molecular targets, the observed effect could be due to
the analogues interfering with either a single or multiple targets
in the cells. In addition, the effects are also further complicated
by the differences in the cancer cells used in the studies. Different
cancer cells have significantly different altered signaling pathways.
Thus, it is extremely difficult to study the structure–activity rela-
tionships of the analogues. Our initial approach is to determine
their anticancer activities through measuring the anti-proliferative
activities of the compounds. The compounds were examined for
their anti-proliferative activities against four cancer cell lines,
which included: an androgen-dependent prostate cancer cell line
(LNCaP), an androgen-independent prostate cancer cell line (PC-
3), an estrogen-dependent (MCF-7) and an estrogen-independent
(MDA-MB-231) breast cancer cell line. Cells were treated with test
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Table 1
Anti-proliferative activities of curcumin and compounds 1–13


O O


R1R1


R2 R2


H
O O


OCH3CH3O


R4 R5


H
N N


OCH3CH3O


HO OH


R6


R3 R31-9 10-11 12-13


Compound R1 R2 R3 R4 R5 PC-3 (IC50 lM) LNCap (IC50 lM) MCF-7 (IC50 lM) MDA-MD-231 (IC50 lM)


Curcumin OCH3 OH H — — 19.8 ± 2.1 19.6 ± 3.7 21.5 ± 4.7 25.6 ± 4.8
1 OCH3 H H — — 40 ± 4.9 34.7 ± 6.6 25.9 ± 9.5 31.9 ± 11.1
2 H OH H — — 27.3 ± 6.6 19.7 ± 2.9 24.3 ± 1.9 21.9 ± 2.0
3 OH OCH3 H — — >40 >40 >40 >40
4 OCH3 OH OCH3 — — 37.2 ± 4.1 21.1 ± 4.3 37.6 ± 6.1 41.7 ± 1.2
5 OCH3 OSO2NH2 H — — 7.5 ± 1.8 5.9 ± 1.7 5.5 ± 1.2 3.1 ± 1.3
6 OCH3 OCH3 H — — 5.9 ± 1.3 3.9 ± 0.6 5.4 ± 0.8 4.9 ± 0.9
7 OAc OAc H — — 12.9 ± 2.3 20.2 ± 1.7 17.8 ± 5.9 12.3 ± 1.0
8 OCH3 OSO2NH2 OCH3 — — 13.1 ± 2.1 10.4 ± 1.6 4.7 ± 0.7 5.5 ± 0.1
9 OSO2NH2 OCH3 H — — 7.4 ± 1.6 7.7 ± 1.5 5.5 ± 0.4 6.5 ± 0.8


10 — — — OCH3 OH 20.9 ± 4.8 6.8 ± 0.6 I5.4 ± 1.5 7.2 ± 1.1
11 — — — OSO2NH2 OH 193 ± 5.4 20 ± 1.0 15.1 ± 3.5 14.3 ± 1.1
12 — — — — — 5.6 ± 2.0 3.4 ± 0.9 5.9 ± 0.6 6.6 ± 1.9
13 — — — — — 16.2 ± 1.4 12.1 ± 1.3 I5.8 ± 1.2 20.4 ± 3.0
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Figure 5. Synthesis of compounds 12 and 13.
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compounds for 72 h and cell viability was determined by the MTT
assay.


For the heptadienedione series, the modifications focused on
the aromatic ring and the b-diketone regions (Fig. 2). The results
are summarized in Table 1. Our first structure–activity relationship
study was to investigate the substitution pattern of the 3-OCH3


and 4-OH groups on the aromatic ring in curcumin. Elimination
of the 4-OH groups (compound 1) or incorporation of an additional
OCH3 group (compound 4) onto curcumin resulted in a slight de-
crease in anti-proliferative activities. However, the activities re-
mained the same if the 3-OCH3 groups in curcumin are removed
(compound 2). In addition, it is also interesting to note that when
the 3-OCH3 and 4-OH groups exchanged position (compound 3),
this resulted in the elimination of its anti-proliferative activity.

Curcumin exists as a mixture of two tautomeric structures
(diketone and keto–enol form) (Fig. 1). Computational chemistry
has predicted that, due to (1) the acidic nature of the protons on
the central methylene carbon, (2) stabilization of the enol via an
intramolecular hydrogen bond, and (3) the establishment of a fully
conjugated system, the enol form is 6.7 kcal/mol lower in energy
than the diketone tautomer.33 This prediction has been confirmed
through X-ray crystal structures34 and more recently via NMR
analysis of the solution structure of curcumin35 in which the com-
pound existed solely in the enol form. Thus, compounds 12 and 13,
which mimic the enol form of curcumin, were synthesized to eval-
uate their anti-proliferative activities. The anti-proliferative activi-
ties of compound 12 was similar among all 4 cell lines and was
3–4-fold better than curcumin itself (Table 1). The activities were
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similar to those reported by Ishida et al.21 Interestingly, N-methyl-
ation of the pyrazole ring on compound 12 to form compound 13
resulted in the reduction of anti-proliferative activity by 3-fold (Ta-
ble 1). In addition to its anti-proliferative activity, compound 12
was also reported to have anti-angiogenic and androgen receptor
antagonistic activities.23,36 It is not clear if there is any correlation
between the anti-proliferative activity and anti-angiogenic or anti-
androgenic activity.


Despite its widely reported biological activities, the potential
utility of curcumin is somewhat limited due to poor bioavailabil-
ity.4 Part of the reason is the physical and metabolic instability of
the molecule. Curcumin decomposes rapidly in neutral and basic
conditions. In phosphate buffer solution at pH 7.2, approximately
90% of curcumin decomposes in 30 min.37 In addition, curcumin
has been reported to undergo extensive in vitro and in vivo phase
I and phase II metabolism through oxidation, reduction, glucuron-
idation, and sulfation.38–41 The glucuronidation and sulfation oc-
curs on the 4-OH groups of curcumin.39,40 It was reported that
protection of the 4-OH groups through methylation (to form 4-
OCH3) improved its stability.42 Thus, compounds 5–8 were synthe-
sized with the 4-OH groups converted to methoxy (compound 6),
acetate (compound 7) and sulfamate (compounds 5 and 8) deriva-
tives. The rationale for using sulfamate as a protecting group was
based on the fact that the sulfamate derivatives of various steroids
including estradiol have been shown to increase absorption, lead-
ing to increased activity.43,44 All of the compounds had signifi-
cantly higher anti-proliferative activity than curcumin.
Interestingly, the mono-protected analogues of compounds 5 and
6 (compounds 10 and 11) were less active than when the OH
groups were fully protected (Table 1).


The second series of curcumin analogues contained a pentadie-
none moiety (compounds 14–24). The results are summarized in
Table 2. The compounds exhibited potent anti-proliferative activity
with IC50 values between 0.4 and 9.5 lM, which is 2–50 times

Table 2
Anti-proliferative activities of compounds 14–24


Compound R1 R2 R3 PC-3 (IC50 lM)


14 OCH3 OH H 3.9 ± 1.1
15 OH OCH3 H 5.9 ± 0.9
16 H OH H 9.5 ± 0.9
17 OCH3 OCH3 H 2.9 ± 0.6
18 OCH3 H OCH3 2.5 ± 0.5
19 OCH3 OH OCH3 3.6 ± 1.3
20 OCH3 OSO2NH2 H 6.1 ± 0.3
21 H OSO2NH2 H 5.1 ± 0.8
22 OCH3 OSO2NH2 OCH3 2.4 ± 0.2
23 — — — 2.1 ± 1.1
24 — — — 4.6 ± 0.2


Table 3
Anti-proliferative activities of selected curcumin analogues on cancer and normal cells


Compound MCF-10A (IC50 lM) PC-3 (IC50 lM) LN


Curcumin 30.1 ± 3.7 19.8 ± 2.1 1
6 31.5 ± 7.8 5.9 ± 1.3


12 >50 5.6 ± 2.0
18 >50 2.5 ± 0.5
23 >50 2.1 ± 1.1
24 >50 4.6 ± 0.2

more potent than curcumin (Table 2). Compound 14, which has
the same substitution pattern on the aromatic rings as curcumin,
is 5–8 times more potent than curcumin. However, unlike com-
pound 3, there was no change in anti-proliferative activities when
the 3-OCH3 and 4-OH groups exchanged position (compound 15).
In addition, eliminating or adding OCH3 groups to compound 14
(compounds 16 and 19, respectively) did not result in any change
in anti-proliferative activities. In curcumin, the 4-OH groups are
metabolically active and protecting the functional groups resulted
in an increase in anti-proliferative activity. However, for the penta-
dienone series, converting the 4-OH groups to methoxy or sulfa-
mate (compounds 17, 20–22) did not result in any increase in
anti-proliferative activity (Table 2) suggesting that a different
mechanism of action or a different metabolic pathway of the com-
pounds may be operative.


One of the major criteria for cancer drug development is that
the agents should be selective against cancer cells. MCF-10A, a
spontaneous immortalized but non-malignant mammary epithe-
lial cell line, was used to examine the selectivity of the curcumin
analogues on normal versus cancer cells. The anti-proliferative
activities of selected compounds on both cancer cells and MCF-
10A cells are shown in Table 3. Selectivity ratio was calculated as
the ratio of the IC50 of the compounds on MCF-10A versus cancer
cells with the lowest IC50 values. Five compounds (6, 12, 18, 23,
and 24) had selectivity ratio of at least 5-fold or higher (Table 3).
Interestingly, curcumin did not show any selectivity against cancer
cells. Compound 23 is not only the most potent but also the most
selective analogue among the 25 compounds tested.


In conclusion, we have examined two series of curcumin ana-
logues with potent anti-proliferative activities in both breast and
prostate cancer cell lines. Compound 23 is the most potent analogue
with IC50 values in sub-micromolar range and a selectivity ratio over
25. This presents the possibility that curcumin analogues might
serve as potential anti-tumor agents for breast and prostate cancers.

LNCap (IC50 lM) MCF-7 (IC50 lM) MDA-MB-231 (IC50 lM)


2.7 ± 0.4 2.4 ± 0.4 2.8 ± 1.0
2.6 ± 0.4 2.9 ± 0.9 3.1 ± 0.8
5.8 ± 0.9 6.9 ± 2.1 3.9 ± 0.6
2.2 ± 0.5 2.5 ± 0.4 1.6 ± 0.4
2.1 ± 0.9 2.7 ± 0.5 1.5 ± 0.1
2.5 ± 0.3 1.7 ± 0.3 2.7 ± 1.4
2.4 ± 0.6 6.6 ± 1.1 1.7 ± 0.1
5.1 ± 0.7 3.5 ± 0.5 4.2 ± 0.6
1.9 ± 0.4 1.5 ± 0.1 0.6 ± 0.2
0.5 ± 0.1 0.4 ± 0.1 0.6 ± 0.1
1.7 ± 0.6 2.4 ± 1.0 2.4 ± 0.4


Cap (IC50 lM) MCF-7 (IC50 lM) MDA-MB-231 (IC50 lM)


9.6 ± 3.7 21.5 ± 4.7 25.6 ± 4.8
3.9 ± 0.6 5.4 ± 0.8 4.9 ± 0.9
3.4 ± 0.9 5.9 ± 0.6 6.6 ± 1.9
2.1 ± 0.9 2.7 ± 0.5 1.5 ± 0.1
0.5 ± 0.1 0.4 ± 0.1 0.6 ± 0.1
1.7 ± 0.6 2.4 ± 1.0 2.4 ± 0.4
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Photoirradiation in the presence of riboflavin led to guanine oxidation and the formation of imidazolone.
Meanwhile, riboflavin itself was degraded by ultraviolet light A (UV-A) and visible light (VIS) radiation,
and the end product was lumichrome. VIS radiation in the presence of riboflavin oxidized guanine sim-
ilarly to UV-A radiation. Although UV-A radiation with lumichrome oxidized guanine, VIS radiation with
lumichrome did not. Thus, UV-A radiation with riboflavin can oxidize guanine even if riboflavin is
degraded to lumichrome. In contrast, following VIS radiation degradation of riboflavin to lumichrome,
VIS radiation with riboflavin is hardly capable of oxidizing guanine. The consequences of riboflavin deg-
radation and guanine photooxidation can be extended to flavin mononucleotide and flavin adenine dinu-
cleotide. In addition, we report advanced synthesis; carboxymethylflavin was obtained by oxidation of
formylmethylflavin with chlorite and hydrogen peroxide; lumichrome was obtained by heating of form-
ylmethylflavin in 50% AcOH; lumiflavin was obtained by incubation of formylmethylflavin in 2 M NaOH,
followed by isolation by step-by-step concentration.


� 2009 Elsevier Ltd. All rights reserved.

Guanine is highly susceptible to oxidative stress in the DNA, as
it has the lowest redox potential among the four DNA bases. Ribo-
flavin (vitamin B2) (RF) (Fig. 1A) is a photosensitizer that causes
electron transfer reactions1,2 and generates singlet oxygen.3 Ultra-
violet light A (UV-A) radiation with RF oxidizes guanine, and imi-
dazolone (Iz) is formed as a guanine oxidative product
(Fig. 1B),1,4 in addition to spirohydantoin and other products.5 Iz
may be responsible for DNA mutations, which might cause G:C
to C:G transversions.4,6–8 Thus, RF contained in our cells, especially
basal cells and dermis, may be involved in the photooxidation of
DNA, despite the fact that RF is degraded by light. Therefore, it is
quite important to understand the photochemical effects of the
degradation products of RF. Previously, RF degradation to lumi-
chrome (LC), lumiflavin (LF), formylmethylflavin (FMF) and carb-
oxymethylflavin (CMF) (Fig. 1A) by light was reviewed.9 In
addition, FMF and hydroxyethylflavin (HEF) (Fig. 1A) degradation
to LC and LF by light were reported,10,11 and the mechanism of
photo-degradation from RF was described.12,13 However, little is
known about the quantitative analysis of photo-degradation prod-
ucts of the flavin derivatives under identical conditions. In addi-
tion, it has not yet been reported whether these degradation
products from photoirradiated RF can oxidize guanine and
whether blue visible light (VIS) instead of UV-A can oxidize guan-
ine with flavin derivatives. In this study, UV-A or VIS radiation

All rights reserved.


: +81 87 894 0181.

were found to generate LC from RF, FMF, CMF, HEF, flavin adenine
dinucleotide (FAD) and flavin mononucleotide (FMN) under near-
physiological conditions, such as pH 8. In addition, we found that
the photochemical effects of LC on guanine oxidation are different
from those of RF, FAD and FMN.


We first prepared FMF, HEF, CMF, LC, and LF from RF. The reac-
tion of RF with periodate ion led to FMF, and HEF was obtained by
reduction with sodium borohydride.14,15 We applied the oxidation
method16 to the preparation of CMF; FMF was oxidized by chlorite
and hydrogen peroxide (Scheme 1).17 The procedure reported here
is a simple method relative to the previous synthesis of CMF.18,19


LC was obtained by incubation of FMF in a hot acidic solution
(Scheme 1).20 This procedure is an easier and simpler method for
large-scale synthesis of LC than previous methods: construction
of isoalloxazine,21 chromatographic separation of RF photolysis,22


and hydrolysis of FMF by alkali.23,24


Although it was previously reported that treatment with 2 M
sodium hydroxide resulted in the conversion of FMF to LF,25 our
HPLC analysis of the reaction showed that the obtained LF con-
tained a small amount of LC.26 By trial and error, pure LF was ob-
tained by preferential removal of LC in a concentrated acidic
solution (Scheme 1).27


Figure 2 shows HPLC analysis of the degradation of flavin deriv-
atives by UV-A or VIS radiation. UV-A radiation at 366 nm de-
graded RF to LC as a major product, and FMF was formed as a
minor product at 5 min in the reaction, and then degraded
(Fig. 2A, open symbols). Moreover, the photolysis of FMF lead to
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Figure 1. The structures of (A) flavin derivatives and (B) deoxynucleoside.
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LC, and FMF was more rapidly degraded than RF (Fig. 2B, open
symbols). Hence, it was confirmed that FMF is an intermediate
product in the photolysis of RF to LC.10,25 In addition, CMF was rap-
idly degraded, but HEF was slowly degraded (Fig. 2C and D, open
symbols). RF, FMN, FAD and HEF have 2’-hydroxyl group, and re-
duced FMF arises from the flavins (step 2 in Scheme 2), followed
by air-oxidation (step 3 in Scheme 2).9 In the pathway leading to
reduced FMF, the hydrogen abstraction reaction (step 1 in Scheme
2) is likely to be slow and rate-limiting. In contrast, McBride et al.
suggested that reduced FMF could readily undergo cyclization
(step 4 in Scheme 2).10,11 Additionally, this cyclic reduced form
can lead to the formation of LC (step 5 in Scheme 2). Therefore,
the degradation rates of FMF and CMF, which have 2’-carbonyl
group, were faster than those of the flavins which have 2’-hydroxyl
group. These results are consistent with the previously reported
mechanism.12,13


Since RF has two absorption maxima at 360–380 nm and 440–
450 nm,13,28,29 VIS radiation at 440 nm, as well as UV-A radiation at
366 nm, degraded RF to LC (Fig. 2A, closed symbols). This result
confirmed that RF excited at 366 nm or 440 nm falls to the lowest

Scheme 1. Synthesis o

excited state. FMF, CMF and HEF were also degraded to LC by VIS
radiation (Fig. 2B–D, closed symbols). Like UV-A radiation, VIS radi-
ation rapidly degraded FMF and CMF, and slowly degraded RF and
HEF (Fig. 2A–D, closed symbols). In addition, LF was not further de-
graded by UV-A or VIS radiation.


Moreover, FMN and FAD were also degraded to LC by UV-A or
VIS radiation (Fig. 2E and F). In addition, the degradation rate of
FMN was similar to that of RF, whereas FAD was slowly degraded.
The difference between the FMN and FAD degradation rate is likely
dependent on whether adenine nucleotide exists.


Under all conditions used in Figure 2, the quantity of detected
LF was less than 2%, and CMF and HEF intermediates were not de-
tected at all. Therefore, UV-A or VIS radiation was concluded to
convert from RF, FAD, and FMN to LC at least via FMF.


Figure 3 shows HPLC analysis of deoxyguanosine irradiated by
UV-A or VIS radiation with RF, LC, LF, FMN or FAD. UV-A radiation
at 366 nm with RF oxidized guanine and generated Iz30 (Fig. 3A),
and this result is compatible with the previous finding.4 VIS radia-
tion, as well as UV-A radiation, with RF can oxidize guanine
(Fig. 3A). UV-A radiation with LC can oxidize guanine, but VIS radi-

f CMF, LC and LF.







Figure 2. Photodegradation of flavin derivatives by UV-A or VIS radiation. Each 23 lM of (A) RF, (B) FMF, (C) CMF, (D) HEF, (E) FAD or (F) FMN in 9 mM sodium phosphate
buffer (pH 8.0) was irradiated by UV-A light at 366 nm (open symbols) or VIS light at 440 nm (closed symbols). The samples were analyzed by HPLC using a 5C4-MS column
(Nakalai Tesque, 5 lm, 150 � 4.6 mm, elution with a solvent mixture of water, 0–30% CH3CN/30 min at a flow rate of 1.0 ml/min) in panel A–D. In panel E and F, the samples
were analyzed by HPLC using a 5C18-MS column (Nakalai Tesque, 5 lm, 150 � 4.6 mm, elution with a solvent mixture of 10 mM TEAA, 0–30% CH3CN/30 min at a flow rate of
1.0 ml/min). The amount of flavin derivatives was monitored at 366 nm absorbance. In the UV-A radiation experiments, squares indicate the amount of the starting materials,
and diamonds indicate that of LC. In panel A and F, circles indicate the amount of intermediate FMF. (G–I) HPLC analysis of reaction mixtures. RF (G) was irradiated for 5 min
by UV-A light at 366 nm (H) or VIS light at 440 nm (I).


Scheme 2. Suggested photodegradation mechanism of RF, FMN, FAD, HEF, and FMF.
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ation at 440 nm with LC was hardly capable of oxidizing guanine
(Fig. 3B). In contrast to RF, LC can hardly absorb light at

440 nm.13,28,31 LF has the same flavin chromophore as RF, and
the absorption of LF is almost the same as that of RF.13,29 Hence,







Figure 3. Photooxidation of deoxyguanosine under UV-A or VIS radiation. Deoxyguanosine (100 lM) with each 20 lM of (A) RF, (B) LC, (C) LF, (D) FAD or (E) FMN in 20 mM
sodium phosphate buffer (pH 8.0) was irradiated by UV-A light at 366 nm (open symbols) or VIS light at 440 nm (closed symbols). The samples were analyzed by HPLC using a
5C4-MS column (Nakalai Tesque, 5 lm, 150 � 4.6 mm, elution with a solvent mixture of water, 0–7% CH3CN/20 min at a flow rate of 1.0 ml/min) and the amount of dG
(square) and dIz (diamond) was monitored at 254 nm absorbance. (F–H) HPLC analysis of reaction mixtures. Deoxyguanosine with LC (F) was irradiated for 60 min by UV-A
light at 366 nm (G) or VIS light at 440 nm (H).
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the rate of guanine oxidation by LF was similar to that by RF
(Fig. 3C). The fluorescence lifetime of LC is shorter than that of
RF and almost the same as that of LF.13 The lifetime of the trip-
let-excited LC is shorter than that of LF.13 Thus the oxidation rate
of guanine greatly depends not only on the molar absorption coef-
ficients but also on the lifetimes of the singlet-excited and triplet-
excited states; VIS radiation with LC was not capable of oxidizing
guanine, and UV-A radiation with LC oxidized guanine more slowly
than that with RF or LF.


Moreover, UV-A or VIS radiation in the presence of FAD and FMN
can oxidize guanine (Fig. 3D and E). Notably, the photoreactivity of
guanine in the presence of FMN was almost the same as RF, while
the rate of guanine photooxidation with FAD was slower than that
with RF. These different results are likely to depend on whether ade-
nine nucleotide exists, similar to the results in Figure 2.


In summary, even though RF, FAD and FMN were degraded to
LC by UV-A radiation, UV-A radiation can oxidize guanine and

generate Iz. Conversely, once RF, FAD and FMN are degraded
completely to LC by VIS radiation, guanine is hardly oxidized.
RF is a vitamin, and FMN and FAD are natural constituents of
living organisms. Since UV-A and VIS are easy to transmit to ba-
sal cells and dermis, the effects of UV-A and VIS radiation in the
presence of flavin derivatives are not negligible. We speculate
that guanine oxidation by UV-A radiation in the presence of fla-
vin derivatives is sustained, but that by VIS radiation is not sus-
tained. Guanine oxidation causes point mutation and telomere
shortening, and relates to cancer and senescence.32 Thus, the dif-
ferent photoreactivity of UV-A and VIS is expected to affect the
ease and persistence of such phenomena as the cytotoxicity of
RF activation by UV or VIS radiation.33,34 In addition, RF photo-
sensitized inactivation of phage.35 The selection of light wave-
length for photoirradiation can decide the duration of oxidation
and cytotoxicity of tumour cells, and our results seems to be
available to improve laser therapies.
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Sulfonamides, exemplified by 3a, were identified as highly selective EP2 agonists. Lead optimization led
to the identification of CP-533536, 7f, a potent and selective EP2 agonist. CP-533536 demonstrated the
ability to heal fractures when administered locally as a single dose in rat models of fracture healing.


� 2009 Elsevier Ltd. All rights reserved.
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Bone has the unique ability to heal, however factors such as
aging, metabolic diseases, and smoking can lead to delayed healing
or non-union of fractured bones. The ability to induce and acceler-
ate bone healing in conditions where bone repair has been im-
paired remains an unmet medical need and would significantly
reduce the cost and morbidity associated with osteoporotic frac-
tures. Fracture healing involves a cascade of events in which vari-
ous growth and differentiation factors have been shown to play a
role. Prostaglandin E2 (PGE2), is known to increase bone formation
in humans and animals when dosed systemically and enhance
bone formation and healing in animals when dosed locally.1 The
pharmacological activity of PGE2 results from its action on four
g-protein coupled cell surface receptor subtypes, EP1, EP2, EP3


and EP4. Of the four PGE2 receptor subtypes, EP2 and EP4 have been
envisaged as the two receptors most likely to be responsible for
PGE2’s actions on bone.2 We sought a non-prostanoid, subtype
selective PGE2 agonist that would induce local bone formation,
and would be better tolerated than previously studied non-selec-
tive prostanoids. We recently reported our discovery of EP2 and
EP4 selective agonists and their ability to restore bone locally as
well as systemically in an osteopenic rat model.3 Herein, we report
the SAR which led to the discovery of potent and selective EP2 ago-
nists and their ability to induce local bone healing.4

ll rights reserved.
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Acyclic prostanoid 2 (Fig. 1), reported previously,5 was charac-
terized in our labs as a weak, but selective EP2 agonist. Preparation
of the benzylic alcohol derivative, 3a (Table 1), provided improved
EP2 potency and maintained selectivity. Sulfonamide 3a was lo-
cally injected into the bone marrow of the proximal tibial metaph-
ysis of 6-week-old male rats.6 A single injection dose-dependently
increased new bone formation in the injected site of the marrow
cavity, thus supporting the hypothesis that EP2 agonists can pro-
mote bone formation locally. Medicinal chemistry efforts were
therefore directed towards improving potency while maintaining
selectivity. Results of our SAR efforts which led to the identification
of our clinical candidate are reported herein.


A range of aliphatic bottom chains (3-octanol replacements),
acid linkers (heptanoic acid replacements), and alkyl and aryl sul-
fonamide caps were explored. A variety of approaches were em-

rEP2 IC50 = 5.2 nM, EC50 = 0.2 nM
rEP4 IC50 = 2.1 nM, EC50 = 0.7 nM


rEP2 IC50 = 225 nM, EC50 = 134 nM
rEP4 IC50 = 2533 nM


Figure 1. Structures of 1 and 2.
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Table 1
In vitro results for methyl sulfonamide heptanoic acid analogs.


N
CO2H


R1


S
H3C O


O


Compound R1 IC50 rEP2 (nm) IC50 rEP4 (nm) EC50 (cAMP) rEP2 (nm)


2
OH


225 2533 134


3a


OH


93 >3200 44


3b
OH


2503 >3200 NT


3c


O


636 >3200 887


3d


OH


502 >3200 423


3e 160 >3200 94


3f
Ph


289 >3200 457


3g 590 2467 NT


H2N


O


O
Et N


O


O
H


1.  MeSO2Cl, TEA, CH2Cl2


2.  NaH, DMF
3.  R1-CH2-[Cl,Br]
4.  NaOH, H2O


Method A:


Method B:


Method C:


H2N


O


O
RL


S
O


O


H3C


R1


(   )5 (   )5


N


O


O
HLS


O


O


R2


R1


O


O


O
RL


H 1.  R1CH2NH2, reductive amination
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1.  R1CHO, reductive amination


2.  R2SO2Cl, TEA, CH2Cl2
3.  Ester deprotection
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Scheme 1. General methods for the preparation of sulfonamides.


2:  n=4,  rEP2 IC50 = 225 nM
4:  n=3,  rEP2 IC50 = 910 nM
5:  n=2,  rEP2 IC50 >3200 nM
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Figure 2. In vitro potency of truncated acids.
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ployed to access these analogs4a and general methods are provided
in Scheme 1. For the preparation of heptanoic acids, Method A was
followed. Formation of the methyl sulfonamide by treatment of
ethyl 7-aminoheptanoate with methane sulfonyl chloride, alkyl-
ation with the appropriate alkyl halide and subsequent saponifica-
tion provided the desired sulfonamide acids (Table 1). A similar
approach was employed for the preparation of compounds in
Fig. 2. For compounds where a linker was incorporated into the al-
kyl chain, either Method B or C was followed depending on avail-
ability of the amine or aldehyde starting intermediates. In either
case, reductive amination, sulfonamide formation, and ester depro-
tection provided analogs depicted in Tables 2 and 3.

Compounds prepared were tested at the rat EP2 and EP4 receptor
subtypes for their ability to bind and to stimulate release of cAMP
and data is presented in Tables 1–3.7 The in vitro numbers reflect
the average of at least n of three determinations. All compounds with
functional activity were full agonists as compared to PGE2 in the
cAMP assay. In addition to EP2 potency and selectivity, our objectives
for a fracture healing agent included single dose delivery to the frac-
ture site. We also desired a compound that would be highly cleared
from the systemic circulation if leakage from the site occurred.


SAR studies on the bottom chain (Table 1) demonstrated that the
benzylic alcohol was not required for binding or functional activity.
A variety of alkyl and aryl groups could be incorporated without sub-
stantial loss in binding potency or selectivity versus EP4.


Changes to the heptanoic acid side-chain were explored for po-
tency improvements. Truncation of the 6-carbon linker provided
significant loss in activity (Fig. 2). Incorporation of a heteroatom
into the 6-carbon linker also led to significant loss in binding activ-
ity (6a, Table 2). Based on these data, a series of analogs was pre-







Table 2
In vitro results for methyl sulfonamide analogs


N
R1S


H3C O


O


R2


Compound R1 R2 IC50 rEP2 (nM) IC50 rEP4 (nM) EC50 (cAMP) rEP2 (nM)


6a O CO2H n-Butyl 701 >3200 407


6b
CO2HO


n-Butyl 3127 >3200 NT


6c
CO2H


n-Butyl 833 >3200 413


6d O CO2H n-Butyl >3200 >3200 NT


6e
CO2H


n-Butyl 494 >3200 102.7


6f
CO2H


n-Butyl 654 >3200 587


6g
CO2H


n-Butyl >3200 >3200 NT


6h
O CO2H


t-Butyl 792 >3200 203


6i


CO2H


n-Butyl 270 >3200 34.4


6j t-Butyl 379 >3200 48


Table 3
In vitro results for aryl sulfonamide analogs


NS
R4 O


O
A CO2H


tBu


Compound R4 A IC50 rEP2 (nM) IC50 rEP4 (nM) EC50 (cAMP) rEP2 (nM)


7a Phenyl CH2 278 >3200 0.2
7b 2-Pyridyl CH2 52 >3200 2.3
7c 1-Methylimidazolyl 0 326 >3200 58
7d 4-Chlorophenyl CH2 >3200 >3200 NT
7e 2-Thiazolyl CH2 63 >3200 1.1
7f CP-533536 3-Pyridyl 0 50 >3200 0.3
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pared where a phenyl linker was incorporated into the chain with
the goal of exploring various vectors while trying to maintain the
appropriate chain length (Table 2). More promising linkers from
Table 2 (e.g., 6h and 6j) which provided an attractive balance of po-
tency and selectivity were further optimized by modification of the
sulfonamide cap.

Because our objective was a compound that provided a short
systemic half-life, we chose the metabolically labile tert-butyl
group for our sulfonamide optimization studies. Replacement of
the methyl sulfonamide with aryl provided significant improve-
ments in functional potency (Table 3). The 3-pyridyl sulfonamide
7f, CP-533536, demonstrated excellent in vitro potency against







N
S
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O
O CO2H


tBu


N


7f, CP-533536
Rat t1/2 = 0.33 h, Cl = 56 mL/min/kg, Vss = 0.49 L/kg


Figure 3. Pharmacokinetic parameters of CP-533536 after i.v. administration of
1 mg/kg in the male Sprague–Dawley rat.


Table 4
PQCT parameters from rat tibia (n of 10) after a single injection with CP-533536,
Example 7f. Values are given as percent changes as compared to vehicle


Measurement 0.3 mg/kg 1.0 mg/kg 3.0 mg/kg


Total bone area �4.7 4.4 20.6*


Bone mineral content 2.5 26.3* 53.5*


Bone mineral density 7.5* 20.7* 27.5*


* p < 0.001 versus vehicle.
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EP2 and selectivity against a broad panel of other targets. This com-
pound was therefore selected for in vivo evaluation.


To determine if 7f met our half-life objectives pharmacokinetic
parameters were determined in the rat. This compound indeed
demonstrated high i.v. clearance as well as low volume of distribu-
tion leading to a very short half-life (Fig. 3).


In order to meet the desired single dose requirement for a frac-
ture healing agent, it was necessary to identify a formulation that
would maintain drug locally at the fracture site for an extended
time period. To achieve this objective we found that administration
of the EP2 agonist as a matrix with poly(D,L-lactide-co-glycolide)
(PLGH) provided an attractive profile.8 The CP-533536 PLGH ma-
trix was directly injected into the marrow cavity of the tibia in a
rat to assess the potential for local bone growth. Seven days after
the single injection, the bone was analyzed cross-sectionally using
peripheral quantitative computerized tomography (PQCT) for bone
formation (Table 4).9 Dose dependent increases in bone was

observed after a single dose of compound. These data support
the hypothesis that local administration of an EP2 agonist will pro-
mote bone formation.3b,3c


In summary, optimization of the weak, but selective non-pro-
stanoid EP2 agonist 3 led to the discovery of CP-533536, a non-pro-
stanoid, highly potent and selective EP2 agonist that promotes
bone formation and improves fracture healing in rat models. Fur-
ther evaluation is underway to assess the potential of CP-533536
to improve bone healing in humans.
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Collagen is critical for skin strength and elasticity, and its degradation leads to wrinkles that accompany
aging. Based emphasis on the aesthetics, we tried to make a new compound that can highly stimulate
collagen biosynthesis and synthesized ascorbyl conjugated peptide that is a complex form connected
by succinoyl linker. We conducted several in vitro and in vivo experiments to identify if the compound
has a potent activity, comparing to the ascorbic acid only for collagen biosynthesis. Our in vitro and
in vivo result identified that ascorbyl conjugated peptide can stimulate collagen biosynthesis in human
dermis and is assumably stable in the rat skin extracts. In conclusion, we strongly suggest that ascorbyl
conjugated peptide can be used as a main ingredient for cosmetic products as well as wound healing
agents.


� 2008 Elsevier Ltd. All rights reserved.

Collagen is one of the long, fibrous proteins in structural con-
nective tissues. Bundles of collagen and collagen fibers are major
components of the extracellular matrix that serve many functions,
such as providing support and anchorage sites for cells and sepa-
rating tissues from one another. Therefore, the amount of collagen
plays a critical role in determining the natural aging and photo-
aging. It has been known that the amount of collagen decreases
by 10–50% from the age of 30 to 80.1–4 With the finding that acti-
vated collagen synthesis in the body increases the dermal matrix,
resulting in the effects of improving wound healing, skin elasticity,
wrinkle reduction, etc., collagen has been utilized in the nutrient
supplements and therapeutic agents. Some of oligopeptides having
less than 10 amino acids, which exist in collagen, can be the small-
est activation units which relate to functions as messenger, stimu-
lator, and neurotransmitter, and take part in such physiological
activities as growth control, nursing, immunity, digestion, blood
pressure, and healing. Particularly, effective peptides in skin regen-
eration are disclosed.5 For example, a tri-, tetra-, or hexa-peptide
selected from the group consisting Gly-Lys-His, Gly-His-Lys, Gly-
Pro-Hyp(hydroxyproline), and Glu-Glu-Met-Gln-Arg-Arg promotes
the synthesis of collagen and glycosaminoglycan in the dermis,
thereby increasing moisture retention ability and elasticity of the
dermis and improving wrinkle problems. In 1993, Katayama
et al. demonstrated that a penta-peptide from type I procollagen
promotes extracellular matrix production in the human lung fibro-
blasts.6 The group observed that 80% of an enhancement in the col-

ll rights reserved.
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lagen production was found with penta-peptide Lys-Thr-Thr-Lys-
Ser alone, which is the minimal size necessary for stimulating
ECM biosynthesis.7


However, typically peptides tend to be cleared from the blood-
stream from minutes to hours by enzymatic digestion, thereby
greatly reducing sufficient effects. Therefore, the development of
peptide with improved safety and stability and superior skin per-
meability are needed. Peptides can be modified in many ways to
prevent degradation by endopeptidases and exopeptidases. These
include acetylation and glycosylation at N-terminals or amidation
at C-terminals and the use of unnatural amino acids at specifically
labile sites within a complete peptide.8,9 Besides modifications
above, peptides can be also engineered with incorporation of
D-amino acids and cyclization, which reduce the conformational
flexibility of linear peptides and substantially increase the stability
against the proteolysis.8 Especially palmitated penta-peptide, a
major ingredient of MatrixylTM from Sederma, is one of the most
famous materials that succeeded in enhancing its stability and per-
meability by using lipid molecules. With the respect to the efficient
synthesis, solubility, and original activity, we selected the ascorbic
acid as a coupling agent to penta-peptide, which has been known
to have strong anti-oxidative activity, collagen biosynthesis, and
whitening effects. Moreover, we could expect that the activity of
collagen production would be improved by dual effects of ascorbic
acid and peptide in HDF (human dermal fibroblast) cells. In this let-
ter, regarding these facts, we have designed an ascorbyl conjugated
penta-peptide (Fig. 1) Lys-Thr-Thr-Lys-Ser identified by Katayama
et al. In order to attach ascorbic acid to penta-peptide, we intro-
duced a succinoyl linker between two molecules. We described
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Figure 1. Structure of ascorbyl conjugated peptide 11(ACP 11).
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the synthetic progress of ascorbyl conjugated peptide 11 (ACP 11)
and were able to recapitulate its biological activity in HDF cells and
stability in the rat skin extracts, comparing to the original activity
of ascorbic acid and penta-peptide alone.


There are three parts of synthesis in ACP 11. The first part is the
synthesis of succinoyl ascorbate 8. Second part is peptide synthesis
in solid phase chemistry. And third part is the conjugation of suc-
cinoyl ascorbate and peptide.


Scheme 1 shows the synthesis of succinoyl ascorbate in part I.
To begin with, original vitamin C must be blocked for linking be-
tween vitamin C and peptide at a carbon position 5 or 6. First
acetal 2 was synthesized by reaction with acetyl chloride, which
was alkylated to obtain the 2,3-di-O-protected derivative. After
cleavage of the isopropylidene-protecting group, tritylation was
carried out using trityl chloride to produce compound 5. Succi-
noyl ascorbate 8 was synthesized by protection and deprotecion
step of compound 5 followed by acylation of 6-OH using succinic
anhydride.
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Scheme 1. Reagents and conditions: (i) L-ascorbic acid, acetone, acetyl chloride
(60%); (ii) K2CO3, DMF, BnBr, 50 �C (90%); (iii) 3 N HCl, THF, 50 �C (90%); (iv) trityl
chloride, CH2Cl2, TEA (90%); (v) carbobenzyloxy chloride, dimethylaminopyridine,
CH3CN (80%); (vi) 1.5 N HCl, CH3CN, 50 �C; (vii) succinic anhydride, DMF, K2CO3 (2
steps, 80%).

The linear peptide KTTKS was synthesized on 2-chlorotrityl re-
sin preloaded with Fmoc-serine using standard Fmoc chemistry
employing HBTU/HOBt as coupling reagents. To the peptide syn-
thesized, coupled up to a N-terminal amino acid, a 20% (piperi-
dine/N-methylpyrolidone) solution was added to remove the
Fmoc groups. Then, the peptide was washed with N-methylpyroli-
done and dichloromethane, and coupled with succinoyl ascorbate
8 derivative synthesized in Scheme 1. The resulting peptide-cou-
pled vitamin C derivative was incubated in a special cleavage cock-
tail to remove the peptide protection groups. Eliminating the
benzyl groups protecting the alcohol groups at carbon positions 2
and 3 of vitamin C affords a peptide-coupled vitamin C derivative
11 (Scheme 2).10


In addition to synthesis of ACP 11, it is also important to identify
the original activity of ECM production for the development of cos-
metic materials. We examined the effect of ACP 11 in collagen bio-
synthesis by using primary cultured neonatal human dermal
fibroblasts (HDFs). The quantity of collagen produced by HDFs
was measured by the modified method described by Martens,
Gut, 1992, 33, 1664–1670. In case of the cells not treated with
any test substance, their collagen levels were designed ‘100%’. This
assay will be described in detail below.


HDFs were seeded onto 96-well plates at the number of 3000
cells and grown in DMEM containing 5% fetal bovine serum
(Invitrogen, Maryland, USA) for 24 h. After changing with fresh
assay media including 0.1% FBS, test samples were treated into
HDFs to stimulate the collagen production. After incubation for
72 h, a bit of supernatant was added into the plate which is
coated with human collagen type I antibody. Then, the plate
was placed at room temperature for 2 h to allow the reaction of
antibody and antigen. The plate was washed with phosphate buf-
fered saline with 0.5% Tween 20 three times to remove unbound
collagen, and then biotin-labeled human collagen type I antibody
was added into each well. About an hour later at room tempera-
ture, streptavidin–horseradish peroxidase (St. Louis, Sigma) was
treated into each well to detect biotin-labeled antibodies bound
to type I collagen. The quantity of collagen in the plate was trans-
formed into OD value by treating tetramethylbenzidine (St. Louis,
Sigma), as a substrate of HRP. The reaction HRP and TMB were
stopped by 1 N HCl, and then OD value was measured at
450 nm. As shown in Figure 2, expectedly ACP 11 was found to
have the strong stimulatory activity on collagen synthesis than
ascorbic acid alone at every concentration. Actually, we could no-
tice that the cytotoxicity of Pal-KTTKS was found at more than
100 lM of concentration, even if it had the highest collagen
inducing effects at 100 lM of concentration.


In this experiment, the ACP 11 was synthesized efficiently and
showed a high activity in collagen biosynthesis from 1 to
1000 lM concentration, comparing others. According to the exper-
imental results in vitro, the conjugation form with ascorbic acid
and penta-peptide has better abilities for stimulating collagen bio-
synthesis than any others. Although ACP 11 is potentially effective
in collagen biosynthesis, it does not clearly demonstrate whether
the linker is required to induce collagen biosynthesis in human
fibroblast cells. To further access about the linker effect of ACP
11, we treated each of ascorbic acid and penta-peptide(KTTKS) into
human fibroblast cells. As shown above the data, each of ascorbic
acid and penta-peptide, which is a loss of linker, is not so much sig-
nificant active as ACP 11. This result can indicate that the linker is
indispensible to make the strong collagen expression in human
fibroblast cells. However, we could not clarify how the chemical
works in stimulating collagen biosynthesis at the cell based system
still. One possibility that can explain why ACP 11 showed the high-
est collagen synthetic effect at every concentration is that the syn-
ergic effects of linkage between ascorbic acid and penta-peptide
would contribute to the collagen biosynthesis as well as the
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Figure 2. Collagen biosynthesis induced by ascorbyl conjugated peptide 11 (ACP
11). Equal amounts of human normal fibroblast cells were seeded in 96-well plates
including 0.1% FBS, and were treated with various concentrations of sample. After
72 h incubation, cells were collected and tested using ELISA (p < 0.01).
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Figure 3. Stability test of ascorbyl conjugated peptide 11 (ACP 11) in rat skin
extracts. Each of samples was analyzed by a Shimadzu reversed phase HPLC in
Thermo Hypersil Gold C18 packed columns (250 � 4.6 mm, 5 lm sized particle)
using a water (0.1% TFA) acetonitrile (0.1% TFA) gradient.
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increased stability of ACP 11 from peptidases. Thus, we addition-
ally examined the stability of ACP 11 using rat skin extracts indi-
rectly as an ex vivo test. In this stability test, we observed ACP
11 appear to be maintained for more than 6 h, comparing to the
penta-peptide. It is thus possible that ACP 11 has more stable
and highly effective in the collagen biosynthesis than each of pen-
ta-peptide and ascorbic acid. Since many peptides have had trou-
bles in solving the problem of skin permeation because of the
rapid degradation by proteases and the hydrophilic properties,
we thought ACP 11 was required to be tested for its stability. To
give an answer to this, we just followed the method from the
Yamamoto group.11 After preparing for the rat skin with hair-clip-
ping step, it was cut into small pieces. Ten percent homogenates
were made with PBS by homogenizing the skin, using a POLYTRON
homogenizer (Kinematica, GmbH, Switzerland). After centrifuged
for 5 min at 3000g at 4 �C, the supernatant was required to have

one more centrifuge step to get pure supernatant for 30 min at
20,000g at 4 �C. Then, the supernatant was collected and adjusted
with PBS to a protein concentration of 4 mg/ml determined by the
method of Lowry et al.12 Test samples at the indicated concentra-
tions were added into the 4 mg/ml of homogenate solution by 1–
1 v/v ratio. The mixture was preincubated at 37 �C for 10 min,
and then 50 ll of the sample was taken out of the whole mixture
at every 10 min. Each of samples was treated with 100 ll of meth-
anol to stop the reaction and centrifuged for 5 min at 10,000g at
4 �C for the removal of precipitated proteins and the analysis using
HPLC as well.


In Figure 3, we could observe ACP 11 was maintained for more
than 6 h, even if its content was less than 10%. The HPLC peak of
penta-peptide, however, was lost in the mixed sample and even
ascorbic acid could not be detected because of its instability (data
not shown). Based on the result, we are not a hundred percent sure,
but we can expect ACP 11 is more stable than others, because the
linkage of peptide and ascorbic acid could be protected from some
kinds of proteases in the rat skin extracts.


In conclusion, here we demonstrated that ACP 11 has the strong
effects in collagen biosynthesis and is significantly stable in the rat
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skin extracts. For the further study, ACP 11 was needed to check
the level of permeation in the in vivo model for the industrial field.
Besides ACP 11 was required to verify what the mechanism is or
how it works in collagen biosynthesis for the scientific filed. Final-
ly, we hopefully want to suggest that ACP 11 can be used as a ther-
apeutic agent for the wound healing as well as functional materials
for cosmetics, when the intracellular mechanism of this chemical is
defined.
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