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ARTICLES


Synthesis and biodistribution of a novel 99mTcN complex of ciprofloxacin dithiocarbamate as a potential
agent for infection imaging


pp 5168–5170


Junbo Zhang *, Haixun Guo, Shijian Zhang, Yan Lin, Xuebin Wang


The ciprofloxacin dithiocarbamate (CPFXDTC) was synthesized and radiolabeled with [99mTcN]2+ to form 99mTcN-CPFXDTC in high yield. The biodistribution results
suggested 99mTcN-CPFXDTC would be a novel potential infection imaging agent.


c-Lactones a,b- and b,c-fused to carbocycles as novel antiproliferative drugs pp 5171–5173


Leticia G. León, Rubén P. Machín, Carmen M. Rodríguez, José L. Ravelo, Víctor S. Martín, José M. Padrón *
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The synthesis and antiproliferative activity of c-lactones a,b-fused and b,c-fused to carbocycles are reported.


Molecular design to enhance the penetration into the retina via ocular instillation pp 5174–5177


Yoshihisa Shirasaki *, Hiroaki Takahashi, Masazumi Yamaguchi, Jun Inoue
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Synthesis and antiproliferative activity of unnatural enantiomers of 7-epi-goniofufurone and ccrassalactone C pp 5178–5181


Velimir Popsavin *, Goran Benedeković, Bojana Srećo, Mirjana Popsavin, Jovana Francuz, Vesna Kojić, Gordana Bogdanović


O


O


O


OH


Ph


O


Ph


O


O


O


OH


OH


Ph


O


ent-2ent -1


The unnatural styryl lactones (�)-7-epi-goniofufurone (ent-1) and (�)-crassalactone C (ent-2) have been synthesized and evaluated for their in vitro antitumour activities
against a number of human neoplastic cell lines.


Design, synthesis and antiproliferative activity of two new heteroannelated (�)-muricatacin mimics pp 5182–5185


Velimir Popsavin *, Bojana Srećo, Goran Benedeković, Mirjana Popsavin, Jovana Francuz, Vesna Kojić, Gordana Bogdanović


(�)-Muricatacin (1) and the related mimics 3 and 4 have been synthesized and evaluated for their in vitro antitumour activity.


Design and synthesis of 2-amino-isoxazolopyridines as Polo-like kinase inhibitors pp 5186–5189


Emily J. Hanan *, Raymond V. Fucini, Michael J. Romanowski, Robert A. Elling, Willard Lew,
Hans E. Purkey, Erica C. VanderPorten, Wenjin Yang


A series of 2-amino-isoxazolopyridine analogs was identified as inhibitors of Polo-like kinase (Plk). Co-crystal structures of inhibitors with Plk demonstrate
key binding motifs. Differential selectivity among the three Plk isoforms is observed.


New functionalized 1,2,4-trioxepanes: Synthesis and antimalarial activity against multi-drug resistant
P. yoelii in mice


pp 5190–5193


Chandan Singh *, Shilpi Pandey, Ambuj K. Kushwaha, Sunil K. Puri
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A series of new amino functionalized 1,2,4-trioxepanes 8–16 and ester functionalized 1,2,4-trioxepanes 17–19 have been synthesized and evaluated against multi-drug
resistant Plasmodium yoelii in Swiss mice. Amino functionalized trioxepanes 14, the most active compound of the series, showed 100% clearance of parasitaemia by oral
route on day 4 and 75% protection to the treated mice beyond day 28.
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Synthesis of nuclease-resistant siRNAs possessing benzene-phosphate backbones in their 30-overhang regions pp 5194–5196


Yoshihito Ueno *, Takumi Inoue, Mahito Yoshida, Kayo Yoshikawa, Aya Shibata, Yoshiaki Kitamura, Yukio Kitade *


Design, synthesis and characterization of podocarpate derivatives as openers of BK channels pp 5197–5200


Yong-Mei Cui, Eriko Yasutomi, Yuko Otani, Takashi Yoshinaga, Katsutoshi Ido, Kohei Sawada, Tomohiko Ohwada *
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Podocarpic acid


We found that the podocarpic acid structure provides a new scaffold for chemical modulators of large-conductance calcium-activated K+ channels (BK channels).


Novel BK channel openers containing dehydroabietic acid skeleton: Structure–activity relationship
for peripheral substituents on ring C


pp 5201–5205


Yong-Mei Cui, Eriko Yasutomi, Yuko Otani, Takashi Yoshinaga, Katsutoshi Ido, Kohei Sawada, Tomohiko Ohwada *
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A series of dehydroabietic acid derivatives was synthesized and evaluated as BK channel openers in an assay system of CHO-K1 cells expressing hBKa channels.


Isoxazolo[3,4-b]quinoline-3,4(1H,9H)-diones as unique, potent and selective inhibitors for Pim-1 and Pim-2
kinases: Chemistry, biological activities, and molecular modeling


pp 5206–5208


Yunsong Tong *, Kent D. Stewart, Sheela Thomas, Magdalena Przytulinska, Eric F. Johnson, Vered Klinghofer, Joel Leverson,
Owen McCall, Niru B. Soni, Yan Luo, Nan-horng Lin, Thomas J. Sowin, Vincent L. Giranda, Thomas D. Penning
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SAR studies guided by molecular modeling led to a potent inhibitor, 19, against Pim-1 (Ki = 2.5 nM) and Pim-2 (Ki = 43.5 nM). The hydroxyl group is crucial for an H-bond
interaction to the hinge region of the kinase active domain.
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Discovery and optimization of substituted piperidines as potent, selective, CNS-penetrant a4b2 nicotinic
acetylcholine receptor potentiators


pp 5209–5212


Brian K. Albrecht *, Virginia Berry, Alessandro A. Boezio, Lei Cao, Kristie Clarkin, Wenhong Guo, Jean-Christophe Harmange,
Markus Hierl, Liyue Huang, Brett Janosky, Johannes Knop, Annika Malmberg, Jeff S. McDermott, Hung Q. Nguyen,
Stephanie K. Springer, Daniel Waldon, Katrina Woodin, Stefan I. McDonough
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Tacrine based human cholinesterase inhibitors: Synthesis of peptidic-tethered derivatives and their effect on
potency and selectivity


pp 5213–5216


Stefania Butini, Egeria Guarino, Giuseppe Campiani *, Margherita Brindisi, Salvatore Sanna Coccone,
Isabella Fiorini, Ettore Novellino, Tatyana Belinskaya, Ashima Saxena, Sandra Gemma
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Synthesis and biological evaluation of tacrine based hChEIs containing specific peptidic tethers is described.


N-(3-Triethoxysilylpropyl)-4-(isothiocyanatomethyl)-cyclohexane-1-carboxamide (TPICC): A heterobifunctional
reagent for immobilization of biomolecules on glass surface


pp 5217–5221


Arvind Misra *, Mohammad Shahid, Pratibha Dwivedi
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L  = Ligands, peptides, oligonucleotides; Z = S, N.


Design and synthesis of 3-pyrazolyl-thiophene, thieno[2,3-d]pyrimidines as new bioactive and
pharmacological activities


pp 5222–5227


H. N. Hafez *, A. B. A. El-Gazzar
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Two series of 5-ethyl-2-amino-3-pyrazolyl-4-methylthiophenecarboxylate and
2-thioxo-N3-aminothieno[2,3-d]pyrimidines were prepared from 3,5-diethyl-2-
amino-4-methylthio-phenecaboxylate and evaluated as anti-inflammatory, analge-
sic and ulcerogenic activities. Among the compounds studied, compounds which
containing the substituted hydrazide at C-3 position 7, 16, and 17a showed more
potent anti-inflammatory and analgesic activities than the standard drug (Indo-
methacin and Aspirin), along without ulcerogenity. While compounds 2, 5, 9, 10, and
11c showed moderate activities. Some of the newly synthesized compounds have
good to excellent antimicrobial activity.
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NaCl improves siRNA delivery mediated by nanoparticles of hydroxyethylated cationic cholesterol with
amido-linker


pp 5228–5232


Yoshiyuki Hattori *, Ayako Hagiwara, Wuxiao Ding, Yoshie Maitani


The structure of cationic derivatives of cholesterol.


On the isolation and evaluation of a novel unsubstituted 5-nitroimidazole derivative
as an agent to target tumor hypoxia


pp 5233–5237


Madhava B. Mallia, Suresh Subramanian, Anupam Mathur, H. D. Sarma, Meera Venkatesh, Sharmila Banerjee *
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Dual DAT/r1 receptor ligands based on 3-(4-(3-(bis(4-fluorophenyl)amino)propyl)piperazin-1-yl)-1-
phenylpropan-1-ol


pp 5238–5241


Jianjing Cao, Theresa Kopajtic, Jonathan L. Katz, Amy Hauck Newman *
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Triazole oxytocin antagonists: Identification of aryl ether replacements for a biaryl substituent pp 5242–5244


Alan Brown *, Lindsay Brown, T. Bruce Brown, Andrew Calabrese, Dave Ellis, Nicholas Puhalo,
Chris R. Smith, Olga Wallace, Lesa Watson
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Several potent aryl ether/triazole oxytocin antagonists are described. The lead compound in this series, 11, had significantly improved aqueous solubility over related
systems containing a biaryl substituent.
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Structure–activity relationship of ortho- and meta-phenol based LFA-1 ICAM inhibitors pp 5245–5248


Edward Yin-Shiang Lin *, Kevin M. Guckian, Laura Silvian, Donovan Chin, P. Ann Boriack-Sjodin, Herman van Vlijmen,
Jessica E. Friedman, Daniel M. Scott


X-ray co-crystal data assisted the design of LFA-1 ICAM inhibitors based on ortho- and meta-phenol templates, leading to a compound which exploited a new hydrogen
bond to the I-domain and which exhibited subnanomolar potency in the LFA-1/ICAM1-Ig assay.


Design and synthesis of a series of meta aniline-based LFA-1 ICAM inhibitors pp 5249–5251


Kevin M. Guckian *, Edward Yin-Shiang Lin, Laura Silvian, Jessica E. Friedman, Donovan Chin, Daniel M. Scott


A series of meta-substituted anilines were designed and synthesized to inhibit the interaction
of LFA-1 with ICAM for the treatment of autoimmune disease. Design of these molecules was
performed by utilizing a co-crystal structure for structure-based drug design. The resulting
molecules were found to be potent and to possess favorable pharmaceutical properties.


Molecular design of potent tyrosinase inhibitors having the bibenzyl skeleton pp 5252–5254


Hiromi Oozeki, Reiko Tajima, Ken-ichi Nihei *
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In order to develop water soluble tyrosinase inhibitors, bibenzyl xyloside 1 isolated from Chlorophytum arundinaceum (liliaceae), and its derivatives 2 and 3 were
synthesized by using Wittig reaction and trichloroimidate glycosylation procedure as key steps. Xylosides 1–3 showed potent tyrosinase inhibitory activity with IC50s of 1.6,
0.43, and 0.73 lM, respectively, although each NMR data of synthetic bibenzyls was not identical to that of naturally occurring xyloside 1.


Discovery and biological evaluation of benzo[a]carbazole-based small molecule agonists
of the thrombopoietin (Tpo) receptor


pp 5255–5258


Phil B. Alper, Thomas H. Marsilje *, Daniel Mutnick, Wenshuo Lu, Arnab Chatterjee, Michael J. Roberts, Yun He,
Donald S. Karanewsky, Donald Chow, Jianmin Lao, Andrea Gerken, Tove Tuntland, Bo Liu,
Jonathan Chang, Perry Gordon, H. Martin Seidel, Shin-Shay Tian


A novel series of benzo[a]carbazole-based small molecule agonists of the thrombopoietin (Tpo) receptor is reported. Members of this series have been identified which are
full agonists with functional potency <50 nM and oral bioavailability in mice.
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Optimization of small molecule agonists of the thrombopoietin (Tpo) receptor derived from a
benzo[a]carbazole hit scaffold


pp 5259–5262


Thomas H. Marsilje *, Phil B. Alper, Wenshuo Lu, Daniel Mutnick, Pierre-Yves Michellys, Yun He, Donald S. Karanewsky,
Donald Chow, Andrea Gerken, Jianmin Lao, Min-Ju Kim, H. Martin Seidel, Shin-Shay Tian


The lead optimization of a novel series of benzo[a]carbazole-based small molecule agonists of the thrombopoietin (Tpo) receptor is reported. Analog 21 demonstrates
equivalent efficacy in the human megakaryocyte differentiation (CFU-mega) assay compared to EltrombopagTM.


Synthesis and biological activity of anticoccidial agents: 5,6-Diarylimidazo[2,1-b][1,3]thiazoles pp 5263–5267


Andrew Scribner *, Susan Meitz, Michael Fisher, Matthew Wyvratt, Penny Leavitt, Paul Liberator, Anne Gurnett,
Chris Brown, John Mathew, Donald Thompson, Dennis Schmatz, Tesfaye Biftu
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In this study, we present the synthesis and biological activity of 5,6-diarylimidazo[2,1-b][1,3]thiazoles, whose antiparasitic activity against Eimeria is due to inhibition of a
parasite-specific cGMP-dependent protein kinase (PKG). From this series, several compounds showed subnanomolar in vitro activity and commercial levels of in vivo activity.


Methoxy-substituted 9-aminomethyl-9,10-dihydroanthracene (AMDA) derivatives exhibit differential binding
affinities at the 5-HT2A receptor


pp 5268–5271


Gajanan K. Dewkar, Srinivas Peddi, Philip D. Mosier, Bryan L. Roth, Richard B. Westkaemper *
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The synthesis and 5-HT2A receptor affinities of a series of methoxy-substituted 9-aminomethyl-9,10-dihydroanthracene (AMDA) derivatives
are reported. Molecular modeling techniques are used to elucidate probable binding modes for the compounds.


Synthesis of unsymmetrical biphenyls as potent cytotoxic agents pp 5272–5276


Gang Wu, Huan-Fang Guo, Kun Gao, Yi-Nan Liu, Kenneth F. Bastow, Susan L. Morris-Natschke, Kuo-Hsiung Lee, Lan Xie *
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Substituted ajoenes as novel anti-cancer agents pp 5277–5279


Roger Hunter *, Catherine H. Kaschula *, Iqbal M. Parker, Mino R. Caira, Philip Richards, Susan Travis,
Francois Taute, Thozama Qwebani
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Overcoming hERG issues for brain-penetrating cathepsin S inhibitors: 2-Cyanopyrimidines. Part 2 pp 5280–5284


Osamu Irie *, Takatoshi Kosaka, Masashi Kishida, Junichi Sakaki, Keiichi Masuya, Kazuhide Konishi, Fumiaki Yokokawa,
Takeru Ehara, Atsuko Iwasaki, Yuki Iwaki, Yuko Hitomi, Atsushi Toyao, Hiroki Gunji, Naoki Teno, Genji Iwasaki,
Hajime Hirao, Takanori Kanazawa, Keiko Tanabe, Peter C. Hiestand, Marzia Malcangio, Alyson J. Fox,
Stuart J. Bevan, Mohammed Yaqoob, Andrew J. Culshaw, Terance W. Hart, Allan Hallett
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Kinase array design, back to front: Biaryl amides pp 5285–5289


Ian Baldwin, Paul Bamborough *, Claudine G. Haslam, Suchete S. Hunjan, Tim Longstaff, Christopher J. Mooney,
Shila Patel, Jo Quinn, Don O. Somers
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Most kinase-directed array strategies aim to add functionality to a fragment that binds in the purine subpocket of the ATP-site. Here, an alternative pharmacophore-guided
array approach is described which set out to discover novel purine subpocket-binding groups. Results are shown for p38a and cFMS kinase, for which multiple different
series with nanomolar potency were discovered.


2,20-Pyridoin derivatives protect HL-60 cells against oxidative stress pp 5290–5293


Masashi Hatanaka, Chiho Nishizawa, Tomohiro Kakinoki, Kyoko Takahashi, Shigeo Nakamura, Tadahiko Mashino *
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1: R1 = H, R2 = H
2: R1 = H, R2 = CH3
3: R1 = H, R2 = OCH3
5: R1 = CH3, R2 = H
6: R1 = OCH3, R2 = H
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The protective effects of 2,20-pyridoin derivatives against oxidative stress in the HL-60 cell
were evaluated. The derivatives 1–3 and 5–6 inhibited H2O2-induced cell death and
intracellular oxidative stress more than ascorbic acid.
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Synthesis and in vitro evaluation of imidazopyridazines as novel inhibitors of the malarial kinase PfPK7 pp 5294–5298


Nathalie Bouloc, Jonathan M. Large, Ela Smiljanic, David Whalley, Keith H. Ansell, Christopher D. Edlin, Justin S. Bryans *


Optimization of a series of multi-isoform PI3 kinase inhibitors pp 5299–5302


Benjamin Perry *, Rebekah Beevers, Gavin Bennett, George Buckley, Tom Crabbe, Lewis Gowers, Lynwen James,
Kerry Jenkins, Chris Lock, Verity Sabin, Sara Wright
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Optimization of the cellular and pharmacological activity of a novel series of PI3 kinase inhibitors targeting multiple isoforms is described.


Designing rapid onset selective serotonin re-uptake inhibitors. Part 3: Site-directed metabolism as a strategy
to avoid active circulating metabolites: Structure–activity relationships of (thioalkyl)phenoxy benzylamines


pp 5303–5306


Donald S. Middleton *, Mark Andrews, Paul Glossop, Geoffrey Gymer, David Hepworth, Alan Jessiman, Patrick S. Johnson,
Malcolm MacKenny, Alan Stobie, Kim Tang, Paul Morgan, Barry Jones
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A series of thio-alkyl containing diphenylethers were designed and evaluated, as a strategy to competitively direct metabolism away from unwanted amine N-
demethylation and deliver a pharmacologically inactive S-oxide metabolite. Overall, sulphonamide 20 was found to possess the best balance of target pharmacology,
pharmacokinetics and metabolism profile.


Synthesis of 5-(1-H or 1-alkyl-5-oxopyrrolidin-3-yl)-8-hydroxy-[1,6]-naphthyridine-7-carboxamide inhibitors
of HIV-1 integrase


pp 5307–5310


Jeffrey Y. Melamed *, Melissa S. Egbertson, Sandor Varga, Joseph P. Vacca, Greg Moyer, Lori Gabryelski, Peter J. Felock,
Kara A. Stillmock, Marc V. Witmer, William Schleif, Daria J. Hazuda, Yvonne Leonard, Lixia Jin, Joan D. Ellis, Steven D. Young
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Modification of the side chain of micromolide, an anti-tuberculosis natural product pp 5311–5315


Hai Yuan, Rong He, Baojie Wan, Yuehong Wang, Guido F. Pauli, Scott G. Franzblau, Alan P. Kozikowski *
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This paper describes a series of modifications of the side chain of micromolide, an anti-tuberculosis natural product. Most of the synthesized
compounds showed significantly decreased activities, which suggests that the long aliphatic side chain of micromolide and its double bond are
essential to its activity.


Initial SAR studies on apamin-displacing 2-aminothiazole blockers of calcium-activated small conductance
potassium channels


pp 5316–5319


Robert G. Gentles *, Katherine Grant-Young, Shuanghua Hu, Yazhong Huang, Michael A. Poss, Charles Andres, Tracey Fiedler,
Ronald Knox, Nicholas Lodge, C. David Weaver, David G. Harden
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 IC50((μM) 
13 0.059 (±  0.017) 0.004 (±  0.002) 


An initial SAR study on a series of apamin-displacing 2-aminothiazole KCa2 channel blockers is described. Potent inhibitors such as N-(4-methylpyridin-2-yl)-4-(pyridin-2-
yl)thiazol-2-amine (13) are disclosed.


Structure–activity relationships of compounds targeting mycobacterium tuberculosis 1-deoxy-D-xylulose
5-phosphate synthase


pp 5320–5323


Jialin Mao, Hyungjin Eoh, Rong He, Yuehong Wang, Baojie Wan, Scott G. Franzblau *, Dean C. Crick *, Alan P. Kozikowski *
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2-Methyl-3-(4-fluorophenyl)-5-(4-methoxy-phenyl)-4H-pyrazolo[1,5-a]pyrimidin-7-one is identified to inhibit Mycobacterium tuberculosis DXS
with an IC50 of 10.6 lM.
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The ciprofloxacin dithiocarbamate (CPFXDTC) was synthesized and radiolabeled with [ TcN] inter-
mediate to form the 99mTcN-CPFXDTC complex in high yield (>95%). No decomposition of the complex
at room temperature was observed over a period of 6 h. Its partition coefficient indicated that it was a
good lipophilic complex. The bacterial binding assay studies showed 99mTcN-CPFXDTC had a better bind-
ing affinity as compared with 99mTc-ciprofloxacin. Biodistribution results in induced infection mice
showed 99mTcN-CPFXDTC had higher uptake at the sites of infection and better abscess/blood ratio than
that of 99mTc-ciprofloxacin, suggesting 99mTcN-CPFXDTC would be a novel potential infection imaging
agent.


� 2008 Elsevier Ltd. All rights reserved.

Scintigraphic imaging of infection and inflammation is a power-
ful diagnostic tool in the management of patients with infectious
or inflammatory diseases. Radiolabeled leukocytes are still consid-
ered the gold standard to detect infectious and inflammatory le-
sions in patients. However, its preparation is time-consuming,
laborious and has risk associated with handling of potentially con-
taminated blood. There is great interest in the development of new
radiopharmaceuticals for infection imaging.


99mTc has been the isotope of choice for development of novel
radiopharmaceuticals owing to its short half-life, optimal c-energy,
inexpensive cost and diverse coordination chemistry. Recently,
99mTc-ciprofloxacin, which has a 4-fluoroquinolone backbone, has
been proposed as a sensitive and specific tool for distinction be-
tween bacterial infection and sterile inflammation. Ciprofloxacin
is an antibiotic of which the microbiological activity is mediated
by inactivation of bacterial DNA gyrase. It has shown many advan-
tages over 99mTc-labeled leukocytes for diagnostic scans, in that it
is more specific for bacterial infection, is more convenient to pre-
pare, and obtains better image quality.1–4 However, the problems
of 99mTc-ciprofloxacin preparation discussed in the literature 5–7


are concerned with its low radiochemical yield. A significant
amount of colloid (99mTcO2) is formed to cause the RCP of the prod-
uct low. Moreover, the chemical structure of 99mTc-ciprofloxacin is
uncertain and the preparation of 99mTc-ciprofloxacin needs heating
and the final product requires additional purification.6 These pro-
cedures are very cumbersome for routine clinical use.

All rights reserved.


: +86 10 62205562.

In recent years, the preparation of 99mTc nitrido complexes at
the tracer level and in sterile and pyrogen-free conditions has been
extensively investigated,8 thus opening the door for the explora-
tion of the biological behavior of a new class of potential diagnostic
agents. The [99mTcN]2+ core has been found to complex well with
ligands containing sulfur atoms, as in dithiocarbamates.9,10 Herein,
we report the synthesis of ciprofloxacin dithiocarbamate and its
99mTc labeling using the 99mTcN core. To the best of our knowledge,
this report constitutes the first of its kind in using the ciprofloxacin
dithiocarbamate in the preparation of 99mTcN complex as targeted
agent for infection imaging.


The sodium salt of ciprofloxacin dithiocarbamate (compound 1)
was prepared by reacting ciprofloxacin with an equivalent amount
of carbon disulfide in NaOH solutions.9 The reaction is schemati-
cally shown in Scheme 1.11 The molecular structure of ciprofloxa-
cin has a piperazinyl group, thus making it suitable to react with
carbon disulfide in NaOH solutions at low temperature to form
the corresponding dithiocarbamate product in moderate yield.


The preparation of 99mTcN-CPFXDTC was carried out using the
following procedure in Scheme 2.12


In SDH kit, SDH plays the role of an efficient donor of nitride
nitrogen atoms (N3�) and SnCl2�2H2O behaves as a reducing agent.
The presence of PDTA is required in order to prevent precipitation
of Sn2+ in the form of insoluble tin salts. The method is based on
the reaction of [99mTcO4]� with SDH in the presence of stannous
chloride as reducing agent to form a technetium-99m nitrido inter-
mediate. The [99mTc„N]2+ is a suitable substrate for the substitu-
tion reaction with the compound 1 at room temperature to give
the final complex 99mTcN-CPFXDTC.
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Scheme 1. Synthesis of compound 1.


Scheme 2. Preparation procedure and proposed structure of 99mTcN-CPFXDTC.
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The radiochemical purity of the complex was routinely checked
by TLC and HPLC.12 By TLC, in saline, 99mTcO�4 , 99mTcO2�nH2O and
99mTcN-CPFXDTC remained at the origin while ½99mTcBN�2þint


migrated with the front. In CH2Cl2:CH3OH = 9:1 (V/V), 99mTcN-
CPFXDTC migrated with the front while 99mTcO�4 , 99mTcO2�nH2O
and ½99mTcBN�2þint remained at the origin. The HPLC pattern of
99mTcN-CPFXDTC is shown in Figure 1. It was observed that the
retention time of ½99mTcBN�2þint was 2.9 min, while that of 99mTcN-
CPFXDTC was found to be 23.9 min. Single peak suggested only
one product (99mTcN-CPFXDTC) was formed. The mean radiochem-
ical purity of the product was 95 ± 4% immediately after the
preparation.


As compared with the preparation of 99mTc-ciprofloxacin,
99mTcN-CPFXDTC can be prepared at room temperature and its
preparation does not need heating and additional purification, thus
making it more suitable for routine clinical use.


Based on a previous characterization of the molecular structure
of bis(diethyldithiocarbamato) nitrido technetium-99 m complex
99mTcN(DDC)2,13 it seems reasonable to presume that the structure
of 99mTcN-CPFXDTC is similar to that of 99mTcN(DDC)2, having a
square pyramidal geometry with an apical Tc„N bond and two
monoanionic dithiocarbamate ligands spanning the four positions
in the basal plane through the four sulfur atoms. Clearly, further
studies should be performed, using macroscopic levels of the

Figure 1. HPLC pattern of 99mTcN-CPFXDTC.

long-lived 99Tc, to determine and characterize the structure of
99mTcN-CPFXDTC.


The stability of the complex was assayed by measuring the
radiochemical purity at different times after preparation. No
decomposition of the complex occured over 6 h at room tempera-
ture, suggesting that the complex possesses a great stability in the
reaction mixture at room temperature. The partition coefficient
was determined by mixing the complex with an equal volume of
1-octanol and phosphate buffer (0.025 mol/L, pH 7.4) in a centri-
fuge tube. The partition coefficient (logP) values of 99mTcN-
CPFXDTC and 99mTc-ciprofloxacin were calculated as 1.02 and
�1.08, respectively, suggesting the former was lipophilic, whereas
the latter was hydrophilic.


Binding of 99mTcN-CPFXDTC to bacteria was assessed by the
method.14 The efficiency of bacteria binding of 99mTcN-CPFXDTC
was nearly 60%, much higher than that of 99mTc-ciprofloxacin
(40%),6 suggesting 99mTcN-CPFXDTC had a better bacteria binding
affinity.


Male Kunming mice weighing 18–20 g were used in all of the
animal studies. 0.05 ml of 0.1 mol/L Na–PBS (pH 7.4) containing
approximately 1 � 1010/ml viable Staphylococcus aureus was
injected into the left thigh muscle of the mice. Twenty-four hours
later, 0.1 ml of 99mTcN-CPFXDTC (7.4 � 105 Bq) was injected via a
tail vein and the injected radioactivity was measured with a
well-type NaI(Tl) detector. The mice were sacrificed at 3 and 4 h
post-injection. The infected muscle, other organs of interest and
blood were collected, weighed and measured for radioactivity.
The results were expressed as the percent uptake of injected
dose per gram of tissue (%ID/g). All biodistribution studies were
carried out in compliance with the national laws related to the
conduct of animal experimentation. The results of biodistribution
of 99mTcN-CPFXDTC are shown in Table 1. As described in Table
1, 99mTcN-CPFXDTC has a high uptake at the site of infection and
good target/non-target ratio. The high concentration in the liver
suggests that the hepatobiliary system is the major route of
excretion of the administered radioactivity. As compared with
99mTc-ciprofloxacin,15 99mTcN-CPFXDTC shows much higher in-
fected muscle uptake (3.21%ID/g) than that of 99mTc-ciprofloxacin
(1.24%ID/g) at 4 h post-injection. The T/B ratio of 99mTcN-CPFXDTC
(1.76) is better than that of 99mTc-ciprofloxacin (0.82), but the T/N
ratio of the former (1.78) is much lower than that of the latter
(4.28).







Table 1
Biodistribution in mice of 99mTcN-CPFXDTCa and 99mTc-ciprofloxacinb


Tissue 99mTcN-CPFXDTC 99mTc-ciprofloxacin


3 h 4 h 4 h


Infected muscle 2.94 ± 0.47 3.21 ± 0.66 1.24 ± 0.06
Normal muscle 1.57 ± 0.36 1.80 ± 0.29 0.29 ± 0.03
Blood 1.84 ± 0.25 1.82 ± 0.27 1.51 ± 0.02
Heart 3.90 ± 0.92 5.06 ± 0.78 0.67 ± 0.07
Liver 34.54 ± 6.30 34.65 ± 5.93 20.08 ± 0.10
Lung 22.49 ± 7.01 21.11 ± 6.80 2.09 ± 0.15
Kidney 8.11 ± 1.37 9.21 ± 0.78 6.16 ± 0.05
Bone 5.06 ± 0.88 6.21 ± 1.26 No data
T/N ratio 1.87 1.78 4.28
T/B ratio 1.60 1.76 0.82


T/N = infected muscle-to-normal muscle, T/B = infected muscle-to-blood.
a All data are the mean percentage (n = 4) of the injected dose of 99mTcN-


CPFXDTC per gram of tissue, ±the standard deviation of the mean.
b The data are quoted from Ref. 15.
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In summary, new ciprofloxacin dithiocarbamate was success-
fully synthesized and 99mTcN-CPFXDTC was prepared in high yields
through a ligand-exchange reaction, which can be easily used for
the preparation of a radiopharmaceutical through a freeze-dried
kit formulation. The biodistribution studies in mice showed that
the complex accumulated in the infected site with high uptake
and good retention, justifying further investigations in animals
and humans.
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A set of c-lactones a,b-fused and b,c-fused to carbocycles have been synthesized and evaluated for their
in vitro antiproliferative activities using the human cancer cell lines SW1573 (lung), T-47D (breast) and
WiDr (colon). The compounds are obtained by intramolecular ring closing metathesis of the correspond-
ing dienes. Active compounds exhibited GI50 values in the range 8–18 lM. A structure–activity relation-
ship is also discussed.


� 2008 Elsevier Ltd. All rights reserved.

Figure 1. Structure of representative naturally occurring c-lactones a,b- and b,c-
fused to carbocycles.

c-Lactones are widely distributed in nature as secondary
metabolites displaying a broad biological profile including antibi-
otic, antihelmintic, antifungal, antitumor, antiviral, anti-inflamma-
tory, and cytostatic properties.1 Therefore, c-lactones represent
remarkable lead structures and have attracted our interest for
the development of new drugs.2 The c-lactone unit is generally
present in medium size rings.


Of particular interest to us are the naturally occurring a,b- and
b,c-fused c-lactones acetoxycrenulide (1),3 ambrosin (2),4 vernole-
pin (3),5 10-epi-8-deoxycumambrin B (4),6 dehydroleucodin (5),7


and ludartin (6)8 (Fig. 1). The development of new methodologies
for their preparation plays a major role in the synthesis of these
biologically active products.


Herein, we report on the antiproliferative activity of a series of
bicyclic c-lactones a,b- or b,c-fused to carbocycles. The synthetic
monocyclic precursors were also evaluated for their biological
activity in order to obtain structure–activity relationships. As a
model for the anticancer activity we used the representative panel
of human solid tumor cell lines SW1573 (non-small cell lung), T-
47D (breast), and WiDr (colon).


In our group, we have developed a method based on the cycli-
zation of enantiomerically enriched a-[(phenylthio)acyl]-b,c-
unsaturated esters 7a–c to obtain c-lactones 8a–c with a high
degree of substitution and a total stereochemical control.9 As
shown in Scheme 1, compounds 8a–c were hydrolyzed under basic

ll rights reserved.


6; fax: +34 922 318 571.

conditions to give carboxylic acids 9a–c, which were reduced with
borane to the corresponding primary alcohol 10a–c. General pre-
cursor 10a–c were easily prepared using such strategy and served
as the common intermediates for the synthesis of both c-lactones
a,b- and b,c-fused to carbocycles.


The general procedures to obtain c-lactones a,b-fused10 and
b,c-fused11 to carbocycles is shown in Scheme 2. Alcohols 10a–b
were transformed into alkenes 11a–b (80% average yield) by the
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Table 1
Lipophilicity and in vitro antiproliferative activity against a representative panel of
human solid tumor cell linesa


Compound ClogPb Cell line


SW1573 (NSCLC) T-47D (breast) WiDr (colon)


8a 6.6 >100 >100 >100
8b 6.7 >100 >100 >100
8c 3.0 >100 >100 >100
9a 6.8 16 (±1.4) 14 (±1.6) 16 (±1.4)
9b 6.8 18 (±1.0) 15 (±1.4) 17 (±1.9)
9c 2.5 >100 >100 >100
10a 6.2 7.8 (±1.2) 8.0 (±4.4) 13 (±3.4)
10b 6.3 13 (±2.4) 7.4 (±1.6) 13 (±1.8)
10c 2.0 >100 >100 >100
11a 8.3 >100 >100 >100
11b 8.3 >100 >100 >100
12a 2.1 >100 >100 >100
12b 2.0 >100 >100 >100
13a 3.5 49 (±11) 34 (±14) 33 (±8.3)
13b 4.0 57 (±6.2) 35 (±12) 40 (±6.3)
14a 2.3 30 (±8.4) 18 (±6.3) 21 (±3.7)
14b 2.8 36 (±2.9) 17 (±3.1) 21 (±3.2)
15 0.5 >100 >100 >100
16a 1.6 >100 >100 >100
16b 2.1 >100 >100 >100
17a 3.6 34 (±15) 23 (±8.8) 27 (±8.7)
17b 4.1 21 (±11) 16 (±3.8) 25 (±7.8)
18a 2.9 28 (±21) 26 (±13) 19 (±3.5)
18b 2.9 16 (±3.6) 17 (±6.9) 15 (±5.6)
19 3.2 7.5 (±0.5) 22 (±9.6) 28 (±5.6)
20 4.3 >100 5.7 (±1.5) 24 (±13)
21 4.4 79 (±33) 76 (±23) >100


a Values expressed as GI50 (50% growth inhibition) are given in lM and are means
of two to four experiments, standard deviation is given in parentheses.


b Ref. 15.


Scheme 1. Reagents and conditions: (a) NaOH, THF/H2O (4:1), 92%; (b) BH3�SMe2,
THF, 0 �C, 88%.
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sequence oxidation-Wittig homologation. Deprotection of the silyl
protecting group led to the primary alcohols 12a–b (90% yield of
average yield). Similarly, the oxidation-Wittig strategy was used
to transform alcohols 12a–b into alkenes 13a–b. Finally, ring clos-
ing metathesis using second generation Grubbs’ catalyst afforded
in high yields the corresponding c-lactones b,c-fused to carbocy-
cles 14a–b.


For the synthesis of c-lactones a,b-fused to carbocycles the
common precursor 10c needs to be transformed into the corre-
sponding sulfone 15. The oxidation is mediated by Oxone� and
proceeds in almost quantitative yields. Sulfone 15 was alkylated
in a-position with stereochemistry retention using short chain al-
kyl bromides to yield compounds 16a–b (70%). Once again, the oxi-
dation-Wittig strategy was applied to obtain compounds 17a–b.
Ring closing metathesis under the aforementioned conditions led
the corresponding c-lactones a,b-fused to carbocycles 18a–b.
However, for long carbon chain alkyl bromides the alkylation of
sulfone 15 produced exclusively the O-alkylated derivative. Thus,
compound 19 was obtained in 55% yield. Alkylation of 19 with allyl
bromide gave intermediate 20, which after ring closing metathesis
afforded the bicyclic compound 21.12


The in vitro antiproliferative activity of the isolated intermedi-
ates was evaluated using the National Cancer Institute (NCI) proto-
col13 after 48 h of drug exposure using the sulforhodamine B (SRB)
assay.14 In addition to the antitumor activity, the lipophilicity

Scheme 2. Reagents and conditions: (a) i—SO3�py, DMSO, CH2Cl2, rt; ii—Ph3P+CH3Br-, K
CH2Cl2, 40�C, 85% yield for 14a, 18a–b, 89% yield for 14b, 15% yield for 21; (d) Oxone�, Me
75% yield for 20.

(ClogP) of the compounds was evaluated by in silico calculation
based on their chemical structure.15 ClogP values were calculated
to correlate lipophilicity with antitumor activity. The results are
shown in Table 1. The ClogP values for the compounds reported
in this study are within a wide range 0.5–8.3 (Table 1). Taken as

HMDS, THF, 80%; (b) n-Bu4N+F-, THF, rt, 90%; (c) 2nd generation Grubbs’ catalyst,
OH/H2O (1:2), rt, 93%; (e) i—NaH, DMF; ii—RX, 70% yield for 16a–b, 55% yield for 19,
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a whole, lipophilicity is not sufficient to explain the observed dif-
ferences in growth inhibition.


The data on antiproliferative activity shown in Table 1 allow to
classify the compounds in two groups. A first group is comprised of
the inactive compounds, that is, those derivative with GI50 values
>100 lM against all cell lines. The second group includes the
remaining derivatives, which show GI50 values in the range 5.7–
79 lM. With the exception of compounds 20 and 21, all active
products induced growth inhibition in the three cell lines. Overall,
the active compounds did not show a clear trend in terms of spec-
ificity for a particular cell line. However, compound 20 was inac-
tive against the lung cancer cells SW1573 whilst showed good
activity against the T-47D breast (5.7 lM) and WiDr colon
(24 lM) cell lines. On the contrary, bicyclic derivative 21 was inac-
tive against WiDr cells and showed a weak activity against the
other cell lines (76–79 lM).


The most active compounds of the set are 10a–b with GI50 val-
ues in the range 7.8–13 lM. However, the non-silyl-protected
equivalent 10c is inactive. This result is also observed for active
compounds 9a–b and inactive 9c. The difference may be explained
by the increased lipophilicity of the silyl-protected derivatives
when compared to the compounds lacking silyl groups, thus facil-
itating drug diffusion through the cell membrane. In our group, this
strategy has been applied successfully to substituted tetrahydropy-
rans16 and naturally occurring catalpol.17 The presence of a silyl
group is not enough premises to induce growth inhibition. That
is the case for compounds 8a–c and 11a–b, which are all inactive.
A direct comparison between compounds 8–11 indicates that the
carboxylic acid group in 9a–b and the hydroxyl group in 10a–b
play a role in the biological effect. Furthermore, the deprotection
of the silyl group in 11a–b leads to inactive derivatives 12a–b.
However, the dialkene analogs 13a–b showed modest GI50 values
in the range 33–57 lM. This antiproliferative effect was slightly
improved in the corresponding b,c-fused c-lactones 14a–b, which
showed GI50 values in the range 17–36 lM.


Oxidation of sulfide 10c to give sulfone 15 did not induce
changes in activity, both compounds being inactive. The a-alkyl-
ated derivatives 16a–b are also inactive. However, dialkenes
17a–b and bicycles 18a–b showed GI50 values in the range 16–
34 lM and 15–28 lM, respectively. When comparing the subset
of compounds 16–18 with that of analogs 12–14, a parallelism in
activity is observed. Thus, hydroxy-alkenes (12 and 16) are inac-
tive; dialkenes (13 and 17) induce cell growth inhibition; and bicy-
cles (14 and 18) show a subtle enhancement in activity. The data
seem to indicate that a sulfone group induces more activity than
a sulfide group.


While the alkylation of 15 in a position leads to inactive com-
pound 16, the O-alkylation produces active analog 19. Thus, the
O-alkylated derivative 19 shows GI50 values in the range 7.5–
28 lM, with selectivity against the lung cancer cells SW1573. Fur-
ther alkylation in a-position of 19 leads to 20, which losses activity
toward the lung cancer cells. However, it shows an enhancement of
the effect on T-47D cells. The cyclization of derivative 20 produces
a substantial loss in activity.


Despite the large antitumor activity reported for naturally
occurring lactones,1 we show that our set of c-lactones exhibit a
moderate activity. We speculate that the absence of a a,b-unsatu-
rated group may explain this effect. Work is currently conducted to
determine the exact role in activity of the sulfide and the sulfone

group. Furthermore, we are using in-house methodology for the
transformation of the sulfide and sulfone groups into exo- or endo-
cyclic double bonds. These findings will be reported elsewhere.


In summary, we have synthesized a set of c-lactones a,b-fused
and b,c-fused to carbocycles, using ring closing metathesis as the
cycling strategy. The analysis of the antiproliferative data gives a
structure–activity relationship with the substituents on the c-lac-
tone modulating the biological activity. Some derivatives showed
promising activity against the lung, breast, and colon cancer cell
lines. Privileged structures such as c-lactones, with their inherent
drug-likeness, represent an ideal source of core synthons and cap-
ping fragments for the design and synthesis of drugs targeted at
various receptors. The general methodology reported herein allows
the quick production of a variety of c-lactones that are useful for
the discovery of novel drug leads.
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A set of c-lactones a,b-fused and b,c-fused to carbocycles have been synthesized and evaluated for their
in vitro antiproliferative activities using the human cancer cell lines SW1573 (lung), T-47D (breast) and
WiDr (colon). The compounds are obtained by intramolecular ring closing metathesis of the correspond-
ing dienes. Active compounds exhibited GI50 values in the range 8–18 lM. A structure–activity relation-
ship is also discussed.


� 2008 Elsevier Ltd. All rights reserved.

Figure 1. Structure of representative naturally occurring c-lactones a,b- and b,c-
fused to carbocycles.

c-Lactones are widely distributed in nature as secondary
metabolites displaying a broad biological profile including antibi-
otic, antihelmintic, antifungal, antitumor, antiviral, anti-inflamma-
tory, and cytostatic properties.1 Therefore, c-lactones represent
remarkable lead structures and have attracted our interest for
the development of new drugs.2 The c-lactone unit is generally
present in medium size rings.


Of particular interest to us are the naturally occurring a,b- and
b,c-fused c-lactones acetoxycrenulide (1),3 ambrosin (2),4 vernole-
pin (3),5 10-epi-8-deoxycumambrin B (4),6 dehydroleucodin (5),7


and ludartin (6)8 (Fig. 1). The development of new methodologies
for their preparation plays a major role in the synthesis of these
biologically active products.


Herein, we report on the antiproliferative activity of a series of
bicyclic c-lactones a,b- or b,c-fused to carbocycles. The synthetic
monocyclic precursors were also evaluated for their biological
activity in order to obtain structure–activity relationships. As a
model for the anticancer activity we used the representative panel
of human solid tumor cell lines SW1573 (non-small cell lung), T-
47D (breast), and WiDr (colon).


In our group, we have developed a method based on the cycli-
zation of enantiomerically enriched a-[(phenylthio)acyl]-b,c-
unsaturated esters 7a–c to obtain c-lactones 8a–c with a high
degree of substitution and a total stereochemical control.9 As
shown in Scheme 1, compounds 8a–c were hydrolyzed under basic

ll rights reserved.


6; fax: +34 922 318 571.

conditions to give carboxylic acids 9a–c, which were reduced with
borane to the corresponding primary alcohol 10a–c. General pre-
cursor 10a–c were easily prepared using such strategy and served
as the common intermediates for the synthesis of both c-lactones
a,b- and b,c-fused to carbocycles.


The general procedures to obtain c-lactones a,b-fused10 and
b,c-fused11 to carbocycles is shown in Scheme 2. Alcohols 10a–b
were transformed into alkenes 11a–b (80% average yield) by the
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Table 1
Lipophilicity and in vitro antiproliferative activity against a representative panel of
human solid tumor cell linesa


Compound ClogPb Cell line


SW1573 (NSCLC) T-47D (breast) WiDr (colon)


8a 6.6 >100 >100 >100
8b 6.7 >100 >100 >100
8c 3.0 >100 >100 >100
9a 6.8 16 (±1.4) 14 (±1.6) 16 (±1.4)
9b 6.8 18 (±1.0) 15 (±1.4) 17 (±1.9)
9c 2.5 >100 >100 >100
10a 6.2 7.8 (±1.2) 8.0 (±4.4) 13 (±3.4)
10b 6.3 13 (±2.4) 7.4 (±1.6) 13 (±1.8)
10c 2.0 >100 >100 >100
11a 8.3 >100 >100 >100
11b 8.3 >100 >100 >100
12a 2.1 >100 >100 >100
12b 2.0 >100 >100 >100
13a 3.5 49 (±11) 34 (±14) 33 (±8.3)
13b 4.0 57 (±6.2) 35 (±12) 40 (±6.3)
14a 2.3 30 (±8.4) 18 (±6.3) 21 (±3.7)
14b 2.8 36 (±2.9) 17 (±3.1) 21 (±3.2)
15 0.5 >100 >100 >100
16a 1.6 >100 >100 >100
16b 2.1 >100 >100 >100
17a 3.6 34 (±15) 23 (±8.8) 27 (±8.7)
17b 4.1 21 (±11) 16 (±3.8) 25 (±7.8)
18a 2.9 28 (±21) 26 (±13) 19 (±3.5)
18b 2.9 16 (±3.6) 17 (±6.9) 15 (±5.6)
19 3.2 7.5 (±0.5) 22 (±9.6) 28 (±5.6)
20 4.3 >100 5.7 (±1.5) 24 (±13)
21 4.4 79 (±33) 76 (±23) >100


a Values expressed as GI50 (50% growth inhibition) are given in lM and are means
of two to four experiments, standard deviation is given in parentheses.


b Ref. 15.


Scheme 1. Reagents and conditions: (a) NaOH, THF/H2O (4:1), 92%; (b) BH3�SMe2,
THF, 0 �C, 88%.
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sequence oxidation-Wittig homologation. Deprotection of the silyl
protecting group led to the primary alcohols 12a–b (90% yield of
average yield). Similarly, the oxidation-Wittig strategy was used
to transform alcohols 12a–b into alkenes 13a–b. Finally, ring clos-
ing metathesis using second generation Grubbs’ catalyst afforded
in high yields the corresponding c-lactones b,c-fused to carbocy-
cles 14a–b.


For the synthesis of c-lactones a,b-fused to carbocycles the
common precursor 10c needs to be transformed into the corre-
sponding sulfone 15. The oxidation is mediated by Oxone� and
proceeds in almost quantitative yields. Sulfone 15 was alkylated
in a-position with stereochemistry retention using short chain al-
kyl bromides to yield compounds 16a–b (70%). Once again, the oxi-
dation-Wittig strategy was applied to obtain compounds 17a–b.
Ring closing metathesis under the aforementioned conditions led
the corresponding c-lactones a,b-fused to carbocycles 18a–b.
However, for long carbon chain alkyl bromides the alkylation of
sulfone 15 produced exclusively the O-alkylated derivative. Thus,
compound 19 was obtained in 55% yield. Alkylation of 19 with allyl
bromide gave intermediate 20, which after ring closing metathesis
afforded the bicyclic compound 21.12


The in vitro antiproliferative activity of the isolated intermedi-
ates was evaluated using the National Cancer Institute (NCI) proto-
col13 after 48 h of drug exposure using the sulforhodamine B (SRB)
assay.14 In addition to the antitumor activity, the lipophilicity

Scheme 2. Reagents and conditions: (a) i—SO3�py, DMSO, CH2Cl2, rt; ii—Ph3P+CH3Br-, K
CH2Cl2, 40�C, 85% yield for 14a, 18a–b, 89% yield for 14b, 15% yield for 21; (d) Oxone�, Me
75% yield for 20.

(ClogP) of the compounds was evaluated by in silico calculation
based on their chemical structure.15 ClogP values were calculated
to correlate lipophilicity with antitumor activity. The results are
shown in Table 1. The ClogP values for the compounds reported
in this study are within a wide range 0.5–8.3 (Table 1). Taken as

HMDS, THF, 80%; (b) n-Bu4N+F-, THF, rt, 90%; (c) 2nd generation Grubbs’ catalyst,
OH/H2O (1:2), rt, 93%; (e) i—NaH, DMF; ii—RX, 70% yield for 16a–b, 55% yield for 19,
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a whole, lipophilicity is not sufficient to explain the observed dif-
ferences in growth inhibition.


The data on antiproliferative activity shown in Table 1 allow to
classify the compounds in two groups. A first group is comprised of
the inactive compounds, that is, those derivative with GI50 values
>100 lM against all cell lines. The second group includes the
remaining derivatives, which show GI50 values in the range 5.7–
79 lM. With the exception of compounds 20 and 21, all active
products induced growth inhibition in the three cell lines. Overall,
the active compounds did not show a clear trend in terms of spec-
ificity for a particular cell line. However, compound 20 was inac-
tive against the lung cancer cells SW1573 whilst showed good
activity against the T-47D breast (5.7 lM) and WiDr colon
(24 lM) cell lines. On the contrary, bicyclic derivative 21 was inac-
tive against WiDr cells and showed a weak activity against the
other cell lines (76–79 lM).


The most active compounds of the set are 10a–b with GI50 val-
ues in the range 7.8–13 lM. However, the non-silyl-protected
equivalent 10c is inactive. This result is also observed for active
compounds 9a–b and inactive 9c. The difference may be explained
by the increased lipophilicity of the silyl-protected derivatives
when compared to the compounds lacking silyl groups, thus facil-
itating drug diffusion through the cell membrane. In our group, this
strategy has been applied successfully to substituted tetrahydropy-
rans16 and naturally occurring catalpol.17 The presence of a silyl
group is not enough premises to induce growth inhibition. That
is the case for compounds 8a–c and 11a–b, which are all inactive.
A direct comparison between compounds 8–11 indicates that the
carboxylic acid group in 9a–b and the hydroxyl group in 10a–b
play a role in the biological effect. Furthermore, the deprotection
of the silyl group in 11a–b leads to inactive derivatives 12a–b.
However, the dialkene analogs 13a–b showed modest GI50 values
in the range 33–57 lM. This antiproliferative effect was slightly
improved in the corresponding b,c-fused c-lactones 14a–b, which
showed GI50 values in the range 17–36 lM.


Oxidation of sulfide 10c to give sulfone 15 did not induce
changes in activity, both compounds being inactive. The a-alkyl-
ated derivatives 16a–b are also inactive. However, dialkenes
17a–b and bicycles 18a–b showed GI50 values in the range 16–
34 lM and 15–28 lM, respectively. When comparing the subset
of compounds 16–18 with that of analogs 12–14, a parallelism in
activity is observed. Thus, hydroxy-alkenes (12 and 16) are inac-
tive; dialkenes (13 and 17) induce cell growth inhibition; and bicy-
cles (14 and 18) show a subtle enhancement in activity. The data
seem to indicate that a sulfone group induces more activity than
a sulfide group.


While the alkylation of 15 in a position leads to inactive com-
pound 16, the O-alkylation produces active analog 19. Thus, the
O-alkylated derivative 19 shows GI50 values in the range 7.5–
28 lM, with selectivity against the lung cancer cells SW1573. Fur-
ther alkylation in a-position of 19 leads to 20, which losses activity
toward the lung cancer cells. However, it shows an enhancement of
the effect on T-47D cells. The cyclization of derivative 20 produces
a substantial loss in activity.


Despite the large antitumor activity reported for naturally
occurring lactones,1 we show that our set of c-lactones exhibit a
moderate activity. We speculate that the absence of a a,b-unsatu-
rated group may explain this effect. Work is currently conducted to
determine the exact role in activity of the sulfide and the sulfone

group. Furthermore, we are using in-house methodology for the
transformation of the sulfide and sulfone groups into exo- or endo-
cyclic double bonds. These findings will be reported elsewhere.


In summary, we have synthesized a set of c-lactones a,b-fused
and b,c-fused to carbocycles, using ring closing metathesis as the
cycling strategy. The analysis of the antiproliferative data gives a
structure–activity relationship with the substituents on the c-lac-
tone modulating the biological activity. Some derivatives showed
promising activity against the lung, breast, and colon cancer cell
lines. Privileged structures such as c-lactones, with their inherent
drug-likeness, represent an ideal source of core synthons and cap-
ping fragments for the design and synthesis of drugs targeted at
various receptors. The general methodology reported herein allows
the quick production of a variety of c-lactones that are useful for
the discovery of novel drug leads.
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To investigate the molecular design of drugs that have good penetration into the retina from anterior seg-
ment of the eye via ocular instillation, we optimized the length of methoxyethylene glycol chain (mEG) in
the P3 region of an oral bioavailable calpain inhibitor SNJ-1945 (2) as a model compound. Modulation of
the mEG length led to the optimal balance between hydrophilicity and lipophilicity and provided the
compound with higher retinal exposure via ocular instillation. Incorporation of a mEG moiety would
be a useful and convenient approach to attain high intraocular penetration.


� 2008 Elsevier Ltd. All rights reserved.

Retinal diseases such as glaucoma, diabetic macular edema, and
age related macular degeneration are the major causes of vision
impairment and blindness resulting in serious deterioration of
quality of life.1 Therefore, these diseases have been targets of many
pharmaceutical industries for a long time. Although topical instil-
lation of ophthalmic solutions is generally utilized for the treat-
ment of ophthalmic diseases in anterior aegments,2 it seems to
be difficult to deliver drugs into the retina, which is the innermost
coat of the eye, due to non-productive absorption, lacrimal drain-
age, and the presence of many anatomic and physiological barriers
between the ocular surface and the retina.3 For this reason, sys-
temic dosing or intra/periocular injection is typically chosen as
administration routes into the retina.2 However, as alternative
administration routes, topical instillation is still attractive because
of its lower systemic exposure, less side effects, non-invasiveness
and avoidance of the risk of endophthalmitis. Several examples
have so far demonstrated that using topical instillation could ob-
tain therapeutic concentration in the retina and vitreous body, in
spite of the difficulty of drug delivery into these tissues.4–10


This study aimed to explore the structure modification to yield
the compounds that have optimal retinal penetration via instilla-
tion of ophthalmic solutions. It has been reported that the optimal
balance between lipophilicity and hydrophilicity was required to
obtain high corneal penetration.11 We postulated that the optimal

All rights reserved.


: +81 78 997 1016.
).

balance is also needed in the case of retinal penetration by instilla-
tion. High aqueous solubility is desirable for ophthalmic solutions
to attain the high drug concentration in the formulation. However,
excessive aqueous solubility leads to low lipophilicity and low
membrane permeability. For the penetration into the retina, ade-
quate lipophilicity is also required, because the lipophilic com-
pounds generally can pass through the retinal pigmented
epithelium cells (RPE) that is the principal rate-limiting barrier
for retinal penetration via instillation.3,12 RPE forms the outer
blood–retinal barrier (BRB), which is a tight barrier like the
blood–brain barrier (BBB) and the blood–cerebral spinal fluid bar-
rier (BCSFB), and it restricts penetration of drugs into the retina.


Here, we investigated whether the optimization of methoxyeth-
ylene glycol chain (mEG) length of recently disclosed calpain inhib-
itor SNJ-1945 (2) leads to the enhancement of the retinal
penetration after instillation as a model compound.13 The potent
calpain inhibitor 2 showed high oral bioavailability and retinal
penetration in rats.13,14 Furthermore, this compound displayed ret-
inal neuroprotective efficacy via oral and intraperitoneal adminis-
tration in a rat pharmacological model.15 Incorporation of a
methoxydiethylene glycol moiety in the P3 region of 2 contributed
to high oral bioavailability through an increase in the aqueous sol-
ubility with a minimal decrease in both lipophilicity and mem-
brane permeability.13 We suppose that variation of mEG length
can significantly change the aqueous solubility without a large
change in the lipophilicity and result in optimal retinal penetra-
tion. Thus, we assessed the derivative of 2 with various mEG length
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for determination of the retinal and aqueous humor exposure after
instillation of eye drops to rabbits and their physicochemical prop-
erties. In addition, we also measured plasma exposure following
oral administration in cynomolgus monkeys to reveal the correla-
tion between the ocular exposure and the oral exposure.


Compounds 3–5 were prepared as reported previously (Scheme
1).13,16 The synthesis of 1 and 2 has been reported in the same re-
port.13 Briefly, the mono-methoxyoligoethylene glycols 6a–c were
coupled to L-leucine ethyl ester using di-(N-succinimidyl) carbon-
ate (CO(OSu)2) to give the carbamates 7a–c. The esters 7a–c were
hydrolyzed to give the carboxylic acids 8a–c. They were converted
to the corresponding N-succinimidyl esters 9a–c. The succinimidyl
esters were coupled to a-hydroxy-b-aminocarboxy amide interme-
diate 10 and oxidation of the hydroxyl group with Dess–Martin
periodinane gave the target products 3–5.


Calpain inhibition assays of the prepared compounds were per-
formed as described in the previous literature13 using human
erythrocyte l-calpain or porcine kidney m-calpain and casein as
a substrate. The results are shown in Table 1. The extension of

Table 1
Enzyme inhibitory activity and physicochemical parameters for 1–5


Me
O


O N
H


O


On


P3 P2
Compound n IC50 (lM) c


l-Calpaina m-Calpainb


1 (SNJ-1919)13 1 0.11 0.10 2
2 (SNJ-1945)13 2 0.17 0.099 1
3 (SNJ-1955) 3 0.19 0.12 1
4 (SNJ-1953) 4 0.22 0.17 1
5 (SNJ-1957) 5 0.42 0.19 0


a Human erythrocyte l-calpain.
b Porcine kidney m-calpain.
c Partition coefficient was calculated using ACD/Labs software.
d Partition coefficient between n-octanol and water.
e Solubility in pH 7 phosphate buffer, at 25 �C.
f The percent of dissolved compound in the 1% ophthalmic formulation (0.5% polysor

the mEG chain gradually decreased the inhibitory activities (1–5),
but the decline of activities was not remarkable and these inhibi-
tors were still potent (0.11–0.42 lM). An X-ray co-crystal structure
of 2 and proteolytic core of l-calpain indicated that the meth-
oxydiethylene glycol moiety in the P3 is flexible and have only
minimal interaction with the S3 binding site.17 Therefore, the
activities of these compounds did not significantly decrease by
the extension of mEG chains.


The solubility in 10 mM phosphate buffer (pH 7) of 1–5 was
determined by HPLC and summarized in Table 1. The compounds
with the three or more mEG units (3–5) showed dramatically high-
er aqueous solubility than that with less than the three mEG units
(1 and 2). In addition, the percent of dissolved compound in each
1% ophthalmic dosing formulations (in saline containing 0.5% poly-
sorbate 80) used in the later ocular PK study was measured (Table
1). Compounds 3–5 have been completely dissolved in those for-
mulations, whereas only about 10% of 1 and 2 did. These remark-
able increases were identical with the fact that compounds with
the three or more mEG units showed significantly high solubility

H
N


H
N


O


O


P1 P1'
LogPc LogPd Solubilitye (mg/mL) % of dissolvedf


.26 1.00 1.3 10


.91 0.91 0.65 8


.55 0.93 5.4 100


.19 0.70 8.3 100


.83 0.72 16.3 100


bate 80/saline).
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Figure 2. Aqueous humor drug levels after instillation of 1% suspension or solution
to rabbits. The values represent the mean ± SD (n = 3–4 eyes/time point).
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in the phosphate buffer. This result suggests that if the compounds
incorporate at least three mEG units, they can obtain hydration
state like polyethylene glycol (PEG) that is an aqueous soluble
polymer.


The LogP values determined by measurement and the calcu-
lated LogP (cLogP) values of prepared compounds were shown in
Table 1. Elongation of the mEG chain length from 2 to 3 did not de-
crease LogP values, even though the solubility increased dramati-
cally. Lengthening of the mEG chain tended to gradually decrease
both LogP and cLogP values, but the reductions in lipophilicity
were slight.


Drug levels in the retina and aqueous humor following instilla-
tion of 1% suspension or solution of 1–5 to Japanese white rabbits
were measured by using LC/MS/MS.14 The retinal and aqueous hu-
mor exposure (AUC0–4h) are shown in Table 2. The retinal and
aqueous humor drug levels-time profiles are depicted in Figures
1 and 2, respectively. Compound 3 (SNJ-1955) showed the highest
retinal AUC0–4h. The AUC0–4h of 5 was only 2.3-fold higher than that
of 1, in spite of its highest aqueous solubility in this series. The
increment of aqueous humor exposure caused by the mEG length
variation demonstrated similar trends in that in the retina
(Fig. 3). The aqueous humor AUC0–4h of 3 was the highest among
this series of compounds and the second highest one was 4, as well
as the retinal exposure. Highly aqueous soluble compound 5
showed also low aqueous humor exposure. The aqueous humor
AUC0–4h of 5 was similar to that of 1. Increased aqueous solubility

Table 2
Ocular exposure after instillation to rabbits and plasma exposure after oral
administration in cynomolgus monkeys for compounds 1–5


Compound Rabbit instillation Monkey oral


Retina Aqueous humor Plasma
AUC0?4h


a (lM�h) AUC0?4h
b (lM�h) AUC0?4h


c (lM�h)


1 1.32 1.90 1.88
2 2.37 1.55 2.43
3 13.1 7.88 1.60
4 7.12 5.89 1.61
5 2.99 1.96 NDd


a Area under the curve (0–4 h) in retina after instillation of 1% suspension or
solution to rabbits (n = 3–4/time point).


b Area under the curve (0–4 h) in aqueous humor after instillation of 1% sus-
pension or solution to rabbits (n = 3–4/time point).


c Area under the curve (0–4 h) in plasma after oral administration of 0.2% sus-
pension or solution in 0.5% carboxymethyl cellulose solution to cynomolgus mon-
keys (n = 3–6).


d Not determined.
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Figure 1. Retinal drug levels after instillation of 1% suspension or solution to
rabbits. The values represent the mean ± SD (n = 3–4 eyes/time point).
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did not simply reflect increasing intraocular penetration. Of the
compounds having the three or more mEG units, the most lipo-
philic compound 3 showed the highest penetration into the retina
and aqueous humor. Since the very high concentration formula-
tions were dosed in this study, passive diffusion could predominate
over active transports. The positive correlations between the reti-
nal exposure and the aqueous humor exposure were most likely
due to the preponderance of passive transcellular transports. This
suggests that the aqueous humor exposure may be useful as a sur-
rogate marker of the retinal exposure (Fig. 3). In general, determi-
nation of aqueous humor levels is easier than that of retinal levels,
because the former is fluid and is in the proximity of ocular surface
area. Furthermore, aqueous humor can be collected without sacri-
ficing animals and may be obtained from patients in the case of
ophthalmologic surgical procedures. The rate-limiting barrier for
retinal penetration and aqueous humor penetration via instillation
would be the cornea epithelia and the RPE, respectively.3,12 Both
barriers, which are lipophilic, tend to pass more lipophilic com-
pounds. On the other hand, the high aqueous solubility is also pref-
erable to enhance the intraocular penetration, in addition to
lipophilicity, since only the dissolved drug is capable of permeating
these barriers. Thus, an optimal balance between lipophilicity and
hydrophilicity are required for ophthalmic drug compounds to
achieve high corneal and retinal penetration. Owing to this, com-
pound 3 possessing high aqueous solubility and relatively high
lipophilicity demonstrated higher intraocular penetration than
did other compounds. Incorporation of mEG chains is a very useful
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Figure 4. Plasma drug levels after oral administration of 0.2% suspension or
solution in 0.5% carboxymethyl cellulose solution to cynomolgus monkeys. The
values represent the mean ± SD (n = 3–6).
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structure modification method, because it can easily adjust the bal-
ance between lipophilicity and hydrophilicity.


It is expected that 3 could show neuroprotective efficacy in a rat
acute ocular hypertension model. In the previous study, 2 showed
neuroprotective efficacy in this pharmacological model at an oral
dose of 120 mg/kg.15 The retinal levels after oral 10 mg/kg dose
in rats are 0.4 lM and 0.2 lM at Tmax and at 4 h after administra-
tion, respectively.14 Therefore, the effective retinal drug levels in
this model should range from 2.5 to 5 lM. Although the maximum
retinal levels of 2 after instillation was 1.2 lM, the retinal level of 3
was 6.3 lM at Tmax and was at least more than 2.5 lM at 4 h after
instillation.


To investigate the relationships between the intraocular expo-
sure via instillation and the plasma exposure via oral administra-
tion of this series of compounds (1–4), the plasma drug levels
after oral administration of them (10 mg/kg) to cynomolgus mon-
keys were measured. The results are shown in Table 2 and Figure 4.
The optimal properties of compounds for oral exposure differed
from that for the intraocular exposures. Compound 2 showed the
highest plasma exposure among them. However, alteration of the
mEG chain length did not produce remarkable differences in plas-
ma exposure (AUC0–4h). The plasma exposure via oral dosing in-
volves various factors including metabolism, stability in
gastrointestinal tract, and so on. In the case of oral administration,
administrated compounds received more body fluid exposure and
longer residence time in gastrointestinal tract and can contact to
more areas for absorption compared to topical instillation. Due to
these differences, the optimal property for ocular exposure did
not correlate with that for oral plasma exposure. It was supposed
that 2 had sufficient aqueous solubility and adequate lipophilicity
for oral absorption. Since plasma exposure after oral administra-
tion of these compounds possessing an oligoethylene glycol chain
was higher than that of the related derivatives containing other
similar non-ionic amphiphiles such as tetrahydrofuran and tetra-
hydropyran moieties,13 introduction of a mEG chain is effective
in enhancing oral absorption. Furthermore, since variation of a
mEG length can simply optimize the balance between hydrophilic-
ity and lipophilicity, it could easily maximize oral absorption.

In conclusion, we designed and synthesized the derivatives of
2 with various mEG chains in the P3 region as a model com-
pound to explore the structure modification for designing highly
retinal penetrable inhibitors. We have succeeded in producing 3
and 4 with 5.5-fold and 3-fold higher retinal exposures after
instillation of 1% solution, respectively, by optimization of mEG
chain in the P3 region. Extension of mEG chain length resulted
in an increase in aqueous solubility without a marked decrease
in lipophilicity. Adjustment of mEG chain length enabled com-
pounds to possess optimal physicochemical properties for intra-
ocular absorption. So far, the relationships between retinal
exposure and aqueous humor exposure are not yet fully under-
stood; however, we were able to show the positive correlation
in at least this series of compounds. The intraocular exposure
after instillation of this series did not significantly correlate with
the plasma drug exposure after oral administration. This indi-
cated that each absorption process has each optimal balance be-
tween hydrophilicity and lipophilicity. These result showed that
incorporation of a mEG chain in compounds would be a useful
and convenient approach to attain high intraocular penetration
and oral absorption. We expect that this approach will be uti-
lized for future drug designs for the treatment of retinal
diseases.
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Figure 1. Structures of 7-epi-(+)-goniofufurone (1) and (+)-crassalactone C (2), and
of the corresponding unnatural enantiomers ent-1 and ent-2

7-epi-(+)-Goniofufurone (1, Fig. 1) is a naturally occurring styryl
lactone that was isolated from the stem bark of the tropical plant
Goniothalamus giganteus (Annonaceae).1 Its structure was eluci-
dated by spectral methods and the relative configuration was
established by X-ray crystal data.1 The absolute stereochemistry
of 1 was established from the total synthesis of 7-epi-(�)-gon-
iofufurone (ent-1).2 The combination of the unique structures
and a promising biological activity3 has prompted a number of
syntheses of similar styryl lactones.4,5 A new styryl lactone, (+)-
crassalactone C (2), was recently isolated from the leaves and twigs
of the Asian three Polyalthia crassa.6 Its structure and the relative
stereochemistry were assigned based on spectral data, and its
absolute configuration was confirmed by semi-synthesis starting
from the isolated (+)-goniofufurone. Recently, we have completed
the total synthesis of the naturally occurring styryl lactones 1 and
2,7 and evaluated their antiproliferative activity against several tu-
mour cell lines. As a consequence of the in vitro antitumour activ-
ity of these natural products, we were especially keen to prepare
and evaluate the opposite enantiomers of 1 and 2, since it is well
known that enantiomers of certain bioactive compounds may exhi-

All rights reserved.
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).

bit improved potencies8 or even different biological activities
altogether.9


Herein, we report the total synthesis of the unnatural enantio-
mers of 7-epi-goniofufurone (ent-1) and crassalactone C (ent-2)
starting from D-xylose, and provide a comparison of their antipro-
liferative activities with those observed for the natural products 1
and 2. Three syntheses of ent-1 were reported,2,10 but there was no
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record in the literature concerning the biological activity of this
molecule. Neither the synthesis nor biological activity of ent-2
was reported in the literature.


Retrosynthetic analysis of ent-1 and ent-2 is outlined in Scheme
1. Both targets ent-1 and ent-2 contain five contiguous stereocen-
ters but differ in stereochemistry and functionality at C-7. The
presence of the cinnamoyl moiety in ent-2 implies that this mole-
cule could be obtained from ent-1 through a regioselective Mitsun-
obu reaction with cinnamic acid. Further disconnection of ent-1
shows that it can be derived from the protected aldehyde 9 by
three successive transformations that involve a hydrolysis of the
acetal functionality, stereo-selective addition of phenyl magne-
sium bromide to the liberated aldehyde group, followed by re-
moval of benzyl protective group. The intermediate 9 should be
accessible from the aldehyde 6, through an adopted literature pro-
cedure.11 Dialdose 6 is readily available from D-xylose in several
synthetic steps.12


Synthesis of both ent-1 and ent-2 is shown in Scheme 2. The
synthetic sequence commenced with the formation of the pro-
tected dialdose 6 from D-xylose derivative 313 by a slight modifica-
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Py, DMSO, rt, 3.5 h, 89%; (d) Ph3P:CHCO2Me, MeOH, 0 �C for 0.5 h, then rt for 1.5 h, 83%; (e
H2O, 0 �C for 0.5 h, then rt for 0.5 h, ii—PhMgBr/THF, Et2O, �7 �C, 3 h, 56% of 11 (from 9)
DEAD, 0 �C for 1 h, then rt for 2.5 h, 53% of ent-2, 16% of 12; (i) Ph3P, DEAD, PhMe, reflu

tion of a literature method.12 A newly developed two-step
sequence that included di-O-benzylation of 3, followed by a regio-
selective C-5 deprotection gave the primary alcohol 5. Oxidation of
5 under modified Moffat conditions14 gave 6 in 71% overall yield
(from three steps). The preceding preparation of 6 was accom-
plished in 62% overall yield over four linear steps.12 The Z-selective
Wittig olefination15 of 6 with methyl (triphenylphosphoranylid-
ene)acetate gave the Z-unsaturated ester 7 (83%) as a dominant
reaction product, accompanied with a minor amount (12%) of the
corresponding E-isomer (not shown in the reaction scheme). It
was expected that the key intermediate 9 could be obtained by
an acid-catalyzed methanolysis of 7. The procedure followed here
is analogous to that previously developed by Prakash and Rao11


for the conversion of the isopropylidene analogue of 7 into lactone
9. Accordingly, compound 7 was refluxed in dry methanol in the
presence of a catalytic amount of sulphuric acid (2%). Although a
complete conversion of starting compound was observed after
4.5 h, only traces of the desired lactone 9 were detected in the reac-
tion mixture. The unsaturated lactone 8 was formed as a major
reaction product under these reaction conditions. However, when
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the reaction solution was alkalized to pH 9 (NaHCO3) and stirred
for 1 h at 35 �C, the bicyclic lactone 9 was predominantly formed
as a result of the stereospecific Michael ring closure in 8. The bicy-
clic lactone 9 was isolated in a 74% yield, along with a minor
amount of 8 (4%). These results are in accord with Prakash and
Rao’s assumption that lactonisation precedes Michael attack in this
process, but dismisses their hypothesis that the tetrahydrofuran
ring closure in 8 occurs under the acidic conditions.11


Hydrolytic removal of the dimethyl acetal protection in 9 affor-
ded the corresponding aldehyde, which was subsequently treated
with phenyl magnesium bromide to give two diastereomeric alco-
hols 10 and 11 in a 1:19 ratio and 59% combined yield (calculated
to 9). Major isomer 11 was converted to target ent-1 after removal
of the benzyl protecting group. The physical and spectral data16 of
thus obtained sample ent-1 were identical to those previously re-
ported.10a This new synthesis of ent-1 proceeds in seven steps with
16% overall yield calculated to starting compound 3. Along with
the Gracza and Jäger approach, it appears to be one of the most effi-
cient routes to this molecule yet disclosed.17


Compound ent-1 was converted to (�)-crassalactone C (ent-2)
upon treatment with cinnamic acid, under the standard Mitsunobu
conditions.18 The target ent-2 that was isolated in 53% yield, dis-
played physical and spectral properties19 in reasonable agreement
with those previously reported for the natural (+)-crassalactone
C.6,7 A minor amount of 5,7-anhydro derivative 12 (16%) was also
obtained from this reaction. The side-product 12 was presumably
formed by a competitive intramolecular nucleophilic displacement
process.18 In order to verify this assumption, the Mitsunobu reac-
tion was performed in absence of cinnamic acid (Ph3P, DEAD,
PhMe";, 2.5 h), whereupon the oxetane 1220 was obtained as a ma-
jor product. The stereochemistry at C-7 was resolved on the basis
of a NOE interaction between H-3 and H-7 that is consistent with
L-glycero-D-ido stereochemistry of 12.


A side-by-side comparison of natural 1 and ent-1, as well as of 2
and ent-2 in a range of cytotoxic assays21 is presented in Table 1.
Antitumour activity of 12 was also preliminary evaluated, since
this compound formally represents a structurally constrained ana-
logue of (�)-goniofufurone. The doxorubicin (DOX) was used as a
reference compound.


In general, the unnatural enantiomer of crassalactone C (ent-2)
exhibited antiproliferative activities towards the all tested cell
lines while compound ent-1 was active against K562, Jurkat and
HeLa cell lines but was completely inactive against Raji cells.
Remarkably, all styryl lactones were devoid of any significant
toxicity against the normal foetal lung fibroblasts (MRC-5). A com-
parison of IC50 values revealed not only that the unnatural 7-epi-
(�)-goniofufurone (ent-1) was slightly more potent than the
corresponding natural enantiomer 1 against HL-60 cells, but also
that this molecule was approximately 345-fold more potent than
the natural enantiomer 1 against Jurkat cell line. On the other
hand, ent-1 showed a similar potency as the reference compound
(DOX) in the same cell line. The unnatural enantiomer of crassalac-

Table 1
In vitro cytotoxicity of 1, ent-1, 2, ent-2 and 12


Compound IC50
a (lM)


HL 60 Jurkat Raji HeLa MRC-5


1 22.02 18.64 1.25 0.89 >100
ent-1 13.93 0.05 >100 4.38 >100
2 >100 25.45 15.46 11.25 >100
ent-2 1.87 15.67 0.57 1.18 >100
12 0.025 28.45 0.45 0.97 >100
DOX 0.92 0.03 2.98 0.07 0.10


a IC50 is the concentration of compound required to inhibit the cell growth by 50%
compared to an untreated control.

tone C (ent-2) showed a potent antiproliferative activity towards
HL-60 cells, while the corresponding natural enantiomer 2 was
completely inactive against this cell line. Moreover, compound
ent-2 demonstrated a 27- and 10-fold greater cytotoxicity in Raji
and HeLa cells, respectively, when compared to the natural product
2. At the same time, this molecule demonstrated a 5-fold greater
cytotoxicity than DOX towards the Raji cells. Remarkably, tricyclic
derivative 12 showed sub-micromolar antiproliferative activities
against HL-60, Raji and HeLa malignant cells. In fact, it was the
most active compound towards these cell lines. Finally, molecule
12 demonstrated a 37- and 7-fold stronger cytotoxicity in HL-60
and Raji cell lines when compared to doxorubicin, respectively.


It is notable that natural styryl lactones and analogues present
promising and diverse biological activities. Some important mech-
anisms of action of this class of bioactive compounds have been re-
cently reviewed.3 The remarkable activity of the lactone 12
towards the all malignant cell lines tested deserves some addi-
tional comments. It is possible that this analogue acts as a specific
alkylating agent, and that the observed cytotoxicities originated
from an irreversible covalent binding to cellular serine or thiol pro-
teases. However, further studies will be needed to verify this
hypothesis.


In summary, the unnatural styryl lactones (�)-7-epi-goniofufu-
rone (ent-1), (�)-crassalactone C (ent-2), as well as a new conform-
ationally constrained analogue of (�)-goniofufurone (12) have
been synthesized and evaluated for their in vitro antitumour activ-
ities against a number of human neoplastic cell lines. Compound
ent-1 demonstrated a sub-micromolar antiproliferative activity
against Jurkat cells, comparable to that recorded for the reference
compound (DOX). The highest cytotoxicity of ent-2 was observed
in Raji cell line, with approximately 5-fold higher potency then
doxorubicin. Compound 12 showed the most potent antiprolifera-
tive activity towards HL-60 cells being ca. 37-fold more active than
the reference compound (DOX). Based upon the potent antitumour
activities of ent-1, ent-2 and 12, as well as upon their non-toxicity
against normal MRC-5 cells, we believe that these compounds may
serve as convenient leads in the synthesis of more potent and
selective antitumour agents. Finally, from a synthetic perspective,
the fact that both enantiomers efficiently inhibit tumour cells
growth also means that both are equally valuable synthetic targets.
In this sense, the synthesis of ent-1 and ent-2, along with our pre-
ceding approach to 1 and 2,7 represents a new enantiodivergent
route that provided the opportunity to access the cytotoxic proper-
ties of not only the natural products, but also their unnatural
enantiomers.
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Commun. 1994, 59, 1884.
14. Jones, G. H.; Moffat, J. G. Methods Carbohydr. Chem. 1972, 6, 315.
15. Valverde, S.; Martin-Lomas, M.; Herradon, B.; Garcia-Ochoa, S. Tetrahedron


1987, 43, 1895.
16. Selected data for ent-1: Mp 205–206 �C, [a]D


20 �98.3 (c 0.47, Me2CO); lit.2 mp
208–209 �C, [a]D


20�92.5 (c 1.1, Me2CO). 1H NMR (250 MHz, DMSO-d6 + D2O): d
2.53 (d, 1H, J2a,2b = 18.7 Hz, H-2a), 2.85 (dd, 1H, J2a,2b = 18.7, J2b,3 = 6.5 Hz, H-2b),
3.60 (d, 1H, J5,6 = 2.8 Hz, H-5), 3.84 (dd, 1H, J5,6 = 2.8, J6,7 = 8.3 Hz, H-6), 4.73 (d,
1H, J6,7 = 8.3 Hz, H-7), 4.78 (d, 1H, J3,4 = 4.7 Hz, H-4), 4. 94 (dd, 1H, J3,4 = 4.7,
J2b,3 = 6.5 Hz, H-3), 7.21–7.37 (m, 5H, Ph). 13C NMR (62.9 MHz, DMSO-d6): d 36.42
(C-2), 72.16 (C-7), 73.48 (C-5), 77.35 (C-3), 85.35 (C-6), 88.48 (C-4), 127.54,
128.35, 128.84 and 142.40 (Ph), 177.44 (C-1). LR-MS (ESI): m/z 289 (M++K), 273
(M++Na).

17. Gracza and Jäger10b synthesis: 16% yield over seven linear steps; Zhao et al.10a


synthesis: 11% yield over nine steps Shing et al.2 synthesis: 10 steps and 12%
overall yield.


18. Mitsunobu, O. Synthesis 1981, 1.
19. Selected data for ent-2: Mp 147–150 �C, [a]D


20 �110.1 (c 0.5, EtOH). 1H
NMR (250 MHz, CDCl3): d 2.54 (d, 1H, J2a,2b = 18.6 Hz, H-2a), 2.69 (dd, 1H,
J2a,2b = 18.6, J2b,3 = 5.9 Hz, H-2b), 4.25 (br s, 1H, OH), 4.27 (dd, 1H,
J6,7 = 9.3, J5,6 = 2.4 Hz, H-6), 4.43 (br s, 1H, H-5), 5.01 (m, 2H, H-3 and H-
4), 6.00 (d, 1H, J6,7 = 9.3 Hz, H-7), 6.46 (d, 1H, J20 ,30 = 15.8 Hz, H-20), 7.35–
7.60 (m, 10H, 2� Ph), 7.78 (d, 1H, J20 ,30 = 15.8 Hz, H-30). 13C NMR
(62.9 MHz, CDCl3): d 35.79 (C-2), 72.80 (C-7), 73.10 (C-5), 77.09 (C-3),
82.43 (C-6), 87.01 (C-4), 116.59 (C-20), 127.70, 128.35, 128.65, 128.95,
128.98, 130.95, 133.71 and 136.71 (2� Ph), 147.29 (C-30), 167.46 (C-10),
175.40 (C-1). HR MS (ESI): m/z 403.1133 (M++Na). Calcd for C22H20NaO6:
403.1152.


20. Selected data for 12: Mp 146�C (CH2Cl2/hexane), [a]D
20 �48.1 (c 0.5, CHCl3). 1H


NMR (250 MHz, CDCl3): d 2.83 (d, 1H, J2a,2b = 18 Hz, H-2a), 2.93 (dd, 1H,
J2a,2b = 18, J2b,3 = 4.1 Hz, H-2b), 2.84 (dd, 1H, J5,6 = 4.2, J6,7 = 2.6 Hz, H-6), 5.09 (d,
1H, J3,4 = 3.5 Hz, H-4), 5.37 (dd, J2b,3 = 4.1, J3,4=3.5 Hz, H-3), 5.50 (d, 1H,
J5,6 = 4.2 Hz, H-5), 5.52 (d, 1H, J6,7 = 2.6 Hz, H-7), 7.50–7.32 (m, 5H, Ph); NOE
contact: H-3 and H-7. 13C NMR (62.9 MHz, CDCl3): d 36.04 (C-2), 79.24 (C-3),
84.92 (C-4), 85.08 (C-6), 85.31 (C-5), 89.11 (C-7), 125.0, 128.51, 128.85 and
138.56 (Ph), 174.16 (C-1). HR MS (ESI): m/z 233.0805 (M++H). Calcd for
C13H13O4: 233.0808.


21. Cytotoxic activities were evaluated by using standard MTT assay after
exposure of cells to the tested compounds for 72 h. Results are presented as
mean values of three independent experiments done in quadriplicates.
Coefficients of variation were <10%.





		Synthesis and antiproliferative activity of unnatural enantiomers of 7-epi-goniofufurone and crassalactone C

		AcknowledgmentsAcknowledgment

		References and notes








Bioorganic & Medicinal Chemistry Letters 18 (2008) 5182–5185

Contents lists available at ScienceDirect


Bioorganic & Medicinal Chemistry Letters


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

Design, synthesis and antiproliferative activity of two new heteroannelated
(�)-muricatacin mimics
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a Department of Chemistry, Faculty of Sciences, University of Novi Sad, Trg D. Obradovića 3, 21000 Novi Sad, Serbia
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Scheme 1. Structures of (�)-muricatacin (1), (�)-goniofu
mimics 2, 3 and 4.

Two new (�)-muricatacin mimics bearing a furano-furanone ring and an oxygen isostere in the side chain
have been designed and synthesized and their in vitro antiproliferative activity was evaluated against
several human tumour cell lines. Both analogues showed an increased activity against HL-60 cells with
17- and 185-fold higher potency than (�)-muricatacin. A straightforward synthesis of (�)-muricatacin
is also disclosed.


� 2008 Elsevier Ltd. All rights reserved.

Annonaceous acetogenins, which have been isolated from a
number of tropical and subtropical plants of the Annonaceae family,
have attracted much attention due to their interesting biological
activities.1 (�)-Muricatacin (1, Scheme 1) is a simple member of
the annonaceous acetogenins family. It was isolated as the major
component of a pseudo-racemic mixture (ca. 25% ee based on opti-
cal rotation) from the seeds of Annona muricata and has received a
great deal of attention due to its diverse biological profile.2 Notably,
both 1 and its enantiomer exhibit a potent antiproliferative activity
towards several human tumour cell lines with SAR studies showing
that activity is influenced significantly by the nature of the side
chain.3 The biological potential of muricatacin has prompted many
syntheses.4 However, development of general and flexible strate-

All rights reserved.
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).


furone (5) and (�)-muricatacin

gies for the preparation of new side chain analogues and more
highly functionalized mimics remains a goal. A number of muricat-
acin analogues has also been synthesized,3,5,6 but only a few were
evaluated for their antitumour activity.3,6 Previous studies in our
laboratory showed that a mimic of (�)-muricatacin in which a
methylene group from the side chain has been replaced by an ether
function (compound 2) exhibited in vitro antitumour activity
against several human cancer cell lines.7 As an extension of our pre-
vious work, we report herein on the synthesis and biological evalu-
ation of furanolactones 3 and 4 as conformationally constrained
(�)-muricatacin analogues. Compound 3 represents a heteroann-
elated mimic of 1 with constrained rotation around the C4–C5 and
C5–C6 bonds, while the molecule 4 represents a one-carbon higher
homologue of 3. In the same time, both furanolactones 3 and 4
might also be considered as non-styryl analogues of (�)-goniofufu-
rone (5), the opposite enantiomer of naturally occurring cytotoxic
lactone (+)-goniofufurone.8 Apart from the synthesis of 3 and 4, a
novel route for the preparation of (�)-muricatacin (1) is also
disclosed in order to provide a sample of 1 that should serve as a
positive control in antitumour assays.


The synthesis of 1 is shown in Scheme 2. The sequence started
from the known dialdose 6 that is readily available from D-xylose
in five steps.7 Wittig olefination of aldehyde 6 with the appropriate
C11-ylide gave the corresponding Z-olefine 7 as the only isolable
isomer in 50% yield. Catalytic hydrogenation of 7 over PtO2, fol-
lowed by hydrolytic removal of the cyclohexylidene protective
group in 8, gave the expected lactol 9. Oxidative cleavage of 9 with
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Scheme 2. Reagents and conditions: (a) [Ph3PC11H23]+Br�, n-BuLi, THF, �78 �C ? rt, then rt for 46 h, 50%; (b) H2-PtO2, MeOH, rt, 16 h, 90%; (c) 70% AcOH, reflux, 18 h, 57%;
(d) aq NaIO4, silica gel, Et2O, rt, 24.5 h, then Ph3P:CHCO2Me, rt, 3 h, 68%; (e) H2-Pd/C, MeOH, rt, 3 h; (f) 2:1 TFA/H2O, rt, 1.5 h, 92% (from 10).


V. Popsavin et al. / Bioorg. Med. Chem. Lett. 18 (2008) 5182–5185 5183

sodium periodate on silica gel followed by Wittig olefination of the
resulting aldehyde with a stabilized C2-ylide (Ph3P = CHCO2Me)
afforded the unsaturated ester 10 as a mixture of the correspond-
ing Z- and E-isomers. The mixture was not separated, but was sub-
sequently subjected to catalytic hydrogenation over 10% Pd/C to
afford the saturated ester 11, which was isolated in pure form after
the usual work-up and used in the next step without any further
purification. Subsequent treatment of crude 11 with aq trifluoro-
acetic acid gave (�)-muricatacin (1) in 92% yield (from 10). A syn-
thetic sample of 1 {mp 68–69 �C, [a]D = �22.0 (c 1.3, CHCl3)
literature5d mp 68–70 �C, [a]D = �19.0 (c 1.8, CHCl3)} exhibited
1H and 13C spectral data identical to those previously reported in
the literature.5d


The synthesis of analogues 3 and 4 is shown in Scheme 3. The
sequence commenced with the formation of the protected alde-
hydo-lactone 16 from the known9


D-Glucose derivative 12 by a
slight modification of a literature method.10 The terminal isopro-
pylidene domain in 12 was directly converted to an aldehyde
group in a single step using 1.25 M equivalents of periodic acid
in dry ethyl acetate.11 The resulting crude aldehyde 13 was used
in the next step without any purification. The Z-selective Wittig
reaction with the stabilized C2-ylide (Ph3P = CHCO2Me), that was
performed in dry methanol at low temperature,12 afforded pre-
dominantly the Z-enoate 14 (73% from 12), accompanied with a
minor amount (10%) of the corresponding E-isomer (not shown

Scheme 3. Reagents and conditions: (a) H5IO6, EtOAc, rt, 1.5 h; (b) Ph3P:CHCO2Me, Me
ii—NaHCO3, MeOH, 35 �C, 1 h, 79%; (d) 9:1 TFA/H2O, rt, 0 �C for 0.5 h, then rt for 0.5 h; (e) N
(g) C10H21Br, Ag2O, AgOTf, Et2O, reflux, 32 h, 54%; (h) H2-Pd/C, MeOH, rt, 18 h for 18, 82

in the reaction scheme). The IR, 1H and 13C NMR data are consistent
with structure 14. An acid-catalyzed methanolysis of 14, in the
presence of catalytic amount of sulphuric acid gave the known10


furano-lactone 15 in 79% yield. The 1H and 13C NMR spectral data
of thus prepared sample 15 were in full agreement with the re-
ported data. Hydrolytic removal of the dimethyl acetal protection
in 15 followed by a subsequent NaBH4 reduction of the resulting
aldehyde 16 gave the corresponding primary alcohol 17. This pro-
cedure provided the key intermediate 17 in 32.3% overall yield
with respect to the starting compound 12. Alcohol 17 readily re-
acted with an excess of nonyl bromide and silver oxide in ether,
in the presence of a catalytic amount of silver triflate, to give the
expected 7-O-nonyl derivative 18 in 33% yield. Hydrogenolytic re-
moval of the benzyl ether protective group in 18 furnished 313 in
82% yield. Finally, by using the former two-step sequence, and
the decyl bromide as an alkylation agent, compound 17 was con-
verted to the target 4.14


Compounds 2, 3 and 4 were evaluated for their in vitro antitu-
mour activity against the following human cell lines: myeloge-
nous leukaemia (K562), promyelocytic leukaemia (HL-60), T cell
leukaemia (Jurkat), cervix carcinoma (HeLa) and normal foetal
lung fibroblasts (MRC-5). Cell growth inhibition was evaluated
after 72-h cells treatment by using the MTT assay. The (�)-Muri-
catacin (1) was used as a reference compound. The results are
shown in Table 1.

OH, 0 �C for 0.5 h, then rt for 1.5 h, 73% from 12; (c) i—H2SO4, MeOH, reflux, 2 h,
aBH4, MeOH, rt, 1.5 h, 56% from 15; (f) C9H19Br, Ag2O, AgOTf, Et2O, reflux, 28 h, 33%;


% of 3, 21 h for 19, 80% of 4.







Table 1
Antiproliferative activities of 1, 2, 3 and 4


Compound IC50 (lM)a


K562 HL-60 Jurkat HeLa MRC-5


1 0.04 25.85 >100 0.17 >100
2 0.13 0.15 3.01 21.45 >100
3 8.61 1.53 6.64 9.59 >100
4 1.25 0.14 >100 0.30 >100


a IC50 is the concentration of compound required to inhibit the cell growth by 50%
compared to an untreated control. Values are means of three independent experi-
ments done in quadriplicates. Coefficients of variation were <10% (range: 0.13–
9.89%).
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All three (�)-muricatacin mimics (2–4) retained the selectivity
between the normal human cells (MRC-5) and tumour cells (K562,
HL-60, Jurkat and HeLa). Among 2–4, only the analogue 4 exhibited
the same growth inhibition pattern as (�)-muricatacin (1) and rep-
resents a bioisostere of 1. As (�)-muricatacin itself, compound 4
was inactive against T cell leukaemia (Jurkat), but showed a potent
antiproliferative activity towards K562, HL-60 and HeLa malignant
cells. On the contrary to 1 and 4, both analogues 2 and 3 exhibited
significant antiproliferative activities towards the all tested cell
lines, including a notable activity against the Jurkat cells. (�)-Muri-
catacin (1) was the most potent compound in the K562 cell line, as
it exhibited 1–2 order of magnitude higher antiproliferative effect
when compared to 2, 3 and 4. The most pronounced antiprolifera-
tive activity of analogues 2–4 was recorded against the HL-60 cell
line. Compounds 2 and 4 exhibited 172- and 185-fold, stronger
activities when compared to the parent compound 1. The analogue
3 also showed a remarkable antiproliferative activity towards this
cell line, being almost 17-fold, more potent than (�)-muricatacin.
A sub-micromolar activity of 4 was also recorded against the HeLa
malignant cells, comparable to that observed for the reference
compound 1.


According to the above biological results, replacement of the
side chain methylene group in (�)-muricatacin with an oxygen
isostere increases the activity of the analogue (compound 2)
against the HL-60, and Jurkat cell lines, but significantly de-
creases its antiproliferative activity in K562 and HeLa cells. How-
ever, a comparison of biological data of 2 and 3 revealed that
introduction of a THF ring decreases the activity of annelated
(�)-muricatacin mimic 3 in K562, HL-60 and Jurkat cell lines,
but increases its activity against the HeLa cells. Finally, one-car-
bon homologation of the side chain in 3 increases the activity of
resulting homologue 4 against the K562, HL-60 and HeLa cell
lines. The respective IC50 values of 4 were found to be 7-, 10-
and 32-fold lower then those recorded for analogue 3. These re-
sults are in good agreement with previous findings that the
length of the side chain is crucial for antitumour activity of
muricatacin analogues.3 However, the mechanism of action is
still not understood. Since it has been proposed that acetogenins
of Annonaceae act as an inhibitor of complex I in the mitochon-
dria1 respiratory system,1 it is possible that muricatacin and
analogues act via an identical mechanism. The observed differ-
ences in the antiproliferative potencies in respect to the cancer
cell lines used may then be explained by a specificity difference
in the hosts’ mitochondrial complex I (NADH-ubiquinone oxido-
reductase), but more work is needed before any conclusion can
be made.


In summary, two novel heteroannelated (�)-muricatacin mim-
ics bearing a furano-furanone ring and an oxygen isostere in the
side chain (3 and 4) have been designed and synthesized. Their
in vitro antitumour activities were evaluated and compared to
those recorded for the parent compound 1 (synthesized in this
work), and to those recorded for analogue 2 (previously synthe-

sized in our laboratory).7 Analogue 4 exhibited the same growth
inhibition pattern as (�)-muricatacin (1) itself, being completely
inactive against the Jurkat cell line, but highly active towards the
K562, HL-60 and HeLa malignant cells. However, compounds 2
and 3 demonstrated high antiproliferative activity against the all
tested malignant cell lines. Both analogues 3 and 4 showed selec-
tive increase of activity against HL-60 cells with 17- and 185-fold
higher potency than (�)-muricatacin, respectively. Remarkably,
neither of the lactones 1–4 exhibited any activity towards the nor-
mal foetal lung MRC-5 cells. Based upon these biological results,
we believe that the analogues 2–4 may serve as important leads
in the synthesis of more potent and selective antitumour agents
derived from the natural product 1. Further optimization of the
structures, including the preparation of novel muricatacin and gon-
iofufurone mimics is currently underway, and results will be re-
ported in due course.
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A series of 2-amino-isoxazolopyridines was designed and synthesized as Polo-like kinase (Plk) inhibitors.
Key SAR and crystallographic data are discussed. More advanced analogues inhibit Plk1 with good enzy-
matic activity and modest cell-based activity. Differential selectivity among the three Plk isoforms is
observed.
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Polo-like kinases (Plks) are a family of serine-threonine kinases
that play fundamental roles in regulating cell division.1–3 Exposure
to Plk inhibitors leads to multiple defects in mitosis, causing cell
death.1,4–6 These enzymes present promising targets for cancer
therapy due to frequent overexpression in various human tu-
mors.1,4,7 As part of our drug discovery efforts, we identified and
developed pyrazolopyridine-based compounds 1 and 2 as a new
class of Plk inhibitors (Fig. 1).8 Additional work on developing
the core structure of this series led to the identification of several
alternate series; in this communication we report the synthesis
and SAR of novel 2-amino-isoxazolopyridine-based compounds. A
co-crystal structure of an isoxazolopyridine inhibitor was obtained
in complex with zebrafish Plk1 (zPlk1), a homolog possessing a sin-
gle conserved substitution for a residue lining the active site com-
pared to human Plk1. The phenotype of isoxazolopyridine
inhibitor-treated cells is consistent with Plk1 inhibition.


After the discovery of 1, compound 3 was designed as a varia-
tion on the core structure, with the goal of identifying a distinct
chemical series that could provide improvements in activity and
physicochemical properties. With the observation that 3 exhibits
low micromolar biochemical activity, the compounds in Table 1
were synthesized to develop initial structure–activity relationships
(SAR) around the right hand phenyl ring. Compounds 4–9 were
prepared from 2,5-dichloroisonicotinic acid as shown in Scheme
1. Following esterification of the carboxylic acid, ketones were gen-

All rights reserved.


: +1 650 266 3505.

erated using aryl Grignard reagents at low temperature. The isox-
azole ring was formed by heating the ketones in the presence of
hydroxylamine and potassium hydroxide.9 Amination of the pyri-
dine ring took place under standard Buchwald–Hartwig
conditions.10


Compounds 13 and 15 were prepared as shown in Scheme 2. A
Heck reaction of 1,3-dibromo-5-chlorobenzene and allyloxy-tert-
butyl-dimethylsilane followed by rhodium-catalyzed reduction
provided compound 10.11 Halogen–lithium exchange and reaction
with 2,5-dichloro-isonicotinic acid methyl ester gave ketone 11.12


Cyclization and amination proceeded as described above, and
deprotection of the alcohol with tetrabutylammonium fluoride
provided compound 13. Oxidation to the corresponding acid 14,
followed by acyl chloride formation and reaction with ammonia
gave the desired amide 15.


The data in Table 1 indicate that simple substitution around the
right hand phenyl ring is tolerated, with substitution favored at the
3-position (compounds 4 and 7). Bis-methoxy substitution at the

Figure 1. Plk1 inhibitors that served as a starting point for 3. Biochemical Plk1
activity: 1 = 1.301 lM; 2 = 0.121 lM.
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Table 1
SAR for phenyl substitution of 3a


Compound R Plk1 IC50 (lM) HCS IC50 (lM)b


3 H 1.616 >20
4 3-CH3 0.549 6.69
5 4-CH3 1.170 >20
6 3,5-CH3 0.330 >20
7 3-Cl 0.625 >20
8 3,4-OCH3 4.927 >20
9 3,4-Methylenedioxy 0.214 7.32


13 3-Cl-5-(3-propanol) 0.099 10.16
15 3-Cl-5-(3-propionamide) 0.051 8.35


a See Supplementary Data for assay details.
b Mitotic arrest as measured by doubling of DNA content in high-content


screening (HCS) of HCT 116 cells.


Scheme 1. Reagents and conditions: (a) TMSCHN2, MeOH/CH2Cl2, 25 �C, 0.5 h,
100%; (b) ArMgBr or ArMgCl, THF, �78 �C, 25–90%; (c) NH2OH�HCl, KOH, iPrOH/H2O,
80 �C, 40–60%; (d) (S)-a-methyl-benzylamine, Pd2dba3, 1,3-bis(2,6-diisopropyl-
phenyl)imidazolium chloride, NaOtBu, toluene, 110 �C, 15–24 h, 20–50%.


Figure 2. Structure of isoxazolopyridine 13 in the zPlk1 active site.
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3- and 4-positions (compound 8) results in a slight decrease in
activity compared to the parent compound, but tying the methy-
lene groups together (as in compound 9) results in a 7.5-fold
improvement in Plk1 inhibition over the parent compound 3. Sim-
ple bis-substitution at the 3- and 5-positions is also well tolerated
(compound 6), which led us to maintain chloro-substitution at the
3-position and extend the substituent at the 5-position.

Scheme 2. Reagents and conditions: (a) allyloxy-tert-butyl-dimethylsilane, Pd(OAc)2,
(c) tBuLi, 2,5-dichloro-isonicotinic acid methyl ester, �78 �C, 78%; (d) NH2OH�HCl, KO
benzylamine, Pd2dba3, 1,3-bis(2,6-diisopropylphenyl)imidazolium chloride, NaOtBu, tolu
1 h, 56%; (i) oxalyl chloride, DMF, DCM, 25 �C, 0.5 h; (j) ammonia, Et3N, dioxane, 25 �C,

Based on a co-crystal structure of a pyrazolopyridine analog de-
rived from 1 with zPlk1, we theorized that this strategy would al-
low us to engage Asp180 (hPlk1 Asp194) of the DFG-loop.8 As
shown by 13 and 15, this strategy delivered good improvements
in biochemical activity (15–30-fold improvement over parent 3).
A co-crystal structure of 13 with zPlk1 confirms that the propanol
chain is situated in a hydrophobic pocket contributes additional
affinity through lipophilic interactions, and the terminal hydroxyl
group is clearly within distance to engage Asp180 through
water-mediated hydrogen-bonding (Fig. 2).13


Plk1 inhibition leads to a mitotic arrest and cell death, thus we
tested the effects of inhibitors on cell cycle progression in the HCT
116 colorectal cancer cell line. Mitotic arrest was determined as a
doubling of DNA content (4N) as measured by a high-content cell
screening (HCS) assay. As indicated in Table 1, compounds (e.g., 4
and 7) with comparable enzymatic activity show variable ability
to arrest the cell cycle as measured in the HCS assay. Physicochem-
ical or pharmacokinetic properties such as solubility, cell-perme-
ability or efflux are not entirely sufficient to explain these
observations. All compounds tested were moderately to highly cell
permeable in an MDCK assay and moderately to highly stable in
human liver microsomes. It is possible, at least in part, that bio-
chemical potency <1 lM prerequisites cell activity for this series.


Compounds 18–23 were synthesized to determine if any ana-
logs without a direct phenyl attachment could be identified with

PPh3, TEA, DMF, 80 �C; (b) H2, Rh/Al2O3, EtOAc/iPrOH, 25 �C, 24 h, 85% (2 steps);
H, iPrOH/H2O, 80 �C; (e) TBSCl, Et3N, DCE, 60 �C, 78% (2 steps); (f) (S)-a-methyl-
ene, 110 �C, 7 h, 70%; (g) TBAF, THF, 25 �C, 2 h, 70%; (h) Jones Reagent, acetone, 0 �C,
1 h, 51% (2 steps).







Table 2
SAR for phenyl replacementsa


Compound R Plk1 IC50 (lM)


18 Benzyl >20
19 2-Thiophene 3.007
20 3-(4-Methyl)thiophene 0.779
21 2-Methyl-cyclohexane 5.689
23 3-(N-3-Propionamide)piperidinyl 7.479


a See Supplementary Data for assay details.


Scheme 3. Reagents and conditions: (a) i—LDA, THF, 0.5 h, �78 �C; ii—methyl-
phenyl acetate, 0.5 h, �78 �C, 45%; (b) NH2OH�HCl, pyridine, 2 h, 100 �C; (c) NaOH,
H2O, 3 h, 100 �C, 10% (2 steps); (d) (S)-a-methyl-benzylamine, Pd2dba3, Peppsi-iPr,
NaOtBu, toluene, 80 �C, 15 h, 5%.
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improved activity. The synthesis of compound 18 is described in
Scheme 3. 2,5-Dichloropyridine was lithiated and quenched with
methylphenylacetate to provide 16.12 Treatment with hydroxyl-
amine in pyridine generated the oxime, which cyclized to the isox-
azole 17 when treated with aqueous sodium hydroxide.9


Amination under standard conditions provided the desired com-
pound 18 (Scheme 3). Thiophenes 19 and 20 were generated as de-
scribed in Scheme 4; reaction of lithiated thiophenes with pyridine
methyl esters gave the desired ketones, which were cyclized and
aminated to provide the final compounds. Compound 21 was syn-
thesized in an analogous manner to 18, starting with 2-methyl-1-
cyclohexane-carboxylic acid. Intermediate 22 was also synthesized
in the same fashion. Deprotection of 22 followed by alkylation with
3-bromopropionamide provided compound 23 (Scheme 5).


Table 2 summarizes the structure–activity relationships for the
inhibition of Plk1 for these non-phenyl analogs. Appending a ben-
zyl group to the isoxazole ring ablated all activity (compound 18).
The heterocyclic compounds 19 and 20 demonstrate that the phe-
nyl ring may be exchanged for a thiophene with minimal loss of

Scheme 4. Reagents and conditions: (a) TMSCHN2, MeOH/CH2Cl2, 25 �C, 0.5 h,
100%; (b) bromo-thiophene, tBuLi, THF, �78 �C, 70–85%; (c) NH2OH�HCl, KOH,
iPrOH/H2O, 80 �C, 10–40%; (d) (S)-a-methyl-benzylamine, Pd2dba3, 1,3-bis(2,6-
diisopropylphenyl)imidazolium chloride, NaOtBu, toluene, 110 �C, 15–24 h, 10–30%.


Scheme 5. Reagents and conditions: (a) HCl, dioxane, 25 �C, 3 h, 100%; (b) 3-
bromopropionamide, Et3N, THF, 40 �C, 24 h, 14%.

activity (19 is comparable in activity to 3, 20 is comparable to 4).
Saturated rings were not as well tolerated, neither compound 21
nor 23 providing any improvement over initial hit 3. None of the
compounds described in Table 2 exhibited measurable cell-based
activity (>20 lM in the cell-cycle assay).


An examination of alternate amino groups appended to the pyr-
idine ring revealed that limited substitution on the benzyl ring was
tolerated, with only fluoro substituents exhibiting comparable
activity and all other substitution resulting in inactive compounds.
A variety of substituted anilines provided activity within a few fold
of that seen with the benzyl amine, including typical solubilizing
group appendages. None of these variations provided a significant
advantage over the (S)-a-methyl-benzyl amine (data not shown).


Next, we assessed Plk-isoform selectivity of this series by profil-
ing biochemical activities for several compounds against human
Plk1, Plk2, and Plk3. As shown in Table 3, three structurally similar
compounds all show distinct selectivity profiles. Compound 4
inhibits Plk1 and Plk2 in the 1 lM range, but shows no inhibition
against Plk3 up to 10 lM. The 3,4-methylenedioxy version (com-
pound 9) is highly active against Plk2 (0.004 lM), with 6-fold
selectivity against Plk3 and 50-fold selectivity against Plk1. The
most active compound against Plk1 (15, 0.051 lM), is 3-fold less
active against Plk2 and 27-fold less active against Plk3. Interest-
ingly, all three of these compounds result in comparable inhibition
in the cell-cycle assay, consistent with the role of these isoforms in
mediating cell cycle progression. (Comparable activity is also seen
in MTT proliferation assays; data not shown.) Further confirmation
for inhibition of Plk1 is seen in HCT 116 cells treated with com-
pound 15, where the expected monopolar spindle phenotype is ob-
served (Supplementary Data, Fig. S1).


In conclusion, we have developed a novel 2-amino-isoxazolo-
pyridine series as Plk inhibitors. Starting from compound 3 with
modest biochemical potency we identified a series of Plk inhibitors
with good biochemical potency and modest cell-based activity. A
co-crystal structure confirmed that these compounds bind to
Plk1 in an ATP-competitive manner. The phenotype observed in
cells treated with these inhibitors is consistent with inhibition of
Plk1. Lastly, we identified compounds differentially selective for
Plk1, 2, and 3, which could serve as useful tools for elucidating
the specific cellular functions of these Plk isoforms.

Table 3
Plk isoform profiles of selected compoundsa


Compound Plk1 IC50 (lM) Plk2 IC50 (lM) Plk3 IC50 (lM)


4 0.549 1.449 >10
9 0.214 0.004 0.024


15 0.051 0.172 1.382


a See Supplementary Data for assay details.
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Supplementary data


Supplementary data associated with this article can be found, in
the online version, at doi:10.1016/j.bmcl.2008.08.091.
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A series of new amino functionalized 1,2,4-trioxepanes 8–16 and ester functionalized 1,2,4-trioxepanes
17–19 have been synthesized and evaluated against multi-drug resistant Plasmodium yoelii in Swiss mice.
Amino functionalized trioxepanes 14, the most active compound of the series, showed 100% clearance of
parasitaemia by oral route on day 4 and 75% protection to the treated mice beyond day 28.


� 2008 Elsevier Ltd. All rights reserved.
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Figure 1. Artemisinin and its derivatives.

Artemisinin 1, the antimalarial principle of the Chinese tradi-
tional herb, Artemisia annua, and its semi-synthetic derivatives,
for example, artemether 2, arteether 3, and artesunic acid 4 are po-
tent antimalarials and are currently being used clinically to treat
multi-drug resistant malaria (Fig. 1).1 The endoperoxide linkage,
present as 1,2,4-trioxane, is the active pharmacophore responsible
for the antimalarial activity and currently the focus is on synthesis
and antimalarial assessment of structurally simple peroxides,
including 1,2,4-trioxanes,2 1,2,4-trioxepanes,3 1,2,4,5-tetraoxanes4


and ozonides.5


Recently, we have reported a photooxygenation route for the
preparation 1,2,4-trioxepanes.3j Some of the trioxepanes prepared
using this method have shown significant suppression of parasita-
emia but did not provide any long term survival advantage to the
treated animals.3k In our search for trioxepanes showing better
activity profile, we have prepared a series of new amino function-
alized trioxepanes 8–16 and ester functionalized trioxepanes 17–
19 and assessed them for antimalarial activity against multi-drug
resistant Plasmodium yoelii in mice. Some of the amino functional-
ized trioxepanes have shown promising antimalarial activity.
Herein, we report the results of this study.


Keto trioxepanes 7a–c were prepared by the published proce-
dure, via condensation of c-hydroxyhydroperoxides 6a–c with

All rights reserved.


: +91 522 2623405.
).

cyclohexane-1,4-dione6 in the presence of conc. HCl (Scheme 1).
c-Hydroxyhydroperoxides 6a–c were prepared by the photooxy-
genation of homoallylic alcohols 5a–c.3k


Reductive amination of keto-trioxepane 7a with aniline, 4-fluo-
roaniline and 4-trifluoromethylaniline in the presence of NaB-
H(OAc)3 furnished amino functionalized trioxepane 8, 9 and 10
as inseparable mixture of diastereomers in 84%, 85% and 62% yield,
respectively. Similarly, keto-trioxepane 7b on reductive amination
with aniline, 4-fluoroaniline and 4-trifluoromethylaniline fur-
nished trioxepanes 11, 12 and 13 as inseparable mixture of diaste-
reomers in 82%, 77% and 60% yields, respectively. Similar reductive
amination of 7c with aniline, 4-fluoroaniline and 4-trifluorometh-
ylaniline furnished trioxepanes 14, 15 and 16 as mixture of
diastereomers in 83%, 86% and 67% yields, respectively
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Table 1
Functionalized 1,2,4-trioxepanes


Compound Ar R Time (h) Yield (%)


8 Phenyl Phenyl 2.5 84
9 Phenyl 4-Fluorophenyl 2.5 85
10 Phenyl 4-Trifluoro methyl phenyl 2 62
11 4-Chloro phenyl Phenyl 2.5 82
12 4-Chloro phenyl 4-Fluorophenyl 2.5 77
13 4-Chloro phenyl 4-Trifluoro methyl phenyl 2.5 60
14 4-Biphenyl Phenyl 3 83
15 4-Biphenyl 4-Fluorophenyl 2.5 86
16 4-Biphenyl 4-Trifluoro methyl phenyl 3 67
17 Phenyl — 5 58
18 4-Chloro phenyl — 5 57
19 4-Biphenyl — 6 55
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(Scheme 2, Table 1). Only amino trioxepane 16 could be separated
into pure diastereomers 16a (less polar) and 16b (more polar).7


Horner wordsworth emmons wittig reaction of keto-trioxe-
panes 7a–c furnished inseparable diastereomeric mixtures of ester
functionalized trioxepanes 17–19 in 55–58% overall yields
(Scheme 3).8


All the trioxepanes 8–19 were screened for antimalarial activity
against multi-drug resistant P. yoelii nigeriensis in Swiss mice at a
dose of 96 mg/kg by oral and intramuscular (im) routes. 9a The re-
sults are shown in Table 2.


As can be seen from Table 2, several of these trioxepanes exhib-
ited significant suppression of parasitaemia on day 4. Amino func-
tionalized trioxepanes 14 was the most active compound of the
series. It showed 100% clearance of parasitaemia by oral route on
day 4 and provided 75% protection to the treated mice beyond
day 28.9b It also showed 99% clearance of parasitaemia on day 4
by i.m. route. Next in order of activity is compound 10 which
showed 100% suppression of parasitaemia on day 4 and 40% of
the treated mice survived beyond day 28. Trioxepanes 11 and 15
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Scheme 2. Reagents and condition: (a) ArNH2,[
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Ar = Phenyl, 4-Cl-pheny
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Scheme 3. Reagents and conditions: (a) (O

exhibited 98% suppression of parasitaemia by oral route on day
4. Trioxepane 19 exhibited 95% clearance of parasitaemia on day
4 by oral route. Compound 13 showed 87% suppression of parasita-
emia by oral route and 73% suppression of parasitaemia by im
route. While, the remaining compounds showed only moderate
activity.


In conclusion we have prepared a series of functionalized tri-
oxepanes 8–19, several of which exhibited significant antimalarial
activity by oral route. However, these functionalized trioxepanes
show only moderate activity by im route. Amino functionalized tri-
oxepane 14 is the most active compound of the series. It showed
100% clearance of parasitaemia by oral route on day 4 and provided
75% protection to the treated mice.
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Table 2
In vivo antimalarial activity against P. yoelii in Swiss mice


Structure R Compound Dose
(mg/kg/day)


Route % Suppression
on day 4


Mice survived
on day 28


Phenyl 8 96 Oral 78.58 0/4
96 im 75.47 0/4


O


O


O


NH R
4-F-Phenyl 9 96 Oral 63.18 0/4


96 im 50 0/4
4-CF3-Phenyl 10 96 Oral 100 2/5


96 im 24.32 0/4
Phenyl 11 96 Oral 98.49 0/4


96 im 32.07 0/4


O


OO


Cl
NH R


4-F- 12 96 Oral 41.51 0/4
Phenyl 96 im 58.37 0/4
4-CF3-Phenyl 13 96 Oral 87.17 0/4


96 im 73.36 0/4
Phenyl 14 96 Oral 100 3/4


96 im 99.01 0/4
4-F- 15 96 Oral 98.08 0/4
Phenyl 96 im 57.69 0/4


O


OO


NH R 4-CF3-Phenyl 16 96 Oral 68.3 0/4
96 im 75.84 0/4


O


OO
CHCOOCH2CH3


— 17 96 Oral 88.76 0/4
96 im 43.58 0/4


O


OO


CHCOOCH2CH3
Cl


— 18 96 Oral 85.87 0/4
96 im 41.11 0/4


O


OO


CHCOOCH2CH3 — 19 96 Oral 95.18 0/4
96 im 35.32 0/4


O
O


H


H


O
O


OEt


b-Arteether 3 48 Oral 100 5/5
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7. Spectral data of amino functionalized trioxepanes:
Phenyl-[9-(1-phenyl-vinyl)-7,8,12-trioxaspiro[5.6]dodec-3-yl]-amine (8): Yield:
84%; 1H NMR (200 MHz, CDCl3) d 1.25–2.13 (m, 10H), 3.35 (brm, 1H), 3.78–
3.80 (m, 1H), 3.98–4.04 (m, 1H), 5.06 (dd, 1H, J = 11.2, 3.1 Hz), 5.35 and 5.42 (2�
s, 2H), 6.54–6.66 (m, 3H), 7.10–7.29 (m, 2H), 7.30–7.38 (m, 5H); EIMS (m/z)
366.2 (M+H)+.
(4-Fluoro-phenyl)-[9-(1-phenyl-vinyl)-7,8,12-trioxa-piro [5.6]dodec-3-yl]-amine
(9): Yield: 85%; 1H NMR (200 MHz, CDCl3) d 1.46–2.05 (m, 10H), 3.29 (brm,
1H), 3.78 (td, 1H, J = 12.2, 3.2 Hz), 3.95–4.12 (m, 1H), 5.08 (dd, 1H, J = 11.0,
3.2 Hz), 5.36 and 5.44 (2� s, 2H), 6.48–6.55 (t, 2H, J = 8.6 Hz), 6.82–6.91 (m, 2H),
7.26–7.42 (m, 5H); EIMS (m/z) 384.2 (M+H)+; HRMS Calcd. for C23H26O3NF:
383.18967. Found: 383.18982. FT-IR (cm�1) 1615.8, 3020.5.
9-(1-Phenyl-vinyl)-7,8,12-trioxa-spiro[5.6]dodec-3-yl]-(4-trifluoromethyl-phenyl)-
amine (10): Yield: 53%; 1H NMR (200 MHz, CDCl3) d 1.41–2.27 (m, 10H), 3.40
(brm, 1H), 3.76–3.82 (m, 1H), 3.97–4.10 (m, 1H), 5.07 (dd, 1H, J = 9.0, 3.0 Hz),
5.36 and 5.44 (2� s, 2H), 6.57 (d, 2H, J = 9.0 Hz), 7.25–7.42 (m, 7H); EIMS (m/z)
434.0 (M+H)+.
{9-[1-(4-Chloro-phenyl)-vinyl]-7,8,12-trioxa-spiro[5.6]dodec-3-yl}-phenyl-amine
(11): Yield: 82%; 1H NMR (200 MHz, CDCl3) d1.41–2.10 (m, 10H), 3.37 (brm, 1H),
3.79 (td, 1H, J = 12.4, 3.1 Hz), 4.08 (m, 1H), 5.02 (dd, 1H, J = 11.3, 3.2 Hz), 5.38
and 5.44 (2� s, 2H), 6.56–6.67 (m, 3H), 7.12–7.20 (m, 2H), 7.25–7.37 (m, 5H);
EIMS (m/z) 400.1 (M+H)+, 402 (M+2+H)+.
{9-[1-(4-Chloro-phenyl)-vinyl]-7,8,12-trioxa-spiro[5.6]dodec-3-yl}-(4-fluoro-
phenyl)-amine (12): Yield: 77%; 1H NMR (200 MHz, CDCl3) d 1.45–2.10 (m, 10H),
3.24–3.33 (brm, 1H), 3.78 (td, 1H, J = 12.3, 3.0 Hz), 4.00–4.11 (m, 1H), 5.00 (dd,
1H, J = 11.1, 3.2 Hz), 5.38 and 5.43 (2� s, 2H), 6.48–6.55 (m, 2H), 6.82–6.91 (t,
2H, J = 8.8 Hz), 7.24–7.37 (m, 4H); EIMS (m/z) 418.1 (M+H)+.
{9-[1-(4-Chloro-phenyl)-vinyl]-7,8,12-trioxa-spiro[5.6]dodec-3-yl}-(4-trifluoromethyl-
phenyl)-amine (13): Yield: 60%; 1H NMR (200 MHz, CDCl3) d 0.91–2.10 (m, 10H),
3.65 (brm, 3H), 3.80–3.83 (m, 1H), 3.91–4.11 (m, 1H), 5.08 (dd, 1H, J = 11.2,
3.1 Hz), 5.39 and 5.57 (2� s, 2H), 6.51–6.53 (m, 2H), 7.23–7.60 (m, 6H); MS (m/z)
453 (M)+, 476 (M+Na)+.
9-(1-Biphenyl-4-yl-vinyl)-7,8,12-trioxa-spiro[5.6]dodec-3-yl]-phenyl-amine (14):
Yield: 83%; 1H NMR (200 MHz, CDCl3) d 1.50–2.33 (m, 10H), 3.37–3.42 (m,
1H), 3.81 (td, 1H, J = 12.3, 3.1 Hz), 3.97–4.14 (m, 1H), 5.11 (dd, 1H, J = 11.6,
3.1 Hz), 5.39 and 5.51 (2� s, 2H), 6.57–6.67 (m, 3H), 7.12–7.23 (m, 2H), 7.34–
7.62 (m, 9H); EIMS (m/z) 442.1 (M+H)+.
9-(1-Biphenyl-4-yl-vinyl)-7,8,12-trioxa-spiro[5.6]dodec-3-yl]-(4-fluoro-phenyl)-
amine (15): Yield: 86%; 1H NMR (200 MHz, CDCl3) d 1.48–2.16 (m, 10H), 3.29
(brm, 1H), 3.76–3.84 (m, 1H), 3.97–4.13 (m, 1H), 5.11 (dd, 1H, J = 11.1, 2.4 Hz),
5.39 and 5.51 (2� s, 2H), 6.48–6.54 (m, 2H), 6.82–6.91 (t, 2H, J = 8.6 Hz), 7.24–

7.61 (m, 9H); EIMS (m/z) 460.2 (M+H)+; FT-IR (cm�1) 1620.9, 3400.8; HRMS
Calcd. for C29H30O3NF: 459.2210. Found: 459.2186.
9-(1-Biphenyl-4-yl-vinyl)-7,8,12-trioxa-spiro[5.6]dodec-3-yl]-(4-trifluoromethyl-
phenyl)-amine (16): Yield: 62%; 1H NMR (200 MHz, CDCl3) d 1.42–2.10 (m, 10H),
3.41 (m, 1H), 3.77–3.89 (m, 1H), 3.98–4.14 (m, 1H), 5.12 (dd, 1H, J = 10.9,
2.7 Hz), 5.39 and 5.52 (2� s, 2H), 6.54–6.59 (d, 2H, J = 8.4 Hz), 7.25–7.62 (m,
11H); EIMS (m/z) 510.1 (M+H)+; FT-IR (cm�1) 1620.9, 3400.8.
9-(1-Biphenyl-4-yl-vinyl)-7,8,12-trioxa-spiro[5.6]dodec-3-yl]-(4-trifluoromethyl-
phenyl)-amine (16a, Less Polar), 1H NMR (200 MHz, CDCl3) d 1.39–2.04 (m, 10H),
3.41 (brm, 1H), 3.78–3.85 (m, 2H, 1CH and 1NH), 4.03–4.15 (m, 1H), 5.12 (dd,
1H, J = 11.2, 3.0 Hz), 5.40 and 5.52 (2� s, 2H), 6.57 (d, 2H, J = 8.5 Hz), 7.25–7.62
(m, 11H); EIMS (m/z) 510.1 (M+H)+; HRMS Calcd. for C30H30O3NF3: 510.2178
Found: 510.2170.
9-(1-Biphenyl-4-yl-vinyl)-7,8,12-trioxa-spiro[5.6]dodec-3-yl]-(4-trifluoromethyl-
phenyl)-amine (16b, More Polar), 1H NMR (200 MHz, CDCl3) d 1.53–2.19 (m,
10H), 3.41 (brm, 1H), 3.82 (td, 1H, J = 12.4, 3.2 Hz), 3.90 (s, NH), 3.98–4.10 (m,
1H), 5.12 (dd, 1H, J = 11.2, 3.2 Hz), 5.39 and 5.57 (2� s, 2H), 6.58 (d, 2H,
J = 8.5 Hz), 7.25–7.61 (m, 11H); EIMS (m/z) 510.2 (M+H)+; HRMS Calcd. for
C30H30O3NF3: 509.2178. Found: 509.2171.


8. Spectral data of ester functionalized trioxepanes: 9-(1-biphenyl-4-yl-vinyl)-7,8,12-
trioxa-spiro[5.6]dodec-3-ylidene]-acetic acid ethyl ester (19): Yield 55%, mp 80–
84 �C, 1H NMR (200 MHz, CDCl3) d 1.27 (t, 3H, J = 7.2 Hz), 1.70–2.35 (m, 8H),
2.86–3.04 (m, 2H), 3.82 (td, 1H, J = 10.9, 3.1 Hz), 4.01–4.19 (m, 3H), 5.13 (dd, 1H,
J = 11.2, 2.8 Hz), 5.39 and 5.51 (2� s, 2H), 5.66 and 5.68 (s, together integrating
for 1H), 7.24–7.60 (m, 9H); 13C NMR (50 MHz, CDCl3) d 14.66 (CH3) 25.34 (CH2),
25.51 (CH2), 29.14 (CH2), 29.78 (CH2), 29.93 (CH2), 31.71 (CH2), 32.43 (CH2),
33.68 (CH2), 33.91 (CH2), 34.21 (CH2), 34.97 (CH2), 36.32 (CH2), 37.30 (CH2),
37.64 (CH2), 59.97 (CH), 60.04 (CH), 60.94 (CH2), 85.80 (CH), 106.20 (C), 114.96
(CH2), 117.09 (CH2), 127.50 (2� CH), 128.42 (2� CH), 128.76 (2� CH), 128.91
(3� CH), 134.07 (C), 138.31 (C), 144.00 (C), 145.28 (C), 159.94 (C), 160.39 (CH),
166.90 (C); MS (m/z) 435.2 (M+H)+; FT-IR (cm�1) 1717.
9-(1-Phenyl-vinyl)-7,8,12-trioxa-spiro[5.6]dodec-3-ylidene]-acetic acid ethyl ester
(17): Yield 58%, 1H NMR (200MHz, CDCl3) d 1.26 (t, 3H, J = 7.1 Hz), 1.74–2.99 (m,
10H), 3.80 (td, 1H, J = 12.3, 3.3 Hz), 4.06–4.19 (m, 3H), 5.12 (dd, 1H, J = 11.2,
2.2 Hz), 5.36 and 5.43 (2� s, 2H), 5.67 and 5.69 (s, together integrating for 1H),
7.29–7.39 (m, 5H); 13C NMR (50 MHz, CDCl3) d 14.71(CH3) 25.42 (CH2), 25.60
(CH2), 31.80 (CH2), 32.54 (CH2), 33.78 (CH2), 34.02 (CH2), 34.27 (CH2), 35.00
(CH2), 36.39 (CH2), 37.72 (CH2), 60.06 (CH), 60.08 (CH), 61.06 (CH2), 86.03 (CH),
106.20 (C), 115.00 (CH2), 116.48 (CH2), 127.07 (2� CH), 128.24 (CH), 128.82 (2�
CH), 139.97 (C), 146.48 (C), 160.62 (C), 166.90 (C); MS (m/z) 359.2 (M+H)+; FT-IR
(cm�1) 1720.
{9-[1-(4-Chloro-phenyl)-vinyl]-7,8,12-trioxa-spiro[5.6]dodec-3-ylidene}-acetic acid
ethyl ester (18): Yield 57%, 1H NMR (200 MHz, CDCl3) d 1.27 (t, 3H, J = 6.6 Hz),
1.42–2.41 (m, 8H), 2.98–3.04 (m, 2H), 3.78–4.20 (m, 4H), 5.04 (dd, 1H, J = 11.2,
3.1 Hz), 5.39 and 5.44 (2� s, 2H), 5.65–5.7 (m, 1H), 7.27–7.37 (m, 4H); MS (m/z)
393.2 (M+H)+; FT-IR (cm�1) 1721.


9. (a) The in vivo efficacy of compounds was evaluated against Plasmodium yoelii
(MDR) in Swiss mice model. The colony bred Swiss mice (25±1 g) were
inoculated with 1�106 parasitized RBC on day zero and treatment was
administered to a group of five mice at each dose, from days 0 to 3, in two
divided doses daily. The drug dilutions were prepared in groundnut oil so as to
contain the required amount of the drug (1.2 mg for a dose of 96 mg/kg,) in
0.1 mL and administered either orally or intramuscularly for each dose.
Parasitaemia level were recorded from thin blood smears between day 4 and
28. Mice treated with b-arteether served as positive controls.;
(b) 100% suppression of parasitaemia means no parasites were detected in 50 oil
immersion microscopic fields (parasites if at all present are below the detection
limit). The parasites present below the detection limit can multiply and
eventually can be detected during observation on subsequent days. In such
cases though the drug is providing near 100% suppression of the parasitaemia on
day 4 but will not provide full protection to the treated mice in the 28 days
survival assay.
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We describe the synthesis and silencing activities of siRNA possessing N -[3,5-bis(hydroxy-
methyl)phenyl]thymine (bt) in their 30-overhang regions. We found that an siRNA possessing bt in the
30-overhang region was more effective than an siRNA with natural nucleosides and the siRNA possessing
1,3-bis(hydroxymethyl)benzene (b) without a nucleobase at the 30-overhang region in in vitro experi-
ment using HeLa cells system. Furthermore, the RNA possessing bt at its 30-end was more resistant to
nucleolytic hydrolysis by snake venom phosphodiesterase (a 30-exonuclease) than the RNA possessing
the natural nucleoside 20-deoxythymidine at the 30-end. Thus, the compound bt will be a novel 30-over-
hang moiety that can enhance the silencing activity and nuclease-resistant property of siRNAs.


� 2008 Elsevier Ltd. All rights reserved.

Introduction. Short interfering RNA (siRNA) molecules have
drawn considerable attention since it was demonstrated that they
mediate potent gene knock-down in a variety of mammalian cells
without triggering non-specific RNA degradation and translation
inhibition based on interferon response.1,2 siRNA has considerable
potential as a new therapeutic drug for intractable diseases be-
cause siRNAs can be rationally designed and synthesized if the se-
quences of the disease-causing genes are known.2 Improved
nuclease stability of siRNAs is of prime importance for the efficient
therapeutic application of synthetic siRNAs. Thus far, many types
of siRNAs modified at the base, sugar, or phosphate moieties have
been synthesized, and their nuclease-resistant properties and
RNAi-inducing activities have been studied.3,4


Argonaute2, a key component of the RNA-induced silencing
complex (RISC), is responsible for mRNA cleavage in the RNAi path-
way.5,6 It is composed of PAZ, Mid, and PIWI domains. X-ray struc-
tural analysis and NMR studies have revealed that the 2-nucleotide
30-overhang region of the guide strand (antisense strand) of siRNA
is recognized by the PAZ domain and is accommodated into its
hydrophobic binding pocket.7–10

All rights reserved.
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Recently, we have designed and synthesized siRNAs possessing
the aromatic compound 1,3-bis(hydroxymethyl)benzene (b) in
their 30-overhang regions (Fig. 1).11,12 We found that these mod-
ified siRNAs are more effective than the siRNAs without the 30-
overhang regions in in vitro experiment using HeLa cells system.

Figure 1. Structures of modified siRNAs.
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Further, the silencing activities of the modified siRNAs are very
similar to those of normal siRNAs with natural nucleosides in
their 30-overhang regions. Moreover, RNAs possessing the aro-
matic groups at their 30-ends were more resistant to nucleolytic
degradation by snake venom phosphodiesterase (SVPD; a 30-exo-
nuclease) than normal RNAs with natural nucleosides at their 30-
ends.


These results prompted us to investigate the silencing activities
of the modified siRNAs possessing the aromatic compound N1-[3,5-
bis(hydroxymethyl)phenyl]thymine (bt), which has a nucleobase
capable of forming hydrogen bonds. We predicted that the silenc-
ing activities of the siRNAs possessing b in their 30-regions would
be enhanced by introducing the nucleobase capable of forming
hydrogen bonds in their 30-overhang regions. In this paper, we re-
port the synthesis and silencing properties of siRNAs possessing bt


in their 30-overhang regions (Table 1).

Table 1
Sequences of ONs and siRNAs used in this study


No. of siRNA No. of ON Sequence


siRNA 9 ON 13 50-GGCCUUUCACUACUCCUAC-30


ON 14 30-CCGGAAAGUGAUGAGGAUG-50


siRNA 10 ON 15 50-GGCCUUUCACUACUCCUACtt-30


ON 16 30-ttCCGGAAAGUGAUGAGGAUG-50


siRNA 11 ON 17 50-GGCCUUUCACUACUCCUACbtbt-30


ON 18 30-btbtCCGGAAAGUGAUGAGGAUG-50


siRNA 12 ON 19 50-GGCCUUUCACUACUCCUACbb-30


ON 20 30-bbCCGGAAAGUGAUGAGGAUG-50


Capital letters represent ribonucleosides and small letters represent 20-deoxyribo-
nucleosides. The compounds b and bt are 1,3-bis(hydroxymethyl)benzene and N1-
[3,5-bis(hydroxymethyl)phenyl]thymine, respectively.


Scheme 1. Reagents and conditions: (a) LiAlH4, THF, rt, 91%; (b) TBDPSCl, imidazole
diethylazodicarboxylate, THF, rt, 92%; (d) TBAF, THF, rt, 87%; (e) DMTrCl, pyridine, rt, 69
80%; (g) (1) succinic anhydride, DMAP, pyridine, rt; (2) CPG, WSCI, DMF, rt, 42 lmol/g.

Results and discussion. Synthesis. Modified siRNAs were syn-
thesized by the standard phosphoramidite method. In order to
incorporate the aromatic compound in the 30-overhang regions of
the siRNAs, a solid support carrying the aromatic compound 6
and a phosphoramidite of 6 were synthesized according to the
route shown in Scheme 1. Trimesic acid (1) was treated with LiAlH4


to give tris(hydroxymethyl)benzene (2) in a 91% yield. The 3 hy-
droxyl groups of 2 were protected with tert-butyldiphenylsilyl
(TBDPS) groups to afford a mono-TBDPS derivative 3a, a di-TBDPS
derivative 3b, and a tri-TBDPS derivative 3c, in 10%, 34%, and 44%
yields, respectively. The 3b derivative was coupled with N3-ben-
zoylthymine under the Mitsunobu conditions to give the N1-substi-
tuted thymine derivative 4 in a 92% yield. The silyl groups of 4
were removed by treatment with tetra-n-butylammonium fluoride
(TBAF). One of the 2 hydroxyl groups of 5 was protected with a
4,40-dimethoxytrityl (DMTr) group to afford a mono-DMTr deriva-
tive 6 in a 69% yield. The mono-DMTr derivative 6 was phosphity-
lated by the standard procedure13 to produce the corresponding
phosphoramidite 7 in an 80% yield. In order to incorporate 6 at
the 30-ends of RNAs, 6 was further modified to afford the corre-
sponding 30-succinate, which was then reacted with controlled
pore glass (CPG) to afford a solid support containing 6 (42 lmol/g).


All the oligoribonucleotides (ONs) were synthesized using a
DNA/RNA synthesizer. Fully protected ONs (1.0 lmol each) linked
to solid supports were treated with concentrated NH4OH:EtOH
(3:1, v/v) at room temperature for 12 h and then with 1.0 M
TBAF/THF at room temperature for 12 h. The ONs released after
the treatment were purified by denaturing 20% polyacrylamide
gel electrophoresis (20% PAGE) to afford deprotected ONs 17 and
18 in 12 and 9 OD260 absorbance units, respectively.14 These ONs
were analyzed by matrix-assisted laser desorption/ionization
time-of-flight mass spectrometry (MALDI-TOF/MS), and observed
molecular weights were in agreement with their structures.16

, DMF, rt, 10% for 3a, 34% for 3b, and 44% for 3c; (c) N3-benzoylthymine, PPh3,
%; (f) chloro(2-cyanoethoxy)(N,N-diisopropylamino)phosphine, i-Pr2NEt, CH2Cl2, rt,
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Dual-luciferase assay. The ability of modified siRNAs to suppress
gene expression was studied by a dual-luciferase assay using a psi-
CHECK-2 vector (Promega), which contained the Renilla and firefly
luciferase genes. The siRNA sequences were designed to target the
Renilla luciferase gene. HeLa cells were co-transfected with the
vector and indicated amounts of siRNAs, and the signals of Renilla
luciferase were normalized to those of firefly luciferase.17


As shown in Figure 2, the silencing activities of siRNAs 10, 11,
and 12, which possessed overhang moieties, were markedly great-
er than that of siRNA 9, which had no overhang moiety. The silenc-
ing activity of the siRNA 12, which had b in its overhang region,
was almost equal to that of the unmodified siRNA 10, which had
thymidine in its overhang region, at each concentration,11 whereas
the activity of the siRNA 11, which possessed bt in its overhang re-
gion, was greater than that of the siRNAs 10 and 12 at each concen-
tration. Thus, it was found that the siRNA 11, which had thymine
base in the overhang region, was more potent than the siRNA 12,
which had no base in the overhang region.


Nuclease-resistant property. Next, the susceptibility of the ONs
to snake venom phosphodiesterase (SVPD), a 30-exonuclease, was
examined. The unmodified ON 16 and the modified ON 18 possess-
ing the benzene derivative bt at its 30-end, were labeled with
[c-32P]ATP and incubated with SVPD. The reactions were analyzed
by PAGE under denaturing conditions (data not shown). Densities
of radioactivity of the gel were visualized by a Bio-imaging ana-
lyzer. As shown in Figure 3, the ON 18 possessing bt was more

Figure 2. Dual-luciferase assay.17


Figure 3. Nuclease resistance of ON 16 and ON 18 against SVPD. Each ON
(100 pmol) labeled with 32P at the 50-end was incubated with snake venom
phosphodiesterase (8 � 10�3 U) in a buffer containing 37.5 mM Tris–HCl (pH 7.0)
and 7.5 mM MgCl2 (total 40 lL) at 37 �C. At appropriate periods, aliquots (5 lL) of
the reaction mixture were separated and added to a solution of 9 M urea (10 lL).
The mixtures were analyzed by electrophoresis on 20% PAGE containing 7 M urea.
Densities of radioactivity of the gel were visualized by a Bio-imaging analyzer (Bas
2000, Fuji Co., Ltd).

resistant to SVPD than the unmodified ON 16. The half-lives
(t1/2s) of the ONs 16 and 18 were 3.7 min and 11.4 min, respec-
tively. Thus, it was found that the ON 18 possessing bt was 3 times
more resistant to SVPD than the unmodified ON 16.


In conclusion, we have demonstrated the synthesis of the siR-
NAs possessing N1-[3,5-bis(hydroxymethyl)phenyl]thymine (bt) in
their 30-overhang regions. The silencing activities of the siRNAs
were examined by the dual-luciferase assay. It was found that
the siRNA possessing bt in the 30-overhang region was more effec-
tive than the siRNA with 20-deoxythymidine as the natural
nucleosides in the 30-overhang region and the siRNA possessing
b without the nucleobase in in vitro experiment using HeLa cells
system. Furthermore, the RNA possessing bt was more resistant to
nucleolytic hydrolysis by SVPD than the RNA possessing the nat-
ural 20-deoxythymidine. Thus, bt can be a novel overhang unit
that enhances the silencing activity and nuclease-resistant prop-
erties of the siRNAs.
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We found that the podocarpic acid structure provides a new scaffold for chemical modulators of large-
conductance calcium-activated K+ channels (BK channels). Structure–activity analysis indicates the
importance of both the arrangement (i.e., location and orientation) of the carboxylic acid functionality
of ring A and the hydrophobic region of ring C for expression of BK channel-opening activity.


� 2008 Elsevier Ltd. All rights reserved.
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Large-conductance calcium-activated K+ channels (also called
maxi-K or BK channels) characteristically respond to two distinct
physiological stimuli, that is, changes in membrane voltage and
in cytosolic Ca2+ concentration, and may serve as a negative feed-
back pathway to control ionic homeostasis and cell excitability.1


BK channels consist of channel-forming a-subunits and accessory
b-subunits (b1–b4) arranged in tetramers.2 Recent cloning studies
have revealed the presence of multiple splice variants of a-sub-
units3–5 and multiple subtypes of b-subunits (b1, b2/b3 and b4).6–8


Thus, there is a large diversity of BK channels, which may be spe-
cific to tissues and organs. The BK channels are expressed in a
number of organ systems, such as smooth muscle cells, skeletal
muscle cells, neuronal cells, and secretory epithelial cells,9 and
they have important physiological roles in modulating muscle con-
traction and neuronal activities, such as synaptic transmission.10


The physiological role and widespread distribution of BK chan-
nels suggest that agents that open these channels could have pro-
found impacts on diseases such as acute stroke, epilepsy, asthma,
and bladder overactivity.11 Well-characterized BK channel openers
not only are expected to have therapeutic potential, but also
should be of assistance in understanding the function, structure
and role of BK channels.


In our previous study,12 we discovered active terpenoid com-
pounds, including pimaric acid (2, Chart 1), which have chemical
structures similar to that of maxikdiol (1),13,14 a moderately active
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wada).

BK channel opener. Moreover, our recent study15 revealed that
chemical modification of abietic acid (3), an inactive compound,
to dehydroabietic acid (4a), a resin acid derivative, resulted in
the appearance of BK channel-opening activity, and further chem-
ical modification to 12,14-dichlorodehydroabietic acid (diCl-DHAA,
4b) afforded a potent and selective BK channel opener applicable
from outside of the cell membrane. We further found that
diCl-DHAA (4b) is among the most potent synthetic activators of
BK channels, changing both the voltage and Ca2+ sensitivity of

Podocarpic acid (6a) R = CH3, Bn, ...


6b-u


5(5a:R=Ph(CH2)3)


Chart 1.
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Figure 1. Representative conformations of 5a and 6j obtained by conformational
searching in a water environment (OPLS-AA force field, Macromodel).
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the channel.16 All these BK channel openers are assumed to inter-
act with the a subunit of the BK channels. Preliminary SAR studies
of the dehydroabietic acid derivatives (4) revealed the importance
of the carboxylic acid functionality of ring A and an appropriate
hydrophobic moiety in ring C for BK channel-opening ability.


Podocarpic acid (6a), which is readily available from the New
Zealand conifer Dacrydium cupressinum,17 is structurally closely re-
lated to dehydroabietic acid (4a). In the case of 6a, the stereochem-
istry of the carboxylic acid group is opposite to that of
dehydroabietic acid (4a), the isopropyl group is eliminated, and a
phenolic hydroxyl group is introduced onto the benzene ring.
Podocarpate derivatives have several interesting biological activi-
ties: podocarpic acid amides were reported to show liver X recep-
tor agonist activity18 and podocarpic acid esters showed cytokine
release inhibition activity.19 Methyl O-methyl-7-ketopodocarpate
was identified as a specific inhibitor of influenza A viruses in tissue
culture.20 While the carboxylic acid functionality is in an equatorial
position in dehydroabietic acid (4a), the same functionality lies in
an axial position in podocarpic acid (6a), as shown in Figure 1.
Thus, examination of podocarpic acid derivatives should give us
some indication of the structure–activity relationships of BK chan-
nel modulators and may lead to the identification of potent new BK
channel openers. Herein, we describe the synthesis and BK chan-
nel-opening activities of some podocarpic acid derivatives. Our
findings indicate that the podocarpic acid skeleton is a new scaf-
fold for BK channel modulators. In our recent work, we carried
out SAR studies of 12-alkoxy derivatives of dehydroabietic acid
(5, Chart 1) and found that these derivatives (e.g., 5a, Table 1)
showed no significant BK opening activity. In order to compare
the SAR information, we thus focused on a series of podocarpic acid
derivatives 6 bearing a 12-alkoxy group.


The three synthetic routes that were utilized to provide access
to the target compounds 6 are summarized in Scheme 1. In Method
A, podocarpic acid 6a was firstly converted to methyl ester 7a, fol-
lowed by alkylation of the 12-hydroxyl group, affording the key
intermediates 7c, 7l–n, and 7t–u. Finally, basic hydrolysis of the
ester with KOH and crown ether in MeOH under reflux gave the de-
sired 12-alkoxypodocarpic acids 6c, 6l–n, and 6t–u. However, this
hydrolysis step of methyl ester to acid proceeded very slowly,
requiring more than 3 days for completion, probably because of
severe steric hindrance between the 4-carboxylate and the 10-
methyl group in a 1,3-diaxial arrangement. According to the
literature,21 KOBut in DMSO can hydrolyze hindered esters, and
the desired acid compounds 6b, 6d and 6h–k were obtained by
using this hydrolysis condition with heating at 60 �C for 2 h (Meth-
od B). However, this condition (KOBut in DMSO) is so severe that

dealkylation of the 12-alkoxy group occurs in some cases, resulting
in recovery of the starting material 6a (e.g., 7l). As both of the
above hydrolysis conditions have synthetic limitations, we chan-
ged the methyl ester to MOM (methoxymethyl) ester, which can
be easily hydrolyzed under very mild acidic conditions. As shown
in method C, all the intermediates 8e–g, 8o–s and the final O-
substituted podocarpic acid derivatives 6e–g, 6o–s were obtained
in moderate to high yields. All the compounds prepared in this
study are compiled in Table 1.


The activities of all the target compounds as BK channel modu-
lators were evaluated by means of automated planar array patch
clamp recording using the 64-well Population Patch Clamp (PPC)
technique.22,23 The BK channel was activated by applying a step
pulse to +100 mV from the holding potential of �90 mV to CHO-
K1 cells expressing hBKa channels, and the current amplitude in
the presence of compounds (30 lM) was expressed as percent of
the drug-free control. The values represent an average of data ob-
tained from at least eight separate measurements. Stock solutions
of test compounds were prepared in DMSO at a concentration of
10 mM and diluted in buffer solution to give the desired final con-
centration (the final DMSO concentration is less than 0.4% (v/v)).
Since diCl-DHAA (4b) has already been shown to open BK chan-
nels,15,16 it was used as a positive reference agent in this study.


The structure-activity relationships illustrated in Table 1 sup-
port the potential of podocarpic acid structure as a pharmacophore
for BK channel-opening activity. Podocarpic acid itself, 6a was
found to be an effective BK channel opener, with an ionic current
increase of 207% versus the control current. For comparison, diCl-
DHAA 4b increased the current by 180%. From the results pre-
sented in Table 1, it appears that a simple alkyl ether at the
12-phenolic hydroxyl group decreased gate-opening activity (6b–
d). This may suggest that the possible H-bond donating property
of the phenol hydroxy group was important to BK channel-opening
activity. Interestingly, in the case of a propyl substituent, the
straight-chain derivative 6c showed a greater increase of ionic cur-
rent than the derivative 6d with a branched side-chain. In addition,
unsaturation of the carbon chain had no significant effect on the
activity (compound 6e vs 6c).


We also synthesized a series of aryl-group-containing deriva-
tives (6h–u). The activity in this series of compounds is highly sen-
sitive to the position and properties of the substituents. Significant
channel-opening activity was observed with 6h and 6j, which con-
tain a benzyl and a phenylpropyl group, respectively. We also
examined the effect of substitution on the phenyl ring of the ben-
zyl group of 6h. In general, substituents on the phenyl ring de-
creased the opening activity, regardless of their electronic
properties (compounds 6l-u). The para CH3-substituted derivative
6l was found to be more potent than the ortho regioisomer 6o,
which was inactive. Furthermore, the gate-opening activity de-
creased with increasing bulkiness of the aromatic alkyl group from
methyl (6l), isopropyl (6m) to tert-butyl group (compound 6n).
Introduction of an electron-withdrawing para CF3 group had little
effect on the activity (6q vs 6h). From the above results, we consid-
ered that substituents of appropriate size and spatial arrangement
on ring C of podocarpic acid derivatives may contribute to the BK
channel-modulating activity.


The carboxylic acid functionality at the C4 position of the podo-
carpic acid skeleton is also prerequisite for BK channel-opening
activity. The channel-opening activity was apparently lost in the
corresponding ester analogues (7a vs 6a, 7j vs 6j).


The apparent BK channel-opening activity of podocarpic acid
derivatives was in sharp contrast to the previous results for 12-alk-
oxy derivatives of dehydroabietic acid, which showed no signifi-
cant BK channel-opening activity (6j vs 5a, Table 1).24


Comparison of the most stable structures of 5a and 6j indicate
apparent differences in the direction and extension of the C4







Table 1
Structure and BKa-opening properties of podocarpate derivatives


O


COOR2


R1


Compound R1 R2 Ionic current in the presence
of test compound (30 lM) as %
of control current (n = 8)


Buffer — — 103.8 ± 3.3
4b — — 180.4 ± 11.9
5a — — 93.2 ± 8.4
6a H H 206.9 ± 57.4
6b Me H 123.7 ± 7.7


6c H 170.1 ± 9.2


6d H 134.0 ± 7.2


6e H 147.9 ± 7.4


6f H 123.8 ± 3.1


6g
N


H 103.2 ± 2.2


6h H 209.0 ± 21.0


6i H 122.1 ± 3.2


6j H 243.8 ± 6.6


6k
O


H 123.8 ± 5.6


6l H 150.9 ± 4.6


6m H 125.1 ± 2.3


6n H 115.9 ± 3.1


6o H 88.9 ± 1.9


6p H 130.1 ± 3.2


6q
CF3


H 184.9 ± 18.2


Table 1 (continued)


Compound R1 R2 Ionic current in the presence
of test compound (30 lM) as %
of control current (n = 8)


6r
OCF3


H 138.6 ± 7.1


6s
CN


H 116.2 ± 1.9


6t


Cl
H 120.8 ± 4.1


6u


OMe
H 109.0 ± 4.2


7a H CH3 118.5 ± 4.5


7j CH3 116.0 ± 4.8


Y.-M. Cui et al. / Bioorg. Med. Chem. Lett. 18 (2008) 5197–5200 5199

carboxyl groups and C12 hydrophobic moieties in the two com-
pounds (Fig. 1). Therefore, the arrangement of the carboxylic acid
functionality of ring A and the hydrophobic region (ring C) is
important for a good fit to the binding sites of BK channels.


In summary, we found that podocarpic acid structure repre-
sents a new scaffold for BK channel openers. The SAR findings indi-
cated that in the 12-alkoxy derivatives, the arrangement (location
and orientation) of the carboxylic acid functionality of ring A and
the hydrophobic region of ring C is critical for BK channel-opening
activity. Our findings provide a new basis for development of novel
BK channel openers derived from podocarpic acid.
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COOMe
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Scheme 1. Reagents and conditions: (a) TMSCHN2, MeOH, toluene, rt, 100%;
(b) R1Br, NaH, DMF, 0 �C–rt, 44–100%; (c) KOH, 18-crown-6, MeOH, reflux, 33–93%;
(d) KOBut, DMSO, 60 �C, 50–84%; (e) MOMCl, DIPEA, DMF, 0 �C–rt, 82%; (f) Cs2CO3,
R1Br, DMF, rt, 54–100%; (g) 6 N HCl, THF, 50 �C, 40–97%.
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A series of dehydroabietic acid (DHAA, 2) derivatives was synthesized and evaluated as BK channel open-
ers in an assay system of CHO-K1 cells expressing hBKa channels. Systematic modifications of the periph-
eral functionality of ring C of DHAA showed that the introduction of a nitro or (thio)urea group in ring C
greatly enhanced the BK channel-opening activity.
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Potassium (K+) channels are a widely distributed and struc-
turally diverse family of transmembrane proteins that have
emerged as important targets for therapeutic intervention in a
number of diseases.1–3 The K+ channel superfamily is divided
into a number of subfamilies based on molecular structure and
function. An important subfamily is a group of calcium-activated
potassium (Kca) channels that share a dependence on intracellu-
lar calcium ion concentration for initiating channel opening, and
these channels can be further categorized according to their bio-
physical properties.4 For example, based on the single channel
conductance, the Kca channels are classified as BK (maxi-K), IK,
and SK channels referring, respectively, to big (100–300 picosie-
mens (pS)), intermediate (25–100 pS), and small conductance
(2–25 pS) Kca channels. These channels vary in pharmacology,
distribution, and function, as well as sensitivity to voltage and
Ca2+ concentration. BK channels are of particular interest because
of their large channel conductance and their expression in a
range of excitable cell types, including neurons and smooth mus-
cle cells.5


BK channels consist of channel-forming a-subunits and acces-
sory b-subunits arranged in tetramers.6 Recent cloning studies
have revealed the presence of multiple splice variants of a-sub-
units and multiple subtypes of b-subunits (b1, b2/b3, and b4),7


which may be specific to tissues, organs and functions (e.g., b1:

ll rights reserved.


: +81 3 5841 4735.
wada).

smooth muscle, b4: brain).8 This diversity of BK channels and
the widespread distribution of these channels in tissues ranging
from central nervous system to vascular smooth muscle offer
important opportunities to develop new therapeutic agents. BK
channel openers have emerged as potential targets of drug treat-
ment for post-stroke neuroprotection, urinary incontinence, asth-
ma, and hyperactivity of smooth muscles.9,10


Recently, we have found that pimaric acid (1) and dehydroa-
bietic acid (DHAA, 2) exhibit BK channel-opening activities,
while the structurally related abietic acid (3) has weak activity
(Chart 1).11,12 Various chemical modifications have been carried

CO2H
diCl-DHAA (4) 5


Chart 1.
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Scheme 1. Reagents and conditions: (a) AcCl, AlCl3, CS2, reflux, 80%; (b) m-CPBA,
PTSA (cat.), ClCH2CH2Cl, reflux, 69%; (c) NaHCO3, MeOH–H2O, 80%; (d) R1Br, NaH,
DMF, 0 �C–rt, 81–98%; (e) KOBut, DMSO, rt, 52–95% (except 5i, 11%).


Table 1
Structure and BKa-opening properties of 12-alkoxy DHAA derivatives


HCO2H


OR1


Compound R1 Ionic current in the presence
of test compound (30 lM) as
% of control current (n = 8)


Buffer — 103.8 ± 3.3
4 — 180.4 ± 11.9
5a H 83.0 ± 3.8
5b Me 85.9 ± 9.2


5c 118.3 ± 12.9


5d 125.2 ± 26.6


5e 78.7 ± 2.2


5f 81.8 ± 3.3


5g 89.5 ± 6.7


5h
Cl


91.6 ± 4.3


5i 83.7 ± 5.2


5j 93.2 ± 8.4
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out on DHAA, and the introduction of halogen atoms on the phe-
nyl ring, to afford 12,14-dichlorodehydroabietic acid (diCl-DHAA,
4), markedly increased the BK channel-opening activity. Also, we
found that the carboxylic acid functionality of ring A is critical
for BK channel-opening activity. All these BK channel openers
are assumed to interact with the a-subunit,13 and the dehydro-
abietic acid core thus provides a template from which more po-
tent derivatives might be obtained by suitable substitution. In
this letter, we survey the BK channel-opening properties of a
series of peripherally substituted DHAA derivatives of general
structure 5, and describe some of the fundamental structure–
function relationships. The BK channel-modulating activities of
all the target compounds in this study were evaluated by means
of automated planar array patch clamp recording using the 64-
well Population Patch Clamp (PPC) technique14,15 with CHO-K1
cells expressing hBKa channels. The BK channel was activated
by applying a step pulse to +100 mV from the holding potential
of �90 mV. The current amplitude in the presence of compounds
(30 lM) was expressed as percent of the control recorded in the
absence of a drug. Each value represents the average of data ob-
tained in at least eight separate measurements. Stock solutions
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Scheme 2. Reagents and conditions: (a) 88% fuming HNO3, Ac2O, 7a:7b = 3:2; (b) 10% Pd
HCl, MeOH, reflux, 25–78%; (e) concd H2SO4, fuming HNO3, 0 �C–rt, 32%; (f) TMSCHN2,

of test compounds were prepared in DMSO at a concentration
of 10 mM and diluted in buffer solution to give the desired final
concentration (the final DMSO concentration is less than 0.4%(v/
v)). Since diCl-DHAA (4) has already been shown to open BK
channels,12,13 it was used as a positive reference agent in this
study.
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-C, MeOH–THF; (c) KOH, 18-crown-6, MeOH, reflux, 52–66%; (d) Sn powder, concd
MeOH–toluene, rt, 81%.







Table 2
Structure and BKa-opening properties of dehydroabietate derivatives


H
CO2H


NH


R
O


Compound R Ionic current in the presence
of test compound (30 lM)
as % of control current (n = 8)


Buffer — 103.8 ± 3.3
4 — 180.4 ± 11.9
5k — 88.9 ± 3.3
5l — 88.2 ± 4.9
5m — 199.6 ± 16.6
5n — 110.1 ± 4.4
8a Me 96.1 ± 4.2


8b 90.2 ± 1.6


8c 92.4 ± 1.7


8d 129.9 ± 25.3


8e 91.6 ± 2.4


8f 95.9 ± 3.1


8g N 107.1 ± 2.5


8h 102.8 ± 5.5


8i 90.0 ± 2.4


8j 90.9 ± 1.8


8k
MeO


86.5 ± 6.2


8l OMe 94.1 ± 5.9


8m F 83.4 ± 2.1


8n Cl 107.9 ± 6.7


8o
F3C


59.4 ± 2.5


8p
CF3


92.5 ± 2.3


8q CF3 128.4 ± 9.9


8r


CF3


CF3


81.8 ± 4.9
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On the basis of the preliminary structure–activity relationships
of DHAA previously reported,12 we introduced a number of hydro-
phobic substituents at various positions on the phenyl ring (ring C)
of 2. Initially, we synthesized a series of 12-alkoxy derivatives 5a–j
as depicted in Scheme 1. Friedel–Crafts acetylation of methyl dehy-
droabietate 2a in refluxing CS2 gave the C12 acetyl derivative 2b in
80% yield, followed by Baeyer–Villiger oxidation to generate 2c,
then hydrolysis of the acetate group to afford phenol 2d as a key
intermediate.16 Alkylation of 2d with various alkyl or aryl halides
and subsequent hydrolysis of the ester using KOBut in DMSO at
rt afforded 12-alkoxy-substituted compounds 5b–j. As shown in
Table 1, 5a and all 12-alkoxy derivatives 5b–j showed no signifi-
cant channel-opening activity, except for compounds 5c and 5d,
which were only marginally active. Some of these compounds
(e.g., 5e) showed weak blocking activity. These results indicate that
an electron-donating OR substituent at the 12-position is unfavor-
able for the channel-opening activity.


We next modified ring C of DHAA by introduction of a nitro
or amino functionality as shown in Scheme 2. 12-Aminodehy-
droabietic acid 5k was obtained by mononitration of 2a, fol-
lowed by catalytic hydrogenation, then basic hydrolysis of the
ester with KOH and 18-crown-6 in methanol. Catalytic hydroge-
nation of the 14-nitro derivative (7b) under the same conditions
failed, probably because of the greater constraint at the C-14 po-
sition, but tin reduction of 7b under acidic conditions provided
the 14-amino derivative 7d, which was subjected to basic hydro-
lysis to afford 5l. Nitration of 2 with fuming nitric acid and con-
centrated sulfuric acid gave 12,14-dinitrodehydroabietic acid 5m.
Subsequent methylation and reduction of 7e with Sn–HCl, fol-
lowed by basic hydrolysis of the ester with KOH and 18-
crown-6, afforded 12,14-diaminodehydroabietic acid 5n. As
shown in Table 2, 12,14-dinitrodehydroabietic acid 5m showed
slightly stronger channel-opening activity than that of 4 (diCl-
DHAA), while the diamino derivative 5n was inactive. The 12-
and 14-monoamino derivatives (5k and 5l) also showed no
channel-opening activity. This is consistent with the previous
observation that an appropriate hydrophobic region in ring C
(i.e., the nitro functionality in the present case) is critical for
BK channel-opening activity.


Because of the low reactivity of compounds with 14-position
substituents due to steric hindrance and the importance of the
hydrophobicity of the ring C region to the BK opening activity,
we mainly focused on modification of the amino group at the
12-position (5k). Firstly, we synthesized a series of 12-N-acyl
derivatives 8a–r (Table 2). As shown in Scheme 3, direct acyla-
tion of the common intermediate 7c with various acyl chlorides
under basic conditions gave 9a–f, 9h–r, and 10, and then basic
hydrolysis of the ester using KOBut in DMSO afforded 8a–f and
8h–r. Compound 8g was prepared via aminolysis of 10 and sub-
sequent basic hydrolysis of the ester. From the results presented
in Table 2, most of the 18 compounds 8a–r tested showed no
distinct BK channel-opening activity. That is, all the alkyl acyla-
mino derivatives (8a–f, 8h) were inactive except compound 8d,
which showed weak activity. Also, the introduction of an amino
group (compound 8g), which improves aqueous solubility, had
little effect on the activity. Among the aryl-group-containing
derivatives (8i–r), the activity is quite sensitive to the location
and properties of the aromatic substituents. In the series of com-
pounds 8i, 8l, 8m, 8n, and 8q, para-substitution of a trifluoro-
methyl group on the aromatic ring (8q) resulted in increases
in the channel current, while lack of substitution (8i) or substi-
tution with an electron-donating group, such as a methoxy
group (8l) resulted in inactivity. The chloro and fluoro deriva-
tives (compounds 8m and 8n) were also inactive. Among the
three regioisomers 8o–q of the trifluoromethyl substituent, the
para isomer 8q was more potent than the ortho and meta CF3-







Table 3
Structure and BKa-opening properties of 12-(thio)urea dehydroabietate derivatives


HCO2H


HN


RHN
X


Compound R X Ionic current in the presence
of test compound (30 lM)
as % of control current (n = 8)


Buffer — — 103.8 ± 3.3


4 — — 180.4 ± 11.9


11a O 89.9 ± 4.7


11b O 72.7 ± 4.5


11c
F3C


O 114.2 ± 2.7


11d
CF3


O 99.9 ± 5.9


11e


Cl


CF3


O 127.9 ± 3.9


11f
Cl


F
O 156.3 ± 3.0


11g
F


F
O 138.6 ± 5.0


11h CF3 O 138.3 ± 4.7


11i


CF3


CF3


O 132.1 ± 3.6


11j
Cl


O 135.7 ± 3.6


11k


Cl


Cl


O 151.2 ± 4.7


11l


MeO


Cl


O 94.4 ± 1.0


11m
CF3


Cl
O 167.9 ± 5.8


11n OMe O 107.4 ± 1.2


11o
CF3


S 142.7 ± 8.0


11p


CF3


CF3


S 240.2 ± 15.6
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substituted isomers (8o, 8p). Similarly, the 3,5-bis-CF3 derivative
(8r) was also inactive. Compound 8o rather acted as a BK chan-
nel blocker (ion current ratio = 59%).


Finally, based on the NS series of BK channel openers, such as
NS161917and NS1608,18 we introduced a urea or thiourea group
at the 12-position and synthesized compounds 11a–p (Table 3).
The two routes that were utilized to synthesize the target com-
pounds 11a–p are summarized in Scheme 4. In Route 1, conden-
sation of 7c with the corresponding isocyanates yielded urea
intermediates 12a–b and 12d–g. Hydrolysis of the ester of
12a–b, 12d–g with KOBut in DMSO gave the desired acids
11a–b and 11d–g. In Route 2, hydrolysis of the ester of 7c to
12-aminodehydroabietic acid 5k, followed by condensation with
various iso(thio)cyanates afforded the desired compounds 11c
and 11h–p.


From the results presented in Table 3, these (thio)urea deriva-
tives (11a–p) generally showed higher activity than the corre-
sponding N-acyl compounds (8a–r, Table 2). Compound 11b,
which is unsubstituted on the phenyl ring, was inactive. It appears
that introduction of an electron-withdrawing substituent such as
CF3 enhances channel-opening activity. The para-CF3 isomer 11h,
showing an activity similar to that of the 3,5-bis-CF3 isomer 11i,
was found to be more potent than both the ortho and meta CF3 iso-
mers (11c–d). Introduction of a Cl atom resulted in a dramatic in-
crease in BK channel-opening activity (11e vs 11d, 11m vs 11d).
Also, the chloro analogues were more efficacious than the corre-
sponding CF3 compounds (11j vs 11d, 11k vs 11i). However, intro-
duction of a OMe group resulted in a substantial loss of activity
(11l vs 11j). In addition, both of the thiourea derivatives 11o–p
were more active than the corresponding urea compounds 11d
and 11i. Further, compound 11p increased the ionic current by
240% of control current. This may suggest that the simple replace-
ment of the O atom of the urea functionality with its isosteric S
atom significantly affects the interaction of the compounds with
BK channels. Taking these results together, we conclude that the
presence of both a urea or thiourea element and an electron-with-
drawing aryl group is critical for the appearance of BK channel-
opening activity.


In summary, we carried out systematic modifications of the
peripheral functionality of ring C of DHAA, and the resulting struc-
ture–activity data indicated that the introduction of a nitro or
(thio)urea functionality in ring C greatly enhances BK channel-
opening activity. Further modifications of these and other lead
structures with the aim of improving the potency as well as the
specificity in vitro and the efficacy in vivo are in progress.
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A series of isoxazolo[3,4-b]quinoline-3,4(1H,9H)-diones were synthesized as potent inhibitors against
Pim-1 and Pim-2 kinases. The structure–activity-relationship studies started from a high-throughput
screening hit and was guided by molecular modeling of inhibitors in the active site of Pim-1 kinase.
Installing a hydroxyl group on the benzene ring of the core has the potential to form a key hydrogen bond
interaction to the hinge region of the binding pocket and thus resulted in the most potent inhibitor, 19,
with Ki values at 2.5 and 43.5 nM against Pim-1 and Pim-2, respectively. Compound 19 also exhibited an
activity profile with a high degree of kinase selectivity.


� 2008 Elsevier Ltd. All rights reserved.

Pim-1 was identified as a Myc-cooperating oncogene linked to T
cell lymphomagenesis and is preferably activated by proviral inser-
tion in Moloney murine leukemia virus in lymphoblastic T cells.1


Related studies have led to the discovery of a small family of ser-
ine/threonine Pim kinases including Pim-1, Pim-2, and Pim-3 with
a high level of sequence homology among them.2 Pim-1 and Pim-2
kinases have been overexpressed in a variety of human hematopoi-
etic malignances such as myeloid or lymphoblastic leukemia and
different forms of lymphomas.3 In addition, the two kinases func-
tion in pathways distinct from/parallel to mTOR (a rapamycin tar-
get) in stimulated T cells, demonstrating an immunotherapeutical
implication.4 There is also evidence to show that Pim-1 may be in-
volved in prostate cancers thereby extending its role to solid tu-
mors.5 These findings suggest a potential role for small molecule
Pim-1 and/or Pim-2 inhibitors as anti-cancer agents. Recent re-
ports of X-ray co-crystal structures of an ATP analog and other
small molecule Pim-1 inhibitors bound to the active site of the
Pim-1 kinase6 may facilitate the drug discovery process.


Much of the interest in Pim kinases has been focused on biology
and structural biology aspects of the targets. Here, we report our
medicinal chemistry efforts leading to a novel class of potent and
selective inhibitors against both Pim-1 and Pim-2 kinases. High-
throughput-screening (HTS) of internal compound collections
identified 1, a molecule containing an isoxazolo[3,4-b]quinoline-

All rights reserved.


: +1 847 935 5165.
g).

3,4(1H,9H)-dione core, as a potent inhibitor for Pim-1
(Ki = 21.8 nM) and Pim-2 (Ki = 174 nM) kinases. This paper will dis-
close the general synthesis, preliminary structure–activity-rela-
tionships (SAR) studies, and the molecular modeling of this class
of compounds. A key finding was that, as postulated initially, a
suitable substitute at R1 could establish an important hydrogen
bond interaction with the hinge region of the active site motif of
the Pim-1 kinase and lead to higher potency.
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The synthesis of compounds with R2 variations (1, 6–8) is shown in


Scheme 1. The commercially available bis-fluoro compound 2 was
treated with NaH and carbonic acid diethyl ester to give 3. The eno-
late of 3 underwent nucleophilic addition to an alkyl isothiocyanate
followed by methylsulfanylation led to intermediate 4. Upon de-
protonation, the amino group of 4 replaced the neighbouring fluoro
on the benzene ring to furnish the quinolinone. Subsequent sulfiny-
lation using mCPBA resulted in 5. The isoxazolone ring of the final
products was formed upon treatment of 5 with hydroxylamine.
The analogs with R3 variations (9-13, Scheme 2) were synthesized
conveniently from 5 (where R2 = ethyl) in the presence of an N-alkyl
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Figure 1. Model of 1 (green carbon atoms) in Pim-1 kinase (orange carbon atoms).
The outline of the active site is shown as an orange surface. The 3-D structure of 1
was energy minimized (CFF force field, InsightII software, Accelrys, San Diego, CA)
and manually docked into the crystal structure of Pim-1 kinase (PDB code: 1YI3) so
as to optimize the Van der Waals contact with the hinge residues Glu 121 and Pro
123 and make H-bonds with Lys 67 and a conserved water molecule (Wat 21 in
1YI3, Ref. 6b; Wat 17 in 1YXV, Ref. 6c; Wat 64 in 2OBJ, Ref. 6e). Other orientations
were considered, but were observed to have sub-optimal H-bond or VdW
interactions. Hydrogen bond distances between heavy atoms are indicated in
Angstroms. The structure of AMP-PNP (1YXT) is shown in white for reference.


Table 1
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hydroxylamine. It is noteworthy that N-methyl hydroxylamine gave
a 1:1 mixture of the N–O regio-isomers7 even though only the
structure of the desired isomer 9 is shown in Scheme 2. The mixture
was difficult to separate and thus was tested in the assay without
separation. Compound 13 was derived from de-benzylation of 12
using iodotrimethylsilane.


Scheme 3 outlines the synthesis of compounds 18 and 19. 2-
Chloro-4-fluoro-1-methoxy-benzene 14 was brominated to give
15, which was in turn acylated via a Heck coupling to afford 16 fol-
lowing literature procedures.8 Compound 16 was converted into
18 utilizing the same protocols as described in Scheme 1. De-meth-
ylation of 18 in the presence of AlCl3 provided the hydroxy-bearing
inhibitor 19.


X-ray co-crystal structures of the ATP analog AMP-PNP (50aden-
ylyl-b, c-imidodiphosphate)6a or small molecule Pim-1 inhibitors
bound to the active site of Pim-1 kinase have been reported re-
cently.6 When the HTS hit 1 was docked into the AMP-PNP co-crys-
tal structure (Fig. 1), it was notable that it lacked any strong
hydrogen bonding to the backbone carbonyl of Glu121 in the hinge
region. The interaction between the ligand and the protein was in-
stead anchored by a hydrogen bond between the carbonyl of the
isoxazolone and the charged amino group of Lys67 (distance was
about 3.0 Å). The oxygen on the quinolinone moiety of the inhibi-
tor also bound to Lys67 via a water molecule. This phenomenon
was observed with other Pim-1 inhibitors.6b,6e The region occupied
by R2 is exposed to the solvent front. Consequently, the modifica-
tions at R2 with bulkier and longer alkyl groups did not alter the
Ki value significantly (see Table 1, 1 vs 6, 7, and 8). The R3 group
projects toward the Gly-rich loop of the active site and is in close
proximity to the sidechain of Phe49 and the mainchain of Gly45.
These residues limit the steric size of the R3 group that can be tol-
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Scheme 2. Reagents and conditions: (i) R3-NHOH, NaOAc, THF, H2O, 7–26%; (ii)
Me3SiI, ClCH2CH2Cl, 32%.


Inhibitory activities10 against Pim-1 and Pim-2 kinases


Compound Pim-1 Ki (nM)a Pim-2 Ki (nM)a


1 21.8 174
6 12.3 62.8
7 15.0 165
8 36.5 558
9b 50.1 >1424
10 1271 >1424
11 271 >1424
12 4894 >1424
13 1162 >1424
18 2698 >1424
19 2.5 43.5


a Values are the mean of at least two measurements (except 12, n = 1).
b 1:1 mixture of two regio-isomers.







Table 2
Kinase selectivity profile of 19


Kinase Ki (lM)a Kinase Ki (lM)


Pim-1 0.0063 CTAK1 >6.67
Src >1.94 Casein2 1.07
Zipk 0.0273 Gsk3a 1.11
Cdc2 >8.91 MARK >8.44
Cdk2 >8.57 PKA >7.50
AMPK 1.73 PKCd >8.89
Akt1 >8.21 PKC c >8.75
Aurora1 >6.88 PKCn >8.33
Aurora2 >6.67 Plk1 >8.89
Chk1 >8.78 Rock1 >9.11
Chk2 >9.52 Rock2 >7.50


a 6-point screening format.11
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erated. Replacing the proton at R3 of compound 1 with an alkyl
species larger than a methyl resulted in inhibitors with at least
12-fold less potency against Pim-1 (see Table 1, 9 to 13) and also
with less activity against Pim-2. The methylated inhibitor 9 was as-
sayed as a mixture (�1:1) of two regio-isomers.7 Since 9 was only
slightly less active than 1 (Pim-1 Ki: 50.1 nM vs 21.8 nM) it does
not appear that methylation had much impact electronically on
the H-bond between the carbonyl of the isoxazolone and Lys67.
In addition, neither isomer by itself would be significantly more
potent than 1. However, 9 did suffer a loss of potency against
Pim-2.


In order to take advantage of a potential hydrogen bond between
the ligand and the hinge region of Pim-1 kinase, the fluoro group on
the benzene ring of 1 was replaced with a hydroxyl. As shown in
Fig. 2, the hydroxyl group on inhibitor 19 can donate an H-bond to
Glu121 O with a desirable distance of 3.0 Å. The impact of this
designed hydrogen bond on affinity was uncertain because of the
complicated energetics of solvation/desolvation of ligand, protein,
and protein-ligand complex.9 Additionally, any lone-pair repulsion
between the fluoro group of 1 and Glu121 O would presumably be
eliminated in 19 and could also be a factor in any potency change.
Without a clear prediction from this complex interplay of molecular
forces, we were able to evaluate compound 19 and found that its hy-
droxy improved the Ki value (Pim-1) of 19 over 1 by about 8 fold
(2.5 nM vs 21.8 nM, Table 1). Compound 19 also displayed higher po-
tency against Pim-2 as compared to 1 (43.5 nM vs 174 nM). The
importance of the hydroxyl group on 19 was further demonstrated
by inhibitor 18 where the hydroxyl was replaced by a methoxy,
showing much reduced activities against both Pim-1 and Pim-2
(2698 nM and >1424 nM, respectively, Table 1). Compound 19 was
assayed in a panel of 22 serine/threonine kinases (Table 2) and dis-
played an activity profile with a high degree of selectivity. As com-
pared to its potent inhibitory activity against Pim-1 (6.3 nM in this
assay format), this molecule was weak against all other kinases
tested (Ki values at least over 1 lM) except Zipk (Ki = 27.3 nM).


In conclusion, guided by molecular modeling and known X-ray
co-crystal structures, we have carried out a concise SAR study fol-
lowing an HTS hit (1) and demonstrated that compounds with a
novel isoxazolo[3,4-b]quinoline-3,4(1H,9H)-dione core can serve
as potent inhibitors for Pim-1 and Pim-2 kinases. The R2 position
of the tricyclic core can tolerate various alkyl groups due to the
availability of space in the kinase active site. At R3 only a small
group, such as a proton or a methyl, can maintain the inhibitory
activity of the molecules. Installing a hydroxyl group on the ben-
zene ring (replacing F on 1) of the core has the potential to form
an optimal H-bond interaction to the hinge region of the binding

Figure 2. Model of 19 in Pim-1 kinase with similar protein interactions as 1 (Fig. 1)
with the designed hydrogen bond to the backbone carbonyl of Glu 123.

pocket and thus resulted in a more potent inhibitor, 19, with Ki val-
ues at 2.5 and 43.5 nM against Pim-1 and Pim-2, respectively.
Compound 19 also exhibited a high degree of selectivity against
other serine/threonine kinases.
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The discovery of a series of small molecule a4b2 nAChR potentiators is reported. The structure–activity
relationship leads to potent compounds selective against nAChRs including a3b2 and a3b4 and opti-
mized for CNS penetrance. Compounds increased currents through recombinant a4b2 nAChRs, yet did
not compete for binding with the orthosteric ligand cytisine. High potency and efficacy on the rat channel
combined with good PK properties will allow testing of the a4b2 potentiator mechanism in animal
models of disease.
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Expression of genes encoding nicotinic acetylcholine receptors
(nAChRs) is widespread, particularly in the nervous system,
where such receptors mediate the psychoactive effects of
nicotine.1 Nineteen separate genes encoding individual nAChR
subunits are known, and individual subunits form acetylcholine-
or nicotine-gated ion channels in combinations that are not fully
understood. Genes a2–a10 and b2–b4 encode nicotinic receptor
subunits expressed in the nervous system; the heteromeric a4b2
receptor is the subtype most widely expressed in brain.2 Much
effort has gone into making ligands that activate individual nic-
otinic receptor subtypes, particularly the a4b2 and a7 receptors,
in an effort to increase the therapeutic window of nicotine for
diseases including Parkinson’s, chronic pain, attention deficit/
hyperactivity disorder, and schizophrenia.3 The most common
off-target liability of nAChR agonists is the activity on a3-con-
taining nicotinic receptors that govern synaptic transmission in
autonomic ganglia that may mediate emesis.4 It has been partic-
ularly difficult to engineer agonists with functional selectivity for
a4b2, since the nicotinic receptor orthosteric site is highly

ll rights reserved.


ent of Medicinal Chemistry,
bridge, MA 02139, USA. Tel.:


a.com (B.K. Albrecht).

conserved amongst the various subtypes.5,6 Accordingly, we
searched for positive modulators of a4b2, in hopes of finding
compounds that would potentiate the receptor and be selective
against off-target nAChRs. In theory, positive modulators should
increase receptor opening only in the presence of acetylcholine,
the physiological stimulus, and so avoid potential problems such
as receptor up-regulation and/or desensitization associated with
continual exposure to agonist.


Herein, we report the discovery and optimization of a series of
selective CNS-penetrant piperidines useful for pharmacological
profiling.7


A high-throughput screening effort was performed with recom-
binant human nAChRs7 using a cell-based functional assay. Com-
pounds were assessed at 10 lM for their ability to increase the
fluorescent response to EC12 of nicotine. Potentiators were fol-
lowed up with a dose–response analysis and both EC50 and the
peak activity compared to the maximum possible response from
nicotine (% efficacy) were recorded. From this campaign, piperidine
amide 1 was identified as a moderate potentiator of a4b2 nAChR
with exquisite selectivity relative to a3-containing nAChRs
(Fig. 1).


The initial SAR studies were focused on simple modifications to
piperidine amide 1. We met little success on improving either the
potency or efficacy of piperidine amide 1 by modifying the piperi-
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Figure 1. Lead identified from HTS screen. aMeasurement of test compound to
potentiate a submaximal response to nicotine (EC12). Average of n P 2. bAs
compared to maximal nicotine response.
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Scheme 1. Reagents and conditions: (a) n-BuLi, THF, �78 �C, 15 min; then DMF,
30 min; (b) Bestmann–Ohira Reagent, K2CO3, MeOH, 12 h; (c) i—hydroxylamine
hydrochloride, KOAc, MeOH; ii—NCS, DMF, 40 �C, 30 min; (d) i—5, KHCO3, EtOAc,
60 �C, 12h; ii—TFA, CH2Cl2, rt, 30 min.
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dine ring, the isoxazole portion or the right-side aryl ring.8 Next,
we hypothesized that constraining the amide into a ring system
might be advantageous. To this end, pyrazole piperidine 2a main-
tained similar efficacy to our HTS hit with a 3-fold improvement in
potency and a similar selectivity profile (Fig. 2). It was determined
that pyrazole piperidine 2a was effective at crossing the blood–
brain barrier with a brain to plasma ratio of >10. In addition, 2a
had an efflux ratio in MDR1-LLC-PK1 cells of 3.9 With our initial
lead capable of entering the CNS, vida infra, it was decided to focus
our efforts on lead optimization.


The synthesis of piperidine 2a and similar analogs is outlined in
Scheme 1. N-Boc-piperidine pyrazole bromides 3 were prepared
according to the literature precedent (Scheme 1).10 Attempts at
installing an acetylenic group utilizing Sonogashira conditions
were met with low yields. Alternatively, bromide 3 was treated
with n-BuLi followed by a DMF quench to afford aldehyde 4, which
was converted to the corresponding alkyne 5 with the Bestmann–
Ohira reagent.11 Concurrently, aldehydes 6 was converted to the
corresponding oximes and then treated with NCS to provide the
requisite N-hydroxyimidoyl chlorides 7. Finally, in situ formation
of the nitrileoxides 7 and 1,3-dipolar cycloaddition onto alkynes
5 followed by deprotection provided analogs 2.


The structure–activity relationship of the right-hand aryl por-
tion of 2 is outlined in Table 1. The ortho-chloro substituent greatly
enhances a4b2 nAChR potentiation in this series of compounds, as
the unsubstituted phenyl compounds 2c/d lost significant activity.
Although the combination of Cl and F substitution was tolerated
(2e–i), the 2,6-relationship was ideal (2e/f). The phenyl bioisoster-
es 3-Cl-4-pyridyl 2j and 2-Cl-3-thienyl 2k have similar potencies to
the corresponding 2-Cl phenyl analog 2a. The 2,6-dichloro substi-
tution had a detrimental effect (2l vs 2e). Neither the aliphatic
methyl 2o nor cyclohexyl 2p were tolerated by the receptor. Since
the pyrazole ring mimicked the amide bond we hypothesized that
adding a methyl group on the pyrazole ring might give a boost in
potency. Much to our satisfaction a 6- to 8-fold increase in potency
was observed upon installation of a methyl group onto the pyra-
zole as seen in examples 2b/d.

HN
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N
N


EC50


a (µM) % Efficacy a, b


hα4β2 0.12 38 
hα3β2 >100 - 
hα3β4 >100 - 


Figure 2. Replacement of amide with pyrazole. a,bSee Fig. 1 caption.

Next, our efforts were focused on replacing the pyrazole
with other heterocyles. This chemistry is outlined in Scheme
2. Treatment of heterocyclic aldehydes 8 under Bestmann–
Ohira conditions afforded the corresponding alkynes 9
(Scheme 2). 1,3-Dipolar cycloaddition of benzonitrile oxides
onto alkyne 9 yielded isoxazoles 10. Either halogen–metal
exchange or direct deprotonation with n-BuLi at the 2-position
of the thiazole and imidazole, respectively, followed by
quenching of the anion with N-Boc-4-piperidinone afforded
tertiary alcohols 11. The resulting alcohols could either be
converted to a fluorine atom with DAST or eliminated with
Martin sulfurane followed by reduction of the double bond
to yield analogs 12.


The SAR revealed that both thiazole and imidazole were com-
petent replacements for the pyrazole portion of the molecule
(12a/b; Table 2). When compared to 2a, thiazole 12a was 4-fold
more potent and almost 2-fold more efficacious. In a manner
similar to the pyrazole, addition of alkyl groups onto the imidaz-
ole gave a marked improvement in potency. Increasing the alkyl
group size from methyl (12b) to ethyl (12c) resulted in a 4-fold
increase in potency to low single digit nM. In the imidazole ser-
ies, it was determined that analogs 12b/c were substrates for
Pgp (MDR1-LLC-PK1efflux ratios >10). In an effort to reduce
amine basicity and thus decrease the efflux propensity, 4-F
piperidines were prepared.12 Both fluoropiperidines 12d/e were
potent analogs that had reduced Pgp liabilities (MDR1-LLC-
PK1efflux ratios �1).


Analog 2b was further evaluated in several in vitro assays. It
was determined that 2b at concentrations P30 lM did not dis-
place the known agonist 3H-cytisine from the orthosteric site
of ha4b2 in a binding assay, thereby confirming a different bind-
ing mode than traditional agonists. Compound 2b was highly
selective for the ha4b2 nAChR, with EC50 > 100 lM against
ha3b2, ha3b4, ha7, and the nAChR of embryonic human muscle
receptor. Compound 2b was tested against the rat a4b2 clone
and shown to have an EC50 = 0.020 lM in a functional fluores-
cence assay.


Finally, it was confirmed with whole-cell patch–clamp elec-
trophysiology using a fast-flow perfusion system that 2b is an
effective potentiator of ra4b2 under physiological ionic condi-
tions and with the physiological ligand acetylcholine (Fig. 3).
Taken together with the above EC50 data, this activity on the
rat receptor will allow for future pharmacological
profiling.


Representative examples from the pyrazole, thiazole, and
imidazole scaffolds were studied in a pharmacokinetic study to
ensure CNS-penetration. Male Sprague–Dawley rats were treated







Table 1
Right-hand aryl portion SAR against ha4b2 nAChR
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a See Fig. 1 caption.


Table 2
SAR of pyrazole replacements


Compound Structure EC50
a (lM) % Efficacya
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a See Fig. 1 caption.
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Scheme 2. Reagents and conditions: (a) Bestmann–Ohira Reagent, K2CO3, MeOH,
12 h; (b) benzoyl chloride oxime, KHCO3, EtOAc, 60 �C, 12 h; (c) n-BuLi, THF, �78 �C,
15 min, N-Boc-4-piperidinone; (d) DAST, CH2Cl2, 0 �C; (e) i—Martin sulfurane,
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Figure 3. Currents evoked by 1 lM acetylcholine (black) and by 1 lM acetylcholine
after a 10 s application of 0.1 lM 2b (red), recorded with whole-cell patch–clamp
electrophysiology from a HEK-293 cell expressing ra4b2 nAChRs. Holding voltage
was �80 mV. Solid bar marks the time of application of acetylcholine. 0.1 lM 2b
alone evoked no inward currents.


Table 3
CNS-penetration of select compounds


Compound Concentration (lM)


Plasma Brain CSF


2b 0.61 5.2 0.13
12a 0.30 8.5 0.021
12e 0.60 6.5 0.029


Concentrations assessed at 1 h post ip injection of 5 mg/kg test compound in DMSO.
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with test compound at 5 mg/kg via ip injection. At one hour
time point, animals were sacrificed. Plasma, brain, and CSF sam-
ples were collected and analyzed for drug concentrations (Table
3). Each of the compounds tested had significant CNS-penetra-
tion and CSF concentrations consistent with in vitro protein
binding and free fraction.
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In summary, a series of potent and selective small molecule
ha4b2 nAChR potentiators have been reported. These compounds
show excellent CNS-penetration and good activity against the hu-
man and rat a4b2 nAChR clone. A lead series with good CNS proper-
ties has allowed for testing of the potentiator mechanism in animal
models of disease, studies that will be reported in due course.
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Tacrine based reversible inhibitors of cholinesterases (ChEIs) containing peptidic tethers were synthe-
sized to interact with specific regions at the gorge level, and their potency was determined with human
(h) acetylcholinesterase and butyrylcholinesterase. Analogues 3i,j and 3l,m were identified as promising
hits and may pave the way for the development of a new series of tacrine based enzyme selective hChEIs.


� 2008 Elsevier Ltd. All rights reserved.
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Alzheimer’s disease (AD) is the most common form of neurode-
generative dementia among older people, it is associated with a loss
of basal forebrain cholinergic neurons (particularly in neocortex,
hippocampus, and amygdala), with a consequent lack of acetylcho-
line (ACh) around brain cells showing degenerative changes.
Cholinesterases (ChEs) (acetylcholinesterase (AChE) and butyrylch-
olinesterase (BuChE)) are ACh hydrolyzing enzymes and their inhibi-
tion represents the currently employed approach for the treatment
of AD. AChE inhibitors (AChEIs) used to treat AD patients at present
are donepezil, rivastigmine and galantamine, while tacrine (1, Fig. 1)
was the first AChE inhibitor introduced in therapy.


While AChE has a well established ‘classical’ esterase activity, the
physiologic role of BuChE is still controversial. However, BuChE may
have a compensatory role in the hydrolysis of ACh in brains with
degenerative changes, thus making it an additional target for
increasing the cholinergic tone in AD patients affected by severe
symptoms.1–5 This raised the hypothesis that inhibitory action on
both enzymes could lead to an improved therapeutic benefit.4–6


AChE and BuChE are multifunctional enzymes characterized by
their classical esterase activity, and by non-classical functions that

ll rights reserved.
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are unrelated to their hydrolytic function (e.g., modulation of glial
activation, participation in haematopoiesis, neuritic outgrowth, tau
phosphorylation, adhesion protein-like activity, and promotion of
amyloid-b aggregation).7 All these actions involve the peripheral
anionic site (PAS) or other AChE surface sites8 and are related to
specific protein conformations, sensitive to the concentration of
metal ions.9–13 Consequently, ChEIs may possibly have a variety
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Table 1
Dissociation constants for the inhibition of hAChE and hBuChE by tacrine-related
compounds 3a–m and reference compounds


Compound Structurea Ki
b (nM) (±SEM)


hAChE hBChE


3a


THA
HN


O


O


NH2H
N 1908 (63) 708 (44)


3b


THA
HN


O


O


NHH
N


Me


6320 (610) 1198 (53)


3c


THA
HN


O


O


NH2H
N 11190 (424) 252 (90)


3d


THA
HN


O


O


H
N


HN
4130 (202) 580 (50)


3e


THA
HN


O


O


NH2H
N


NH


2214 (414) 251 (14)


3f


THA
HN


O


O


NHH
N


NHMe


3330 (235) 1764 (31)


3g


THA
HN


O


O


HNH
N


NH


( )2


Boc


7970 (1520) 443 (27)


3h


THA
HN


O


O


NH2H
N


NH


( )2
34030 (8160) 173 (55)


3i


THA
HN


O


HNH
N


NHBoc


130 (20) 1.87 (0.13)


3j


THA
HN


O


NH2H
N


NH


280 (30) 1.33 (0.10)


3k THA
H
N


H
N


ONH


O
NHBoc


( )2


( )2


H
NTHA


15.40 (1.43) 12.63 (0.74)


3l THA
H
N


H
N


ONH


O
NH2


( )2


( )2


H
N


THA


6.21 (0.15) 25.15 (2.45)
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of effects in the CNS, modulating classical and non-classical func-
tions of the enzymes. The array of protein conformations present
in different structural/functional forms of these enzymes suggests
the existence of a high degree of flexibility in ChEs structure, and
coherently, multiple AChE motions have been demonstrated.14


Very recently we uncovered specific hot spots at the gorge level
of both enzymes, and extremely potent tacrine-based heterobiva-
lent ligands were identified through binding to multiple interac-
tion sites in human (h) AChE and BuChE.15


The relationship between fluctuation in AChE structure and
function has been the subject of intense research7,16 and confirms
a mutual allosteric modulation between the catalytic site (CAS)
and the PAS through the mid-gorge amino acid residues.


A promising strategy for interfering with biological processes is
through the control of intra- and inter-protein interactions by
means of small molecules.17 We recently proposed an integrated
approach to the rational design of small molecule enzyme modula-
tors based on the control of protein–protein interactions between
ChE substructures (i.e., hot spots) to design novel and extremely
potent hChEIs.16 An in depth study of the amino acid composition
of the gorge of AChE drove the rational modification of the tether of
the bis-tacrine derivative 2 (Fig. 1) demonstrating that the tether is
crucial for potency and selectivity.16


We herein report the synthesis of a series of tacrine based
hChEIs (3a–m, Fig. 1 and Table 1) possessing a peptidic tether
and one or two tacrine moieties.18 The natural or unnatural L-ami-
no acid chosen to ‘span’ the gorge were hydrophobic in nature
when coupled to a tacrine monomer (3a–j), or chosen on the basis
of flexibility and adaptability to the gorge, when linked to two ta-
crine units as in 3k–m, (L-glutamate for 3k–l and L-proline for 3m).
While these compounds were being investigated, similar ap-
proaches were published by other authors.19,20


For the synthesis of compounds 3a–h (Scheme 1), tacrine (1)
was reacted with the appropriate acid chloride to afford deriva-
tives 4a,b. Treatment of 4a with sodium azide followed by hydrog-
enolysis furnished the 1-aminoacetamido compound 5, the key
intermediate for the synthesis of compounds 3a–f. Compound 5
was coupled with protected amino acids and the resulting interme-
diates, after cleavage of the protecting group, afforded the desired
final compounds. Zinc chloride and sodium borohydride reduction
of the cyano group of 4b, in the presence of Boc anhydride, pro-
vided the 3-aminoprotected propionamide 6. Deprotection of 6,
and coupling with L-BocTrpOH afforded 3g from which 3h was ob-
tained after exposure to hydrochloric acid.


Reaction of 9-chlorotetrahydroacridine 7 (Scheme 2) with the
appropriate diamines, afforded 8a,b. Compound 8a21 was synthe-
sized by applying a new, highly yielding (77%), microwave alkyl-
ation protocol, while 8b was prepared as previously described.22


Compounds 3i,k were obtained by coupling suitable amino acids
to 8a. Deprotection of 3i,k gave the final compounds 3j,l. By a mod-
ification of the literature protocol,23 9-chlorotetrahydroacridine 7
was reacted with ethanolamine and the corresponding alcohol
was efficiently brominated to 9. In order to synthesize 3m, com-
pound 10, obtained by coupling of L-BocPro-OH with 8b, was alkyl-
ated with the bromo-derivative 9.


The inhibitory activity of the new tacrine-related compounds
was evaluated using purified recombinant hAChE and hBuChE.24,16


Results are reported in Table 1. The mono-tacrine derivatives 3a–h
and 3i,j show in general a preference for hBuChE. Compounds 3a–
h, lacking a basic tacrine nitrogen, one of the key determinant for
potency, proved to be weak inhibitors of hAChE. In particular com-
pounds 3a–f, where a glycine unit was used to space aromatic L-
amino acids from the tacrine moiety, exhibited a micromolar affin-
ity for hAChE, and submicromolar for hBuChE. Compounds 3a,b







Table 1 (continued)


Compound Structurea Ki
b (nM) (±SEM)
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a THA, 1,2,3,4-tetrahydroacridin-9-yl.
b Ki (nM) is the mean of at least three determinations.
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differ for the presence of a methyl group on the pendant basic
nitrogen which reduced hAChE potency of three times (3a vs 3b)
while hBuChE was less sensitive to the steric hindrance provided
by the methylamino group, according to its gorge larger void (6
of the 14 aromatic residues (Y72, Y124, W286, F295, F297 and
Y337) of the hAChE gorge are replaced by aliphatic residues

(N68, Q119, A277, L286, V288, and A328) in hBuChE).15a The intro-
duction of an extra fused phenyl ring (3c) dramatically affected
hAChE inhibition while hBuChE inhibitory activity was increased
by almost three times (3a vs 3c). For the conformationally con-
strained derivative 3d (3d vs 3b) the same trend of activity was ob-
served, being 3d two times more potent at hBuChE than 3b. In the
L-tryptophan series tethered by glycine (3e,f), the activity of the
analogue 3e was similar to that of 3a on hAChE, but it was about
three times more potent on hBuChE (3e vs 3a). While on this latter
enzyme 3e showed a potency similar to that of the naphtyl deriv-
ative 3c, it proved to be five times more potent against hAChE. In
this case, N-methylation of the tryptophan primary amino group
moderately affected hAChE activity but significantly reduced
hBuChE inhibitory potency. The homologation of 3e, using beta ala-
nine in place of glycine at the tether level, provided a subset of ana-
logues (3g,h) which were in general much more selective for
hBuChE. In particular 3h, bearing the unprotected protonatable
function, provided the best hAChE/hBuChE ratio for the subset
(3h, hAChE/hBuChE ratio = 197). In a similar extent, tert-butyl car-
bamolylation of 3h (3g), increased affinity for hAChE and reduced
potency on hBuChE. Considering the larger void of hBuChE this
data is apparently discordant with the amino acid composition
and with the physico-chemical properties of the two enzymes that
are due to structural differences in the active site gorge of the two
enzymes, leading to a lower electrostatic gradient and a larger void
in hBuChE.25


Substantial improvement of hChE inhibitory activity was ob-
tained with analogues 3i and 3j endowed with (i) a more flexible
tether, and (ii) a protonatable function at the tacrine level, key
determinants for potency improvement. Indeed 3i and 3j showed
hAChE inhibitory potency in the high nanomolar range and dis-
played excellent hBuChE inhibitory properties (3j hAChE/hBuChE
ratio = 210). Indeed 3j was the more potent and selective hBuChE
inhibitor of the series.


We therefore synthesized bis-tacrine analogues in which two
flexible ethylamino moieties were coupled with L-glutamate
(3k,l), reaching a tether length of 11 atoms (improving also tether
flexibility) and introducing a protonatable function at the tether le-
vel to optimally bind the three interaction points at the gorge level
(CAS, mid-gorge and PAS).15 While the protected analogue 3k,
which lacks the protonatable glutamate function, showed a similar
nanomolar potency at both enzymes, the deprotected analogue 3l
proved to be more potent at hAChE with respect to hBuChE, in
agreement with the electrostatic gradient of the gorge of the two
enzymes. High potency for hChEs was also found for 3m in which
the x-glutamate ethylamido moiety of 3l was replaced by an L-pro-
linepentylamide (3m).


In summary, we described herein the synthesis and biological
evaluation of tacrine based hChEIs containing specific peptidic
tethers the modification of which determines a substantial modu-
lation of hChEs inhibitory activity. The low potency of glycine con-
taining compounds and beta alanine derivatives (3a–h) was highly
improved enhancing tether length and flexibility. This work al-
lowed the identification of compounds 3i and 3j as the more potent
and selective hBuChE inhibitors of the series, demonstrating the
key role played by the protonatable tacrine moiety. Furthermore
the three interaction point bis-tacrine derivatives 3k–m proved
to be potent hChEIs as well.
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An efficient heterobifunctional reagent, N-(3-triethoxysilylpropyl)-4-(isothiocyanatomethyl)cyclohex-
ane-1-carboxamide (TPICC) has been developed by a simple ‘two step reaction’ for the preparation of bio-
conjugates and immobilization of biomolecules such as oligonucleotides, peptides and proteins on the
glass surface. The isothiocyanate functionality at one end of the reagent, TPICC was found specific for
the ligands having either aminoalkyl (RNH2) or me]rcaptoalkyl (R-SH) functionality. The synthesis of bio-
conjugates with the reagent was achieved through its isothiocyanate functionality at one end via the for-
mation of stable thiourea linkage with aminoalkyl and dithiocarbamate linkage with mercaptoalkyl
derivatives. The triethoxysilyl functionality of the reagent has been utilized for specific coupling with
the virgin glass surface by a very simple methodology.


� 2008 Elsevier Ltd. All rights reserved.

Nucleic acids based detection and quantification methods play
an important role in the medical diagnostics and drug discovery.
The development of reliable, fast and inexpensive detection meth-
ods is important. The measurement of nucleic acid hybridization
under heterogeneous condition provides a variety of advantages
such convenience, real time and accurate quantification for diverse
applications. Recently, microarray technology (biochip) due to its
high flexibility and versatility has emerged as an indispensable
promising tool for gene discovery1, genome analysis,2 medical
diagnostics for genetic diseases,3 detection of single nucleotide
polymorphism,4 nucleic acid–ligand interaction,5 DNA sequencing
by hybridization6 and DNA computing.7


Two well established methodologies are available for construc-
tion of microarrays. The first methodology8 involves the direct on
surface synthesis (in situ) whereas the second9 one, popularly
known as ‘deposition method’ involves the immobilization of pre-
fabricated modified biomolecules with either covalent10–13 or non-
covalent14 bond formation on the surface. The later method utilizes
‘spotting technique’ and is more popular to construct low to med-
ium density microarrays on account of added advantages such as
affordability and flexibility. The microarrays constructed through
deposition method is also useful in the fact that modified/unmod-
ified biomolecules prepared chemically or enzymatically can be
fully purified and characterized prior to immobilization by spotting
method.

ll rights reserved.


04; fax: +91 0542 2368127/


isra).

The construction of quality microarrays requires a suitable
chemical method for functionalization of the surface to facilitate
an efficient and unperturbed immobilization of biomolecules with
a well defined stable and specific architecture. Heterobifunctional
reagents which contain two different reactive functional groups at
either ends have been extensively used as a cross-linking reagents
and have also gained importance for surface immobilization and
pattering of biomolecules on various kind of solid supports.15–23


Recently, glass/silicon surfaces especially, glass microslide has been
used extensively in microarray technology for construction of oligo-
nucleotide, peptide, protein and other biomolecules microarrays.
The application of microslides is attributable to ease of modification
by silane chemistry, low intrinsic fluorescence, homogeneous sur-
face, resistance to heat, favorable optical properties for sensitive
fluorescence imaging and cost effectiveness.


The morphology of the constructed quality microarrays basi-
cally depends upon the nature of surfaces selected as well as on
employed chemical methods. Generally, solid surface is first, acti-
vated through a chemical method using suitable reagents/activa-
tors, to make surface functional/reactive corresponding to the
respective modified biomolecules. The functional groups on the
surface generated can be of either electrophilic nature such as
aldehyde, epoxy, isocyanate, isothiocyanate, N-hydroxy-
succinimide ester (NHS) or of nucleophilic nature such as semi-
carbazide and amino.22–24 Electrophilic nature of surfaces are
found highly reactive to amino, thiol and hydroxyl reactive func-
tional groups and can be used potentially for efficient covalent
immobilization of different classes of compounds such as oligonu-
cleotides, peptides and proteins under milder and ambient reaction
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conditions. A large number of combinations, including different
functional group containing surfaces and biomolecules have been
in practice and most of them popularly include maleimide-
thiol,25,26 alkyne-azide,27 hydrazide-aldehyde,28 aminooxy-alde-
hyde,20 epoxy-glycol,23,29 gold-thiol, isothiocyanate-amino,22 etc.
Recently, a trifluoroethanesulphonate ester approach, using hete-
robifunctional reagent N-(2-trifluoroethanesulfonatoethyl)-N-tri-
ethoxysilylpropyl-3-amine (NTMTA) has been reported30 to
immobilize and construct microarrays of amino and mercaptoalkyl
derivative of biomolecules (e.g., oligonucleotides). Consequently,
the design and development of an alternative chemical approach
for immobilization of aminoalkyl/mercaptoalkyl modified biomol-
ecules on the solid surface, such as glass/silicon is significantly
important and still elusive in the area of microarray technology.


Here, we describe the design and synthesis of a new heterobi-
functional reagent N-(3-triethoxysilylpropyl)-4-(isothiocyanatom-
ethyl)cyclohexane-1-carboxamide (TPICC) with some
modification in our previously reported thiol specific reagent31 to
generate isothiocyanate functionality. The applicability of the re-
agent on the glass beads and microslides has been tested for the
immobilization of aminoalkyl/mercaptoalkyl functional group con-
taining ligands and biomolecules such as oligonucleotides and
smaller peptides.


The reagent was synthesized at room temperature by stirring
suspension of trans-4-(aminomethyl)cyclohexane carboxylic acid
hydrochloride, 1 (1.5 mmol) in THF (15 ml), N-hydroxysuccinimide
(NHS) (2.0 mmol) and dicylohexylcarbodiimide (DCC) (1.2 mmol)
for 2 h under argon atmosphere (Scheme 1). After the completion
of reaction (monitored on TLC), the reaction mixture was kept at
0 �C for 1 h to precipitate out dicyclohexylurea as a byproduct
and concentrated in vacuum to leave a solid which was redis-
solved, filtered (three times to remove further dicyclohexylurea)
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Scheme 1. Synthesis of heterobifunctional reagent TPICC. Reagents and conditio
dicyclohexylcarbodiimide (DCC)/dimethylformamide (DMF); (ii) CS2/TEA/Tosyl chloride/

and dried to get NHS ester of trans-4-(aminomethyl)cyclohexane
carboxylic acid hydrochloride in 71% yield. Finally, the NHS ester
of trans-4-(aminomethyl)cyclohexane carboxylic acid hydrochlo-
ride was taken in anhydrous DMF (10 ml) and kept in an ice-bath,
filtered and to the filtrate, 3-aminopropyltriethoxy silane (APTS)
(1.6 mmol) and triethylamine (TEA) (1.1 mmol) were added drop-
wise with continuous stirring for 1 h. The reaction mixture was al-
lowed to come at room temperature and left for overnight stirring.
After the completion of reaction, (monitored on TLC) solvents were
evaporated in vacuum. The crude product was taken in hexane/
petroleum ether and washed comprehensively (3 times) with 3%
NaHCO3 solution (25 ml), containing triethylamine (TEA). The or-
ganic layer was pooled and evaporated to dryness to afford N-(3-
triethoxysilylpropyl)-4-(aminomethyl) cyclohexane-1-carboxam-
ide, 2 in 75% yield. The hydrochloride salt of unreacted amino acid,
N-hydroxysuccinimide and triethylamine hydrochloride were re-
moved in washing step and subsequently amino functionality be-
come free for further reaction.


Compound 2 (1 equiv) and TEA (4 equiv) were taken in THF
(10 ml), cooled to 0 �C and CS2 (1.5 equiv) was added dropwise
(2 h) with continuous stirring. After complete addition, reaction
mixture was allowed to come at room temperature and tosyl chlo-
ride (1.5 equiv) was added and stirred the reaction mixture further
for 20–30 min to generate isothiocyanate functionality. The sol-
vents were evaporated in vacuum and to the crude product acidic
water (20 ml) was added. The desired product was extracted with
diethylether (3� 20 ml). The combined organic layer was dried
over anhydrous sodium sulphate, filtered and concentrated in vac-
uum. The desired reagent TPICC 3 was eluted with hexane by pass-
ing over short silica column as a semisolid mass in 82% yield.32


The proposed reagent was synthesized keeping in mind the
objective of a versatile heterobifunctional reagent, specific for ami-
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Figure 1. Time kinetics for aminoalkyl (1) and mercaptoalkyl (2) ligands, respec-
tively, to know optimum time requirement for immobilize biomolecules on the
glass surface (CPG 500Å), via both the alternating paths.
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noalkyl/mercaptoalkyl ligands and biomolecules through a
straightforward simple, cost effective and short chemical method-
ology. The stable isothiocyanate functionality of the reagent, TPICC
is expected to form stable thiourea/dithiocarbamate type of link-
ages with amino/thiol derivatives in aqueous and organic medium
at a suitable pH range 6.5–8.5. While on the other hand the pres-
ence of triethoxysilane group further, makes the reagent specific
for glass/silicon surfaces through the formation of stable silyl-ethe-
ral (–Si-O-Si–) linkages.


The time kinetics for the formation of conjugates in between
heterobifunctional reagent, TPICC and aminoalkyl/mercaptoalkyl
ligands was carried out alternatively as reported previously.31 In
first alternative (PATH-1), reagent TPICC was treated with glass
beads CPG 500 Å through its triethoxysilyl functionality and then
covalently conjugated separately with ligands, viz., DMTr-(CH2)6-
NH2 and DMTr-(CH2)6-SH in dimethylformamide (DMF) and 1.5%
TEA. In the second alternative (PATH-2), first reagent TPICC was
conjugated with both the ligands through their amino and thiol
functionality to form reagent–ligand conjugates or bioconjugates
with the formation of stable thiourea and dithiocarbamate link-
ages, respectively. The reagent–ligand conjugates so formed were
subsequently attached on to unmodified glass beads, CPG 500 Å
surface through its triethoxysilyl function. The progress of the
reaction was monitored by withdrawing the reaction vials after a
regular time intervals and after proper washing and drying steps,
weighed amount of support (1–2 mg) was treated with 3% trichlo-
roacetic acid (TCA) in 1,2-dichloroethane for 5 min.33 The loading
on support (Table 1) was estimated by spectrophotometric deter-
mination of DMTr cation released at 505 nm wavelength. A graph
was plotted between time (min) and loading (lmol/g) on the glass
beads support to estimate the extent of reaction and optimum time
requirement for complete chemical reaction of immobilization. For
the covalent bond formation between support and reagent TPICC,
or in between glass support and reagent–ligand conjugates the
reaction was allowed to proceed at 45 �C in an Eppendorf Ther-
momixer for 45–60 min.


From Figure 1 we observed that immobilization of merca-
ptoalkyl ligand on the support reached to saturation within
60 min with the formation of dithiocarbamate linkage while ami-
noalkyl ligand has taken much longer time (120 min), to complete
the reaction through the formation of thiourea linkage. These opti-
mum time periods were further utilized for the immobilization of
other biomolecules on the glass surface. The immobilization pro-
cess was found faster through dithiocarbamate approach however,
the extent of loading on the support (Table 1) was found greater in
case of thiourea approach. Further, as evident from kinetic data,
although the alternative paths are showing promising results how-
ever, comparatively, first alternative (PATH-1) in which reagent
TPICC was covalently attached with glass support, prior to immo-
bilization of aminoalkyl/mercaptoalkyl ligand, has been found
more favorable and feasible with greater extent of immobilization
of biomolecules. Thus, the reagent TPICC developed was found

Table 1
Immobilization of ligand and biomolecules using heterobifunctional reagent, TPICC


S.No. Ligand


1. SH-(CH2)6-ODMTr
2. H2N-(CH2)6-ODMTr
3. H2N-(Lys�Gly�bAla)-(CH2)5-ODMTr
4. HS-(Cys�Gly�bAla)-(CH2)5-ODMTr
5. H2N-(CH2)6OPO3-d(AAA AAAAAA AAA AAA)


6. HS-(CH2)6OPO3-d(AAA AAAAAA AAA AAA)


S, glass support (CPG 500Å and microslides); R, heterobifunctional reagent (TPICC). Valu

suitable for immobilization process on the glass support and can
be potentially useful for the immobilization of biomolecules on
the glass/silicon surfaces.


In order to test the potentiality of the newly developed hetero-
bifunctional reagent TPICC, derivatives of tripeptides having free
amino and thiol ends were prepared by coupling with the ligand
O-4,40-dimethoxytrityl-5-aminopentan-1-ol (DTAP) to bring dime-
thoxytrityl group at the other end.34 Tritylated (DMTr) smaller
peptides, dissolved in 1 M sodium borate buffer (pH 8.5) were sub-
jected to reaction conditions of PATH-1 and also for same time per-
iod to complete the immobilization process on glass beads. After
completion of reaction DMTr group was removed by treating glass
beads with 3% TCA in 1,2-dichloroethane and as mentioned above
loading was estimated in good yields (Table 1).


To validate further the current methodology of immobilization,
unmodified microslides were charged with heterobifunctional re-
agent TPICC (0.3 M in DMF) at 45 �C in a humid chamber for 1 h
with continues shaking. Washing of the microslides were carried
out in DMF followed by diethyl ether (15 ml, 3 times) and dried un-
der anhydrous condition to get isothiocyanate functionality on the
glass surface. 50-Aminoalkyl and mercaptoalkyl-oligonucleotides,
viz., H2N-(CH2)6OPO3-d(AAA AAA AAA AAA AAA) and HS-(CH2)6O-
PO3-d(AAA AAA AAA AAA AAA) (0.20 A260 unit) (100 lL), dissolved
in 0.1 M sodium phosphate buffer containing 1.5% TEA (pH 8.5),
respectively, were spotted manually26 (0.5 lL) with the help of
pipette on the isothiocyanate activated microslides. The reaction
was allowed to proceed for respective optimum time periods. After
completion of reaction the microslides were washed and treated
with capping buffer solution containing ethanolamine (1%), to neu-
tralize the activated slides for further reaction. After proper wash-
ing and drying, immobilized microslide were hybridized with
complementary fluorescent oligonucleotide probe strand ODN1,

S-R + Ligand R-L + Support


33.9 lM/g of support 29.9 lM/g of support
38.9 lM/g of support 32.9 lM/g of support
24.5 lM/g of support 22.9 lM/g of support
19.3 lM/g of support 15.4 lM/g of support
Hybridization with Hybridization with
Fluorescent probe ODN1 Fluorescent probe ODN1
Hybridization with Hybridization with
Fluorescent probe ODN1 Fluorescent probe ODN1


es reported are within range of ±2% percentage error.
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viz., FAM-(CH2)3-OPO3-d(TTT TTT TTT TTT TTT). ODN1 (40 ll, 0.25
A260 unit), dissolved in 0.1 M phosphate buffer containing 1.0 M
NaCl (pH 7.5) was charged on the spotted area and kept for 2 h
at 45 �C in a hybridization chamber and then at room temperature
overnight to facilitate complete hybridization between the com-
plementary oligonucleotide strands. After thorough washing with
phosphate buffer (15 ml, 3 times) the slides were dried and fluo-
rescence intensity of the duplexes on the microslides were visual-
ized under fluorescence microscopes (Fig. 2).


The minimum concentration of oligonucleotide required for the
immobilization on the glass surface was determined by reacting a
isothiocyanate-activated glass microslide (PATH-1) with a fluores-
cein labeled oligonucleotide strand d(AAA AAA AAA AAA AAA
AAA)-OPO3-(CH2)6SH dissolved in phosphate buffer, in four differ-
ent concentration (2.5, 5, 10, and 15 lM) and after washing with
buffer and distilled water (15 ml) fluorescence intensity was mea-
sured. It has been observed that the spot of 10 lM concentration
was sufficient for easy visualization (figure not given) and hence
was selected for immobilization of oligonucleotides and their
hybridization study.


To demonstrate the specificity (Fig. 3) of the current methodol-
ogy using newly developed heterobifunctional reagent, unmodified
oligonucleotides strand d(AAA AAA AAA AAA AAA) and 50-amino/
mercaptoalkyl-oligonucleotides, viz., H2N-(CH2)6OPO3-d(AAA AAA
AAA AAA AAA) and HS-(CH2)6OPO3-d(AAA AAA AAA AAA AAA)
(0.20 A260 unit) (100 lL), dissolved in 0.1 M sodium phosphate buf-
fer containing 1.5% TEA (pH 8.5), respectively, were spotted on
microslides as described above. After proper incubation, washing
and capping steps microslides were dried and hybridized with

Figure 2. Fluorescence images of immobilized oligonucleotides, H2N-(CH2)6OPO3-
d(AAA AAA AAA AAA AAA) (in microslide A) and HS-(CH2)6OPO3-d(AAA AAA AAA
AAA AAA) (in microslide B) (spotted in 0.5 lL, 10 lM) (PATH-1). Hybridization of
both microslides with fluorescent oligonucleotide probe, ODN1 (40 lL, 0.25 A260


unit).


Figure 3. Fluorescence images showing the specificity of immobilization: 1,
unmodified oligonucleotide d(AAA AAA AAA AAA AAA) (in both microslide C and
D); 2, amino modified oligonucleotide H2N-(CH2)6OPO3-d(AAA AAA AAA AAA
AAA) (in microslide C) and HS-(CH2)6OPO3-d(AAA AAA AAA AAA AAA) (in
microslide D) (spotted in 0.5 lL, 10 lM) (PATH-1). Hybridization of both micro-
slides with fluorescent oligonucleotide probe, ODN1 (40 lL, 0.25 A260 unit).

fluorescent oligonucleotide ODN1. After thorough washing with
phosphate buffer microslides were dried and visualized. No mea-
surable amount of fluorescence signal was obtained in case of
unmodified immobilized oligonucleotide duplexes (1, microslide
C and D) thereby, confirming the specificity of current methodol-
ogy for isothiocyanate and amino/mercaptoalkyl derivatives.


Conclusively, an efficient heterobifunctional reagent has been
developed for the immobilization of aminoalkyl/mercaptoalkyl li-
gands and biomolecules on a glass/silicon surfaces through a stable
thiourea/dithiocarbamate linkages. The further application of the
reagent, its stability, suitability for construction of good quality
of arrays of biomolecules and specificity of detection is under con-
sideration and will be presented in further communications.
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Two series of 5-ethyl-2-amino-3-pyrazolyl-4-methylthiophenecarboxylate and 2-thioxo-N -aminothie-
no[2,3-d]pyrimidines were prepared from 3,5-diethyl-2-amino-4-methylthio-phenecaboxylate and eval-
uated as anti-inflammatory, analgesic and ulcerogenic activities. Among the compounds studied,
compounds which containing the substituted hydrazide at C-3 position 7, 16, and 17a showed more
potent anti-inflammatory and analgesic activities than the standard drug (Indomethacin and Aspirin),
along without ulcerogenity. While compounds 2, 5, 9, 10, and 11c showed moderate activities. Some
of the newly synthesized compounds have good to excellent antimicrobial activity.


� 2008 Elsevier Ltd. All rights reserved.

Thiophene-3-ethylcarboxylate derivative represent important
building blocks in organic and medicinal chemistry. In addition,
they are interest in their own right, due to their pharmacological
properties. For example, 5-substituted 2-aminothiophenes and
2-amino-5-bromo-4-(3-nitrophenyl)thiophene are A1 adenosine
receptor agonists.1,2 Also, many thieno[2,3-d]pyrimidine deriva-
tives were covered by patents as phospho-diesterase inhibitors3


and various receptor antagonists.4,5 Various thieno[2,3-d]pyrimi-
dine derivatives show pronounced anti-tumor6 and radioprotec-
tive activities.7 Based on thieno[2,3-d]pyrimidine derivatives,
immunomodulators8 and compounds used for prophylaxis and
therapy of cerebral ischemia,9 malaria,10–12 tuberculosis,13 Alzhei-
mer’s disease,14 Parkinson’s disease,15 and other diseases were
designed.16,17


As a part of our continuing program on the synthesis of anti-
inflammatory and analgesic compounds as therapeutics agents,
we have earlier reported a series of heterocyclic moieties that have
biological and pharmacological activities.18,19 In the library screen-
ing of our new compounds as anti-inflammatory and analgesic as-
say system, several thiophenes and thieno[2,3-d]pyrimidines
provided inhibitory activity of inflammation even through some
others five or focused heterocycle rings showed low anti-inflam-
matory and analgesic activity.


This report deals with the synthesis and the pharmacological
evaluation of a series of 5-ethyl-2-amino-4-methylthiophenecab-

All rights reserved.


: +20 2 333 70931.
Hafez).

oxylate substituted at the C-3 position and thieno-[2,3-d]pyrim-
idines substituted at C-2 with various groups. The interaction of
ethylacetoacetate with ethyl cyanoacetate and sulfur metal in
ethanol medium in the presence of diethylamine led to ethyl
thiophene-3-carboxylate 1.20 The hydrazide 2 obtained by
refluxing of ethyl carboxylate 1 with hydrazine hydrate in eth-
anol medium, was used as precursor for the synthesis of 3-(pyr-
azolyl)-4-methylthiophenes and 3-(1,3,4-oxa/thiadiazol-2-yl)-4-
methyltiophene as well as for the preparation of thieno[2,3-
d]pyrimidines.


Hydrazide 2 undergo different cyclization reactions to give five
member heterocycle compounds. The product of cyclization de-
pends on the reagent used. This cyclization leads to the formation
of 3-[(pyrazolyl derivatives)-carbonyl]-4-methylthiophene deriva-
tives 3–5, 3-(1,3,4-oxa/thiadiazol-2-yl)-4-methyltiophene deriva-
tives 8a, b and thieno[2,3-d]pyrimidines derivatives 10, 14, and
15. The reaction of hydrazide 2 with a,b-diketones resulted in
2-amino-5-carboxyethyl-3-[(3,5-dimethylpyrazolyl derivatives)-
carbonyl]-4-methylthiophene 3a, b. The structure of the products
was assigned on the basis of their spectral analyses.21 The 1H
NMR spectrum of 3a, as an example showed the signals at d 1.30
(t, 3H, J = 7.0 Hz, CH3), 2.19 (s 3H CH3), 2.51(s, 3H, CH3), 2.67 (s,
3H, CH3), 4.25 (q, 2H, J = 7.10 Hz, CH2), 6.21 (s, 1H, pyrazole pro-
ton), and 7.98 (br, 2H, NH2, D2O exchangeable), while the pyrazole
proton disappeared in the 1H NMR of 3b. Also, the hydrazide 2
reacted with diethylmalonate afforded 5-ethyl-2-amino-3-[(3,5-
dioxopyrazo-lidine-1-yl)-carbonyl]-4-methylthiophenecarboxy-
late (5).
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Treatment of compound 2 with formic acid yielded (N-
hydroxymethylene-carbohydrazide) derivative (7) which under-
goes cyclization to give 2-amino-5-carboxyethyl-3-(1,3,4-oxa/
thiadiazol-2-yl)-4-methyltyhiophene (8a, b) when treated with
P2O5 or P2S5. Not only that but give the same compound (8a)
when compound 2 was treated with triethylorthoformate to
afford 5-ethyl-2-amino-3-(N-ethoxymethylene-carbohydrazide)-
4-methyl-thiophene-carboxylate (6) which undergoes cyclization
by fusion to give the same compound (Scheme 1).


Scheme 2 reports cyclization procedure for the formation of 3-
amino-2,5-dimethyl-6-carboxyethyl-thieno[2,3-d]pyrimidin-4-one
(10) from compound 9. Compound 1 was treated with acetic anhy-
dride to afford 3,5-diethyl-2-acetylamino-4-methylthiophene-
dicarboxylate (9). This cyclization realized on treatment with
hydrazine hydrate.


Also, treatment of compound 2 with aromatic aldehydes
yielded arylmethylene hydrazide derivatives (11a–c). The cycliza-
tion of 11a–c with acetic anhydride to afford 12a–c was unsuccess-
ful, while compound 11a–c reacted with acetic anhydride to afford
5-ethyl-2-acetylamino-3-(arylmethylene hydrazide)-4-methyl-
thiophenecarboxylate (13a–c) which undergoes cyclization upon
refluxing in sodiumethoxide solution to afford 6-carboxyethyl-
2,5-dimethylthieno[2,3-d]pyrimidin-(3H)-4-one (14) (Scheme 3),
which characterized by 1H NMR which revealed the disappearance
of azomethine proton and the protons of aromatic substitutions.

S


CH3


NH2


COOEt


EtOOC


S


CH3


NH 2


CONHNH2


EtOOC


EtOOCCH2COCH3 EtCOOCH2CN


NH 2NH 2


S


CH3


NH2
EtOOC


N


O


H


N


H


OEt


COOE


COO


COOE
COCH


CO
X


CO


CH(OEt)3


HCOOH


1


2


+
S


DEA


6


fusion


X= O


Scheme

Also, compound 2 was treated with carbon disulfide to afford the
promising compound 3-amino-6-carboxyethyl-5-methyl-2-thi-
oxothieno[2,3-d]pyrimidin-4-one (15).


Finally, compounds 16 was formed by the reaction of compound
2 with potassium thiocyanate, the reaction was carried out by heat-
ing the mixture in 10% HCl, then the product undergoes cyclization
when treated with chloroaceton or phenacyl bromide to afford
5-ethyl-2-amino-3-(4-methyl/or 4-phenyl-1,3-thiazol-2-yl)carbo-
hydrazide-4-methyl-thiophene carboxylate (17a, b) (Scheme 4).


Amongst the compounds 2–17a screened for antimicrobial
activity, compound 7 and 17a showed the highest activity against
all bacteria. It exhibited stronger activity than ampicillin also
towards Bacillus cereus and Salmonella typhi it was followed by
compound 16 which showed the highest activity against B. cereus
and S. typhi. As far as antifungal activity is concerned, all com-
pounds showed good to excellent activity against all the fungi.
Compounds 7 and 10 exhibited stronger activity than nystatin
against Alternaria alternata and Coillectotrium corchori, compounds
7 and 17a against Macrophomina phaseolina, compounds 7, 15, and
17a against Fusarium equiseti. Compounds 2–15 were either inac-
tive or moderately to fairly active against the tested bacteria
whereas compounds 2, 5, and 9 exhibited good to excellent results
against all the fungi. Introduction of thiophene or thiazole moiety
to the pyrimidine derivatives might be responsible for antimicro-
bial activity enhancement of these compounds (Tables 1 and 2).
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Table 1
Antimicrobial activity of the some selected synthesized compounds


Compound MIC in lg/mL, and zone of inhibition (mm)a


B. cereus S. dysenteriae S. typhi


2 10 6 —
3a 8 — 8
5 9 12 15
7 33 30 34
9 11 14 11
10 15 7 15
11c 10 — 12
15 19 18 17
16 20 13 28
17a 31 28 29
Ampicillin 21 30 24


—, no inhibition; DMF, negative control.
a 1 mg mL�1 per disc.


Table 2
Antifungal activity of the some selected synthesized compounds


Compound MIC in lg/mL, and zone of inhibition (mm)a


M. phaseolina F. equseti A. alternata C. corchori


2 47.5 29.3 38.8 30.3
3a 34.5 14.8 27.8 29.0
5 46.0 40.0 39.5 33.6
7 95.0 65.6 65.4 54.5
9 49.3 36.3 35.7 34.6
10 48.3 37.5 54.0 50.0
11c 44.2 28.0 27.0 33.2
15 58.6 47.6 42.8 29.0
16 62.0 28.0 34.6 36.4
17a 70.0 43.8 27.0 41.0
Nystatin 71.8 44.7 51.6 40.5


a mg mL�1 per disc.


5224 H. N. Hafez, A. B. A. El-Gazzar / Bioorg. Med. Chem. Lett. 18 (2008) 5222–5227







Table 3
Acute inflammation in rat using Planimeter for the synthesized compounds


Group 1 h 2 h 3 h 4 h


Edema rate (%) Pot. (%) Edema rate (%) Pot. (%) Edema rate (%) Pot. (%) Edema rate (%) Pot. (%)


Control 89.07 ± 7.46 0 102.78 ± 2.98 0 106.14 ± 3.29 0 122.37 ± 5.83 0
2 77.11 ± 6.48 37.85 93.69 ± 6.11 22.22 95.74 ± 5.97 29.4 106.08 ± 5.41 32.39


(�13.43) (�8.84) (�9.80) (�13.32)
3a 91.37 ± 9.39 �7.27 110.88 ± 0.88 — 115.11 ± 4.31 — 122.07 ± 4.46 0.61


(2.58) (7.88) 19.80 (8.46) 25.38 (�0.25)
5 65.43 ± 4.01* 74.8 70.88 ± 4.69* 78.01 89.95 ± 4.90 65.5 89.53 ± 8.32* 65.27


(�26.54) (�31.04) (�20.90) (�26.84)
7 43.48 ± 3.78* 144.25 63.52 ± 1.87* 96 74.74 ± 4.88* 88.75 84.05 ± 4.90* 76.17


(�51.18) (�38.20) (�29.58) (�31.32)
9 75.68 ± 5.30 42.36 90.33 ± 6.68 30.44 101.90 ± 7.85 0.12 116.01 ± 10.67 12.65


(�15.03) (�12.11) (�4.00) (�5.20)
10 62.51 ± 4.84* 84.05 84.35 ± 3.37 45.06 90.59 ± 3.75 43.95 103.73 ± 4.65 37.06


(�29.82) (�17.93) (�14.65) (�15.24)
11c 76.25 ± 4.11 40.59 101.88 ± 5.16 3.82 101.99 ± 2.97 11.73 106.11 ± 3.61 32.32


(�14.40) (�1.52) (�3.91) (�13.29)
15 62.18 ± 4.37* 85.09 87.83 ± 5.03 36.54 94.91 ± 7.86 31.74 97.19 ± 9.93* 59.99


(�30.19) (�14.54) (�10.58) �24.67
16 56.51 ± 5.40* 103.04 64.54 ± 6.36* 93.52 74.93 ± 6.89* 88.21 80.01 ± 7.13* 84.19


(36.56) (�37.21) (�29.40) (�34.62)
17a 48.87 ± 2.49* 127.23 64.58 ± 6.41* 93.42 79.25 ± 3.69* 75.99 89.91 ± 6.01* 64.52


(�45.14) (�37.17) (�25.33) (�26.53)
Indomethacin 57.47 ± 3.78* 100 61.88 ± 3.37* 100 70.76 ± 3.25* 100 72.05 ± 3.38* 100


(�35.48) (�39.79) (�33.33) (�41.12)


Values represent the mean ± SE of five animals for each group.
Each value in parenthesis indicates the percentage inhibition rate.
The potency (pot.) was calculated compared to the reference drug indomethacin.


* P < 0.05: Statistically significant from control using one way ANOVA (Dunnett’s as post hoc test).


Table 4
Central analgesic activity (hot plate test)


Group Basal 30 min 60 min 90 min


Control 8.5 ± 0.30 7.6 ± 0.35 7.1 ± 0.41 6.24 ± 0.39
Aspirin 5.2 ± 0.39 6.66 ± 0.31 6.56 ± 0.52 7.78 ± 0.65
2 5.18 ± 0.50 6.12 ± 0.24 6.20 ± 0.18 7.86 ± 0.68
3a 5.10 ± 0.47 7.72 ± 0.32 7.62 ± 0.35 9.78 ± 0.24*


5 5.85 ± 0.59 10.22 ± 0.35* 12.42 ± 0.70* 10.68 ± 0.22*


7 5.60 ± 0.54 6.08 ± 0.58 6.90 ± 0.38 4.84 ± 0.24*


9 5.54 ± 0.16 7.34 ± 0.17 5.96 ± 0.33 6.08 ± 0.42*


10 5.02 ± 0.27 6.46 ± 0.22 5.04 ± 0.32 6.70 ± 0.39
11c 4.90 ± 0.36 6.42 ± 0.16 7.72 ± 0.68 9.06 ± 0.30
15 4.38 ± 0.40 6.60 ± 0.41 7.24 ± 0.44 7.16 ± 0.31
16 4.80 ± 0.28 5.44 ± 0.42 5.74 ± 0.43 6.14 ± 0.20*


17a 4.80 ± 0.28 6.68 ± 0.33 6.46 ± 0.39 4.70 ± 0.42*


Values represent the mean ± SE of five animals for each groups.
* P < 0.05: Statistically significant from control using one way ANOVA (Dunnett’s


as post hoc test).
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The anti-inflammatory activity data (Table 3) indicated that
compounds 15, 10, 5, 9, 11c, and 2 show significant anti-inflamma-
tory activity in descending order in comparison to the control
group, with 85%, 84%, 74%, 42%, 40%, and 37% potency with respect
to indomethacin. Compound 3a have no anti-inflammatory activ-
ity. Where compounds 17a, 16, and 7 show anti-inflammatory
activity in ascending order in comparison to the indomethacin
which give higher activity more than the indomethacin with
103%, 127%, and 144% potency.


The results of Analgesic activity (Table 4) indicated that 15, 10,
16, 9, 7, and 17a in descending order, where compounds 5, 3a, 11c,
and 2 show higher activity more than Acetyl salicylic acid. Also, the
group of rats of compounds 5, 2, and 3a were killed and their stom-
ach were checked for the ulcerogenic effect and show there is no
ulcers were found.
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3,5-Diethyl-2-amino-4-methylthiophenedicarboxylate (1). According to Gewald
et al.20 and the developed method, a mixture of ethylacetoacetate (0.01 mol),
ethylcyano-acetate (0.01 mol), sulfur (0.01 mol) and diethylamine (0.01 mol)
was heated (70 �C) under stirring in absolute ethanol for 4 h, then leave the
mixture for 24 h at 0 �C. The formed solid was collected by filtration, washed
with ethanol (20 mL), dried and crystallized from absolute ethanol, as yellow
crystals in a 72% yield, mp 107–109 �C; IR (cm�1, m); 3420 (br, NH), 3042, 2917
(CH alkyl), 1715, 1718 (2CO); 1H NMR (DMSO-d6, d, ppm): 1.58 (m, 6H, two
triplet overlapped, 2CH3), 2.49 (s, 3H, CH3), 4.08 (m, 4H, two quartet
overlapped, 2CH2), 7.73 (br, 2H, NH2, D2O exchangeable); Its MS (m/z), 257
(M+); C11H15NO4S (257.3); Requires (Found): C, 51.34 (51.31); H, 5.87 (5.85); N,
5.44 (5.39).
5-Ethyl-2-amino-3-carbohydrazide-4-methylthiophenecarboxylate (2). A
suspension of dry compound 2 (2.57 g, 0.01 mol) in hydrazine hydrate (80%)
(5 mL) was stirred under gentle reflux. The insoluble solid dissolved within
10 min with copious evolution of hydrogen sulfide to form a clear solution.
After 30 min. when the solid product started separating out, heating was
continued for 8 h. The reaction mixture was then allowed to cool to room
temperature. The solid was filtered, washed with ethanol, dried and
crystallized from dioxane; as yellow crystals in a 80% yield, mp 278–279 �C;
IR (cm�1, m); 3400 (br, NH), 2917 (CH alkyl), 1715, 1690 (2CO); 1H NMR
(DMSO-d6, d, ppm): 1.25 (t, 3H, J = 7.1 Hz, CH3), 2.42 (s, 3H, CH3), 4.18 (q, 2H,
J = 7.09 Hz, CH2), 4.35 (br, 2H, NH2), 7.63 (br, 2H, NH2), 8.93 (br, 1H, NH) (NH,
2NH2, D2O exchangeable); Its MS (m/z), 243 (M+); C9H13N3O3S (243.3);
Requires (Found): C, 44.43 (44.39); H, 5.38 (5.37); N, 17.27 (17.29).
5-Ethyl-2-amino-3-[(3,5-dimethylpyrazolyl derivatives)-carbonyl]-4-
methylthiophene-carboxylate (3a, b). General procedure. A mixture of
compound 2 (0.01 mol) and the b-diketone (0.01 mol) in absolute ethanol
(30 mL) was stirred under reflux for 12 h. The reaction mixture was allowed to
cool to 0 �C for 24 h, the solid precipitate was filtered off, dried and crystallized
from an appropriate solvent to produce 3a, b in high yields.
5-Ethyl-2-amino-3-[(3,5-dimethylpyrazol-1-yl)-carbonyl]-4-methylthiophene-
carboxylate (3a). It was obtained from the reaction of 2 (0.01 mol) with pentan-
2,4-dione (0.01 mol), as yellow crystals, crystallized from ethanol in a 80%
yield, mp 152–153 �C; IR (cm�1, m); 3380 (br, NH), 2917 (CH alkyl), 1710, 1690
(2CO), 1625 (C@N), 1540 (C@C); 1H NMR (DMSO-d6, d, ppm): 1.30 (t, 3H,
J = 7.0 Hz, CH3), 2.19 (s, 3H CH3), 2.51 (s, 3H, CH3), 2.67 (s, 3H, CH3), 4.25 (q, 2H,
J = 7.10 Hz, CH2), 6.21 (s, 1H, pyrazole proton), 7.98 (br, 2H, NH2, D2O
exchangeable); Its MS (m/z), 308 (M+, 12%), 307 (M+�1, 57%), 212 (M+-
C5H8N2, 100%); C14H18N3O3S (308.4); Requires (Found): C, 54.52 (54.49); H,
5.88 (5.86); N, 13.62 (13.59).
5-Ethyl-2-amino-3-[(4-chloro-3,5-dimethylpyrazol-1-yl)-carbonyl]-4-methyl-
thiophene-carboxylate (3b). It was obtained from the reaction of 2 with 3-
chloropentan-2,4-dione (0.01 mol), as a light yellow powder and crystallized
from ethanol in a 76% yield, mp 103–105 �C; IR (cm�1, m); 3400 (br, NH), 2929
(CH alkyl), 1712, 1688 (2CO), 1620 (C@N), 1550 (C@C); 1H NMR (DMSO-d6, d,
ppm): 1.32 (t, 3H, J = 7.1 Hz, CH3), 2.21 (s 3H CH3), 2.52 (s, 3H, CH3), 2.63 (s, 3H,
CH3), 4.22 (q, 2H, J = 7.08 Hz, CH2), 8.02 (br, 2H, NH2, D2O exchangeable); Its
MS (m/z), 342 (M+ + 1, 28%), 341 (M+, 56%), 212 (M+-C5H7ClN2, 100%);
C14H16ClN3O3S (341.8); Requires (Found): C, 49.19 (49.17); H, 4.72 (4.71); N,
12.29 (12.26).
5-Ethyl-2-amino-3-[(3-methyl-5-oxo-4,5-dihydropyrazol-1-yl)carbonyl]-4-methyl-
thiophenecarboxylate (4). A solution of compound 2 (0.01 mol) and
ethylacetoacetate (0.01 mol) in sodium ethoxide solution (prepared by
dissolving (0.01 mol) of sodium metal in (30 mL) absolute ethanol was
heated under reflux with stirring for 6 h. The reaction mixture was allowed
to cool and poured onto cold water (100 mL) and neutralized by acetic acid,
whereby a solid was precipitated, which was filtered off and crystallized from
ethanol, as a yellow powder in a 74% yield, mp 150–152 �C; IR (cm�1, m); 3410
(br, NH), 2936 (CH alkyl), 1705, 1697, 1684 (3CO), 1550 (C@N), 1500 (C@C): 1H
NMR (DMSO-d6, d, ppm): 1.31 (t, 3H, J = 7.2 Hz, CH3), 2.23 (s, 3H, CH3), 2.52 (s,
2H, CH3), 2.86 (s, 2H, CH2), 4.23 (q, 2H, J = 7.09 Hz, CH2), 8.00 (br, 2H, NH2, D2O
exchangeable); Its MS (m/z), 309 (M+); C13H15N3O4S (309.3); Requires (Found):
C, 50.47 (50.49); H, 4.88 (4.86); N, 13.58 (13.55).
5-Ethyl-2-amino-3-[(3,5-dioxopyrazolidin-1-yl)carbonyl]-4-methylthiophene-
carboxylate (5). A solution of compound 2 (0.01 mol) and freshly distilled
diethylmalonate (0.01 mol) in sodium ethoxide solution (prepared by
dissolving (0.01 mol) of sodium metal in (30 mL) absolute ethanol was
heated under reflux with stirring for 5 h. The solvent was evaporated under
reduced pressure, and the crude was acidified with 10% hydrochloric acid.
The solid formed was filtered off, washed with cold water, and crystallized
from ethanol, as yellow powder in 70% yield, mp 212–214 �C; IR (cm�1, m);
3400 (br, NH), 2928 (CH alkyl), 1700, 1690, 1684, 1678 (4CO), 1580 (C@N),
1520 (C@C); 1H NMR (DMSO-d6, d, ppm): 1.32 (t, 3H, J = 7.0 Hz, CH3), 2.23 (s,
3H, CH2), 2.80 (s, 2H, CH2), 4.25 (q, 2H, J = 7.11 Hz, CH2), 8.06 (br, 2H, NH2,
D2O exchangeable), 8.86 (br, NH, D2O exchangeable); Its MS (m/z), 311 (M+);
C12H13N3O5S (311.3); Requires (Found): C, 46.29 (46.27); H, 4.20 (4.18); N,
13.49 (13.46).

5-Ethyl-2-amino-3-(N-ethoxymethylene-carbohydrazide)-4-methylthiophene-
carboxylate (6). A solution of compound 2 (0.01 mol) and triethylorthoformate
(20 mL) was heated under reflux with stirring for 2 h. The reaction mixture
was filtered while hot and then cooled to rt. The solid formed was filtered off,
dried and crystallized from ethanol, as yellow powder in 78% yield, mp 182–
184 �C: IR (cm�1, m); 3390 (br s, NH), 2929 (CH alkyl), 1700, 1685, (2CO),
1572 (C@N), 1509 (C@C): 1H NMR (DMSO-d6, d, ppm): 1.21 (t, 3H, J = 14.3 Hz,
CH3), 1.35 (t, 3H, J = 7.03 Hz, CH3) 2.24 (s, 3H, CH2), 4.18 (q, 2H, J = 7.13 Hz,
CH2), 4.28 (q, 2H, J = 7.08 Hz, CH2), 6.88 (s, 1H, azomethine proton), 8.50 (br,
2H, NH2, D2O exchangeable), 10.02 (br, NH, D2O exchangeable); Its MS (m/z),
299 (M+); C12H17N3O4S (299.3); Requires (Found): C, 48.14 (48.11); H, 5.72
(5.69); N, 14.03 (13.98).
5-Ethyl-2-amino-3-(N-hydroxymethylene-carbohydrazide)-4-methylthiophene-
carboxylate (7). A mixture of 6c (0.01 mol) and formic acid (10 mL), was
heated under reflux for 6 h. The reaction mixture was allowed to cool to
room temperature and poured onto water (100 mL). The solid formed was
collected by filtration, dried, and crystallized from benzene, orange powder,
in 80% yield, mp 198–2001 �C; IR (cm�1, m): 3415 (br, NH), 2920 (CH
alkyl),1724, 1715, 1680 (3CO), 1560 (C@N); 1H NMR (DMSO-d6, d, ppm): 1.33
(t, 3H, J = 7.03 Hz, CH3), 2.52 (s, 3H, CH2), 4.35 (q, 2H, J = 7.09 Hz, CH2), 8.05
(br, 2H, NH2, D2O exchangeable), 8.65 (br, NH, D2O exchangeable), 9.02 (s, 1H,
aldehydic proton), 11.30 (br, OH, D2O exchangeable); Its MS (m/z), 271.3
(M+); C10H13N3O4S (507.5); Requires (Found): C, 44.27 (44.24); H, 4.83 (4.81);
N, 15.49 (15.51).
5-Ethyl-2-amino-3-(1,3,4-oxa/thiadiazol-2-yl)-4-methylthiophenecarboxylate (8a,
b). General Procedure. A mixture of compound 7 (0.005 mol) and
phosphorus pentaoxide or phosphorus pentasulfide (4.00 g) was heated
under reflux for 12 h, in dry xylene (30 mL). The solid that separated upon
cooling was filtered off, crystallized from appropriate solvent to produce (8a,
b) in good yield.
5-Ethyl-2-amino-3-(1,3,4-oxadiazol-2-yl)-4-methyltiophenecarboxylate (8a).
Method A. It was obtained from the reaction of 7 with phosphorus


pentoxide, as yellow powder and crystallized from ethanol/dioxane (1:1) in
76% yield, mp 211–213 �C; IR (cm�1, m): 3385 (br, NH), 3026 (CH aryl), 2920 (CH
alkyl), 1712 (CO), 1560 (C@N); 1H NMR (DMSO-d6, d, ppm): 1.30 (t, 3H,
J = 7.01 Hz, CH3), 2.54 (s, 3H, CH2), 4.28 (q, 2H, J = 7.11 Hz, CH2),7.98 (s, CH,
oxadiazole proton), 8.25 (br, 2H, NH2, D2O exchangeable); Its MS (m/z), 253
(M+); C10H11N3O3S (253.2); Requires (Found): C, 47.42 (47.39); H, 4.37 (4.39);
N, 16.59 (16.62).Method B. Compound 6 (0.005 mol) was heated at 210 �C for
30 min. The reaction product was purified preparative TLC on silica gel using
chloroform/ethylacetate (80:20) as an eluent to give 8a.
5-Ethyl-2-amino-3-(1,3,4-thiadiazol-2-yl)-4-methyltiophenecarboxylate (8b). It was
obtained from the reaction of 7 with phosphorus pentasulfide, as yellow
powder and crystallized from ethanol/dioxane (1:1) in a 78% yield, mp 230–
231 �C; IR (cm�1, m): 3392 (br, NH), 3029 (CH aryl), 2918 (CH alkyl), 1718 (CO),
1568 (C@N); 1H NMR (DMSO-d6, d, ppm): 1.32 (t, 3H, J = 7.02 Hz, CH3), 2.51 (s,
3H, CH2), 4.30 (q, 2H, J = 7.09 Hz, CH2), 8.05 (s, CH, thiadiazole proton), 8.40 (br,
2H, NH2, D2O exchangeable); Its MS (m/z), 269 (M+, 100%); C10H11N3O2S2


(269.3); Requires (Found): C, 44.59 (44.57); H, 4.11 (4.09); N, 15.60 (15.57).
3,5-Diethyl-2-acetylamino-4-methylthiophenedicarboxylate (9). It was obtained
from the reaction of 1 (0.01 mol) with acetic anhydride (30 mL) was heated
under reflux for 3 h. The reaction mixture was allowed to cool to room
temperature and the solid formed was collected by filtration, dried, and
crystallized from ethanol, as yellow powder and crystallized from ethanol in a
90% yield, mp 129–130 �C; IR (cm�1, m): 3400 (br, NH), 2920 (CH alkyl), 1718,
1685 (2CO), 1530 (C@C); 1H NMR (DMSO-d6, d, ppm): 1.29 (t, 3H, J = 7.02 Hz,
CH3), 1.35 (t, 3H, J = 14.00 Hz, CH3), 2.24 (s, 3H, CH3), 2.52 (s, 3H, CH3), 4.26 (q,
2H, J = 7.08 Hz, CH2), 4.36 (q, 2H, J = 7.10 Hz, CH2), 11.10 (br, NH, D2O
exchangeable); Its MS (m/z), 299 (M+, 100%); C13H17NO5S (299.3); Requires
(Found): C, 52.15 (52.17); H, 5.72 (5.74); N, 4.67 (4.59).
6-Carboxyethyl-2,5-dimethyl-3-(N-amino)-thieno[2,3-d]pyrimidin-4-one (10).
It was obtained from the reaction of 9 (2.99 g, 0.01 mol) with hydrazine hydrate
(10 mL, 80%) in ethanol (30 mL) was heated under reflux for 2 h. The reaction
mixture was allowed to cool to room temperature and poured onto water
(100 mL). The solid formed was collected by filtration, dried and crystallized
from ethanol, as yellow powder and crystallized from ethanol in a 83% yield, mp
205–207 �C; IR (cm�1, m): 3405 (br, NH), 2920 (CH alkyl), 1715, 1683 (2CO),
1570 (C@N); 1H NMR (DMSO-d6, d, ppm): 1.34 (t, 3H, J = 7.01 Hz, CH3), 2.29 (s,
3H, CH3), 2.53 (s, 3H, CH3), 4.35 (q, 2H, J = 7.12 Hz, CH2), 8.56 (br, 2H, NH2, D2O
exchangeable); Its MS (m/z), 267, (M+, 100%); C11H13N3O3S (267.3); Requires
(Found): C, 49.42 (49.39); H, 4.90 (4.93); N, 15.72 (15.69).
5-Ethyl-2-amino-3-(arylmethylenehydrazide)-4-methylthiophene-carboxylate (11a–
c). General procedure. A mixture from compound 2 (2.43 g, 0.01 mol) and the
appropriate aromatic aldehyde (0.01 mol) was stirred under reflux in glacial
acetic acid (10 mL) for 10 min. The reaction mixture was allowed to cool to
room temperature; the solid separated was filtered off and crystallized from
appropriate solvent to produces 11a–c in high yields.
5-Ethyl-2-amino-3-(phenylmethylenehydrazide)-4-methylthiophenecarboxylate
(11a). It was obtained from 2 and benzaldehyde (1.06 g), as yellow crystals and
crystallized from ethanol in a 83% yield, mp 120–123 �C; IR (cm�1, m); 3388 (br,
NH), 3038 (CH aryl), 2925 (CH alkyl), 1695, 1688 (2CO), 1625 (C@N); 1H NMR
(DMSO-d6, d, ppm): 1.27 (t, 3H, J = 7.0 Hz, CH3), 2.43 (s, 3H, CH3), 4.16 (q, 2H,
J = 7.06 Hz, CH2), 7.14–7.29 (m, 5H, Ar-H), 7.90 (br, 2H, NH2), 8.12 (s, 1H,
azomethine proton), 8.93 (br, 1H, NH) (NH, NH2, D2O exchangeable); Its MS (m/
z), 331 (M+, 100%); C16H17N3O3S (331.4); Requires (Found): C, 57.98 (57.96); H,
5.17 (5.68); N, 12.68 (12.66).
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5-Ethyl-2-amino-3-(4-chlorophenylmethylenehydrazide)-4-methylthiophene-
carboxylate (11b). It was obtained from 2 and 4-chlorobenzaldehyde (1.40 g), as
yellow crystals and crystallized from dioxane in a 86% yield, mp 195–197 �C; IR
(cm�1, m); 3400 (br, NH), 3040 (CH aryl), 2929 (CH alkyl), 1700, 1686 (2CO),
1630 (C@N); 1H NMR (DMSO-d6, d, ppm): 1.24 (t, 3H, J = 7.0 Hz, CH3), 2.41 (s,
3H, CH3), 4.19 (q, 2H, J = 7.05 Hz, CH2), 7.14 (d, 2H, J = 8.02 Hz, Ar-H),7.69 (d, 2H,
J = 8.02 Hz, Ar-H), 8.02 (br, 2H, NH2), 8.10 (s, 1 H, azomethine proton), 9.10 (br,
1H, NH) (NH, NH2, D2O exchangeable); Its MS (m/z), 366 (M+ + 1, 28%), 365 (M+,
100%); C16H16ClN3O3S (365.8); Requires (Found): C, 52.52 (52.49); H, 4.41
(4.39); N, 11.48 (11.50)..
5-Ethyl-2-amino-3-(4-methoxyphenylmethylenehydrazide)-4-methylthiophene-
carboxylate (11c). It was obtained from 2 and 4-methoxybenzaldehyde (1.36 g),
as yellow powder, crystallized from dioxane in a 81% yield, mp 166–167 �C; IR
(cm�1, m); 3396 (br, NH), 3025 (CH aryl), 2934 (CH alkyl), 1705, 1687 (2CO),
1635 (C@N); 1H NMR (DMSO-d6, d, ppm): 1.25 (t, 3H, J = 7.02 Hz, CH3), 2.43 (s,
3H, CH3), 4.17 (q, 2H, J = 7.08 Hz, CH2), 4.34 (s, 3H, OCH3), 7.25 (d, 2H,
J = 8.00 Hz, Ar-H), 7.70 (d, 2H, J = 8.01 Hz, Ar-H), 7.98 (br, 2H, NH2), 8.18 (s, 1H,
azomethine proton), 9.40 (br, 1H, NH) (NH, NH2, D2O exchangeable); Its MS (m/
z), 361 (M+, 100%); C17H19N3O4S (361.4); Requires (Found): C, 56.49 (56.47); H,
5.29 (5.26); N, 11.62 (11.56).
5-Ethyl-2-acetamido-3-(arylmethylenehydrazide)-4-methylthiophenecarboxylate
(13a–c). General procedure. A solution of each of compound 11a–c (0.01 mol) in
30 mL acetic anhydride was stirred under reflux for 4 h (TLC). The excess of the
solvent was evaporated under vacuum to dryness. The solid product that formed
was crystalized from appropriate solvent to produces 13a–c in high yields.
5-Ethyl-2-acetamido-3-(phenylmethylenehydrazide)-4-methylthiophenecarboxylate
(13a). It was obtained from 11a, as yellow crystals and crystallized from ethanol in
78% yield, mp 190–193 �C; IR (cm�1, m); 3386 (br, NH), 3032 (CH aryl), 2920 (CH
alkyl), 1696, 1685, 1680 (3CO), 1615 (C@N); 1H NMR (DMSO-d6, d, ppm): 1.23 (t,
3H, J = 7.01 Hz, CH3), 2.45 (s, 3H, CH3), 3.02 (s, 3H, CH3), 4.13 (q, 2H, J = 7.06 Hz,
CH2), 7.18–7.34 (m, 5H, Ar-H), 8.08 (s, 1H, azomethine proton), 8.95, 9.80 (2br, 2H,
2NH, D2O exchangeable); Its MS (m/z), 373 (M+, 100%); C18H19N3O4S (373.4);
Requires (Found): C, 57.89 (57.90); H, 5.12 (5.09); N, 11.25 (11.26).
5-Ethyl-2-acetamido-3-(4-chlorophenylmethylenehydrazide)-4-methylthiophene-
carboxylate (13b). It was obtained from 11b, as yellow crystals and crystallized
from dioxane in 70% yield, mp 213–215 �C; IR (cm�1, m); 3410 (br, NH), 3025 (CH
aryl), 2932 (CH alkyl), 1705, 1688, 1680 (3CO), 1615 (C@N); 1H NMR (DMSO-d6, d,
ppm): 1.22 (t, 3H, J = 7.02 Hz, CH3), 2.40 (s, 3H, CH3), 3.05 (s, 3H, CH3), 4.16 (q, 2H,
J = 7.06 Hz, CH2), 7.22 (d, 2H, J = 8.01 Hz, Ar-H),7.75 (d, 2H, J = 8.01 Hz, Ar-H), 8.12
(s, 1H, azomethine proton), 9.20, 10.00 (2br, 2H, 2NH, D2O exchangeable); Its MS
(m/z), 408 (M+ + 1, 31%), 407 (M+, 100%); C18H18ClN3O4S (407.8); Requires
(Found): C, 53.00 (53.02); H, 4.44 (4.39); N, 10.30 (10.34).
5-Ethyl-2-acetamido-3-(4-methoxyphenylmethylenehydrazide)-4-methylthiophene-
carboxylate (13c). It was obtained from 11c, as yellow powder, crystallized from
ethanol in 73% yield, mp 231–233 �C; IR (cm�1, m); 3400 (br, NH), 3034 (CH aryl),
2918 (CH alkyl), 1695, 1688, 1675 (3CO), 1620 (C@N); 1H NMR (DMSO-d6, d,
ppm): 1.26 (t, 3H, J = 7.0 Hz, CH3), 2.44 (s, 3H, CH3), 3.01 (s, 3H, CH3), 4.20 (q, 2H,
J = 7.06 Hz, CH2), 4.30 (s, 3H, OCH3), 7.28 (d, 2H, J = 8.04 Hz, Ar-H), 7.78 (d, 2H,
J = 8.04 Hz, Ar-H), 8.11 (s, 1H, azomethine proton), 9.00, 9.40 (2br, 2H, 2NH, D2O
exchangeable); Its MS (m/z), 403 (M+, 100%); C19H21N3O5S (403.4); Requires
(Found): C, 56.56 (56.53); H, 5.24 (5.22); N, 10.41 (10.39).
2,5-Dimethyl-5-carboxyethyl-thieno[2,3-d]pyrimidin-4(H)-one (14). General
procedure. A solution of each of compound 13a–c (0.01 mol) in an ethanolic
sodium ethoxide solution (prepared by dissolving 0.23 g of sodium metal in 30 mL
ethanol), was stirred under reflux for 6 h (TLC). The excess of the solvent was
evaporated under vacuum to dryness. The solid product that formed was
crystalized from dimethylformamide, as yellow crystals and crystallized from
dimethylformamide in 72% yield, mp 267–270 �C; IR (cm�1,m); 3385 (br, NH), 2918
(CH alkyl), 1700, 1687 (2CO), 1640 (C@N); 1H NMR (DMSO-d6, d, ppm): 1.30 (t, 3H,
J = 7.03 Hz, CH3), 2.40 (s, 3H, CH3), 2.79 (s, 3H, CH3), 4.21 (q, 2H, J = 7.06 Hz, CH2),
9.30 (br, 1H, NH, D2O exchangeable); Its MS (m/z), 252 (M+, 100%); C11H12N2O3S
(252.2); Requires (Found): C, 52.36 (52.29); H, 4.79 (4.76); N, 11.09 (11.12).
3-Amino-6-carboxyethyl-5-methyl-2-thioxo-thieno[2,3-d]pyrimidin-4-one (15). To a
warmed ethanolic sodium hydroxide solution (0.40 g in 50 mL ethanol),
compound 2 (2.43 g, 0.01 mol), and carbon disulfide (excess 5 mL) were added.
The mixture was heated under reflux for 15 h. The reaction mixture was allowed to
cool to 0 �C, the deposited precipitate was filtered off, washed by water (20 mL),
dried, and crystallized from ethanol as brown crystals; in 68% yield, mp 192–
194 �C; IR (cm�1, m); 3430 (br, NH), 2923 (CH alkyl), 1690, 1675 (2CO); 1H NMR
(DMSO-d6, d, ppm): 1.28 (t, 3H, J = 7.00 Hz, CH3), 2.44 (s, 3H, CH3), 4.19 (q, 2H,
J = 7.04 Hz, CH2), 7.54 (br, 2H, NH2), 9.30 (br, 1H, NH) (NH, NH2, D2O
exchangeable); Its MS (m/z), 285 (M+, 100%); C10H11N3O3S2 (285.3); Requires
(Found): C, 42.09 (42.07); H, 3.88 (3.85); N, 14.72 (14.76).
5-Ethyl-2-amino-3-carbonylthiosemicarbazide-4-methylthiophenecarboxylate (16). A
mixture of 2 (0.01 mol) was refluxed with 10 mL of 10% HCl and potassium
thiocyanate (0.015 mol) for 4 h. The reaction mixture was allowed to cool to room
temperature. The solid formed was collected by filtration, washed with water,
dried and then crystallized from dioxane/DMF (2:1), as a yellow powder in a 78%
yield, mp 226–227 �C; IR (cm�1, m); 3400 (br, NH), 2915 (CH alkyl), 1690, 1678
(2CO); 1H NMR (DMSO-d6, d, ppm): 1.27 (t, 3H, J = 7.00 Hz, CH3), 2.45 (s, 3H, CH3),
4.16 (q, 2H, J = 7.05 Hz, CH2), 5.30 (br, 2 H, NH2), 7.60 (br, 2H, NH2), 8.95, 9.30 (2br,
2H, 2NH) (2NH, 2NH2, D2O exchangeable); Its MS (m/z), 302 (M+, 100%);
C10H14N4O3S2 (302.3); Requires (Found): C, 39.72 (39.67); H, 4.66 (4.64); N,
18.53 (18.46).
5-Ethyl-2-amino-3(4-methyl/or phenyl-1,3-thiazol-2-yl)carbohydrazide-4-methylthio-
phenecarboxylate (17a, b), General procedure; A mixture of compound 16 (0.01 mol)

and chloroacetone or phenacylbromide (0.01 mol) was refluxed in ethanol (50 mL)
for 8–10 h. The reaction mixture was then kept overnight,
the solid that separated was filtered off and crystallized from n-hexane to
produce (17a, b) in high yield .
5-Ethyl-2-amino-3(4-methyl-1,3-thiazol-2-yl)carbohydrazide-4-methylthiophene-
carboxylate (17a). It was obtained from compound 16 and chloroacetone; as white
crystals, crystallized from n-hexane in 66% yield, mp 134–135 �C (dec): IR (cm�1,
m); 3425 (br, NH), 2927 (CH alkyl), 1692, 1675 (2CO), 1635 (C@N); 1H NMR (DMSO-
d6, d, ppm): 1.23 (t, 3H, J = 7.01 Hz, CH3),2.22 (s, 3H, CH3), 2.45 (s, 3H, CH3), 4.21 (q,
2H, J = 7.03 Hz, CH2), 7.90 (br, 2H, NH2), 8.16 (s, CH, thiazole proton), 9.05, 10.20
(2br, 2H, 2NH) (2NH, NH2, D2O exchangeable); Its MS (m/z), 340 (M+, 70%);
C13H16N4O3S2 (340.4); Requires (Found): C, 45.86 (45.83); H, 4.73 (4.69); N, 16.46
(16.42).
5-Ethyl-2-amino-3(4-phenyl-1,3-thiazol-2-yl)carbohydrazide-4-methylthiophene-
carboxylate (17b). It was obtained from compound 16 and phenacylbromide, as a
yellow powder, crystallized from benzene in 53% yield, mp 107–109 �C (melted);
3430 (br, NH),3035 (CH, aryl), 2915 (CH alkyl), 1689, 1670 (2CO), 1620 (C@N); 1H
NMR (DMSO-d6, d, ppm): 1.28 (t, 3H, J = 7.02 Hz, CH3), 2.47 (s, 3H, CH3), 4.19 (q, 2H,
J = 7.05 Hz, CH2), 7.09–7.23 (m, 5H, Ar-H), 8.05 (br, 2H, NH2), 8.20 (s, CH, thiazole
proton), 9.00, 10.15 (2br, 2H, 2NH) (2NH, NH2, D2O exchangeable); Its MS (m/z),
402 (M+, 43%); C18H18N4O3S2 (402.4); Requires (Found): C, 53.71 (53.69); H, 4.50
(4.47); N, 13.92 (13.89).
Antibacterial activity. The newly synthesized compounds were screened for their
antibacterial activity against pathogenic organisms; Bacillus cereus (BTCC19),
Shigella dysenteriae (AE 14396), and Salmonella typhi (AE 14612) (Table 1) and for
antifungal activity against Macrophomina phaseolina (Tassi) Goid, Fusarium equiseti
(Corda) Sacc, Alternaria alternata (Fr.) Kedisslar and Coillectotrium corchori Ikata
(Yoshida) (Table 2). The disc diffusion method22 and poisoned-food techniques23


were used for antibacterial and antifungal activities, respectively. The tested
compounds were dissolved in N,N-dimethylformamide (DMF) to get a solution of
1 mg mL�1. The inhibition zones were measured in millimeters at the end of an
incubation period of 48 h at 28 �C. DMF alone showed no inhibition zone. Nutrient
agar (NA) and potato dextrose agar (PDA) were used as basal media to test the
bacteria and fungi, respectively. Commercial antibacterial ampicillin and
antifungal nystatin were also tested under similar conditions for comparison.
Anti-inflammatory activity (Carrageenin induced rat hind paw edema model). The
method adopted resembles essentially that described by Winter et al.24 (0.5 mL of
tween-80 in distilled water) was selected as vehicle to suspend the standard drugs
and the test compounds. The albino rats weighing between 150 and 180 g was
starved for 18 h prior to the experiment. The animals were weighed, marked for
identification and divided into 12 groups each group containing five animals.
Edema was induced in the left hind paw of all rats by subcutaneous injection of
0.1 mL of 1% (W/V) carrageenin in distilled water into their fotpads. The 1st group
was kept as control and was given the respective volume of the solvent (0.5 mL of
tween-80 in distilled water). The 2nd to 11th groups were orally administered
aqueous suspension of the synthesized compounds in dose of (15 mg/kg body
weight) 1 h before carrageenin injection. The last group (standard) was
administered indomethacin in a dose of 10 mg/kg body weight, orally as
aqueous suspension.25 The paw volume of each rat was measured immediately
by mercury plethysmometer, before carrageenin injection and then hourly for 4 h
post administration of aqueous suspension of the synthesized compounds. The
edema rate and inhibition rate of each group were calculated as follows, (Edema
rate (E) % = Vt � Vo/Vo, Inhibition rate (I) % = Ec� Et/Ec) where Vt is the volume
before carrageenin injection (mL), Vt is the volume at t hours after carrageenin
injection (mL) Ec, Et the edema rat of control group and treated group, respectively.
Analgesic activity using hot plate test. The experiment was carried out as described
by Turner26 using hot plate apparatus, maintained at 53 ± 0.5 �C. The mice were
divided into 12 groups of five animals each. The reaction time of the albino mice to
the thermal stimulus was the time interval between placing the animal in the hot
plate and when it licked its hind paw or jumped. Reaction time was measured prior
to aqueous suspension of synthesized compounds and drug treatment (0 min).
Group 1 was kept as normal control. The aqueous suspension of synthesized
compounds was orally administered to mice of groups 2 to 11 at doses of 20 mg/kg.
Mice of group 12 (reference) were orally treated with aspirin in a dose of 20 mg/kg
b.w. The reaction time was again measured at 15 min and repeated at 0, 30, 60, and
90 min. after treatment. To avoid tissue damage to the mice paws, cut-off time for
the response to the thermal stimulus was set at 60 s. The reaction time was
calculated for each synthesized compounds and drug-treated group.
Animals. Both sex of albino rats (150–200 g) were used in the study of
anti-inflammatory activity and both sex of Swiss albino mice weighing (25–
30 g) used in analgesic activity and, taking into account international
principle and local regulations concerning the care and used of laboratory
animals.27 The animals had free access to standard commercial diet and
water ad libitum and were kept in rooms maintained at 22 ± 1 �C with 12 h
light dark cycle.


22. Bauer, A. W.; Kirby, W. M. M.; Sherris, J. C.; Turck, M. Am. J. Clin. Pathol. 1966,
45, 493.


23. Grover, R. K.; Moore, J. D. Phytopathology 1952, 52, 876.
24. Winter, C. A.; Risley, E. A.; Nuss, G. W. Proc. Soc. Exp. Biol. Med. 1962, 111, 544.
25. Mino, J.; Moscatelli, V.; Hnatyszyn, O.; Gorzalczany, S.; Acevedo, C.; Ferraro, G.


G. J. Pharmacol. Res. 2004, 50, 59.
26. Turner, R. A. Analgesics. In Screening Methods in Pharmacology; Turner, R. A.,


Ed.; Academic Press: London, 1965; p 100.
27. Olfert, E. D.; Cross, B. M.; McWilliam, A. A., Eds.; Canadian Council of


Animal Care Guide to the Care and Use of Experimental Animals; Vol. 1,
2nd ed., 1993.
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We investigated the effect of amido- (NP-OH) and carbamate linkers (NP-HAPC) in nanoparticles com-
posed of hydroxyethylated cationic cholesterol on siRNA transfection. The presence of NaCl in forming
a NP-OH nanoplex increased the suppressive effect of gene expression by increasing the size of the nan-
oplex and changing the cellular uptake mechanism from membrane fusion and clathrin-mediated endo-
cytosis to clathrin- and caveolae-mediated endocytosis.


� 2008 Elsevier Ltd. All rights reserved.

Non-viral vectors, such as cationic lipid-based1,2 and polymer
particles2 have been focused on for their ease of synthesis, low
immune response and safety. Many different cationic lipids have
been synthesized for non-viral vectors. The general structure of a
cationic lipid has three parts: (1) a hydrophobic lipid anchor group,
which helps to form the micellar structure and can interact with
cell membranes; (2) a linker group, such as an ester, amido or car-
bamate; and (3) a positively charged headgroup, mainly composed
of cationic amine. Concerning the anchor group, cationic choles-
terol derivatives could be justified by their high transfection activ-
ity and low toxicity. The linker group of a cationic cholesterol
derivatives controls the conformational flexibility, degree of stabil-
ity, biodegradability, and gene transfection efficacy.3,4 Concerning
the head group, cationic cholesterol derivative, such as choleste-
ryl-3b-carboxyamidoethylene-N-hydroxyethylamine (OH-Chol)
having a hydroxyethyl group at the amine headgroup and an ami-
do-linker (Fig. 1), achieved high transfection ability for plasmid
DNA and synthetic small interfering RNA (siRNA) deliveries.5–7 siR-
NAs, which are small double-stranded RNA, suppresses the expres-
sion of a target gene by triggering specific degradation of the
complementary mRNA sequence. We have reported that cationic
nanoparticles composed of OH-Chol (NP-OH) could deliver siRNA
with high transfection efficiency at a charge ratio (±) of 3/1

All rights reserved.

in vitro when the nanoparticle/siRNA complex (nanoplex) was
formed in 50 mM NaCl solution.7 Cationic cholesterol derivatives
with an ether linker have been demonstrated to exhibit superior

Figure 1. The structure of cationic derivatives of cholesterol.
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in vitro gene transfection efficacies to their ester counterparts;8,9


therefore, in this study, to investigate the effect of a linker in cho-
lesterol derivatives on transfection, we synthesized N-hydroxy-
ethyl aminopropane carbamoyl cholesterol iodide (HAPC) with a
carbamate linker (Fig. 1) and compared the physicochemical prop-
erties and siRNA transfection with NP-OH in forming a nanoplex in
the presence or absence of NaCl.


OH-Chol and HAPC were synthesized as previously de-
scribed.10,11 3([N-(N0,N0-dimethylaminoethane)-carbamoyl] cho-
lesterol (DC-Chol, Sigma Chemical Co., St. Louis, MO, USA) was
used as a commercially available cationic cholesterol derivative
with a carbamate linker (Fig. 1). All formulations of nanoparticles
consisted of 1 mg/ml cationic cholesterol and 0.13 mg/ml Tween
80 (NOF Co. Ltd., Tokyo, Japan). For example, NP-OH nanoparticles
were prepared with lipids in 10 ml of water by the modified etha-
nol injection method.10,11 Nanoparticles consisting of DC-Chol and
HAPC were prepared by the same procedure, and were named NP-
DC and NP-HAPC, respectively. The nanoparticle/siRNA complex
(nanoplex), at a charge ratio (±) of 3/1, was formed by the addition
of each nanoparticle to 100 pmol siRNA in water or 50 ll of 50 mM
NaCl solution with gentle shaking and leaving at room temperature
for 15 min.7 The average size of each nanoparticle was approxi-
mately 100–130 nm (Table 1).12 We compared the physicochemi-
cal properties of nanoplexes formed in water and 50 mM NaCl
solution. The size of NP-OH, NP-HAPC, and NP-DC nanoplexes
formed in water slightly increased to about 200–400 nm, and those
formed in 50 mM NaCl solution significantly increased to about
800–1000 nm (Table 1). The cationic charge on the surface of the

Table 1
Size and f-potential of nanoplexes formed in water or 50 mM NaCl solution at a charge ra


Nanoparticles Cationic lipid Size of nanoparticle (nm) f-potential of nanopart


NP-OH OH-Chol 118.0 ± 3.1 40.7 ± 1.0
NP-HAPC HAPC 120.0 ± 2.9 45.1 ± 0.5
NP-DC DC-Chol 117.1 ± 11.8 45.3 ± 1.8


a Particle size distributions and f-potentials were measured 10–15 min after forming
b Nanoplex formed in water.
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Figure 2. Effect of the difference between nanoparticles on transfection in PC-3-Luc cells
(±) of 3/1 were prepared in water or 50 mM NaCl. The value are expressed as means ± SD
WST-8 solution (B). Nanoplex of Luc siRNA was prepared at a charge ratio (±) of 3/1 in wa
the nanoplex. Values are expressed as means ± SD (n = 4).

cationic nanoparticles may be neutralized by the presence of NaCl,
resulting in instability of the nanoplex and facilitating the size in-
crease.13 The f-potential of each nanoplex was approximately from
+22 to +40 mV.


We measured the transfection efficiencies of NP-OH into human
prostate tumor PC-3 cells stably expressing the luciferase gene (PC-
3-Luc) by assaying luciferase activity 48 h after siRNA transfection
in the presence of serum.14 The siRNA targeting nucleotides of Luc
and random siRNA as a negative control were synthesized by Hok-
kaido System Science (Hokkaido, Japan).15 At 48 h after siRNA
transfection, luciferase activity was measured as counts per second
(cps)/lg protein using the luciferase assay system (Pica gene, To-
kyo Ink Mfg. Co. Ltd., Tokyo, Japan) and BCA reagent (Pierce, Rock-
ford, IL, USA) as previously reported.6 As shown in Figure 2A,
concerning the nanoplex formed in water, NP–HAPC was more
effective in the down-regulation of luciferase activity than NP-
OH and NP-DC. The presence of NaCl in forming a nanoplex in-
creased the suppression of luciferase activity in NP-OH; however,
it did not affect RNAi activity in NP-HAPC, indicating that the struc-
ture of the linker in cationic cholesterol derivatives influenced the
transfection activity. A commercially available transfection
reagent, Lipofectamine 2000, exhibited strong gene suppression
by siRNA. We examined the cytotoxicities 48 h after transfection
of the NP-OH, NP-HAPC, and NP-DC nanoplexes and Lipofectamine
2000 lipoplex in PC-3 cells with a cell proliferation assay kit (Doj-
indo, Kumamoto, Japan). The Lipofectamine 2000 lipoplexes exhib-
ited significant toxicity (about 40% cell viability) (Fig. 2B). In
contrast, NP-OH, NP-DC, and NP-HAPC nanoplexes did not actually

tio (±) of 3/1a


icle (mV) Size of nanoplexes formed (nm) f-potential of nanoplexesb (mV)


In water In 50 mM NaCl


224.4 ± 1.0 1107.9 ± 72.7 22.1 ± 0.6
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373.0 ± 9.9 836.7 ± 13.0 39.9 ± 1.9
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Figure 3. Association of NP-OH and NP-HAPC nanoplexes with PC-3 cells 24 h after transfection. NP-OH (A) or NP-HAPC (B) was mixed with 100 pmol of FAM-siRNA in water
or NaCl solution for 10 min, and then diluted to 100 nM with medium.
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exhibit cytotoxicity (about 80–100% cell viability). These findings
indicated that NP-OH and NP-HAPC nanoplexes could efficiently
suppress gene expression by siRNA without cytotoxicity.


The size of both NP-OH and NP-HAPC nanoplexes formed in
water or NaCl was similar, but their transfection activities were
different. First, to examine the effect of the nanoplex formed in
50 mM NaCl on transfection efficiency, we measured the amount
of nanoplexes associated with the cells by flow cytometric analysis
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(FACSCalibur, Becton–Dickinson, San Jose, CA, USA).6 50-Carboxy-
fluorescein (FAM)-labeled random siRNA was used to determine
the amount of cellular association. In nanoplexes formed in the
presence of 50 mM NaCl, the association with the NP-OH nanoplex
of FAM-labeled siRNA 24 h after transfection significantly in-
creased (Fig. 3A) but that with NP-HAPC nanoplex slightly in-
creased (Fig. 3B). Furthermore, to examine the difference of
kinetics for siRNA uptake between the nanoplex forming in water

0


20


40


60


80


100


120


0


20


40


60


80


100


120


L
uc


if
er


as
e 


ac
ti


vi
ty


(%
 o


f 
ra


nd
om


 s
iR


N
A


)
L


uc
if


er
as


e 
ac


ti
vi


ty
(%


 o
f 


ra
nd


om
 s


iR
N


A
)


15 30 288060


Time (min)


15 30 288060


Time (min)


NP-OH nanoplex formed in NaCl solution


NP-HAPC nanoplex formed in NaCl solution


First transfection
Second transfection


First transfection
Second transfection


nanoplex formed in water (A), in NaCl (B), NP-HAPC nanoplex formed in water (C) or
ubated in fresh medium. The removed nanoplexes were incubated with other fresh
en bars represent primary nanoplexes and filled bars secondary ones. Values are







Y. Hattori et al. / Bioorg. Med. Chem. Lett. 18 (2008) 5228–5232 5231

and that with NaCl solution, we investigated the time needed for
internalization of the nanoplex. The NP-OH or NP-HAPC nanoplex
was incubated with the cells for 15, 30, 60 min (first transfection)
at 100 nM siRNA, and then the supernatant was used to transfect
into other fresh cells (second transfection) for a total of 48 h. The
NP-OH nanoplex formed in water exhibited a suppression of lucif-
erase activity by the first transfection for 60 min, comparable to
transfection for 48 h, and furthermore, no suppression by the sec-
ond transfection (Fig. 4A), suggested that the nanoplex was com-
pletely internalized in the cell within 60 min. On the other hand,
the NP-OH nanoplex formed in NaCl solution and NP-HAPC nano-
plex formed in water and NaCl solution exhibited less suppression
by the first transfection for 60 min, and suppression by the second
transfection, suggesting that the nanoplexes were not sufficiently
internalized into the cells by 60 min (Fig. 4B–D). From the results,
we found that the NP-OH nanoplex formed in water was more rap-
idly taken up into the cells than the other nanoplexes. NP-OH and
NP-HAPC might be internalized into the cells by a different uptake
mechanism.


Next, we studied the effect of a cationic nanoplex on membrane
fusion using anionic liposomes as a model of the plasma mem-
brane by fluorescence of calcein leakage from anionic liposomes.
Anionic liposomes, composed of dioleoylphosphatidylcholine
(DOPC, NOF Co., Ltd), dioleoylphosphatidylethanolamine (DOPE,
NOF Co., Ltd) and dioleoylphosphatidylglycerol (DOPG, NOF Co.,
Ltd), at a molar ratio of 1:2:1 were prepared by the thin film meth-
od and calcein was encapsulated into the liposome as previously
reported.16,17 The f-potential of all cationic nanoplexes was
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Figure 5. NP-OH or NP-HAPC nanoplex-induced calcein leakage from nega

positive (Table 1), and that of anionic liposome was negative
(�68.5 mV). When mixed with the anionic liposome, the NP-OH
nanoplex formed in water rapidly leaked calcein from anionic lipo-
some by 41% at 5.5 min (Fig. 5A).18 In contrast, the nanoplex that
formed in NaCl solution leaked calcein slowly and slightly (7.6%
at 5.5 min) which was 4-fold lesser than that formed in water.
NP-HAPC nanoplexes formed in the presence of NaCl slightly and
similarly leaked calcein compared with that formed in water
(19.9% and 18.4% at 5.5 min in the NP-HAPC nanoplex formed in
water and NaCl solution, respectively) (Fig. 5B). The linker group
between hydrophilic and hydrophobic lipid moiety influenced
membrane fusibility.4 In our study, OH-Chol with an amido-linker
had the ability to fuse rapidly with anionic liposomes compared to
HAPC with a carbamate linker when the nanoplexes were formed
in water. This characteristic of the OH-Chol nanoplex was changed
by formation of the nanoplex in NaCl solution.


To investigate the internalization mechanism of the NP-OH nan-
oplex formed in water and NaCl solution, we examined the effect of
cellular uptake by endocytosis inhibitors such as sucrose and filli-
pin. Hypertonic treatment with sucrose typically blocks clathrin-
mediated internalization and filipin treatment blocks caveolae-
mediated internalization. 1,10-Dioctadecyl-3,3,30,30-tetramethylin-
docarbocyanine perchlorate (DiI)-labeled nanoparticles was pre-
pared by incorporating 0.05 mol % of DiI (Lambda Probes &
Diagnostics, Graz, Austria) into the total lipid. The uptake amount
of DiI-labeled NP-OH nanoplex formed in water decreased to about
90% and 70% in the presence of filipin and sucrose, respectively, and
that formed in NaCl was significantly decreased to about 50–60% in
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Figure 6. Effect of pharmacological reagents on the cellular uptake of NP-OH nanoplexes. Cells were pretreated with 50 lg/ml filipin or 100 mM sucrose at 37 �C for 30 min.
The medium was replaced with culture medium containing DiI-labeled NP-OH nanoplex formed in water (A) or NaCl solution (B), and then incubated with the cells for 2 h at
37 �C. Each column represents the mean ± SD (n = 4).
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the presence of filipin or sucrose (Fig. 6A and B). The results in Fig. 5
and 6 suggested that the NP-OH nanoplex formed in water was ta-
ken up via mainly clathrin-mediated endocytosis as well as fusion;
in contrast, NP-OH nanoplexes formed in NaCl solution were taken
up via both clathrin- and caveolae-mediated endocytosis.


The difference in the linker group between carbamate and ami-
do in cationic cholesterol derivatives influenced membrane fusibil-
ity (Fig. 5A and B). NP-OH nanoplex formed in water had the ability
to fuse with the cellular membrane, and produced nearly maximal
levels of gene suppression after only a 60-min incubation period
(Fig. 4A); however, it was not clear why the cationic cholesterol
derivative with an amido-linker had membrane fusibility but that
with carbamate linker did not. In the hydroxyethylated cationic
cholesterol derivative with secondary amine, the amido-linker
might induce more conformational flexibility than the carbamate
linker, and therefore the positive charge of NP-OH could interact
with the anionic membrane. On the other hand, for the NP-OH nan-
oplex formed in NaCl solution, the level of transfection was still
very low at up to 1 h incubation compared with 24-h incubation.
Such slow kinetics is characteristic of internalization via a mecha-
nism involving caveolae, comfirming our observations on the effect
of inhibitors (Fig. 6B). Since the composition of NP-OH nanoplexes
formed in water and NaCl solution was identical, the only param-
eter determining their gene transfer might be their size. Micro-
spheres with a diameter of <200 nm were internalized via
clathrin-mediated endocytosis, while 500-nm particles entered
cells via caveolae.19 The NP-OH nanoplex forming in water was
220 nm and was rapidly taken up by membrane fusion and clath-
rin-mediated endocytosis. In contrast, the NP-OH nanoplex formed
in NaCl solution was 1000 nm, and the large nanoplex lost the abil-
ity to fuse with the cellular membrane. As a result, the nanoplex
was taken up by both caveolae- and clathrin-mediated pathways
and induced efficient suppression by siRNA transfection. This find-
ing corresponded to large aggregates (>500 nm), even though
internalized very slowly, having more efficient gene transfection
activity than small aggregates,19,20 which were taken up very rap-
idly.21 However, it was not clear why siRNA transfection via mem-
brane fusion could not suppress gene suppression. Acidification of
the NP-OH nanoplex in clathrin- or caveolae-mediated endosome
might be needed for efficient dissociation of siRNA from NP-OH
in the cells.


In this study, hydroxyethylated cationic cholesterol derivative
OH-Chol with an amido-linker for synthetic siRNA transfection
vector was affected by a nanoplex-forming condition, but HAPC
with a carbamate linker was not. The presence of NaCl solution
in forming the nanoplex increased the size, leading to caveolae-

mediated endocytosis, which increased siRNA transfection effi-
ciency. The results provided important information to develop effi-
cient cationic lipid-based vectors for synthetic siRNA.
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The presence and extent of hypoxic regions in cancerous tissue bears a negative influence on the effec-
tiveness of radiation therapy and chemotherapy of the cancer hence estimation of hypoxia is an impor-
tant problem. Several 99mTc-labeled nitroimidazole-based non-invasive agents have been tried for this
purpose but none had optimal characteristics and the search continues. Herein we report, for the first
time to the best of our knowledge, the isolation, 99mTc(CO)3 labeling and evaluation of an unsubstituted
5-nitroimidazole derivative obtained as a side product during the synthesis of 4-nitroimidazole deriva-
tive. The 99mTc(CO)3-labeled complex of 5-nitroimidazole derivative could be prepared in excellent yield
under mild conditions. Its evaluation in fibrosarcoma tumor bearing Swiss mice showed uptake and slow
clearance of injected activity from tumor. The tumor-to-muscle ratio was found to be very high but
tumor-to-blood ratio greater than 1 could not be obtained throughout the limited time point study.
The study revealed that complex under investigation has features similar to other 2-nitroimidazole com-
plexes so far as the retention of injected activity in tumor is concerned.


� 2008 Elsevier Ltd. All rights reserved.

Tumour hypoxia plays a major role in reducing the efficacy of
therapeutic modalities like chemotherapy and radiation therapy
in combating cancer.1,2 Therefore, both quantitative and qualita-
tive estimation of hypoxia becomes an important parameter in
planning the therapeutic strategy for a better clinical outcome.
Nitroimidazole-based non-invasive imaging agents are for long
being used for this purpose. The positron emission tomography
(PET) tracer [18F]FMISO was the first nitroimidazole and till date
the gold-standard agent for imaging hypoxia.3 Wiebe et al. investi-
gated a series of 123I-labeled 2-nitroimidazole derivatives for imag-
ing with the more widely available SPECT technique, culminating
with 123I-iodoazomycin arabinoside (IAZA) currently undergoing
clinical trials.4 However, due to the short half life, high cost and
limited availability of cyclotron produced isotopes such as 18F
and 123I, the development of 99mTc-based agents for this purpose
has gained importance. 99mTc with its optimal nuclear characteris-
tics, easy availability and versatile chemistry is an ideal diagnostic
radionuclide. While in 99mTc-BATO-nitroimidazole (BATO = Boro-
nic acid adduct of technetium dioxime), one of the earlier studied
agents, the nitroimidazole moiety was found to be enzymatically
reduced in absence of oxygen, it was observed that the rate of

ll rights reserved.


x: +91 22 2550 5345.
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reduction was much slower than with the corresponding unchelat-
ed boronic acid nitroimidazole molecule. The cause of this slower
reduction rate was attributed to the steric hindrance offered by
the bulky technetium complex to the nitroimidazole moiety.5 This
study revealed the necessity of a spacer arm between the nitroim-
idazole and metal centre. Several other 99mTc-labeled nitroimidaz-
ole-based agents were explored, which have thus far not achieved
the optimal characteristics to target hypoxia, and hence the search
continues.6–15


Most of the agents studied to target hypoxia are based on
derivatives of 2-nitroimidazole (nitro group substituted at the sec-
ond position in the imidazole ring). However, no reports are avail-
able till date on unsubstituted 5-nitroimidazole derivatives, a
possible reason being the non-availability of 5-nitroimidazole.
The inherent instability of the 5-nitroimidazole is due to the tau-
tomeric equilibrium with 4-nitroimidazole wherein the latter is
favored due to higher acidity of the –NH– proton of the 5-nitro
isomer. Such a tautomerism in the case of metronidazole, a 5-
nitroimidazole with a methyl substitution at C-2, is also possible
albeit to a limited extent. The presence of the methyl substituent
at C-2 possibly reduces the acidity of the –NH– protons induced
by the nitro group at the C-5 position. Therefore metronidazole
is readily available and studies using metronidazole have been re-
ported.12,15 A careful survey of single electron reduction potential
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data reported by Wardman reveal that the substituent on the
nitroimidazole ring is one factor which determines the value of
the one electron reduction potentials of different nitroimidaz-
oles.16 An electron donating substituent like a methyl group on
the nitroimidazole ring (as with metronidazole) was found to shift
the reduction potential to more negative values compared to an
analogous nitroimidazole with no substitution. In connection with
our research efforts to prepare and study differently substituted
nitroimdazoles for targeting tumor hypoxia, it was therefore felt
pertinent to investigate the potential of unsubstituted 5-nitroim-
idazole derivative as a hypoxia marker. It is but logical to assume
that reduction potential of unsubstituted 5-nitroimidazole will be
less negative in comparison with its methyl substituted counter-
part, ie 2-methyl-5-nitroimidazole. Hence, hypothetically, unsub-
stituted 5-nitroimidazole could be a better choice to target
hypoxic cells than 2-methyl-5-nitroimidazole reported earlier.
The present study could also reveal whether the effect of the sub-
stitution in the nitroimidazole ring could cause a significant
change in the in vivo hypoxia targeting potential of nitroimidaz-
ole-based molecules. During the course of a study, which was pri-
marily aimed at preparing a 4-nitroimidazole iminodiacetic acid,
with a three-carbon spacer arm, we observed that a 5-nitroimi-
dazole derivative was formed, in significant yield, during the
course of the reaction and was successfully isolated. This deriva-
tive, which has not been earlier explored, was subsequently radi-
olabeled with the [99mTc(CO)3]+ core. Preliminary bioevaluation of
this complex was carried out in tumor bearing animal model.


It has been documented that tautomeric inter-conversion of the
5-nitro and 4-nitro imidazoles takes place under either acidic or
basic conditions. During the N-alkylations 4-nitroimidazole with
alkyl halides, while acidic conditions favor the 5-nitro orientation,
the 4-nitro orientation is favored under basic conditions.17 How-
ever, reaction yields are generally poor under acidic conditions
and they cannot be utilized when the reactants are acid sensitive.
The 5-nitroimidazole derivative reported herein was obtained as a
side product during the synthesis of 4-nitroimidazole iminodiace-
tic acid derivative under basic conditions. The synthesis was car-
ried out in two steps. A bifunctional chelating agent (BFCA), N,N-
bis[tert-butoxycarbonylmethyl]-3-bromopropyl amine was pre-
pared in the first step, via reaction between 3-bromopropylamine
hydrobromide and tert-butylbromoacetate in presence of triethyl
amine as base (Scheme 1).18 The BFCA was then coupled to the
4-nitroimidazole ring in the second step to obtain the tert-buty-
lester derivative of 4-nitroimidazole (Scheme 2).19 The progress
of the reaction was followed by thin layer chromatography (TLC).
Contrary to our expectation of a single product, TLC in diethyl ether
showed two spots corresponding to two products. The two ester
derivatives were separated by silica gel column chromatography,
with ether where the minor product was obtained in 15% overall
yield. 1H NMR analysis (300 MHz Varian VXR 300S spectrophotom-
eter, USA) revealed that one of the products was the expected
4-nitroimidazole ester derivative while the other was a 5-nitroim-
idazole ester.


The unambiguous structure assignments were made consider-
ing the chemical shift values of the nitroimidazole-N-(alkyl)–
CH2– proton as reported by Rao et al.20 It is expected that this
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proton should be more downfield in 5-nitroimidazole derivative,
due to the proximity of nitro group, than in the 4-nitroimidazole
derivative. In the present case the 1H NMR spectra of the two esters
prepared, substantiates the findings of Rao et al., where this proton
appears at 4.57 ppm and 4.28 ppm in the two NMR spectra. Based
on this, while the compound which exhibited a 2 H-triplet at d
4.57 ppm was confirmed to be the 5-nitroimidazole ester, the com-
pound which showed a similar peak at d 4.28 ppm was identified
as the 4-nitroimidazole isomer. Additional evidence supporting
the present structural assignment can be obtained from the chem-
ical shift values of C4 and C5 protons. The C4 proton which is be-
tween the nitro group and a sp2 nitrogen in 5-nitro isomer
(7.99 ppm) is expected to be more downfield than the C5 proton
(7.87 ppm) placed between the nitro group and a sp3 nitrogen in
the 4-nitro isomer. The target compound, iminodiacetic acid deriv-
ative of 5-nitroimidazole (3), was obtained by the hydrolysis of
corresponding tert-butyl ester derivative with 6 N HCl as shown
in Scheme 2. The ligand 3 was obtained in almost quantitative
yield. All the compounds synthesized were characterized by 1H
NMR and IR (Jasco FT/IR-420, Japan).


The 5-nitroimidazole derivative was then labeled with 99mTc via
the [99mTc(CO)3(H2O)3]+ core. The core was prepared following a
reported procedure.21 Under optimized conditions, the labeling
was carried out by mixing 0.5 mL of phosphate buffer saline (pH
7.4) containing 0.5–1 mg of ligand [10�3 M] with 0.5 mL of freshly
prepared [99mTc(CO)3(H2O)3]+ core [3.7 MBq] in a 10 mL capacity
vial. The mixture was then heated at 70 �C for 30 min, after which
the vial was cooled in ice. Schibli et al. had earlier shown the tri-
dentate coordination of iminodiacetic acid with Re(CO)3 core, ana-
logue of 99mTc(CO)3 core, resulting in a negatively charged
complex.22 Since the ligand presently being studied is also an imin-
odiacetic acid, it could be logical to assume that the resultant com-
plex will be uninegative. The characterization of the
[99mTc(CO)3(H2O)3]+ core and the complex was carried out by
HPLC. HPLC analyses were carried out on a JASCO PU 2080 Plus
dual pump HPLC system, Japan, with a JASCO 2075 Plus tunable
absorption detector and a radiometric detector system, using a
C18 reversed phase HiQ Sil (5 lm, 4 � 250 mm) column. The sol-
vents used for HPLC were filtered through Millipore filter paper
and contained 0.1% trifluoroacetic acid. The [99mTc(CO)3(H2O)3]+


core appeared as a broad peak at 17.42 ± 0.2 min and that of the
complex appeared as a sharp peak at 15.67 ± 0.1 min (Fig. 1a and
b). Both the [99mTc(CO)3(H2O)3]+ core and the complex could be
prepared in more than 95% yield, as determined by HPLC. The oct-
anol–water partition coefficient (LogPo/w) of the complex was
determined, applying multiple back extraction method described
by Troutner et al.,23 and found to be 0.39. In vitro serum stability
studies of the labeled complex were performed using a method
adapted from a protocol reported earlier.24 About 50 lL of the la-
beled compound was added to 0.5 mL of human serum and this
mixture was incubated at 37 �C for 3 h. Aliquots were withdrawn
at intervals of 1, 2 and 3 h, ethanol was added to precipitate the
serum protein, centrifuged and the supernatant was analyzed by
HPLC to assess stability of the complex. No significant re-oxidation
of the complex to 99mTcO4


� was observed upon incubation in hu-
man serum at 37 �C.
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Figure 1. HPLC profile of (a) [99mTc(CO)3(H2O)3]+ core (b) 99mTc(CO)3-5-nitroimidazole complex and (c) 185Re(CO)3-5-nitroimidazole complex.
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For the purpose of characterization by comparison, the corre-
sponding rhenium analog, 5-nitroimidazole-Re(CO)3, was prepared
and analyzed by HPLC using the inactive isotope 185Re. The rhe-
nium analog was prepared following a reported procedure,25 by
reacting 3 with one equivalent of Re(CO)5Br in methanol in pres-
ence of triethyl amine as base. It could be observed that the HPLC
profile of the rhenium analog (Fig. 1(c)) prepared in macroscopic
level matched with that of 5-nitroimidazole-99mTc(CO)3 prepared
in the no-carrier-added level (Fig. 1(b)) suggesting that the com-
plexes formed in both the cases are probably the same.


Swiss mice (�25 g body weight) were used to develop in vivo
tumor models for the biodistribution studies. Solid tumors were

propagated in the animals by subcutaneous administration of
HSBM1C1 murine fibrosarcoma cell line (�106 cells per animal)
in the dorsal region. The tumor size was allowed to reach approx-
imately 10 mm diameter after which the animals were used for the
experiment. All procedures performed herein were in strict accor-
dance with the national laws pertaining to the conduct of animal
experiments.


For the in vivo distribution studies, about 0.1 mL of the labeled
product (�100 lCi) per animal was administered intravenously.
The animals were sacrificed at various time points (30, 60 and
180 min p.i.) after which the relevant organs and tissues were ex-
cised for measurement of associated activity. Radioactivity mea-
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Figure 2. Uptake and retention of injected activity in tumor with time (n = 3).
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surements were carried out in a flat-bed type NaI(Tl) scintillation
counter with optimal energy window for 99mTc. The accumulated
activity was expressed in terms of percentage of total injected dose
associated with the specific organ/tissue per gram.


The biodistribution studies carried out for limited time (three
time points, n = 3) showed uptake and slow clearance of activity
from tumor (Fig. 2) with a maximum uptake of 0.47% ID/g observed
at 60 min p.i. This retention characteristics of activity in tumor by
the complex under investigation was found to be similar to those
of BMS181321 and BRU59-21,6,7 though absolute uptake in tumor
cannot be directly compared as the tumor models were different.
However, the slow clearance of activity may be considered an indi-
cation of efficient reduction of the 5-nitroimidazole complex with-
in the tumor mass. Though clearance of activity from the blood
pool was fast, the tumor-to-blood ratio above 1 could not be
obtained in the studied time-frame (Fig. 3). A very high tumor-
to-muscle ratio is observed throughout the period of study. The
predominance of hepatobiliary clearance was evident from high
activity in liver and low activity in kidney (Fig. 4). Liver activity
was found to be high even at 3 h p.i. This could be explained con-
sidering the lipophilicity (LogP = 0.39) of the complex. However,
the wash-out from liver was fast, as could be observed from the
increase in activity in intestine with time (Fig. 4). There was no sig-
nificant accumulation of activity in other organs.
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Figure 3. Variation of tumor-to-blood ratio with time. (The ratios are calculated
using the %ID/g in respective organs/tissue).

A comparative study of the biodistribution patterns of the
99mTc(CO)3-labeled unsubstituted 5-nitroimidazole and
99mTc(CO)3-labeled 2-methyl-5-nitroimidazole reported by our
group earlier12 revealed no significant difference in the uptake
and retention of the two complexes in tumor (Fig. 5). Similarly,
considering the clearance patterns of the two complexes, it can
be observed that the former showed slower clearance of activity
from the liver than the latter. This could be attributed to the higher
lipophilicity of unsubstituted 5-nitroimidazole (LogPo/w = 0.39)
compared to 2-methyl-5-nitroimidazole (LogPo/w = -0.82). The tu-
mor-to-blood ratio and tumor-to-muscle ratio of the two com-
plexes also showed similar trend.


To conclude, an unsubstituted 5-nitroimidazole derivative was
synthesized and its potential to target hypoxia was investigated.
The ligand was labeled with 99mTc via. [99mTc(CO)3(H2O)3]+ core in
excellent yield. The corresponding 185Re analogue was also prepared
and compared using HPLC techniques (both at the ‘‘no-carrier-ad-
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ded” level and macroscopic level). Preliminary biodistribution stud-
ies in animal model bearing solid tumor showed that the 99mTc(CO)3-
complex gets accumulated and is retained in the tumor mass, similar
to some of the reported 2-nitroimidazole complexes. However, the
present study which documents the isolation of an unsubstituted
5-nitroimidazole and its usage in designing a radiolabeled agent
for targeting hypoxia, did not show any significant advantage of
unsubstituted 5-nitroimidazole over that of substituted 5-nitroimi-
dazole with respect to its biological behavior.
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Ester analogs of (±)3-(4-(3-(bis(4-fluorophenyl)amino)propyl)piperazin-1-yl)-1-phenylpropan-1-ol were
synthesized and evaluated for binding at DAT, SERT, NET, and r1 receptors, and compared to GBR 12909
and several known r1 receptor ligands. Most of these compounds demonstrated high affinity
(Ki = 4.3–51 nM) and selectivity for the DAT among the monoamine transporters. S- and R-1-(4-(3-
(bis(4-fluorophenyl)amino)propyl)piperazin-1-yl)-3-phenylpropan-2-ol were also prepared wherein
modest enantioselectivity was demonstrated at the DAT. However, no enantioselectivity at r1 receptors
was observed and most of the ester analogs of the more active S-enantiomer showed comparable binding
affinities at both DAT and r1 receptors with a maximal 16-fold DAT/r1 selectivity.


Published by Elsevier Ltd.
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Figure 1. Dual DAT/r1 receptor ligands.

Several lines of evidence have linked r1 receptors to the atten-
uation of the behavioral effects of cocaine.1 Rimcazole, a r1-recep-
tor antagonist,2 also binds with moderate affinity to the dopamine
transporter (DAT),3,4 but exhibits neither cocaine-like psychomotor
stimulant nor cocaine discriminative stimulus effects in rodents.5,6


Further, rimcazole attenuates cocaine-induced stimulation of loco-
motor activity,6 convulsions,7 and place conditioning;8 actions that
have been suggested to be mediated via blockade of r1 receptors.
However, as rimcazole and its analogs have similar r1- and DAT-
binding affinities, a role of the DAT in these behavioral effects
remains to be established. We have recently demonstrated that
rimcazole and selected analogs bind the DAT in a conformation
that differs from that for cocaine, which may be related to their
unique in vivo effects.9


In earlier studies of rimcazole analogs, we identified com-
pounds with varying affinities and selectivities for r1 receptors
and the DAT as potential in vivo probes.4,10–12 The hydroxylated
linking chain analogue, JJC 2-010 (1, (±)3-(4-(3-(bis(4-fluoro-
phenyl) amino)propyl)piperazin-1-yl)-1-phenylpropan-1-ol) dem-
onstrated high affinity and selectivity for the DAT over serotonin
(SERT) and norepinephrine transporters (NET) and provided the
template for the next generation of compounds (Fig. 1).


JJC 2-010 (1) did not generalize in rats trained to discriminate
10 mg/kg cocaine from saline (Fig. 2). Moreover, JJC 2-010 (1), at
10 and 24 mg/kg, had no effect on the cocaine dose–effect curve

Ltd.


: +1 443 740 2111.
. Newman).

in this paradigm, suggesting that either this compound is an atyp-
ical dopamine uptake inhibitor13,14 and/or its r1 receptor antago-
nist actions affect the discriminative stimulus effects of cocaine. In
order to further develop structure–activity relationships (SAR) in
this series of compounds, and provide in vivo tools with which to
characterize the roles of r1 receptors and the DAT in the interac-
tions of rimcazole analogs and cocaine, additional analogs were
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Figure 2. Discriminative stimulus effects of JJC 2-010 alone and with cocaine in rats
trained to discriminate 10 mg/kg cocaine from saline (ip).
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designed (Fig. 1). Using simple esterification of the linking chain
OH group, steric tolerance could be explored.


In the present series, analogs with an esterification of the –OH
group in JJC 2-010 (1) were synthesized and tested for binding at
r1 receptors and the DAT, as well as the SERT and NET (2a–g). Fur-
ther, additional SAR studies conducted on the GBR 12909 template
have been reported recently15,16 that led us to prepare the homol-
ogous 1-(4-(3-(bis(4-fluorophenyl)amino) propyl)piperazin-1-yl)-
3-phenylpropan-2-ol series to investigate enantioselectivity and
then make ester analogs (7a–e) of the more active enantiomer (6a).


Compound 1 was prepared as previously described11 and ester-
ified (Scheme 1)17 to give 2a–g. In Scheme 2,17 compounds 4a and

N


F F


N
N


OH


1


a


Scheme 1. Reagents: (a)

4b were synthesized via a regioselective epoxide ring opening
using the Grignard reagent prepared from bromobenzene (3) as de-
scribed previously.15 These chiral synthons (4a and 4b) were then
alkylated with the previously reported 4-fluoro-N-(4-fluoro-
phenyl)-N-(3-(piperazin-1-yl)propyl)aniline11 to give the S and R
(6a and 6b, respectively) enantiomers. These enantiomers were
tested for binding at the DAT and it was discovered that the S-
enantiomer had slightly higher affinity for the DAT, and thus ester
analogs (7a–e) were prepared (Scheme 2) of the more active enan-
tiomer (6a) only. Of note, similarly modest enantioselectivity was
also observed in the GBR 12909 series15 and did not inspire us to
pursue the enantiomers of (±)1.


Binding affinities at r1 receptors, as well as the DAT, SERT, and
NET for 2a–g, 6a, 6b, and 7a–e were determined and compared to
those of rimcazole and JJC 2-010 (1), as well as GBR 12909 and sev-
eral known r1 receptor agonists. Note, binding affinities at DAT
and r1 for 1, rimcazole, and GBR 12909 are slightly higher than
what was previously reported, due to slightly modified binding
methods employed.18 All the ester analogs of 1 demonstrated
high-affinity binding at the DAT, although the additional steric
bulk of esters 2f and 2g reduced binding affinity �10-fold. All com-
pounds were uniformly less active at the SERT and NET, but had
similar affinities to 1 at r1 receptors, again with a slight decrease
in affinity for the sterically bulky analogs. As mentioned above, the
S-enantiomer 6a showed slightly higher affinity (Ki = 1.72 nM) for
DAT than its R-enantiomer 6b (Ki = 5.36 nM) and was the highest
affinity compound in this series. Esterification of 6a yielded esters
7a–e that showed similar binding profiles to 2a–g (Table 1).


Selectivity profiles based on Ki ratios are displayed in Table 2.
All of the new analogs were selective for DAT over SERT and NET,
with compound 6a showing the highest DAT selectivity ratios.


Analogs of rimcazole are of particular interest because they
bind to the DAT but do not produce behavioral effects similar to
those of cocaine.6,11 Because r receptor antagonists have been re-
ported to block several actions of cocaine, it has been proposed
that these drugs block actions of cocaine mediated by sigma recep-
tors, or that r-receptor-mediated effects modulate the actions of
cocaine. In addition, our previous results suggest that rimcazole
analogs, including JJC 2-010, in contrast to cocaine analogs, bind
the DAT in a manner that promotes its inward facing conforma-
tion.9 Among the present compounds are several that have differ-
ent degrees of selectivity for the DAT over r1-receptors.
Behavioral evaluation of selected ligands will prove useful in disen-
tangling these molecular contributions to behavioral outcomes.


Thus this set of compounds will provide additional tools with
which to explore the potential of compounds with dual actions
at the DAT and r1 receptors as leads for cocaine abuse medication
discovery.
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Table 1
Binding data for DAT/r1 compoundsa


Compound DAT Ki ± SEM (nM) SERT Ki ± SEM (nM) NET Ki ± SEM (nM) r1 Ki ± SEM (nM)


1 3.45 ± 0.410/8.5 ± 0.8b 803 ± 99.1b 1250 ± 178/532 ± 38b 45.0 ± 6.51/372 ± 21b


2a 4.28 ± 0.552 204 ± 15.2 990 ± 48.1 56.6 ± 2.89
2b 5.57 ± 0.608 273 ± 40.7 1500 ± 128 76.0 ± 4.86
2c 9.36 ± 1.16 543 ± 35.3 1520 ± 141 88.3 ± 6.49
2d 6.71 ± 0.622 318 ± 20.1 1950 ± 194 87.3 ± 9.47
2e 14.9 ± 1.74 1230 ± 50.8 2740 ± 250 135 ± 20.1
2f 36.6 ± 4.00 1300 ± 84.0 5350 ± 584 235 ± 28.8
2g 51.3 ± 4.75 2190 ± 292 >10,000 246 ± 23.1
6a 1.72 ± 0.126 779 ± 85.2 766 ± 112 28.1 ± 1.3
6b 5.36 ± 0.397 521 ± 48.5 2110 ± 266 33.4 ± 4.77
7a 21.7 ± 2.84 835 ± 110 1050 ± 121 75.0 ± 9.26
7b 15.1 ± 1.27 1040 ± 103 1360 ± 154 81.8 ± 9.35
7c 33.5 ± 3.04 1680 ± 10.4 3460 ± 509 292 ± 38.1
7d 3.26 ± 0.289 660 ± 79.0 810 ± 78.0 45.5 ± 5.01
7e 6.92 ± 0.884 1950 ± 88.9 1680 ± 190 87.4 ± 7.42
NE-100 3620 ± 389 >10,000 ND 2.38 ± 0.265
(+) Pentazocine NT NT NT 5.60 ± 0.31
(�) Pentazocine NT NT NT 83.4 ± 11.1
Rimcazole 97.7 ± 12 1711 ± 71.5 NT 893 ± 91.4/908 ± 99b


GBR 12909 1.77 ± 0.181 104 ± 11.4 497 ± 17.0 50.8 ± 6.68/318 ± 18c


a DAT binding was performed with [3H]WIN 35,428 in 0.32 M sucrose, 10 mM phosphate buffer using previously frozen rat striatum for 120 min on ice. SERT binding was
performed with [3H]Citalopram in buffer containing 50 mM Tris, 5 mM KCl and 120 mM NaCl using previously frozen rat brain stem for 60 min at 25 �C. NET binding was
performed with [3H]Nisoxetine in buffer containing 50 mM Tris, 5 mM KCl, and 120 mM NaCl using previously frozen rat frontal cortex for 180 min on ice. r1 binding was
performed with [3H](+)-pentazocine in 50 mM Tris buffer using previously frozen guinea pig brain minus cerebellum for 120 min at 25 �C.


b Ref. 11.
c Ref. 4.


Table 2
Selectivity profiles based on Ki ratios


Compound SERT /DAT NET /DAT r1/DAT


1 233 362 13
2a 48 231 13
2b 49 269 14
2c 58 162 9
2d 47 291 13
2e 83 184 9
2f 36 146 6
2g 43 248 5
6a 453 445 16
6b 97 393 6
7a 38 48 3
7b 69 90 5
7c 50 103 9
7d 202 248 14
7e 282 243 13
Rimcazole 18 — 9
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Several potent aryl ether/triazole oxytocin antagonists are described. The lead compound in this series
had significantly improved aqueous solubility over related systems containing a biaryl substituent.


� 2008 Elsevier Ltd. All rights reserved.

Oxytocin (OT) is a nonapeptide hormone that acts on the OT
receptor, a seven-transmembrane (7TM) (Gq-coupled) receptor.
The OT receptor has no subtypes. It is, however, related to the vaso-
pressin receptors V1A, V1B and V2. OT antagonists have therapeutic
potential in areas such as pre-term labour,1 benign prostatic hyper-
plasia2 and sexual dysfunction.3 There is, as a result, significant

 L.E. 0.41 
i > 10 μM 
7.45 
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n).
of Schering-Plough Corpora-


aceuticals, Inc., 10505 Roselle

interest in the identification of potent, selective, orally bioavailable
OT antagonists.


We have recently disclosed 1 and 2, as potent, selective OT
antagonist with oral bioavailability in the rat.4


N


N N


N


N


N


OMe


MeNC


OMe


2
 OT Ki 14 nM; MWt 413; clogP 1.7; L.E. 0.35 
 V1A Ki 4.3 μM; V1B >10 μM; V2 Ki > 10 μM 
Aqueous solubility: 24 μg/ml at pH7.25


In following up these compounds, one key issue we were keen
to address was the relatively low aqueous solubility6 typically seen
with biaryl triazoles in this series. Based on the assumption that
this low solubility was driven in part by the presence of a biaryl
substituent,7 we investigated a number of potential biaryl replace-
ments. Amongst these were a series of ether targets, 3, designed by
putative overlap of 1 and 2 with the previously disclosed8 OT
antagonist 4 (Fig. 1). Encouragingly, our first wave of targets of this
type contained a range of potent, highly ligand efficient9 OT
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Figure 2. Initial aryl ethers and their OT activity.
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antagonists, as illustrated by compounds 5–8 (Fig. 2). These com-
pounds typically had good to excellent selectivity over the related
vasopressin receptors.10 One of these compounds, 6, was crysta-
lised5 and shown to have an aqueous solubility of 170 lg/ml at
pH 7.4, a 28-fold improvement over biaryl 1, to which it has a sim-
ilar lipophilicity.


Subsequent modification of the right-hand side substituent in
lead 5 then yielded several sub 100 nM OT antagonists such as
compounds 9–11 (Fig. 3). Interestingly V1A selectivity was some-
what reduced in these systems, with the 2-triazole substituent ,
as exemplified by 9, routinely yielding compounds with (approxi-
mately) balanced activity versus OT and V1A. However, small ether
substituents, as exemplified by 10 and 11, resulted in an increase
in OT potency whilst allowing good V1A and V2 selectivity to be
maintained. One of these, compound 11, was also crystalised5


and fully profiled.
Despite its increased clogP, 11 also had significantly improved


aqueous solubility over that measured for related biaryl analogues,
as represented by compounds 1 and 2. Compound 11 also had rea-
sonable in vitro metabolic stability,11 and wide ligand profiling
showed no significant activity (<30% binding at <1 lM) across a
range (>70) of receptors and enzymes. Furthermore, with a ligand
efficiency of 0.4, compound 11 represents one of the most ligand
efficient OT antagonists reported to date.


N


N N


N


OMe


OEt


EtO


Me


11
OT Ki 28 nM; MWt 367; clogP3.2; L.E. 0.40 
V1A Ki 549 nM; V1B > 10 μM; V2 Ki > 10μM 
Aqueous solubility: 344 μg/ml at pH7.45 


The preparation of compound 11 is described in Scheme 1.
Commercially available 4-hydroxy-3-methylbenzoic acid was con-
verted to benzoic hydrazide 12. Acylation with chloroacetylchlo-
ride followed by POCl3 catalysed cyclisation furnished

OMe


11: OT Ki 28 nM
    V1A  594 nM
    V2 Ki > 10μM


Figure 3. OT antagonists with modified right-hand side substituents.
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Figure 1. Putative overlap of OT antagonists 2 and 4, illustrating possible use of
ethoxyphenyl substituent as a biaryl replacement in targets 3.

chloromethyloxazole 13 which was in turn converted to the corre-
sponding hydroxylmethyloxazole via its acetate ester. Acid
catalysed reaction with 5-amino-2-methoxypyridine then gave
triazole 14, a key project intermediate. Compound 14 was con-
verted to ether 11 following activation with methane sulphonyl
chloride and subsequent reaction with sodium ethoxide.12


In summary, we have utilized overlap of known OT antago-
nists to identify aryl ether left-hand side substituents as
replacements for biaryl substituents. One such compound, 11,
had significantly improved aqueous solubility and is a selective
and potent OT antagonist. Further work in this area will be re-
ported in due course.
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Scheme 1. Reagents and conditions: (a) MeOH/cH2SO4, 88%; (b) EtI/K2CO3/DMF/rt, 82%; (c) NH2NH2:H2O/MeOH/reflux, 70%; (d) ClCH2COCl/N-methylmorpholine/DCM, 90%;
(e) POCl3 reflux, 68%; (f) KOAc/DMF/rt, 96%; (g) Na2CO3/MeOH/H2O/60 �C/97%; (h) 5-amino-2-methoxypyridine/toluene/p-TsOH/reflux, 69%; (i) CH3SO2Cl/Me3N:HCl/DCM/
TEA, 42%; (j) Na metal/EtOH/50 �C/54%.
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LFA-1 ICAM inhibitors based on ortho- and meta-phenol templates were designed and synthesized by
Mitsunobu chemistry. The selection of targets was guided by X-ray co-crystal data, and led to compounds
which showed an up to 30-fold increase in potency over reference compound 1 in the LFA-1/ICAM1-Ig
assay. The most active compound exploited a new hydrogen bond to the I-domain and exhibited subn-
anomolar potency.


� 2008 Elsevier Ltd. All rights reserved.

Figure 1. General structure for LFA-1 ICAM inhibitors.


Figure 2. Abbott LFA-1 ICAM inhibitor compound 1.

LFA-1 (leukocyte function-associated antigen-1) is a cell surface
adhesion protein expressed on all leukocytes, and plays a key role
in the inflammatory process. Interaction of LFA-1 with its counter-
receptors (intracellular adhesion molecules ICAM-1, -2, -3) pro-
motes the migration of leukocytes to the site of inflammation.
Blocking the LFA-1/ICAM interaction is of great interest and has
potential in the treatment of autoimmune diseases.1–4


Inhibition of the LFA-1/ICAM-1 interaction is possible at two
sites, including the metal-ion dependent adhesion site (MIDAS)
that is the location of the direct interaction between LFA-1 and
the ICAMs. Alternatively, inhibitors may target the I-domain allo-
steric site (IDAS). Binding at this remote site prevents conforma-
tional changes in LFA-1 necessary for interaction with the ICAMs.5,6


Previous studies at Abbott Laboratories7–13 had identified p-
arylthio cinnamide compounds, as shown in Figure 1, that inhibit
the interaction of LFA-1 and ICAM-1 at the allosteric site with mod-
erate potency. This series of compounds is characterized by A and B
phenyl rings, connected by a sulfide linker. Appended to the B-ring
is a third ring (C-ring) linked via a trans-cinnamide moiety. These
studies indicate that 2,3-bis(trifluoromethyl)phenyl and 4-carbo-
xypiperidine were the preferred B- and C-rings, respectively. Com-
pound 1 (Fig. 2) was among the most active12 in inhibiting the
interaction of LFA-1 and ICAM-1, and showed 12 nM potency in
the LFA-1/ICAM1-Ig assay.9


The scope of this study is to improve on the potency of 1 by
exploring the structure–activity relationship of substitution on

ll rights reserved.


).

the A-ring, while the B- and C-rings are kept constant. Modeling
studies suggested potential hydrophobic interactions and hydro-
gen bonding interactions when the A-ring is properly substituted
at the ortho- or meta-position. This study intends to examine these
interactions through the synthesis of appropriate A-ring ethers.
Note that morpholine was chosen as a C-ring replacement for 4-
carboxypiperidine, as this substitution simplifies the synthesis
and had earlier been shown to result in no loss of potency.12


Previously reported chemistry14,15 (Scheme 1) was applied to
prepare the common phenol intermediates, compounds 6a and
6b. Amide coupling of carboxylic acid 2 to morpholine gave amide
3. Dienophile hexafluorobutyne was condensed with 3, which was
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Scheme 1. Synthetic scheme for preparation of 6a and 6b. Reagents and conditions:
(a) i—SOCl2, CH2Cl2, 0 �C to RT, o/n; ii—morpholine, CH2Cl2, RT, 2 h; (b) hexafluoro-
2-butyne, dichloroethane, �78 �C to 115 �C, o/n; (c) boron trifluoride diethyl
etherate, dichloroethane, reflux, 2 h; (d) triflic anhydride, pyridine, CH2Cl2, 0 �C to
RT, 2 h; (e) 2-mercaptophenol or 3-mercaptophenol, K2CO3, acetone, reflux, 1 h.


Table 1
Activity of ether compounds: saturated ringsa


LFA-1 ICAM1-Ig IC50 (nM)


R- ortho- meta-


7a 8.9 7b 530


8a 2 8b 3.9


9a 2.5 9b 34


10a 55 10b 2.1


11a 18 11b 860


12a 51 12b 810


13a 4 13b 3


14a 1.8 14b 18


a Assay performed as described in the Ref. 9.
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followed by Lewis-acid catalyzed rearrangement to give phenol 4.
Conversion of phenol 4 to the triflate 5 with triflic anhydride was
followed by reaction with 2- or 3-mercaptophenol to give the
key intermediates, 6a and 6b. Phenols 6a and 6b were found to
be active in the LFA-1/ICAM1-Ig assay, with IC50 of 9.7 and
17 nM, respectively.


From phenols 6a and 6b, elaboration to the A-ring ethers was
accomplished by Mitsunobu reaction with the appropriate alcohols
to give the ethers 7a–22a and 7b–22b (Scheme 2). Note that for
certain multifunctional alcohols, a subsequent deprotection was
required to complete the synthesis.


A series of saturated-ring alcohols was used and the data for the
ether products is summarized in Table 1. Each ether shows moder-
ate to high potency in the LFA-1/ICAM1-Ig assay.


In general, the ortho-substituted ethers (7a–14a) are either
equipotent or more active than the meta-substituted analogs
(7b–14b).16 The presence of a polar heteroatom in the ring in-
creased potency, as the piperidine (8a, 2 nM) and tetrahydropyran
compounds (9a, 2.5 nM) were more active than the corresponding
cyclohexyl compound (7a, 8.9 nM). This suggests that a polar
group in this position is preferred. This result is supported by the
substituted cyclohexane compounds, 11a–14a. Comparison of 4-
methylcyclohexyl (cis-11a, 18 nM; trans-12a, 51 nM) and 4-carbo-
xycyclohexyl (cis-13a, 4 nM; trans-14a, 1.8 nM) shows that the
more polar 4-carboxycyclohexyl is favored.


To complement the data on saturated ring ethers, a series of
arylmethanols was used. These were chosen to determine the

Scheme 2. Synthetic scheme for preparation of 7a–22a and 7b–22b. Reagents and
conditions: (a) R-OH, PPh3, diisopropyl azodicarboxylate, THF, RT, o/n.

effect of aryl rings on the structure–activity relationship, and to
see the effect of inserting an additional methylene into the linker.
The data for the ether products is summarized in Table 2. As in the
previous series, the ortho-substituted ethers (15a–20a) were more
potent than the meta-substituted analogs (15b–20b). As a whole,
the series shows retention of activity, and in some cases improved
activity relative to phenols 6a or 6b. Benzyl (17a, 24 nM) was tol-
erated but was less active than each of the pyridinemethyl isomers,
18a–20a. This is consistent with the preference for polar
substitutions.


3- and 4-pyridinemethyl-substituted, 19a and 20a, were the
most active compounds in Table 2, and have IC50 of 2.5 and
3.7 nM, respectively. Crystal structure of 19a and LFA-1 complex
(Fig. 3) suggests that no new hydrogen bonds are formed between
the protein and the ether-modified A-ring of the small molecule;
most of the improved potency is likely due to increased hydropho-
bic interactions. Note that in the co-crystal structure, the pyridine
moiety is exposed to solvent, leading to the preference for pyridi-
nemethyl over the less hydrophilic benzyl. Interestingly, the crys-
tal structure showed that the pyridine ring of 19a is in close
proximity to the phenol OH of Tyr-257 (5.45 Å). Interaction of
the small molecule with this residue directly (via a longer linker)
or through a water molecule would be expected to increase po-
tency significantly.


The saturated ring series led to the discovery of the polar 4-car-
boxy substitution. The unsaturated series confirmed the preference
for substitution by polar groups and also suggested that an addi-
tional methylene in the linker could bring the compound into con-
tact with Tyr-257. Close examination of the X-ray co-crystal
structure suggested that the non-planar cyclohexane would be a
better scaffold than the planar phenyl for reaching and interacting







Table 3
Activity of ether compounds: 4-carboxycyclohexanemethanol derived ethersa


LFA-1 I CAM1-lg lC50 (nM)


R- ortho- meta-


21a 0.4 21b 3.4


22a 0.6 22b 3.4


aAssay performed as described in the Ref. 9.


Figure 4. X-ray co-crystal structure of 21a in the I-domain. RCSB file name (3E2M).


Table 2
Activity of ether compounds: unsaturated ringsa


LFA-1 ICAM1-lg IC50 (nM)


R- ortho- meta-


15a 9.5 15b 68


16a 11 — —


17a 24 17b 220


18a 9.7 18b 70


19a 2.5 19b 69


20a 3.7 20b 52


a Assay performed as described in the Ref. 9.


Figure 3. X-ray co-crystal structure of 19a in the LFA-1 I-domain. RCSB file name
(3BQN).
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with Tyr-257. Thus, 4-carboxycyclohexanemethyl substituted
ethers were synthesized and the data summarized in Table 3.


A significant increase in potency was seen in the best com-
pounds in this series over the compounds in Tables 1 and 2. The
cis-4-carboxycyclohexanemethyl-substituted 21a showed 10-fold
improvement in potency over the one carbon shorter 13a and
was the most active compound in the series: 0.4 nM in the LFA-
1/ICAM1-Ig assay. It is also 6 times more potent than the best aro-
matic compound shown in Table 2 and 100 times more active than
the reference compound, 1.


An X-ray co-crystal structure of 21a and LFA-1 was obtained
(Fig. 4), which showed a new interaction between the inhibitor
and the allosteric site. As hypothesized, the carboxyl group of
21a interacts with Tyr-257, making a new direct hydrogen bond
(3.06 Å) to the side-chain phenol OH. Close analysis of the crystal
structure also suggests an additional water-mediated interaction
between the carboxylate of 21a and the side-chain carboxylate of
Glu-284. These two interactions are the likely contributors to the
observed increase in potency.

The ether 21a exhibits poor pharmacokinetic properties when
dosed orally in male rats: 9% bioavailability and a 3.6 h iv half-life.
This trend was observed for each of the representative ortho-ana-
logs studied. However, the less potent meta-analog, 13b, showed
improved PK (31% OBA, 2.6 h iv half-life). Further investigation is
needed to determine if other meta-analogs show similar or better
PK, and whether the PK of the ortho-series can be improved.


In summary, a new series of potent LFA-1 antagonists featuring
A-ring ethers has been discovered. A new hydrogen bond interac-
tion between the carboxylate of the inhibitor and Tyr-257 of the
protein was discovered. The best compound in the series is two or-
ders of magnitude more potent than the reference compound 1 and
is subnanomolar in the LFA-1/ICAM-Ig assay. These compounds are
under further study.
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A series of meta-substituted anilines were designed and synthesized to inhibit the interaction of LFA-1
with ICAM for the treatment of autoimmune disease. Design of these molecules was performed by utiliz-
ing a co-crystal structure for structure-based drug design. The resulting molecules were found to be
potent and to possess favorable pharmaceutical properties.


� 2008 Elsevier Ltd. All rights reserved.

Figure 1. Scaffold targeted for further optimization.


Scheme 1. Synthetic scheme for the production of compound 4 and derivatives. (a)

LFA-1 (Leukocyte function-associated antigen-1) is a cell sur-
face adhesion protein expressed on all leukocytes. The counter
receptors for LFA-1 are ICAMs 1, 2, and 3 (intracellular adhesion
molecule). The interaction of LFA-1 with the ICAM family of recep-
tors is necessary for extravasation of leukocytes from the blood to
the site of inflammation. Disruption of the LFA-1/ICAM interaction
should lead to decreased leukocyte migration to sites of inflamma-
tion and has become an important target in the treatment of auto-
immune disease.1–3 Raptiva�, an antibody that disrupts that LFA-1/
ICAM interaction was approved in 2003 for the treatment of auto-
immune disease.4


The LFA-1/ICAM interaction can be disrupted at the site of LFA-
1/ICAM interaction, the metal-ion-dependent adhesion site
(MIDAS), or through binding to an allosteric site (I domain alloste-
ric site, IDAS) on LFA-1 that causes it to adopt a conformation that
cannot bind to ICAM.5 Binding to the MIDAS site has been success-
fully achieved through peptide and peptidomimetic strategies by
researchers at Genentech.6 Our strategy focused on the allosteric
site through modification of a series of molecules originally de-
scribed by Abbott laboratories.7–13 Herein, we describe the discov-
ery of a series of potent inhibitors of the LFA-1/ICAM interaction by
utilizing a structure-based drug design approach.


The scaffold (Fig. 1) we chose for further investigation consists
of three rings designated A, B, and C. SAR studies (unpublished re-
sults) showed the B bis-trifluoromethyl C morpholino rings in
these positions to be a highly preferred substitution and was cho-
sen for further analoging. Utilizing a co-crystal structure (unpub-

ll rights reserved.


.M. Guckian).

lished results) with the B–C combination described above, a
series of molecules were docked to investigate substitution on

Morpholine, HATU, DIPEA, rt o/n; (b) bis-trifluoromethylacetylene, DCE, �78 to
115 �C o/n then borontrifluoride diethyl etherate, DCE; (c) DCM, pyridine, triflic
anhydride 0–rt; (d) potassium t-butoxide, 3-aminothiophenol 78 �C; (e) ketone or
aldehyde, triacetoxyborohydride, acetic acid, DCE.
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Table 1
Alkyl substitutiona


Compound R LFA-1/ICAM1-IG IC50 (nM)


4 1.7


5 4.4


6 23


7 28


8 45


9 19


10 2.4


11 0.5


12 45


13 6.0
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the A-ring. Based on docking into X-ray co-crystal structures, the
meta-substituted aniline seemed to be in an optimal position to
form a hydrogen bond to the carbonyl oxygen of Glu 284 in the
A ring pocket and was chosen for analog synthesis.


Synthesis of the target molecule occurred in four steps starting
from commercially available (E)-3-(furan-2-yl)acrylic acid
(Scheme 1). The acid (1) was first coupled to morpholine using
HATU and DIPEA then bis-trifluoromethylacetylene was added at
�78 �C and heated in a high pressure reactor to 115 �C overnight
to affect the Diels Alder reaction.14,15 The intermediate was then
concentrated and a rearrangement ensued upon addition of boron
trifluoride diethyl etherate and heating. The phenol (3) was then
activated as the triflate, which was displaced by the anion of 3-
aminothiophenol to give compound 4.


Compound 4 showed good inhibition of the LFA-1/ICAM inter-
action with an IC50 of 2.0 nM. It was further profiled and was found
to have 27% oral availability with a 4.5-h half-life when dosed at
1 mg/kg in rat. Furthermore, a co-crystal structure with LFA-1
was obtained that confirmed the design hypothesis of hydrogen
bond formation between the aniline N–H of compound 4 and the
carbonyl oxygen of Glu 284 (Fig. 2). To further optimize this com-
pound a series of meta-aniline analogs was investigated.


We first looked at simple alkyl and cycloalkyl substitution on
the aniline. These compounds were synthesized by reacting the
parent aniline dissolved in dichloroethane with the corresponding
aldehyde or ketone in the presence of triacetoxyborohydride and
acetic acid (Scheme 1). Compounds 5 and 6 were synthesized by
an alternate route in the same reaction by addition of methyl io-
dide to a solution containing potassium carbonate and DMF.


N-Methyl and N,N-dimethyl aniline were synthesized to inves-
tigate the importance of the hydrogen bond to Glu 284. (A 5-fold
loss of potency was found going from mono-methyl to di-methyl
consistent with the binding hypothesis.) Several other substitu-
tions were investigated and a selected subset are shown in Table
1. To summarize, addition of unsubstituted cycloalkyls (7–9) re-
sults in a loss in potency relative to the unsubstituted aniline. Upon
introduction of polar functionality in the 4 position of the ring,
most of the binding affinity is restored (10–14). Of note are the
trans and cis isomers of the 1,4 cyclohexyl carboxylic acid (10

Figure 2. Co-crystal structure of compound 4 bound within the LFA-1 I domain.
RCSB file name (3BQM).


14 5.4


15 3.2


16 1.4


a Assay was performed as described in Ref. 9.

and 11). The cis isomer (11) was found to be 3-fold more potent
than the unsubstituted aniline and 4-fold more potent than the
trans isomer (10). Furthermore the ester mixture of cis and trans
isomers (12) was found to lose between one and two orders of
magnitude in potency when compared to the corresponding acids
(10 and 11). Addition of a methylene between the aniline nitrogen
and the cyclohexane ring to give compounds 15 and 16 resulted in
a slight loss in potency when compared to compound 11. Further
investigation of compound 11 showed the molecule to have 13%
oral bioavailability in rats with a short half-life of 1.8 h and clear-
ance of 8.3 ml/min/kg when dosed at 1 mpk.


The most potent series of molecules was found when N-alkyl-
ated piperidines were introduced onto the aniline nitrogen (Table







Table 2
Piperdine substitutiona


Compound R LFA-1/ICAM1-IG IC50 (nM)


17 1.4


18 0.5


19 1.4


20 0.35


21 0.9


22 0.94


23 7.0


a Assay was performed as described in Ref. 9.
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2). Both large and small alkyl groups were well tolerated, but acetyl
substitution (23) resulted in a loss in potency. Interestingly, the
tropinone derivative (22) is very potent, demonstrating the large
size of the A ring pocket. In general, molecules in this subseries
were orally available; for example compound 20 was found to have
32% oral bioavailibility and a 7-h half-life when dosed at 1 mpk in
rats.

In addition to the alkyl and cycloalkyl substitutions discussed
above, several other functionalities were investigated. A sulfon-
amide series was designed to increase the acidity of the aniline
N–H and make it a better H-bond acceptor. However, sulfonamide
substitution led to equipotent or less potent compounds and the
PK properties of these compounds were poor relative to that seen
with many of the alkyl-substituted compounds. In addition, urea,
thiourea, amide, and carbamate substitutions were investigated.
None were found to contain the properties seen by the alkyl-
substituted piperidines or cis-cyclohexanecarboxylic acid substitu-
tion (unpublished results).


To summarize we have designed a series of potent meta-substi-
tuted aniline containing LFA-1/ICAM inhibitors. Several molecules
within this class contain good pharmaceutical properties and are
currently subject to further evaluation.
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In order to develop water soluble tyrosinase inhibitors, bibenzyl xyloside 1 isolated from Chlorophytum
arundinaceum (liliaceae), and its derivatives 2 and 3 were synthesized by using Wittig reaction and tri-
chloroimidate glycosylation procedure as key steps. Xylosides 1–3 showed potent tyrosinase inhibitory
activity with IC50s of 1.6, 0.43, and 0.73 lM, respectively, although each NMR data of synthetic bibenzyls
was not identical to that of naturally occurring xyloside 1.


� 2008 Elsevier Ltd. All rights reserved.
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The enzymatic oxidation of phenol to o-quinone observed in the
early stage of various browning phenomena in nature, is mainly
catalyzed by tyrosinase (EC 1.14.18.1), a copper containing oxido-
reductase.1,2 In mammals, L-tyrosine is a typical substrate that is
enzymatically oxidized to dopaquinone via L-DOPA, and finally
transformed to a black pigment, melanin with the aid of enzymatic
and non-enzymatic reactions.3 This pathway is of considerable
importance since melanin possesses many functions. Alterations
in melanin synthesis occur in many disease states. Melanin pig-
ments are also found in the mammalian brain. Tyrosinase may play
a significant role in neuromelanin formation in the human brain
and could be central to dopamine neurotoxicity as well as contrib-
ute to the neurodegeneration associated with Parkinson’s dis-
ease.4,5 Melanoma specific anticarcinogenic activity is also known
to be linked with tyrosinase activity.6


As prevalent tyrosinase inhibitors, kojic acid and 4-hexylresor-
cinol are used to prevent deposition of melanin pigments. Kojic
acid, a fungal metabolite produced by many species of Aspergillus
and Penicillium, is a good chelator of transition metal ions7 and a
good scavenger of free radicals.8 Tyrosinase contains binuclear
copper ions at its active site. By chelating these copper ions, kojic
acid seems to act as an inhibitor. It should be, however, noted that
the activity of kojic acid is weaker than that of 4-hexylresorcinol.
Recently, the use of 4-hexylresorcinol is considered to be safe in
the food industry and is quite effective in the prevention of shrimp
melanosis and for browning control in fresh and dried fruit slices.9


Structure-related activity of flavonoids and stilbenes, obtained
from plants and by chemical syntheses, suggested that compounds

All rights reserved.
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possessing 4-substituted resorcinol skeleton would exhibit potent
tyrosinase inhibitory activity.10,11


In 1993, bibenzyl xyloside 1 was tentatively isolated as a sec-
ondary metabolite from the methanol extract of Chlorophytum
arundinaceum (liliaceae) (Fig. 1).12 Although this plant has been
used in folk medicine and is known to possess adaptogenic activ-
ity,13 the synthesis and biological evaluation of 1 have not been
carried out. Two 4-substituted resorcinol moieties are found in
the structure of 1, suggesting that this compound would be a
potent tyrosinase inhibitor. Therefore, we performed concise syn-
theses and evaluated the tyrosinase inhibitory activity of 1, and
its derivatives 2–4.


As shown in Scheme 1, bibenzyl xyloside 1 was synthesized
via Wittig reaction and trichloroimidate glycosylation procedure
as key steps. The starting material, 2,4-dihydroxybenzaldehyde
was selectively converted to aldehyde 5 that possessed only a
benzyloxy moiety at 4-position, by using benzyl bromide and
NaHCO3 as a mild base.14 In order to demonstrate further selec-
tive xylosylation at 2-position in the bibenzyl skeleton, a phenolic
hydroxyl at 2-position in 5 was protected as a methoxymethyl

3: R1 = R2 = Xyl
4: R1 = R2 = H


Figure 1. Structure of bibenzyl derivatives 1–4.
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Scheme 1. Synthesis of bibenzyl xyloside 1. Reagents and conditions: (a) MOMCl, TBAI, DIPEA, CH2Cl2, 0 �C to rt, 12 h, 100%; (b) TPP, toluene, reflux, 0.5 h, 59%; (c) LiHMDS,
THF, 0 �C to rt, 1 h, 90%; (d) H2-Pd(en)/C, rt, 12 h, 86%; (e) TsOH, THF, MeOH, reflux, 2 h, 89%; (f) TMSOTf, CH2Cl2, 0 �C, 5 min, 100%; (g) H2-Pd(OH)2/C, rt, 12 h, 100%; (h)
NaOMe, MeOH, 0 �C, 0.5 h, then H+, 94%.


Table 2
13C NMR data of naturally occurring xyloside 1, and synthetic derivatives 1 and 2
(100 MHz in pyridine-d5)


Position Natural 1a Synthetic 1 Synthetic 2
dC (mult.) dC (mult.) dC (mult.)


Aglycone 1 131.4 (s) 122.6 (s) 123.5 (s)
2 147.6 (s) 157.1 (s) 157.1 (s)
3 116.9 (d) 104.0 (d) 104.4 (d)
4 146.6 (s) 157.7 (s) 157.7 (s)
5 125.1 (d) 109.3 (d) 107.2 (d)
6 128.0 (s) 130.3 (s) 130.4 (s)
7 39.5 (t) 31.2 (t) 30.8 (t)
10 128.6 (s) 120.1 (s) 120.1 (s)
20 146.4 (s) 156.8 (s) 157.0 (s)
30 119.5 (d) 103.2 (d) 103.3 (d)
0
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(MOM) group and aldehyde 6 was obtained in quantitative yield.
Chloride 7 was prepared from 2,4-dihydroxybenzaldehyde, the
same starting material of 6, through successive three steps
involving benzylation of both phenolic hydroxyls, reduction of
the aldehyde group, and chlorination of benzylic hydroxyl by
using SOCl2, respectively.15 To obtain phosphonium salt 8, chlo-
ride 7 was refluxed in toluene in the presence of triphenylphos-
phine (TPP). Wittig reaction took place between an ylide from 8
and aldehyde 6 under basic condition, and, thus, stilbene 9 was
furnished in 90% yield. The ratio of cis and trans stilbenes is 2–
1, which was estimated by 1H NMR analysis. Hydrogenation on
an olefin of 9 was preferentially performed to obtain bibenzyl
10 by using a Pd/C-ethylenediamine complex (Pd(en)/C) as a cat-
alyst.16 The removal of MOM group in 10 by tosyl acid led to
bibenzyl 11, a significant intermediate for the total synthesis of
1, in excellent yield. Bibenzyl 11 and imidate 12 prepared from
D-xylose, were coupled in the presence of catalytic amount of tri-
methylsilyl trifluoromethanesulfonate (TMSOTf). This reaction
proceeded as a highly stereo-selective manner, and a b-xyloside
13 was obtained in quantitative yield. Finally, the successive
removal of benzyl moieties by hydrogenolysis using Pd(OH)2/C
catalyst and acetyl moieties by an ester exchange reaction using
sodium methoxide, respectively, gave 1 in 94% yield (two steps).
In 65% overall yield, a target compound 1 was synthesized from 5
via seven steps.


The synthetic compound 1 was fully characterized by spectro-
scopic data (specific rotation, IR, UV, 1H and 13C NMR, DQF-COSY,

Table 1
1H NMR data of naturally occurring xyloside 1, and synthetic derivatives 1 and 2
(400 MHz in pyridine-d5)


Position Natural 1a Synthetic 1 Synthetic 2
dH (mult., J in Hz) dH (mult., J in Hz) dH (mult., J in Hz)


Aglycone 3 7.38 (br s) 7.42 (d, 2.0) 7.22 (d, 2.4)
5 7.03 (d, 8.0) 6.90 (dd, 2.0, 8.0) 6.90 (dd, 2.4, 8.3)
6 7.20 (d, 8.0) 7.32 (d, 8.0) 7.33 (d, 8.3)
7 2.94 (t, 7.0) 3.50 (m) 3.44 (m)
30 7.26 (br s) 7.01 (d, 2.0) 7.08 (d, 2.4)
50 7.03 (d, 8.0) 6.73 (dd, 2.0, 7.8) 6.80 (dd, 2.4, 8.3)
60 7.20 (d, 8.0) 7.33 (d, 7.8) 7.35 (d, 8.3)
70 2.94 (t, 7.0) 3.35 (m) 3.44 (m)


Xyl 1 5.42 (d, 7.0) 5.43 (d, 7.8) 5.44 (d, 6.8)
2 3.95–4.95 (m) 4.34 (dd, 7.8, 8.3) 4.31 (m)
3 3.95–4.95 (m) 4.20 (d, 8.3, 8.8) 4.23 (m)
4 3.95–4.95 (m) 4.26 (m) 4.26 (m)
5 3.95–4.95 (m) 4.28 (dd, 4.9, 10.7) 4.28 (m)


3.66 (m) 3.66 (dd, 9.3, 10.2)


a These assignments have been reported previously.12

HMQC, HMBC, and ESIHRMS).17 As a result, it is clarified that the
most of NMR data of 1 were inconsistent with those as previously
reported (Tables 1 and 2).12 For instance, NMR signals of two bib-
enzyl methylenes observed at dH 3.50 and 3.35, and dC 31.2 and
31.0, were assigned to dH 2.94 (4H), and dC 39.5 and 37.2 in the
early study. Likewise, two phenyl methines (dH 7.42 and dC 104.0,
and dH 7.01 and dC 103.2) were placed at C-3 and C-30 by the HMQC
and HMBC experiments, whereas the same signals had emerged as
dH 7.38 and dC 116.9, and dH 7.26 and dC 119.5, respectively. Thus,
the natural occurrence of bibenzyl 1 would be in question.


It should be noted that the IC50 value of 1 shows 1.6 lM, which
is five times more potent than that of kojic acid (Table 3).18 Biben-

4 146.6 (s) 157.6 (s) 157.3 (s)
50 120.6 (d) 106.7 (d) 106.6 (d)
60 126.1 (s) 130.9 (s) 130.6 (s)
70 37.2 (t) 31.0 (t) 30.6 (t)


Xyl 1 104.9 (d) 103.2 (d) 102.8 (d)
2 74.9 (d) 74.3 (d) 74.2 (d)
3 78.0 (d) 77.7 (d) 77.8 (d)
4 71.0 (d) 70.2 (d) 70.3 (d)
5 62.1 (t) 66.5 (t) 66.6 (t)


a These assignments have been reported previously.12


Table 3
Tyrosinase inhibitory activities of bibenzyl derivatives 1–4 and kojic acid


Compounds tested IC50 (lM)


1 1.6 ± 0.43a


2 0.43 ± 0.18
3 0.73 ± 0.11
4 0.37 ± 0.06
Kojic acid 7.4 ± 1.4


a The IC50 values represent means ± SE of three different experiments.
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zyl compounds have been isolated from extracts of several organ-
isms including liverwort, algae, and fern,19 which are known to be
possess various biological activities such as antifungal, phytotoxic
and anti-HIV effects.20–22 However, the bibenzyl glycoside having
significant tyrosinase inhibitory activity is a novel observation.
These structural and biological findings prompted us to further
investigate congeners 2–4 by a chemical approach.


Bibenzyl derivative 2 was synthesized as illustrated in Scheme
2. With the use of the similar synthetic pathway, derivative 3 could
be prepared, effectively. Firstly, both hydroxyl groups of 2,4-dihy-
droxybenzaldehyde as the same starting materiel of 1 were pro-
tected by using MOMCl under basic condition. Phosphonium salt
8 and aldehyde 14 obtained were coupled by Wittig reaction and
stilbene 15 yielded in 84%. Sixty percent of 15 were found as cis-
form, which was calculated by the 1H NMR experiment. Following
selective hydrogenation by using Pd(en)/C as a catalyst, 15 was
smoothly transformed to bibenzyl 16 in 72% yield. Bibenzyl 17, a
key intermediate was prepared from 16 in quantitative yield by
the removal of all MOM groups under acidic condition. In the next
reaction, the selectivity of products 2 or 3 was governed by the
amount of imidate 12. When 1.5 equivalent of 12 was used as a
glycosylation donor, b-xyloside 18 was obtained in 71% yield and
dixyloside 19 was not detected by TLC analyses. Successive re-
moval of the benzyl and acetyl moieties by hydrogenolysis and so-
dium methoxide, respectively, afforded xyloside 2, a regioisomer of
1 in 85% yield (two steps). In contrast, 19 was synthesized in 77%
by using 4.0 equiv of donor 12. Removal of all protective groups
in 19 gave dixyloside 3 in 84% yield (two steps). Consequently,
derivatives 2 and 3 were concisely synthesized from 14 via six
steps in 37% and 39% overall yields, respectively.23,24 Symmetric
bibenzyl 4 was readily prepared by the method as previously
reported.25


Although NMR data of 2 were not identical to that of the biben-
zyl reported as a constituent of C. arundinaceum, bibenzyls 2–4
show remarkable tyrosinase inhibitory activity (Table 3). Espe-
cially, IC50 of 2 represented 0.43 lM, indicating that this compound
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Scheme 2. Syntheses of bibenzyl xylosides 2 and 3. Reagents and conditions: (a) 8,
LiHMDS, THF, 0 �C to rt, 1 h, 84%; (b) H2-Pd(en)/C, rt, 12 h, 72%; (c) TsOH, THF,
MeOH, reflux, 2 h, 100%; (d) 12, TMSOTf, CH2Cl2, 0 �C, 5 min, 71%; (e) H2-Pd(OH)2/C,
rt, 12 h, 96%; (f) NaOMe, MeOH, 0 �C, 0.5 h, then H+, 89%; (g) 12 (excess), TMSOTf,
CH2Cl2, 0 �C, 5 min, 77%; (h) H2-Pd(OH)2/C, rt, 12 h, 87%; (i) NaOMe, MeOH, 0 �C,
0.5 h, then H+, 97%.

most effective among all the bibenzyl xylosides synthesized. The
xylosyl site on the bibenzyl skeleton has obviously an influence
on tyrosinase inhibitory activity. The inhibitory activity of xyloside
2 was comparable to that of bibenzyl 4. Hence, this resorcinol moi-
ety could be easily to bind on the active site of the tyrosinase be-
cause of the absence of the bulky xylosyl substitution at 2-
position. The hydrophobic interaction occurred between the tyros-
inase inhibitor and the active site of tyrosinase would contribute to
the inhibitory activity.26,27 However, the effect of the hydrophilic
substituent on tyrosinase inhibitors had not been well docu-
mented. Since derivatives 1–3 were glucosides, they can be lead
compounds for the exploring tool of new hydrophilic interaction
between the enzyme and inhibitor as well as for the development
of water soluble tyrosinase inhibitors with efficiency.
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A novel series of benzo[a]carbazole-based small molecule agonists of the thrombopoietin (Tpo) receptor
is reported. Starting from a 3.4 lM high throughput screen hit, members of this series have been identi-
fied which are full agonists with functional potency <50 nM and oral bioavailability in mice.
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The condition of low platelet count is referred to as thrombocy-
topenia. A patient is considered to be at risk of spontaneous hem-
orrhaging if their platelet count falls below 20,000/lL. The causes
of thrombocytopenia are manifold, including e.g., idiopathic
thrombocytopenic purpura (ITP), chronic liver disease, HCV infec-
tion, certain varieties of cancer and as a side effect of certain forms
of cancer chemotherapy. Thrombopoietin (Tpo) is a hematopoietic
growth factor whose agonism of the Tpo receptor (TpoR, also called
cMpl) has been shown to be the principal regulator of megakaryo-
cyte growth and differentiation into platelets. TpoR is a cell surface
receptor that initiates an intracellular signaling cascade that is
mediated by the JAK2 kinase and the transcription factor Stat5.
The administration of PEG modified, truncated Tpo was tested clin-
ically but this therapeutic strategy has been abandoned due to
immunogenicity issues. Novel methods of agonism of the TpoR
thus represents an alternative strategy to address thrombocytope-
nia in patients, currently an area of unmet medical need.1,2


Despite the ostensibly difficult task of replicating the effect of a
protein–protein interaction with a small molecule ligand, TpoR
agonism has recently received increasing attention from the phar-
maceutical industry. In addition to the injectable peptidic agent
RomiplostimTM3 which recently obtained regulatory approval, a
number of nonpeptidyl small molecule agonists have been dis-

ll rights reserved.


: +1 858 812 1648.

closed (Fig. 1). EltrombopagTM (1)4–7 was recently the first small
molecule TpoR agonist to be submitted for regulatory approval.
Several additional reports of small molecule drug discovery efforts
have been published.8–23


We screened for TpoR agonists by measuring activation of a
Stat5 response element-driven reporter gene in a human TpoR
responsive Ba/F3 cell line (Ba/F3-hTpoR RGA).12,16 A benzo[a]car-
bazole (7, Fig. 2) was identified as a novel agonist of hTpoR with
3.4 lM potency and 100% efficacy relative to 30 ng/mL Tpo. The
structure of 7 is a novel chemotype in comparison to the small
molecule TpoR ligands which had been previously described in
the literature,4–23 (Fig. 1). A search of the literature indicated that
the only previously described biological activity of 7 is weak anti-
bacterial and antifungal activity.24 Based upon the unique chemo-
type, low micromolar potency and full efficacy of 7, a preliminary
SAR analoging effort was undertaken. An initial series of
benzo[a]carbazoles was synthesized using known methodology25


and evaluated in vitro in order to map out the key pharmacophore
features necessary for TpoR activation. The functional activities of
this initial series of compounds (7–14) against TpoR are shown
in Table 1.


Reduction of the carboxylic acid in 7 generated the benzyl alco-
hol 8 which is inactive. Likewise, methylation of either the carba-
zole nitrogen (9) or the phenol (10) is not tolerated. Converting
the carboxylic acid in 7 to the corresponding methyl ester (11) gen-
erated a compound with retained potency (1.3 lM vs 3.4 lM) but
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Figure 1. Representative structures of reported small molecule TpoR agonists.


Figure 2. HTS hit molecule.


Table 1
In vitro human TpoR functional activity of benzo[a]carbazole derivatives


Compounda R1 R2 R3 R4 EC50
b (lM) % Efficacyc


7 H H OH CO2H 3.4 100
8 H H OH CH2OH >30 NA
9 H CH3 OH CO2H >30 NA
10 H H OCH3 CO2H >30 NA
11 H H OH CO2CH3 1.3 11
12 CH3 H OH CO2H 0.87 76
13 CH3 H OH CH2CO2H 9.2 70
14 CF3 H OH CO2H 0.143 128


EltrombopagTM (1) 0.038 127


a All compounds demonstrated satisfactory LC–MS and 1H NMR characterization.
b Ba/F3-hTpoR RGA as previously described.10,14


c Relative to 30 ng/mL Tpo. NA, not applicable.
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dramatically reduced efficacy (11% vs 100%). This indicates that the
salicylic acid portion of the molecule is very important for both po-
tency and efficacy. Initial SAR exploration on the opposite side of
the scaffold generated compound 12 which incorporates a methyl

group in the 9-position of the benzo[a]carbazole ring system. Com-
pound 12 was the first sub-micromolar compound identified in the
scaffold with a potency of 870 nM (76% efficacy). A methylene
homologation of the benzoic acid in 12 to an acetic acid (13)26 re-
sults in a ca. 10� less potent compound (0.87 lM vs 9.2 lM) but
interestingly, efficacy is retained (70% vs 76%). Encouraged by the
sub-micromolar activity of 12, we replaced the methyl group in
12 with a trifluoromethyl group (14) which significantly increases
both potency and efficacy (143 nM, 128%). This level of potency
and efficacy led us to consider 14 as a lead molecule and a starting
point for the further optimization of the benzo[a]carbazole scaf-
fold. At this point, we desired to modify the 5,6-olefin in this series
of molecules for two reasons: (a) the possibility of oxidation of the
5,6-double bond in vivo potentially generating a reactive species
and (b) the flat and fully aromatic nature of this molecule making
intercalation into DNA an undesired possibility. We decided to at-
tempt to switch from the fully aromatic benzo[a]carbazole to a
partially reduced dihydro-benzo[a]carbazole ring system27 and
the resulting compounds are shown in Table 2.


Compound 15 is the partially reduced direct analog of the lead
compound 14. We were pleased to see that partially reducing the
aromaticity of the lead compound 14 generates a compound which
retains much of the potency (473 nM) and efficacy (96%) of the
fully aromatic system. Compound 15 was thus able to serve as a
lead molecule in the optimization of a partially reduced dihydro-
benzo[a]carbazole scaffold. The CF3 group in 15 was systematically
moved to other regiopositions on the scaffold (16–18) in order to
determine if its effect on potency is primarily due to its electronic
effects on the ring system or if it demonstrates a potency effect in a
regiospecific fashion. Compound 16 incorporates a fluorine in the
R4 position for synthetic reasons but we have demonstrated that
the hydrogen to fluorine switch in position R4 reproducibly causes
only a ca. 1–2� effect on potency in the dihydro-benzo[a]carbazole
scaffold (data not shown). Placing the CF3 group in the R1 position
(16) or R2 position (17) results in compounds with similar activi-
ties to 15 but it is clear that a CF3 group is not tolerated at the R4


position (18). This indicated to us that the positive effects of the
CF3 group on potency may be due to its electron withdrawing elec-
tronic effect with perhaps an unfavorable steric clash in the R4 po-
sition. In order to test this hypothesis, we incorporated two
alternative electron withdrawing groups: a nitrile at the R2 posi-
tion (19) or a carboxylic acid at the R3 position (20).28 Both com-
pounds have significantly reduced activity, demonstrating that
the CF3 group’s effect on potency is due to factors other than ring
electronics.


We next systematically affixed a phenyl group to various regio-
positions on the scaffold in order to gauge the steric limitations
afforded by the binding site of the TpoR. A phenyl ring was affixed
in the R1 (21), R2 (22) or R3 (23) positions. Compound 21 is inactive,
showing potential steric intolerance at the R1 position. The R2 po-
sition (22) partially tolerates the phenyl ring (569 nM, 68%) but the
R3 position (23) shows complete tolerance of a phenyl group as
well as similar potency and efficacy compared to the lead molecule
15. Even though 23 and 15 have similar potencies, we were
encouraged by the fact that a tolerated aromatic ring in the R3 po-
sition would afford a wider range of potential follow-up com-
pounds to synthesize in our attempt to increase potency.
Interestingly, a cyclohexyl group is not tolerated in the R3 position
(24) indicating a possible preference for an aromatic system in the
R3 position. The activity of 23 and synthetic accessibility led us to
focus our efforts on aromatic analogs in the R3 position. Based upon
SAR reported in the literature13 and the possibility of a similar
binding mode in the Tpo receptor, we reasoned that hydrophobic
substitution on the R3 phenyl ring may increase activity and syn-
thesized the derivatives 25–37. In general, the SAR indicates that
increased potency correlates with an increase in lipophilicity in







Table 2
In vitro human TpoR functional activity of dihydro-benzo[a]carbazole derivatives


Compounda R1 R2 R3 R4 R5 R6 EC50
b (lM) % Efficacyc


15 H H CF3 H OH CO2H 0.473 96
16 CF3 H H F OH CO2H 0.799 101
17 H CF3 H H OH CO2H 0.333 115
18 H H H CF3 OH CO2H 7.83 37
19 H CN H H OH CO2H >30 NA
20 H H CO2H H OH CO2H 7.79 74
21 Phenyl H H H OH CO2H >30 NA
22 H Phenyl H H OH CO2H 0.569 68
23 H H Phenyl H OH CO2H 0.373 136
24 H H c-Hexyl H OH CO2H >30 NA
25 H H 30-Methyl-phenyl H OH CO2H 0.194 128
26 H H 40-Methyl-phenyl H OH CO2H 0.109 154
28 H H 20 ,60-Dimethyl-phenyl H OH CO2H 0.232 30
29 H H 30 ,40-Dimethyl-phenyl H OH CO2H 0.065 127
30 H H 30 ,50-Dimethyl-phenyl H OH CO2H 0.067 128
31 H H 40-Fluoro-30-methyl-phenyl H OH CO2H 0.035 126
32 H H 30-CF3-phenyl H OH CO2H 0.148 127
33 H H 40-N(CH3)2-phenyl H OH CO2H 0.284 136
34 H H 40-n-Butyl-phenyl H OH CO2H 0.026 143
35 H H 40-Propoxy-phenyl H OH CO2H 0.041 129
36 H H 40-Methoxymethyl-phenyl H OH CO2H 0.452 132
37 H H 30-Propoxy-phenyl H OH CO2H 0.043 147
38 H H 40-n-Butyl-phenyl H H CO2H 0.111 141
39 H H 40-n-Butyl-phenyl F H CO2H 0.055 140
40 H H 40-n-Butyl-phenyl H H 1H-Tetrazole-5-yl 0.119 128
41 H H 40-n-Butyl-phenyl H H C(O)NH2 0.076 111
42 H H 40-n-Butyl-phenyl H H C(O)N(CH3)2 0.127 132
43 H H 40-Fluoro-30-methyl-phenyl F H 2-Imidazoline >30 NA


EltrombopagTM (1) 0.038 127


a All compounds demonstrated satisfactory LC–MS and 1H NMR characterization.
b Ba/F3-hTpoR RGA as previously described.10,14


c Relative to 30 ng/mL Tpo. NA, not applicable.
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this region of the ligand although individual heteroatoms are toler-
ated. This indicates that this portion of the scaffold binds to a
highly hydrophobic pocket of the receptor. Tolerance for large sub-
stituents in either the 30 or 40-positons of the phenyl ring at R3 indi-
cates that the binding pocket in this region of the TpoR is sterically
large. The 20,60-dimethyl phenyl analog 28 retains the potency but
not the efficacy of the parent molecule 23, which indicates the po-
tential preference of a flat aromatic ligand geometry in the R3 posi-
tion for receptor activation. The most potent analogs identified
from these efforts (31, 34, 35, and 37) have potencies <50 nM
and efficacies >100% relative to Tpo. Two additional compounds
(29 and 30) are only slightly less potent with potencies of ca.
65 nM. The in vitro Ba/F3-hTpoR RGA potency and efficacy of these
analogs are similar to that seen for the clinically efficacious com-
pound EltrombopagTM (1).


With a potent compound (34) in hand, we next investigated the
possibility of modifying the salicylic moiety. Deleting the phenolic
oxygen of 34 to generate 38 results in a 4� loss of potency. This
loss in potency is partially addressed by introducing a fluorine in
the R4 position generating compound 39 which has 55 nM potency
with 140% efficacy. Substituting the benzoic acid in 38 with a tet-
razole (40), amide (41) or N,N-dimethylamide (42) generates com-
pounds which all show similar potencies and efficacies as 38,
indicating that a negatively charged moiety is not required for
receptor binding and activation. The 2-imidazolone (43) however
does not retain activity, indicating the intolerance of the receptor
to a positively charged moiety in that portion of the ligand.

The pharmacokinetic profile of compound 30 was determined
in BALB/c mice. It has 10% bioavailability with a Cmax of ca. 2 lM
and a half-life of 4.1 h following 20 mg/kg oral dosing.29 This
was considered a reasonable starting point for the final optimi-
zation of the in vivo properties of this series of compounds.
However, at this time we noted that both in vitro and in vivo,
the dihydro-benzo[a]carbazole series of compounds exemplified
by 30 is chemically unstable and reverts to the fully aromatic
benzo[a]carbazole ring system over time via oxidation of the
5,6-ethylene bridge.


In summary, we have described a structurally novel class of
small molecule agonists of the human Tpo receptor. Beginning
with a 3.4 lM hit (7), we were able to increase potency 130� gen-
erating compounds with <50 nM potency and full efficacy in acti-
vating the human Tpo receptor. A representative compound from
this series has oral bioavailability in mice. We were successful in
dearomatizing the original hit molecule but noted that the result-
ing compounds are chemically unstable with rearomatization to
the benzo[a]carbazole ring system being facile. Our efforts to ad-
dress this chemical instability pharmaceutical development issue
are discussed in the following communication in this journal.
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The lead optimization of a novel series of benzo[a]carbazole-based small molecule agonists of the throm-
bopoietin (Tpo) receptor is reported. The chemical instability of the dihydro-benzo[a]carbazole lead 2
was successfully addressed in the design and evaluation of compounds which also demonstrated
improved potency compared to 2. Members of the scaffold have been identified which are full agonists
that demonstrate cellular functional potency <50 nM. Analog 21 demonstrates equivalent efficacy in
the human megakaryocyte differentiation (CFU-mega) assay compared to EltrombopagTM.


� 2008 Elsevier Ltd. All rights reserved.

The preceding publication in this journal describes our initial
identification of a structurally novel series of human Tpo receptor
agonists based upon the benzo[a]carbazole ring system.1 Figure 1
shows the known2–5 TpoR agonist EltrombopagTM (1) as well as a
representative lead structure from our initial SAR exploration (2).
As previously discussed,1 the dihydro-benzo[a]carbazole scaffold
suffers from chemical instability via spontaneous oxidation of its
ethylene bridge yielding the fully aromatic benzo[a]carbazole ring
system. We wanted to avoid the fully aromatic system for two rea-
sons: (a) the possibility of oxidation of the 5,6-double bond in vivo
potentially generating a reactive species and (b) the flat fully aro-
matic nature of this molecule making intercalation into DNA an
undesired possibility. Additionally, the chemical instability issue
of the ethylene bridge would preclude the pharmaceutical devel-
opment of this TpoR agonist scaffold. Thus, a focus of our optimiza-
tion of this lead scaffold was to identify strategies to address the
chemical instability of the ethylene bridge while retaining or
improving functional potency in the agonism of the TpoR. Simulta-
neously, we were also interested in identifying structural modifica-
tions to reduce the high lipophilicity of the lead scaffold ideally
through the same bridge modifications used to address the lead’s
chemical instability. A series of ethylene bridge modifications are
shown in Table 1.

ll rights reserved.


: +1 858 812 1648.

Contracting the ethylene bridge of 2 to one carbon (3) results in
a compound with only slightly reduced potency (160 nM) which
retains almost full efficacy (91%). We were very encouraged by
these results since compound 3 was significantly more chemically
stable than compound 2. For example, when heated in DMSO solu-
tion, 3 appeared to be completely stable by LC–MS analysis. In con-
trast, 2 degrades to oxidation by-products under the same
conditions. Replacement of the carboxylic acid at R4 with a primary
carboxamide slightly improves both potency (86 nM) and efficacy
(118%). The non-essential requirement of a negatively charged
group at the R4 position for both potency and efficacy mirrors
the SAR seen in our previous study.1 Since the lead molecule’s eth-
ylene bridge had been contracted to a shorter methylene bridge,

Figure 1. EltrombopagTM (1) and lead structure (2).
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Table 1
In vitro human TpoR functional activity of alternate bridgesa


Compounda R1 R2 R4 R5 R6 EC50 (lM)b % Efficacyc


2 40-n-Butylphenyl H CO2H CH2 CH2 0.111 141
3 40-n-Butylphenyl H CO2H Bond CH2 0.160 91
4 40-n-Butylphenyl H CONH2 Bond CH2 0.086 118
5 40-n-Butylphenyl F CO2H Bond CH2 0.037 151
6 30-Methyl-40-fluorophenyl F CO2H Bond CH2 0.026 144
7 30-Methyl-40-fluorophenyl F CONH2 Bond CH2 0.277 105
8 40-n-Butylphenyl F CO2H Bond C(CH3)2 0.111 118
9d 40-n-Butylphenyl H CO2H CH2–CH2 CH2 0.332 71
10 40-n-Butylphenyl H CO2H SO2 CH2 0.449 115
11 30-Methyl-40-fluorophenyl F CONH2 O CH2 1.43 83
12 30-Methyl-40-fluorophenyl F CONH2 CH2 CO2 >30 0


EltrombopagTM (1) 0.038 127


a All compounds demonstrated satisfactory LC–MS and 1H NMR characterization.
b Ba/F3-hTpoR RGA.6,7


c Relative to 30 ng/mL TPO.
d Assay conducted with 1 mM Zn.8
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the correct placement of the primary carboxamide for interaction
with the TpoR was confirmed by synthesizing the other possible
carboxamide regioisomers. This confirmed that the most potent
and efficacious carboxamide regioisomer is analog 3 (other data
not shown). The addition of a fluorine onto 3 at R2 (5) further in-
creases potency to 37 nM and increases efficacy to 151% relative
to Tpo. Replacing the R1 40-n-butylphenyl group of 5 with 40-flu-
oro-30-methylphenyl (6) results in a very potent (26 nM) and effi-
cacious (144%) compound with reduced lipophilicity (cLogP = 6.9
for 6 vs. 8.3 for 5), albeit the cLogP is still higher than desired in
a drug-like molecule. Surprisingly, the carboxamide version of this
compound (7) is significantly less potent albeit efficacious, indicat-
ing that the scaffold is less tolerant of changes to the R4 portion of
the molecule when a less lipophilic R1 group is employed. Com-
pound 8 incorporates a gem-dimethyl group in the methylene
bridge which would fully stabilize the bis-benzylic bridge position
as well as introduce a tetra-substituted center in the molecule. We
envisioned that this tetra-substituted center would further prevent
the possibility of undesired DNA intercalation of our very flat,
mostly aromatic scaffold as well as discourage p-stacking based
aggregation, improving physiochemical properties of the scaffold.
We were pleased that the gem-dimethyl analog 8 retains full effi-
cacy although its potency (111 nM) drops by 3� compared to 5.
Expanding the bridge to three carbons yielded (9) which also re-
tains significant potency albeit with reduced efficacy (71%) in com-
parison to the equivalent shorter bridge linker analogs (2, 3).8


Taken together, these data indicate the tolerance of the TpoR for
different bridge linker lengths in this scaffold in terms of potency
and partially in terms of efficacy. Analogs 10–12 introduce polar
functionality into the linker bridge in an attempt to lower the lipo-
philicity of the scaffold. Introducing a sulfone for R5 (10) loses four-
fold in potency in comparison to 2. Introducing an oxygen for R5


(11) results in a drop in potency to the low micromolar range with
83% efficacy. Introducing an ester for R6 (12) results in a complete
loss of activity. In addition to the SAR described in Table 1, addi-
tional SAR exploration on the 6-position of the indole ring system
(R1 in Table 1) was performed in an attempt to decrease the scaf-
fold’s high lipophilicity. The R1 position was chosen for this SAR fo-
cus since preliminary SAR1 indicated that this portion of the
scaffold had the most steric room for modification. In general, po-
tency correlated very well with the lipophilicity of R1. In addition

to the lipophilic substituents shown for R1 in Table 1, only similar
highly hydrophobic groups showed high potency. A small number
of less lipophilic aromatic heterocyclic replacements for the benze-
noid rings in 2 were attempted based upon overlapping the struc-
tures of 1 and 2. These attempts generated compounds of
significantly reduced activity. Ether and aniline substituents on
the distal benzene ring (R1 in Table 1) reduced cLogP slightly
and were partially tolerated albeit with reduced activity (data
not shown).


In addition to modifying the unstable ethylene bridge linker of
2, we also investigated analogs in which the bridge is completely
removed, i.e., 2-phenyl indoles and 2-phenyl benzimidazoles
(Table 2). When the bridge is removed from 5 to generate the 2-
phenyl indole 13, this causes only a 3� loss in potency with reten-
tion of full efficacy. The 2-phenyl indole scaffold’s potency is in-
creased to ca. 50 nM by the reintroduction of a phenolic oxygen
in the R3 position (15). Adding substituents to the R6 position (
16–18), causes a drop in activity correlated to an increase of the
steric bulk of R6. Two possible explanations for this SAR trend
are: (1) the TpoR prefers a coplanar orientation of the indole and
phenyl ring systems or (2) there is a steric clash with the TpoR in
the analogs with large R6 substituents. The former explanation par-
allels a recent SAR analysis of pyrimidine benzamide-based TpoR
agonsts.9 The benzimidazole analog 19 has a potency reduced to
the micromolar range. Interestingly, the benzimidazole salicylate
20 regains ca. 7� potency compared to 19, indicating a more pro-
nounced dependence on the salicylate moiety for potency in the
benzimidazole sub-series than in the 2-phenyl indole sub-series.


Since it had proven difficult to decrease the scaffold’s lipophil-
icity by introducing hydrophilic functional groups onto the indole
6-position (R1 in Table 1, data not shown), in addition to bridge
modifications, we also attempted to decrease the cLogP of this ser-
ies by introducing hydrophilic substituents in place of the carbox-
ylic acid in analog 5 (R4 position, Table 3). Replacing the carboxylic
acid in 5 with an acetamido group (21) resulted in an equipotent
compound which also retained full efficacy. Previous SAR had indi-
cated that a negatively charged group was not required for recep-
tor activation but it is interesting that the TpoR also tolerates
displacement of the carbonyl away from the aromatic ring. Replac-
ing the acetamido group with methanesulfonamido (22), ureido
(23), and hydroxyacetamido (24) groups is partially tolerated but







Table 2
In vitro human TpoR functional activity of unbridged analogsa


Compounda R2 R3 R4 R5 R6 EC50 (lM) b % Efficacyc


13 F H CO2H C H 0.117 112
14 F H CONH2 C H 0.160 81
15 F OH CO2H C H 0.051 141
16 F OH CO2H C CH3 0.116 119
17 F OH CO2H C CH2CH3 0.228 97
18 F OH CO2H C CH(CH3)2 >1 70
19 H H CO2H N — 1.26 83
20 H OH CO2H N — 0.179 121


EltrombopagTM (1) 0.038 127


a All compounds demonstrated satisfactory LC–MS and 1H NMR characterization.
b Ba/F3-hTpoR RGA.6,7


c Relative to 30 ng/mL TPO.


Table 3
In vitro human TpoR activity of alternate head groupsa


Compounda R3 R4 TpoR EC50 (lM)b % Efficacyc


5 H CO2H 0.037 151
21 H NHAc 0.025 117
22d H NHMs 0.166 95
23d H NHCONH2 0.124 128
24d H NHCOCH2OH 0.087 98
25 H NHCOCO2H 0.021 110
26d NH2 CO2H 0.341 70
27 NHAc CO2H 0.376 90


a All compounds demonstrated satisfactory LC–MS and 1H NMR characterization.
b Ba/F3-hTpoR RGA.6,7


c Relative to 30 ng/mL TPO. NA, not applicable.
d Assay conducted with 1 mM Zn.8


Scheme 1. Reagents and conditions: (a) titanium tetrachloride (2 equiv), dimethyl
zinc (6 equiv), anhyd CH2Cl2/toluene, �40 �C to rt, 3 h; (b) chromium trioxide (2.3
equiv), 2:1 AcOH/H2O, 0 �C to rt, 3 h; (c) i—benzenethiol (1 equiv), K2CO3


(0.1 equiv), NMP, 220 �C (microwave), 30 min, ii—triethylamine (3 equiv), N-
phenyltrifluoromethanesulfonimide (1.1 equiv), anhyd CH2Cl2, �78 �C to rt, 12 h,
iii—ZnCN2 (2 equiv), palladium bis(tri-tert-butyl phosphine) (5 mol%), 2:1 THF/
NMP, 120 �C, 3 h.
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causes a potency loss of 3–7�. In contrast, the oxalyl amide (25) is
as active as the acetamido group (21) and it successfully reduces
the cLogP from 7.6 (21) to 6.3 (25), albeit the cLogP is still higher
than desired in a drug-like molecule. Finally, the anthranilic acid
(26) along with its acetylated derivative (27) are both ca. 10� less
potent than 5. A representative sample of scaffold analogs were
tested in the human CFU-mega assay.7 Compound 21 was the most
potent analog identified and was found to have full efficacy relative
to Tpo with an EC50 of ca. 300 nM, equivalent to the activity of the
clinically efficacious EltrombopagTM.


With the exception of 12, the chemistry used to assemble the
compounds in Table 1 is a Fisher indole synthesis reaction between
the appropriate ketone and hydrazine in acetic acid at 100 �C over-
night promoted by ZnCl2.10 In the cases where R4 is a carboxylic
acid, the corresponding ester was used for the Fisher indole forma-
tion and subsequently hydrolyzed with LiOH to generate the final
carboxylic acid product. Likewise, in the cases where R4 is an
amide, the corresponding nitrile was used for the Fisher indole for-
mation and subsequently hydrolyzed with LiOH to an amide in a
final step. With the exception of the gem-dimethyl analog 8, all
of the required ketone and hydrazine synthetic fragments were
either known in the literature or synthesized via standard syn-
thetic manipulation of known literature intermediates.10 The

chemistry to generate the gem-dimethyl analog 8 required the syn-
thesis of the requisite gem-dimethyl ketone 31 which is shown in
Scheme 1. Commercially available 6-methoxy-indanone (28) was
reacted with titanium tetrachloride and dimethyl zinc to convert
the ketone functionality into the corresponding gem-dimethyl,
generating intermediate 29. This intermediate then underwent
benzylic oxidation with chromium trioxide, generating the gem-di-
methyl ketone intermediate 30. Attempts to convert the methyl
ether of 30 to the corresponding phenol using BBr3 were unsuc-
cessful. Instead, the phenol was produced via high temperature
microwave irradiation of ether 30 in the presence of benzenethiol.
The phenol was then converted into the penultimate nitrile ketone
intermediate 31 via conversion first to a triflate intermediate fol-
lowed by reaction with zinc cyanide under palladium catalyzed
conditions.


The chemistry used to generate analog 12 is shown in Scheme 2.
A base promoted condensation between 5-cyanophtalide (32) and
diethyl malonate provided 33. Intermediate 33 then reacted
smoothly with 2-fluoro-3-(40-fluoro-30-methylphenyl)hydrazine
hydrochloride in ethanol without added catalyst followed by
hydrolysis with sodium hydroxide to afford 34. Finally, treatment
with HCl in dioxane at 100 �C for 5 min closed the lactone ring to
provide the final product 12.


In the case of analogs 13–18 (Table 2), the Fisher reaction was
again employed to form the indole ring system.11 The 4-n-butyl-
phenyl moiety could either be introduced as a preexisting moiety
on the hydrazine coupling partner in the Fisher reaction or alterna-







Scheme 2. Reagents and conditions: (a) diethyl malonate (1.5 equiv), NaOMe
(3 equiv), MeOH, reflux, 5.5 h; (b) (i) (2,40-difluoro-30-methylbiphenyl-3-yl)-
hydrazine hydrochloride (0.8 equiv), EtOH, 160 �C, 10 min, (ii) excess NaOH,
80 �C, 15 min; (c) EtOH/4 M HCl in dioxane (1:1), 100 �C, 5 min.


Scheme 4. Reagents and conditions: (a) i—4-butylphenylboronic acid (2 equiv), CsF
(3 equiv), ((t-Bu)3P)2Pd (5%), dioxane, 120 �C, 15 min; ii—H2, 10% Pd/C, 2:1 MeOH/
EtOAc; (b) i—aromatic aldehyde (1 equiv), NaHSO3 (1.5 equiv), DMA, 140 �C, 1 h;
ii—LiOH (5 equiv), EtOH, THF, 165 �C, 5 min.


Scheme 5. Reagents and conditions: (a) i—dibutylvinylboronic ester (1.5 equiv),
Pd(PPh3)2Cl2 (4%), Na2CO3 (7 equiv), 4:1 THF/H2O, 80 �C, overnight; (b) RuCl3.H2O
(5%), NaIO4 (4 equiv), CCl4, 3:2 H2O/MeCN, 50 �C, 2 h.
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tively it could be installed after the Fisher reaction via a Suzuki
reaction on the corresponding 6-halo synthetic intermediate. All
of the precursor ketones were known in the literature or commer-
cially available except the ketones required for 16–18 that were
made as shown in Scheme 3. The known12 aldehyde 35 was treated
with 2 equivalents of the requisite Grignard reagent in THF and
then oxidized to the ketone 36 using PDC.


The chemistry to generate analog 20 is shown in Scheme 4. The
bromide 37 was coupled with n-butylphenyl boronic acid under
Suzuki conditions, followed by hydrogenation to afford the dia-
mine 38. This diamine was then oxidatively coupled with the
appropriate aldehyde ester followed by ester saponification to af-
ford the carboxylic acid analogs 19 and 20.


In the case of analogs 26 and 27, the requisite ketone for the
Fisher reaction was prepared as shown in Scheme 5. The known13


ketone 39 was elaborated to the styrene 40 using Suzuki chemistry
and then oxidized to carboxylic acid 41 with RuO4.


In conclusion, we designed and evaluated a series of TpoR ago-
nists derived from a lead dihydro-benzo[a]carbazole scaffold
which had been deemed unsuitable for pharmaceutical develop-
ment due to inherent chemical instability.1 The instability of the
lead 2 was successfully addressed by compounds which also dem-
onstrated improved potency compared to 2. Members of the scaf-
fold are full agonists of the human TpoR that demonstrate
functional cellular potency <50 nM with analog 21 having equiva-
lent activity in the primary human CFU-mega assay compared to
the clinically efficacious EltrombopagTM. An examination of repre-
sentative lead compounds in a cross-selectivity screen against
>50 other receptors showed IC50 > 1 lM for all of the receptors
evaluated, indicating that the observed TpoR activity is not simply
due to non-specific hydrophobic binding or aggregation which is a
concern for highly lipophilic lead structures. Clear SAR trends also
support specific ligand interactions with a binding pocket in the
human Tpo receptor. Although we were able to successfully iden-

Scheme 3. Reagents and conditions: (a) i—RMgCl (2 equiv), THF, �78 �C, 1 h, 25 �C,
1 h; ii—CH2Cl2, PDC (1.2 equiv).

tify molecules with good in vitro activity and chemical stability,
the high cLogP demanded by this scaffold’s TpoR binding pocket
interactions generated compounds with physicochemical proper-
ties (e.g., extremely low aqueous solubility) which precluded this
series of analogs from further pharmaceutical development.
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Novel 5,6-diarylimidazo[2,1-b][1,3]thiazoles bearing an amine substituent at the imidazothiazole 2-posi-
tion have been synthesized and evaluated as anticoccidial agents in both in vitro and in vivo assays. Both
subnanomolar in vitro activity and broad spectrum in vivo potency were detected for several compounds,
particularly compound 10.


� 2008 Elsevier Ltd. All rights reserved.

Coccidiosis is a parasitic disease that is the major cause of mor- 3-position, and an amine-bearing side chain at the pyrrole 5-posi-


bidity and mortality in the poultry industry. It is a disease of the
avian intestinal lining due to invasion by Apicomplexan protozoan
parasites of the genus Eimeria.1 The most significant Eimeria spe-
cies in poultry include E. tenella, E. acervulina, E. mitis, and E. max-
ima. Over 35 billion chickens are raised annually worldwide, and
all major poultry operations use anticoccidial agents as prophylac-
tics, such as polyether ionophores. Nevertheless, resistance to cur-
rent coccidiostats has become widespread,2 creating the need for
new broad spectrum drugs with novel mechanisms of action.


Recently, we have reported on novel anticoccidial agents with
potent in vitro and in vivo activity against Eimeria parasites. Reduc-
tion of parasite growth by these compounds was found to be due to
the inhibition of parasite-specific cGMP-dependent protein kinase
(PKG), a serine and/or threonine protein kinase.3,4 In particular, we
have found that various 2,3-diarylpyrroles5–8 and 2,3-diarylimi-
dazopyridines9–13 show exceptional potency as anticoccidial
agents.


In this paper, we present the synthesis and biological activity of
a series of 5,6-diarylimidazo[2,1-b][1,3]thiazoles to see how such
compounds compared with the pyrroles and imidazopyridines.
Optimal substituents from these two series included a 4-fluoro-
phenyl ring at the core heterocycle 2-position, a pyrimidin-4-yl,
2-aminopyrimidin-4-yl, or pyridin-4-yl ring at the core heterocycle

ll rights reserved.


: +1 919 544 8697.
. Scribner).

tion or imidazopyridine 7-position. We therefore used this func-
tionality to explore the imidazo[2,1-b][1,3]thiazole template.


Scheme 1 depicts the synthesis of imidazothiazoles bearing a 2-
aminopyrimidin-4-yl or pyrimidin-4-yl ring at the imidazothiazole
5-position. Treatment of 4-fluorophenacyl bromide with methyl 2-
aminothiazole-5-carboxylate yielded imidazothiazole 1. Subse-
quent treatment of 1 with DIBAL reduced the ester completely to
the corresponding alcohol 2, which was then refluxed in acetic
anhydride with catalytic sulfuric acid to afford diacylated product
3. DMFDMA then selectively reacted with the ketone and not the
ester of 3 to give N,N-dimethylaminoenone 4. Treatment of 4 with
either guanidine–HCl or formamidine–HCl under basic conditions
yielded 5-(2-aminopyrimidin-4-yl)imidazothiazole 5 and 5-(pyr-
imidin-4-yl)imidazothiazole 6, respectively. Oxidation with man-
ganese(IV) oxide then gave aldehydes 7 and 8. Reductive
amination of the 5-(2-aminopyrimidin-4-yl) substrate with either
dimethylamine or 1-methylpiperazine gave the corresponding
amine products 9 and 10, while reductive amination of the pyrim-
idin-4-yl substrate was carried out with 1-methylpiperazine only
to give benzylic piperazine 11.


Synthesis of the corresponding 5-(pyridin-4-yl)imidazothiaz-
oles is shown in Scheme 2. Introduction of the amine side chain
in this case worked best when taking place prior to installation
of the 5-(pyridin-4-yl) ring. An alternative approach for converting
a benzylic alcohol to an amine was implemented here, entailing
mesylation of alcohol 2 to mesylate 12, followed by nucleophilic
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Scheme 2. Reagents and conditions: (a) MsCl, Et3N, THF; (b) HNMe2, THF; (c) 1-Me-
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PHOS, Na2CO3, 2:1 1,4-dioxane:water, 90 �C.
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displacement by either dimethylamine or 1-methylpiperazine to
give amine products 13 and 14, respectively. Regioselective bro-
mination at the imidazothiazole 5-position proceeded with N-bro-
mosuccinimide to give bromides 15 and 16, which were ultimately
subjected to Suzuki coupling conditions with pyridine-4-boronic
acid to give 5-(pyridin-4-yl)imidazothiazoles 17 and 18.


The 5-(pyridin-4-yl) series was expanded to include amine side
chains homologated relative to compounds 17 and 18, shown in

Scheme 3. Treatment of mesylate 12 with tetra-n-butylammonium
cyanide gave nitrile 19, which was reduced with DIBAL to yield
aldehyde 20. Subsequent reductive amination with either dimeth-
ylamine or 1-methylpiperazine afforded amine products 21 and 22,
respectively. Subsequent bromination and Suzuki coupling as de-
scribed before gave bromides 23 and 24, and then 5-(pyridin-4-
yl)imidazothiazoles 17 and 18.


Schemes 4 and 5 show the synthesis of analogs of compound 18
bearing modification to the imidazothiazole 2- and 3-positions,
respectively. Synthesis of the benzamide analog of 18 is shown
in Scheme 4. Hydrolysis of ester 1 under basic conditions yielded
carboxylic acid 27, which was then coupled with 1-methylpipera-
zine to afford amide 28. Subsequent bromination and Suzuki cou-
pling as described before gave bromide 29, and then 5-(pyridin-4-
yl)imidazothiazole 30.


Synthesis of the 3-methylimidazothiazole analog of 18 is shown
in Scheme 5. Treatment of 4-fluorophenacyl bromide with ethyl 2-
amino-4-methylthiazole-5-carboxylate yielded imidazothiazole
31. DIBAL reduction afforded alcohol 32, which was then oxidized
with manganese(IV) oxide to give aldehyde 33. Reductive amina-
tion with 1-methylpiperazine gave amine target 34, which was
treated with N-bromosuccinimide to give bromide 35. Suzuki cou-
pling with pyridine-4-boronic acid ultimately gave 5-(pyridin-4-
yl)imidazothiazole 36.


Table 1 presents both in vitro and in vivo biological data of
each compound tested.14 In vitro activity was assessed by mea-
suring compound inhibition of native E. tenella (Et) PKG enzyme
activity, and is reported as an IC50. In vivo activity was deter-
mined by administering each compound orally in feed, and then
ranking each for anticoccidial activity using a 7 day efficacy
model. A quantitative measure of E. tenella (Et), E. acervulina
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(Ea), E. mitis (Emi), and E. maxima (Ema) oocyst shedding from in-
fected birds provided an assessment of antiparasitic activity.
Treatments resulting in reduction of oocyte burden by 100%
are scored a ‘4’, those with 99% reduction are scored a ‘3+’, those
with 80–98% reduction are scored a ‘3’, those with 50–79%
reduction are scored a ‘2’, and those with <50% reduction are
scored a ‘0’.


Regarding in vitro activity, it is seen that subnanomolar
activity was achieved with the 5-(2-aminopyrimidin-4-yl) com-
pounds bearing either a benzylic dimethylamine or 1-methylpi-
perazine side chain (9 and 10, respectively), as well as the
5-(pyridin-4-yl) compound bearing a benzylic 1-methylpipera-
zine (18). Within the 5-(2-aminopyrimidin-4-yl) and 5-(pyri-
din-4-yl) families, the most tightly binding compounds possess
a piperazine ring in the side chain. Compounds bearing an
amide at the benzylic carbon (30), or a methyl group at the
3-position (36), either of which can alter the most stable con-
formation of the key pharmacophore sites of the molecule, were
considerably less potent.


In vivo activity was optimal in compounds bearing a benzylic
piperazine ring, suggesting that the most external nitrogen is likely
the more important of the two basic nitrogens on the piperazine

ring, and that the optimal distance between this amine nitrogen
and the imidazothiazole 2-position is five atoms. The limited
entropic freedom of this nitrogen, enforced by the piperazine ring,
may also be important for in vivo activity. The most potent com-
pounds include benzylic piperazines 10 and 11, which were
strongly active against all four species of Eimeria tested, as well
as benzylic piperazine 18, which was strongly active against three
out of four species of Eimeria tested.


In conclusion, we have prepared several novel 5,6-diaryl-2-
substituted imidazo[2,1-b][1,3]thiazoles, three of which show
subnanomolar potency in vitro against E. tenella cGMP-dependent
protein kinase (PKG), and three of which show strong in vivo po-
tency against at least three of the four species of Eimeria tested.
Of these, 5-(2-aminopyrimidin-4-yl)-2-(CH2-1-methylpiperidin-4-
yl)imidazo[2,1-b][1,3]thiazole 10 also showed significant activity
versus E. tenella, E. acervulina, E. maxima, and E. mitis, respectively,
when tested at 25 ppm (4,4,4,4), 12.5 ppm (4,4,4,0), and
6.25 ppm (4,4,4,0). This level of potency compares with that of
our most potent imidazopyridine (IC50 = 0.044 nM, with 6.0 ppm
scores of 4,3,3,4).13 Hence, the 5,6-diarylimidazo[2,1-b][1,3]thia-
zole family holds significant promise for the treatment of
coccidiosis.
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Table 1
Et PKG inhibition and in vivo anticoccidial activity of 5,6-diaryl-2-substituted imidazo[2,1-b][1,3]thiazoles


N


AN


F


R


N
S


R'


Compound R A R0 Et PKG IC50 (nM) Anticoccidial activity at 50 ppm


Et Ea Emi Ema


9 NH2 N CH2NMe2 0.9 3+ 4 2 0
10 NH2 N CH2-1-Me-piperazin-4-yl 0.08 4 4 4 4
11 H N CH2-1-Me-piperazin-4-yl 1.04 4 3+ 4 4
17 H CH CH2NMe2 22 3 2 0 0
18 H CH CH2-1-Me-piperazin-4-yl 0.7 3+ 4 3 0
25 H CH CH2CH2NMe2 10.1 2 2 3+ 0
26 H CH CH2CH2-1-Me-piperazin-4-yl 2.5 3+ 3 0 2
30 H CH C(@O)-1-Me-piperazin-4-yl 100 Not tested
36 H CH CH2-1-Me-piperazin-4-yl* >100 Not tested


* Imidazothiazole core bears a methyl substituent at the 3-position.
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The effects of methoxy-substitution at the 1-, 2-, 3-, and 4-positions of 9-aminomethyl-9,10-dihydroan-
thracene (AMDA) on h5-HT2A receptor affinity were determined. Racemic mixtures of these compounds
were found to show the following affinity trend: 3-MeO > 4-MeO > 1-MeO � 2-MeO. Comparison of the
effects of these substitutions, with the aid of computational molecular modeling techniques, suggest that
the various positional and stereochemical isomers of the methoxy-substituted AMDA compounds inter-
act differently with the h5-HT2A receptor. It is predicted that for the compounds with higher affinities, the
methoxy oxygen atom is able to interact with hydrogen bond-donating sidechains within alternative h5-
HT2A receptor binding sites, whereas the lower-affinity isomers lack this ability.


� 2008 Elsevier Ltd. All rights reserved.

The chemical features that are responsible for the potency and
efficacy of agents that bind to 5-HT2A receptors, as well as the
receptor–ligand interactions responsible for the ligands’ observed
affinities, have not yet been fully elucidated. Toward that end,
we have synthesized and assayed many analogs1 of the selective2


5-HT2A antagonist3 9-aminomethyl-9,10-dihydroanthracene
(AMDA, 1). This work in particular builds upon earlier studies1 of
AMDA analogs in which it was shown that substituents of widely
varying size and polarity may be placed at the 3-position without
a large decrease in 5-HT2A affinity. In order to more completely
determine the extent of this apparent steric and/or electrostatic
tolerance, and in particular to find AMDA analogs that have a sig-
nificantly reduced affinity for the 5-HT2A receptor, a series of
AMDA analogs that are substituted at varying positions around
the AMDA core were synthesized and tested. The methoxy group
was chosen a general-purpose ‘probe’ functional group because
of its synthetic flexibility, small size, and amphiphilic nature (i.e.,
it is able to participate in both polar and non-polar interactions).
The results of a systematic study of methoxy-substituted AMDA
compounds, and the concomitant effects that these substitutions
have upon the compounds’ affinity for the human 5-HT2A receptor
are reported here.


Radioligand binding data (5-HT2A receptor affinities) were ob-
tained for each of the target compounds (Table 1). Within the
methoxy-substituted AMDA series, the affinities varied by more
than 180-fold (4, Ki = 7.5 nM; 3, Ki = 1367 nM). Of all four

All rights reserved.
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per).

positional isomers, only 3-methoxy-AMDA (4) showed increased
affinity relative to the parent compound AMDA (Ki = 20 nM). 4-
Methoxy-AMDA (5, Ki = 124 nM) displayed a modest sixfold de-
crease in affinity compared to AMDA, while both 1- and 2-meth-
oxy-AMDA (2, Ki = 1158 nM and 3, Ki = 1367 nM, respectively)
were found to have substantially reduced affinity (>50-fold) com-
pared to AMDA.


Previous receptor modeling studies1 have identified two possi-
ble binding sites for 5-HT2A ligands, as shown schematically in
Figure 1. Site 1 is flanked primarily by transmembrane helices
TM3, TM5, and TM6, and has been proposed as the binding site
for agonists,4,5 partial agonists,6 and antagonists.7,8 Site 2 is an
alternative binding site and is flanked by TM1, TM2, TM3, and
TM7. Ketanserin9, a prototypical 5-HT2A antagonist, and similar
butyrophenones10 have been proposed to simultaneously bind in
both sites.


Each compound in Table 1 (with explicit consideration of ster-
eoisomers) was docked into two graphical receptor models repre-
senting the agonist-selected Site 1 and the antagonist-selected Site
2 (see Experimental methods). The overall quality of the docked
poses was determined using the ChemScore fitness function with
visual inspection of the docked solutions, and the top-ranking solu-
tion for each isomer was selected (see Supplemental Table S1). In
each case, GOLD was able to place the ligand into both Site 1 and
Site 2. However, productive hydrogen bonds were formed only
for the more potent 3-methoxy-AMDA ((R)-4 and (S)-4) and 4-
methoxy-AMDA ((S)-5).11 For (R)-4, the methoxy oxygen H-bonds
with S1593.36, for (S)-4, the H-bond donor is S1312.61, and for
(S)-5, H-bonding occurs with S2395.43 (see Fig. 2). In each of these
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Figure 2. Proposed binding modes of the three MeO-AMDA isomers that exhibit
substantial hydrogen-binding interactions with residues within the binding crevice
of the h5-HT2A receptor. The receptor backbone for models representing Site 1
(agonist-selected) are indicated with a green ribbon; those representing Site 2
(antagonist-selected) are indicated with an orange ribbon. The sidechains of 5-HT2A


residues within 5 Å of the ligand are displayed as capped sticks and the ligand is
rendered as a ball-and-stick model. (a) (R)-3-Methoxy-AMDA ((R)-4) in Site 2. (b)
(S)-3-Methoxy-AMDA ((S)-4) in Site 2. (c) (S)-4-Methoxy-AMDA ((S)-5) in Site 1.


Table 1
Observed binding affinities for AMDA and methoxy-substituted AMDA analogs at the
h5-HT2A receptor


R3


H2N
R1


R2


R4


1 2


3


45
6


7


8


9


10


Compound R1 R2 R3 R4 Ki, nMa


1 –H –H –H –H 20
2 –OCH3 –H –H –H 1158
3 –H –OCH3 –H –H 1367
4 –H –H –OCH3 –H 7.5
5 –H –H –H –OCH3 124


a [3H]Ketanserin labeled cloned 5-HT2A sites. Values represent the mean of
computer-derived Ki estimates (using GraphPad Prism) of quadruplicate determi-
nations. Standard errors typically range between 15% and 25% of the Ki value.


Figure 1. Schematic representation of sterically accessible binding sites (Site 1 and
Site 2) within the 5-HT2A receptor.
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solutions, the ammonium ion interacts with D1553.32 and with
other lipophilic/aromatic residues surrounding the AMDA core
(see Supplemental Table S2). The current models are consistent
with earlier mutagenesis and molecular modeling studies.12 The
fact that both isomers of 4 are able to H-bond with the receptor
and both receive a relatively high ChemScore is consistent with
its low Ki value. Although there are several hydrogen bond donat-
ing sites within the agonist-selected Site 1 (S1593.36, T1603.37,
S2395.43, S2425.46, W3366.48, N3436.55) and antagonist-selected Site
2 (S771.35, T811.39, S1312.61, W1513.28, S1593.36, S3737.46), our re-
sults suggest that 1-methoxy AMDA (2) and 2-methoxy-AMDA
(3) are not able to position themselves within these sites in a
way that allows the methoxy group to beneficially interact with
them. This in turn is consistent with the significantly reduced affin-
ity of 2 and 3 for h5-HT2A. The binding affinity of the methoxy-
AMDA compounds can thus be directly correlated with their ability
to H-bond with residues in Site 1 or Site 2.


It should be noted that an alternative explanation for the re-
duced activity of 2 is the possibility of internal H-bond formation.
This would reduce the effectiveness of the amine and the methoxy
group to act as an H-bond donor and acceptor, respectively, and
could potentially impose a ligand conformation that reduces the
complementarity of the ligand to its binding site.


AMDA (1) was synthesized as previously described.3 The syn-
thesis of 1-methoxy- (2) and 2-methoxy-9-aminomethyl-9,10-
dihydroanthracene (3) (Scheme 1) was brought about by the 1,4-
addition of 2-[(methoxymethoxy)-methyl]phenylmagnesium bro-
mide13 to the nitrostyrenes 6a and 6b14 to give substituted 1,1-dia-
ryl-2-nitroethanes 7a and 7b. The MOM-protected benzyl alcohols
7a and 7b were deprotected using HCl to give the nitro alcohols 8a

and 8b, which were reduced to their respective amines to give ami-
no alcohols 9a and 9b. Cyclodehydration of amino alcohols 9a and
9b using freshly prepared PPE in CHCl3 gave the 1- and 2-methoxy
substituted AMDAs 2 and 3, respectively. Synthesis of 3-methoxy-
(4) and 4-methoxy-9-aminomethyl-9,10-dihydroanthracenes (5)
(Scheme 2) was brought about by a standard Suzuki cross-coupling
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reaction between commercially available 3-methoxybenzyl bro-
mide 10a or 2-methoxybenzyl bromide 10b15 and 2-form-
ylphenylboronic acid to yield 2-(3-methoxybenzyl)benzaldehyde
11a and 2-(2-methoxybenzyl)benzaldehyde 11b. Cyanosilylation
of the aldehydes 11a and 11b using TMSCN gave the corresponding
cyano trimethylsilyl ethers 12a and 12b, which were reduced with
LiAlH4 to give the respective amino alcohols 13a and 13b. Cyclode-
hydration of amino alcohols 13a and 13b using CH3SO3H and PPA,
respectively, gave the 3-methoxy- and 4-methoxy-substituted AM-
DAs 4 and 5.


The molecular modeling methodology used to generate the h5-
HT2A receptor–ligand complex models will be described briefly
here, and is discussed in detail elsewhere.12 To begin, the h5-
HT2A receptor sequence was aligned using ClustalX 1.8316 with a
profile of several related class A GPCRs17 that included bovine rho-
dopsin. The result was an unambiguous alignment (in the TM heli-
cal regions) of the h5-HT2A sequence with that of bovine
rhodopsin. Manual modifications were made to the alignment in
the region of the second extracellular loop to properly align the
cysteine residues of the disulfide linkage. This alignment, along
with a file containing the atomic coordinates of bovine rhodopsin
(‘A’ chain of PDB code 1U19), was used as input to the MODELLER
software package18,19 to generate a population of 100 h5-HT2A


homology models, each with a different conformation. For the tem-
plate rhodopsin structure, all residues within 12 Å of the bound
retinal ligand were mutated to alanine to encourage MODELLER
to produce structurally diverse receptor conformations. The N-
and C-termini were truncated. The third intracellular loop was
modeled simply as a poly-Gly chain whose backbone coordinates
were taken from the structure of rhodopsin. Each receptor in the

population was subsequently energy-minimized without con-
straint in SYBYL 7.2 (Tripos Inc., St. Louis, MO) using the Tripos
Force Field (TFF) with Gasteiger–Hückel charges, a distance-depen-
dent dielectric constant of 4, a non-bonded interaction cutoff = 8 Å,
and were terminated at an energy gradient of 0.05 kcal/(mol Å).
The automated docking program GOLD20,21 version 3.01 (Cam-
bridge Crystallographic Data Centre, Cambridge, UK) was then used
to dock a potent 5-HT2A agonist (1-(2,5-dimethoxy-4-bromophe-
nyl)-2-aminopropane; DOB) and a potent antagonist (ketanserin)
into each of the 100 receptor models. Based on the fitness scores
and quality of the docked poses, one receptor model was selected
to represent the agonist binding site (Site 1 in Fig. 1) and a second
model was selected to represent an additional antagonist binding
site (Site 2 in Fig. 1). After a small amount of conformational refine-
ment and checks for stereochemical integrity, the two receptor
models were saved and used for subsequent docking exercises.


Ligand molecules were sketched in using SYBYL and energy-
minimized using the same method and parameters as were used
for the receptor models. Basic amines were protonated to form
ammonium ions. Ligand chirality was treated explicitly, with each
isomer sketched, energy-minimized and saved as a separate struc-
ture file. GOLD was then used to dock each ligand structure into
each of the two selected receptor models. The parameter set de-
fined by the ‘standard default settings’ option was used in conjunc-
tion with a protein H-bond constraint (default settings) that biased
the docked solutions in favor of those in which the ligand ammo-
nium ion interacted with the conserved D1553.32. Ten genetic algo-
rithm (GA) runs were performed for each ligand at both Site 1 and
Site 2. Short molecular dynamics (MD) simulations were then car-
ried out to enable the receptor–ligand complex to sample alterna-
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tive locally accessible low-energy states in order to improve the
binding free energy, and to simultaneously increase the degree of
receptor–ligand complementarity. The MD simulations were run
at 300 K for 100 ps using the TFF with assigned Gasteiger–Hückel
charges, a distance-dependent dielectric constant = 4.0 and a
non-bonded interaction cutoff of 8.0 Å. To maintain the structural
integrity of the receptor–ligand complexes during the MD run, an
aggregate was defined that constrained the atoms of all residues
greater than 8.0 Å from the GOLD-docked solution to their starting
coordinates. The receptor–ligand complexes were then subjected
to a final energy minimization step using the same parameters as
shown above. All molecular modeling was performed on MIPS
R14K- and R16K-based IRIX 6.5 Silicon Graphics Fuel and Tezro
workstations.


Binding assays and data analysis were performed through the
NIMH Psychoactive Drug Screening Program (PDSP). The 5HT2A


competitive binding assay employs [3H]ketanserin (a 5-HT2A


antagonist) as the radioligand. Binding data were analyzed using
Prism (GraphPad Software, Inc., San Diego, CA). Details of the bind-
ing assay protocol may be found at the PDSP home page, http://
pdsp.med.unc.edu.
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Twenty-six unsymmetrical biphenyls were synthesized and evaluated for cytotoxic activity against
DU145, A549, KB and KB-Vin tumor cell lines. Three compounds 27, 35 and 40 showed very potent activ-
ity against the HTCL panel with an IC50 value range of 0.04–3.23 lM. In addition, fourteen active com-
pounds were all more potent against the drug-resistant KB-Vin cell line than the parental KB cell line.
Preliminary SAR analysis indicated that two bulky substituents on the 2,20-positions of unsymmetrical
biphenyl skeleton are necessary and crucial for in vitro anticancer activity, thus providing a good starting
point to develop unsymmetrical biphenyls as novel anticancer agents.


� 2008 Elsevier Ltd. All rights reserved.
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Figure 1. Structures of natural dibenzocyclooctadiene lignans and biphenyl
derivatives.

Natural products continue to play a highly significant role today
in the discovery and development of new drugs, new leads and
new chemical entities. This fact is particularly evident in the areas
of cancer and infectious diseases, where over 60% and 75% of drugs,
respectively, are of natural origin.1,2 Dibenzocyclooctandiene lign-
ans have been identified as major bioactive constituents from the
traditional Chinese medicinal plant Schizandra chinese and show
a wide variety of interesting biological activities,3,4 including anti-
viral,5 anticancer,6,7 hepatoprotective,8 and anti-inflammatory.9


Recently, it was also reported that several dibenzocyclooctadiene
lignans, such as gomisin A, schisandrins A and B, and schisantherin
A, have activity against cancer multidrug resistance mediated by P-
glycoprotein (P-gp) and effectively restore the action of anticancer
drugs,10–12 such as vinblastine, daunorubicin, doxorubicin, and VP-
16.


However, because natural lignans with multiple chiral centers
are not always ideal as drug candidates, even though many total
synthesis studies have been reported,13 we were prompted to
use lignans as leads for new compounds with simpler, more acces-
sible structures. The biphenyl moiety in natural dibenzocyclooct-
adiene lignans is substituted with methoxy and methylenedioxy
groups at different positions, resulting in either symmetrical
(wuweizi C) or unsymmetrical (wuweizi B) biphenyls, as shown
in Fig. 1, and this feature is crucial for biological activity. Structural
simplification of the symmetrical wuweizi C to simpler biphenyl
analogs led to the anti-hepatotoxic (liver injury) drugs a-DDB

All rights reserved.

(methyl 4,40-dimethoxy-5,6,50,60-dimethylenedioxy biphenyl-2,2-
dicarboxylate) and bicyclol (Fig. 1), which are widely used medic-
inally in China and Asia. In our current study, we decided to focus
on unsymmetrical biphenyls, as such compounds have not been
previously well explored for cytotoxic activity. Our goal was to
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identify novel biphenyl leads with potent anticancer effects, hope-
fully with activity against multidrug resistance.


Herein, we report the synthesis of twenty-six unsymmetrical
biphenyl compounds (18-43) and their cytotoxic activity against
DU154, A549, KB and drug-resistant KB-Vin cell lines. Among
them, three compounds (27, 35 and 40) showed very promising
inhibitory activity against all tested tumor cells with an IC50 range
of 0.04–3.23 lM.


Unsymmetrical biphenyls are frequently prepared by using
Stille, Suzuki, Ullmann, and Grignard cross-coupling reactions. A
Suzuki cross-coupling reaction14,15 of an aryl halide with an aryl
boronic acid offers convenient access to unsymmetrical biaryls
with a wide range of structural diversity. Accordingly, this ap-
proach was used to obtain our target compounds because of phen-
ylboronic acid commercial availability, mild reaction conditions,
and a little or no homocoupling by-products. The different aryl bro-
mide precursors were synthesized as shown in Scheme 1 following
literature methods.16,17 Using methyl sulfate in strongly basic con-
ditions, gallic acid was methylated completely to provide methyl
3,4,5-trimethoxybenzoate (1), followed by bromination to give
the aryl bromide 2. In methanol under acidic conditions, gallic acid
was methylated only at the carboxylic acid to yield methyl gallate
6. The three hydroxyls of 6 were then selectively modified by using
different reactions to produce methylenedioxy 8 or monomethoxy
11. Using 1,3-dibromo-5,5-dimethylhydantoin (DBDMH) as a bro-
minating reagent,17 bromination of both 8 and 11 occurred regio-
selectively at the ortho-position to the free hydroxyl to afford 9
and 12, respectively. Next, the remaining free hydroxyls in 9 and
12 were converted to methoxy and methylenedioxy groups,
respectively, to give isomeric aryl bromide precursors 10
(methyl 2-bromo-3-methoxy-4,5-methylenedioxybenzoate) and
13 (methyl 6-bromo-3-methoxy-4,5-methylenedioxybenzoate),
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Scheme 1. Synthesis of aryl bromide precursors. Reagents and conditions: (i) Me2SO4


K3Fe(CN)6/NH3�H2O, toluene/H2O, rt, 0.5–1.5 h; (v) MeOH/H2SO4, reflux, 5 days; (vi) (EtO)
(2%), MeOH, rt, 2 h, 99%; (c) CH2Cl2/K2CO3, DMF, 105 �C, 6 h, 96%; (d) TiCl4/CHCl3, rt, 12 h,
K2CO3, DMF, 105 �C, 6 h.

which are desired moieties for building different biphenyl deriva-
tives. The benzaldehyde analogs of benzoates 2, 10, and 13 were
prepared by the following sequence. The carboxylic esters in 1
and 14 were converted to aldehydes in 4 and 15 by reduction of
an intermediate hydrazone. Bromination of 4 and 15 with Br2 in
CH2Cl2 then afforded 2-bromo-3,4,5-trimethoxybenzaldehyde 5
and a mixture of 2-bromo- and 6-bromo-3-methoxy-4,5-methyl-
enedioxybenzaldehyde (16 and 17), respectively.


Next, Suzuki cross-coupling reactions were performed using
palladium acetate [Pd(AcO)2] as catalyst in the presence of anhy-
drous Cs2CO3 to synthesize unsymmetrical biphenyls I–IV as
shown in Scheme 2 and Table 1. Coupling between commercially
available phenylboronic acid (B1) or 2-formylphenyl boronic acid
(B2) and the synthetic aryl bromides described above (2 or 5, 13
or 17, 10 or 16) gave biphenyls of types I (18–20), III (38–40),
and IV (41–43), respectively. Type II biphenyls (28, 29) were pre-
pared by reaction between 2 or 5 with 2-formyl-4,5-methylenedi-
oxyphenyl boronic acid (B3), which was prepared according to
literature methods.16 After coupling, the aldehyde or methyl ester
(substituents R1 and R2) on the biphenyls was easily converted to
various functional groups, including hydroxymethyl, oxime, car-
boxylic acid, and various esters, by common synthetic methods,
to produce additional unsymmetrical biphenyls (21–27, 30–37).
The spectroscopic data of all target biphenyl compounds are shown
at endnote.20


The synthesized biphenyl compounds were tested for in vitro
cytotoxic activity against a human tumor cell line (HTCL) panel,
including A549 (lung), DU145 (prostate), KB (nasopharyngeal),
and drug-resistant KB-Vin, according to a reported SRB method.18


Homoharringtonine and etoposide served as reference antitumor
compounds. The structures and bioassay data of all unsymmetrical
biphenyls 18–43 are summarized in Table 1. Among them,

HNH2


3


OCH3


CHO


H3CO
OCH3


OCH3


CHO


H3CO
OCH3


OCH3


Briv ii


4 5


8


O


OCH3


ii


9


CHO


O
O


OCH3


10


CHO


O
O


OCH3


Br Br
+


H3


H


COOCH3


O
O


OH


Br
COOCH3


O
O


OCH3


Br


1716


viii i


81% 82-92%


95% 79%


/NaOH aq, rt, 1.5 h; (ii) Br2/CH2Cl2, 0 �C, 1–3 h; (iii) NH2NH2�H2O, 95 �C, 3 h; (iv)
3CH/H+, benzene, reflux, 16 h; (vii) (a) BnBr, K2CO3, DMF, 70 �C, 1.5 h, 90%; (b) HCl aq.
90%; (viii) DBDMH/CHCl3, rt, 10 h; (ix) Me2SO4/NaOH aq, Na2B4O7, rt, 5 h; (x) CH2Cl2/







A


R2
B(OH)2


B


+
R1


A


BR"


Br
R1


R'
R2


R"


R'


2, 5, 10,
13, 16, 17


B1 R" = R2 = H
B2 R" = H, R2 = CHO
B3 R" = OCH2O, R2 = CHO


R1 / R2 = CHO
R1 / R2 = CH2OH
R1 / R2 = CH=N-OH
R1 / R2 = CH2OCOR3


R1 / R2 = CH=C(Me)NO2
R1 / R2 = COOMe
R1 / R2 = COOH


i


iiiii


R3 = Me, CH2CH2COOH, Ph
iv


I - IV


60-85%


vi


v


Scheme 2. Synthesis of unsymmetrical biphenyls. Reagents and conditions: (i)
Pd(OAc)2, PPh3, Cs2CO3, DME, 70 �C, 2–10 h; (ii) NaBH4/MeOH, rt, 1–2 h, 99%; (iii)
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40,50-methylenedioxy-(4,5,6-trimethoxy-biphenyl-2,20-diyl)bis-
(methylene)dibenzoate (35) showed the most potent inhibitory
effects with an IC50 value of 0.04 lM against the above four tumor
cell lines. 2,3,4-Trimethoxy-20,6-bis(2-nitroprop-1-enyl)biphenyl
(27) and methyl 20-formyl-4,5,6-trimethoxybiphenyl-2-carboxyl-
ate (40) were also significantly active with IC50 value ranges of

Table 1
In vitro growth inhibition of DU145, A549, KB and KB-vin tumor cell lines
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H3CO
R2


A
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III


R1 R2 I/#


DU145 A5


CHO H 18 NTc 9.5
CHO CHO 19 4.29 9.1
COOMe CHO 20 5.25 7.7
CHOH CHOH 21 NAd NA
COOMe CH2OH 22 NA NA
CH@NOH CH@NOH 23 NA NA
CH2OCOMe CH2OCOMe 24 NA NA


O CO2H


O


O CO2H


O
25 NA NA


CH2OCOPh CH2OCOPh 26 NT NA
CH@C(Me)NO2 CH@C(Me)NO2 27 0.29e 0.1
A-COO-B; See Figure 2
A-COOCH2-B, See Figure 2


III/#


CHO H 38 NA NA
CHO CHO 39 3.87 7.1
COOMe CHO 40 0.31 1.7


Homoharringtonineb 0.0
Etoposideb 9.9


a IC50: concentration that causes a 50% reduction of cell growth.
b Positive control.
c NT, not tested.
d NA, not active.
e Data obtained from PC-3 (prostate) cell line.

0.11–0.51 lM and 0.31–3.23 lM, respectively, against the HTCL
panel. Compounds 19, 20, 28, 39, and 43 showed greater activity
against DU145 and KB-Vin cell lines than against the other two cell
lines.


From a structure-activity relationship (SAR) viewpoint, various
patterns of methoxy and methylenedioxy substitution on the A
and B ring had less impact on inhibitory potency than changes in
the functional groups at the 2,20-positions of biphenyls. With the
2,20-substituents held constant (R1 = CHO or COOMe, R2 = CHO),
Type III (39 and 40; 4-methoxy-5,6-methylenedioxy substitution)
biphenyls were somewhat more potent than Type I (19 and 20;
4,5,6-trimethoxy substitution), II (28 and 29; 4,5,6-trimethoxy-
40,50-methylenedioxy substitution), or IV (42 and 43; 4,5-methyl-
endioxy-6-methoxy substitution) compounds. However, more sig-
nificant changes in potency were found by changing the
substituents at the 2,20-positions as described below.


Generally, methyl carboxylate (R1) was preferred to an alde-
hyde on ring A, and an aldehyde (R2) was better than hydrogen
on ring B. This trend was most apparent against DU154 and KB-
Vin cell lines (compare 19/20, 39/40, 42/43). Data for compounds
18–27 and 28–35 (Types I and II in Table 1) supported our hypoth-
esis that variation of substituents at the biphenyl 2,20-positions
could greatly affect in vitro anticancer potency. Compounds with
hydroxymethyl (21, 22, 30, 31), dicarbaldehyde oxime (23, 32),
methyl acetate (24, 33), and methyl 4-oxobutanoic acid (25, 34)
at these positions showed either no inhibitory activity or were
much less potent than corresponding active compounds 19 and
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Figure 2. Structures of lactone-linked biphenyl derivatives.
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28 (R1 = R2 = aldehyde), respectively. In contrast, biphenyls 27 and
35 with two bulky groups, 2-nitroprop-1-enyl and methylbenzo-
ate, respectively, showed significant potency against all tested tu-
mor cell lines.


These results prompted us to consider whether steric compres-
sion between adjacent 2,20-substituents could alter the biphenyl
torsional angle, resulting in a stereo-configuration that would di-
rectly affect the molecular affinity with a target receptor/enzyme
and result in different inhibitory activity against tumor cell lines.
Biphenyl configuration (S- or R-) in natural dibenzocyclooctandi-
ene lignans can play an important role in antiproliferative effects.
For example, wuweizisu B with R-biphenyl configuration is less po-
tent than gomisin N with S-biphenyl configuration.19 To obtain re-
lated information in our study, lactone-linked biphenyls 36 and 37
(Fig. 2) were evaluated in the same assays. Although neither com-
pound showed significant potency, the latter compound with a se-
ven-membered lactone ring was more active than the former with
a six-membered lactone ring. These data suggest that both bigger
torsional angles caused by two bulky substituents on the 2,20-posi-
tions and the configuration of the biphenyls might play important
roles in inhibition of tumor cell growth.


Interestingly, several active compounds (19, 20, 28, 37, 39, 40,
42, and 43) were also 1.4–6.8 times more potent against the
drug-resistant KB-Vin cell line than the KB cell line. Thus, we
hypothesize that the unsymmetrical biphenyl scaffolds are rela-
tively poor substrates for the drug efflux pump (MDR) and could
be developed as novel leads with low potential for drug resistance
development.


In conclusion, twenty-six unsymmetrical biphenyls were syn-
thesized and evaluated in DU145, A549, KB and KB-Vin tumor cell
lines. Three compounds 27, 35 and 40 showed very potent activity
against the HTCL panel with an IC50 value range of 0.04–3.23 lM.
In addition, fourteen active compounds were all more potent
against the drug-resistant KB-Vin cell line than the parental KB cell
line. Preliminary SAR analysis indicated that two bulky substitu-
ents on the 2,20-positions of unsymmetrical biphenyl skeleton are
necessary and crucial for in vitro anticancer activity. Current stud-
ies provide a good starting point to develop unsymmetrical biphe-
nyls as novel anticancer agents. Further lead optimization is
ongoing.
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(6H, s), 3.58 (3H, s), 3.52 (3H, s); ESI-MS m/z 355 (M+Na+).
Compound 23: Yield 90%, pale yellow solid, mp 123–124 �; 1H NMR (DMSO)
11.33 (1H, s), 11.27 (1H, s), 7.89 (1H, m), 7.57 (1H, s), 7.47 (2H, m), 7.35 (1H, s),
7.26 (1H, s), 7.20 (1H, s), 3.90 (3H, s), 3.84 (3H, s), 3.49 (3H, s); ESI-MS m/z 353
(M+Na+).
Compound 24: Yield 80%, white solid, mp 68–70 �C, 1H NMR 7.46 (1H, dd,
J = 1.2 & 7.2 Hz), 7.39 (2H, m), 7.18 (1H, dd, J = 1.2 and 7.2 Hz), 6.80 (1H, s),
4.71–4.87 (4H, m), 3.91 (6H, s), 3.59 (3H, s), 2.01 (6H, s); ESI-MS m/z: 411
(M+Na+).
Compound 25: Yield 20%; yellow oil, 1H NMR 7.45 (1H, m), 7.37 (2H, m), 7.15
(1H, dd, J = 1.2 and 6.8 Hz), 6.78 (1H, s), 4.93 (2H, s), 4.78 (2H, s), 3.90 (6H, s),
3.56 (3H, s), 2.58 (8H, m); ESI-MS m/z 527 (M+Na+).
Compound 26: Yield 99%, yellow oil; 1H NMR 7.97 (4H, m), 7.57 (1H, d, J = 7.2
Hz), 7.35–7.52 (8H, m), 7.27 (1H, dd, J = 7.2 and 2.8 Hz), 6.86 (1H, s), 5.17 (2H,
d, J = 7.6), 5.00 (2H, s), 3.89 (6H, s), 3.61 (3H, s);ESI-MS m/z: 535 (M+Na+).
Compound 27: Yield 63%, brown solid, mp 57–58 �C, 1H NMR 7.62 (1H, s), 7.49
(2H, m), 7.47 (2H, m), 7.26 (1H, m), 6.67 (1H, s), 3.95 (3H, s), 3.93 (3H, s), 3.61
(3H, s), 2.30 (3H, s), 2.28 (3H,s); ESI-MS 437 [M+Na+].
Compound 28: Yield 69%, white solid, mp 129–130 �C; 1H NMR 9.64 (1H, s),
9.58 (1H, s), 7.51 (1H, s), 7.38 (1H, s), 6.74 (1H, s), 6.15 (2H, s), 4.00 (6H, s), 3.63
(3H, s); ESI-MS m/z: 367 (M+Na+).
Compound 29: Yield 63%; pale yellow solid, mp 102–103 �C; 1H NMR 9.55 (1H,
s), 7.46 (1H, s), 7.36 (1H, s), 6.63 (1H, s), 6.10 (2H, s), 3.97 (6H, s), 3.63 (3H, s),
3.61 (3H, s); ESI-MS m/z: 397 (M+Na+).
Compound 30: Yield 90%; white solid, mp 109–110 �C; 1H NMR 7.00 (1H, s),
6.87 (1H, s), 6.62 (1H, s), 6.00 (2H, s), 4.31 (2H, d, J = 4 Hz), 4.21 (2H, d, J = 4 Hz),
3.90 (6H, s), 3.61 (3H, s); ESI-MS m/z: 371 (M+Na+).
Compound 31: Yield 93%; white solid, mp 81 �C; 1H NMR 7.25 (1H, s), 7.02 (1H,
s), 6.51 (1H, s), 6.01 (2H, s), 4.26 (2H, m), 3.96 (6H, s), 3.67 (3H, s), 3.58 (3H, s);
ESI-MS m/z: 399 (M+Na+).
Compound 32: Yield 81%, pale yellow solid, mp 82–84 �C, 1H NMR (DMSO-d6)
11.28 (1H, s), 11.15 (1H, s), 7.42 (1H, s), 7.40 (1H, s), 7.30 (1H, s), 7.23 (1H, s),
6.77 (1H, s), 6.14 (2H, ds), 3.87 (3H, s), 3.83 (3H, s), 3.53 (3H, s); ESI-MS m/z:
397 (M+Na+).
Compound 33: Yield 92%, white solid, mp 154–155 �C; 1H NMR 6.95 (1H, s),
6.78 (1H, s), 6.64 (1H, s), 6.02 (2H, s), 4.73–4.76 (4H, m), 3.92 (3H, s), 3.89 (3H,
s), 3.64 (3H, s), 2.04 (3H, s), 2.00 (3H, s); ESI-MS m/z: 455 (M+Na+).
Compound 34: Yield 91%, 1H NMR 7.00 (1H, s), 6.89 (1H, s), 6.71 (1H, s), 6.07
(2H, s), 4.63 (4H, m), 3.84 (3H, s), 3.76 (3H, s), 3.51 (3H, s), 2.40 (8H, m); ESI-MS
m/z: 571 (M+Na+).
Compound 35: Yield 94%; white gum; 1H NMR 7.96 (4H, m), 7.50 (2H, m), 7.38
(4H, m), 7.05 (1H, s), 6.86 (1H, s), 6.73 (1H, s), 6.00 (2H, ds), 5.06–5.03 (4H, m),
3.89 (6H, s), 3.66 (3H, s); ESI-MS m/z: 579 (M+Na+).
Compound 36: Yield 11%; pale yellow solid, mp 191–194 �C; 1H NMR 8.33 (1H,
s), 7.72 (1H, s), 6.87 (1H, s), 6.07 (2H, s), 4.04 (3H, s), 4.00 (3H, s), 3.96 (3H, s);
ESI-MS m/z: 353 (M+Na+).
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Compound 37: Yield 98%; white solid, mp 163–164 �C; 1H NMR 7.26 (1H, s),
7.21 (1H, s), 6.92 (1H, s), 6.03 (2H, ds), 4.93 (1H, d, J = 12 Hz), 4.81 (1H, s), 3.99
(3H, s), 3.95 (3H, s), 3.66 (3H, s); ESI-MS m/z 367 (M+Na+).
Compound 38: Yield 80%; white solid, mp 106–107 �C; 1H NMR 9.78 (1H, s),
7.48 (3H, m), 7.42 (2H, m), 7.36 (1H, s), 6.11 (2H, s), 4.00 (3H, s); ESI-MS m/z:
279 (M+Na+).
Compound 39: Yield 70%; white solid, mp 112–114 �C; 1H NMR 9.95 (1H, s),
9.68 (1H, s), 8.07 (1H, dd, J = 1.6 and 7.6 Hz), 7.70 (1H, dd, J = 1.6 and 7.6 Hz),
7.61(1H, d, J = 7.6 Hz), 7.39 (1H, s), 7.37 (1H, dd, J = 1.6 and 7.6 Hz), 6.13 (2H, s),
3.83 (3H, s); ESI-MS m/z: 307 (M+Na+).
Compound 40: Yield 84%; white solid, mp 121–122 �C; 1H NMR 9.89 (1H, s),
8.02 (1H, dd, J = 1.2 and 7.6 Hz), 7.63 (1H, dd, J = 1.2 and 7.6 Hz), 7.52 (1H, d,
J = 7.6 Hz), 7.40 (1H, s), 7.27 (1H, d, J = 7.6 Hz), 6.01 (2H,s), 4.00 (3H, s), 3.58

(3H, s); ESI-MS m/z: 337 (M+Na+).
Compound 41: Yield 80%; white solid, mp 89–91 �C; 1H NMR 9.52 (1H, s), 7.43
(3H, m), 7.30 (2H, m), 7.24 (1H, s), 6.10 (2H, s), 3.82 (3H, s). ESI-MS m/z: 279
(M+Na+).
Compound 42: Yield 70%; white solid, mp 125–126 �C; 1H NMR 9.86 (1H, s),
9.47 (1H, s), 8.06 (1H, dd, J = 1.6 and 7.6 Hz), 7.67 (1H, dd, J = 1.6 and 7.6 Hz),
7.64 (1H, d, J = 7.6 Hz), 7.27 (1H, s), 7.25 (1H, d, J = 7.6 Hz), 6.13 (2H, s), 3.83
(3H, s); ESI-MS m/z: 295 (M+Na+).
Compound 43: Yield 70%; white solid, mp 88–90 �C; 1H NMR 9.84 (1H, s), 8.02
(1H, dd, J = 1.2 and 7.6 Hz), 7.58 (1H, dd, J = 1.2 and 7.6 Hz), 7.50 (1H, d,
J = 7.6 Hz), 7.24 (1H, s), 7.15 (1H, d, J = 7.6 Hz), 6.10 (2H, s), 3.78 (3H, s), 3.52
(3H, s); ESI-MS m/z: 337 (M+Na+). All 1H NMR were measured in solvent CDCl3
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A new synthesis of the ajoene pharmacophore core is presented involving the regioselective radical addi-
tion of a thiyl radical to a terminal alkyne as the key step. The synthesis allows structural variation of the
two end groups on sulfur, and a range of novel derivatives varying the R1 group (sulfoxide end) has been
prepared and tested against CT-1 transformed fibroblast cells for anti-cancer activity. The results indicate
comparable or even improved activity compared to the parent natural product ajoene isomers. This opens
up the way to systematically studying the biology of the ajoene core.
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Ajoene is a stable sulfoxide rearrangement product of allicin, a
natural product found in freshly crushed garlic (Fig. 1), whose
structure was established in the mid 1980s following seminal work
by Block and Apitz-Castro.1 It possesses an intriguing allyl vinyl
disulfide functional grouping, which is likely to account for its
range of biological activities via acting as a sulfenylating agent to-
wards protein sulfhydryl groups.2 Originally, the focus of its bio-
logical activity centered around its anti-thrombotic activity,3 but
in subsequent years it has been demonstrated to possess a range
of other biological activities to include antimicrobial,4 anti-obes-
ity,5 antifungal,6 and anti-cancer7 activities.


Regarding the latter, while garlic dietary supplements and ex-
tracts have been reported to reduce the risk of cancer8 as well as
alter the activation of several carcinogens9 and to cause growth
inhibition and/or death of tumor cells,10 the overall verdict on gar-
lic is controversial. The fact that crude extracts of garlic contain
numerous organosulfur compounds with varying stability and bio-
logical activity has made it impossible to reach any firm conclu-
sions from clinical trials11 about the chemopreventative effect of
garlic.


By comparison, the fact that ajoene is a relatively stable com-
pound has allowed more accurate data to be collected, and it has
been demonstrated that it is able to induce apoptosis in a number
of tumor cell-lines.12 Ajoene has been shown to offer strong pro-
tection against TPA-promoted carcinogenesis on the mouse skin,

ll rights reserved.
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).

and to strongly inhibit metastasis to lung in the B16/BL6 mela-
noma tumor model in C57BL/6 mice.13 Topical application of ajo-
ene to the tumors of 21 human patients with either nodular or
superficial basal cell carcinoma caused a reduction in tumor size
in 17/21 patients.14 Ajoene has been shown to induce apoptosis
and arrest HL60 leukemia cells in the G2/M phase of the cell cycle
in a dose-dependent manner,12c,12d and ajoene-treated leukemia
cells have been shown to undergo a time-dependent reduction in
the anti-apoptotic bcl-2 protein that results in release of cyto-
chrome c and the activation of caspase-3.1,2 These results support
the hypothesis that ajoene-induced apoptosis in leukemia cells
proceeds via the mitochondria-dependent caspase cascade path-
way rather than the triggering of cell-surface death receptors. Ajo-
ene has also been shown to decrease the expression of a4b1


integrin in murine melanoma cells,12e and to induce complete dis-
assembly of the microtubule network in HL60 cells.12c


The only synthesis published in the literature to date for ajoene
is the biomimetic thermal rearrangement of allicin in aqueous ace-
tone due to Block in his original work.1 Although the synthesis is a
one-pot conversion, the synthesis suffers from being low-yielding
as well as not being realistically amenable to producing structural

S


Allicin


S


Ajoene


Figure 1. Structures of garlic-derived allicin and ajoene.
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Figure 2. General structure of substituted ajoenes available from the present
synthesis.
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Scheme 1. Reagents and conditions: (i) KOH, MeOH, propargyl bromide; (ii)
CH3COSH (1.1 equiv), AIBN (2 mol%), Tol, 85 �C; (iii) (a) KOH (1.05 equiv), MeOH,
�78 �C; (b) p-TolSO2Sallyl (1.1 equiv); (iv) m-CPBA (1.1 equiv), CH2Cl2, �78 �C to rt.
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variants. In this communication, we report on the first synthetic
sequence15 that can access a range of ajoene derivatives containing
the central vinyl disulfide/sulfoxide core while varying the end
group R1 (Fig. 2).


For the purpose of preliminary biological investigation, it was
elected to change only the R1 group and maintain the other end-
group as allyl as in the parent ajoene. The key step in the synthesis

Table 1
IC50 of ajoene derivatives of C against CT-1 fibroblast cells


C


S S
R1


O


No. Name –R1


1 E-ajoene
2 Z-ajoene


3 E-propyl
4 Z-propyl


5 E/Z-tert-butyl


6 E-OHa


OH7 Z-OHa


8 E-OPMB
O


O


9 Z-OPMB


10 E-phthal
N


O


O


11 Z-phthal


12 E/Z-benzyl


13 E/Z-PMB


O


a Prepared via deprotection of its TBDMS ether with HF/CH3CN.
b Number of independent experimental observations.
c 95% Confidence interval in micromolar.

utilizes a regioselective radical addition of thiolacetic acid to a ter-
minal alkyne to generate a vinyl thioacetate based on the known
addition16 of thiolacetic acid to 1-hexyne as a model reaction.
Scheme 1 summarizes the overall reaction sequence.


Thus, propargylation of thiol R1SH available commercially or
synthesized via an isothiouronium salt formed from the bromide
or tosylate (R1X), followed by regioselective radical addition of thi-
olacetic acid to the terminus of the triple bond generated vinyl-
thioacetate A. Optimal conditions for the key step were identified
in order to maximize both alkyne conversion as well as the yield
of the mono-addition product. These involved dropping thiolacetic
acid (1.1 equiv) into the alkyne and the initiator in deoxygenated
toluene at 85 �C over 1 h and continuing heating (1–2 h) until
TLC indicated maximum conversion. Yields for the radical addition
step ranged routinely in around the 60–70% region after chroma-
tography, and the vinylthioacetates A were obtained as a mixture
of E/Z stereoisomers, with the Z-isomer predominating (�2:1) as
reported for the free-radical addition of thiolacetic acid to 1-hex-
yne.16 E/Z-Stereochemistry was assigned on the basis of the vinyl
coupling constants as �15 Hz for the E-isomer and �10 Hz for
the Z-isomer. The stereoselectivity is consistent with the quench-
ing of the intermediate vinyl radicals (E and Z) by thiolacetic acid
to be kinetically favoured for the Z-radical intermediate in view
of minimized steric interaction between the attached thioacetate

S


Nb CT-1


IC50 (M) 95% CIc (M)


6 17.6 17.4–17.8
6 15.5 15.3–15.6


5 26.7 26.5–26.9
5 17.0 16.8–17.2


5 33.1 32.5–33.6


5 23.1 23.0–23.3
6 22.8 22.5–23.1


5 23.5 23.2–23.8
6 21.7 21.6–21.9


4 95.9 95.0–96.8
4 34.6 34.3–34.9


5 16.6 16.5–16.7


12 11.2 11.1–11.3
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group and incoming thiolacetic acid in the hydrogen-quenching
propagation step. Generally, the stereoisomers could not be sepa-
rated by column chromatography and were characterized as a mix-
ture. Subsequent thioacetate deprotection with hydroxide in
methanol at low temperature (�78 �C) followed by sulfenylation
of the enethiolate with S-allyl p-toluenesulfonylthioate17 afforded
a high yield (>90%) of the vinyl disulfide B (R2 = allyl) as the same
E/Z-mixture, the latter indicating sulfenylation to be faster than
isomerization of the intermediate enethiolate. Finally, chemoselec-
tive oxidation of B with m-CPBA (1.1 equiv) afforded the target ajo-
ene derivative C in the same E/Z-ratio as that in B. Yield for the
latter step varied (60–90%) and the optimal temperature range
for the reaction was highly substrate specific. Thus, the overall
yield for the synthesis was usually no less than about 35%. In most
cases (exceptions = entries 5, 12, and 13 in Table 1), the E- and Z-
isomers of C could be separated by slow column chromatography
or preparative TLC. This was considered to be important because
the two stereoisomers of ajoene have been shown1 to have signif-
icantly different biological activities. Unfortunately, the parent E-
and Z-ajoenes could not be prepared via this synthetic sequence
because the intermediate vinyl radical precursor to A presumably
cyclizes onto the allyl group double bond of R1 via either a 5-exo-
or 6-endo-trig process but this aspect was not investigated further.
A preliminary investigation into the use of a protecting group on R1


to circumvent this problem failed to resolve the issue. Thus, the
parent ajoenes (1 and 2 in Table 1) were prepared by the method
of Block.1 The final products C were characterized (see Annexure
Supplementary data) by the normal range of spectroscopic (1H
and 13C NMR) and analytical techniques including high resolution
mass spectrometry in view of their nature as oils. A particularly
diagnostic set of resonances for C pertained to the methylene
and two vinyl protons of the vinyl disulfide grouping in the 1H
NMR spectrum in which a consistent coupling set could be identi-
fied for each derivative. Finally, the synthesis should also be ame-
nable to changing the other allyl end-group that was kept constant
in this particular study.


The R1 group was varied in order to investigate the influence of
lipophilicity on the anti-cancer activity against CT-1 transformed
fibroblast cells with the individual ajoene isomers as the reference
standard. Table 1 summarizes the various derivatives synthesized
and their IC50 values against the CT-1 cell-line.


A number of interesting points emerge from analysis of the IC50


values depicted for the small library listed in Table 1. Firstly, in
general, retention of anti-cancer activity for the derivatives at a le-
vel similar to that of the parent ajoenes was noted, supporting the
idea that the central pharmacophore resides in the vinyl disulfide
grouping. Moreover, there are various literature reports on the
anti-cancer activity of Z-ajoene7,12 but no general data on the activ-
ity of the E-isomer. The literature indicates that Z-ajoene is gener-
ally more potent than its E-isomer for a range of diseases, but
interestingly in the current study, the anti-cancer activity of E-ajo-
ene was found to be only marginally less than that of Z-ajoene
(17.6 vs 15.5 lM). This trend was also observed (Table 1) for most
of the synthesized ajoene analogues, namely entries 3 and 4, (26.7
vs 17.0 lM), 6 and 7 (23.1 vs 22.8 lM), and 8 and 9 (23.5 vs
21.7 lM). A notable exception were the E- and Z-phthalimidopro-
pyl derivatives in entries 10 and 11 (95.9 vs 34.6 lM). The data
suggests that a shape-selectivity at a binding site may be an impor-
tant parameter for anti-cancer activity. Only one of the derivatives
as the E/Z-mixture of entry 13 (R1 = p-methoxybenzyl) returned a
higher activity (11.2 lM) than that of Z-ajoene (15.5 lM), suggest-
ing this compound to be a lead for further study.


Ajoene itself degrades over time when stored at �20�C neat, as
observed by the formation of a less polar TLC product. Based on TLC
studies, in general, R1 substitution of allyl in ajoene offers an in-

creased chemical stability of the analogues over the parent ajoene.
In summary, the synthesis described herein18 opens up the way for
a more comprehensive study to be carried out involving a broader
range of derivatives and cell-lines in the hope of identifying syn-
thetic ajoenes with significantly improved anti-cancer activity.
Furthermore, it will allow an appraisal of substituted ajoenes as
chemosensitizing agents for established drugs like cytarabine to-
wards drug-resistant tumors to be carried out.7d
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We describe here orally active and brain-penetrant cathepsin S selective inhibitors, which are virtually
devoid of hERG K+ channel affinity, yet exhibit nanomolar potency against cathepsin S and over 100-fold
selectivity to cathepsin L. The new non-peptidic inhibitors are based on a 2-cyanopyrimidine scaffold
bearing a spiro[3.5]non-6-yl-methyl amine at the 4-position. The brain-penetrating cathepsin S inhibitors
demonstrate potential clinical utility for the treatment of multiple sclerosis and neuropathic pain.
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Cathepsin S (Cat S) is a cysteine protease predominantly ex-
pressed in dendritic cells, B cells, macrophages, and brain microg-
lia. In these antigen presenting cells Cat S plays an essential role in
the proteolytic events that lead to antigen presentation at the cells
surface for recognition by T cells.1 In addition, Cat S can be secreted
by activated microglia and might play a role in regulating extra cel-
lular matrix interaction.2 We have recently demonstrated that
inhibition of spinal microglial Cat S reversed neuropathic pain.3 It
was also reported that in Creutzfeldt–Jakob disease (CJD) infected
mice Cat S expression has been increased, which could result from
microglia cell activation.4 Cat S might be involved in multiple scle-
rosis (MS), myasthenia gravis (MG), Alzheimer’s disease (AD), and
Down disease.5 These findings suggest that a Cat S inhibitor which
penetrates blood–brain barrier (BBB) could be beneficial for vari-
ous brain diseases. Herein, we describe the discovery of non-pep-
tidic Cat S inhibitors having a balanced blood–brain penetration
after overcoming a human ether-a-go-go-related gene (hERG) K+

All rights reserved.
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ter, Wimblehurst Road, Hor-

channel blocking issue which has often been observed in central
nervous system (CNS) drugs.6


We have recently reported a novel class of Cat S inhibitor 1, the
4,5,6-trisubstituted 2-cyanopyrimidine derivatives (Fig. 1).7 How-
ever, the selectivity against the off-target enzyme, Cat L was insuf-
ficient to reach the clinical phase. Cat L deficient mice develop
periodic hair loss and epidermal hyperplasia, indicating that Cat
L is essential for epidermal homeostasis and regular hair follicle
morphogenesis and cycling.8 Our next focus was thus on improv-

N Cat L IC50 = 120nM


1
P2


Figure 1. The 4,5,6-trisubstituted pyrimidine scaffold for Cat S inhibitors.



mailto:osamu.irie@novartis.com

mailto:o.irie1@d4.dion.ne.jp 

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

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





Figure 2. Compound 1 docked with human Cat S.
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Scheme 1. Reagents and conditions: (a) TsCl, NMe3-HCl, NEt3, CH2Cl2, 0 �C, 1 h,
quant.; (b) CH2(CO2Et)2, NaH, THF, rt–60 �C, 3 h; (c) LiCl, H2O, DMSO, 185 �C, 10 h,
48–59% (3 steps); (d) LiAlH4, THF, 0 �C, 0.5 h, 82–84%; (e) NaN3, DMF, rt, 0.5 h; (f)
PPh3, THF–H2O, rt, 23 h, 73–75% (2 steps).
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ing the selectivity of Cat S inhibitors against Cat L by modifying the
P2 moiety of 1, which interacts with the S2 subsite of each cathep-
sin, a key pocket for controlling the selectivity of cathepsin
inhibitors.7


The X-ray crystal structures of human Cat S (PDB code 1MS6)
and Cat L (PDB code 3BC3) suggested that the S2 subsite of the
Cat S enzyme accepts a slightly larger group than that for Cat
L.9,10 The bottom of the S2 subsite in the Cat S enzyme has
Gly137 and Gly165, while the corresponding region in Cat L com-
prises of Ala135 and Gly164. Our computer-assisted modeling
studies concluded that the S2 pocket of Cat S would accommodate
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Scheme 2. Reagents and conditions: (a) HO(CH2)n(4-piperidine-N-Boc), NaH, THF, 0–60 �
Crown-6, CH2Cl2–H2O, rt, 3 h, 41–66% (2 steps); (c) R1-NH2, NEt3, THF, 0 �C–rt, 90–99%.;
34%; (e) HCHO or acetone, NaBH3(CN), AcOH, THF, 0 �C–rt, 1.5 h, 38–58%; (f) HO(CH2)2OT
EtOH, 70 �C, 6 h, 69–78%; (h) Br(CH2)2OH, K2CO3, DMF, 0 �C–rt, 12 h, 49%, or AcCl, NEt3,

a slightly bulkier P2 group than the spiro[2.5]oct-6-yl-methyl
amine group of compound 1 (Fig. 2).


The spiro amine syntheses are shown in Scheme 1. Treatment of
2-[1-(2-hydroxy-ethyl)-cycloalkyl]-ethanol 2a–c11 with tosylchlo-
ride, triethylamine, and a catalytic amount of trimethylamine
hydrochloride12 in CH2Cl2 afforded ditosylate 3a–c. Cyclization of
3a–c with diethyl malonate under basic conditions in THF provided
spiro diesters 4a–c. Decarboxylation reaction of 4a–c with lithium
chloride and water in DMSO at 185 �C, followed by reduction of the
resulting esters by LiAlH4, gave spiro alcohols 5a–c which were
converted to amines 6a–c by treatment of the tosylates with so-
dium azide in DMF following by azide reduction with PPh3 in
THF–H2O.


We used a multi-parallel synthesis approach for the optimiza-
tion of the 4- and 6-substituents on the 2-cyanopyrimidine by
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C, 6 h, 52–97%; (b) i—mCPBA, NaHCO3, CH2Cl2, 0 �C–rt, 10 h; ii—KCN, nBu4N+Br-, 18-
(d) 4 mol/L HCl–AcOEt, rt, 0.5 h, quant. or TFA, CH2Cl2 (for 10c, 10e), rt, 10 min, 30–
HP, or 2,2,6,6-tetramethylpiperidine-4-ol, NaH, THF, 0–60 �C, 6 h, 82–99%; (g) PPTS,
CH2Cl2, 0 �C–rt, 12 h, 71%.
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using compounds 9 and 12 in Scheme 2 as key intermediates. Con-
densation of 4,6-dichloro-2-methylsulfanyl-pyrimidine-5-carbox-
ylic acid methylamide 77 with N-Boc-piperazine-4-methanol or
ethanol under the basic conditions in THF afforded 8a, b. Conver-
sion of the methyl sulfides to nitriles 9 was performed by oxidation
with mCPBA followed by treatment with potassium cyanide.
Treatment of the key intermediate 9 with amines 6a–c, the
commercially available cyclopentylethylamine, or C-(1,4-dioxa-
spiro[4.5]dec-8-yl)-methylamine13, followed by deprotection of
the Boc group and reductive amination with HCHO and NaBH3(CN),
provided the desired compounds 10a–d.


The synthesis for the optimization of the 6-substituent on the 2-
cyanopyrimidine is also described in Scheme 2. Condensation of 7
and C-spiro[3.5]non-7-yl-methylamine 6b gave compound 11
which was converted to a 6-chloro-2-cyanopyrimidine intermediate
12. Addition of 2,2,6,6-tetramethylpiperidine-4-ol or 2-(tetrahydro-
pyran-2-yloxy)-ethanol with sodium hydride in THF, followed by
deprotection under acidic conditions provided the desired com-
pounds 13a, b. Condensation of 12 with N-Boc-piperidine 4-metha-
nol and subsequent treatment with 4 mol/L HCl solution in ethyl
acetate or trifluoroacetic acid afforded the secondary amine 15.
N-Substitution of the piperazine in 15 by acylation, reductive
amination, or by using alkyl halides provided tertiary amines 16a–c.


The results of the SAR study on the optimization of the P2 moi-
ety are described in Table 1. Expansion of the spiro ring at the end
of P2 by replacement of the spirocyclopropyl with cyclobutyl group
improved selectivity against Cat L (Table 1; 1 vs 10a). However,
further expansion of the spiro ring decreased both potency and
selectivity toward Cat S (10b vs 10d). Introduction of a polar func-
tional group on the P2 part was not tolerated because of the hydro-
phobic natures of the S2 subsites in both Cat S and Cat L (10b vs

Table 1
Optimization of the P2 moiety


N


N


N
NH


O


R


O


NH
N(CH2)n


Compound n R IC50 (nM)a


Cat S Cat L hERGb


1 2 -CH2
2 120 NTc


10a 2 -CH2
4 440 420


10b 1 -CH2
3 360 710


10c 1
O


O
-CH2


>1000 >1000 NTc


10d 1 -CH2
12 276 1455


10e 1
O


O
-CH2 31 426 5770


10d 1 -(CH2)2
26 400 360


a Inhibition profiles were determined by a fluorometric assay with recombinant
human Cat L and Cat S, employing Z-Phe-Arg-AMC (Cat L) and L-Leu-Leu-Arg-AMC
(Cat S) as synthetic substrates.15 Data represent means of two experiments per-
formed in duplicate. Individual data points in each experiment were within a
twofold range with each other.


b Inhibition profiles were determined by a radioligand binding assay with
[3H]dofetilide binding to a crude membrane preparation of HEK293 cell membranes
stably transfected with hERG channels.16


c NT, not tested.

10c).14 In summary of P2 moiety, the spiro[3.5]non-6-yl-methyl
amine 6a was an optimum size for P2 based on the balance of po-
tency and selectivity to Cat S.


In the past decade, a number of drugs failed to reach or were
withdrawn from the market due to cardiosafety issues. It is now
widely known that inhibition of hERG K+ channel is one of the ma-
jor causes of the observed cardiac side effects, which are drug-in-
duced QT prolongation and/or arrhythmia called Torsades de
Pointes. Our designed Cat S inhibitors 10a, b showed unacceptable
affinity to the hERG K+ channel as indicated by the binding assay
using [3H]dofetilide. We thus needed to decrease the hERG K+


channel binding affinity of compounds by modification of the 6-
substituent on the 2-cyanopyrimidine. Introduction of many func-
tional groups at the pyrimidine 6-position could be well tolerated
by the Cat S active site, as the 6-substituent orients itself toward
the solvent space in the modeling (Fig. 2). Indeed, all compounds
in Table 2 having a variety of substituents at the pyrimidine 6-po-
sition, showed excellent inhibitory activity and selectivity toward
Cat S. A SAR study of the 2-cyanopyrimidines on the hERG K+ chan-
nel binding affinity is shown in Table 2.


A typical 3D pharmacophore model for prediction of hERG K+


channel binding activity has been published.6,18 The model sug-
gests that the classic hERG K+ channel blocker motif contains a ba-
sic nitrogen center flanked by an aromatic or hydrophobic group.
We thus attempted to modulate the basicity of the piperidine ring
in the 6-substituent on the 2-cyanopyrimidine core. Decreasing the
basicity of the nitrogen atom by replacing the tertiary amine with a
secondary amine decreased the hERG binding activity (Table 2;
10b vs 15). An increase in basicity by replacement of N-methyl
piperidine by N-isopropyl piperidine showed the anticipated in-
crease in affinity to the hERG K+ channel (16a, hERG

Table 2
Optimization of the 6 position on the pyrimidine ring17


N


N


N
NH


O


O


NH
R


Compound R IC50 (nM)a


Cat S Cat L hERGb


10b N-CH2
3 360 710


16a N-CH2
3 330 540


16b N-CH2
OH


3 300 890


15 NH-CH2
5 460 2340


13a NH 5 1390 5040


16c N-CH2


O
10 2500 >30,000


13b –CH2CH2OH 6 1200 >30,000


a Inhibition profiles were determined by a fluorometric assay with recombinant
human Cat K, L, and S, employing Z-Phe-Arg-AMC (Cat K and L) and L-Leu-Leu-Arg-
AMC (Cat S) as synthetic substrates.15 Data represent means of two experiments
performed in duplicate. Individual data points in each experiment were within a
twofold range with each other.


b Inhibition profiles were determined by a radioligand assay with [3H]dofetilide
binding to a crude membrane preparation of HEK293 cell membranes stably
transfected with hERG channels.16







Table 3
Plasma and brain concentration profiles for several compounds in Sprague–Dawley
rats (po 10 mg/kg), where values are means of n = 3


Compound Plasma concentration (nM) Brain concentration (nM)


1 h 3 h 1 h 3 h


10b 346 308 124 718
16a 191 381 67 455
15 28 61 <13 <13
13a — 287 — 164
16c 169 80 27 <13
13b 283 170 692 849


Table 4
Pharmacokinetic parameters of 10b, 16a, and 13b in male Sprague–Dawley rats (iv
1 mg/kg; po 10 mg/kg), where values are means of n = 3


Compound poCmax


(nM)
Clp (L/h/
kg)


ivt1/2


(h)
F
(%)


po AUC
(nM h)


Vdss (L/
kg)


10b 461 1.1 6.7 40 8237 9.8
16a 298 0.6 11.8 24 8083 9.3
13b 907 1.5 1.5 14 2503 1.2


Figure 3. Effect21 of compound 10b in acute experimental autoimmune enceph-
alomyelitis in SJL/J mice. Data presented are means ± SEM. Kruskal–Wallis non-
parametric ANOVA, followed by Dunn’s multiple comparison test *p < 0.05,
**p < 0.01 Disease incidence was analyzed using Fisher’s exact test (2 � 2 contin-
gency table, 2-sided p value). n = 15. MBP, myelin basic protein.
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IC50 = 540 nM). Interestingly, a less basic substituent afforded by
N-acylation dramatically decreased the hERG K+ channel binding

Figure 4. Oral activity of compound 10b (left) and 13b (right) against neuropathic mech
six animals per treatment group. ***p < 0.001, **p < 0.01, *p < 0.05 compared to vehicle by

affinity (16a vs 16c). Removal of the nitrogen atom by replacement
of the piperidine ring with ethyl alcohol also showed significantly
attenuated hERG activity (IC50 = >30 lM) whilst retaining both po-
tency and selectivity to Cat S (13b, Cat S IC50 = 6 nM).


We then turned our attention to the CNS penetration of the Cat
S inhibitors, which was assessed by following oral administration
in rats. The results of the CNS penetration assays are shown in
Table 3. The secondary amine 15 and N-acyl piperidine 16c did
not penetrate the BBB in rats, whilst the sterically hindered sec-
ondary amine 13a showed CNS penetration. A tertiary amine also
facilitated brain penetration (Table 3; 10b, 16a) although these
compounds also showed high hERG K+ channel binding affinity.
The 6-(2-hydroxy ethoxy) 2-cyanopyrimidine compound 13b rap-
idly penetrated the BBB without hERG K+ channel affinity at 30 lM.


The pharmacokinetics (PK) parameters were determined for
selected compounds in Sprague–Dawley rats. Representative PK
results are shown in Table 4. After intravenous administration
compounds, 10b, 16a, and 13b were distributed with the Vdss of
1.2–9.8 L/kg and eliminated with the apparent half-lives of 1.5–
11.8 h. The maximum plasma concentration (Cmax) values of the
compounds after oral administration were 298–907 nM and the
estimated bioavailabilities (F) ranged from 14% to 40%.


Having developed both orally active and brain-penetrating Cat S
inhibitors, we next turned to evaluate in vivo efficacy. Multiple
sclerosis (MS) is a chronic demyelinating disease of the CNS char-
acterized by scarring plaques distributed along the intracerebral
white matter and the spinal cord. The most suitable model of MS
is experimental autoimmune encephalomyelitis (EAE) that has
well-defined immunologic and genetic profiles for the murine sys-
tem.19 We thus evaluated the effect of 10b on the induction of the
acute phase of the chronic progressive form of EAE in SJL/J mice.20


Oral administration of 10b (10 mg/kg) twice a day for 21 days pre-
vented the onset of the acute phase of the chronic progressive form
of EAE (Fig. 3). These data suggest that brain-penetrating Cat S
inhibitors might be useful for the treatment of MS.


We also evaluated the anti-neuropathic pain effect of the devel-
oped Cat S inhibitors 10b and 13b in Wister rats following oral
administration.3 Both compounds reversed established mechanical
hyperalgesia in a dose dependent fashion. The activities of 10b and
13b were producing up to 50% reversal of the hyperalgesia (Fig. 4).
Following twice daily administration for 5 days, the anti-hyperal-
gesic activity of the first dose of 13b (30 mg/kg) against neuropath-
ic hyperalgesia was maintained without serious side effect (Fig. 5).
These findings suggest that Cat S inhibition has great promise as a
new therapeutic treatment for neuropathic pain.


In summary, we discovered brain-penetrating Cat S inhibitors
with nanomolar potency against Cat S, over 100-fold selectivity
against Cat L, and excellent PK profiles after overcoming a hERG

anical hyperalgesia in rats. Graph depicts mean ± SEM reversal of hyperalgesia from
ANOVA followed by Tukey’s HSD test carried out on withdrawal threshold data.







Figure 5. Effect of repeated administration of 13b on neuropathic pain in rats.
Compound 13b was administered orally in 0.5% methylcellulose/water twice daily
for 5 days. Paw withdrawal thresholds were measured 3 h following administra-
tion. Each point represents mean ± SEM from 6 animals/group. ***p < 0.001,
**p < 0.01, *p < 0.05 compared to vehicle by ANOVA followed by Tukey’s HSD test.
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K+ channel binding issue by modeling the basicity of the 6-substi-
tuent on the 2-cyanopyrimidine core. The compounds demon-
strated in vivo activity for MS and neurophatic pain in rodents.
We believe that brain-penetrating Cat S inhibitors might be useful
for the treatment of these diseases and various other CNS disor-
ders, e.g., AD, CJD, and MG.
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New kinase inhibitors can be found by synthesis of targeted arrays of compounds designed using system-
based knowledge as well as through screening focused or diverse compounds. Most array strategies aim
to add functionality to a fragment that binds in the purine subpocket of the ATP-site. Here, an alternative
pharmacophore-guided array approach is described which set out to discover novel purine subpocket-
binding groups. Results are shown for p38a and cFMS kinase, for which multiple distinct series with
nanomolar potency were discovered. Some of the compounds showed potency in cell-based assays and
good pharmacokinetic properties.


� 2008 Elsevier Ltd. All rights reserved.

Most kinase inhibitors bind in the purine subpocket of the ATP-
site using conserved H-bonding patterns to the ‘hinge’. Typically,
arrays designed to target kinases have used a single purine sub-
pocket core, modified to extend into different parts of the ATP-
site.1 While often successful, such arrays only probe one purine
subpocket group at a time. Here, we report a different approach
to identify novel purine subpocket binders of kinases.


Some inhibitors interact with the lipophilic interior of the
ATP-site (or ‘back pocket’) in kinases where this is accessible
to gain potency and/or selectivity. Some of these, such as 1, bind
to the ‘DFG-in’ conformation of their targets, while others such
as Gleevec, BIRB-796 and 2 bind in the DFG-out mode.2,3 The
back-pocket binding groups of these compounds make extensive
interactions and contribute greatly to affinity. Here, we describe
the use of these back-pocket binding groups as starting points
from which to build out towards the front of the ATP-site. A
similar ‘back-to-front’ approach was used to optimise the biaryl
urea series to give BIRB-796.2c The work reported here differs in
its intent, to identify new classes of kinase inhibitors for lead
discovery as opposed to lead optimisation, and its use of arrays
and pharmacophore-guided reagent selection together with

ll rights reserved.
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multiple back-pocket groups utilising both DFG-in and DFG-out
binding modes.


O


N
H


Me


O NHO


N
H


NH


Me


O


NN
O


N


N


N


N
H


NHO


N
MeN


Me1


2DFG-out
pocket


Back
pocket


Back
pocket


Gleevec Back
pocket


Purine
subpocket


DFG-out
pocket


Purine
subpocket


Purine
subpocket


Crystal structures of 1 and 2 bound to p38a showed a critical hydro-
gen-bond from their cyclopropylmethyl amide carbonyls to the pur-
ine subpocket donor NH of Met109 (the ‘hinge’).3 The short distance
between this and the tolyl ring, together with the prevalence of aro-
matic rings in the purine pocket of kinase inhibitors, dictated the
choice of chemistry used to build the arrays. Suzuki coupling al-
lowed the insertion of a wide range of haloaryl rings targeting the
purine subpocket.
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Figure 1. The pharmacophore search used to obtain the purine-site reagent list.5


The p38a X-ray complex of 2 (magenta) defines the binding site. Pharmacophoric
features (spheres) include the H-bond acceptor from Met109 NH (red, radius 1.25
and 1.75 Å for the projected point), tolyl ring aromatic atoms (blue, radii 0.5 Å) and
excluded volumes (black, radii 1.7 Å). A representative isoquinoline hit that led to
14 is shown in green.


Table 1
Distribition of p38a compound activities by array6
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Back-pocket groups found in potent kinase inhibitors were
chosen as starting points. A–C (Scheme 1) are substructures of
potent biphenyl amide p38a inhibitors, such as 1 (Ki = 12 nM)
and 2 (Ki = 4.4 nM).3 A is found within compounds that bind in
the DFG-in mode, while those containing B and C bind in the
DFG-out mode. D is a fragment of Gleevec, a potent inhibitor of
cAbl and other kinases including LCK and cFMS.2a,4 Other frag-
ments not included in this report were added to probe the back-
pockets of other kinases.


Boronic acid esters A–D were prepared and coupled to a selec-
tion of aryl halides as shown in Scheme 1. Halides were chosen
from a database of available reagents with the help of a pharmaco-
phore model.5 This defined the position of an aromatic ring on the
tolyl ring together with a hydrogen-bond from the hinge Met109
NH. Coordinates were taken from the X-ray complex of 2 with
p38a (Fig. 1).3b


The unreacted aryl bromides used to make compounds 3, 6, 8,
14 and 19 all had Ki > 2lM against p38a, as did intermediate F
(Scheme 1). However, the products of arrays A–C were expected
to include potent p38a inhibitors. One hundred and seventy-two
compounds from these arrays were successfully purified and were
submitted for test against a panel of protein kinases. Table 1 shows
the number of products from each array that were assayed. The 87
sub-100 nM compounds spanned 60 different purine subpocket-
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was prepared as previously described.3a A–D were coupled to aryl halides under
Suzuki conditions using Pd(PPh3)4, Na2CO3 (aq), DME.


Array A B C A–C Purine pocket groups


Number tested 61 57 54 172 94
Number Ki <1 lM 47 50 49 146 84
Number Ki <100 nM 17 30 40 87 60
Number Ki <10 nM 4 6 7 17 12

binding groups. Table 2 shows selected compounds and their
p38a activities.


X-ray structures of several examples have been solved in com-
plex with p38a. Though alternative binding modes cannot be ex-
cluded for all compounds, especially the weaker inhibitors, the
proposed back-pocket groups occupy the back-pocket of the site
in all examples solved, and make the same extensive interactions
as previously described for DFG-in and DFG-out binding biphenyl
amides. 3


Three types of p38a inhibitors will now be discussed. The first
type includes aryl compounds para-substituted with a five-mem-
bered ring, for example the pyrazoles (3c), thiazoles (4a–c), and
1,2,4-oxadiazoles (5a–c).


Compounds from array A are generally less potent that those
from arrays B and C. The 1,3,4-oxadiazoles (6a–c) are good exam-
ples of this type. A p38a X-ray structure was solved of the complex
with 6a.7 It binds in the DFG-in mode in a similar way to 1.3a The
two structures are shown superimposed in Figure 2. As intended,
the tolyl cyclopropylamide back-pocket group of 6a mimics that
of 1. The amide group makes the same pair of hydrogen-bonds to
Glu71 and Asp168 in the back-pocket. The oxadiazole ring occupies
the purine subpocket and hydrogen-bonds to the hinge. One point
of additional interest is that the hinge region of Gly110 flips, as
previously reported for other structures, such that the backbone
NH atoms of Met109 and Gly110 can both donate H-bonds to the
oxadiazole nitrogens.8


It is interesting to compare 6a to 20, one of the first compounds
from the biphenyl amide series (Fig. 3).8 During the evolution of
the series through several iterations, the oxadiazole in the
back-pocket of 20 was first replaced by a cyclopropyl amide. Later,
as described here, the purine-pocket amide was replaced by an
oxadiazole. The location and substitution pattern of the central
biphenyl group is maintained in both complexes, so this is not
simply an example of a flipped binding mode.







Table 2
p38a activities (Ki, nM) of compounds from arrays A–C (Scheme 1)6
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Products that were impure or that gave inconsistent assay results are omitted,
although some were later reprepared (data not shown).


Figure 2. X-ray structure of 1 complexed with p38a (orange) superimposed on that
of 6a (green).
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The second compound type contains fused 6,6-bicyclic sys-
tems. Some of these resemble cyclised biphenyl amides (for
example 7–11). These utilise the cyclic amide carbonyl oxygen
to accept the hinge Met109 H-bond. The 6,6-bicyclic rings in
which the cyclic amides are positioned at the 4-position to the
biaryl linker have greater potency than those with the amide
at the 3-position (compare 7a–8a). This can be rationalised by
their geometry being better able to H-bond to the hinge. Other
6,6-fused systems include those in which a ring nitrogen atom
makes the hinge H-bond to Met109, for example, the isoquino-
lines 14a–b. Once again, the importance of forming the hinge
H-bond with appropriate geometry can be seen by comparing
the potent isoquinoline 14a to the less potent quinoline 15a.
While still fitting within the tolerances of the pharmacophore,
the quinoline nitrogen of 15a is not well placed to form the
hinge H-bond. Similarly, compounds in which the hinge-binding
nitrogen preferentially adopts the wrong tautomer are weaker
(compare 14a–13a, or 14b–13b).


The third compound type includes fused 5,6-bicyclic systems
(16–19). Among the most potent are the benzimidazole 17a–b
and the benzisoxazoles 18a–c and 19a–c. In this class of com-
pounds, additional bulk in the outer lipophilic pocket region is
beneficial for activity (compare 19b to 18b or 19c to 18c). A crystal
structure of the DFG-out binding benzisoxazole 19b in complex
with p38a was solved (Fig. 4).7 The benzisoxazole nitrogen fulfils
the intended role of hydrogen-bonding to the hinge of Met109.
The back-pocket binding part of the structure resembles that of
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the biphenyl amide 2 previously reported (Fig. 4), even though the
amide of 19b is of reversed direction to that of 2.3b


Selectivity profiles were assessed by screening against a panel
of protein kinases. Compounds from the same arrays with the same
back-pocket binding groups showed similar profiles (Table 3).
Compounds binding to p38a in the DFG-out mode (arrays B and
C) also showed activity in a cRaf/MEK/ERK cascade assay.9 This
was unsurprising, given the p38a activity of the DFG-out binding
Raf inhibitor Sorafenib.10 In contrast, compounds from array A
were selective for p38a (Fig. 5).


Most other kinases tested were unaffected by compounds
from arrays A–C. One exception was the isoquinoline 14a, which
showed sub-lM inhibition of VEGFR2 (KDR) (Table 3). No signif-
icant VEGFR2 activity was seen with other 6,6-fused bicyclic
templates or with the other two substructural types reported
here.


Compounds from array D showed a completely different inhibi-
tion profile (Tables 2 and 3). As expected, they did not inhibit p38a.
Instead, as reported for Gleevec, members of this array inhibited
cFMS and LCK.2a,4 Compound 14d showed the greatest inhibition
of these two targets, with IC50 of 4 nM and 70 nM, respectively.
Compound 14d was less selective than other compounds from ar-

Table 3
Kinase selectivity profiles and inhibition of TNFa production in PBMC cells and whole blo


Compound Array Purine-site Raf/Mek/Erk CDK2 cFMS E


19b B Benzisoxazole 0.04 >20 >20 >
6b B 1,3,4-Oxadiazole 0.4 >20 0.7 >
19c C Benzisoxazole 0.03 >20 7 >
6c C 1,3,4-Oxadiazole 0.2 >20 >20 >
19a A Benzisoxazole >50 >20 >20 >
6a A 1,3,4-Oxadiazole 20 >20 >20 >
10a A 1,2,3-Benzotriazinone >20 >20 >
14a A Isoquinoline >20 0.6 >
1 A Biphenylamide >50 >20 >20 >
6d D 1,3,4-Oxadiazole >20 0.1 >
14d D Isoquinoline >20 0.004 0
18d D Benzisoxazole >20 0.09 >
4d D Thiazole >20 0.09 >

ray D (also inhibiting EGFR and ErbB4). It is unclear why the quin-
olines 14a and 14d are both less selective than other compounds
with the same back-pocket groups.


Selected compounds were evaluated for their ability to inhibit
cytokine production in cells. Table 3 shows IC50 values for inhibi-
tion of TNFa production in peripheral blood mononuclear cells
and in whole blood.6 Several compounds, for example 6a, 6c, 10a
and 14a, showed encouraging sub-micromolar activity, compara-
ble to or better than that seen with 1.3a Compound 6a was submit-
ted for pharmacokinetic analysis. Its rat PK profile was comparable
to that of 1, with low plasma clearance, moderate volume of
distribution and good bioavailability, but with a longer half-life
(Table 4).3a,11


In summary, a pharmacophore-guided array strategy has been
exploited to combine DFG-in and DFG-out back-pocket binding
groups with novel kinase purine subpocket binders. The example
of p38a has been used to illustrate the approach. Inhibitors with
excellent enzyme potency and selectivity were produced without
additional iterations of optimisation. The strategy has been
validated by crystallographic confirmation of the intended binding
mode. Multiple diverse and novel series were identified as promis-
ing p38a backup series to the biphenyl amides. Some of these also

od (IC50 lM)6


GFR ErbB4 JNK3 LCK PLK1 SGK1 VEGFR2 PBMC HWB


25 >25 >16 8 >25 >33 >20
25 >25 >16 8 >25 >33 6
25 >25 >16 6 >25 >33 >20 0.06 5
25 >25 >16 10 >25 >33 >20 0.1 0.7
25 >25 >16 >16 >25 >33 >20 0.2 3
25 >25 >16 >16 >25 >33 >20 0.1 1
25 >25 >16 >16 >25 32 >20 0.4 0.5
25 >25 >16 3 >25 >33 0.5 0.1 0.1
25 >25 >16 >16 >25 >33 >20 0.25 1
25 >25 >16 3 >25 >33 >20
.7 0.3 >16 0.07 >25 >33 0.80
25 >25 >16 1 >25 >33 >20
25 >25 >16 2 >25 >33 >20







Figure. 5. Top: Plot of p38a against cRaf/MEK/ERK activity showing the greater
selectivity of DFG-in compounds (array A, red diamonds) compared to DFG-out
(array B, black circles, array C, green squares). Bottom: p38a against cFMS activity,
showing the greater cFMS activity of array D (blue stars).


Table 4
Pharmacokinetic parameters of 6a measured in rat11


IV plasma clearance (mL/min/kg) 3
IV steady state volume of distribution (L/kg) 1.2
IV plasma terminal t1/2 (h) 4.6
PO AUC(0–12 h) (ng h/mL) 4180
PO bioavailability 91%
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showed favourable cellular activity and oral pharmacokinetic
properties. Further development of these series will be described
in future publications.
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Figure 1. Structures of 2,20-pyridoin deri

Focusing on 2,2 -pyridoin (1, 1,2-di(2-pyridyl)-1,2-ethenediol) and its synthetic derivatives as the lead
compound of the potent antioxidative enediol, their protective effect against oxidative stress was evalu-
ated on the HL-60 cell system. 2,20-Pyridoins showed no remarkable cytotoxic effect on HL-60 cells. The
derivatives 1, 2, 3, 5, and 6 inhibited H2O2-induced cell death and intracellular oxidative stress more sig-
nificantly than ascorbic acid. Since 2,20-pyridoins are oxidized to the diketones, 2,20-pyridils, in a protic
solvent, the antioxidant activity of 2,20-pyridils was also investigated. 2,20-Pyridils showed antioxidant
activity in the cell; however, the activity was lower than that of 2,20-pyridoins. These results suggested
that 2,20-pyrdoin derivatives can be good cytoprotective agents against oxidative stress.


� 2008 Elsevier Ltd. All rights reserved.

Reactive oxygen species (ROS) and free radicals are considered
to be implicated in a variety of pathological events, such as cancer
and aging.1–3 ROS, including superoxide anion, hydrogen peroxide,
and hydroxyl radical, are thought to be generated by subsequent
reduction of molecular oxygen in aerobic organisms.4,5 Under nor-
mal conditions, cells and tissues are protected against ROS by an

All rights reserved.


: +81 3 5400 2691.
shino).


vatives and AsA.

array of defense systems of enzymes, such as superoxide dismu-
tase, catalase, and glutathione peroxidase or free radical scaveng-
ers.6 Among these radical scavengers, ascorbic acid (AsA, Fig. 1)
shows very effective activity7 and has often served as a lead com-
pound for the design and synthesis of pharmacologically effective
antioxidants.8


In our previous study, we elucidated that 2,20-pyridoin (1,
Fig. 1), the enediol compound possessing two pyridine rings, and

Figure 2. Cytotoxicity of 2,20-pyridoins and of 2,20-pyridils. Data are means ± SD of
three independent experiments.
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its synthetic derivatives 2–7 exerted DPPH (1,10-diphenyl-2-picryl-
hydrazil) radical scavenging activity. We also elucidated that 3, 5,

Figure 3. Inhibitory effect of 2,20-pyridoin derivatives on H2O2-induced cell death.
Data are means ± SD of 3–6 independent experiments (**p < 0.01 vs none, #p < 0.05
vs AsA, ##p < 0.01 vs AsA, Student’s t-test).


Figure 4. Scavenging effect on intracellular R

and 6 inhibited lipid peroxidation more strongly than AsA and that
the inhibitory activity of 1 and 2 was comparable to that of AsA but
that of 4 and 7 was lower than that of AsA.9 Therefore, it was as-
sumed that 2,20-pyridoin derivatives were pharmacologically use-
ful lead compound of antioxidants.


In the present study, we selected 1, 2, 3, 5, and 6 as candidates
of excellent antioxidants and investigated the protective effect of
the 2,20-pyridoin derivatives against oxidative stress under physio-
logical condition using human promyeloid leukemia cell lines
(HL-60). HL-60 cells are commonly used in ROS-mediated studies
because they can produce large amounts of ROS following stimula-
tion.10 Hence, we selected the HL-60 cell line for the antioxidant
assay in the present study.


Prior to the antioxidant assay, HL-60 cells were exposed to 2,2’-
pyridoins for 24 h, and the cytotoxicity of 2,20-pyridoins was
checked.11 Since the solubility of 5 and 6 in the incubation medium
was not particularly good, the highest concentration of 5 and 6 was
set to 60 lM, and that of the other 2,20-pyridoins was set to
100 lM. As shown in Figure 2, 60–100 lM of 2,20-pyridoins did
not cause a remarkable decrease in the cell viability. In contrast,
butylated hydroxytoluene (BHT), a synthetic phenolic antioxidant,
exerted potent cytotoxicity at 100 lM. Therefore, it was confirmed
that up to 60 lM of 2,20-pyridoin and its derivatives has no cyto-
toxicity for HL-60 cells.

OS. ((A) 2,20-pyridoins, (B) 2,20-pyridils.)
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To investigate the antioxidant activity in the cell lines, 2,20-pyr-
idoins and AsA were added to H2O2-treated HL-60 cells, and the
viable cells after 24 h incubation were determined (Fig. 3).11,12


AsA, a conventional enediol antioxidant, was used as a positive
control. The number of viable cells was decreased to 15.8% of the
non-treated control cells by treatment of the cells with H2O2


(200 lM). The cell viability was recovered to 37.9% with the addi-
tion of 30 lM of AsA. 2,20-Pyridoin (1) showed a more significant
increase in cell viability than AsA (42.1%, p < 0.05 vs AsA, Student’s
t-test). Moreover, pyridoin derivatives 2, 3, 5, and 6 showed a high-
er protective effect than 1 (51.9–55.4%, p < 0.01 vs AsA, Student’s t-
test). These results suggested that 2,20-pyridoin derivatives have a
more potent cytoprotective effect against oxidative stress than
AsA. As showed in our previous results,9 the most potent DPPH
radical scavengers, 5 and 6, inhibited lipid peroxidation effectively
in a dose-dependent manner. Similarly, 3 inhibited lipid peroxida-
tion effectively; nevertheless, 3 showed lower DPPH radical scav-
enging activity than AsA. The high activity of 3 may have been
due to its high lipophilicity. The cytoprotective effects were nearly
correlated with the inhibitory activities of lipid peroxidation and
the log kw, lipophilicity parameter,13 together with the DPPH rad-
ical scavenging activity.9 Therefore, we speculated that both the
radical scavenging activity and the lipophilicity are important in
cytoprotection.


The scavenging effect of 2,20-pyridoins on intracellular oxida-
tive stress was measured by using 20,70-dichlorofluorescin diace-
tate (DCFH-DA), an intracellular ROS-sensitive fluorescence
probe. DCFH-DA penetrates into cells and is hydrolyzed by intra-
cellular esterase to non-fluorescent 20,70-dichrolofluorescin

Scheme 1. Synthesis of 2,


Figure 5. Structures of 2,20-pyridils.

(DCFH). DCFH is oxidized to fluorescent 20,70-dichlorofluorescein
(DCF) by intracellular ROS.14 In this study, the total amount of
the fluorescence of DCF, the relative intracellular ROS level, after
1 h of incubation was determined by flow cytometry.15 The DCF
fluorescence on HL-60 cells was markedly increased by the treat-
ment of the cells with H2O2 (200 lM). The DCF production caused
by H2O2 was slightly suppressed by AsA (30 lM). The pyridoin
derivatives decreased the DCF fluorescence to the level of the
non-treated control cells (Fig. 4A). These results suggested that
the cytoprotection of 2,20-pyridoin derivatives was accompanied
by suppression of the intracellular oxidative stress. However, in
the AsA case, the DCF production did not correlate with the cyto-
protective effect. When the cells were treated with AsA (30 lM)
before the addition of H2O2, the DCF production caused by H2O2


was markedly decreased (Fig. 4A), and the cytoprotective effect
was increased (data not shown). These observations indicated that
2,2’-pyridoin derivatives were more incorporated into the cell than
AsA.


It has been reported that 2,20-pyridoin (1) is quickly oxidized to
1,2-diketone, 2,20-pyridil (1K, Fig. 5), in protic solvent.16 2,20-Pyrid-
oin is supposed to be oxidized in the incubation medium, and its
antioxidant activity is assumed to be attenuated. Therefore, to elu-
cidate the antioxidant activity of 2,20-pyridoin in the cell system,
the cytoprotective effect and the suppressive effect on intracellular
ROS of 1–3K and 5–6K (Fig. 5) were investigated. Compound 1K
was a commercially available material. 2–3K, 5K, and 6K were pre-
pared by the oxidation of 2–3, 5, and 6 using iodine according to a
previous report (Scheme 1). 17,18 As shown in Figure 3, 1K, 2K, and
5K showed a slight cytoprotective effect, and the effect of 3K was
significantly higher than that of AsA, while 6K did not show a
remarkable effect. In the DCF fluorescent assay, the H2O2-induced
DCF production was slightly decreased by 2,20-pyridil (Fig. 4B).
These results suggested that 2,20-pyridil derivatives, except 6K,
suppressed intracellular oxidative stress to some extent. However,
the DPPH radical scavenging activities of 2,20-pyridils were about
1000 times lower than that of 2,20-pyridoins.


Therefore, it is speculated that 2,20-pyridoins themselves, not
2,20-pyridils, contributes to the antioxidant activity of 2,20-pyrido-
ins in the cell. And it is also speculated that 2,20-pyridils were re-
duced to 2,20-pyridoins in the cell and exerted antioxidant
activity. These observations suggested that a large proportion of
2,20-pyridon derivatives 1–3 and 5–6 was incorporated into the cell
more quickly than they were oxidized and exerted antioxidant
activity. We are now investigating the antioxidant mechanism of
2,20-pyridils themselves.


In conclusion, we investigated the antioxidant effect of 2,20-
pyridoin derivatives in the cell system in the present study. These
results demonstrated that 2,20-pyridoins have no cytotoxicity and

20-pyridil derivatives.
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exert better activity than AsA. Furthermore, it was suggested that
2,20-pyridoins are incorporated more rapidly than AsA into the cell
and react with intracellular ROS. Among 2,20-pyridoin derivatives,
2, 3, 5, and 6 are expected to be good lead compounds of cytopro-
tective agents against oxidative stress.
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A high-throughput screening campaign identified a number of imidazopyridazines as novel inhibitors of
the malarial kinase PfPK7. Further synthetic chemistry efforts enabled the preparation of a number of
analogues with promising in vitro potencies. Although these compounds show likely broad spectrum
inhibitory activity, they represent a useful starting point for further chemical optimisation.
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Plasmodium falciparum, the most virulent species of human ma-
laria parasites, is responsible for the most severe forms of the dis-
ease. Malaria causes over two million deaths annually,
predominantly among children from sub-Saharan Africa. P. falcipa-
rum is becoming resistant to currently available antimalarial treat-
ments, which has led to an urgent and continuing search for new
methods of control.1,2 Within malaria parasites, inhibition of pro-
tein kinases can modulate intracellular protein phosphorylation
events, just as in other eukaryotes. Many P. falciparum kinases have
been assigned to ePK families whose involvement in key cellular
processes, such as cell growth and division, is well known.3,4 Hence
some show potential as targets for drug design, because they may
be implicated in the regulation of the P. falciparum life cycle.
Equally, some P. falciparum kinases are not related to any ePK fam-
ily, and these may be validated as potential P. falciparum-specific
drug targets.5,6 One such emerging target is PfPK7, an ‘orphan’
plasmodial kinase which is distantly related to the MAPKK family
of kinases (mitogen-activated protein kinase kinase).7,8 It is ex-
pressed at several stages of the parasite life cycle, including both
the asexual and sexual stages in man and also in the mosquito,
but has no human homologue.3 It thus represents an interesting
target for small molecule intervention in the context of antimalar-
ial therapy.


A recent in-house high-throughput screening campaign identi-
fied a number of imidazopyridazines such as 1 (IC50 11.6 lM) as
weak inhibitors of PfPK7. The 3D structures of several PfPK7–li-

All rights reserved.


Bryans).

gand complexes have recently been disclosed,9 including com-
pounds based on the same imidazopyridazine scaffold. This
prompts us to disclose some initial synthetic and SAR investiga-
tions, which have significantly improved the in vitro potency of
1, and provide compounds with useful levels of activity in a func-
tional antiparasitic hypoxanthine incorporation assay.


N
N


N


N
H


N


OMe1


PfPK7 IC50 11.6 M


The key intermediate 3 was prepared by condensation of 6-chloro-


pyridazine 2 with chloroacetaldehyde and subsequent bromination
at the 2-position with NBS (Scheme 1).10 Suzuki coupling with aryl
boronic acids was selective for the 2-bromo position and provided
advanced intermediates of type 4. Then reaction with primary or
secondary amines under microwave heating conditions afforded
the initial target compounds 5–11.11 The flexibility of this approach
allowed the order of the two diversification steps to be reversed
where necessary, incorporating the 7-amino substituent first (to
give 12) before subsequent Suzuki coupling.12


Initial replacement of the 4-methoxyphenyl ring in 1 with 4-
pyridyl (in 5) delivered a modest increase in potency (Table 1).
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Scheme 1. Reagents and conditions: (i) a—ClCH2CH(OMe)2, HCl (aq), 100 �C, 1 h; b—2, EtOH, reflux 18 h; (ii) NBS, MeCN, CH2Cl2, rt, 2 h; (iii) PdCl2(dppf), ArB(OH)2, Na2CO3


(aq), MeCN, microwave, 150 �C, 20 min; (iv) R1R2NH, NMP, microwave, 190 �C, 30 min.


Table 1
Initial optimisation of aryl and amine substituents


N
N


N


Ar
R1


Compound R1 Ar PfPK7 IC50
a (lM)


1


N


N
H


OMe
11.6


5


N


N
H


N
7.9


6


N


N
H


CN
0.81


7


N


N
Me


CN
1.26


8
N
Me


F CN
1.07


9 N
HO CN


0.75


10 N
H CN


0.58


11
N
H


OH
CN


0.28


a Mean of at least two separate measurements with typical variability <20%.
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We were pleased to find that the 4-cyanophenyl congener 6 was
significantly more active at 0.81 lM. Hence the amine portion
was re-examined whilst retaining this aryl motif. Methylation of
the secondary amine did not appear to be critical for good activity
(see 7). Other aryl and (hetero)cyclic analogues were slightly more
potent (8–10) than 1. Encouragingly, the introduction of a chiral

alcohol side chain13 in 11 resulted in a 40-fold improvement in po-
tency relative to 1. Compound 11 has recently been found to show
an activity of 6.5 lM in an alternative assay format, and its co-crys-
tal structure with PfPK7 (pdb number 2pnm) has been reported.9


Crystal structure data9 indicated that modification of the 4-ni-
trile aryl substituent might facilitate a salt bridge interaction
through a proximal water molecule to the Lys55 residue. Thus
we first prepared compounds containing the chiral amino alcohol
side chain present in 11 (Table 2). Primary amide 13 retained a
good level of potency, but one carbon homologations to alcohol
14 or nitrile 15 resulted in approximately 25-fold and 100-fold de-
creases in activity, respectively. Amine 16, its homologue 17 and
acid 18 were also significantly less active.


In an attempt to further probe the SAR at the 4-position of the
aryl ring, additional new amine targets were prepared. Syntheti-
cally, these required conversion of 20 to the corresponding bro-
mide and nucleophilic displacement with amines (Scheme 2).
Oxidation and reductive amination of aldehyde 25 offered a com-
plimentary approach. Here we maintained the 4-fluorobenzylm-
ethyl side chain present in 8, which had previously been
associated with reasonable levels of potency. Again, the primary
amide 19 retained potency, but alcohol and amine congeners 20
and 21 were less active. The incorporation of larger amine substit-
uents in 22–24 resulted in significantly poorer activities (see Table
2).


Finally, the role of the isopropyl amino alcohol was examined in
an effort to elucidate the importance of the proposed interaction
with the Ser176 residue.9 Hence, a set of amino alcohol analogues
bearing the 4-cyanophenyl motif were prepared. A more reliable
route to these targets involved a one-pot hydroboration and
cross-coupling of alkyne 2614 with 4-iodobenzonitrile to give 27
(Scheme 3). Bromination and condensation with 2 then provided
intermediate 28, which underwent smooth reaction with amines
as before. In addition, 3D modelling data suggested that larger
amines bearing solubilising groups might be accommodated in this
region. Chiral variants were prepared by means of organometallic
additions to chiral sulfinimines15 derived from 44 or 47 (Scheme 3).


Table 3 shows the activities of a selection of these analogues.
The stereochemistry of aminoalcohol motif did not appear to be
critical for maintaining potency (see 29–31). Further, the impor-
tance of the free alcohol seemed to be negligible, as the O-methyl
congeners 32 and 33 also broadly retained activity. Pleasingly, con-
formationally constrained aminocyclohexanol 34 delivered the
first improvement on the potency of 11, showing good in vitro
activity of 0.13 lM. Other variants of this substituent (35 and 36)
possessed similar activities, as did the unsubstituted cyclohexane
37. Among the larger side chain analogues 39–43, only 42 was rea-
sonably active and the stereochemistry of the side chain was not
influential.







Table 2
Replacements for the 4-cyanophenyl motif


N
N


N


N
H


OH


R1


N
N


N


N


F
Me


R1


Compound R1 PfPK7 IC50
a (lM) Compound R1 PfPK7 IC50


a (lM)


11 –CN 0.28 8 –CN 1.0
13 –CONH2 0.77 19 –CONH2 1.1
14 CH2OH 7.4 20 –CH2OH 21
15 –CH2CN 25 21 –NH2 42
16 –NH2 34 22 –CH2NH(CH2)OH 34


17 –CH2NH2 104 23 N N 56


18 –CH2CO2H 111 24
N


OH
103


a Mean of at least two separate measurements with typical variability <20%.


Scheme 2. Reagents and conditions: (i) HBr, AcOH, reflux, 18 h; (ii) R1R2NH, THF, reflux, 18 h; (iii) R1R2NH, NaBH(OAc)3, CH2Cl2, rt, 18 h.


Scheme 3. Reagents and conditions: (i) BH3�THF, THF, rt, 2 h; (ii) 4-CNC6H4I, Pd(OAc)2, PPh3, NaOH, THF, reflux, 18 h; (iii) NBS, EtOH, rt, 1 h; (iv) 2, EtOH, reflux, 18 h; (v)
R1R2NH, NMP, mw, 190 �C, 30 min; (vi) (R)- or (S)-tBuS(O)NH2, Ti(OiPr)4, THF, rt, 18 h; (vii) iPrLi, THF, �70 �C, 1.5 h; (viii) 4 M HCl, dioxane, MeOH, rt, 18 h; (ix)
Me(OMe)NH�HCl, TBTU, Et3N, CH2Cl2, rt, 2 h; (x) MeMgBr, THF, �78 �C–rt, 18 h; (xi) LiBH(sec-Bu)3, THF, 0 �C–rt, 3 h.
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Six analogues were tested (Table 4) against two different strains
of P. falciparum, namely 3D7 strain, which is a standard drug-sen-
sitive laboratory clone of the NF54 isolate, and K1 strain (Thailand),

which is a chloroquine, pyrimethamine and cycloguanil resistant
strain. The analogues were also tested in a cytotoxicity assay
against KB cells and a selectivity index relative to the 3D7 strain







Table 3
Amino alcohol replacements


N
N


N


CN


R1


Compound R1 PfPK7 IC50
c (lM)


11
N
H


OH 0.28


29 N
H


OH 0.44


30 N
H


OH 1.0


31 N
H


OH
1.0


32 N
H


MeO
1.4


33 N
H


MeO 0.82


34a


OH


N
H


0.13


35a,b


N
H


OH
0.26


36a,b


N
HOH


0.22


37
N
H


0.34


38b NH
N
H


2.1


39
N


O


N
H


8.0


40 (R)-45 No inhibition
41 (S)-46 43
42 (R)-48 4.8
43 (S)-49 25


a Relative stereochemistry shown.
b Racemate.
c Mean of at least two separate measurements with typical variability <20%.


Table 4
Antiparasitic activity and cytotoxicity of key analogues


Compound 3D7 IC50
a (lM) K1 IC50


a (lM) KB IC50
b (lM) SIc


Chloroquine 0.04 0.80 97.48 2437
10 7.15 12.73 21.20 2.96
11 2.60 6.86 52.17 20.10
13 2.46 3.89 12.98 5.27
29 5.26 9.93 21.21 4.03
33 6.06 10.47 25.78 4.25
34 1.03 2.65 24.02 23.32


a IC50 assessed via 3H hypoxanthine incorporation using chloroquine as standard
(lM).


b Cytotoxicity against human KB cells (IC50 lM).
c Selectivity index IC50 KB/IC50 3D7.
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was determined. All six examples showed evidence of antimalarial
activity in this hypoxanthine incorporation assay,16 albeit at least
an order of magnitude less potently than chloroquine. The weak
activity could reflect the fact that inhibition of PfPK7 is expected
to slow and not arrest parasite growth,17 and also that several
examples from this series have been shown to be relatively pro-
miscuous inhibitors of a panel of �80 kinases at the Dundee Pro-
tein Phosphorylation Unit. Hence they could be targeting a
number of P. falciparum kinases. The Gini coefficient (value be-
tween 0 and 1) has recently been used to express the selectivity
profile of compounds against large numbers of kinases18; less
selective compounds give scores closer to 0. Here, compounds 11
and 34 gave Gini scores of 0.32 and 0.21, respectively, at 10 lM.


In summary, we have demonstrated the optimisation of a series
of imidazopyridazine derivatives from a 11.6 lM hit to a 0.131 lM
inhibitor of PfPK7. Encouragingly, several compounds show mod-
est inhibitory activity in a 3H-hypoxanthine incorporation assay
against two strains of P. falciparum without appreciable cytotoxic-
ity. Future efforts will focus on addressing the kinase selectivity of
this series of compounds and will be the subject of a future
publication.


Acknowledgments


We thank Martin Noble, Jane Endicott and Aude Echalier
(Department of Biochemistry, University of Oxford, UK) and Chris-
tian Doerig (Wellcome Centre for Molecular Parasitology, Univer-
sity of Glasgow, UK) for helpful advice and provision of PfPK7 for
in vitro assays. We also thank Livia Vivas (London School of Hy-
giene and Tropical Medicine, UK) for performing the hypoxanthine
incorporation and cytotoxicity assays.


References and notes


1. Ridley, R. G. Microbes Infect. 2002, 4, 155.
2. Renslo, A. R.; McKerrow, J. H. Nat. Chem. Biol. 2006, 2, 701.
3. Ward, P.; Equinet, L.; Packer, J.; Doerig, C. BMC Genomics 2004, 5, 79.
4. Anamika; Srinivasan, N.; Krupa, A. Proteins 2005, 58, 180.
5. Pattanaik, P.; Raman, J.; Balaram, H. Curr. Top. Med. Chem. 2002, 2, 483.
6. Doerig, C.; Billker, O.; Pratt, D.; Endicott, J. Biochim. Biophys. Acta 2005, 1754,


132.
7. Kissinger, J. C.; Brunk, B. P.; Crabtree, J.; Fraunholz, M. J.; Gajria, B.; Milgram, A.


J.; Pearson, D. S.; Schug, J.; Bahl, A.; Diskin, S. J.; Ginsburg, H.; Grant, G. R.;
Gupta, D.; Labo, P.; Li, L.; Mailman, M. D.; McWeeney, S. K.; Whetzel, P.;
Stoeckert, C. J., Jr.; Roos, D. S. Nature 2002, 419, 490.


8. Dorin, D.; Semblat, J. P.; Poullet, P.; Alano, P.; Goldring, J. P.; Whittle, C.;
Patterson, S.; Chakrabarti, D.; Doerig, C. Mol. Microbiol. 2005, 55, 184.


9. Merckx, A.; Echalier, A.; Langford, K.; Sicard, A.; Langsley, G.; Joore, J.; Doerig,
C.; Noble, M.; Endicott, J. Structure 2008, 16, 228.


10. Byth, K. F.; Cooper, N.; Culshaw, J. D.; Heaton, D. W.; Oakes, S. E.; Minshull, C.
A.; Norman, R. A.; Pauptit, R. A.; Tucker, J. A.; Breed, J.; Pannifer, A.; Rowsell, S.;
Stanway, J. J.; Valentine, A. L.; Thomas, A. P. Bioorg. Med. Chem. Lett. 2004, 14,
2249.


11. The preparation of compound 37 is as follows: a solution of 28 (50 mg,
0.20 mmol) and cyclohexylamine (5 equiv, 0.98 mmol, 97 mg) in N-







5298 N. Bouloc et al. / Bioorg. Med. Chem. Lett. 18 (2008) 5294–5298

methylpyrrolidinone (1 mL) was stirred with microwave heating at 180 �C for
30 min. Further amine (97 mg) was added and the reaction mixture was again
stirred at 180 �C for 30 min. The solvents were removed in vacuo and the
residue was partitioned between water and EtOAc. The aqueous layer was
extracted with EtOAc and the combined organic extracts were washed with
brine, dried (MgSO4) and concentrated in vacuo. Column chromatography
(EtOAc–MeOH, 19:1) gave 37 (29 mg, 47%) as a pale brown solid: dH (400 MHz,
MeOD) 8.45 (d, J = 8.2 Hz, 2H), 7.97 (s, 1H), 7.81 (d, J = 8.7 Hz, 2H), 7.66 (d,
J = 9.6 Hz, 1H), 6.78 (d, J = 9.6 Hz, 1H), 3.79–3.72 (m, 1H), 2.23–2.18 (m, 2H),
1.91–1.85 (m, 2H), 1.80–1.74 (m, 1H), 1.57–1.46 (m, 2H), 1.41–1.30 (m, 4H);
LC–MS (loop): 318 ([M+H]+, 100%).


12. The preparation of compound 8 (see Table 2) is as follows: a mixture of the
intermediate of type 12 (80 mg, 0.24 mmol), 4-cyanophenylboronic acid
(52 mg, 0.36 mmol), PdCl2(dppf) (0.0075 mmol, 8 mg) and 2 M aqueous
Na2CO3 (0.72 mmol, 0.360 mL) in CH3CN (1.5 mL) was stirred with
microwave heating at 150 �C for 10 min. The reaction mixture was diluted
with EtOAc, filtered, and the filtrate was concentrated in vacuo. The residue

was purified by chromatography (EtOAc–MeOH, 98:2) to give 8 (60 mg, 70%) as
a pale brown solid: dH (400 MHz, DMSO-d6) 8.31 (d, J = 8.7 Hz, 2H), 8.17 (s, 1H),
7.95 (d, J = 10.0 Hz, 1H), 7.85 (d, J = 8.7 Hz, 2H), 7.32 (dd, J = 8.7, 5.5 Hz, 2H),
7.21 (d, J = 1.0 Hz, 1H), 7.17 (t, J = 8.7 Hz, 2H), 4.81 (s, 2H), 3.23 (s, 3H); LC–MS
(loop): 358 ([M+H]+, 100%).


13. For example, the CDK inhibitor purvalanol A bears such an amino alcohol
substituent Gray, N. S.; Wodicka, L.; Thunnissen, A.-M. W. H.; Norman, T. C.;
Kwon, S.; Espinoza, F. H.; Morgan, D. O.; Barnes, G.; LeClerc, S.; Meijer, L.; Kim,
S.-H.; Lockhart, D. J.; Schultz, P. G. Science 1998, 281, 533.


14. Miyaura, N.; Maeda, K.; Suginome, H. J. Org. Chem. 1982, 47, 2117.
15. For a recent review of chiral sulfinimine chemistry see Morton, D.; Stockman,


R. A. Tetrahedron 2006, 62, 8869.
16. Too, K.; Brown, D. M.; Bongard, E.; Yardley, V.; Vivas, L.; Loakes, D. Bioorg. Med.


Chem. 2007, 15, 5551.
17. Dorin-Semblat, D.; Sicard, A.; Doerig, C.; Ranford-Cartwright, L.; Doerig, C.


Eukaryot. Cell 2008, 7, 279.
18. Graczyk, P. P. J. Med. Chem. 2007, 50, 5773.





		Synthesis and in blank vitro evaluation of imidazopyridazines as novel inhibitors  of the malarial kinase PfPK7

		AcknowledgementsAcknowledgments

		References and notes








Bioorganic & Medicinal Chemistry Letters 18 (2008) 5299–5302

Contents lists available at ScienceDirect


Bioorganic & Medicinal Chemistry Letters


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

Optimization of a series of multi-isoform PI3 kinase inhibitors


Benjamin Perry a,*, Rebekah Beevers a, Gavin Bennett a, George Buckley a, Tom Crabbe b,
Lewis Gowers a, Lynwen James a, Kerry Jenkins a, Chris Lock a, Verity Sabin a, Sara Wright b


a UCB, Granta Park, Great Abington, Cambridge CB21 6GS, UK
b UCB, 216 Bath Road, Slough, Berkshire SL1 4EN, UK


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

Article history:
Received 2 July 2008
Revised 3 August 2008
Accepted 14 August 2008
Available online 20 August 2008


Keywords:
PI3
PI3 kinase
Kinase
Benzoxazine
Inflammation

0960-894X/$ - see front matter � 2008 Elsevier Ltd. A
doi:10.1016/j.bmcl.2008.08.042


* Corresponding author.
E-mail address: benjamin.perry@addexpharma.com

Optimization of the cellular and pharmacological activity of a novel series of PI3 kinase inhibitors target-
ing multiple isoforms is described.


� 2008 Elsevier Ltd. All rights reserved.

Previous communications from our group have disclosed the
discovery of novel morpholino- and benzoxazino-dihydrothiazo-
lopyridinones as multi-isoform inhibitors of class 1 phosphoinosi-
tide-3-kinases (PI3K).1,2 Of particular interest are compounds
demonstrating inhibitory activity against both the d and c isoforms
of PI3K, which have been shown to play crucial roles in inflamma-
tory responses.3 It is hoped that such compounds will prove useful
as therapeutic agents for the treatment of chronic inflammatory
diseases including rheumatoid arthritis and multiple sclerosis.3c


Lead pyrazole-benzoxazine compound 1 demonstrated good
in vitro and in vivo pharmacokinetic properties, moderate activity
in a PI3Kd/c driven in vitro cellular assay and significant activity in
a PI3K-dependent primary pharmacological model of inflamma-
tion. Similarly, pyridazine analogue 2 demonstrated excellent
in vivo PK profile and a moderate cellular activity against PI3K.
However, both compounds 1 and 2 suffered from low solubility
and moderate selectivity issues against other kinases.4
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(B. Perry).

Herein we discuss attempts to optimize this series with emphasis


on increasing cellular and pharmacological activity and improving
compound solubility and selectivity whilst retaining the desirable
pharmacokinetic profile of these lead compounds. Solubility was
tackled through increasing polarity of the compounds and through
attempts to disrupt the highly planar conjugated scaffold through
steric disruption. Improving compound activity in the PI3Kd/c-dri-
ven fMLP assay was addressed through attempting to increase
activity against the target proteins, optimizing cellular permeability
through modulation of logD and polarity, or a combination of both.


Decoration of the pyrazole ring in compound 1 and pyridazine
ring in compound 2 with polar and non-polar functionalities was
achieved as shown in Scheme 1. Suzuki coupling of previously de-
scribed bromide 5 with pyrazole boronate esters 3a–k, synthesized
as shown in Scheme 2 from 3a and 3b or sourced commercially,
gave compounds 8a–k.1 Likewise, Suzuki coupling of boronate es-
ter 6 with commercially available pyrazole bromides 7a–d gave
compounds 8l–o. Chiral preparative chromatography of 8g gave
enantiomers 8p and 8q.5 Conversion of 5 to amino-benzoxazine
intermediate 9 was effected through Buchwald coupling with ben-
zophenone imine followed by acid hydrolysis.6 Palladium-cata-
lyzed coupling or direct nucleophilic substitution of 9 with 2-
chloropyridazines 4b–i (synthesized as in Scheme 2 or sourced
commercially) gave N-linked pyridazines 10a–g. Direct-linked
pyridazines 11a–e were synthesized via Suzuki coupling of boro-
nate ester 6 with pyridazine chlorides4b, c, g, h and j, respectively.


Compounds 8a–f and 8i show that 3,5-dimethylation of the pyr-
azole ring results in a drop in activity against the PI3Kc isoform but
a good improvement in in vitro microsomal and hepatocytic
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turnover. The drop in activity against the c isoform translated into
a significant drop in the cellular activity of these compounds.7


Compound 8i gave significantly improved solubility over parent

1, suggesting that attempted disruption of the planarity of the ben-
zoxazine-pyrazole bond through steric hindrance of the aryl–aryl
bond significantly affects solubility as intended. Substitution of
the pyrazole 1-position with a tert-butyl alcohol moiety (8c) gave
a significant improvement in solubility along with a reduction of
in vitro clearance. Combination of reduced planarity through 3,5-
dimethylation and the presence of the tert-butyl alcohol moiety
resulted in a cumulative increase in solubility (8d). Simple
mono-methylation at the 3-position of the pyrazole ring con-
ferred no improvement in solubility (8l). Replacement of the N-
methyl group in 1 with an ethyl group (8e) resulted in a drop
in PI3Kc and cellular activity, and combination of N-ethyl pyra-
zole with planarity-disrupting 3,5-dimethylation gave a decent
increase in solubility and cellular potency whilst compromising
in vitro DMPK stability (8f). N-Substitution of the pyrazole ring
with a 2-hydroxy-3-methoxypropyl chain (8g) resulted in good
activity in both enzyme assays, translating to high cellular po-
tency. This compound also demonstrated good in vitro clearance,
including improved stability in human microsomes over lead
compound 1, and also demonstrated superior solubility, presum-
ably due to the increased polarity of the compound. The isolated
enantiomers of 8g (8p and 8q) showed that although the (R)-
enantiomer 8p demonstrated slightly better pharmacokinetic sta-
bility in vitro, no major advantage was presented by the chirally
pure compounds over parent racemate. N-Benzyl analogue 8j and
N-methyl-(3-pyridyl) analogue 8k demonstrated significant activ-
ity against the PI3Kd isoform, good activity against the PI3Kc iso-
form, and in the case of 8j, very good cellular potency. N-
substitution of the pyrazole with alkylamine chains gave en-
hanced solubility (8m, 8n). Exceptional reduction of in vitro clear-
ance in both rat and human microsomes was observed for these
compounds; however, they proved to be highly susceptible to
hepatocytic clearance. Interestingly, the tertiary propylamine 8h
had significantly reduced PI3Kc activity relative to the corre-
sponding primary propylamine 8n, as did the shortened primary
ethylamine 8m. Substitution at the 5-position of the pyrazole
with a primary amine substituent (8o) improved solubility and
rat in vitro clearance, but gave no advantage over parent 1 in
terms of cellular and enzyme potency (Table 1).







Table 1
IC50 valuesa and PK properties of substituted 4-thiazolyl-[2,3]-dihydrobenzoxazine-6-pyrazole analogues against PI3Kd and c isoforms


Compound Synthetic precursorb R1 R2 R3 PI3K IC50 ClMic
c rat (human) ClHep


d rat FMLPe IC50 logDf Solubility at pH 7.4g


d c


1 — Me H H 32 78 13 (13) 0 111 2.63 48
2 — Me H — 139 107 8 (10) 3 220 2.32 13


8a 3a H H H 16 22 84 (53) 13 nd 2.68 37
8b 3bh H Me Me 32 201 29 (14) 6 76 3.04 19
8c 3c CH2C(CH3)2OH H H 54 50 15 (5) 2 37 2.74 143
8d 3d CH2C(CH3)2OH Me Me 65 257 9 (6) nd 65 2.30 >500
8e 3e Et H H 17 70 17 (22) 2 212 2.73 17
8f 3f Et Me Me 43 180 31 (25) 5 84 3.57 215
8g 3g CH2CH(OH)CH2OMe H H 14 52 14 (8) 3 38 2.19 >500
8h 3h (CH2)3NMe2 H H 29 767 21 (13) 15 167 nd nd
8i 3i Me Me Me 45 327 44 (23) 7 75 3.23 349
8j 3j Bn H H 4 48 45 (25) 7 21 3.91 4
8k 3k CH2(3-pyridyl) H H 4 35 84 (53) 13 nd 2.94 37
8l 7a Me H Me 8 18 23 (20) nd nd 3.00 7
8m 7b CH2CH2NH2 H H 39 131 1 (0) 11 274 1.16 >500
8n 7c (CH2)3NH2 H Me 4 51 1 (2) 18 67 0.38 >500
8o 7d Me NH2 H 36 70 1 (13) 3 102 1.98 >500
8p 8gi (S)-CH2CH(OH)CH2OMe H H 14 46 21 (17) nd 37 nd nd
8q 8gi (R)-CH2CH(OH)CH2OMe H H 9 51 13 (13) 4 25 nd >500


10a 4b (d)j 1-Piperazine H — 21 34 0 (1) nd 86 0.60 77
10b 4c (d) 1-(4-Me)-piperazine H — 30 35 18 (15) 10 19 1.76 234
10c 4e (e) Me Me — 245 203 23 (20) Nd nd 1.97 >500
10d 4f (e) Me H — 4 20 21 (23) 0 8 2.39 94
10e 4g (d) NMe2 H — 12 24 81 (83) 36 nd nd 142
10f 4h (d) OMe H — 7 20 35 (23) 5 nd 2.74 6
10g 4i (d) Ph H — 6 34 53 (34) 7 nd 3.72 11


11a 4bj 1-Pipeazine — — 103 767 0 (0) nd 288 2.45 >500
11b 4c 1-(4-Me)-Piperazine — — 231 1288 8 (26) nd 209 1.75 102
11c 4g NMe2 — — 103 138 40 (63) nd nd 2.61 9
11d 4h OMe — — 89 222 9 (7) 3 493 0.22 2
11e 4j NH2 — — 72 174 9 (9) 18 125 1.94 226


a Values are quoted in nM, and are means of three experiments.
b Synthetic precursor (coupling conditions used).
c Compound concentration 0.5 lM, values quoted in lL/min/mg protein.
d Compound concentration 2.0 lM, values quoted in lL/min/mg protein
e Values quoted in nM.
f Experimentally determined.
g Values in lM (500 lM limit of detection).
h SEM-protected pyrazole boronic ester used, deprotected during work-up.
i Isolated from 8g via chiral preparative HPLC.
j N-Boc protecting group removed during work-up (nd, not determined).
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In general, the N-linked pyridazines 10a–g demonstrated signif-
icantly improved activity against both PI3Kd and c isoforms rela-
tive to the direct-linked pyridazine 2. Unfortunately, most of
these compounds also demonstrated very high in vitro clearances
in both rat and human microsomes. Piperazine-substituted ana-
logue 10a was an exception to this, although despite good activity
against both PI3K isoforms the cellular activity and solubility of
this compound were compromised. Interestingly, the N-methyl-
ated piperazine analogue 10b showed similar levels of activity in
the enzyme assay to 10a, which in this case did translate into very
good activity in the cellular assay. Closer investigation into this re-
sult demonstrated a correlation between low logD (<1.5) and high-
er drop-off from both PI3Kd and PI3Kc enzyme activity into cellular
activity (Fig. 1a). Substitution ortho to the anime linker in 10c re-
sulted in loss of activity but improved solubility. Of greatest inter-
est for this series was analogue 10d, which displayed exceptional
activity in both the enzyme and cellular assays whilst retaining
acceptable in vitro PK properties, including noticeable stability in
rat hepatocytes. Despite good activity against PI3Kdc, electron-rich
pyridazines 10e and 10f, and phenyl-substituted analogue 10g suf-
fered from very high in vitro clearance and poor solubility.


Pyridazine analogues 11a–e displayed similar or slightly im-
proved activity against PI3Kd relative to parent 2; however, only
11e gave an improvement in cellular activity, and all analogues

showed reduced activity against the PI3K c isoform. Only pipera-
zine analogue 11a showed a significant improvement in micro-
somal stability and solubility.


Profiling of compounds 8g and 10d against a panel of 50 differ-
ent kinases revealed that although compound 8g retained a degree
of off-target activity (>50% inhibition of both Pim-1 and CK-2 at
10 lM), compound 10d demonstrated no off-target activity. Activ-
ity of both 8g and 10d against other class 1 PI3K isoforms was mea-
sured. The PI3K a and b activity (IC50) of 8g was 243 nM and
222 nM, respectively, approximately a 5- to 10-fold selectivity bias
towards the d and c isoforms. For 10d the activity (IC50) was 24 nM
and 23 nM, respectively, suggesting this compound to have a
greater ‘pan’ class 1 PI3K isoform profile than 8g.


Further evaluation of this series through in vivo pharmacoki-
netic profiling of some of these compounds can be seen in Table
2. Rat plasma protein binding of these compounds varied signifi-
cantly. A correlation between measured logD and plasma protein
binding was observed, suggesting that compounds with lower
logD demonstrate an increased likelihood of having greater free-
fraction in plasma (Fig. 1b). Compound 8c achieved high exposure
when dosed orally to Han-Wistar rats (3 mg/kg), whilst other pyr-
azole compounds 8f, 8g and 8j demonstrated moderate exposures.
No significant difference between chirally pure 8q and racemate
parent 8g was observed. N-Linked pyridazine 10d demonstrated
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Figure 2. Efficacy of PI3K inhibitors in in vivo models. (a) Dose–response curves for
compounds 1, 8g and 10d in CD3-induced IL2 release in male Lewis rats. (b)
Correlation between in vitro and in vivo efficacy, expressed as EC50 (plasma free-
fraction for in vivo). The regression line and 95% confidence intervals are
represented as solid and dotted lines, respectively.8


Figure 1. Relationship between (a) average fold drop-off in cellular activity (fMLP
IC50) versus PI3Kd enzyme IC50 (blue) and PI3Kc enzyme IC50 (yellow) relative logD
for compounds within the whole UCB series; (b) measured logD at pH 7.4 and
plasma protein binding (rat) for all compounds in Table 2; (c) in vitro hepatocytic
clearance and in vivo exposure (log scale) for compounds in Table 2.


Table 2
In vivo PK analysis of key compounds orally dosed in Han-Wistar ratsa


Compound Cmax (ng/mL) AUC (ng h/mL) % PPBb


1 1216 6162 96.2
2 185 2471 90.2


8c 195 1005 89.4
8f 139 591 98.7
8g 159 495 86.6
8j 103 455 98.0
8q 187 807 86.6
10d 105 345 88.7
11e 14 78 90.4


a Dosed at 3 mg/kg po.
b % Plasma protein bound in blood (male Han-Wistar rat).
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slightly lower Cmax and AUC than the pyrazole series, and direct-
linked amino-pyridazine 11e had very low exposure. Despite most
of these compounds having relatively similar profiles in the in vitro
rat and human microsomal clearance model, none demonstrated
levels of exposure in vivo comparable to parent compounds 1
and 2. Analysis of the link between in vitro hepatocytic clearance
and in vivo exposure suggests a logarithmic correlation between
these two factors, indicating that for this series of compounds
hepatocytic clearance may be key to achieving good in vivo expo-
sure (Fig. 1c).


Despite demonstrating significantly lower oral exposures rela-
tive to lead compounds 1 and 2, the increased free-fraction and im-
proved solubility and cellular activity of 8g and 10d led us to
investigate the activity of these compounds in vivo. Acute activa-
tion of rat T-cells by anti-CD3 antibody treatment causes release
of IL2, both in vitro and in vivo. As shown in Figure 2a, 8g and
10d inhibited CD3-induced IL2 release in male Lewis rats with
ED50s of 5 mg/kg and 20 mg/kg, respectively, compared with an
ED50 of 25 mg/kg for compound 1. When efficacy in vivo is repre-

sented using free compound exposure in plasma (EC50 free) for this
series, a good correlation is seen to the in vitro potency (Fig. 2b).8


This demonstrates the clear overall improvement in compound
properties of 8g and 10d, compared to 1.


In conclusion, we have demonstrated optimization of a series of
multi-isoform PI3K inhibitors. General cellular and enzyme activity
has been improved, and compounds with good solubility and ki-
nase selectivity have been identified, whilst retaining or improving
on the good in vivo pharmacological activity demonstrated by the
parent leads.
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A series of thio-alkyl containing diphenylethers were designed and evaluated, as a strategy to competi-
tively direct metabolism away from unwanted amine N-demethylation and deliver a pharmacologically
inactive S-oxide metabolite. Overall, sulfonamide 20 was found to possess the best balance of target phar-
macology, pharmacokinetics and metabolism profile.


� 2008 Elsevier Ltd. All rights reserved.

In earlier communications1 we described our strategy to access
selective serotonin re-uptake inhibitors (SSRIs) which demon-
strated very rapid elevation of central 5-HT levels, to support ra-
pid-on-set of efficacy, for potential use in acute (prn) therapy
compatible indications including, male sexual dysfunction. Follow-
ing identification of clinical agent 1, Figure 1, we explored a range
of simpler, non-chiral expressions, 2, of our initial lead series.
These studies led to the identification of a series of phenoxy ben-
zylamines2 which possessed excellent SSRI potency and selectivity
over other monoamine transporters.3 In addition, analogues from
this series were found to possess lower Vdu than 1, a potential
key feature in securing our clinical objective of delivering rapid
systemic exposure4 of 5-HT.


In particular, 3 was found to possess nano molar potency in the
serotonin transporter assay (IC50 5 nM) and good selectivity over
inhibition of dopamine and noradrenaline re-uptake (IC50

ll rights reserved.


: +44 1304 651987.
Middleton).
enter, 620 Memorial Drive,


lopment, Eastern Point Road,

11,000 nM and 770 nM, respectively). Furthermore, full in vivo
profiling of 3 in rat and dog showed the compound to possess
excellent pharmacokinetics, supporting predictions to human
(Tmax, 0.5 h, half-life 5 h, and bioavailability �90%), fully in line
with our clinical goals. Unfortunately, in vivo 3 was found to also
form the secondary amine as the main metabolite, via N-demeth-
ylation (major cytochrome P450 isoform 2D6). This compound
was found to be both pharmacologically active (SRI, IC50 50 nM)
and possess a relatively long half-life in vivo in rat and dog
(10 h). Given that our key goal of was to identify a short half-life
compound to support a prn profile, the formation of a relatively
long-lived and pharmacologically active circulating metabolite,
prevented us from moving forward to the clinic with 3.


While disappointing, the underlying pharmacokinetics of com-
pounds from this series was, however, very attractive. We there-
fore, set about designing compounds which avoided the
formation of an active (secondary amine) metabolite by directing
metabolism away from N-demethylation of the amine, to another
site in the molecule to give a significantly less active metabolite.


For this strategy to be successful, we reasoned several key
objectives must be achieved, including (1) the putative site of
metabolism must be pharmacologically tolerated in the (drug) par-
ent (2) any (circulating) metabolite formed must be significantly
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Figure 1. Structures of clinical agent 1, alternative non-chiral lead series 2 and phenoxy benzylamine 3.
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less active than the parent (>50-fold) to avoid additional pharma-
cological activity in vivo, and (3) the rate of metabolite formation
must be fast enough to successfully compete with amine N-
demethylation.


From previous in house experience, we were aware that P450
mediated thio alkyl S-oxidation can be a rapid metabolic process
and therefore offered an attractive area for investigation. Our first
goal, Table 1, was to establish that high potency and target selec-
tivity, similar to that observed with 3, could be achieved within
this diphenylether template, when containing a thio alkyl moi-
ety.3c,5 Pleasingly, simple thio methyl analogue 4, showed good po-
tency in the serotonin transporter assay (IC50 10 nM) and

Table 1
Human monoamine re-uptakea activities and in vitro metabolism data for phenyl ethers 3


V
W


Me


Compound R V W X Y Z h-S


3 Me C –NHSO2Me –CF3 — H 5
4 Me C F SMe — H 10
5 Me C F –S(O)Me — H 60
6 Me C F –SO2Me — H 75
7 Me C Me SMe — H 5


8 Me C OMe SMe — H 6
9 Me N — SMe — H 2
10 Me N — SMe — Me 8
11 Me N — SMe — Cl 5
12 Me N — S CH2 CH2 3
13 Me C –NHSO2Me SMe — H 5
14 H C –NHSO2Me SMe — H 12
15 Me C –NHSO2Me SMe — F 10
16 H C –NHSO2Me SMe — F 16
17 Me C –NHSO2Me S CH2 CH2 7
18 Me C –NHSO2Me SMe — Me 60
19 Me C –NHSO2Me S –CH2CH2– O 15
20 Me C –SO2NH2 SMe — H 4
21 Me C –SO2NH2 –S(O)Me — H >10
22 Me C –SO2NHMe SMe — H 9
23 Me C –SO2NHMe –S(O)Me — H >10
24 H C –SO2NMe(CH2)2OH SMe — H 5
25 H C –SO2NMe(CH2)2OH –S(O)Me — H >10
26 Me C –SO2NH2 SMe — F 9
27 Me C –SO2NH2 SMe — Me 5
28 Me C –SO2NH2 –S(O)Me — Me >10


a See Ref. 1b for description of assay conditions. All assay determination Pn = 2.
b DRI = 9 lM, NRI = 13 lM.
c DRI and NRI >10 lM.
d Where N-demethylation was measured as a major metabolic route, S-oxidation was

encouraging selectivity over inhibition of dopamine and noradren-
aline re-uptake (690- and 60-fold, respectively). Furthermore and
key, synthesis and screening of the potential sulfoxide 5 and (less
likely) sulfone 6 metabolites, showed these to be >50-fold weaker
than 4, thus building confidence that goals (1) and (2) outlined
above, could be achieved. We focused mainly on CYP-mediated
metabolism whilst being aware the thio alkyl S-oxidation could
equally have been mediated by flavin monoxygenase (FMO).6


Under our experimental conditions the S-oxidation activity of this
enzyme would have been largely indistinguishable from CYP-med-
iated S-oxidation and so would have added to the SAR complexity
around this metabolic route.

–28


X Y
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N
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z


RI (IC50, nM) Selectivity over DRI and NRI Human in vitro metabolism datad
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also observed as a competing pathway. No sulfone metabolite was observed.
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Potential in vivo metabolism of 4, via N-demethylation (i) or S-
oxidation (ii), using P4502D6 homology modelling7 is shown in
Figure 2. In general, these studies suggested that either orientation
(i) or (ii) of 4, could be accommodated within the cytochrome ac-
tive site. In the case of N-demethylation (i), a potential p–p inter-
action between Phe481 and the distal phenyl ring of 4, could be
rationalised to help orientate the molecule towards N-alkylation.
Alternatively, modelling for potential S-oxidation (ii), suggested
that the presence of a weak H-bond between Asp-301 in the ‘I’-he-
lix and the tertiary amine group, could help orientate the molecule
to support competing S-oxidation. Furthermore, while ether O-
demethylation, and para-hydroxylation were metabolic routes of-
ten seen with P4502D6,8 N-demethylation was less common9


and we felt, therefore, that the presence of an alternative (S-oxida-
tion) route in these substrates would prove competitive in vitro.


With these encouraging data in hand, we next proceeded to
investigate the pharmacology and metabolic fates of a series of thio
alkyl containing compounds, Table 1. Methyl 7 and methoxy 8 ana-
logues showed good potency (IC50 5 and 6 nM) and selectivity
(>100-fold over both dopamine and noradrenaline re-uptake).
Encouragingly, while 7 showed no N-dealkylation in human
in vitro metabolic studies, both 7 and 8, however, possessed only
very short half-lives in vitro, due, we reasoned, to their relatively
highly lipophilicity (logD 2.9 (7) and 2.7 (8)). We next investigated
a series of pyridyl analogues2b 9–12. These included analogues
possessing substitution adjacent to the thio methyl group (10
and 11) and cyclising the thio-aklyl group into a ring 12, as strate-
gies to attempt to modulate the rate of S-oxidation. While these
compounds were found to be both potent (IC50 2–10 nM) and
selective, they tended to show a significant degree of N-demethyl-
ation, in addition to the desired S-oxidation, in vitro. A series of N-
sulfonamide analogues 13–19 were next investigated. Direct thio
methyl analogue 13, of initial lead 3, showed equivalent potency
in the serotonin transporter assay (IC50 5 nM). Unfortunately, this
compound was poorly selective over noradrenaline re-uptake inhi-
bition. Disappointingly, this series tended to suffer from either
slightly low potency or poor selectivity and was discarded in
favour of the more promising reverse sulfonamide analogues.


Primary sulfonamide 20, for example, was found to be potent
(SRI, IC50 4 nM) and selective over both dopamine and noradrena-
line re-uptake inhibition (630- and 220-fold, respectively). Excit-
ingly, in vitro, this compound was found to predominantly
(>90%) form the sulfoxide (confirmed by HPLC ‘spiking’ with the
sulfoxide, prepared separately) mediated by several P450 isoforms,

Figure 2. Potential metabolism of 4, via N-demethylation (i)

but predominantly 2D6, with very little N-demethylation ob-
served. Furthermore, the sulfoxide analogue 21 was found to be
very weak in the serotonin transporter assay (IC50 >1000 nM) with
essentially no activity against dopamine or noradrenaline re-up-
take. Reassuringly, the presence of the primary sulfonamide did
not appear to compromise permeability of this analogue (Caco-2
A–B/B–A 40/41), which subsequently translated to good CNS per-
meability (vide infra). The secondary sulfonamide 22 was also
found to be potent (SRI, IC50 9 nM) and the potential sulfoxide
metabolite 23 very weak in the serotonin assay. Unfortunately,
22 was found to be poorly selective over dopamine and noradren-
aline re-uptake inhibition (60- and 25-fold, respectively). Alkoxy-
substituted sulfonamide 24, was found to show both good potency
and selectivity. In addition, the sulfoxide analogue 25 was essen-
tially inactive against the monoamine panel. Unfortunately, the
sulfonamide possessed a flawed profile in the Caco-2 assay (A–B/
B–A 9/15), raising concerns regarding the potential of this com-
pound to achieve the high CNS exposure desired. The meta-fluoro
analogue of 20, 26, showed similar potency and selectivity, unfor-
tunately, in vitro this compound also underwent a mixture of N-
demethylation and S-oxidation. In contrast, the meta-methyl ana-
logue, 27, was found to be potent and selective, with the sulfoxide
28 observed as the major metabolite in human in vitro metabolism
studies.


In rat pharmacokinetic studies, Table 2, sulfonamide 20, was
found to possess a rapid Tmax (0.5 h), low Vdu (74 L/kg) and good
CNS penetration, as measured in rat studies (CSF:free 0.9:1), all
consistent with our clinical objectives. Furthermore, in both rat
and dog pharmacokinetic studies performed using 20, sulfoxide
21 was found to be the predominant metabolite formed in vivo,
possessing a short half-life (<4 h) in both species. In addition to
possessing no significant activity against the three monoamine
transporters, the highly polar (logD < �2) sulfoxide 21 was found
to be essentially pharmacologically inactive across a CEREP screen-
ing panel of more than 30 receptors, enzymes and ion-channels
(IC50 >10 lM). Overall, sulfonamide 20 was found to possess the
best balance of target pharmacology, pharmacokinetics and
metabolite profile. Based on these and other data, sulfonamide
20 was progressed into clinical development.


In summary, a series of thio-alkyl containing diphenylethers
were designed and evaluated, as a strategy to competitively direct
metabolism away from unwanted amine N-demethylation and de-
liver a pharmacologically inactive S-oxide metabolite. These stud-
ies, showed that thio-alkyl substitution, could be tolerated and

or S-oxidation (ii), using a CYP4502D6 homology model.







Table 2
Rat pharmacokinetic data on 20


O


H2NO2S


S(O)nMe


NMe2


Compound n h-SRI (IC50,
nM)


Selectivity over DRI
and NRI


logD pKa


amine
Caco-2 (A–B/B–A)
(%/h)


Rat pharmacokinetics (iv 3 mg/kg (n = 5), po 3 mg/kg
(n = 4)


Rat CNS
dataa


Blood Cl (ml/
min/kg)


Vd (Vdu) (L/
kg)


T1/2


(h)
F
(%)


Tmax


(h)
CSF: free
(blood)


20 0 4 630/220 1.5 8.4 40/41 19 4 (74) 3 88 0.5 0.9:1
21 1 >1000 — <�2 8.0 — — — <4 — — —


a 3 mg/kg iv (1 h post dose).
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retain excellent potency against serotonin re-uptake inhibition and
also achieve target selectivity over the other monoamine re-uptake
transporters. In human in vitro metabolic studies, a range of pro-
files were observed, all including S-oxidation, demonstrating this
route was competitive with N-demethylation. No clear SAR
emerged regarding the overall features which influenced the de-
gree of metabolic route selectivity for S-oxidation over N-demeth-
ylation in this series. This perhaps reflects a number of factors
including potential for relatively broad CYP450 substrate promis-
cuity, overlapping SAR from multiple CYPs along with potential
additional SAR(s) derived from FMO.5
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HIV-1 integrase catalyzes the insertion of viral DNA into the genome of the host cell. Integrase inhibitor
N-(4-fluorobenzyl)-8-hydroxy-1,6-naphthyridine-7-carboxamide selectively inhibits the strand transfer
process of integration. 4-Substituted pyrrolidinones possessing various groups on the pyrrolidinone
nitrogen were introduced at the 5-position of the naphthyridine scaffold. These analogs exhibit excellent
activity against viral replication in a cell-based assay. The preparation of these compounds was enabled
by a three-step, two-pot reaction sequence from a common butenolide intermediate.


� 2008 Elsevier Ltd. All rights reserved.
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Figure 1. HIV-integrase naphthyridine inhibitors.

The HIV-1 integrase enzyme is responsible for the insertion of the
viral genetic code into the host genome. Integrase assembles onto
double-stranded viral DNA in the cytoplasm and processes the 30


ends to prepare for viral DNA integration. The resultant pre-integra-
tion complex then enters the nucleus, where integrase catalyzes vir-
al DNA insertion (strand transfer) into the host DNA.1 Many
laboratories have pursued discovery of integrase inhibitors suitable
for dosing in patients. Recently, raltegravir was approved as the first
integrase inhibitor to treat HIV-infected patients.1d–f


Earlier reports from our laboratories have described a series of
8-hydroxyl-7-carboxamide-naphthyridine inhibitors. Compound
12 (Fig. 1) is a potent inhibitor of the strand transfer process of
HIV-1 integration with an IC50 of 33 nM in the enzyme inhibition
assay.3 It also inhibits the replication of HIV-1 in cell culture with
an IC95 of 1250 nM in the presence of 10% fetal bovine serum
(FBS).4 Addition of 50% normal human serum (NHS) to the cell
culture results in a fourfold loss in efficacy (IC95 = 5000 nM), as a
result of the compound’s high affinity for serum protein (99.2%
protein bound).


A series of 5-dihydrouracil 8-hydroxy-[1,6]-naphthyridine-7-
carboxamides 2 (Fig. 1) was reported to more potently inhibit

ll rights reserved.


: +1 215 652 7310.
Melamed).

HIV-1 replication in cell culture compared to 1.5 The authors sug-
gested that sp3 hybridized linkages attached at the 5-position of
the naphthyridine-based inhibitors were important for HIV-1 inhi-
bition in cells. Among a number of alternative substituents pro-
posed, the 4-substituted pyrrolidinone moiety of naphthyridine 3
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appeared to be an attractive target due to its low molecular weight
relative to other polar heterocyclic systems. In this letter, we
describe a series of 5-(1-H or 1-alkyl-5-oxopyrrolidin-3-yl)-8-hy-
droxy-[1,6]-naphthyridine-7-carboxamides, which inhibit HIV-1
viral replication in cell culture.


Depicted in Scheme 1 is our synthetic route developed to allow
for efficient introduction of various substituents on the pyrrolidi-
none nitrogen toward the end of the synthesis, while circumvent-
ing protection and deprotection of the 1,6-naphthryridine –OH.
Another key consideration in development of the synthesis was
that the 1,6-naphthyridine core does not tolerate strongly basic,
oxidizing, or reducing conditions.


The synthesis of inhibitor 9 starts with treatment of 5-bro-
monaphthyridine 36 (Scheme 1) with 4-tributylstannylfuran-
2(5H)-one7 4 and PdCl2(PPh3)2, to give 5 in excellent yield. It was
anticipated that treatment of 5 with methylamine would provide
compound 6, which could be cyclized to the desired unsaturated
pyrrolidinone 7. However, after treating 5 with methylamine, hy-
droxy amide 6 was present in only minute quantities. Detailed
NMR analysis revealed that the major products were trans and
cis aminopyrrolidinones 8a and 8b (8a:8b, 2:1).8 The cis isomer
8b converted on standing in d6-DMSO at room temperature to
the trans diastereomer 8a following re-running the NMR after 4
days. The trans diastereomer 8a is active against replication of
HIV with an IC95 of 94 nM (NHS). Another minor component iso-
lated from the reaction mixture was identified to be 8c.9 Com-
pound 8c is potent against integrase in the strand transfer
enzyme assay (IC50 = 40 nM), but shows �20-fold less potency in
cell culture (IC95 = 1000 nM NHS).


Diastereomers 8a and 8b were taken up in TFA and heated for
2 h to effect elimination of methylamine, providing a 4:1 insepara-
ble mixture of alkene isomers 7a and 7b.10 The mixture exhibits
potent antiviral activity in cells with an IC95 of 78 nM, but shows
a >10-fold decrease in potency in the presence of NHS. The reduc-
tion in potency is consistent with the high protein binding of 7a
and 7b (99.7% protein bound). Treatment of the crude mixture of
8a and 8b with triethylsilane in the presence of TFA at 75 �C for
1.5 h provides the desired racemic naphthyridine 9 in a two-step,
one-pot sequence.11 Further exploratory work on a model
system showed that the reaction works well with other aryl
systems.12
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Pyrrolidinone 9 (Table 1) is a potent inhibitor of strand transfer
with an IC50 of 20 nM in the enzyme inhibition assay. It inhibits the
replication of HIV-1 in cell culture with an IC95 of 31 nM in the
presence of 10% fetal bovine serum (FBS). Addition of 50% normal
human serum (NHS) to the cell culture results in a fourfold loss
in potency (IC95 = 125 nM).13


It is worth noting that the reaction of 5 with ammonia and other
alkyl amines, including the more sterically hindered isopropyl-
amine, provided pyrrolidinones 10–12 in good yields. All of the com-
pounds are intrinsically potent against the Integrase enzyme
(IC50 6 40 nM). Compound 10 is the most active compound against
replication of HIV-1 in cell culture with an IC95 of 16 nM (FBS). Due
to the relatively high plasma protein binding (98.9%), this compound
shifts eightfold to 125 nM in the presence of 50% NHS. The unsubsti-
tuted analog 12 also exhibits good cell potency (FBS) and shows only
a twofold loss in potency in the presence of NHS. We were unable to
determine the protein binding of 12 due to low solubility.


The improved cell activity of 12 relative to 9–11 prompted us to
introduce polar substituents to reduce plasma protein binding. The
synthetic route that was developed was found to tolerate more func-
tionalized amines as exemplified by glycine dimethylamide, thus
enabling the synthesis of 13. Compound 13 exhibited significantly
lower protein binding (94.8%), and proved to be among the most po-
tent inhibitors in this class of compounds in the presence of NHS
with an IC95 of 63 nM (twofold loss of potency when assayed in
10% FBS) compared to compound 9 (fourfold loss in potency from
FBS).


We recently reported that substitution at the 2-position of the
benzyl moiety with polar substituents led to integrase inhibitors
with improved physical properties and increased antiviral potency
in the presence of NHS.2 Application of this finding led to pyrrolid-
inones 14 and 15. Addition of a methyl sulfone16 to 9 provides 14,
which shows very good antiviral activity in the presence of NHS
with an IC95 of 63 nM (twofold loss of potency from FBS). Similar
activity was observed with the ethyl analog 15. These results cor-
relate well with decreased protein binding and log P (see Table 1).


The rat pharmacokinetic (PK) profiles of representative com-
pounds are shown in Table 2. Compound 9 exhibits low clearance
and good oral bioavailability. The more potent analogs 13 and 14
displayed higher clearance and low oral bioavailability.
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Table 1
Inhibition of HIV-1 integrase catalytic activities and HIV-1 replication in cells by a series of 5-(1-H or 1-alkyl-5-oxopyrrolidin-3-yl)-8-hydroxy-[1,6]-naphthyridine-7-
carboxamides


N


N


OH


H
N


O


F


N
O R


R'


Compound R R0 Inhibition of strand transfer IC50


(nM)a
Antiviral activity IC95 (nM) (10%
FBS)b


Antiviral activity IC95 (nM) (50%
NHS)b


%Prot.Bndc Log
Pd


9 Me H 20 31 (n = 3) 125 (n = 3) 98.8 2.3
10 Et H 14 16 (n = 2) 125 (n = 3) 98.9 2.7
11 i-Pr H 40 31 (n = 2) 125 (n = 3) 97.8 2.7
12 H H 24 42 (n = 3) 83 (n = 3) insol. n.d.
13 CH2C(O)NMe2 H 33 31 (n = 3) 63 (n = 3) 94.8 1.8
14 Me SO2Me 123 31 (n = 3) 63 (n = 3) 97.0 1.6
15 Et SO2Me 26 38 (n = 5) 81 (n = 3) 96.0 1.9


a The strand transfer assay was performed with recombinant HIV-integrase (100 nM) preassembled on immobilized oligonucleotides using 0.5 nM DNA.2 Values are means
of at least two experiments with a lower limit of accuracy �5 nM, standard deviation is approximately twofold.


b Antiviral activity was assessed by measuring the decrease in HIV-1 p24 core antigen in MT-4 human T-lymphoid cells/HIV-1 IIIb cultured in the presence of increasing
concentrations of inhibitor. Antiviral activity in cell culture (IC95) is the drug concentration, which inhibits 95% viral growth relative to control. FBS: run with 10% fetal bovine
serum, NHS: run with 50% normal human serum, see Ref. 4


c Measure of the percentage of test compound bound to human serum proteins, see Ref. 14.
d Log P measurement (partition coefficient), see Ref. 15.


Table 2
Rat pharmacokinetics


N


N


OH


H
N


O


F


N
O R


R'


Compound R R’ Cl (mL/min/kg)b T1/2 (h)b % Fc


9a Me H 2.5 1.3 65
13a CH2C(O)NMe2 H 23.4 3.4 5
14 Me SO2Me 17.2 0.67 4


a Compound dosed as Na salt.
b Dosed iv in DMSO at 2 mg/kg.
c Dosed po in 1% methylcellulose at 10 mg/kg.
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In summary, we have developed an efficient route for the prepa-
ration of 4-[5-(1,6-naphthyridyl)]pyrrolidinones. The synthetic se-
quence permits late-stage variation of the lactam nitrogen
substituent without tedious protection/deprotection steps. This
methodology can also be used to prepare various 4-aryl substituted
pyrrolidinones. Pyrrolidinone 9 is a potent inhibitor of HIV-1 integr-
ase in cell culture. The compound exhibited low clearance and good
oral bioavailability in rat. Installation of polar substituents on the
pyrrolidinone nitrogen or the benzylamide provides compounds
with lower protein binding and reduced shift in antiviral activity.
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1H NMR of 8c: (400 MHz, DMSO-d6), d 13.25 (1H, br s), 9.68 (1H, t, J = 6.4 Hz),
8.44 (1H, d, J = 7.3 Hz), 8.10 (1H, m), 7.95 (1H, s), 7.43 (2H, m), 7.19 (3H, m),
4.64 (2H, d, J = 6.5 Hz), 3.87 (3H, s), 3.68 (2H, s), 2.48 (3H, d, J = 4.5 Hz).


10. A mixture of 8a and 8b (0.1 g, 0.24 mmol) in TFA (3 mL) in a glass pressure
tube was heated to 105 �C for 2 h. The reaction mixture was cooled and
concentrated, then redissolved in DMF (1 mL). The solution was injected on
the Gilson autoprep using a Waters 6 lM Nova Pak reverse phase column
with an 18 min gradient of 95:5 to 5:95, H2O/CH3CN/0.1% TFA. The desired
fractions were combined and concentrated to afford 0.076 g (76%) of an
inseparable 4:1 mixture of diastereomers 7a and 7b. Major component of
mixture (7a): 1H NMR (400 MHz, DMSO-d6), d 13.84 (1H, br s), 9.75 (1H, br
s), 9.20 (1H, d, J = 4.2 Hz), 8.85 (1H, d, J = 8.7 Hz), 7.85 (1H, dd, J = 8.6,
4.2 Hz), 7.44 (2H, m), 7.19 (2H, m), 6.76 (1H, s), 4.80 (2H, s), 4.60 (2H, d,
J = 6.4 Hz), 3.05 (3H, s). ES HRMS calcd for C21H17N4O3F (M+H): 393.1357,
Found: 393.1357.


11. A mixture of 8a and 8b (0.45 g, 1.06 mmol) in TFA (3 mL) in a glass pressure
tube was heated to 105 �C for 2 h. The reaction mixture was then cooled to

room temperature (once it was determined by LC–MS that elimination of
methylamine had occurred). After cooling, triethylsilane (0.62 g, 5.31 mmol)
was added to the solution, and the reaction mixture was heated to 75 �C for
1.5 h. The mixture was cooled and concentrated under reduced pressure. The
crude mixture was re-dissolved in DMF (2 mL) and injected on the Gilson auto
prep using a Waters 6 lM Nova Pak reverse phase column with an 18 min
gradient of 95:5 to 5:95, water/CH3CN/0.1% TFA. The desired fractions were
combined and concentrated to afford 0.20 g, (48%) of 9 as an off-white solid.1H
NMR (400 MHz, DMSO-d6), d 13.55.


12. Examples of the synthesis of various substituted 4-aryl-pyrrolidinones from
the corresponding butenolides:


O
O


R1


R2


R2R1


CH3 H
N(CH3)2 H


NO2 H


F H
H CH3


N
O CH3


R2


R2


Yielda


55%


a) Isolated yield for two step process, unoptimized.
b) For conditions see Scheme 1, reactions b and d.


20%


49%
98%


60%


.


13. Resolution of 9 by chiral HPLC provides optically pure (+) and (�) isomers
which are equipotent in the enzyme and cellular assays.


14. Analytical HPLC/UV detection-based assay that measures the ability of a
compound to bind with human plasma (primarily Albumin) in pH 7.4 buffer at
room temperature. Each value is the result of the average of three
determinations.


15. UV detection method determining the relative concentration of a methanol
solution of a compound partitioned between an octanol and pH 7.4 (KH2PO4/
NaOH) water layer. Log P = log (Octanol HPLC area)(Octanol dilution)/(Buffer
HPLC area)(Buffer dilution).
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This paper describes a series of modifications of the side chain of micromolide, an anti-tuberculosis nat-
ural product. Most of the synthesized compounds showed significantly decreased activities, which sug-
gests that the long aliphatic side chain of micromolide and its double bond are essential to its activity.
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Tuberculosis (TB), a chronic infectious disease caused by myco-
bacteria, primarily Mycobacterium tuberculosis, has threatened
mankind for thousands of years and remains one of the deadliest
diseases worldwide.1 TB is also known as one of the major AIDS-
associated infections. The morbidity caused by TB increases sub-
stantially when the immune system is impaired by HIV infection.2


The current treatment for TB requires a regimen of three to four
drugs for 6 to 9 months.3,4 The lengthy treatment period required
by the current therapies may cause significant toxic side effects
and/or lead to relapse as a consequence of poor patient compli-
ance. In addition, the emergence of drug-resistant TB, such as mul-
ti-drug-resistant TB (MDR-TB) and extensively drug-resistant TB
(XDR-TB) has contributed to the resurgence of tuberculosis.5 De-
spite the need for better TB therapies, no new TB drugs have been
introduced over the last 40 years. Therefore, new anti-TB agents
are urgently needed to shorten the current treatment protocol, to
combat drug-resistant TB, as well as to be compatible with antiret-
roviral drugs for HIV patients.


Micromolide, ((�)-Z-9-octadecene-4-olide, (�)-1, Fig. 1), a nat-
ural product isolated from the stem bark of Micromelum hirsutum
(Rutaceae), has been reported to show good in vitro anti-TB activ-
ity (MIC: 1.5 lg/mL).6 While the anti-TB carbazole alkaloids of
Micromelum hirsutum have already been followed-up in analog
studies,7,8 no efforts have been made thus far to utilize 1 as scaffold

ll rights reserved.


ki).

of a new drug. In addition, the high potency of micromolide against
TB, as well as its low molecular weight and simple structure, makes
it a promising lead compound. We first embarked on the synthesis
of 1 in order to reconcile its reported biological data and provide
larger quantities of 1 for additional animal tests. The total synthe-
sis of racemic 1 has been carried out in our laboratories by follow-
ing a literature procedure, with some modifications (Scheme 1).9


The desired c-lactone was obtained from the corresponding alde-
hyde and ethyl 3-bromoproionate by a SmI2-induced Barbier-type
reaction in the presence of hexamethylphosphoric triamide
(HMPA). Both isomers 1 and 1a in an approximate ratio of 95:5
were successfully separated by HPLC in the final step, which were
created by the Wittig synthesis. The further Pd/C-catalyzed reduc-
tion of racemic 1 provided 1c.


Possible modifications of 1 were then investigated. Despite its
high in vitro anti-TB activity, the high lipophilicity (ClogP = 6.28)10


of 1 is out of the range of Lipinski’s Rule of Five and, therefore, may
limit its therapeutic potential.11 Micromolide is composed of a c-
lactone ring and a monounsaturated aliphatic side chain. The long
aliphatic side chain of micromolide contributes significantly to its
high lipophilicity. Therefore, a strategy to decrease the lipophilicity
of micromolide and, consequently, to improve its bioavailability is
to introduce polar groups into the aliphatic side chain. In this com-
munication, a series of modifications of the side chain of micromo-
lide are described.


Various functional groups were thus introduced into the side
chain as displayed in Figure 2. The synthesized analogues include
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Figure 1. Structure of (�)-micromolide.
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isoxazoline, isoxazole, amide, acetylene, and a shorter chain ana-
logue. Compounds containing isoxazoline12,13 or isoxazole14–16


moieties have been previously reported as potential anti-TB
agents. Therefore, we prepared 8a–d and 10a to study whether
the isoxazoline or isoxazole rings can be combined with the lac-
tone structure of micromolide. In addition to alkyl chains, esters
and amides were attached to the isoxazoline and isoxazole rings
to introduce more diversity (9a–h, 10b–c). Amide analogues 11
and 12a–b were selected for their simplicity in structure as well

HO
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Scheme 1. Reagents and conditions: (a) Et3N, t-BuPh2SiCl, DMAP, CH2Cl2, rt; (b) PDC, CH2


rt; (f) BrCH2CH2COOEt, SmI2 in THF, HMPA; (g) Pd/C, CH3OH, rt.
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Figure 2. Analogues of micromo

as lower ClogP values. Acetylenes 13a–b were also prepared to
study the importance of the double bond on activity. Another strat-
egy we used to decrease the lipophilicity was to shorten the ali-
phatic chain as in compound 14.


The synthesis of isoxazolines 8a–d was carried out using a
1,3-dipolar cycloaddition (Scheme 2).17 Condensation of alde-
hydes 15a–b with hydroxylamine hydrochloride provided oximes
16a–b, which were converted to oxime chlorides 17a–b by treat-
ment with N-chlorosuccinimide. Lactones 19a–b were prepared
from 18a–b by treatment with 1-morpholino-2-trimethylsilyl
acetylene followed by aqueous KHF2.18 Cycloaddition of 17a–b
with 19a–b gave 8a–d. A similar cycloaddition of 19a with ethyl
chlorooximidoacetate provided ethyl ester 9b, which was subse-
quently hydrolyzed to give acid 9a (Scheme 3). Compounds 9c–h
were obtained by coupling 9a with corresponding amines and
alcohols.
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Isoxazoles 10a–c were synthesized in a similar manner to that
described for the preparation of the isoxazoline analogues (Scheme
4). The key intermediate 22 was prepared from 19a via aldehyde
20. Cycloaddition reactions of acetylene 22 with 17b and ethyl
chlorooximidoacetate provided 10a and 10b, respectively. Hexyl
ester 10c was made from 10b via the acid 23.


Amide 11 was synthesized from 24 (Scheme 5). Epoxidation of
24 with MCPBA provided 25, which was then converted to lactone
26. Hydrolysis of 26 with potassium hydroxide provided acid 27.
Compound 11 was obtained by coupling 27 with 1-octanamine.
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O
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a b


15a: m = 5
15b: m = 6


18a: n = 4
18b: n = 3


16a-b 17a-b


c


Scheme 2. Synthesis of 8a–d. Reagents and conditions: (a) NH2OH–HCl, Na2CO3, rt; (
BF3�Et2O, 0 �C; ii—KHF2, rt; (d) Et3N, 0 �C to rt.
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Scheme 3. Synthesis of 9a–h. Reagents and conditions: (a) ethyl chlorooximidoacetate,
DMAP, rt.
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Scheme 5. Synthesis of 11. Reagents and conditions: (a) MCPBA, 0 �C to rt; (b) i—1
nC8H17NH2, BOP, DMAP, Et3N, rt.

The synthesis of 12a–b is shown in Scheme 6. Compound 30 was
prepared from bromide 28 via azide 29. Epoxidation of 30 with
MCPBA gave 31, which was converted to lactone 32. Deprotection
of 32 with hydrochloric acid provided amine 33. Amides 12a–b
were prepared by coupling 33 with nonanoic acid and octanoic
acid, respectively.


The synthesis of the acetylene analogues 13a–b is shown in
Scheme 7. Acetylenic coupling of 34a–b with 28 provided 35a–b.
Epoxidation of 35a–b followed by treatment with 1-morpholino-
2-trimethylsilyl acetylene followed by aqueous KHF2 gave
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Table 1
In vitro activities for 1 analogues against M. tuberculosis H37Rv


Compound MW MIC (lM) MIC (lg/ml) ClogP tPSA (Å2)


MABA LORA


(�)-1 280.45 1.5 6.1 26.3
(±)-1 280.45 6.90 124 1.93 6.1 26.3
1a 280.45 19.7 5.54 6.1 26.3
1b 282.46 >128 >128 6.6 26.3


Table 2
In vitro activities for isoxazoline analogues against M. tuberculosis H37Rv


O( )n
O


R


N O


Compound n R MIC (lM) ClogP tPSA (Å2)
MABA


8a 4 –n-C6H13 >128 4.59 47.9
8b 4 –n-C7H15 >128 5.08 47.9
8c 3 –n-C6H13 >128 4.10 47.9
8d 3 –n-C7H15 >128 4.59 47.9
9a 4 –COOH >128 2.51 85.2
9b 4 –COOEt >128 3.28 74.2
9c 4 –CONH-n-C6H13 >128 4.18 77.0
9d 4 COO-n-C6H13 63.1 5.25 74.2
9e 4 CONHBz >128 3.43 77.0
9f 4 COOBz >128 4.50 74.2
9g 4 CONEt2 >128 3.41 68.2
9h 4 COO-t-Bu >128 4.65 74.2


Table 3
In vitro activities for isoxazole analogues against M. tuberculosis H37Rv


O( )4
O


R


N O


Compound R MIC (lM) ClogP tPSA (Å2)
MABA


10a –n-C7H15 63.4 5.01 52.3
10b –COOEt >128 1.84 78.6
10c –COO-n-C6H13 >128 3.81 78.6
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acetylene 13a–b. Selective reduction of 13a–b using Lindlar’s cata-
lyst under carefully controlled conditions provided (±)-1 and the
short chain analogue 14. This is also an alternative pathway to syn-
thesize (±)-1.


All of the synthesized compounds were evaluated by the MABA
(microplate Alamar Blue assay)19 method for their activities
against M. tuberculosis strain H37Rv. Some were also tested against
non-replicating cultures using the LORA (low oxygen recovery as-
say) method, but showed no activity.20 The MIC values using the
MABA assay for these compounds are presented in Tables 1–4.
ClogP values for these compounds were calculated using the pro-
gram KOWWIN,10 and the tPSA values were calculated using the
program Molinspiration property calculator.21


MIC values of synthesized (±)-1, 1a, and 1b are shown in Table 1
and were compared with that of (�)-1 isolated from M. hirsutum.
The E isomer 1a is less active than the Z isomer 1. Compound 1c
without a double bond in the side chain shows a dramatic loss of
activity. These results suggest that the conformation and existence
of the double bond in side chain is crucial to achieving good anti-
TB activity. Compared with (�)-1, the racemic form of 1 still retains
a reasonable level of activity, and has the advantage of being easier
to synthesize. Based on these considerations, we prepared the lac-
tone analogues 8–14 in racemic form instead of in optically pure
form for SAR studies. Racemic micromolide (±)-1 was used as a ref-
erence for activity.


Table 2 shows the MIC values for the isoxazoline analogues,
including the alkyl side chain analogues, 8a–d, as well as the car-
boxylic acid, esters, and amides, 9a–h. Most of these compounds
showed little or no activity against M. tuberculosis strain H37Rv ex-
cept the hexyl ester 9d, which exhibited a very modest MIC value
of 63.1 lM in MABA. MIC values for isoxazole analogues 10a–c are
shown in Table 3. Compound 10a showed a modest MIC value of
63.4 lM, while no significant activities were observed for esters
10b–c. Amide analogies 11 and 12a–b were also found to be inac-
tive (Table 4). Both of the acetylene analogues 13a and 13b also
showed weak activities (MIC values of 44.0 lM and 70.2 lM,
respectively). The acetylene 13b with a shorter side chain was less
active than 13a. This matches observations of a recent SAR study of
anti-TB plant polyacetylenes, which showed that factors other than
the triple bonds contribute significantly to the pharmacophore.22


The short chain analogue 14 (MIC = 14.7 lM), although still less ac-

( )4


a b


( )4


R R
HR


34a: R = n-C8H17
34b: R = n-C7H15


O


35a-b 36a-b


Scheme 7. Synthesis of 13a–b, (±)-1 and 14. Reagents and conditions: (a) i—n-BuLi, HMPA
acetylene, BF3�Et2O, 0 �C; ii—KHF2, rt; (d) H2, Lindlar’s cat, 10 �C.

tive than (±)-1 (MIC = 6.90 lM), was shown to be the most active
one among the synthesized analogues.


According to Tables 2–4, most of the synthesized analogues
showed considerably reduced activity against M. tuberculosis strain
H37Rv compared with the activity of (±)-1. These results suggest
that the double bond present in the side chain of 1 is essential
for its activity. Replacement of this double bound with alternative
functional groups results in reduced activity. In addition, in view of
the comparison between 13a and 13b, as well as between (±)-1 and
14, it is suggested that decrease of the side chain length also leads
to reduced activity. However, the chain length may not be as cru-
cial for activity as the presence of a double bond.

( )4


c d


( )4


R


O
O


O
O


R


13a-b (+)-1, 14-


, 78 �C; ii—28, 78 �C to rt; (b) MCPBA, 0 �C to rt; (c) i—1-morpholino-2-trimethylsilyl







Table 4
In vitro activities for amide, acetylene, and shorter chain analogues against M.
tuberculosis H37Rv


R
O( )4


O


Compound R MIC (lM) ClogP tPSA (Å2)
MABA


11 –CONH-n-C8H17 >128 3.49 55.4
12a –NHCO-n-C8H17 >128 3.49 55.4
12b –NHCO-n-C7H15 >128 3.00 55.4
13a –C„C-n-C8H17 44.0 5.78 26.3
13b –C„C-n-C7H15 70.2 5.29 26.3
14 –cis-CH@CH-n-C7H15 14.7 5.79 26.3
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Among the synthesized compounds, 9d, 10a, 13a–b, and 14
showed moderate activities, although they are less active than
(±)-1. However, these compounds are less lipophilic. These five
compounds were calculated to be 3- to 19-fold less lipophilic than
(±)-1 and comply better with Lipinski’s Rule of Five. The decreased
lipophilicities may result in better bioavailability and compensate
for the lost in in vitro activities.


In summary, a series of modifications to the side chain of
micromolide have been made. Most of the synthesized compounds
showed significantly decreased activities, which suggests that the
long aliphatic side chain of micromolide and its double bond con-
tribute to its activity. Despite the reduced in vitro activities, some
moderately active analogues showing lower lipophilicities and lar-
ger PSA values were identified, and these compounds may possess
improved ADME parameters when studied in vivo.


Acknowledgment


This work was supported by 2006 UIC-ITR award.

Supplementary data


Supplementary data associated with this article can be found, in
the online version, at doi:10.1016/j.bmcl.2008.08.027.


References and notes


1. World Health Organization. In Global Tuberculosis Control. WHO Report 2006:
Geneva, Switzerland, 2006.


2. Iademarco, M. F.; Castro, K. G. Semin. Respir. Infect. 2003, 18, 225.
3. British Thoracic Society. Br. J. Dis. Chest. 1984, 78, 330.
4. Ormerod, L. P.; Horsfield, N. Br. J. Dis. Chest. 1987, 81, 268.
5. World Health Organisation. In Report of the meeting of the WHO Global Task


Force on XDR-TB.: Geneva, Switzerland, 2007.
6. Ma, C.; Case, R. J.; Wang, Y.; Zhang, H. J.; Tan, G. T.; Van Hung, N.; Cuong, N. M.;


Franzblau, S. G.; Soejarto, D. D.; Fong, H. H.; Pauli, G. F. Planta Med. 2005, 71,
261.


7. Forke, R.; Krahl, M. P.; Krause, T.; Schlechtingen, G.; Knoelker, H.-J. Synlett 2007,
2, 268.


8. Choi, T. A.; Czerwonka, R.; Froehner, W.; Krahl, M. P.; Reddy, K. R.; Franzblau, S.
G. K.; Hans-Joachim ChemMedChem 2006, 1, 812.


9. Cosse, A. A.; Bartelt, R. J.; James, D. G.; Petroski, R. J. J. Chem. Ecol. 2001, 27, 1841.
10. KOWWIN demo version. Syracuse Research Corporation http://


www.syrres.com/esc/est_kowdemo.htm.
11. Lipinski, C. A.; Lombardo, F.; Dominy, B. W.; Feeney, P. J. Adv. Drug Deliv. Rev.


2001, 46, 3.
12. Nicholas, G. M.; Eckman, L. L.; Newton, G. L.; Fahey, R. C.; Raya, S.; Bewley, C. A.


Bioorg. Med. Chem. 2003, 11, 601.
13. Tangallapally, R. P.; Sun, D.; Rakesh, N. B.; Lee, R. E. B.; Lenaerts, A. J. M.;


Meibohm, B.; Lee, R. R. E. Bioorg. Med. Chem. 2007, 17, 6638.
14. Doshi, R.; Kagthara, P.; Parekh, H. Indian J. Chem. B 1999, 38B, 348.
15. Kachhadia, V. V.; Patel, M. R.; Joshi, H. S. J. Sci. I. R. Iran 2004, 15, 47.
16. Mao, J.; Wan, B.; Wang, Y.; Franzblau, S. G.; Kozikowski, A. P. ChemMedChem


2007, 2, 811.
17. Huisgen, R. Angew. Chem., Int. Ed. Engl. 1963, 2, 565.
18. Movassaghi, M.; Jacobsen, E. N. J. Am. Chem. Soc. 2002, 124, 2456.
19. Collins, L.; Franzblau, S. G. Antimicrob. Agents Chemother. 1997, 41, 1004.
20. Cho, S. H.; Warit, S.; Wan, B.; Hwang, C. H.; Pauli, G. F.; Franzblau, S. G.


Antimicrob. Agents Chemother. 2006, 51, 1380.
21. Molinspiration property engine v2007.04. Molinspiration Cheminformatics.


(http://www.molinspiration.com/cgi-bin/properties).
22. Deng, S.; Wang, Y.; Inui, T.; Chen, S.-N.; Farnsworth, N. R.; Cho, S.; Franzblau, S.


G.; Pauli, G. F. Phytother. Res. 2008, 22, 878.



http://dx.doi.org/10.1016/j.bmcl.2008.08.027

http://www.syrres.com/esc/est_kowdemo.htm

http://www.syrres.com/esc/est_kowdemo.htm

http://www.molinspiration.com/cgi-bin/properties



		Modification of the side chain of micromolide, an anti-tuberculosis  natural product

		Acknowledgment

		Supplementary data

		References and notes








Bioorganic & Medicinal Chemistry Letters 18 (2008) 5316–5319

Contents lists available at ScienceDirect


Bioorganic & Medicinal Chemistry Letters


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

Initial SAR studies on apamin-displacing 2-aminothiazole blockers
of calcium-activated small conductance potassium channels


Robert G. Gentles *, Katherine Grant-Young, Shuanghua Hu, Yazhong Huang, Michael A. Poss,
Charles Andres �, Tracey Fiedler, Ronald Knox, Nicholas Lodge, C. David Weaver �, David G. Harden
Research and Development, Bristol Myers Squibb Co., 5 Research Parkway, Wallingford, CT 06492, USA


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

Article history:
Received 27 June 2008
Revised 7 August 2008
Accepted 8 August 2008
Available online 14 August 2008


Keywords:
2-Aminothiazole
Small conductance potassium channel
Potassium channel blockers
Apamin

0960-894X/$ - see front matter � 2008 Elsevier Ltd.
doi:10.1016/j.bmcl.2008.08.023


* Corresponding author.
E-mail address: robert.gentles@bms.com (R.G. Gen


� Present address: Oblon Spivak, 1940 Duke Street, A
� Present address: Vanderbilt Institute of Chemica


Pharmacology, Nashville, TN, USA.

An initial SAR study on a series of apamin-displacing 2-aminothiazole KCa2 channel blockers is described.
Potent inhibitors such as N-(4-methylpyridin-2-yl)-4-(pyridin-2-yl)thiazol-2-amine (13) are disclosed,
and for select members of the series, the relationship between the observed activity in a thallium flux,
a binding and a whole-cell electrophysiology assay is presented.


� 2008 Elsevier Ltd. All rights reserved.

Small conductance calcium-activated potassium (KCa) channels
are expressed predominately in neuronal cells.1 They are voltage
insensitive and open in response to elevated concentrations of
intracellular calcium. Calcium ions bind to calmodulin, a protein
that is constitutively associated with the C-terminal domain of
the KCa channel. This protein modulates the state of the channel
in response to its calcium occupancy, whereby higher occupancy
is associated with opening of the channel.2–6 KCa channel opening
results in hyperpolarization of the plasma membrane7 with a con-
comitant reduction in neuronal excitability. The hyperpolarization
phenomenon (termed an afterhyperpolarization or AHP) can per-
sist for several hundreds of milliseconds,8 and significantly affects
the rate and pattern of neuronal firing.9,10


Three isoforms of KCa channels have been identified and cloned:
KCa2.1, KCa2.2 and KCa2.3. In situ hybridization, Northern blot, and
RT-PCR studies have demonstrated differential regional expression
levels of the isoforms in both rat and human brain.1,9,11,12


Correspondingly, there exists the possibility for site selective
modulation of neuronal excitability if suitable pan-KCa or sub-type
selective KCa channel modulators can be identified. Such agents
may have utility in the treatment of a number of pathological con-
ditions13 including epilepsy, depression, and Parkinson’s disease,14

All rights reserved.
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lexandria, VA, USA.


l Biology and Department of

as well as schizophrenia.15 They may also prove helpful in treating
certain cognitive disorders.16,17


A limited number of compounds have been reported to be
active at KCa channels. The cyclic octapeptide apamin is a highly
selective and potent blocker with reported IC50’s between 30 pM
and 20 nM.1,18 The larger peptide Scyllatoxin is exceptionally
potent (Ki = 75 pM)19,20 and related derivatives display moderate
selectivity among the KCa channel subtypes. As shown in Figure 1
above, dequalinium (IC50 = 1.0 lM) was the first non-peptidic KCa


selective blocker identified.21 Subsequent development of this
chemotype led to the discovery of the cyclophane derivative, UCL
1684, a compound that displayed similar potency to apamin
(IC50 = 3.0 nM).22 More recently, quinoline appended diazepines23


(Ki = 140 nM) and isoquinoline analogs related to bicuculline and
N-methyl laudanosine24–28 have been reported, as well as the
non-apamin displacing 2-aminobenzimidazoles, such as NS8593
(IC50 = �500 nM).29 In this Letter, we describe a preliminary SAR
study on a series of aminothiazoles that display significant KCa


channel activity. In addition, we confirm the previously reported
activities of some of these analogs30 in alternative assay systems,
and significantly expand on reported selectivity and mechanism
of inhibition studies.


The thiazole chemotype discussed here was identified from a
high-throughput screen that employed a thallium flux assay,33 in
which compounds were tested against a HEK 293 cell line recom-
binantly expressing specific KCa channel isoforms. Several chemo-
types were identified with one of the more interesting being the
2-aminothiazole derivative 1, as shown in Figure 2.
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Figure 1. Examples of reported, non-peptidic blockers of KCa channels.


Figure 2. Aminothiazoles evaluated for activity at KCa channels.
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This compound displayed significant potency (89% inhibition at
30 lM) in the original screen. It was resynthesized, and its IC50 in
the thallium assay was determined to be 0.5 lM. In a subsequent
whole-cell electrophysiology experiment, the IC50 of 1 was found
to be in close agreement with the value obtained in the thallium
assay, as shown in Table 1. In addition to the compound’s impres-
sive activity, we anticipated that its physicochemical properties

[MW = 254, CLogP = 2.71, HBD = 1, HBA = 3, ACD pKa (conjugate
acid) = 3.8] held excellent promise for its advancement and utility
in investigating CNS effects of KCa channel block.


Subsequently, we investigated the activities of the series of re-
lated aminothiazoles shown in Figure 2. These compounds are
either commercially available, or can be synthesized from readily
accessible starting materials using the methodology depicted in







Table 1
Activities of compounds 1–13 at the KCa2.3 channel in thallium flux and electro-
physiology assays


Compound KCa2.3 thallium flux %
inhibition at 30 lMa


KCa2.3 thallium
flux IC50


a (lM)
KCa2.3 EP IC50


b


(lM)


1 89 0.543 (±0.05) 0.29 (±0.05)
2 45 ND
3 14 >30
4 14 >30
5 ND >30
6 15 >30
7 9 >30
8 18 >30
9 16 >30


10 24 >30
11 8 >30
12 29 >30
13 98 0.059 (±0.017) 0.056 (±0.015)
14 Apamin 0.000168


(±0.000136)
0.000064 (±0.000006)


15 Dequalinium 1.3 (±0.2) 2.0 (±0.6)


a See note 38. ND, not determined.
b Values are means of three experiments; standard deviation is given in


parentheses.
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Figure 3. The majority of the analogs were prepared using the mod-
ified Hantzsch31 procedure shown in reaction A. The 2,4-di-(pyri-
din-2-yl)thiazole analog 9 was synthesized using the same
methodology employing a thioamide, as shown in B. Lastly, the
4-(pyridin-2-yl)-2-(pyridin-2-ylmethyl)thiazole derivative 6 was
synthesized using the two-step procedure shown in reactions C32


and D.
Initially, we sought to investigate the importance of the relative


disposition of the pyridine nitrogens in 1. Thus, retaining the con-
nectivity of the 4-(pyridin-2-yl)-N-2-aminothiazole moiety, the
nitrogen atom of the N-pyridinyl group was transposed as shown
in structures 2 and 3 above.


As can be seen from Table 1, both analogs lost significant activ-
ity at the KCa2.3 channel. A similar exercise was conducted, in
which the heteroatom of the pyridinyl group at the 4-position of
the thiazole ring was varied in the context of the N-(pyridin-2-yl)
moiety, as shown in compounds 4 and 5. Again, a significant loss
of activity was observed. The importance of the nitrogens in the
two terminal pyridinyl groups was further demonstrated by their

Figure 3. Synthetic methods used for the synthe

progressive replacement, as shown in analogs 7 and 8. Both com-
pounds displayed very limited activity in the thallium assay. In
additional studies, the importance of the pendant amino function-
ality in 1 was explored in analogs 6 and 9, in which the amino
group was either replaced by a methylene group or simply elimi-
nated. Again, both substitutions were associated with a significant
loss of activity at the KCa channel.


The above observations raised the possibility that the activity of
1 was due to the formation of a chelate. 2-Aminothiazoles are
known ligands in a number of chelate complexes,30,34 and the idea
that the chelate may be the active species is partly supported by
reports30 showing that thiazoles and the related iron or zinc che-
lates have similar activity in a KCa2.2 rubidium flux assay. In rela-
tion to the assay systems reported here, the most likely ion that
would participate in chelate formation is Mg2+, and several com-
plexes of this type have been reported.35 Based on the SAR pre-
sented above, the most probable structure of such a complex
would be I, as shown in Figure 4, although II and III cannot be
excluded.


With the key pharmacophoric elements now established, we
next attempted to introduce additional functionality into the N-
(pyridin-2-yl) group while retaining the pyridin-2-yl group at the
4-position of the aminothiazole. The introduction of a nitrogen
atom as shown in the pyrimidin-2-yl analog 10 was again associ-
ated with a loss of activity, and we tentatively attributed this to
a reduction in the basicity of the heterocycle (ACD pKa’s: 3.8 vs
2.4). Additional attempts to introduce steric probes at either C3
or C3 in combination with C5 as in analogs 11 and 12, resulted
in a significant loss of activity.


In a related study focused on the effects of substitution at the C4
vector of the N-pyridinyl moiety, we found that the N-(4-methyl-
pyridin-2-yl) derivative 13 displayed significantly improved po-
tency relative to 1. Rather than modulating the basicity of the
heterocycle, we envisage that the methyl group interacts directly
with the channel. The activity of this compound was also deter-
mined in EP experiments, and good agreement between the assays
was observed (54 nM vs 56 nM). This level of activity at the KCa2.3
channel is unprecedented in a neutral small molecule, and 13
should prove useful for KCa2 channel functional studies.


To determine the site of action of 1 and 13, we employed a Scin-
tillation Proximity Assay (SPA) to assess their ability to displace

sis of the 2-aminothiazoles listed in Table 1.







Figure 4. Potential structures of magnesium thiazole chelates.


Table 2
[125I]-apamin displacement assay


Compound KCa2.2 thallium
flux IC50 (lM) a


KCa2.3 [125I]-apamin
displacement IC50 (lM)a


1 0.543 (±0.05) 0.025 (±0.008)
13 0.059 (±0.017) 0.004 (±0.002)


a Values are the means of three experiments; standard deviation is given in
parentheses. See note 38.


Table 3
Selectivity of compounds 1 and 13 against the KCa channel isoforms, KCa2.1, KCa2.2,
and KCa3.1


Compound KCa2.1 thallium
flux IC50 (lM)a


KCa2.2 thallium
flux IC50 (lM)a


KCa3.1 thallium
flux IC50 (lM)a


1 0.043 0.123 na
13 0.004 0.011 10% Inh. at 30 lM


a Values are the means of three experiments; see note 38.
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radio-labeled [125I]-apamin from the KCa2.3 channel.36,37 Both
compounds competed off the peptide with IC50’s as shown in
Table 2. These results suggest that both may function by blocking
the pore of the channel, as is observed with apamin (see Table 3).


To assess the KCa channel selectivity of the thiazole chemotype,
selected analogs were assessed in the thallium flux assay against
cell lines recombinantly expressing the KCa2.1, KCa2.2, and KCa3.1
channels. No significant selectivity was observed, although it was
noted that both 1 and 13 displayed essentially no activity at the
KCa3.1 channel.


In conclusion, we present a series of N-(pyridine-2-yl)-4-(pyri-
dine-2-yl)-2-aminothiazoles that display excellent potency as
KCa2 blockers. In binding studies, these compounds appear to inter-
act with the channel at the apamin binding site, and presumably
exert their effect by mechanically blocking the pore of the channel.
We speculate that the active species may be the thiazole itself, or a
metal chelate in which the thiazole functions as a ligand.
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We report on a target-based approach to identify possible Mycobacterium tuberculosis DXS inhibitors from
the structure of a known transketolase inhibitor. A small focused library of analogs was assembled in order
to begin elucidating some meaningful structure–activity relationships of 3-(4-chloro-phenyl)-5-benzyl-
4H-pyrazolo[1,5-a]pyrimidin-7-one. Ultimately we found that 2-methyl-3- (4-fluorophenyl)-5-(4-meth-
oxy-phenyl)-4H-pyrazolo[1,5-a]pyrimidin-7-one, although still weak, was able to inhibit M. tuberculosis
DXS with an IC50 of 10.6 lM.


� 2008 Elsevier Ltd. All rights reserved.

Despite the availability of effective antituberculosis drugs,
tuberculosis (TB) is still a major cause of disability and death
globally. Improved TB medications need to be developed to shorten
the duration of the treatment period, to reduce the amount of
drugs required while making costs affordable, and to provide a
more effective treatment against persistent TB infection.1 To devel-
op new treatments for TB, many drug discovery programs target
enzymes considered to be essential for Mycobacterium tuberculosis
survival. It is hoped that this target-based approach will identify
specific inhibitors of bacterial enzymes, thus blocking the bacterial
growth while showing little if any toxicity toward the host
organism. Potential lead compounds against these targets can be
identified from high-throughput screening (HTS) campaigns or
through ligand- and structure-based design methods.2


Within this context, early steps in the isoprenoid biosynthetic
pathway are being investigated, as isoprenoids are known to be
required for M. tuberculosis survival. Examples of these
approaches encompass molecules such as decaprenyl phosphate3


which is involved in the biosynthesis of major cell wall compo-
nents of M. tuberculosis (peptidoglycan,4 lipoarabinomannan,5


and arabinomannan6), and menaquinone which is the only lipo-
quinone involved in the mycobacterial electron transport chain.7


The universal precursors of isoprenoids, isopentenyl diphosphate

All rights reserved.


ki).

(IPP), and dimethylallyl diphosphate (DMAPP) are synthesized
solely through the 2C-methyl-D-erythritol 4-phosphate (MEP)
pathway in M. tuberculosis. This biosynthetic pathway does not
exist in mammalian biochemistry, and therefore it opens
alternative approaches to developing novel antituberculosis
drugs.8–10 In the initial rate-limiting step11 in the MEP pathway
(Scheme 1), 1-deoxy-D-xylulose 5-phosphate (DXP) is formed
from the condensation of pyruvate and D-glyceraldehyde-3-phos-
phate (GAP) catalyzed by 1-deoxy-D-xylulose 5-phosphate
synthase (DXS) in the presence of thiamine pyrophosphate
(TPP). The formation of DXP is not a committed step in isopren-
oid biosynthesis as this molecule is also a precursor of pyridoxol
(vitamin B6)12 or thiamine (vitamin B1).13,14


Himar1-based transposon mutagenesis predicted that M.
tuberculosis DXS is required for M. tuberculosis survival.15 Although
there are no structural data available, M. tuberculosis DXS shows
38% amino acid sequence identity with Escherichia coli DXS, for
which a crystal structure has been reported.16 These proteins have
well-conserved regions predicted to be involved in substrate bind-
ing and catalytic activity.8 The overall structure is similar to the
members of the mammalian transketolase (TK) superfamily,
including pyruvate dehydrogenase E1 subunit17 and 2-oxoisovaler-
ate dehydrogenase.18 These enzymes are all dimers, composed of
three different domains, and require TPP as a cofactor.16


In this study, a previously established in vitro DXS assay8 was
utilized to study the structure–activity relationships (SARs) of a
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small, focused compound library based on the structure of a known
TK inhibitor,22 3-(4-chloro-phenyl)-5-benzyl-4H-pyrazolo[1,5-
a]pyrimidin-7-one (1). Although DXS was previously characterized
in several organisms including E. coli23 and M. tuberculosis,8 this is
the first study describing the SAR of inhibitors against the
M. tuberculosis DXS.


Expression and purification of DXS: M. tuberculosis DXS was
cloned, expressed, and purified in E. coli as a fusion protein bearing
a His6-tag. The purified M. tuberculosis DXS was estimated to be at
least 95% pure by SDS–PAGE analysis on 12% gels. A clear band was
observed corresponding to a molecular weight (67.8 kDa) consis-
tent with the expected size. Western blot analysis with anti-His
antibody confirmed that the single band corresponds to DXS. Puri-
fied DXS (59 pmol) were used for the in vitro enzyme assay to
screen the compounds.


Determination of the IC50 of active compounds against
M. tuberculosis DXS: As has been reported, the catalytic function
of M. tuberculosis DXS combines the mechanism of the pyruvate
decarboxylase and TK.8 Therefore, the known TK inhibitor 1 (Table
1), inhibiting the TK superfamily with an IC50 of 3.9 lM,22 was
expected to inhibit M. tuberculosis DXS as well. However, the IC50


value of the compound for M. tuberculosis DXS (114.1 lM) was
much higher than that found for the TK superfamily, suggesting
that there may be sufficient variation between the binding pockets
of TK and M. tuberculosis DXS. Indeed, the domain arrangements of
DXS differ from those of TK, resulting in differences in the
formation of the active site.19–21 In DXS, three subunits of one
domain form the active site. However, in the TK superfamily, the
largest subunit of one domain contacts smaller subunits of the
other domains forming the active site.17 These differences are pos-
sibly caused by a longer linker (95 amino acids) between domains
in the TK superfamily,16 whereas DXS contains only 20 amino acid
residues in this linker.16 Although the catalytic mechanism of
M. tuberculosis DXS appears to be similar to that of TK superfamily,
inhibitory specificity may be achieved through these structural
differences. Moreover, the M. tuberculosis DXS active site can
accommodate a relatively broad spectrum of substrates, such as
D- or L-glyceraldehyde and D-erythrose 4-phosphate,8 indicating
that there is flexibility in the types of molecules that can be accom-
modated in the active site. Based on this information together with
the difference in IC50 values for inhibitor 1 between M. tuberculosis
DXS and TK, we were encouraged to select some modifications to
this molecule in order to gain possibly better selectivity. Based
on the compound drug likeness as defined by the guidelines of
Lipinski’s Rule of Five,24 we purchased compounds from different
commercial vendors in order to build a preliminary body of SAR
information (Fig. 1). In order to explore both steric and electronic
effects at the active site, various modifications were included:
different substitutions were introduced at the 2-position; the

chloro group on the phenyl ring located at the 3-position was
replaced by an electron-withdrawing or -donating group; the car-
bon linker length was varied and electron-withdrawing/donating
groups were introduced at different positions of the 5-position
benzyl side chain; alkyl or aryl substituents were introduced at
the 6 and 7-positions.


Modifications of compound 1 are shown in Table 1. When the
benzyl group was replaced with a methoxymethyl group as in
compound 2 or a methyl group as in 3, the inhibitory activity
was abolished, indicating that an aromatic ring at the 5-position
is required for the activity. When the chloro substituent was
removed at the para-position of phenyl side chain, and a methy-
lene ethyl ester was added at 6-position, compound 4 also lost
its activity against M. tuberculosis DXS. In addition, compounds
with a trifluoromethyl group (compound 29) and a phenyl group
(compound 30) at the 7-position increased the IC50 on
M. tuberculosis DXS.


Introduction of an electron-withdrawing trifluoromethyl group
at the 2-position reduced the IC50 on M. tuberculosis DXS compared
with the 2-H series (compound 8 vs compound 1, Table 1). Addi-
tion of a para-methoxy group on the 3-phenyl group did not
increase the inhibitory activity (compound 9 vs compound 7). In
contrast, introduction of a para-chloro substituent on this phenyl
ring decreased the IC50 value (compound 8 vs compound 6). Fur-
thermore, when we compared the impact of different halogens, a
para-chloro substituent on the phenyl ring showed better inhibi-
tory activity than bromo (compound 12 vs compound 11). Addi-
tionally, compound 7 served as a better inhibitor than compound
6, which indicated that a phenyl substituent is better than a benzyl
group at the 5-position. Compound 10 exhibited greater inhibitory
activity than that of compound 11, suggesting that there is some
space in the binding cavity located in the area surrounding the
5-position of the main core in the active site. However, this is
apparently not the case for the 6-position of the main scaffold
(cf. compound 13 with compound 12).


The 2-methyl series (compounds 14–27, Table 1) showed less
inhibitory activity than the 2-trifluoromethyl series, but the activity
was still greater than the 2-H series (compound 17 vs compound 8,
compound 17 vs compound 1). A phenyl ring bearing an electron-
withdrawing group is preferred at the 3-position as compound 17
served as a better inhibitor than compound 14. Halogen size and/
or electronic effects played a role at the 3-phenyl side chain as the
smaller fluoro and chloro substituents (compound 19 and com-
pound 18 vs compound 20) showed better inhibition than the bromo
substitution. The notion that a phenyl substituent is better than a
benzyl group at the 5-position is supported by the comparison of
compounds 15 and 14. A para-methoxy group at the 5-position in-
creased the inhibitory activity (cf. compound 16 vs compound 15).
As mentioned earlier, the replacement of the benzyl group with a







Table 2
Antituberculosis activity and cytotoxicity of selected inhibitors


Compound MABA Vero cell
MIC (lM) IC50 (lM)


16 61.8 80.9
17 14.2 39.5
18 7.6 16.0
19 7.7 35.6


Table 1
Inhibition activity of different scaffold compounds against M. tuberculosis DXS


Compounda


NH


N
NO


R3 R2


R4


R1 DXS IC50 (lM)


R1 R2 R3 R4


1 H 4-Cl PhCH2 H 114.1 ± 0.6
2 H 4-Cl CH3OCH2 H >200
3 H 4-Cl CH3 H >200
4 H H CH3 CH2COOEt >200
5 H H ClCH2 H >200
6 CF3 H PhCH2 H 71.1 ± 5.1
7 CF3 H Ph H 23.0 ± 4.1
8 CF3 4-Cl PhCH2 H 14.0 ± 1.1
9 CF3 4-CH3O Ph H 20.2 ± 0.6


10 CF3 4-Br CH3OCOCH2 H 73.0 ± 6.4
11 CF3 4-Br CH3 H >200
12 CF3 4-Cl CH3 H 98.4 ± 13.8
13 CF3 4-Cl CH3 PhCH2 >200
14 CH3 4-CH3O Ph H >200
15 CH3 4-CH3O Ph H 90.7 ± 4.6
16 CH3 4-CH3O 4-CH3OC6H4 H 42.4 ± 3.8
17 CH3 4-Cl Ph H 34.2 ± 5.8
18 CH3 4-Cl 4-CH3OC6H4 H 10.9 ± 1.5
19 CH3 4-F 4-CH3OC6H4 H 10.6 ± 3.1
20 CH3 4-Br 2-CH3OC6H4 H 53.5 ± 0.5
21 CH3 H Ph H 30.6 ± 1.1
22 CH3 4-Cl (1-Phenyl-1H-tetrazol-5-ylsulfanyl)-methylene- H 55.1 ± 4.4
23 CH3 4-Cl 4-ClC6H4SCH2 H 41.1 ± 0.4
24 CH3 H 4-ClC6H4SCH2 H 63.7 ± 1.0
25 CH3 4-Cl CH3OCH2 H >200
26 CH3 H Naphthalene-2-yl H 19.5 ± 2.9
27 CH3 H Ph CH3CH2CH2 71.9 ± 10.1
28 CH3CH2 4-Cl 4-CH3OC6H4 H 19.7 ± 3.4


N


N
NR4


R2 R1


R3


R1 R2 R3 R4


29 4-Cl 4-ClPh H CF3 >200
30 3-Br Ph H Ph >200


a Compounds in 2-H series: 1–5, 29, and 30; compounds in 2-CF3 series: 6–13; compounds in 2-CH3 series: 14–27.
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non-aromatic substituent (compound 25) at the 5-position resulted
in a loss in activity. However, compounds containing aromatic rings
with various linkers (compounds 22 and 23) still maintained some
inhibitory activity. The 5-naphthalenyl-substituted compound 26
showed slightly greater inhibitory activity than the 5-benzyl analog
21,indicatingthataconjugatedaromaticringsystemwasfavoredatthis
position. As indicated earlier, introduction of an appendage at the
6-position led to a loss of activity (27 vs 21).


A 2-ethyl substituent showed somewhat less inhibition than
the corresponding 2-methyl (compound 28 vs compound 18),
therefore, we did not investigate this series further.

Anti-TBactivityandtoxicityofcompounds: The best two inhibitors
(the inhibition curve of compound 18 is shown in Fig. S1) were
tested for inhibition of growth of M. tuberculosis (Table 2). Both
compound 18 and compound 19 demonstrated reasonably good
inhibition of bacterial growth. However, they also showed some
toxicity against Vero cells,25 with a selectivity index of 2.1 and
4.6, for compounds 18 and 19, respectively. The MICs of com-
pounds 16 and 17 showed some correlation with their IC50s, but
their cytotoxicity indicates that these compounds may have off-
target activity against mammalian TK or other unknown targets
in the Vero cells.


In this study, we have successfully utilized a previously estab-
lished in vitro DXS assay to screen for new inhibitors. Several
potential inhibitors of M. tuberculosis DXS, with IC50 values of
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�10 lM, have been identified, and preliminary SAR data have been
generated. As it is apparent from Figure 2, a trifluoromethyl group
is the preferred substituent at the 2-position of the 3-phenyl-4H-
pyrazolo[1,5-a]pyrimidin-7-one scaffold; ethyl, methyl, and hydro-
gen result in increasingly poorer activity. An electron-donating
group para-methoxy attached to the phenyl ring is favored, and
the 5-naphthenyl analog is even more potent. One of the best
inhibitors also exhibited a reasonably good MIC (7.7 lM) against
M. tuberculosis H37Rv with a 4.6-fold selectivity index. Active
compounds did not inhibit DXS from other organisms or other
enzymes from M. tuberculosis (data not shown). Therefore, solution
of the X-ray structures of M. tuberculosis DXS in complex with
these inhibitors could provide valuable insights into the subtleties
of the M. tuberculosis DXS binding site that may allow the design of
a new generation of inhibitors specific for M. tuberculosis DXS.
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