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Rhodamine-based fluorogenic probe for imaging biological thiol pp 2246-2249
Aya Shibata, Kazuhiro Furukawa, Hiroshi Abe,” Satoshi Tsuneda and Yoshihiro Ito
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Fluorogenic probe for the detection of intracellular thiols.
Discovery of novel PRL-3 inhibitors based on the structure-based virtual screening pp 2250-2255

Hwangseo Park,” Suk-Kyeong Jung, Dae Gwin Jeong, Seong Eon Ryu and Seung Jun Kim*

350,000 Druglike Docking &
Compounds > Filtering > Scoring
Discovery of in vitro

12 Inhibitors| Enzyme Assay

We have discovered 12 novel PRL-3 inhibitors by means of a computer-aided drug design protocol involving homology modeling of
the target protein and the virtual screening with docking simulations.

Synthesis and antitubercular activity of 7-(R)- and 7-(.S)-methyl-2-nitro-6-(.S)- pp 2256-2262
(4-(trifluoromethoxy)benzyloxy)-6,7-dihydro-5 H-imidazo[2,1-b][1,3]oxazines, analogues of PA-824

Xiaojin Li, Ujjini H. Manjunatha, Michael B. Goodwin, John E. Knox,

Christopher A. Lipinski, Thomas H. Keller, Clifton E. Barry, III and Cynthia S. Dowd"

7-(SHMe-824 (cis)  7-(R)}-Me-824 (trans)
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N-Alkylated galanthamine derivatives: Potent acetylcholinesterase inhibitors from Leucojum aestivumn  pp 2263-2266
Strahil Berkov, Carles Codina, Francesc Viladomat and Jaume Bastida®
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N-Allylnorgalanthamine (1) and N-(14-methylallyl)norgalanthamine (2) inhibit AChE more than the approved drug galanthamine.

Investigations of the esterase, phosphatase, and sulfatase activities of the cytosolic mammalian pp 2267-2271
carbonic anhydrase isoforms I, II, and XIII with 4-nitrophenyl esters as substrates

Alessio Innocenti, Andrea Scozzafava, Seppo Parkkila, Luca Puccetti,

Giuseppina De Simone and Claudiu T. Supuran®
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Synthesis of a small library of 2-phenoxy-1,4-naphthoquinone and 2-phenoxy-1,4-anthraquinone pp 2272-2276

derivatives bearing anti-trypanosomal and anti-leishmanial activity
Maria Laura Bolognesi,” Federica Lizzi, Remo Perozzo, Reto Brun and Andrea Cavalli*
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The parallel synthesis of new anti-parasitic compounds is described.
Synthesis, anti-HIV-1 activity, and modeling studies of N-3 Boc TSAO compound pp 2277-2281

Cyrille Tomassi, Albert Nguyen Van Nhien, José Marco-Contelles, Jan Balzarini,
Christophe Pannecouque, Erik De Clercq, Elena Soriano and Denis Postel”

The synthesis and the biological evaluation of the anti-HIV-1 activity of TSAO- o O % tBu  TSAO-Boc?
Boc®T (8) are described. The computational analysis showed that N-3 Boc ?//QN_ZZ '
group promotes new interactions in the binding site of the enzyme leading to a TBDMSO
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good inhibitory value.

computational study
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Synthesis of 17f-estradiol-platinum(II) hybrid molecules showing cytotoxic activity pp 2282-2287
on breast cancer cell lines

Josée Provencher-Mandeville, Caroline Descoteaux, Sanat K. Mandal,

Valérie Leblanc, Eric Asselin and Gervais Bérubé*
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The synthesis of a series of 17B-estradiol-platinum(II) hybrid molecules is reported. The hybrids are made of a PEG linking tether
chain of various length and a 2-(2’-aminoethyl)pyridine ligand. MTT assays showed that the derivative with the longest PEG chain
showed the best activity against breast cancer cell lines (MCF-7 and MDA-MB-231).

Diamine derivatives containing imidazolidinylidene propanedinitrile as a new class pp 2288-2291
of histamine H; receptor antagonists. Part I

Setsuya Sasho,” Takashi Seishi, Mariko Kawamura, Ryo Hirose,
Shinichiro Toki and Jun-ich Shimada

Amine A Amine B
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Synthesis of a series of imidazolidinylidene propanedinitrile derivatives as a potent H; receptor antagonist is described. @

Synthesis and biological evaluation of 3,5-diaminoindazoles as cyclin-dependent kinase inhibitors pp 2292-2295
Jinho Lee,” Hwangeun Choi, Kyoung-Hee Kim, Shinwu Jeong, Jong-Wook Park, Chul-Su Baek and Sei-Hee Lee

A novel series of 3,5-diaminoindazoles were prepared and found to be CDK inhibitors. Potent inhibitors against CDK1 and CDK2
were obtained by the introduction of 11%isothiazolidine-1,1-dioxide at 5-position of indazole. Anti-proliferative activities of
compounds were evaluated using EJ, HCT116, SW620, and A549 cancer cell lines.

Chemically modified oligonucleotides with efficient RNase H response PP 2296-2300

Birte Vester, Anne Marie Boel, Sune Lobedanz, B. Ravindra Babu, Michael Raunkjer, Dorthe Lindegaard, Raunak,
Patrick J. Hrdlicka, Torben Hgjland, Pawan K. Sharma, Surender Kumar, Poul Nielsen and Jesper Wengel”
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Schematic model of RNase H enzyme (in green) with its cleaving site in red. The horizontal arrow indicates direction of movement
of the enzyme and the star indicates P* labelling of the RNA to allow visualization of RNA fragments by gel electrophoresis. The
study shows that it is possible to introduce modified nucleotides in an antisense oligonucleotide across RNA cleavage sites, which
maintain or even improve RNA cleavage by RNaseH.
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Synthesis and antihyperglycemic activity of novel NV-acyl-2-arylethylamines
and N-acyl-3-coumarylamines

Atma P. Dwivedi, Shailesh Kumar, Vandana Varshney, Amar B. Singh,
Arvind K. Srivastava and Devi P. Sahu*
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pp 2301-2305

®+

Solid-phase synthesis of oligomers carrying several chromophore units linked by phosphodiester backbones pp 2306-2310

Anna Avifid, Isabel Navarro, Josep Farrera-Sinfreu, Miriam Royo, Juan Aymami, Antonio Delgado,

Amadeu Llebaria, Fernando Albericio and Ramon Eritja*

The synthesis of oligomers having several DNA-intercalating units linked by phosphodiester bonds is reported.

®+

Investigation of novel 7,8-disubstituted-5,10-dihydro-dibenzo|b,e][1,4]diazepin-11-ones

as potent Chk1 inhibitors

Lisa A. Hasvold,” Le Wang,” Magdalena Przytulinska, Zhan Xiao, Zehan Chen,
Wen-Zhen Gu, Philip J. Merta, John Xue, Peter Kovar, Haiying Zhang, Chang Park,
Thomas J. Sowin, Saul H. Rosenberg and Nan-Horng Lin

pp 2311-2315

Deconstructing cytisine: The syntheses of (*)-cyfusine and (%)-cyclopropylcyfusine,
fused ring analogs of cytisine

Daniel Yohannes,” Kristen Procko, Lorraine A. Lebel, Carol B. Fox and Brian T. O’Neill

pp 2316-2319

A novel fused tricyclic analog (11) of cytisine has been prepared OMe P 7 ° AP
(coined ‘cyfusine’) and determined to have high affinity at neuronal N <N N N
nicotinic acetylcholine receptors. A [3 + 2] cycloaddition protocol \ W/ CO,Me

permitted entry into a 3,4-differentially difunctionalized dihydropyr- = -

role (7). The penultimate cyclization was accomplished using the N N H H
modified Van Tamelen conditions developed in our earlier synthesis of Bn ) ) »
(%)-cytisine. Sequential ring-forming reactions ([3 + 2] cycloaddition/ (treyfusine - (x)-cyclopropyleyfusine| () -cytisine
cyclopropanation/pyridone cyclization) gives a unique cyclopropyl 7 1 16 1

analog (16) possessing a skeleton isoatomic with that of cytisine.
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Increasing permeability of phospholipid bilayer membranes to alanine with synthetic pp 2320-2323
o-aminophosphonate carriers

Delia C. Danila, Xinyan Wang, Heather Hubble, Igor S. Antipin and Eugene Pinkhassik*
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Aminophosphonates facilitate the membrane transport of alanine at moderate rates, which make them a suitable platform for the
design of carriers for continuous drug release devices.

Discovery of 2-amino-6-carboxamidobenzothiazoles as potent Lck inhibitors pp 2324-2328

Shenlin Huang,” Zuosheng Liu, Shin-Shay Tian, Mark Sandberg, Tracy A. Spalding,
Russell Romeo, Maya Iskandar, Zhiliang Wang, Donald Karanewsky and Yun He*

N
N /</ H H
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A novel series of 2-amino-6-carboxamidobenzothiazole was discovered to have potent Lck inhibitory properties. A highly efficient
chemistry was developed. Many potent analogues were generated with urea, carbamate, heteroarylamine or alkylamine at the C-2
position. The SAR for the middle ring and the right side aryl group was also explored. The selectivity profile was herein included.

Synthesis and antibacterial activity of littorachalcone and related diphenyl ethers pp 2329-2332
George A. Kraus,” Ganesh Kumar, Gregory Phillips, Kris Michalson and Maria Mangano

Jou e g s Wen BBy

Littorachalcone (1) and diacid 10 were synthesized by direct routes. The antibacterial activity of 1, 10 and synthetic precursors were
evaluated. Dialdehyde 3 (R = pivaloyl) showed potent antibacterial activity.

Meclonazepam analogues as potential new antihelmintic agents pp 2333-2336
Aman Mahajan, Vipan Kumar, Nuha R. N. Mansour, Quentin Bickle and Kelly Chibale®

o}
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New analogues of the potent antihelmintic meclonazepam were prepared and evaluated against Schistosoma mansoni. The biological

data suggests substitution at positions 2 and 4 of meclonazepam could provide promising analogues for prophylactic and therapeutic
activity against S. mansoni.
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Synthesis of novel /NV-diazeniumdiolates based on hyperbranched polyethers HP-g-DACA pp 2337-2341
Yuxia Kou and Ajun Wan*
NO 80 psi
Synthesis scheme for preparing N-diazeniumdiolate based on g Eo/SiW
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Synthesis of novel spiropyrrolizidines as potent antimicrobial agents for human and plant pathogens pp 2342-2345

Govindasami Periyasami, Raghavachary Raghunathan,”
Gangadharan Surendiran and Narayanasamy Mathivanan

Pharmacophore identification of Raf-1 kinase inhibitors pp 2346-2350
Tian Zhu, Yu Jiao, Ya-Dong Chen, Xuan Wang, Hui-Fang Li, Lu-Yong Zhang and Tao Lu”

The best pharmacophore hypothesis (Hypol), consisting of four
chemical features, and the high active compound (compound 6)
can be well mapped onto the Hypol model.

Synthesis of novel analogues of (+)-varitriol via olefin cross-metathesis reaction pp 2351-2354
Lingaiah Nagarapu,” Venkateswarlu Paparaju and Apuri Satyender

Grubbs catalyst
><) CHCl, , Reflux

2a-e

Novel analogues of (+)-varitriol have been synthesized via olefin cross-metathesis reaction using Grubb’s catalyst. Newly
synthesized compounds were screened for cytotoxicity.
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Design and synthesis of a pyrido[2,3-d]pyrimidin-5-one class of anti-inflammatory FMS inhibitors pp 2355-2361
Hui Huang, Daniel A. Hutta, Huaping Hu, Renee L. DesJarlais, Carsten Schubert, loanna P. Petrounia,
Margery A. Chaikin, Carl L. Manthey and Mark R. Player” O NH,
saelren
- N\) N/I\N/ N
H

A series of pyrimidinopyridones has been designed, synthesized and shown to be potent and selective inhibitors of the FMS tyrosine
kinase. Introduction of an amide substituent at the 6-position of the pyridone core resulted in a significant potency increase.
Compound 24 effectively inhibited in vivo LPS-induced TNF in mice greater than 80%.

Structure-based design and synthesis of benzimidazole derivatives as dipeptidyl peptidase IV inhibitors  pp 2362-2367

Michael B. Wallace,” Jun Feng, Zhiyuan Zhang, Robert J. Skene, Lihong Shi,
Christopher L. Caster, Daniel B. Kassel, Rongda Xu and Stephen L. Gwaltney, 11

| R
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>
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A series of potent benzimidazole-based inhibitors of DPP-4 was designed and synthesized. Structural properties and biological
activities are described.

TIE-2/VEGF-R2 SAR and in vitro activity of C3-acyl dihydroindazolo|5,4-a]pyrrolo[3,4-c|carbazole pp 2368-2372
analogs

Ted L. Underiner,” Bruce Ruggeri, Lisa Aimone, Mark Albom, Thelma Angeles, Hong Chang, Robert L. Hudkins,
Kathryn Hunter, Kurt Josef, Candy Robinson, Linda Weinberg, Shi Yang and Allison Zulli

Orally bioavailable, dual inhibitors of TIE-2/VEGF-R2 were identified by elaborating the C3/
N13 SAR around a fused pyrrolodihydroindazolocarbazole scaffold. Analogs bearing a C3-
thiophencarbonyl group were evaluated in enzymatic and cellular biochemical assays; two
orally bioavailable analogs were further profiled in functional assays and found to inhibit

microvessel growth in rat aortic explant cultures and inhibit Ang-1-stimulated chemotaxis of
HUVECs.

fused pyrrolodihydro-

indazolocarbazole

Synthesis of barbiturate-based methionine aminopeptidase-1 inhibitors pp 2373-2376
Manas K. Haldar, Michael D. Scott, Nitesh Sule, D. K. Srivastava® and Sanku Mallik*
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The syntheses of a new class of barbiturate-based inhibitors for methionine aminopeptidase-1 are described. @
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Incorporation of positively charged ribonucleic guanidine linkages into oligodeoxyribonucleotides: pp 2377-2384
Development of potent antisense agents

Myunji Park, Daniele Canzio and Thomas C. Bruice™

5-AGGGUgUgUgUgUgUTAACTCTGCUgU-3’
RNG/DNA Chimera, RNG linkage; UgU

Oligodeoxynucleic acid (21-mer) containing both negatively charged phosphate and positively charged ribonucleic guanidine
linkages (RNG/DNA chimera) have been synthesized. Binding properties and nuclease resistance against exonuclease I of RNG/
DNA chimera are presented.

Tetrazole-biarylpyrazole derivatives as cannabinoid CB1 receptor antagonists pp 2385-2389
Suk Youn Kang, Sung-Han Lee, Hee Jeong Seo, Myung Eun Jung, Kwangwoo Ahn,

Jeongmin Kim and Jinhwa Lee* Br
Me

We have identified a novel tetrazole-based series of small molecule cannabinoid-1 = /N\‘N
antagonists that shows potency comparable to that of known CB1 antagonists. Among N- N/ N-N
various analogues, cyclopentyl-tetrazole (9a) demonstrated high binding affinity and
selectivity for CBI receptor. cl

Cl

9a

(CB1ICso = 11.6 nM and CB2/CB1 = 366)
@"

Aryl-indolyl maleimides as inhibitors of CaMKII5. Part 1: SAR of the aryl region pp 2390-2394
Daniel E. Levy,” Dan-Xiong Wang, Qing Lu, Zheng Chen, John Perumattam, Yong-jin Xu, Albert Liclican,
Jeffrey Higaki, Hanmin Dong, Maureen Laney, Babu Mavunkel and Sundeep Dugar
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Aryl-substituted maleimides were prepared and studied for their activity against CaMKIIS. Inhibitory activities ranged from 34 nM
to >20 uM. Key predicted interactions with the kinase ATP site and hinge region were confirmed.

Aryl-indolyl maleimides as inhibitors of CaMKIIo. Part 2: SAR of the amine tether pp 2395-2398

Daniel E. Levy,” Dan-Xiong Wang, Qing Lu, Zheng Chen, John Perumattam, Yong-jin Xu, Jeffrey Higaki,
Hanmin Dong, Albert Liclican, Maureen Laney, Babu Mavunkel and Sundeep Dugar

Aryl-substituted maleimides were prepared and studied for their activity against CaMKIIS. Inhibitory activities ranged from 34 nM
to >20 uM. Key predicted interactions with the kinase ATP site and hinge region were confirmed.
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Aryl-indolyl maleimides as inhibitors of CaMKII$. Part 3: Importance of the indole orientation pp 2399-2403
Qing Lu, Zheng Chen, John Perumattam, Dan-Xiong Wang, Weiling Liang,

Yong-jin Xu, Steven Do, Llorente Bonaga, Jeffrey Higaki, Hanmin Dong,

Albert Liclican, Steve Sideris, Maureen Laney, Sundeep Dugar, Babu Mavunkel and Daniel E. Levy*

Aryl-substituted maleimides were prepared and studied for their activity against CaMKII. Inhibitory activities ranged from 10 nM
to >20 uM. Key predicted interactions with the kinase ATP site and hinge region were confirmed.

Pyrimidine-based inhibitors of CaMKIId pp 2404-2408

Babu Mavunkel, Yong-jin Xu, Bindu Goyal, Don Lim, Qing Lu, Zheng Chen, Dan-Xiong Wang,
Jeffrey Higaki, Indrani Chakraborty, Albert Liclican, Steve Sideris, Maureen Laney, Ulrike Delling,
Rosanne Catalano, Linda S. Higgins, Hui Wang, Jing Wang, Ying Feng, Sundeep Dugar and Daniel E. Levy”
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Pyrimidine-based inhibitors of CaMKII$ were identified. Through computational studies, a probable binding mode was identified
leading to the design of ATP competitive inhibitors with improved potency, potential hinge interactions, and potent cellular activity.

Fluoroolefins as amide bond mimics in dipeptidyl peptidase I'V inhibitors pp 2409-2413

Scott D. Edmondson,” Lan Wei, Jinyou Xu, Jackie Shang, Shiyao Xu, Jianmei Pang, Ashok Chaudhary,
Dennis C. Dean, Huaibing He, Barbara Leiting, Kathryn A. Lyons, Reshma A. Patel, Sangita B. Patel,
Giovanna Scapin, Joseph K. Wu, Maria G. Beconi, Nancy A. Thornberry and Ann E. Weber
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The synthesis, selectivity, rat pharmacokinetic profiles, and drug metabolism profiles of a series of potent

fluoroolefin-derived DPP-4 inhibitors (4) are reported. A radiolabeled fluoroolefin 33 was shown to possess a high ®+
propensity to form reactive metabolites, thus revealing a potential liability for this class of DPP-4 inhibitors.

Lead identification of 2-iminobenzimidazole antagonists of the chemokine receptor CXCR3 pp 2414-2419
Martin E. Hayes,” Eric C. Breinlinger, Grier A. Wallace, Pintipa Grongsaard, Wenyan Miao,
Michael J. McPherson, Robert H. Stoffel, David W. Green and Gregory P. Roth
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Synthesis and study of antiviral and anti-radical properties of aminophenol derivatives pp 2420-2423
0. Shadyro,” G. Ksendzova, G. Polozov, V. Sorokin, E. Boreko, O. Savinova, B. Dubovik and N. Bizunok

It has been shown that N-acyl and N-aryl derivatives of 4,4-di-tert-butyl-2-aminophenol passes the most marked antiviral activity.

Targeting gastrin-releasing peptide receptors of prostate cancer cells for photodynamic therapy pp 2424-2427
with a phthalocyanine—-bombesin conjugate

Céléna Dubuc, Réjean Langlois, Francgois Bénard, Nicole Cauchon, Klaus Klarskov,

Paul Tone and Johan E. van Lier”
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Sulfonamidolactam inhibitors of coagulation factor Xa pp 2428-2433

Joanne M. Smallheer,” Shuaige Wang, Mia L. Laws, Suanne Nakajima, Zilun Hu, Wei Han, Irina Jacobson,
Joseph M. Luettgen, Karen A. Rossi, Alan R. Rendina, Robert M. Knabb, Ruth R. Wexler,
Patrick Y. S. Lam and Mimi L. Quan
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The synthesis and SAR of N-aryl-3-(arylsulfonylamino)-piperidone inhibitors of Factor Xa is described. Compound 55 is a
representative example of this series with fXa K; = 0.043 nM.

Solid-phase synthesis of new pyrrolobenzodiazepine—chalcone conjugates: DNA-binding pp 2434-2439
affinity and anticancer activity

Ahmed Kamal,” N. Shankaraiah, S. Prabhakar, Ch. Ratna Reddy,
N. Markandeya, K. Laxma Reddy and V. Devaiah
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Design, synthesis and antiproliferative properties of oligomers with chromophore units pp 2440-2444
linked by amide backbones

Josep Farrera-Sinfreu, Anna Aviiio, Isabel Navarro, Juan Aymami, Natalia G. Beteta, Sonia Varon,
Ricardo Pérez-Tomas, Wilmar Castillo-Avila, Ramon Eritja,” Fernando Albericio™ and Miriam Royo
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The synthesis of oligomers having several chromophore units linked by amide bonds is reported. @
Glycosyl and polyalcoholic prodrugs of lonidamine pp 2445-2450
G. Giorgioni,” S. Ruggieri, A. Di Stefano, P. Sozio, B. Cinque, L. Di Marzio, G. Santoni and F. Claudi
Polyhydric alcohol derivatives of the anticancer agent lonidamine (LND) have been synthesized. The R o
increased water solubility showed by prodrugs 4, 7, and 25 together with their log P values (2.19, 2.55, R
and 2.54, respectively) and chemical stability might be beneficial for prodrugs absorption after oral }N
administration. Moreover, the new prodrugs undergo enzymatic hydrolysis in plasma and release N
LND demonstrating that they are promising candidates for in vivo investigations. /@5

Cl Cl
Xylose as a carrier for boron containing compounds pp 2451-2454

Marten Jacobsson, Cecilia Winander, Katrin Mani* and UIf Ellervik*
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Synthesis and anti-protozoal activity of C2-substituted polyazamacrocycles pp 2455-2458

Caroline M. Reid, Charles Ebikeme, Michael P. Barrett, Eva-Maria Patzewitz,
Sylke Miiller, David J. Robins and Andrew Sutherland”
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A focused library of C2-substituted-1,4,7,10-tetraazacyclododecanes have been synthesized and shown to have significant ®+
in vivo anti-protozoal activity against both trypanosome and malaria parasites.
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Fluorination of triptolide and its analogues and their cytotoxicity

Yutaka Aoyagi, Yukio Hitotsuyanagi, Tomoyo Hasuda, Saki Matsuyama, Haruhiko Fukaya,
Koichi Takeya,” Ritsuo Aiyama, Takeshi Matsuzaki and Shusuke Hashimoto

H

o triptolide (1a)
ICso 1.3 ng/mL (A549) ICs0 59 ng/mL (A549)  ICsq 0.42 ng/mL (A549) ICso 3.0 ng/mL (A549)
ICs0 0.1 ng/mL (HT29) ICs0 9.1 ng/mL (HT29)  ICso 0.06 ng/mL (HT29) ICso 0.24 ng/mL (HT29)

pp 2459-2463

Antioxidant capacity of BO-653, 2,3-dihydro-5-hydroxy-4,6-di-tert-butyl-2,2-dipentylbenzofuran,
and uric acid as evaluated by ORAC method and inhibition of lipid peroxidation
Etsuo Niki,* Akiko Fukuhara, Yo Omata, Yoshiro Saito and Yasukazu Yoshida
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BO-653 Uric acid

pp 2464-2466

BO-653 was assessed to be much less potent than uric acid by ORAC method, whereas BO-653 exerted much higher antioxidant

activity than uric acid against plasma lipid peroxidation.

Inhibitors of anthrax lethal factor based upon N-oleoyldopamine
Brandon D. Gaddis, Charles M. Rubert Pérez and Jean Chmielewski*

pp 2467-2470

The structural features of an anthrax lethal factor inhibitor, N-oleoyldopamine (OLDA) have HO
been probed. The oleic acid moiety is critical, but, more interestingly, the presence of the
double bond and its geometry were found to play an essential role. HO

j@@o

OLDA

I=z

Renin inhibition activity by chitooligosaccharides
Pyo-Jam Park, Chang-Bum Ahn, You-Jin Jeon and Jae-Young Je*
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Chitooligosaccharides

A 90-MMWCOS (MW 1000-5000 Da) showed the highest renin-inhibitory activity with ICsy value of 0.

competitive inhibitor with K; value of 0.28 mg/mL by Lineweaver-Burk and Dixon plots.

pp 2471-2474

51 mg/mL and acted as
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1-Aryl-tetrahydroisoquinoline analogs as active anti-HIV agents in vitro. pp 2475-2478
Pi Cheng, Ning Huang, Zhi-Yong Jiang, Quan Zhang, Yong-Tang Zheng, Ji-Jun Chen,”

Xue-Mei Zhang and Yun-Bao Ma
HO
5@l
HO

Ar
6:  Ar = 4-methylphenyl

24: Ar = 3-chlorophenyl
36: Ar = 2-naphthyl

The syntheses and anti-HIV activities of 1-aryl-tetrahydroisoquinoline analogs were described in this paper. Compounds @+
6, 24, and 36 showed potent anti-HIV activities with T1 values larger than 95, 159, and 130, respectively.

Docking-based 3D-QSAR study for 11p-HSD1 inhibitors pp 2479-2490
Jin Hee Lee, Nam Sook Kang* and Sung-Eun Yoo

p-Lactam congeners of orlistat as inhibitors of fatty acid synthase pp 2491-2494
Wei Zhang, Robyn D. Richardson, Supakarn Chamni, Jeffrey W. Smith* and Daniel Romo*
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Synthesis and biological activity of simplified denoviose-coumarins related to novobiocin as potent Pp 2495-2498
inhibitors of heat-shock protein 90 (hsp90)

Christine Radanyi, Gaélle Le Bras, Samir Messaoudi, Céline Bouclier, Jean-Frangois Peyrat,

Jean-Daniel Brion, Véronique Marsaud, Jack-Michel Renoir and Mouad Alami*
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The synthesis and biological activity of a new series of denoviose-coumarins related to novobiocin are described.
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Sugar Chips immobilized with synthetic sulfated disaccharides of heparin/heparan
sulfate partial structure

Masahiro Wakao, Akihiro Saito, Koh Ohishi, Yuko Kishimoto,

Tomoaki Nishimura, Michael Sobel and Yasuo Suda®
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HP/HS partial structure M,
1, GIcNS6S-1doA2S: R'=S05", R%=S05", R®*=S0j", X=H, Y=CO," SPR imaging

2, GIcNS-1doA2S: R'=S03, R%=H, R®=S03", X=H, Y=CO,»"
3, GIcNS6S-GIcA: R'=S05’, R%=S0j", R%=H, X=COy’, Y=H
4, GIcNS-GIcA: R'=S05, R2=H, R3=H, X=COy", Y=H

pp 2499-2504
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A novel cholic acid-based contrast enhancement agent for targeted MRI

Hyun-Soon Chong,” Hyun A. Song, Sooyoun Lim, Keith Macrenaris, Xiang Ma,
Haisung Lee, Phuong Bui and Thomas Meade
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pp 2505-2508
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Selective cell adhesion inhibitors: Barbituric acid based a4p7—MAdCAM inhibitors

pp 2509-2512

Geraldine C. Harriman,” Matthias Brewer, Robert Bennett, Cyrille Kuhn, Marc Bazin, Greg Larosa,

Paul Skerker, Nancy Cochran, Debra Gallant, Deborah Baxter, Dominic Picarella, Bruce Jaffee,
Jay R. Luly and Michael J. Briskin

A novel series of barbituric acid derivatives were identified as selective inhibitors of a4p7
MAdCAM (mucosal addressin cell adhesion molecule-1) interactions via a high throughput
screening exercise. These inhibitors were optimized to submicromolar potencies in whole cell
adhesion assays, retaining their selectivity over other integrins.
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Rhodamine-based fluorogenic probe for imaging biological thiol
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Abstract—We have developed a new fluorescent probe for biological thiol. The probe was synthesized by the modification of the 2,4-
dinitrobenzenesulfonyl group with rhodamine 110. The selective detection of thiol species such as cysteine or glutathione was
achieved in biological conditions. Moreover, the probe was successfully applied to the imaging of thiol species in living human cells.

© 2008 Elsevier Ltd. All rights reserved.

Cellular thiols play important roles in biological sys-
tems.' Changes in their levels are linked to oxidative
stress associated with toxic agents and disease. Glutathi-
one is the most abundant cellular thiol.! It acts as a scav-
enger nucleophile or reducing agent and protects cells
against many carcinogens. Homocysteine is a risk factor
for disorders including cardiovascular diseases and Alz-
heimer’s disease.? The thiol group in cysteine (Cys) res-
idues is involved in three-dimensional structures of
proteins through disulfide bond formation.> Cys defi-
ciency can cause several health problems. Thus, the
detection of intracellular thiols is very important for
investigating cellular function.

Ellman’s reagent is the most widely used reagent for the
determination of thiol groups.* However, this reagent
can be used only in vitro because its assay is based on
absorption change. Several thiol detection methods,
including sensitive fluorescent probes, have been re-
ported.>”” Fluorescein derivatives protected by 2,4-dini-
trobenzenesulfonyl ester have been reported.® The probe
reacts with biological thiol and offers high fluorescent
intensity with short reaction times. However, the probe
may yield undesired background fluorescence because
the sulfonyl ester is hydrolyzed in biological aqueous
solutions.

Recently, fluorescent probes with the 2,4-dinitroben-
zenesulfonamide (DNB) group have been reported.’
The sulfonamide group resists hydrolysis and yields no

Keywords: Thiol; Imaging; Fluorescence; Probe; Synthesis.
* Corresponding author. Tel.: +81 48 467 9303; fax: +81 48 467
9300; e-mail: h-abe@riken.jp

0960-894X/$ - see front matter © 2008 Elsevier Ltd. All rights reserved.

doi:10.1016/j.bmcl.2008.03.014

undesired background fluorescence. In this paper, we
add a new fluorescent probe derived from Rhodamine
(Rh) (Scheme 1). Rh dyes are highly fluorescent and
resistant to photo-bleaching.®* Therefore, they are the
most widely used fluorescent reagents for labeling bio-
molecules.® There is a series of Rh derivatives with a
wide range of emissions, from 450 to 700 nm. Our design
can be applied to many Rh derivatives and can create
multiple color probes for the detection of biological
thiol.

The chemistry of fluorogenic probes involves the nucle-
ophilic attack of the thiol group on the DNB group,
resulting in the cleavage of the sulfone-amide bond,
and then Rh in its open lactone form emits a fluores-
cence signal (Scheme 1). The probe was synthesized in
one step from commercially available Rh 110. The start-
ing material was treated with 2,4-dinitrobenzenesulfonyl
chloride in the presence of KO#-Bu in DMF for 16 h and
the desired probe was obtained in 10% yield.” Mono-
DNB-protected Rh was synthesized as a reference.'®

The probe and mono-DNB Rh show very low fluores-
cence quantum yields, 0.0007 and 0.003, respectively,
in contrast with the high yield of Rh, 0.645 (Table 1).
This result indicates that the observed fluorescence sig-
nal comes from the Rh after the deprotection of the
bis-DNB group in the probe when sensing biological
thiol.

First, to test the fluorescence response, the probe was
incubated in solution with or without Cys in Tris—HCI
buffer (50 mM, pH 7.4). The resulting absorption and
fluorescence spectra are shown in Figure 1. The solution
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Scheme 1. The reaction mechanism of fluorogenic probe. The DNB group is cleaved through the reaction with thiol and the fluorescence signal

appeared.

Table 1. The quantum yields of the compounds®

Compound Probe Mono-DNB Rh Rh

oi° 0.0007 0.003 0.645

# All measurements were done in sodium phosphate buffer (100 mM,
pH 7.4). Compounds were excited at 490 nm.

®Quantum yields are determined by using fluorescein (0.85, 0.1 M
NaOH) as a standard.
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Figure 1. (a) The absorption spectra of 20 pM probe with (solid line)
and without (dash line) 20 mM Cys in 50 mM Tris-HCI (pH 7.4). (b)
Fluorescence spectra of 100 nM probe with (solid line) and without
(dash line) 10, 5, 2.5, 1, 0.5, 0.1 mM Cys after incubation at 37 °C for
30 min in 50 mM Tris—HCI (pH 7.4). The fluorescence emission was
monitored at the excitation of 490 nm.

without Cys exhibited maximum absorption at 516 nm,
which is derived from the DNB group. When Cys was
added to the probe solution, the maximum absorption
peak was shifted to the shorter wavelength of 498 nm,
resulting from the cleavage of the DNB group
(Fig. la). Fluorescence properties were also examined.
No significant fluorescence with excitation at 490 nm
was observed for the probe without Cys. However, after
the addition of Cys (10 mM) to the solution, a strong
emission appeared around 520 nm and the emission

was enhanced about 5800-fold (Fig. 1b). To test the
sensitivity, fluorescence spectra were measured in vari-
ous concentrations of Cys. The concentration limit for
the detection of Cys was 100 uM with 100 nM of probe,
where the signal to background ratio reached 12 times.
To determine the chemical yield in the reaction of the
probe with Cys, the reaction mixture was analyzed by
HPLC (Fig. S1). The treatment of 1 mM Cys gave
mono-DNB Rh and Rh in 14% and 41% yields,
respectively.

Selectivity is an important issue in applying the probe to
the detection of biological thiol. Probes should specifi-
cally respond to the thiol and yield no unexpected signal
to other biological substances. To determine the selectiv-
ity, we treated the probe with various biological sub-
stances and measured the fluorescence signals. The
selectivity of the probe for thiol was proved by monitor-
ing the fluorescence emission at 522 nm with biorelevant
analytes under physiological conditions. As shown in
Figure 2, significant fluorescence intensity enhancement
was observed for Cys, phosphorothioate, dithiothreitol,
and glutathione (50- to 200-fold). However, the reaction
with 2-mercaptoethanol (ME) showed only a small in-
crease in fluorescence (11-fold). The pK, value of ME
shows a value of 9.5, higher than that of other thiols;
therefore, the reaction with the DNB group should be
slow.!" HPLC analysis showed that ME treatment gave
unreacted probe and mono-DNB Rh in 85% and 15%
yields, respectively. As expected, the probe was inactive
to other biological substances such as glycine, ascorbic
acid, or hydrogen peroxide. Likewise, basic amino acid
series such as Lys or Arg showed no signal. The probe
was very stable in biological environments. For exam-
ple, no increase in the fluorescence signal was detected
after the probe was heated for 24 h at 55 °C in 50 mM
Tris buffer (pH 7.4). Thus, we confirmed that the new
probe offers good selectivity to biological thiol and no
undesired fluorescence signals.

The most important application for this probe is the
monitoring of thiol in living cells. To test this capability,
we tried to image biological thiol in living HeLa cells.
The pictures of brightfield images and fluorescence
images were taken by fluorescence microscope (Fig. 3).
When incubated with the probe (25 uM) for 15 min,
cells showed significant fluorescence signals (Fig. 3d).
The strong signal was localized to cytoplasm. On the
other hand, nuclei showed weak fluorescence signals.
In contrast, when cells were pretreated with the thiol-
blocking reagent N-methylmaleimide'? and then incu-
bated with the probe in a similar manner, no fluores-
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Figure 2. The fluorescence intensity of 1 pM probe with 1 mM thiols in 50 mM Tris—HCI (pH 7.4). After the addition of thiol, the solution was
incubated at 37 °C for 30 min. The fluorescence emission at 522 nm was monitored by excitation at 490 nm. 3’-Thio dT, 3’-phosphorothioate-2'-
deoxythymidine; DTT, dithiothreitol; GSH, glutathione; L-Gly, L-glysine; L-Arg, L-arginine; L-Lys, L-lysine; V¢, ascorbic acid.

Figure 3. The fluorescence image of HeLa cells: (a and b) the control image of cells pretreated with N-methylmaleimide (1 mM) for 60 min at 37 °C
and then incubated with probe (25 ptM) for 15 min at 37 °C; (c and d) the image of cells incubated with probe (25 ptM) for 15 min at 37 °C; (a and c)
brightfield image; (b and d) fluorescence image. Microscope settings were as follows: excitation: 470/40 bandpass filter; emission: 525/50 bandpass

filter; exposure time 300 ms.

cence signal was observed (Fig. 3b). The results demon-
strate that the probe penetrates cell membranes and
images the changes in thiol levels of living cells.

In conclusion, we developed a novel fluorescent probe
that yields a signal responsive to thiols. The probe was
successfully applied to the imaging of biological thiol
in living cells.
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Mono-DNB Rh; 'H NMR (400 MHz, CDCI5/CD3;0D): o
8.48-8.47 (d, 1H, J = 2.2), 8.43-8.40 (dd, 1H, J = 2.2, 6.6),
8.31-8.29 (d, 1H, J=8.8), 8.05-8.02 (m, 1H), 7.64-7.61
(m, 2H), 7.15-7.13 (m, 3H), 6.85-6.82 (dd, 2H, J =22,
6.8), 6.78-6.72 (m, 2H), 6.57-6.56 (d, 1H, J =2.2), 6.49—
6.46 (dd, 1H, J = 2.2, 6.6); >*C NMR (99.5 MHz, CDCly/
CD;0D) 6 170.41, 154.34, 153.64, 152.49, 148.70, 148.01,
140.82, 132.86, 131.95, 129.87, 129.45, 129.11, 126.49,
125.87, 125.59, 119.33, 119.19, 114.26, 113.31, 107.06,
9963, HRMS (ESI) m/z calcd for C26H15N4OQS (M*H)
559.0560; found 559.0569.

Klis, F. M.; Jong, M.; Brul, S.; Groot, P. W. J. Yeast 2007,
24, 253.

Yellaturu, C. R.; Bhanoori, M.; Neeli, I.; Rao, G. N. J.
Biol. Chem. 2002, 277, 40148.





		Rhodamine-based fluorogenic probe for imaging biological thiol

		Acknowledgments

		Supplementary data

		References and notes






s

LSEVIER

ScienceDirect

Available online at www.sciencedirect.com

Bioorganic &
Medicinal
Chemistry
Letters

Bioorganic & Medicinal Chemistry Letters 18 (2008) 2250-2255

Discovery of novel PRL-3 inhibitors based
on the structure-based virtual screening

Hwangseo Park,* Suk-Kyeong Jung,® Dae Gwin Jeong,®
Seong Eon Ryu® and Seung Jun Kim™*

aDepartment of Bioscience and Biotechnology, Sejong University, 98 Kunja-Dong, Kwangjin-Ku, Seoul 143-747, Republic of Korea
®Translational Research Center, Korea Research Institute of Bioscience and Biotechnology, 52 Eoeun-Dong,
Yuseong-Gu, Daejeon 305-333, Republic of Korea
°Systemic Proteomics Research Center, Korea Research Institute of Bioscience and Biotechnology, 52 Eoeun-Dong,
Yuseong-Gu, Daejeon 305-333, Republic of Korea

Received 19 November 2007; revised 14 February 2008; accepted 6 March 2008
Available online 10 March 2008

Abstract—The inhibitors of phosphatase of regenerating liver-3 (PRL-3) have been shown to be useful as therapeutics for the treat-
ment of cancer. We have been able to identify 12 novel PRL-3 inhibitors by means of the virtual screening with docking simulations
under the consideration of the effects of ligand solvation in the scoring function. Because the newly identified inhibitors are struc-
turally diverse and reveal a significant potency with I1Cs, values ranging from 10 to 50 uM, all of them can be considered for further
development by structure—activity relationship or de novo design methods. Structural features relevant to the interactions of the
newly identified inhibitors with the amino acid residues in the active site and the peripheral binding site of PRL-3 are discussed

in detail.
© 2008 Elsevier Ltd. All rights reserved.

Protein tyrosine phosphatases (PTPs) are a family of
closely related key regulatory enzymes that dephosphor-
ylate phosphotyrosine residues in their protein sub-
strates. So far much evidence has been reported in
support of the correlation between malfunctions in
PTP activity and various diseases including cancer, neu-
rological disorders, and diabetes.! This has made PTPs
be a promising target for therapeutic intervention.
Among a variety of PTPs, the phosphatase of regenerat-
ing liver (PRL) family tyrosine phosphatases (PRL-1,
PRL-2, and PRL-3) are closely related intracellular en-
zymes and possess the PTP active-site signature se-
quence of CXsR.%* They share at least 75% of amino
acids and are similar in size with molecular weight of
about 20 kDa.

PRL-3 is a nonclassical PTP with C-terminal prenyla-
tion motif and is recently known to be related with

Keywords: Virtual screening; Docking; PRL-3; Inhibitor; Anti-cancer

agents.
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metastasis. It resides at the nucleus and the cytoplasmic
membrane in the nonprenylated and prenylated states,
respectively. Overexpression of PRL-3 has proven to
cause the transformation of human embryonic kidney
cell HEK293 as well as the increase in HEK293 cell
growth.* A consistent increase in the expression of
PRL-3 mRNA in the liver metastasis of colorectal can-
cers provided evidence for the correlation between the
overexpression of PRL-3 with colorectal cancer metasta-
sis.> Furthermore, it was shown that the cell motility,
invasion activity, and metastasis were promoted with
the increase in the catalytic activity of PRL-3.° Thus, a
series of experimental evidence indicates that PRL-3
can serve as a therapeutic target for metastatic tumors
as well as a putative prognostic marker.

The structural studies have shown that PRL phospha-
tases belong to a class of dual specificity phosphatases
with the closest structural homology to VHR phospha-
tases. The characteristic structural features that discrim-
inate PRL-3 from the other phosphatases include the
unusually hydrophobic active site without the catalyti-
cally important serine/threonine residue.” The nuclear
magnetic resonance (NMR) data for the conformational
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motion of PRL-3 indicated an extraordinarily high flex-
ibility of the loop structure comprising the active site.
However, such a high-amplitude motion of the flexible
loop is damped out upon binding of a substrate ana-
logue.® The structure of PRL-1 is similar to that of
PRL-3 in that it has a shallow active site pocket with
highly hydrophobic character as shown in the X-ray
crystal structures, which is not surprising for a high se-
quence identity of more than 75% between the PRL
phosphatases.®!' However, molecular modeling studies
indicated that each PRL phosphatase would have a un-
ique surface element that can be important for specificity
in the catalysis.”

Discovery of PRL phosphatase inhibitors has lagged be-
hind the pharmacological and structural studies. Only
two classes of inhibitors have been reported so far. Pent-
amidine proved to be an effective inhibitor of PRL phos-
phatases with anti-cancer potential.!! Recently, Ahn
et al. identified the rhodanine skeleton in the course of
the search for PRL-3 inhibitors through high through-
put screening (HTS) of a chemical library.'? They also
reported the synthetic methods and the structure—activ-
ity relationship (SAR) data for various rhodanine deriv-
atives as PRL-3 inhibitors.

In the present study, we identify the novel classes of
PRL-3 inhibitors by means of a structure-based drug de-
sign protocol involving the virtual screening with dock-
ing simulations and in vitro enzyme assay. The
characteristic feature that discriminates our virtual
screening approach from the others lies in the implemen-
tation of an accurate solvation model in calculating the
binding free energy between PRL-3 and putative li-
gands, which would have an effect of increasing the hit
rate in enzyme assay.'>!* To the best of our knowledge,
we report the first example for the successful application
of the structure-based virtual screening to identify novel
PRL-3 inhibitors. It will be shown that the docking sim-
ulation with the improved binding free energy function
can be a useful tool for elucidating the activities of the
identified inhibitors, as well as for enriching the chemi-
cal library used in screening assays with molecules that
are likely to have biological activities.

Although two NMR structures of PRL-3 have been re-
ported in the ligand-free forms,”® they are inappropriate
to be used in docking simulation of putative inhibitors
because the active site region is maintained flat and ex-
posed to bulk solvent. In order to obtain another con-
formation of PRL-3 suitable for structure-based
virtual screening, therefore, we carried out the homol-
ogy modeling using the X-ray crystal structure of
PRL-1 (PDB ID: 1xm2)!* as the structural template.
Due to a high sequence identity of more than 75% be-
tween the two PRL phosphatases, a high-quality 3-D
structure of PRL-3 is expected in the homology model-
ing.!> A special attention was paid to assign the proton-
ation states of the ionizable Asp, Glu, His, and Lys
residues of the homology-modeled PRL-3 structure.
The side chains of Asp and Glu residues were assumed
to be neutral if one of their carboxylate oxygens pointed
toward a hydrogen-bond accepting group including the

backbone aminocarbonyl oxygen at a distance within
3.5 A, a generally accepted distance limit for a hydrogen
bond of moderate strength.'® Similarly, the lysine side
chains were assumed to be protonated unless the NZ
atom was in proximity of a hydrogen bond donating
group. The same procedure was also applied to deter-
mine the protonation states of ND and NE atoms in
His residues.

The docking library for PRL-3 comprising about 85,000
compounds was constructed from the latest version of
the chemical database distributed by Interbioscreen
(http://www.ibscreen.com) containing approximately
30,000 natural and 320,000 synthetic compounds. The
selection was based on the drug-like filters that adopt
only the compounds with physicochemical properties
of potential drug candidates'” and without reactive
functional group(s). All of the compounds included in
the docking library were then subjected to the Corina
program to generate their 3-D atomic coordinates, fol-
lowed by the assignment of Gasteiger—Marsilli atomic
charges.!® We used the AutoDock program!® in the vir-
tual screening of PRL-3 inhibitors because the outper-
formance of its scoring function over those of the
others had been shown in several target proteins.?’ AM-
BER force field parameters were assigned for calculating
the van der Waals interactions and the internal energy of
a ligand as implemented in the AutoDock program.
Docking simulations with AutoDock were then carried
out in the active site of PRL-3 to score and rank the
compounds in the docking library according to their cal-
culated binding affinities.

In the actual docking simulation of the compounds in
the docking library, we used the empirical AutoDock
scoring function improved by the implementation of a
new solvation model for a compound. The modified
scoring function has the following form:

AGiy=Wuaw > Y (— - —)

=1 j>i l] l/

+ Whbond Z ZE ( - 10)
rg Ty

=l j>i
+ Welec Z Z e qlqj + WtorNtor

i=1 j>i (rlj)rlf

+ WWZS (Occmdx > Ve za> (1)

J>i

where WvdW; thond, Welec, I/Vtor’ and Wsol are the
weighting factors of van der Waals, hydrogen bond,
electrostatic interactions, torsional term, and desolva-
tion energy of inhibitors, respectively. r; represents the
interatomic distance, and A4;, B, Cy;, and D;; are related
to the depths of the potential energy well and the equi-
librium separations between the two atoms. The hydro-
gen bond term has an additional weighting factor, E(¢),
representing the angle-dependent directionality. With
respect to the distance-dependent dielectric constant,
e(ry), a 51gm01da1 function proposed by Mehler and
Solmajer?! was used in computing the interatomic elec-
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trostatic interactions between PRL-3 and a putative 11-
gand. In the entropic term, Ny, is the number of sp’
bonds in the ligand. In the desolvation term, S; and V;
are the solvation parameter and the fragmental volume
of atom i,%* respectively, while Occ™ stands for the
maximum atomic occupancy. In the calculation of
molecular solvation free energy term in Eq. 1, we used
the atomic parameters recently developed by Kang
et al.?? because those of the atoms other than carbon
were unavailable in the current version of AutoDock.
This modification of the solvation free energy term is ex-
pected to increase the accuracy in virtual screening be-
cause the underestimation of ligand solvation often
leads to the overestimation of the binding affinity of a
ligand with many polar atoms.!*

Of the 85,000 compounds subject to the virtual screening
with docking simulations, 200 top-scored compounds
were selected as virtual hits. One hundred and ninety-
one of them were available from the compound supplier
and were evaluated for in vitro inhibitory activity against
recombinant human PRL-3. PRL-3 protein was overex-
pressed using Escherichia coli BL21(DE3) strain and sub-
sequently purified. Assays were performed by monitoring
the hydrolysis of 6,8-difluoro-4-methylumbelliferyl phos-
phate (DIFMUP) at 25 °C for 5 min in 20 mM Tris—HCl
(pH 8.0), 5mM DTT, in the presence or absence of the
inhibitor. After the addition of purified PRL-3 (0.3 uM)
and DIFMUP (5 uM), the reaction mixture was incu-
bated for 5 min. The reaction was stopped by the addition
of sodium orthovanadate (20 mM). The phosphatase
activities were measured by the absorbance changes
caused by the hydrolysis of the substrate at 460 nm.
ICs, values were an average of triplicate experiments as
determined from direct regression curve analysis. Pent-
amidine was used as a reference.
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As a result of in vitro enzyme inhibition assay, we iden-
tified 38 compounds that inhibited the catalytic activity
of PRL-3 by more than 50% at the concentration of
50 uM. Among them, 12 compounds shown in Figure
1 revealed a high potency with more than 70% inhibition
at the same concentration and were selected to deter-
mine ICsq values. The chemical structures and the inhib-
itory activities of the newly identified inhibitors are
shown in Figure 1 and Table 1, respectively. We note
that compound 1 belongs to the rhodanine derivatives
that were known as PRL-3 inhibitors in the previous
study.!'? This consistency supports the reliability of the
virtual screening employed in this work. To the best of
our knowledge, the other compounds shown in Figure
1 have not been reported as PRL-3 inhibitors so far.
Furthermore, the newly found inhibitors are structurally
diverse, and therefore each of which can be considered
as a new inhibitor scaffold for further development by
structure—activity relationship (SAR) or de novo design
methods.

To obtain some energetic and structural insight into the
inhibitory mechanisms by the identified inhibitors of

Table 1. ICsy values (in uM) of the reference and compounds 1-12
against PRL-3 together with their rankings in virtual screening

Compound ICsy Ranking Compound ICsy Ranking
(1M) (1M)

Pentamidine 53.6 7 447 195
1 13.3 23 8 37.8 51
2 28.1 8 9 27.7 36
3 40.3 189 10 41.7 151
4 41.5 54 11 18.3 43
5 15.4 94 12 48.7 115
6 438 22

0 0

~°
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6
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Figure 1. Chemical structures of the newly identified PRL-3 inhibitors.
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PRL-3, their binding modes around the active site were
investigated using the AutoDock program with the pro-
cedure described above. The calculated binding mode of
1 around the active site of PRL-3 is shown in Figure 2. It
is noted that the carboxylate group of the inhibitor re-
ceives two hydrogen bonds from the backbone amidic
nitrogen of Vall05 and the side chain of Argl10. Be-
cause these two hydrogen bonds are established in the
vicinity of the catalytic residue Cysl104, the benzoate
moiety seems to be an effective chemical group for bind-
ing in the active site of PRL-3 and thereby for inhibiting
its catalytic activity. A stable hydrogen bond is also
established between the aminocarbonyl oxygen of the
inhibitor and the backbone amidic nitrogen Gly73. This
interaction should also be important in the inhibition of
PRL-3 because Gly73 is one of the loop residues com-
prising the active site and known to be involved in bind-
ing of a substrate analogue.® Inhibitor 1 can be further
stabilized by the hydrophobic interactions of the rhoda-
nine moiety with the side chains of Pro75, Valll3, and
Tyr148. The inhibitor rhodanine group seems thus to
be capable of forming a hydrogen bond and van der
Waals contacts with the flexible loop (residues 70-80).
Therefore, the binding of inhibitor 1 around the active
site is expected to decrease the malleability of the flexible
loop, which can be an explanation for the observed
inhibitory activity. Judging from the overall structural
features of the PRL-3-1 complex derived from docking
simulations, the inhibitory activity of 1 is likely to stem
from the multiple hydrogen bonds and hydrophobic
interactions established simultaneously in the active site.

Figure 3 shows the lowest-energy AutoDock conforma-
tion of compound 5 around the active site of PRL-3.
The binding mode of 5 differs from that of 1 in that
the benzoate group of the inhibitor resides in a hydro-
phobic pocket including the side chains of Pro75 and
Tyrl48, and stays distant from the catalytic residue
Cys104. In this complex, the inhibitor carboxylate group
receives a hydrogen bond from the side chain amide
group of Asnl42. The role of the surrogate for a sub-
strate phosphate group can be played by the imidazoli-
dine-2,4-dione moiety of 5, because one of the
aminocarbonyl oxygens forms a hydrogen bond with

V105

Y148

c104
V113

Figure 2. Binding mode of 1 around the active site of PRL-3. Carbon
atoms of the protein and the ligand are indicated in green and cyan,
respectively. Each dotted line indicates a hydrogen bond.

V105

V113

Figure 3. Binding mode of 5 around the active site of PRL-3. Carbon
atoms of the protein and the ligand are indicated in green and cyan,
respectively. Each dotted line indicates a hydrogen bond.

the side chain of Argl10 that resides in a close proximity
to Cys104. However, the number of hydrogen bonds in
the enzyme—inhibitor complex decreases from three to
two with the change of the inhibitor from 1 to 5, which
would have an effect of lowering the inhibitory activity.
Another characteristic feature that discriminates the
binding mode of 5 from that of 1 is that the former
can be more stabilized in the hydrophobic pocket than
the latter. Besides the benzoate group, the pyrrole moi-
ety of 5 also forms a van der Waals contacts with the
side chains of Valll3, GInl45, and Argl10. Thus, the
strengthening of the hydrophobic interactions seems to
compensate for the weakening of the hydrogen bond
interactions, which can be an explanation for the simi-
larity in inhibitory activities between the two inhibitors.

Although human PTPs have proved to be involved in a
variety of diseases, drug discovery with them as a target
protein can be hampered due to a close similarity of the
active site among PTPs and the resultant difficulty in
guaranteeing the selectivity of an inhibitor for a single
PTP. In the 3-D structure of PRL-3, a surface cavity
separated ~8 A apart from the active site is found as
shown in Figure 4, which is also a structural feature of
PRL-1.%!0 This peripheral binding site comprises the
residues from the loop connecting the sheet B4 and the
helix a3 (Phe70, Gly73, Ala74, Pro75, and Pro76), those
from the helix a4 (Argl10 and Vall13), and those from
the helix a6 (Lys144, GIn145, and Tyr148). We note that
compounds 1 and 5 are accommodated not only in the
catalytic site but also in the peripheral binding site of
PRL-3, indicating a significant role of the latter in ligand
binding. As a check for the presence of such a peripheral
binding site in the other PTPs, we searched a surface
cavity with the program Voidoo?* in the 3-D structures
of VHR,” MKP5,%° DSP18,>” VHY,*® DUSP5,%
TMDP,® and SSH23! that are similar in molecular
weight to PRL phosphatases. However, the spaces of
all the other PTPs corresponding to the surface cavity
of PRL-3 were filled with amino acid residues, implying
that the presence of a peripheral binding site should be a
characteristic feature that discriminates the PRL phos-
phatases from the other PTPs. The presence of such a
peripheral binding site may thus contribute toward the
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Figure 4. Compounds 1 (a) and 5 (b) bound in the active site and the peripheral binding site of PRL-3. Carbon atoms of the ligand and those forming

the peripheral binding site are shown in cyan and green, respectively.

development of a selective PRL phosphatase inhibitor as
an anti-cancer drug.

In summary, we have identified 12 new novel inhibi-
tors of PRL-3 by applying a computer-aided drug
design protocol involving the homology modeling of
the target protein and the structure-based virtual
screening with docking simulations under consider-
ation of the effects of ligand solvation in the binding
free energy function. These inhibitors reveal a struc-
tural diversity as well as a significant potency with
1Cso values lower than 50 uM. Therefore, each of the
newly discovered inhibitors can provide a new scaffold
for further development by structure—activity relation-
ship studies or de novo design methods. Detailed bind-
ing mode analyses with docking simulation show that
the inhibitors can be stabilized by the simultaneous
establishment of multiple hydrogen bonds and van
der Waals contacts in the active site and the peripheral
binding site.
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Abstract—Nitroimidazoles such as PA-824 and OPC-67683 are currently in clinical development as members of a promising new
class of therapeutics for tuberculosis. While the antitubercular activity of these compounds is high, they both suffer from poor water
solubility thus complicating development. We determined the single crystal X-ray structure of PA-824 and found a close packing of
the nitroimidazoles facilitated by a pseudoaxial conformation of the p-trifluoromethoxybenzyl ether. To attempt to disrupt this tight
packing by destabilizing the axial preference of this side chain, we prepared the two diastereomers of the 7-methyl-nitroimidazo-oxa-
zine. Determination of the crystal structure of the 7-(S)-methyl derivative (5, cis) revealed that the benzylic side chain remained
pseudoaxial while the 7-(R)-methyl derivative (6, trans) adopted the desired pseudoequatorial conformation. Both derivatives dis-
played similar activities against Mycobacterium tuberculosis, but neither showed improved aqueous solubility, suggesting that inher-
ent lattice stability is not likely to be a major factor in limiting solubility. Conformational analysis revealed that all three compounds
have similar energetically accessible conformations in solution. Additionally, these results suggest that the nitroreductase that ini-

tially recognizes PA-824 is somewhat insensitive to substitutions at the 7-position.

© 2008 Elsevier Ltd. All rights reserved.

Despite decades of research, tuberculosis continues to be
a major public health threat. The WHO estimates that,
in 2005, 1.6 million people died from tuberculosis (TB)
which is caused by the microorganism Mycobacterium
tuberculosis (Mtb).! Current therapy for TB lasts for
several months and is called directly observed therapy
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short-course (DOTY). This regimen calls for an intensive
phase of chemotherapy using four drugs for 2 months,
followed by a continuation phase using two drugs for
4-6 months.? Rifampin is inarguably the most impor-
tant drug in the DOTS regimen as it allowed shortening
the course of therapy to 6 months from the standard 12
to 18 months of previous regimens. The potency of
rifampin is thought to be due in part to its action against
both aerobically growing and anaerobically adapted,
non-replicating mycobacteria.’

Nitroimidazoles are a class of compounds widely used
clinically for the management of anaerobic bacterial
infections.* Metronidazole (1) has activity only against
anaerobically adapted Mtb> and is the subject of an
on-going clinical trial.® Bicyclic nitroimidazoles have
also been developed that have both aerobic and anaero-
bic activity against Mtb (Fig. 1). CGI-17341 (2) and
OPC-67683 (3), both nitroimidazo-oxazoles, and PA-
824 (4), a nitroimidazo-oxazine, have activity against
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Figure 1. Nitroimidazoles with antitubercular activity.

aerobic and anaerobic populations of Mtb.”® PA-824
has an aerobic MIC (minimum inhibitory concentra-
tion) of 0.4 uM and substantial anaerobic activity at
8-16 uM. Several groups have also confirmed the effi-
cacy of PA-824 in the mouse model of TB infection.'® 13
PA-824, and more recently OPC-67683, have entered
clinical trials for the treatment of tuberculosis.!*!> Prior
work has shown that PA-824 acts as a prodrug requiring
bioreductive activation before exerting its biological ef-
fect.!® One serious issue with the clinical use of both
PA-824 and OPC-67683 lies in their low water solubility.
PA-824 is only soluble at 10.2 pg/mL!” (Table 1) and the
in vivo activity of OPC-67683 requires formulation in
5% gum arabic.!> Similarly, the low water solubility of
PA-824 necessitates the use of a complex formulation
in animals (CM-2) that may not be suitable for human
use and may require development of an expensive
alternate.

Low solubility can often be related to thermodynamic
stability of a particular crystalline polymorph.'® There-
fore, in an effort to understand the reasons behind the
low water solubility of PA-824, we determined its crystal
structure (Fig. 2).!%-3! This structure showed PA-824 ar-
ranged in antiparallel layers with stacked nitroimidaz-
oles alternating with stacked p-trifluoromethoxybenzyl
ethers. The oxazine ring is bent so that C-6, bearing
the trifluoromethoxybenzyl side chain, is out of the
plane of the imidazole ring. This forces the side chain
into a pseudoaxial orientation. We hypothesized that
the low water solubility of PA-824 could be due to tight

packing in the crystal lattice and that disruption of this
arrangement might result in improved water solubility.
We postulated that adding a substituent on the oxazine
ring adjacent to the trifluoromethoxybenzyl ether would
force this side chain into the pseudoequatorial position
disrupting the antiparallel stacking observed in the crys-
tal structure.

To this end, we targeted the 7-methyl analogues of PA-
824, 5 and 6 (Fig. 1). The synthesis of these compounds
is shown in Scheme 1. Briefly, crotonyl chloride (7)
underwent asymmetric dihydroxylation using AD-mix
o to give diol 8.2° Ring-closure under basic conditions
yielded epoxy alcohol 10.2! To prepare the opposite dia-
stereomer, racemic allylic alcohol 9 underwent Sharpless
epoxidation to give epoxy alcohol 11.2?> Compounds 10
and 11 were protected to give 12 and 13,?3 respectively.
Alkylation of 2,4-dinitroimidazole?* yielded the corre-
sponding secondary alcohols 14 and 15,25 which were
converted to the THP-protected derivatives 16 and
17.2° Desilylation and ring cyclization proceeded in
one step to give oxazines 18 and 19.2” Deprotection, giv-
ing free alcohols 20 and 21,%® followed by benzylation
with p-trifluoromethoxybenzyl bromide delivered de-
sired compounds 7-(S)-methyl-PA-824 (5) and 7-(R)-
methyl-PA-824 (6), respectively.?’

Compounds 5 and 6 displayed comparable antitubercu-
lar activities to PA-824 under aerobic conditions (Table
1). The MIC for 7-(S)-methyl-PA-824 (5) is 0.2-0.4 uM
and for 7-(R)-methyl-PA-824 (6) is 0.2 uM. Like PA-

Table 1. Biological activity and solubility of PA-824 and 7-methyl analogues

Compound H37Rv MIC H37Rv MAC H37Rv-T3 MIC H37Rv-5A1 H37Rv-T2 Solubility
(nM) (nM) (nM) MIC (uM) MIC (uM) (ng/mL)
PA-824 (4) 0.4 8-16 >100 >100 >100 102%1.6
7-(S)-Methyl-824 (5, cis) 0.2-0.4 16 >100 >100 >100 98919
7-(R)-Methyl-824 (6, trans) 0.2 8-16 >100 >100 >100 103%+1.6

The phenotype and genetic changes in mutants H37Rv-T3, H37Rv-5A1 and H37Rv-T2 have been reported.'®
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Figure 2. Crystal structure of PA-824. Asymmetric unit of the PA-824 crystal shows a staggered configuration of individual molecules and four
molecules per unit cell (left). The space-filling diagram highlights this tight packing arrangement (right).
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Scheme 1. Synthesis of 7-methyl analogues of PA-824. Reagents and conditions: (a) AD-mix o, CH3SO,NH,, NaHCOs;, -BuOH, H,O, 0 °C; (b)
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70 °C; (f) 3,4-dihydro-2H-pyran, PPTS, CH,Cl,, rt; (g) TBAF, THF, rt; (h) AcOH, THF, H,0, 45 °C; (i) NaH, 4-triftuoromethoxybenzyl bromide,

DMF, —45°C —rt.

824, the two methyl-oxazines both require reduced coen-
zyme F459. Mutants that either fail to reduce this cofac-
tor (H37Rv-T3) or mutants deficient in its biosynthesis
(H37Rv-5A1) are cross-resistant to these nitroimidaz-
oles. The reduction of these compounds is probably
mediated by the nitroreductase Rv3547 as mutants lack-
ing this enzyme (H37Rv-T2) are also cross-resistant.'®
The MAC (minimum anaerobicidal concentration) val-
ues for compounds 4-6 were equivalent.3?

Unfortunately, when we determined the thermodynamic
solubility of compounds 5 and 6, they were not more
soluble than PA-824, each having a solubility limit of
approximately 10 ug/mL (Table 1).!7 To understand
the consequence of the methyl substituent on the confor-
mation of these compounds in the crystalline form, we

determined the crystal structures of compounds 5 and
6 (Fig. 3).>' The crystal structure of compound 5 (cis)
shows the oxazine ring in the same conformation as in
that of PA-824. Thus, carbon-6 in 5 is out of the plane
of the imidazole ring, just as in the crystal structure of
PA-824. The side chain in 5 is similarly pseudoaxial.
As hoped, in compound 6, the trans isomer, the opposite
effect occurred. Carbon-6 in this compound is out of the
plane of the imidazole ring, but on the side opposite to
that found in PA-824 and compound 5. This conforma-
tion places the benzylic side chain in the desired pseud-
oequatorial conformation. The conformation of
compound 6 depicted in the crystal structure places
the substituents of both carbon-6 and carbon-7 in the
more favorable pseudoequatorial positions. Interest-
ingly, the packing diagrams for compounds 5 and 6 do
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Figure 3. Crystal structures of PA-824 (purple), 7-(S)-methyl-PA-824 (5, cis, green), and 7-(R)-methyl-PA-824 (6, trans, white). View on the left is
shown along the plane of the nitroimidazole to highlight the differing conformations of the oxazine rings in each structure. Arrows indicate the C-6
carbon atoms. Crystal packing diagrams of compounds 5 (right, top) and 6 (right, bottom) are distinct from that of PA-824.

not show the same arrangement of antiparallel mole-
cules as in the case of PA-824 (Fig. 3). Instead, the com-
pounds are arranged linearly in a back-to-back
conformation with imidazole rings in a nearly perpen-
dicular arrangement between rows. The similarity be-
tween packing diagrams for compounds 5 and 6
indicates that the differences in single-molecule structure
do not impact the overall packing between molecules.

Despite changing the angle of the oxazine-trifluorometh-
oxybenzyl side chain to either more pseudoaxial (in
compound 5) or more pseudoequatorial (in compound
6) compared with PA-824, there was a negligible effect
on solubility. This result suggests that stability of this
crystalline form is not a major contributor to the overall
insolubility of this molecule. Further, the melting points
and crystal packing densities of these compounds are
very similar. The melting points are 149-150 °C (PA-
824),3? 146-148 °C (compound 5), and 126.5-128.5 °C
(compound 6). The crystal packing densities are 1.55-
1.59 g/em® for all three compounds. The similarities in
these numbers support the conclusion that the com-
pounds’ poor solubility is not related to the crystal
packing.

Nonetheless, the variation in angle between the imidazo-
oxazine and the trifluoromethoxybenzyl side chain
seemed incongruent with the minor variations in biolog-
ical activity, particularly since the R isomer of PA-824 is
nearly 50-fold less active than the S.!° To understand
this discrepancy, we performed a conformational analy-
sis on these compounds to identify the lowest energy
conformations in solution.’* Compounds 4-6 were

minimized to yield the 100 lowest energy structures.
For PA-824 (4), all 100 structures agreed well with the
crystal structure (within 9 kJ/mol), the primary differ-
ences arising from rotation of the benzyl side chain
about the ether bond. For compound 5 (cis), 73 of the
100 lowest energy conformations agreed with the PA-
824 set. The remaining conformations agreed well with
compound 5 crystal structure, although these had mini-
mized energies of at least 12.2 kJ/mol above the global
minimum. For compound 6 (trans), 91 of 100 conforma-
tions were nearly the same as PA-824 (within 6 kJ/mol).
The remaining 9 solutions agreed with the crystal struc-
ture of 6, being at least 3.9 kJ/mol above the global min-
imum. These data indicate that the major conformation
in solution of both 7-methyl isomers will most likely be
very close to that of PA-824. The slightly higher activity
seen with compound 6 is intriguing in that it suggests
that the active conformer may, in fact, not be the mini-
mum energy conformer in solution. This result suggests
that the active conformer may be more abundant with
the trans substituent forcing an even more pronounced
pseudoequatorial orientation of the side chain.

Thus, these results suggest that the low solubility of PA-
824 in aqueous media may not be the result of an intrin-
sically stable crystalline form. Future efforts will focus
on the introduction of solubilizing groups while preserv-
ing activity. Such studies would be greatly facilitated by
an in vitro nitroreductase assay from which detailed
SAR could be obtained. The activity of compounds 5
and 6 against wild-type H37Rv and all three classes of
mutants resistant to PA-824 suggests that these com-
pounds are acting through the same mechanism as
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PA-824 and are substrates of Rv3547. The activity of 5

and

6 demonstrates that the nitroreductase accepts at

least small substituents at the 7-position. These results
suggest that further derivatives at the 7-position of the
oxazine may be fruitfully explored to improve activity

and

We

solubility of these important compounds.
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0.034 (m, 12H). '*C NMR (75 MHz, CDCls) § 143.01,
142.58, 141.97, 141.60, 125.69, 124.90, 101.77, 100.25,
80.54, 76.93, 68.59, 68.22, 65.29, 63.83, 51.70, 50.56, 30.99,
30.81, 25.84, 25.80, 25.05, 24.88, 21.34, 20.07, 18.24, 18.09,
18.04, 17.01, —4.54, —4.84, —4.85, —4.95. HRMS calcd for
C1gH33N405Si [M+H]™: 445.2119; found 445.2118. Com-
pound 17, (2S,3R)-3-[3-(TBDMS)-2-(tetrahydro-pyran-2-
yloxy)-butyl]-2,4-dinitro-1H-imidazole, was prepared in
the same way from 15 to give 0.174 g (94%). '"H NMR
(300 MHz, CDCI®) 6 7.91 (s, 1H), 7.86 (s, 1H), 4.93 (d,
J=14.1 Hz, 2H), 4.42 (dd, J=9.0, 14.1 Hz, 1H), 4.30-
3.72 (m, 8H), 3.37-3.08 (m, 3H), 1.69-1.10 (m, 12H), 1.24
(d, J=6.3Hz, 3H), 1.23 (s, J = 6.3 Hz, 3H), 0.90 (s, 9H),
0.89 (s, 9H), 0.11 (s, 3H), 0.86 (s, 3H), 0.075 (s, 6H). '*C
NMR (75 MHz, CDCl;) 6 143.07, 142.69, 142.02, 141.60,
125.77, 125.16, 101.55, 100.03, 80.62, 78.19, 70.55, 69.35,
65.48, 64.55, 52.26, 51.18, 31.12, 31.05, 25.95, 25.87, 25.16,
24.95, 21.53, 20.75, 20.63, 20.37, 18.23, 18.15, —4.32,
—4.36, —4.48, —4.67. HRMS calcd for Ci;gH33N40,Si
[M+H]": 445.2119; found 445.2123.

Preparation of 18. (6S5,7S)-7-Methyl-2-nitro-6-(THP)-6,7-
dihydro-SH-imidazo[2,1-b][1,3]Joxazine. To a solution of
16 (133 mg, 0.299 mmol) in THF (1.2mL) was added
TBAF (0.90 mL, 0.9 mmol, 1 M in THF) at rt. After
stirring 0.5 h, the solvent was removed and the residue was
dissolved in chloroform (2.0 mL). The mixture was
washed with saturated NaHCO; (1.5mL), water
(1.5mL), and was dried over MgSQ,. After removing
the solvent, the residue was chromatographed (2.5-5%
MeOH in EA) to give the desired product (67.6 mg, 80%).
"H NMR (300 MHz, CDCls) § 7.42 (s, 2H), 4.77 (m, 2H),
4.64 (m, 1H), 4.54 (m, 1H), 4.39 (dd, J = 2.7, 12.9 Hz, 1H),
4.28 (m, 1H), 4.21-4.04 (m, 4H), 3.86 (m, 1H), 3.68 (m,
1H), 3.53 (m, 2H), 1.59 (d, J=6.6 Hz, 3H), 1.51 (d,
J=6.3Hz, 3H), 1.82-1.46 (m, 12). 3C NMR (75 MHz,
CDCl;) 6 147.98, 147.92, 143.47, 115.70, 115.57, 102.05,
95.67, 76.40, 76.05, 70.26, 65.02, 63.37, 62.97, 48.93, 45.52,
30.59, 30.24, 25.11, 25.02, 19.59, 19.25, 16.80, 16.47.
HRMS caled for Cj,H;sN3;Os [M+H]": 284.1246; found
284.1249. Compound 19, (6S,7R)-7-methyl-2-nitro-6-
(THP)-6,7-dihydro-5H-imidazo[2,1-b][1,3]oxazine, was
prepared in the same way from 17 (59.6 mg, 96%). 'H
NMR (300 MHz, CDCl3) 6 7.46 (s, 1H), 7.43 (s, 1H), 4.76
(m, 3H), 4.56 (dq, J = 6.4, 6.4 Hz, 1H), 4.32 (dd, J = 4.6,
12.8 Hz, 1H), 4.26 (dd, J=3.4, 12.4 Hz, 1H), 4.14-3.99
(m, 4H), 3.78 (m, 2H), 3.52 (m, 2H), 1.74-1.49 (m, 12H),
144 (d, J=6.6Hz, 3H), 1.44 (d, J=7.2Hz 3H). 13C
NMR (75 MHz, CDCl;) 6 147.16, 147.07, 143.87, 115.40,
115.23, 99.92, 97.46, 77.07, 75.73, 70.22, 67.91, 63.42,
62.79, 46.83, 44.74, 30.62, 30.50, 25.20, 25.14, 19.54, 19.02,
17.87, 17.55. HRMS caled for C;,H;sN;Os [M+H]":
284.1246; found 284.1249.

Preparation of 20. (6S,7S)-7-Methyl-2-nitro-6,7-dihydro-
5H-imidazo[2,1-b][1,3]oxazin-6-0l. A mixture of 18
(67.6 mg, 0.239 mmol) in acetic acid (1.0 mL), THF
(0.52mL), and water (0.26 mL) was stirred for 11 h at
45°C. Prep TLC (5% MeOH in EA) of the reaction
mixture gave the desired compound (39.7 mg, 83%) as a
white solid, mp (dec.) >200°C. '"H NMR (300 MHz,
DMSO-dg) 6 8.06 (s, 1H), 5.71 (br s, 1H), 4.59 (q,
J=6.3Hz, 1H), 4.18 (d, J=13.0 Hz, 1H), 4.02 (s, 1H),
4.00 (d, J=13.0Hz, 1H), 1.36 (d, J= 6.3 Hz, 3H). 1*C
NMR (75 MHz, DMSO-dg) ¢ 147.81, 142.26, 118.04,
76.31, 61.69, 49.97, 16.52. [o]p = —26.4 (¢ = 1.0 in DMSO-
dg). HRMS caled for C;H (N3O, [M+H]": 200.0671;
found 200.0690. Compound 21, (6S,7R)-7-methyl-2-nitro-
6,7-dihydro-5H-imidazo[2,1-b][1,3]oxazin-6-0l, was pre-
pared in the same way from 19 to give 33.1 mg (86%).
Mp: 182.1-182.6 °C. 'H NMR (300 MHz, CD;0D) 6 7.77

29.

30.
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(s, 1H), 4.55 (ddq, J=0.9, 5.3, 6.6 Hz, 1H), 4.31 (dd,
J=4.2,12.7 Hz, 1H), 4.07 (ddd, J=4.2, 5.3, 5.3 Hz, 1H),
397 (ddd, J=0.9, 5.3, 12.7, 1H), 1.98 (br s, exchanged,
1H), 145 (d, J=6.6Hz, 3H). '*C NMR (75 MHz,
CD;OD) J 149.05, 144.25, 117.76, 80.02, 65.37, 48.37,
17.74. [o]p = 22.4 (¢ = 0.5 in CH30H). HRMS calcd for
C;H (N304 [M+H]": 200.0671; found 200.0683.
Preparation of 5. (6S,7S)-7-Methyl-2-nitro-6-(4-trifluoro-
methoxy-benzyloxy)-6,7-dihydro-SH-imidazo[2,1-b][1,3]oxa-
zine. To a solution of 20 (27 mg, 0.136 mmol) and
4-(trifluoromethoxy)-benzylbromide (26.3 pL, 0.163 mmol)
in anhydrous DMF (0.17 mL) was added NaH (3.9 mg,
0.163 mmol) at —45 °C. After stirring for 1 h, the reaction
mixture was allowed to warm to rt where stirring
continued for 30 min. The mixture was separated by prep
TLC (2% MeOH in EA) to give the target molecule
(41.9 mg, 83%) as white needles. Mp: 146-148 °C. 'H
NMR (300 MHz, CD3COCD3) ¢ 7.70 (s, 1H), 7.50 (d,
J=82Hz, 2H), 7.30 (d, J=8.2Hz, 2H), 4.88 (d,
J=12.2 Hz), 478 (m, 1H), 4.73 (d, J=12.2), 4.61 (dd,
J=13.8, 1.8 Hz, 1H), 4.34 (dd, J = 10.5, 3.2 Hz, 2H), 4.23
(m, 1H) 1.50 (d, J=6.3 Hz, 3H). '*C NMR (75 MHz,
CD;COCDs3) ¢ 149.00, 149.50, 138.32, 130.43, 123.30,
121.91, 119.80, 117.30, 76.88, 71.32, 71.11, 46.84, 17.08.
[0]p=—=11.6 (¢=0.5 in acetone). HRMS calcd for
C5H,sF3N305 [M+H]*: 374.0964; found 374.0970. Com-
pound 6, (6S,7R)-7-methyl-2-nitro-6-(4-trifluoromethoxy-
benzyloxy)-6,7-dihydro-5H-imidazo[2,1-b][1,3]oxazine,
was prepared in the same way from 21 to give 37.1 mg
(62%) of the product. Mp: 126.5-128.5°C. 'H NMR
(300 MHz, CD5;COCD;) 6 7.77 (s, 1H), 7.50 (d,
J=8.1Hz, 2H), 7.30 (d, J=8.1Hz, 2H), 4.89 (dq,
J=3.6, 6.9Hz, 1H), 4.81 (s, 2H), 449 (dd, J=3.8,
13.4 Hz, 1H), 4.39 (dd, J=3.5, 13.4 Hz, 1H), 4.19 (ddd,
3.5, 3.6, 3.8, 1H), 1.47 (d, J=6.9 Hz, 3H). °C NMR
(75 MHz, CD;COCD3) 6 149.72, 148.02, 138.66, 130.61,
123.49, 122.21, 120.10, 117.66, 76.83, 72.48, 71.13, 45.58,
18.08. [o]p = 6.4 (¢ =0.5 in acetone). HRMS calcd for
C5H;5F3N305 [M+H]": 374.0964; found 374.0966.
Isoniazid, rifampicin, metronidazole, and methylene blue
were obtained from Sigma-Aldrich. All stocks were made
in 20 mM DMSO. The broth dilution method was used to
determine the MICyy of all compounds against Mtb
(H37Rv, ATCC 27294) and all H37Rv mutants as
described previously in Domenech et al., Infect. Immunol.
2005, 73, 3492-3501. For oxygen depletion assays (MAC)
early log phase Mtb cultures in Dubos broth was diluted
100-fold and 20-mL was transferred to tubes (Pyrex
16 x 125 mm culture tubes) to maintain a head space ratio
of 0.5 as described previously [Wayne in Mycobacterium
tuberculosis Protocols. In Parish, T., Stoker, N. G., Eds.;
Humana Press: New Jersey, 2001; pp 247-270]. The tubes
were sealed with paraplast and incubated for 20 days
under uniform stirring at 180 rpm using magnetic stirring
bars. Methylene blue (1.5 pg/mL) was added to a reference
tube to visualize oxygen depletion. Mtb NRP-2 stage cells
(100 pL) were exposed to 1.95-500 uM of drug in a 96-well
microplate in 2-fold drug dilutions. Handling of NRP-2
cells was done in a vinyl anaerobic chamber (Coy
Laboratories, Michigan) fitted with a Coy Model 10 gas
analyzer and vacuum air lock chamber. The anaerobic
chamber was maintained under 90% nitrogen and 10%
hydrogen. The 96-well plates were placed in a Type A Bio-
bag anaerobic chamber (Becton and Dickinson, Mary-
land) with an oxygen indicator strip and incubated at
37°C for 7 days. After drug exposure the cells were
washed three times with fresh Dubos broth. The MAC
against Mtb was estimated by measuring the number of
viable bacilli spotted on a 7H11 agar-containing 96-well
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plate. For spotting, 5 uL of a cell suspension from each
well is spotted on a 7H11 agar-containing 96-well plate,
incubated for 3 weeks at 37 °C, and the concentration of
the drug at which 90% reduction in visible growth is
recorded.

Crystal data for compound 5. C;sH;4F3N30s,
Mw =373.29, orthorhombic, P2,2,2;; Z=4, a=
4.6223(2), _b=9.3690(4), c¢=368642(14)A; V=
1596.45(11) A>,  F(000)=768; D.=1.553 Mg/m>; 0

range = 8.63-50.08° (Bruker CCD area detector with
graphite monochromated Cu-Ka radiation), R =0.0197
(1648 data with 1> 2ql, 248 parameters). For compound
6. C15H14F3N3O5, MW = 37329, orthorhombic, P21212°1;
Z =4, a=442660(10), b =9.6295(3), c=37.3504(10) A;
V'=1592.10(7) A%, F(000)=768; D,=1.557 Mg/m>; 0
range = 2.37-66.30° (Bruker CCD area detector with
graphite monochromated Cu-Ka radiation), R = 0.0264

32.

33.

(2318 data with 1 > 241, 236 parameters). Crystallographic
data (excluding structure factors) for these compounds
have been deposited at the Cambridge Crystallographic
Data Centre [CCDC 669894 (for compound 4), 669895
(for compound 5), and 669896 (for compound 6)]. Copies
of the data can be obtained, free of charge, on application
to CCDC, 12 Union Road, Cambridge CB2 1EZ, UK
[fax: +44(0) 1223 336033 or deposit@ccdc.cam.ac.uk].
Baker, W. R.; Shaopei, C.; Keeler, E. L. U.S. Patent
6,087,358, 2000.

All calculations were performed with Macromodel 9.1
(Schrodinger) using the conformational search module.
Automatic setup was used to describe the conformational
search parameters. OPLS2005 was the force field used
along with an implicit water solvent model. The torsional
sampling model (MCMM) was used with up to 10,000
steps saving the 100 lowest energy unique conformations.
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Abstract—N-(14-Methylallyl)norgalanthamine, a new natural compound, together with five known alkaloids: N-allylnorgalanth-
amine, galanthamine, epinorgalanthamine, narwedine, and lycorine were isolated from mother liquors (waste material) obtained
after industrial production of galanthamine hydrobromide from Leucojum aestivum leaves. The structures of N-allylnorgalanth-
amine and N-(14-methylallyl)norgalanthamine were completely determined by 'H and '>*C NMR spectroscopy and two-dimensional
experiments. N-allylnorgalanthamine (ICso = 0.18 uM) and N-(14-methylallyl)norgalanthamine (ICsq=0.16 uM) inhibit AChE
considerably more than the approved drug galanthamine (ICsg = 1.82 puM).

© 2008 Elsevier Ltd. All rights reserved.

Cholinesterase inhibitors are approved drugs for the
treatment of a limited number of patients suffering from
Alzheimer’s disease, mainly those with mild to moder-
ately severe degeneration of memory and cognitive func-
tion. Galanthamine (3), an Amaryllidaceae alkaloid, is a
long-acting, selective, reversible, and competitive AChE
inhibitor,! which produces beneficial effects even after
the drug treatment has been terminated.? This product
is marketed as a hydrobromide salt under the name
Razadyne®, formerly Reminyl®, for the treatment of
Alzheimer’s disease. Galanthamine has been produced
from Leucojum aestivum in Bulgaria since the 1960s
and recently also by chemical synthesis.> The search
for other natural AChE inhibitors has resulted in the
identification of other active compounds.*

About 20 alkaloids have been isolated from L. aes-
tivum.>7 The present paper reports the isolation of
two potent AChE inhibitors: N-allylnorgalanthamine
(1) and N-(14-methylallyl)norgalanthamine (2) as well
as four other compounds from the mother liquors ob-
tained after industrial production of galanthamine
(Fig. 1). NMR data of compound 1, an alkaloid isolated
only from Lycoris guangxiensis,® were completely

Keywords: Leucojum aestivum; Amaryllidaceae; AChE inhibitors;

N-Allylnorgalanthamine; N-(14-Methylallyl)norgalanthamine.

* Corresponding author. Tel.: +34 934024493; fax: +34 934029043;
e-mail: jaumebastida@ub.edu

0960-894X/$ - see front matter © 2008 Elsevier Ltd. All rights reserved.
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Lycorine (6)

N-Allylnorgalanthamine (1):

R'=OH, R%=H, R®= —/_<H

N-(14-Methylallyl)norgalanthamine (2):j)=<15
R'=OH, R?=H, R®= " Hg

Galanthamine (3): R'=0OH, R%=H, R3=Me
Epinorgalanthamine (4): R'=H, R?>=OH, R3=H
Narwedine (5): R'+R?=0, R®=Me

Figure 1. Chemical structures of compounds 1-6.

assigned. Compound 2 is reported here for the first time
as a natural product.

Aerial parts of L. aestivum L., collected in the spring of
2005 from different populations in the south of Bulgaria,
were used for industrial extraction of galanthamine. A
voucher specimen (SOM 1134) of the plant species,
authenticated by Dr. Ljuba Evstatieva, was deposited at
the herbarium of the Institute of Botany, Sofia, Bulgaria.

A GC-MS study of mother liquors obtained after pre-
crystallization of galanthamine hydrobromide (from L.
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aestivum leaves) showed the presence of N-allylnorga-
lanthamine (1) (1.67% of the total ion current, TIC),
compound (2) (0.15% of TIC) with an MS fragmenta-
tion pattern characteristic of galanthamine type com-
pounds, and other alkaloids. Twenty grams of alkaloid
salts from the mother liquors was supplied by Galen-
N Ltd (Bulgaria). The alkaloid salts were dissolved in
distilled water, basified with 25% ammonia to pH 9-10
and the free bases were extracted with EtOAc. The alka-
loid mixture (ca. 15 g) was subjected to column chroma-
tography (silica gel, 40-60 mesh, 250 g, SDS-France)
using EtOAc gradually enriched with MeOH. The frac-
tions were monitored by TLC (Dragendorff’s reagent)
on silica gel plates (60F254, 0.2 mm thickness of the
layer, SDS-France) developed with a mobile phase con-
taining EtOAc-MeOH-25% ammonia (3:1:0.1, v/v/v).
Compounds 1 (15 mg) and 2 were isolated from frac-
tions 2 to 5 (eluted with EtOAc-MeOH, 3:1) by re-chro-
matography on silica gel column eluted with EtOAc—
MeOH (9:1). Compound 2 (2 mg) was purified by silica
gel TLC using hexane-EtOAc-MeOH-25% ammonia
(10:5:1:0.1) as a mobile phase. Compounds 3 (50 mg)
and 5 (5 mg) were pre-crystallized from fractions 5 to
20 eluted with EtOAc-MeOH (5:5). A mixture of 3:5
(880 mg) in a ratio of about 5:1 was obtained from these
fractions. Compound 4 (2.12 g) was crystallized from
fractions 20 to 41 eluted with EtOAc-MeOH (3:7).
Compound 6 (17 mg) was crystallized directly from frac-
tions 6 and 7.

The structures of the isolated compounds were assigned
by NMR, MS, UV, and CD spectroscopy.” Compound
1, isolated as a light-brown solid, was characterized as
N-allylnorgalanthamine by its MS and '"H NMR spec-
tral data.®10 Its absolute configuration was confirmed
by the CD curve.!! A complete assignment of the proton

signals (Table 1), hitherto unreported, was afforded by
I1D- and 2D-NMR experiments (COSY, HMBC, and
HMQC). Compound 1 exhibited signals whose chemical
shifts and multiplicity are similar to those reported for
3.2 In addition, one d at § 3.16 integrating 2H, one
ddt at 6 5.87 and two dd at ¢ 5.14, and 5.12 for the pro-
tons at positions 13, 14, and 15, respectively, were con-
gruent with a N-allyl group.® The '°C NMR data of 1,
reported for the first time (Table 1), are in agreement
with the proposed structure as well as with compound
3.3 Heteronuclear chemical shift correlation experi-
ments (HMBC and HMQC) were performed in order
to assign all the signals of the '*C NMR spectrum and
to confirm the assignments made for the 'H NMR
spectrum.

Compound 2 showed GC-MS, 'H NMR, and "*C
NMR data closely comparable to those of 1 (Table 2).
Its HR-ESI-MS suggested a molecular formula
C,0H,5NO5 with a parent ion [M+H]" at m/z 328.1901
(calcd 328.1913), which is with 14.0153 mass units
(CH,, caled 14.0157) more than 1. In contrast to com-
pound 1, the "H NMR spectrum of 2 showed (1) a signal
(singlet) at 6 1.76, integrating three protons, correspond-
ing to a methyl group in the o position with respect to an
aliphatic double bond; (2) a shifting of the protons H-
154 and H-15g to a higher field; and (3) a change in
the multiplicity of the protons at positions 13 and 15
(130,13 = 2.8 Hz, H-154 and H-15g were singlets).
These data, together with the lack of a signal in the
"H NMR spectrum corresponding to the H-14 of com-
pound 1, indicated the presence of a methyl group at
C-14. The chemical shift of quaternary carbon C-14 at
0 142.7 was assigned due to its HMBC correlations with
the protons at positions 13 and 16. The signals of C-13,
C-14, and C-15 were shifted, with Ad + 2.5, +6.8, and

Table 1. '"H NMR, COSY, '*C NMR, HMQC, and HMBC data of compound 1

Position HJ$ (Jin Hz) COSY HMQC HMBC
1 462 brs H-24, H-2B 89.1d C-3, C-4a, C-11
20 2.00 ddd (15.6, 5.2, 2.4) H-1, H-2B, H-3 30.3 t C-4a, C-10b
28 2.69 ddt (15.6, 3.6, 1.6) H-1, H-20. 303 ¢t C-1, C-3, C-4, C-10b
3 4.14 t (4.8) H-20, H-4 62.4 d C-1, C-2, C-4, C-4a
4 6.01 dd (10.4, 5.2) H-3, H-4a 1279 d C-2, C-10b
4a 6.09 d (10.4) H-4 127.3d C-1, C-3, C-10a, C-10b
6 3.82d (15.2) H-6/ 582t C-6a, C-7, C-10a, C-12, C-13
6 4.07 d (15.2) H-6 582t C-6a, C-7, C-10a, C-12, C-13
129.6 s (C-6a)
7 6.59 d (8.0) H-8 1224d C-6, C-8, C-9, C-10a
8 6.65 d (8.0) H-7 111.5d C-6a, C-7, C-10
144.4 s (C-9)
146.2 s (C-10)
133.6 s (C-10a)
48.7s (C-10b)
1o 2.03 ddd (13.6, 12.8, 3.2) H-11 B, H-120, H-128 34.0 t C-1, C-4a, C-12
118 1.55 ddd (13.6, 3.6, 1.6) H-11a, H-120, H-12B 340t C-10a, C-10b
120 3.18 dt (14.4, 3.2) H-11a, H-11p, H-128 520t C-10b
128 3.29 ddd (14.4, 12.8, 1.6) H-11o, H-11p, H-120: 520t C-6, C-11, C-10b, C-13
13 CH) 3.16 d (6.8) H-14, H-15,, H-155 56.5 t C-6, C-12, C-14, C-15
14 5.87 ddt (16.8, 10.4, 6.8) H-13, H-15,, H-155 1359 d C-13
15, 5.14 dd (104, 1.6) H-13, H-14, H-15 118.1t C-13, C-14
155 5.12 dd (16.8, 1.6) H-13, H-14, H-15, 118.1 ¢t C-13, C-14
OCH; 384 s 56.3 q C-9, C-10
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Position Ho (J in Hz) COSY HMQC HMBC
1 4.62 br s H-20, H-23, H-4a 88.5d
20 2.01 ddd (16.0, 5.2, 2.4) H-1, H-2 B, H-3 29.8 t
2B 2.69 ddt (16.0, 3.6, 1.6) H-1, H-20, H-4 29.8 t C-1, C-3, C-10b
3 4.14 br s H-20, H-4 61.8d
4 6.01 dd (9.6, 5.2, 1.2) H-28, H-3, H-4a 127.3d C-2, C-3, C-10b
4a 6.11d (9.6) H-1, H4 126.9 d C-1, C-3, C-10b
6 3.74 d (15.2) H-6' 574t C-6a, C-7, C-10a, C-12
6 4.07d (15.2) H-6, H-7 574t C-7, C-12, C-13
129.7 s (C-6a)
7 6.58 d (8.0) H-6', H-8 122.1d C-6, C-9, C-10a
8 6.65 d (8.0) H-7 111.1d C-6a, C-10
144.0 s (C-9)
145.7 s (C-10)
133.3 5 (C-10a)
48.3 s (C-10b)
11a 2.05 ddd (14.0, 12.8, 3.2) H-118, H-120, H-12 334t
118 1.53 d (14.0) H-11a, H-120, H-128 334t
120 3.05-3.12 m H-11a, H-11 B, H-128 51.3it t
128 3.32t (13.6) H-11a, H-11 B, H-12a S1.3¢
13 2H) 3.05d (2.8) H-154, H-15g, H-16 59.0t C-6, C-12, C-14, C-15, C-16
14 142.8 s (C-14)
154 4.86 br s H-13, H-15g, H-16 113.1t C-13, C-16
15 4.80 br s H-13, H-154, H-16 113.1t C-13, C-16
16 1.76 s (3H) H-13, H-154, H-153 204 q C-13, C-14, C-15
OCH; 3.84s 558 q C-9

—4.9, respectively, in comparison to 1. Thus, the struc-
ture of 2 was determined as N-(14-methylallyl)norga-
lanthamine.'* The chemical syntheses of the salts of
both compounds were patented recently as potential
drugs against Alzheimer’s disease.!®

Galanthamine (3), epinorgalanthamine (4), narwedine
(5), and lycorine (6) were also isolated and identified
by comparison of their chromatographic and spectro-
scopic properties (CD, MS, '"H NMR),®'? with those
of authentic samples obtained from other plant sources.

Among the Amaryllidaceae alkaloids, the AChE activity
is associated mainly with the galanthamine structural
type.* Until now, one natural galanthamine type alkaloid,
sanguinine (9-O-demethylgalanthamine), has been re-
ported to be a more active AChE inhibitor than galantha-
mine.'® The AChE inhibitory assay of 1 and 2, performed
after Lopez et al.,'® demonstrated that they are consider-
ably more potent AChE inhibitors (ca. 10 times) than
galanthamine (ICs5y = 1.82 £ 0.40 uM), showing an ICs,
at0.18 £0.01 and 0.16 = 0.01 pM, respectively. Synthetic
derivatives, which are quickly converted into sanguinine
after administration, show low levels of brain bioavail-
ability due to the phenolic group of sanguinine. This
group increases the hydrophilicity and reduces the ability
of the molecule to cross the blood-brain barrier.!” Com-
pounds 1 and 2 have a methoxyl group at C-9 and an alkyl
group at the N-atom, suggesting higher lipophilicity as
compared to sanguinine and galanthamine. It was con-
firmed by their higher R, values on silica gel TLC plates
(EtOAc-MeOH-25% ammonia, 3:1:0.1)—0.91 for 1
and 0.78 for 2, as compared to galanthamine—0.33.

The crystal structure of galanthamine in the active site
gorge of Torpedo californica acetylcholinesterase

(TcAChE) showed that this relatively tight binding
comes from a number of moderate to weak interactions
with the protein, including classical and non-classical
hydrogen bonds.!'® The substituent at the N atom mod-
ifies the AChE inhibitory activity of the galanthamine
derivatives. The tertiary amine appears to make a non-
classical hydrogen bond, via its N-methyl group, to a
Asp-72 of TcAChE.'® The loss of the N-methyl group,
as in epinorgalanthamine, is associated with a decrease
of AChE inhibitory activity.!® On the other hand, some
synthetic N-alkylated derivatives of galanthamine
showed remarkable AChE inhibitory activity.!® Appar-
ently, the increased activity of 1 and 2 is due to the
substitution of the N-methyl group with an allyl or 14-
methylallyl group.

In summary, the isolation of natural N-alkyl deriva-
tives of galanthamine type alkaloids is very rare due
to their extremely low concentration in plants. GC—
MS can be successfully applied for the search of
new or rare alkaloids, especially when they are at
trace amounts. The greater AChE inhibitory activity
of 1 and 2 and their lipophilic properties, when com-
pared to the closely related and approved drug galan-
thamine, indicates that they may have a therapeutic
potential.
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Abstract—The esterase, phosphatase, and sulfatase activities of carbonic anhydrase (CA, EC 4.2.1.1) isozymes, CA 1, II, and XIII
with 4-nitrophenyl esters as substrates was investigated. These enzymes show esterase activity with 4-nitrophenyl acetate as sub-
strate, with second order rate constants in the range of 753-7706 M~! s™!, being less effective as phosphatases (ke /Ky in the range
of 14.89-1374.40 M~' s7") and totally ineffective sulfatases. The esterase/phosphatase activities were inhibited by sulfonamide CA
inhibitors, proving that the zinc-hydroxide mechanism responsible for the CO, hydrase activities of CAs is also responsible for their
esterase/phosphatase activity. CA XIII was the most effective esterase and phosphatase. CA XIII might catalyze other physiological
reactions than CO, hydration, based on its relevant phosphatase activity.

© 2008 Elsevier Ltd. All rights reserved.

Carbonic anhydrases (CAs, EC 4.2.1.1) are among the
most efficient catalysts known in Nature.! Some of the

16 isozymes presently characterized so far in mam- 0=C=0+ H20 < HCO3™ + H* M
mals,' 3 catalyze CO, hydration to bicarbonate and a 0=C=NH + H20 < H2NCOOH @)
proton (the physiological reaction in which CAs partic-
ipate, reaction 1 in Scheme 1) with turnover numbers HN=C=NH + H20 < H2NCONH2 ©)
close to the limits of the diffusion controlled processes,
that is, of around 10* M~ s™! (for example tlrl)e human RCHO +H20 & RCH(OH) @
isozyme hCA 1I, see Table 1).!"3 On the other hand, RCOOAr + H,0 & RCOOH + ArOH )
hCA II, one of the most effective and best studied such
enzymes, is not only a very effective catalyst for the RSO3Ar + Hz0 < RSO3H + ArOH ©)
physiological reaction (Table 1), but also shows some ArF + H0 < HF + ArOH D
catalytic versatility, participating in other hydrolytic
processes which presumably involve non-physiological (Ar = 2,4-dinitrophenyl)
substrates. Some of these reactions include the hydra- PhCH0COCI + H0 & PhCH0H + CO3 + HCI |(8)
tion of cyanate to carbamic acid (reaction 2, Scheme

RSO,Cl + H30 < RSO3H + HCI ©)

(R = Me; Ph)
Keywords: Carbonic ar}hydrase; Cytosolic isozyme; Esterase; Phos- ArOPOH, + HyO < ArOH + H,PO, (10)
phatase; Sulfatase; 4-Nitrophenyl esters.
* Corresponding author. Tel.: +39 055 4573005; fax: +39 055

4573385; e-mail: claudiu.supuran@unifi.it Scheme 1. Reactions (1-10) catalyzed by a-CAs.

0960-894X/$ - see front matter © 2008 Elsevier Ltd. All rights reserved.
doi:10.1016/j.bmcl.2008.03.012



mailto:claudiu.supuran@unifi.it



2268 A. Innocenti et al. | Bioorg. Med. Chem. Lett. 18 (2008) 2267-2271

Table 1. Kinetics parameters for the CO, hydration reaction catalyzed by the cytosolic mammalian CA isozymes I, 11, III, and XIII at 25 °C and pH

7.4, and their inhibition with acetazolamide

Isozyme" kear 571 Ky (mM) kead K M7 1s71) K (acetazolamide) (nM) Reference

hCA 1 2.0x10° 4.0 5.0 107 250 1

hCA II 1.4x 10° 9.3 1.5x 108 12 1

hCA I 1.3x10* 52.0 2.5%10° 2% 10° 12

hCA XIII 1.5%x10° 13.8 1.1x 107 16 Unpublished results
mCA XIII 8.3x 10* 19.3 43%10° 17 13

" -
h = human, m = mouse isoform.

1),% or of cyanamide to urea (reaction 3, Scheme 1), the
aldehyde hydration to gem-diols (reaction 4);% the
hydrolysis of some carboxylic,”® or sulfonic acid esters
(reactions 5 and 6),% as well as other less investigated
hydrolytic processes in which aryl halides, chlorofor-
mates or sulfonyl chlorides!™? act as substrates, as de-
scribed by Eq. 7-9 of Scheme 1.

A rather controversial issue regards the possible phos-
phatase activity of CA III, an isozyme with very low
CO, hydration activity (Table 1), which has originally
been reported to be a phosphatase (with 4-nitrophenyl
phosphate as substrate, reaction 10 in Scheme 1)!° but
subsequently this has been retracted,'' being considered
that the phosphatase activity is due to another protein
impurity present in the CA III preparations used in
the earlier investigations.!® It has also been originally
considered that the phosphatase activity of CA III is
not due to the zinc-hydroxide functionality present in
the active site of this and all other a-CAs from mam-
mals'%® (which acts as a strong nucleophile—equivalent
to the hydroxide ion in solution—against many electro-
philes, but at pH values in the physiological range, since
the Zn(II) ion in the hydrophobic environment of the
enzyme active site strongly acidifies the coordinated
water molecule, which acquires a pK, of around 7, as
compared to the normal pK, of bulk water of 14).! In-
deed, Pullan and Noltmann'®® considered the phospha-
tase activity of CA III to be due to a secondary catalytic
site (different of the zinc-hydroxide one) of the enzyme,
containing one or two Arg residues (presumably Arg67
and/or Arg91), based on their inactivation experiments
with the arginine-specific reagent phenylglyoxal. How-
ever, no other more recent investigations on the phos-
phatase activity of CA III (and related cytosolic
isozymes, such as CA I and II) are available in the liter-
ature at this moment, and the possible phosphatase
activity of various CA isozymes remained a controver-
sial and poorly investigated issue.

Some other unresolved questions regarding this family
of highly investigated! proteins concern the rather
high number of isozymes present in mammals (16 in
non-primates and 15 in primates),” '# their very different
catalytic activity for the physiologic reaction (Table 1),
and the fact whether some of them might possess phys-
iologic relevance for other reactions than CO, hydration
to bicarbonate. Indeed, considering some of the cyto-
solic isoforms presented in Table 1, it can be seen that
in addition to the perfect catalyst which is CA 1T (k¢./
Ky of 1.5x 10 M~'s71), the isozyme CA III (highly

abundant in the muscles)!? has a very low catalytic
activity for the CO, hydration reaction (around 0.16%
of that of CA II), whereas CA I and XIII show interme-
diate activities between those of the very effective (CA
II) and very ineffective catalysts (CA III). Considering
that only CA II (and some of its active site mutants)
was investigated in some detail for their esterase activity
with 4-nitrophenyl esters of aliphatic C;—Cg carboxylic
acids as substrates,!>'® we decided to investigate com-
paratively the physiologically relevant cytosolic iso-
zymes hCA I, hCA II and mCA XIII (h = human,
m = mouse isozyme) for their esterase, phosphatase,
and sulfatase activities (reactions 11-13, Scheme 2) with
4-nitrophenyl esters 1-3 as substrates. This study may
bring some insights whether other reactions than CO,
hydration may have physiological relevance for or-
gans/tissues where CAs are present, and to better under-
stand catalysis of the non-physiological reactions in
which CAs might be involved, a field poorly investigated
at this moment. For example, it has been reported!” that

]

+CH,COOH (11)

1No2 NO,
(0]
Il 4
~P—OH
Q" on OH
H,O
- + H,PO, (12)
CA
NO, NO,
2
4
\ //O
0" o OH
H,O
- +HpSO, (13)
CA
NO, NO,
3 4

Scheme 2. Hydrolytic reactions (11-13) investigated in the present
work under catalytic conditions employing cytosolic CA isozymes I, 11
and XIII.
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the total erythrocyte CA esterase activity as well as iso-
zyme | concentrations are reduced by 50% in patients
with diabetes mellitus type II as compared to healthy
individuals. There are also various reports regarding
the different temporal expression of various CA iso-
zymes (e.g., CA II, IX, XII, and XIII among others)
in different tumors, with some of them decreasing (e.g.,
CA 1II and XIII) and others increasing (e.g., CA IX
and XII) during progression of tumors from low to high
grade.'®

We report here a kinetic study on the hydrolysis of 4-
nitrophenyl acetate 1, phosphate 2, and sulfate 3 in the
presence of three cytosolic, physiologically relevant
CA isozymes, hCA I, hCA II, and mCA XIII (h = hu-
man, m = murine isoforms). In solution, these esters
are hydrolyzed by the nucleophilic attack of water (or
hydroxide ions) to the central atom (carbonyl CO for
acetate 1, phosphorus for phosphate 2 and sulfur for sul-
fate 3) with formation of a transition state from which
the 4-nitrophenoxide is released. Considering the fact
that CAs contain the equivalent of a strong base
(hydroxide ions, HO™ coordinated to the zinc ion) at
neutral pH, due to the powerful activation of water by
the zinc ion from the active site cavity and the hydro-
phobic environment of the protein, in principle, hydro-
Iytic reactions 11-13 of Scheme 2 should have the
same mechanism as the hydrolysis catalyzed by bases
in solution. Thus, our working hypothesis was that the
hydrolytic processes described by Eqs. 11-13 of Scheme
2, involve the active site Zn**(OH)~ functionality of the
enzyme, that is, the same one responsible of the CO,
hydration activity of CAs.

Indeed, data of Table 2 show that all three investigated
CA isozymes show esterase activity with 4-nitrophenyl
acetate 1 as substrate, with second order rate constants
(kea/ Kn) in the range of 753-7706 M~ s71.1920 The
weakest esterase activity was observed for hCA 1, fol-
lowed by hCA II (which was 3.46 times more active as
an esterase as compared to hCA I), whereas mCA XIII
was the best esterase, with an activity 10.23 times higher
than that of hCA 1 and 2.95 times higher than that of
hCA 1II. Only for CA II such kinetic data are available
in the literature,'>!® for wild type and mutant enzymes
of human and bovine origin, which are in good agree-
ment with our data (k.,/Ky in the range of 2050—
2100 M~ 's™!, were reported in different conditions of
pH and ionic strength by Host et al.!> and Gould and
Tawfik,'® respectively, which compare well with our
hCA I data of 2607 M~'s~!. The observed difference

Table 2. Kinetic parameters for the hydrolysis of 4-nitrophenyl acetate
in the presence of cytosolic CA isoforms I, II, and XIII, at pH 7.4 and
25°C, and inhibition data with acetazolamide (5-acetamido-1,3,4-
thiadiazole-2-sulfonamide)

may be due to the much higher buffer concentrations
used in the experiments reported in the cited studies'>'¢
(50 mM Tris) and different pH values (8.5) as compared
to our experiments performed in 10 mM Hepes and
10 mM Tris, at the physiologic pH of 7.4, at which
hCA 1I has a maximal enzymatic activity).! Comparing
data of Tables 1 (hydrase activity with CO, as substrate)
and 2 (esterase activity with 1 as substrate), it is clear
that the various CA isoforms have enzymatic activities
which do not parallel with each other. Indeed, hCA 11
is the best catalyst for CO, hydration, followed by
hCA I, with mCA XIII being a much less effective
one. On the contrary, mCA XIII is the best esterase, fol-
lowed by hCA 1II, with hCA T having the worst activity
of the esterase type. The fact that this esterase activity is
due to the zinc-hydroxide functionality of the enzyme is
proved also by the fact that it is inhibited by the sulfon-
amide inhibitor acetazolamide (5-acetamido-1,3,4-thia-
diazole-2-sulfonamide), with ICsy values in the range
of 28-1210 nM. In fact, sulfonamides bind in deproto-
nated form to the Zn(Il) ion of the CA active site,
replacing the hydroxide ion/water molecule coordinated
to the metal ion, with the enzyme losing its catalytic
activity due to the lack of the nucleophilic species from
the active site.!>-21724

Data of Table 3 show that these CA isoforms also pos-
sess a weak but significant phosphatase activity with es-
ter 2 as substrate, with second order rate constants (k../
Ky) in the range of 14.89-1374.40 M~ s7!.20 This time
the weakest phosphatase activity was shown by the
excellent catalyst for CO, hydration hCA II, with hCA
I possessing an intermediate activity (4.40 times higher
than that of hCA II), whereas mCA XIII was a much
more active phosphatase with 4-nitrophenyl phosphate
2 as substrate. Indeed, mCA XIII was 92.3 times a better
phosphatase as compared to hCA II, and a 20.9 times
better one as compared to hCA I (Table 3). Again, as
a proof that this enzyme activity is due to the zinc-
hydroxide functionality of the enzyme, we performed
inhibition experiments with the classical, clinically used
inhibitor acetazolamide (Table 3). This sulfonamide is
an effective inhibitor of the phosphatase activity of
hCA 1, II, and mCA XIII, with ICs, values in the range
of 63-1050 nM.

To our greatest surprise, all three investigated CA iso-
forms showed no sulfatase activity at all with ester 3
as substrate, although the isostructural phosphate 2
and acetate 1 were readily hydrolyzed by these enzymes.
Experiments were performed in the pH range of 5.4-8.5

Table 3. Kinetic parameters for the hydrolysis of 4-nitrophenyl
phosphate in the presence of cytosolic CA isoforms I, II, and XIII,
at pH 7.4 and 25°C, and inhibition data with acetazolamide (5-
acetamido-1,3,4-thiadiazole-2-sulfonamide)

Isozyme" kead K M7's™) Ky (mM) ICso (nM) Isozyme" ke K M7's™Y) Ky (mM) ICso (nM)
hCA 1 753 £ 31 3.025+0.014 1210+ 76 hCA I 65.55+5.2 0.935+0.10 330 £ 14
hCA 11 2607 + 85 30.53 £2.10 28+ 1.1 hCA 11 14.89 + 0.54 2.195%0.20 635

mCA XIII 7706 + 324 1.132+£0.015 490 + 33 mCA XIII  1374.40 + 62 0.232+0.02 1050 76

The data are provided as means * standard deviation (from at least 3
different assays)."
“h = human, m = murine isoform.

The data are provided as means * standard deviation (from at least 3
different assays).>°
“h = human, m = murine isoform.
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with 3 as substrate, but the sulfatase activity could not
be detected.

It is interesting to note that esters 2 and 3 (as sodium
salt, used in these experiments) are conjugate bases of
strong acids. Thus, probably both 2 and 3 are in anionic
form at all pH ranges in which experiments have been
performed. It is thus difficult to rationalize the different
behavior of the phosphate 2 and sulfate 3 as possible
substrates of CAs. A possible electrostatic repulsion be-
tween the oxygen sulfate atom(s) of 3 and the zinc
hydroxide species of the enzyme cannot be taken into
account, since phosphate 2 is probably also bound in an-
ionic form to the CA active site and acts as a CA sub-
strate. Obviously, acetate 1 is bound as neutral species
to the CA active site, allowing the strong nucleophilic
(Zn**(OH)") attack, without any electrostatic repul-
sions, being thus able to effectively hydrolyze it accord-
ing to Eq. 11 of Scheme 2.

In conclusion, we investigated in detail the esterase,
phosphatase, and sulfatase activities of three cytosolic
CA isozymes, hCA I, II, and mCA XIII with 4-nitro-
phenyl esters as substrates. These enzymes showed a
good esterase activity with 4-nitrophenyl acetate as
substrate, with second order rate constants in the
range of 753-7706 M~ ' s~!, being slightly less effective
as phosphatases (k.,/Kyv in the range of 14.89-
137440 M~ ' s71) and totally ineffective as sulfatases.
These esterase/phosphatase activities were inhibited by
sulfonamide CA inhibitors, proving that the zinc-
hydroxide mechanism responsible for the CO, hydrase
activities of these enzymes is also responsible of their
esterase/phosphatase activity. CA XIII was the most
effective esterase and phosphatase, although it showed
reduced hydrase activity as compared to CA I and II.
It is probable that CA XIII might catalyze other physi-
ological reactions than CO, hydration, based on its rel-
evant phosphatase activity reported here.
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Ester 1 hydrolysis was monitored by measuring the
absorbance at 405nm of the chromogenic group 4-
nitrophenol 4 which is released according to Eq. 11,
Scheme 2 (extinction coefficient of 10,510 M~1).10
Reactions were performed at 25°C in a quartz cuvette
with 1cm lightpath, using a Perkin-Elmer Lambda
Bio20 UV-vis spectrometer. Enzyme concentrations
were between 0.10 and 5.0 uyM and substrate concen-
tration between 0.08 and 0.37 mM. The substrate was
dissolved in freshly distilled acetonitrile and diluted
with buffer (10 mM Hepes and 10 mM Tris, pH 7.4,
maintaining the ionic strength constant by addition of
0.1 M sodium sulfate, in such a way that the final
concentration of MeCN was of 5%). Kinetic parameters
were determined (in cases in which the substrate
solubility allowed this, that is, concentrations of ester
1 of 0.3-5.0 mM) by fitting the data to the Michaelis—
Menten model (Eq. 14):

Vo = (keu[El[S1,)/([S]y + Kno) (14)
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Otherwise, kg./Km values were derived from a linear fit
(Eq. 15) by using PRISM!®:

Vo = [E],[S]y(keat/Km) (15)

The rates of spontaneous hydrolysis (without enzyme)
were subtracted from the enzymatic rates. Inhibition with
acetazolamide has been used as a control, being performed
as described above, by titration of the enzymes with acet-
azolamide solutions in concentration ranges between
10 nM and 100 pM. ICs, represents the molarity of inhib-
itor producing a 50% decrease of the enzyme activity and
were determined from semilogarithmic plots of enzyme
activity vs. molarity of inhibitor.'>1°

The phosphatase activity with 2 as substrate has been
assayed by a variant of the method used by Pullan and
Noltmann,'°® measuring the absorbance at 405 nm of the
chromogenic group 4-nitrophenol 4, which is released
according to Eq. 12. The assay has been performed at
25°C (not at 30°C)'%® in the same buffer used for the
esterase activity measurements described above,'® working
at substrate concentrations of 0.08—-5 mM. Kinetic param-
eters were determined as described above,!® and the rates
of spontaneous hydrolysis (without enzyme) were sub-

21.

23.

24.

2271

tracted from the measured enzymatic rates. Inhibition
with acetazolamide has again been used as a control, being
performed as described above, by titration of the enzymes
with acetazolamide solutions in the concentration range
between 10 nM and 100 uM. ICs, values were calculated
as described above.!® The sulfatase activity with ester 3 as
substrate, described by Eq. 13 of Scheme 2, has been
investigated in an analogous manner, and working at
various pH values (in the range of 5.4-8.5, data not
shown) but was totally absent with all three investigated
enzymes, in all experimental conditions employed.
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Abstract—Taking advantage of the structural features of natural products showing anti-trypanosomatid activity, we designed and
synthesized a small library of 2-phenoxy-1,4-naphthoquinone and 2-phenoxy-1,4-anthraquinone derivatives. The library was
obtained following a parallel approach and using readily available synthons. All the derivatives showed inhibitory activity toward
either Trypanosoma or Leishmania species, with 8, 10, and 16 being the most active compounds against Trypanosoma brucei rhodes-
iense, Leishmania donovani, and Trypanosoma cruzi cells (ICsq = 50 nM, ICso = 0.28 uM, and ICsq = 1.26 uM, respectively).

© 2008 Elsevier Ltd. All rights reserved.

Trypanosomatids are the causative agents of various
lethal parasitic diseases such as Chagas’ disease (7rypan-
osoma cruzi), African sleeping sickness (7rypanosoma
brucei with the two sub-species T. b. gambiense and
T. b. rhodesiense), and leishmaniases (Leishmania dono-
vani, L. major, and L. tropica).' Such diseases mainly af-
fect the least developed countries and almost half a
billion people are presently at risk. Despite its epidemi-
ological importance, the therapy of trypanosomatid
infections remains an unmet challenge.>’ No vaccines
are currently available to prevent these diseases, and
the recommended drugs have high toxicity and limited
efficacy.* In addition, rapidly-developing drug resistance
has become a major problem. Although new anti-proto-
zoan drugs are in development for these diseases,’ the
lead identification still represents a real bottleneck,®
and the drug development pipeline is currently almost
empty.’

Keywords: Anti-parasitic; Anti-protozoan; Neglected diseases; Tropi-

cal diseases; Compound library; Parallel synthesis; Whole-cell assays.

* Corresponding authors. Tel.: +39 051 2099700; e-mail addresses:
marialaura.bolognesi@unibo.it; andrea.cavalli@unibo.it

0960-894X/$ - see front matter © 2008 Elsevier Ltd. All rights reserved.
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Combinatorial chemistry is one potential strategy for
drug discovery.® Drug discovery for these diseases can
be tailored to academic settings where cost-effectiveness
in synthesizing new anti-parasitic agents is a major con-
sideration. Attention should therefore focus on a strat-
egy that can yield molecules with high hit rates and a
concomitant reduced library size. In this respect, the
concept of natural-product-derived compound collec-
tions is particularly attractive. This strategy recognizes
that natural product fragments have been evolutionarily
selected and biologically pre-validated. They are there-
fore appropriate starting points for the development of
compound collections.”~!! This approach may be partic-
ularly fruitful if a link already exists between a given
compound class and the desired biological activity.'!

Here, we present a small library of compounds endowed
with anti-trypanosomatid activity, obtained through a
parallel approach. In the library design, we selected
the quinone unit as the core structure for combinatorial
derivatization. Naphthoquinones and other related qui-
none compounds are one of the major natural product
classes with significant activity against Leishmania and
Trypanosoma.'? For instance, lapachol (1, Fig. 1) was
reported to exhibit marked anti-trypanosomal and leish-
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Figure 1. Design strategy for compounds 3-18.

manicidal activity, while displaying no serious toxic ef-
fects in humans.!3 Therefore, based on the 1,4-naphtho-
quinone and 1,4-anthraquinone natural scaffolds, we
synthesized 16 compounds (318, Table 1), which incor-
porated, at position 2, a selection of aromatic groups
that would mimic a structural element of triclosan (2,
Fig. 1). Triclosan is a general biocide which was recently
demonstrated to kill both procyclic forms and blood-
stream forms of T. brucei'* (see Fig. 1 for the design
strategy).

For the development of an efficient and cheap parallel
synthesis approach, we focused our attention on the dis-
placement reaction of 2-bromoquinones (19a and 19b)
with phenoxides (20a-h) (Table 1). We were able to car-
ry out a one-pot reaction at room temperature that, in
most cases, could achieve the quantitative conversion
of the starting reactant within 3 h (Scheme 1). More-
over, we developed an operationally simple and versatile
workup protocol, which involved the recovery of high-
purity final products by filtration upon addition of water
to the reaction mixture.'> As 19a is the only reagent that
is not commercially available, we carried out an efficient
bromination procedure starting from the readily avail-
able 1,4-anthraquinone (Scheme 2).'°

Table 2 reports the activity of compounds 3-18 against
T. b. rhodesiense, T. cruzi, and L. donovani as well as
their cytotoxicity against L6 cells (rat skeletal myo-
blasts). The anti-parasitic potential of all compounds
was analyzed with regard to the WHO/TDR screening
activity criteria.® In the following paragraphs, we discuss
the results of compounds 3-18 against (i) 7. b. rhodes-
iense, (i) T. cruzi, and (iii) L. donovani.

(1) All the derivatives showed good activity against
the blood trypomastigote form of 7. b. rhodes-
iense. The unsubstituted 2-phenoxy-1,4-anthraqui-
none derivative (8) was the most potent of the
series, showing an ICs, value of 50 nM. Com-

(i)

(iif)

pound 8 was just fivefold less active than the
arsenic derivative melarsoprol (21, 10 nM), which
was used as a reference compound (Fig. 2). Unfor-
tunately, 8 was also quite cytotoxic against L6
cells (ICso = 1000 nM) with a selectivity index
(SI = IC5¢L6/IC5gparasite) of 20. Adding substitu-
ents to 8 did not improve its activity against the
parasitic cells. Furthermore, L6 cytotoxicity was
usually increased by the introduction of halogens
on the phenyl ring to mimic triclosan structure.
However, a fairly good increase of SI was
observed with compound 3 (i.e., 2-(2,4-dichloro-
phenoxy)-1,4-anthraquinone), which retained
nanomolar activity (ICsp = 65nM) and showed
SI > 30. Concerning the 2-phenoxy-1,4-naphtho-
quinone derivatives, 11-18 showed quite interest-
ing profiles against 7. b. rhodesiense, with 16
being active in the nanomolar range, and 11-15
and 17-18 being active in the micromolar range.
Compound 16 was the most interesting compound
we discovered. It showed an ICsy value of 80 nM
and an SI of 74, which is very close to the value
considered a hit by WHO/TDR (SI more than
100).° All other 2-phenoxy-1,4-naphthoquinone
derivatives (11-15 and 17-18) showed both lower
inhibitory activities and lower SIs when compared
to 16.

Concerning the amastigote form of 7. cruzi, most
of our derivatives showed activity in the micromo-
lar range (see Table 2). The most interesting result
was again obtained with 16, which exhibited an
ICsq value of 1.26 pM. Compound 16 was slightly
more potent than the reference compound benzni-
dazole (22 in Fig. 2), which has an ICs, of
1.70 uM. Here too, however, the low SI (<5) was
the main drawback for 16, pointing to the need
for further investigation of the present compound
series to decrease cell cytotoxicity. The profiles of
13 (ICsp=247uM and SI=2.1) and 15
(IC50=2.88 uM and SI =1.7) were very similar
to that of the parent compound. Among the 2-
phenoxy-1,4-anthraquinone derivatives, the most
active inhibitor was 6, showing ICsy and SI values
of 2.87 uM and 0.39, respectively. Remarkably, in
contrast to their activity against 7. b. rhodesiense,
the 2-phenoxy-1,4-anthraquinone derivatives were
generally less potent against 7. cruzi cells than the
2-phenoxy-1,4-naphthoquinones.

When tested against the axenic amastigote form of
L. donovani, the derivatives were all less potent
than they were against T. b. rhodesiense. All the
compounds were active in the micromolar range.
The most potent of the present series was 10 (i.e.,
2-(2,4-difluoro-phenoxy)-1,4-anthraquinone) with
an ICsy value of 0.28 pM. Remarkably, this value
was very similar to that of the reference compound
miltefosine (23 in Fig. 2), which has an 1Csy of
0.31 uM. This indicates 10 as a possible hit candi-
date for the development of new anti-leishmanial
derivatives. However, 10 also showed low selectiv-
ity with an SI of 7. Among the 2-phenoxy-1,4-
naphthoquinone derivatives, 13 was the most inter-
esting compound, endowed with an ICsy value of
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Table 1. The compound library obtained by a one-pot parallel
synthesis approach
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Scheme 1. Synthesis of the compound library. Reagents and condi-
tions: phenol, K,CO3 in DMF, 30 min, then bromoquinone, room
temperature, 3 h.
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Figure 2. Chemical structure of some currently marketed drugs used as
reference compounds (21-23).

0.51 uM and an SI of 10. Here too, the potency was
fairly good, while the selectivity needs to be
increased to reduce possible adverse effects.

As a general observation, cytotoxicity is a common
problem for many natural products® as they are usually
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Table 2. Anti-trypanosomatid activity of the compound library expressed as ICsy* (LM)

Compound T. b. r T c. L. d L6 ST SI SI
T. b.r T c. L d
3 0.065 13.7 0.49 2.01 31.0 0.15 4.15
4 0.21 21.5 0.53 2.64 12.4 0.12 5.01
5 0.31 22.5 0.55 4.13 13.2 0.18 7.53
6 0.08 2.87 0.35 1.13 14.1 0.39 3.24
7 0.15 6.36 0.36 2.56 17.4 0.40 7.10
8 0.05 4.66 0.34 1.00 20.0 0.21 2.94
9 0.14 16.4 0.47 2.19 15.4 0.13 4.71
10 0.24 7.14 0.28 1.98 8.43 0.28 7.01
11 0.29 5.95 1.32 5.18 17.8 0.87 3.94
12 0.37 4.43 0.70 4.58 12.5 1.03 6.54
13 0.22 2.47 0.51 5.26 24.4 2.13 10.3
14 0.36 3.74 1.81 4.66 13.1 1.25 2.58
15 0.30 2.88 0.92 4.92 16.4 1.71 5.34
16 0.08 1.26 1.26 5.92 74.0 4.70 4.69
17 0.51 343 2.37 28.5 55.7 0.83 12.1
18 0.39 5.00 2.29 5.51 14.2 1.10 241
21 0.01
22 1.70
23 0.31

#1Cs values for the blood trypomastigote form of Trypanosoma brucei rhodesiense (T. b. r.), the amastigote form of Trypanosoma cruzi (T. ¢.) in L6
cells, and the axenic amastigote form of Leishmania donovani (L. d.) are reported. The L6 cytotoxicity as well as the selectivity index (SI = ICs, for
L6/1Cs for parasite) for all parasites is also shown. Compounds 21, 22, and 23 are the standard drugs melarsoprol, benznidazole, and miltefosine,
respectively. A detailed description of the assays can be found in Refs. 17 and 18.

CH3COOH

[0} (o}
CCO = ooy
O (e}

19a

Scheme 2. Synthesis of 2-bromo-anthracene-1,4-dione. Reagents and
condition: Br, dropwise, cooling, 2.5 h.

produced to work as biological defense mechanisms.
With respect to safety, however, a greater tolerance
may be acceptable for anti-trypanosomatid candidates,
given the short course of therapy and the scarce safety
profile of the currently available drugs.’

In conclusion, we report on the design, synthesis, and
anti-parasitic screening of a small library of natural-
product-derived naphtho- and anthra-quinones against
trypanosomatid parasites. Notwithstanding the small
number of synthesized compounds, we discovered some
very potent inhibitors against 7. b. rhodesiense, and
some compounds that were active against 7. cruzi and
L. donovani. Although the present derivatives were over-
all quite cytotoxic toward L6 cells, we identified a prom-
ising hit compound. Indeed, 16 showed an ICsq value of
80 nM against T. b. rhodesiense cells and an SI of 74,
which is very close to the specifications required by
WHO/TDR for 16 to be considered an anti-trypanoso-
matid hit. This confirms the rationale of our design
strategy (Fig. 1). In addition, the low-cost criterion
was met by using the devised straight synthetic route,
which also made use of readily available synthons. In
the light of these results, we plan to complement the
present study with two strategies: (1) further exploita-

tion of the versatile synthetic route to enlarge the pres-
ent series of compounds, with the aim of tuning down
human cell toxicity; (2) application of biochemical and
molecular biology tools!? in order to identify the target
protein(s) of these compounds. Here, a chemical proteo-
mics approach will allow us to elucidate the SARs in
more detail and, thus, to more effectively address the de-
sign of further less toxic derivatives. It is worth noting
that, in addition to a possible target-related mechanism,
the general free-radical-generation mechanism of
quinones (probably at the basis of their general cytotox-
icity) may be exploited to prevent resistance
development.?°
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Abstract—The synthesis and the biological evaluation of the anti-HIV-1 activity of TSAO-Boc’T (8) are described. The computa-
tional analysis showed that the N-3 Boc group promotes new interactions in the binding site of the enzyme leading to a good inhib-

itory activity.
© 2008 Elsevier Ltd. All rights reserved.

Non-nucleoside reverse transcriptase inhibitors (NNR-
TIs) represent a particular group of compounds which
bind to a hydrophobic pocket near to, but not at the
HIV-1 polymerase active site of p66, resulting in an
inactive conformation of the enzyme.'> TSAO com-
pounds represent a peculiar family of HIV-1 RT inhib-
itors since they are the first non-peptide molecules that
interact with amino acids at both HIV-1 RT subunits
(p66 and p51), at the dimer interface, and thus can inter-
fere with enzyme dimerization.* Since 1992, TSAO
compounds have been subjected to extensive structure—
activity studies (SAR) to assess the structural require-
ments for their optimal interaction with HIV-1 RT, a
prerequisite for antiviral activity. The ribo configured
sugar plays an essential role in the interaction as well
as the presence of both a 3’-spiro-5"-(4"-amino-1",2"-
oxathiole- 2”,2"”-dioxide) moiety and OTBDMS groups
at positions 2" and 5’ of the sugar moiety. Modifications
either at positions 2’ or 5',° on the 3'-spiro moiety,® or
on the base part,” have been performed. Like for NRTIs
and NNRTIs, TSAOs provoke resistance of HIV-1 RT
due to the Glu-138 — Lys mutation, suggesting that
they may interact with the Glu-138 residue located in
the B7-B8 loop in p51.% The phenomenon of resistance

Keywords: NNRTI; Aminonitrile; CSIC reaction; TSAO; ATSAO;

Computational study.
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and eagerness for complete elucidation of the precise
binding mode of this drug class to this RT has prompted
the exploration of further structural modifications of
TSAOQO analogs for SAR study.

Camarasa et al. reported the synthesis and biological eval-
uation of several compounds bearing a variety of polar,
lipophilic, or aromatic groups linked through flexible
polymethylene linkers. The TSAO derivative with an
N-methylcarboxamide group at the N-3 position was
found to be 5- to 6-fold more active than the TSAO-T.?

Recently, we reported the first synthesis of ATSAOs in
which the 3’-spiro-oxathiazole ring is substituted with
a spiro-isothiazole moiety (Fig. 1).'9 The evaluation
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TBDOMSO~Z o N7 Yy
H2N 1"
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~0,. OTBDMS

Oy

O >0
TSAO-T,R=H ATSAO-T derivatives
TSAO-m3T, R= CH, R=H, Boc, CH3
R'=H, CH;
R?=H, Ph

Figure 1. Aza analogs of TSAO.
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of the inhibitory effects on HIV-1 replication demon-
strated that these ATSAO derivatives showed the same
HIV-1 specific activity spectrum (ECsy: 0.13-0.53 uM)
but significantly, showed no inhibitory activity against
HIV-2 at subtoxic concentrations. A computational
study revealed that the ATSAO compounds adopt a
similar conformation at the p66-—p51 interface as that
of TSAO analogs.'!

AzaTSAO-T derivatives bearing a substituted dihydro-
isothiazole dioxide ring with a phenyl group at 5" posi-
tion have also been reported. Their biological evaluation
revealed that the phenyl group leads to a dramatic de-
crease in the inhibitory effect. Continuing our work on
this area, and in order to gain a deeper insight into the
SAR of (A)TSAO derivatives, herein we report the syn-
thesis of TSAO-Boc’T (8) as well as its biological evalu-
ation and modeling study of the most active TSAO and
ATSAO compounds (with a Boc functionality at N-3).

In the previous work,!%* we demonstrated that ATSAO-
Boc®T, which has an unsubstituted isothiazolic ring,
proved to be only 2- to 7-fold less active than TSAO-T
against HIV-1 replication in MT-4 and CEM cells. The
inhibitory effects for ATSAO-Boc®T and the unsubstitut-
ed N-3 analog (ECsy: 0.13 vs 0.53 uM) suggested that it
was the Boc group at the N-3 position that increases the
activity. In spite of the large number of compounds
tested,* it is surprising that no TSAO analog equivalent
to our ATSAO-Boc’T has been synthesized so far.

In order to establish the role of a Boc group at N-3 on
the biological activity and to further elaborate SAR
studies, here we describe the synthesis, modeling studies,
and the anti-HIV-1 activity of compound TSAO-Boc’T

@)

Following the synthetic pathway described by Camar-
asa et al., carbamoylation of the TSAO-T was unsuc-
cessful; consequently, the Boc group was introduced
before the Carbanion mediated Sulfonate Intramolecular
Cyclization (CSIC)-reaction step.'"®¢ Accordingly, com-
pound 4, obtained from precursor 1, was reacted under
the usual conditions to give the Boc-derivative 5, which
was submitted to the CSIC protocol to provide product
6 in 60% yield. Subsequent deprotection (NH3;/MeOH)
and silylation afforded the target compound 8 in 50%
yield.

The inhibitory activity of compound 8 against HIV-1
(IIIB) and HIV-2 (ROD) was evaluated in CEM cell
cultures. In a previous work,'% we demonstrated that
the ATSAO derivatives lacking a substituent (methyl)
on the endocyclic nitrogen atom of the spiro moiety
were potent and selective inhibitors of HIV-1 in
CEM cell cultures, as none of them showed inhibitory
activity against HIV-2 replication, at subtoxic
concentrations.

However, for compound 8, which has an oxathiole spiro
ring, the concentration required to protect CEM cells
against the cytopathogenicity of HIV by 50% (ECs:
0.023 £ 0.010 uM) clearly demonstrates that introduc-

tion of a Boc group at the N-3 position improves the
antiviral activity over that of the lead TSAO-T com-
pound (ECsy = 0.06 + 0.010 pM). We hypothesized that
this might probably be due to the establishment of addi-
tional interactions with the dimer interface near the f7—
B8 loop. Moreover, N-3 carbamoylation decreased the
cytotoxic concentration compared with TSAO-T
(CC50=262%1.12uM vs 16 £ 1.0 uM for TSAO-T).
No antiviral activity was observed against HIV-2. This
result is in accordance with our preliminary results ob-
tained in the ATSAO series.

In order to further elucidate the binding mode induced
by this novel pharmacophore, a modeling study was
undertaken. A recent computational study focused on
the role of the heteroatom at the spirocycle revealed that
its endocyclic moiety is mostly exposed to the solvent,
and it was argued that additional electrostatic stabiliza-
tion by the polar solvent might stabilize the complex
formed with the oxathiole or unmethylated aza deriva-
tives.!' It was postulated, on the other hand, that the
presence of a substituent on the endocyclic nitrogen
atom constrains the ring pucker to a narrow region of
the pseudorotational cycle. This leads to a fairly dis-
torted disposition of the base and substituents of fura-
nose, mainly the 5’-O-TBDMS group. Because of the
well-known rigorous geometric requirements for the
functional groups at C-5',°*!2 we speculated that this
enhanced conformational rigidity may impede the com-
pound’s efficient adaptation to the enzyme binding site,
leading to a loss of affinity.

According to the proposed model, the N-3 substituent
would be mostly exposed to the solvent and run parallel
to the subunit interface. Thus additional interactions with
other interface residues may help destabilize the RT dimer
by disrupting key p51/p66 interface interactions.® In fact,
it has been demonstrated that modifications at the N-3 po-
sition are well tolerated,!® and in some cases are even
better than the prototype TSAO-T at disrupting the in-
ter-subunit interactions. Thus, they are more potent
inhibitors of the enzyme’s DNA polymerase activity,
and also exhibit potent antiviral activity.'*

We have now conducted a molecular modeling analysis
(see Supplementary Data) on the effect of a Boc substi-
tuent on N-3 to identify the structural features that are
important for the improved ability, relative to the lead
TSAO compound, to inhibit HIV-1 RT dimerization.

Docking studies!> (see Supplementary Data) were per-
formed on the proposed binding site using the com-
pounds shown in Figure 2. The number of clusters
found for each compound, the proportion of highly
populated clusters, and the corresponding binding and
docking energies of each complex were calculated (see
Supplementary Data) (Scheme 1).

Our data indicate that the Boc-derivatives can pose in
the presumed binding site mainly in two different modes,
each differing in orientation of the Boc group at N-3:
complexes a and b. Figure 3 shows both conformations
for compound 8. As can be seen, the Boc carbonyl oxy-
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Scheme 1. Reagents and condition: (a) i—NaCN, NaHCO;, Et,0-
H,O0; ii—MsCl, py (78%); (b) i—TFA-H,0; ii—Ac,0, py (95%); (c)
silylated thymine, TMSOTT (77%); (d) (Boc),O, CH,CL/py (4/1; vIv)
(85%); (e) Cs,COz, CH3CN (60%); (f) NHiz/MeOH (70%); (g)
TBDMSCI, CH;CN (50%).

gen may hydrogen bond to the hydroxy group of the
side chain of Thr-B139 (complexes of type a) or with
Lys-A172 (complexes of type b). Such stabilizing inter-
actions might be responsible for the improved activity
seen for the Boc-derivatives relative to unsubstituted
ones. At first sight, the fert-butyl group seems to be
unhampered, well accommodated in both conforma-
tions, which provides an ambiguous identity of the rele-
vant amino acid involved in this stabilizing interaction.

To take into account protein flexibility, the behavior of
the predicted complexes was studied in a dynamic con-
text (see Supplementary Data). The lowest energy
docked structure for each conformation was selected,
and for each binding mode, a molecular dynamics
(MD) simulation.!® The whole system was partitioned
into a frozen and a mobile region, where positional re-
straints on both the ligand and the protein were progres-
sively reduced and finally removed.

We have monitored the root-mean square deviation
(rmsd) profiles for the moving part of the system, and
the ligand to get insights into the changes that are expe-
rienced upon binding. For both complexes a and b, the
ligand remained docked in the binding site, conserving
the initial conformation, but the backbone torsion
about C4'-C5’, evolving to the expected ap conforma-
tion® upon relaxing. In addition, for complex a, the li-
gand showed an rmsd>1.7A due to additional
conformational adjustments on the Boc moiety, leading
to an average value of rmsd higher than for complex b
(~1.2 A). The rmsd profiles determined for the subset
of residues that form the mobile region remained stable
along the simulations at ~1.8 A (complex a) and ~1.6 A
(complex b), thus suggesting the occurrence of soft local
distortions in the protein as a consequence of the bind-
ing of the drug. The main rearrangements are induced
by the fert-butyl moiety, since it forces the side chains
of residues on the palm subdomain of p61 (Thr-A165
and Glu-A169) away. This effect is enhanced in complex
a, where initially there were more intense steric contacts.

The analysis of the intermolecular hydrogen bonds
formed upon complexation has revealed significant
properties. The sulfone group hydrogen bonds to one
of the anticipated lysines (Lys-A101) throughout the tra-
jectory (occupied 66%), with a mean distance separating
the N{ atom of the residue and the closest sulfone oxy-
gen of 29%0.16 A. The distance for Lys-A103
(3.6 £ 0.11 A) and the occupancy (18%) of the pertinent
H-bond are far from a true hydrogen bond during most
of the simulation, although this may be considered as an
electrostatic interaction which allows an optimal accom-
modation of the sulfone group.'! The spiro amino group
establishes two stable hydrogen bonds with carboxylate
oxygen atoms of Glu-B138, as can be deduced from the
distances (2.8 + 0.15 and 3.0 + 0.18 A, respectively) and
occupancy along the simulation (78% and 59%). These
values are very similar for both complexes a and b, with
absoluyte differences on occupancy and distance <3% and
<0.1 A, respectively.

The hydrogen bond formed by carbonyl oxygen on Boc
shows a contrasting behavior. For complex a, the hydro-
gen bond between Thr-B139 and the carbonyl was pro-
gressively weakened during the MD simulation, owing
to the rert-butyl group of the Boc substituent, which ham-
pers an effective H-bond with the secondary hydroxy
group at the amino acid. This results in a long average dis-
tance (3.5 0.68) and low occupancy (29%) of the
H-bond, pointing to a weak interaction. For the complex b,
the carbonyl oxygen is engaged in a H-bond with Lys-
A172 all over the simulation (2.7 £ 0.19; occupancy
87%). The amino acid side chain can freely rotate since
the terminal amino group is not initially hydrogen-
bonded to other residues, and the new H-bond is sterically
unhindered, so it appears stable along the simulation.

The energetic analysis reveals that both drug conforma-
tions give rise to favorable enzyme-ligand complexes
(—104 and —15.1 kcalmol™!, for complex a and b,
respectively). The greater stability of the binding mode b
is mainly due to the electrostatic component computed
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Figure 3. Schematic representation of the two binding models from docking simulations: a, left; b, right. The Ca trace of the enzyme is displayed as a
ribbon, colored according to the two subunits p66 (green) and p51 (yellow). The side chains of some relevant residues (Lys-A101, Lys-A103, Lys-
A172, Glu-B138, Thr-B139) are shown as sticks, with carbon atoms colored according to their subunit. Inhibitor 8 is displayed as sticks with carbon

atoms in cyan.

by the MM force field, which results in a stabilization by
7.2 keal mol ™! of complex b relative to a.

Although the base part of TSAO derivatives is mostly
exposed to the solvent and run parallel to the p51/p66
subunits interface, the substitution at N-3 may induce
local distortions in the enzyme. The results summarized
above suggest that the binding site of HIV-1 RT is not
flexible enough as to easily accommodate ligands bear-
ing bulky substituents, and appears as visibly sensitive
to the drug conformation. For complex a, the fert-butyl
unit interferes with the side chains of residues Thr-A165
and Glu-A169 on the palm subdomain of p6l, thus
forcing the drug to reorient inside the binding pocket
(torsion of Boc substituent by 52° from the B3LYP/6-
31G(d) optimized rotamer), which further inhibits the
formation of an efficient hydrogen bond between the
hindered carbonyl oxygen and the hydroxy group of
Thr-B139. For the alternative ligand conformation
(complex b), such an effect is less marked, since these
unfavorable steric contacts are softer, which induces a
minor displacement of the inhibitor and conformational
torsion (28° from the B3LYP/6-31G(d) optimized rot-
amer). Moreover, the free and unhampered N{ of Lys-
A172 may form a stable H-bond with the carbonyl
group, and is preserved along the simulation.

In summary, these results point to a better accommoda-
tion for conformation b,'” and suggest that while a car-
bonyl group at N-3 position of the base is favorable for
establishing binding interactions with the enzyme, the
attachment of associated bulky substituents restricts
the proper adjustment of the ligand inside the binding
site. However, it might be speculated that compounds
bearing an unhindered carbonyl group at the position
N-3 could improve activity or resistance profiles by opti-
mizing the H-bond interaction with binding pocket and
thus reducing the unfavorable steric hindrance.

The work described herein reinforces our previous data
which demonstrates that a Boc group in N-3 position

acts as a potential novel pharmacophore for the oxo
and aza TSAO derivatives. Further modifications in
N-3 are in progress with a view to obtaining compounds
with increased biological activity, and the results will be
reported in due course.
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Abstract—The synthesis of a series of 17-estradiol-platinum(II) hybrid molecules is reported. The hybrids are made of a PEG link-
ing chain of various length and a 2-(2’-aminoethyl)pyridine ligand. They are prepared from estrone in five chemical steps with an
overall yield of 22%. The length of the PEG chain does not influence the solubility of the compounds as it remains relatively constant
throughout the series. MTT assays showed that the derivative with the longest PEG chain showed the best activity against breast
cancer cell lines (MCF-7 and MDA-MB-231). Molecular modeling study rationalized the results.

© 2008 Elsevier Ltd. All rights reserved.

Platinum(IT)-based anticancer therapies remain, to this
day, a useful and effective methodology for the manage-
ment of several types of cancers."”? Even if much work
has been done in order to improve the platinum(II) anti-
cancer drugs, only a few selected compounds are used
today in clinics. They are cisplatin (cis-diamminedichlo-
roplatinum(Il)) and carboplatin (diamine[l,1-cyclob-
utanedicarboxylato]-0,0’-platinum(II)), the first and
second platinum(II) derivatives to hit the market, and
more recently oxaliplatin, nedaplatin, iobaplatin, and
heptaplatin (SK12053R).3-> The first three platinum(II)
complexes are used worldwide but the last three are used
regionally, primarily in Asian countries. The platinum
complexes have been mainly used for the treatment of
solid tumors, particularly small cell lung, ovarian, testic-
ular, head, and neck tumors. The specific uses of these
drugs vary from one to another. However, oxaliplatin,
nedaplatin, iobaplatin and heptaplatin have not shown
any distinct and overwhelming advantages over cisplatin
and carboplatin.>~ In general, the platinum-based drugs
suffer from two main disadvantages: chemoresistance to
the drugs can occur* and second they are non selective

Keywords: Estradiol-platinum(Il) complexes; Breast cancer; Estrogen
receptor; Molecular modeling.
* Corresponding author. E-mail: Gervais.Berube@ugtr.ca

0960-894X/$ - see front matter © 2008 Elsevier Ltd. All rights reserved.

doi:10.1016/j.bmcl.2008.03.005

toward cancer cells which lead to severe toxic side ef-
fects, primarily kidney toxicity and neurotoxicity.®’

Recent literature reviews present a broad overview of
the actual knowledge of platinum-based antitumor
agents as well as their action mechanisms.>>® The anti-
tumor activity of platinum drugs is a consequence of
their interaction with DNA. Cisplatin binds readily to
the N7 position of the guanine bases of DNA molecules
thereby blocking replication and/or transcription, and
ultimately inducing apoptosis.*°

Several research groups, including ours, have been
investigating the combination of a platinum complex
to an estrogenic moiety in order to target the estrogen
receptor (ER) in hormone-dependent diseases, particu-
larly breast cancer.’ Manifestly, the overall goal is to im-
prove the selectivity and efficacy of this type of drug
and, more importantly, to minimize its toxic side effects.
A recent review has recently presented various preclini-
cal and clinical studies on the use of platinum complexes
for breast cancer treatment.’

Thus, the estrogen receptor is a biological target that has
attracted considerable attention over the years. It is ex-
pressed by several types of cancers; breast (60-70%),'°
uterus (70-73%)!!" as well as ovarian (61%).!? Together,
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they represent 40% of all cancers diagnosed in women
and display a 25% mortality rate.'> The biological affin-
ity between 17B-estradiol and its cognate receptor can
theoretically be used to direct a cytotoxic agent to the
target cells.

This manuscript describes the straightforward synthesis
of a new family of 17B-estradiol-platinum(II) (E,-Pt(I1))
hybrid molecules 1 (Scheme 1). The novel platinum
complexes are linked with a polyethylene glycol (PEG)
chain at position 16a of the steroid nucleus and bear a
16B-hydroxymethyl side chain. They are made from es-
trone in only five chemical steps with an overall yield
of 22%. The PEG-chain was used in order to obtain
compounds with relatively constant solubility through-
out the series and to study more accurately the true
influence of the length of the chain on the biological
activity. This class of compounds completes our previ-
ous work done on similar derivatives; see compound 2

and 3, which used a carbon chain tether (Scheme 1).!4 17

The objective of the present study was also to determine
the cytotoxic effect of these novel molecules using estro-
gen dependent (estrogen receptor positive; ER™) and
independent (estrogen receptor negative; ER™) human
breast cancer cells. The biological activity of these com-
pounds was evaluated in vitro using an MTT cell prolif-
eration assay.!®!” The MTT assay was performed over
an incubation period of 72 h. The affinity for the estro-
gen receptor alpha (ERa) was also determined for deriv-
ative 1b.

As anticipated, the calculated log P of the aminopyridine
ligands 4a-e is relatively constant throughout the series
varying from 3.98 for 4a to 3.32 for 4e (Table 1). Estra-
diol itself has a clogP of 4.00. The final E,-Pt(II) hy-

OH
"’///(/\0/\);/NH‘Pt'N =
Cl Cl
HO 1
OH
’ NH N~
////(")B/ C;Pt\Cl
HO 2

'/ p
Cl Pt

p =2 to 12 carbon atoms
n = 1(a), 2(b), 3(c), 4(d) or 5(¢)

Scheme 1. Structure of the 17B-estradiol-platinum(II) complexes
studied in our laboratory.

Table 1. Calculated log P of the aminopyridine ligands 4a—e, of the
final E,-Pt(II) hybrids 1a—e and of 17B-estradiol

Compound?® clog P® Compound® clog P°
4a 3.98 1a 4.40
4b 3.81 1b 4.24

4c 3.64 1c 4.07

4d 3.48 1d 391

4e 3.32 le 3.74
17p-Estradiol 4.00°

#Chain length:a (n=1),b(n=2), ¢ (n=3),d (n=4), and e (n = 5).
® Calculated log P as obtained with CaChe work system pro, 2006.
°Reported literature value for 17p-estradiol is 3.90.%

brids la-e should also possess relatively constant
solubility. The clog P of the final platinum(II) complexes
vary from 4.40 for 1a to 3.74 for le. Thus, a slight in-
crease of solubility is predicted for derivatives 1 as the
chain is lengthening. Consequently, we speculated that
the difference in cytotoxicity, if any, should only
reflect the influence of the length of the PEG tether
chain on the final hybrid molecules.

OH
v,///e\o/\)E/NH N~

HO

The synthesis involves only five chemical steps starting
from estrone as the steroid template. The 17p-estra-
diol-Pt(I) complexes 1a—e were obtained efficiently in
high yield (22% overall) using an efficient reaction
sequence.

First, the preparation of the PEG chains was accom-
plished from commercially available 2-chloroethyl ether
(5) and from PEG of various lengths (6b—e) (Scheme 2).
Thus, treatment of 2-chloroethyl ether with sodium io-
dide in refluxing acetone for 3 days gave 2-iodoethyl
ether (7a) in 81% yield. Derivatives 7b—e were obtained
in a two-step reaction sequence. The PEG chains were
treated with mesyl chloride and triethylamine in diethyl
ether at 0 °C to give the bis-mesylate intermediates 8b—e.
The bis-mesylates 8a—e were subsequently treated, with-

1, acetone 1
/\/Cl Na 5 /\/
/\/0 —_— O

ca reflux, (81%) N

5 7a

/\[\/ /\]\/OH MsCl, Etz;N /\[\/0/\]\/0]\/[5
Et,0, 0°C, N, MsO n

6b-e 8b-e
AT
7b-e

Scheme 2. Preparation of bis-diodo-PEG chains 7a—e.

NaI acetone

reflux, (79%)
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out purification, with excess sodium iodide in refluxing
acetone to give the dilodo-PEG chains 7b—e in 79% aver-
age yield.

As shown in Scheme 3, estrone (9) was initially pro-
tected as a tetrahydropyranyl ether (R = THP) under
standard reaction conditions. Accordingly, estrone was
treated with dihydropyran in dichloromethane in the

HO 9

b
0 0
OCH;
ol
n I
THPO 11a-e
C

OH
OH
, H
Mo
o
HO O\

cl

la-e =

Scheme 3. Synthesis of 17B-estradiol-linked platinum(II) complexes.
Reagents and conditions: (a) I—DHP, PPTs, CH,Cl,, 22 °C, 24 h; 2—
KH, dimethyl carbonate, THF, reflux, 3 h, 90%; (b) 7a—e, Cs,COs,
THF, reflux, 4 h, 63%; (c) I—LiBHy, Et,0, 0°C, 1 h and 22 °C, 11 h;
2—PPTs, EtOH, 22°C, 4 h, 70%; (d) 1—2-(2’-aminoethyl)pyridine,
CH;0H, reflux, 4 h; 2—K,PtCly, DMF/H,0 (2:1), 22 °C, 2 days, 55%.

presence of pyridinium p-toluenesulfonate.?! The yield
of the protection reaction is 99%. The intermediate
was further transformed into the B-keto-ester 10 upon
treatment with dimethyl carbonate in the presence of
KH in dry tetrahydrofuran.??>?3 Derivative 10 was ob-
tained with 90% yield. Treatment of derivative 10 with
a suitable diiodo-PEG chains 7a—e and with cesium car-
bonate in tetrahydrofuran gave compounds 1la—e in
63% yield. The iodo-PEG chain was added to the less
hindered o face of the molecule as shown by the pres-
ence of a single peak for the 18-CHj3 at 6 0.90 in the
'H NMR spectrum and at § 14.2 ppm in the *C
NMR spectrum. Reduction of the B-keto-ester moiety
with lithium borohydride in dry ether at 0 °C followed
by the cleavage of the tetrahydropyranyl ether gave
the triol 12a—e.!*2! It was obtained in 70% overall yield
as a single 17B-hydroxy isomer as shown by a sole signal
for the 18-CHj at  0.88 in the '"H NMR spectrum and
at 6 12.5 ppm in the *C NMR spectrum. The stereo-
chemistry of the 17B-hydroxy function was confirmed
by comparison with '*C NMR spectral data of known
17B- and 17a-estradiol derivatives.?*

The final 17B-estradiol-linked Pt(II) complexes la—e
were obtained in a two-step chemical sequence.'* First,
the triol 12a—e was treated with excess 2-aminoalkylpyri-
dine to give derivatives 4a—e for a yield of 80-100%. It is
noteworthy that a short reaction period is necessary for
this reaction in order to avoid the decomposition of the
PEG tether chain. Thus, this reaction is performed in
only 4 h instead of about 20 h when o, w-dibromoalkane
chain is used.'*!'® Second, the triol-aminopyridine inter-
mediates 4a—e were treated with potassium tetrachloro-
platinate in a mixture of dimethylformamide and
water to give the corresponding 17f-estradiol-PEG-
linked Pt(IT) complexes 1a—e with n =1, 2, 3, 4, and 5.
The yield of this two-step sequence was 55%. As a result,
the new cytotoxic molecules possess a PEG tether chain
varying from 5 to 17 atoms long. All new compounds
synthesized were characterized by IR, NMR spectros-
copy, and mass spectrometry.?’

As shown by the MTT assays, the new Pt(Il) complexes
present no specific toxicity toward ER* breast cancer
cells (Table 2). However, it is important to indicate that
the desired selectivity toward ER™ cancer cells might be

Table 2. Inhibitory concentration® of cisplatin and 1a—e on both ER*
and ER™ breast cancer cell lines

Compounds MCF-7 (ER") MDA-MB-231  Chain length
(ER™)
ICsy" (M) ICsp" (M) n
Cisplatin 18.97 £0.43 17.33 £2.28 —
la 68.50 £ 3.01 38.67+4.15 1
1b 3344+ 1.79 17.86 £1.33 2
1c 38.04 +2.02 27.29 £ 4.61 3
1d 35.64 +0.84 17.52 £ 1.47 4
le 20.61 £0.94 13.90 £ 1.87 5

# Inhibitory concentration (ICsy, pM) as obtained by the MTT assay.
Experiments were performed in duplicates and the results represent
means = SEM of three independent experiments. The cells were
incubated for a period of 72 h.
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expressed more clearly (and possibly only) in vivo as it
was previously demonstrated for similar types of deriv-
atives.?%27 A typical dose-response curve for derivative
1le is shown in Figure 1.

The estrogen-PEG-Pt(II) hybrid molecules carry a 2-(2'-
aminoethyl)pyridine ligand which was found to be the
best ligand for biological activity for hybrids of formu-
lae 2 and 3. However, hybrids 1a—e were generally less
cytotoxic than cisplatin itself. The length of the side
chain seems to be optimal at n =5 where we observed
an ICso of 20.6 and 13.9 uM, respectively, for the
MCF-7 and MDA-MB-231 cancer cells. The derivative
with shorter side chains (n = 1) is the least active estra-
diol-PEG-hybrid of the series. Moreover, it is observed
that the cytocidal activity is generally more important
on the hormone-independent breast cancer cells. If selec-
tivity can be achieved in animal models, derivative le
might become an alternative of choice for site-specific
treatment of hormone-dependent breast cancer.

The estrogen receptor alpha (ERa) affinity assay was
performed using the HitHunter™ EFC Estrogen Fluo-
rescence assay kit (Discoverx, Fremont, CA) according
to the manufacturer’s instructions.?®

The estrogen receptor binding studies showed good
affinity for derivative 1b to the estrogen receptor alpha.
The reference derivative, that is, cisplatin present, as ex-
pected, no affinity for the ERa. The estrogen-PEG-
Pt(11) hybrid molecule 1b has an ECs, of 4.25 nM com-
pared to 0.66 nM for 17B-estradiol, the natural ligand.
This type of molecule presents lower affinity than the
previous class of derivatives 2 and 3 reported earlier.

Molecular modeling:  All calculations (molecular
mechanics, MM2) and modeling were performed on
CACheWorkSystem Pro.?” In order to better under-
stand the biological activity of these molecules they were
docked into the active site of the estrogen receptor (PDB
1ERE).*°

MTT assay, 72h
125

—%— MCF-7
—Oo— MDA-MB-231

100

% of control

o L) L) L) L) L) L) L) L)
0 10 20 30 40 50 60 70 80
Doses (uM)

Figure 1. Typical dose-response curves for E,-PEG-Pt(II) complex le
as obtained by the MTT assay for 72 h treatment.

As mentioned earlier, the new estrogen-PEG-Pt(II) hy-
brid molecules 1a—e are relatively less potent than the
previous analogous platinum complexes linked with an
alkyl chain (see structure 2). To understand the differ-
ences in potency between these two series, we performed
molecular modeling and docking experiments using the
optimized structures of these classes of compounds
and the crystal structure of estrogen receptor alpha
(ERa). Thus, we superimposed two of the most active
compounds from each class (Fig. 2). Figure 2 shows that
the orientation of the reactive site, PtCl, portion, is sig-
nificantly different between the two compounds (le and
CD-38 (compound 2, p = 8)) despite their significant pla-
narity between the estradiol moieties. Similar differences
were observed when these two compounds were docked
to the active site of the ERa (Figs. 3 and 4). According
to 3D model based on X-ray structure of 17f-estradiol
bound to the estrogen receptor, the OH group at posi-
tion 3 (steroid numbering) of all compounds form three
hydrogen bonds with proteins, ARG 394 and GLU 353
and the other with a second hydroxyl group of the estra-

Figure 2. Superimposition of the most stable conformation of com-
pounds le (purple) and CD-38 (blue) showing the difference between
the two compounds.

Figure 3. Docking view of compound 1e to the active site (within 3 10\)
of ERa (PDB, Code: 1ERE). All Hydrogen bond are shown using blue
arrows and labels. Yellow labels indicate atoms that are too close
together. The PtCl, moiety is pointing toward the active site.
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Yellow
labels

Figure 4. Docking view of compound CD-38 to the active site (within
3 A) of ERa (PDB, Code: 1ERE). All Hydrogen bond are shown using
blue arrows and labels. Yellow labels indicate atoms that are too close
together. The PtCl, core is oriented outward of the active site.

diol moiety (blue labels in Figs. 3 and 4). Both classes of
compounds have very similar bonding interactions with
the active site of ERa but the orientation of the plati-
num moiety is quite different between the two com-
pounds (Figs. 3 and 4). In PEG derivative, the PtCl,
moiety is oriented toward the ERo and may not be
freely available for further interaction with its targets.
However, the PtCl, is oriented outside the ERa pocket
and the reactive site (PtCl,) maybe readily available
for its targets. Despite the extra hydrogen bond between
PHE 425 and 1e (Fig. 3), CD-38 is the most potent E,-
Pt(I1) hybrid. Therefore, the orientation of the reactive
site is an important factor for biological activity.

We also examined the quantitative structure—activity
relationship between ICsy and the solvent accessible sur-
face area, a known molecular descriptor. The surface
area of the electron density isosurface is determined
after optimizing the molecular geometry using MOPAC
with PM5 parameters. Figure 5 shows the plots of sol-
vent accessible surface area versus ICsy. A linear rela-
tionship between this molecular descriptor and ICs
was observed. The value of correlation coefficient (%)
between solvent accessible surface area and ICsq is
0.730 for MCF-7 and 0.64 for MDA-MB-231 cell lines,
respectively. As shown in Figure 5, the potency is great-
er for larger value of solvent accessible surface area.

In summary, this manuscript presents a new series of
cytotoxic 17B-estradiol-PEG-linked Pt(IT) hybrid mole-
cules (1a—e). They are readily available from estrone in
only five chemical steps with excellent yields (22%
overall). The biological activity is lower than that of
the hybrids of first and second family, see derivatives
2 and 3. The most promising compound of the series
is derivative le, which is equipotent to cisplatin itself.
Despite a relatively low cytocidal activity, the novel
hybrids could have interesting in vivo biological po-
tential due to their enhanced solubility as compared
to the first two prototypes (2 and 3). Molecular mod-
eling studies show that the orientation of the platinum
core is different when the E,-PEG-Pt(Il) hybrid is
compared to the best of the platinum complexes of
family 2 (CD-38 (2, p =8)), which bears a 10 carbon
atoms alkyl chain. However, we show that the plati-
num core is outside the ERa pocket for the novel
E,-PEG-Pt(II) hybrid 1e, which could account for its
cytocidal activity. Further biological investigation of
this type of compounds is warranted and is in progress
in our laboratory.

IC50 vs. Surface Area

70

IC50 (MCF-7 or MDA-MB-231)

G50 (MCF-7)=-0.197027*Surface Area (1) (angstromsquare)+172.446 rCy2=0,622921 "2=0.730372
1C50 (MDA-MB-231) =-0.105176*Surface Area (1) (angstromsquare)+34,1523 1C2=-0,100007 r2=0645885

® (MCF-7) 5
= (MDA-ME-231) T

570 480 590 600 G610 620 630 640 B50

E70 B30 B30 700 710 720 730 740 750 760 770

Surface Area (angstromsquare)

Figure 5. Regression analysis showing the relationship between the surface area and the ICsy values of MCF-7 cells (black circles on the line,

#?=0.73) and for MDA-MB-231cells (green rectangles and line, 1% = 0.65).
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Abstract—Novel diamine derivatives containing imidazolidinylidene propanedinitrile were synthesized and evaluated for histamine
H; receptor-binding affinities. High-affinity ligands 3d, 3k, and 3n showed potent H; receptor antagonism and excellent selectivity

over human H;, H, and Hy receptors.
© 2008 Elsevier Ltd. All rights reserved.

In the central nerve system, the histamine H; receptor
(H3R) is thought to control the release of a various neu-
rotransmitters such as histamine, serotonin, dopamine,
and acetylcholine. H3;R antagonists induce the release
of these neurotransmitters, and in animal models they
have been demonstrated to enhance attention and cogni-
tion, and influence feeding. Therefore, they may be use-
ful in the treatment of, for example, attention-deficit
dis?rgier, Alzheimer’s disease, schizophrenia, and obes-
ity

To obtain potent and selective H3;R antagonists, our
chemical library was screened for compounds that inhib-
ited the binding of [*H]-N*-methylhistamine ([*H]J-
NAMH) to human H3R. As a result, the imidazolidiny-
lidene propanedinitrile derivative 1 was found to possess
moderate affinities not only for the human H;R
(K; =83 nM) but also for the rat H;R (K;=75nM).
Conversely, its monoamine derivative 2 showed twofold
higher affinity for human H3;R (K; = 36 nM) compared
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to 1, but K value at rat H3R decreased to 690 nM. Re-
cently, researchers of Johnson & Johnson reported a
new class of diamine derivatives as potent and selective
H;R antagonists. For example, JNJ-5207852 represented
pK; of 9.24 (0.57 nM) and 8.90 (1.26 nM) for the human
and rat H3Rs, respectively, and acute wake-promoting
actions by H3R antagonism.®° Then, we designed a no-
vel diamine compound 3 based upon the imidazolidiny-
lidene propanedinitrile core with various alkyl chain
length or amines (Fig. 1).

First, in order to examine the effect of the alkyl chain
length on human and rat HsR affinities, we synthesized
compounds 3a—f in which piperidine was used as amines
A and B. Compound 3a, having two piperidinoethyl side
chains (m, n = 2), was prepared as follows (Scheme 1).
Commercially available [bis(methylthio)methyleneJmal-
ononitrile 4 and N,N’-bis(2-hydroxyethyl)ethylenedia-
mine 5 were reacted in refluxing THF to afford
imidazolidinylidene propanedinitrile 6 in 95% yield.
Then, two primary hydroxyl groups of compound 6 were
mesylated and the resulting dimesylate was treated with
excess piperidine to give compound 3a in good yield.

Scheme 2 shows the synthesis of dipiperidino derivatives
3b-e with various combinations of alkyl chain
length. The reaction of malononitrile 4 with N-(2-
hydroxyethyl)ethylenediamine 7a (m=2) or N-(3-
hydroxypropyl)ethylenediamine 7b (m =3) afforded
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Figure 1. Design of diamine-based novel histamine Hj receptor antagonists with imidazolidinylidene propanedinitrile moiety.
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Scheme 1. Reagents and conditions: (a) THF, reflux, 1h, 95%; (b)
MsCl, TEA, CH,Cly, rt, 1 h; (c) piperidine, 1,4-dioxane, reflux, 16 h,
67% (b and c two steps).

mono-substituted imidazolidinylidene propanedinitrile
derivatives 8a or 8b. Introduction of another alkyl chain
into compound 8a or 8b by the use of 1,3-dibromopropane
(n=13), 1-chloro-3-iodopropane (n=3) or 1-chloro-4-
iodobutane (n = 4) gave compounds 9b—e. The hydroxyl
group of each compound 9 was mesylated and the result-
ing intermediate treated with excess piperidine to yield
compounds 3b-e.

The bis(piperidinobutyl) derivative 3f (m, n=4) was
prepared as shown in Scheme 3. Malononitrile 4

NC.CN a NC.CN NC CN
MeSISMe_“ HN"NH J/\N N’LC
4 10
NC CN

G JLD

Scheme 3. Reagents and conditions: (a) ethylenediamine, THF, rt,
1.5 h, 86%; (b) K,CO3, DMF, 1-chloro-4-iodobutane, rt, 22 h, 93%; (c)
piperidine, DMF, KI, 80 °C, 4 h, 84%.

was reacted with ethylenediamine to give an unsubsti-
tuted imidazolidinylidene propanedinitrile 10 in 86%
yield. Introduction of two (4-chlorobutyl) chains by
the use of 1-chloro-4-iodobutane and K,CO; in
DMF afforded compound 11 in 93% yield. Subse-
quently, the reaction of compound 11 with excess
piperidine in the presence of KI gave the target com-
pound 3f in 84% yield.
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MeS” “SMe (CHz)mfN\ZNHz_" (CH2)m—N NH
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Scheme 2. Reagents and conditions: (a) THF, rt, 2 h, 95% (8a), THF, rt, 3 h, 82% (8b); (b) K,CO3;, DMF,

1,3-dibromopropane, rt, 108 h, 67% (9b),

K,CO;3;, DMF, 1-chloro-4-iodobutane, rt, 96 h, 85% (9¢), K,CO;, DMF, 1-chloro-3-iodopropane, rt, 42 h, 88% (9d), K,CO;, DMF, 1-chloro-4-
iodobutane, rt, 18 h, 92% (9e); (c) MsCl, TEA, CH,Cl,, rt, 0.5-6 h; (d) piperidine, 1,4-dioxane, reflux, 15 h, 41% (3b: ¢ and d two steps), piperidine,
DMF, K1, 80 °C, 4 h, 62% (3¢: c and d two steps), piperidine, DMF, K,COs3, 100 °C, 24 h, 53% (3d: ¢ and d two steps), piperidine, DMF, Nal, 80 °C,

3h, 77% (3e: ¢ and d two steps).
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Table 1. The effect of alkyl linker length on the binding affinities to
human and rat Hj receptors

NC._.CN

(N-(CHIn N N-(CHp),—N_)

Compound Linker K; (nM)

m, n hH3a 1‘H3a
JNJ-5207852 0.57° 1.26°
1 83 +25¢ 75+ 12¢
2 36 690
3a 2,2 24 55
3b 2,3 6.6 £33° 6.3+1.3°
3c 2,4 16 8.6
3d 3,3 24+09° 2.6%0.9°
3e 3,4 (48/74)¢ (65/88)¢
3f 4,4 (43/68)4 (51/85)¢

2 Binding potencies were assessed by the displacement of [*HJ-N°-
methylhistamine (NAMH). The human H; values were from cloned
human H;R expressed in COS-7 cells, while rat H;R values were
from rat striatal membranes.

®Data from Refs. 8 and 9.

¢ Values with standard error of the mean (SEM): n =3 or 4.

4 Percent inhibition at 0.1 uM/1 pM.

The binding assay results for compounds 3a—f on hu-
man and rat H3;Rs are shown in Table 1. All com-
pounds tested exhibited moderate to high affinities
for both human and rat H3Rs. A bell-shaped relation-
ship between the alkyl chain length and ligand activi-
ties was observed. Among these molecules, compound
3d (m, n = 3) was found to be the most potent ligand
of human and rat H3Rs with excellent selectivity over
human H;, H,, and Hy receptors (% inhibition of
hH;R, hH,;R, hH4R at 10 puM; 21%, —4%, —1%).
Interestingly, compound 3¢ (m + n = 6) showed lower
affinities for human and rat HsRs than those of com-
pound 3d (also, m + n = 6). These results indicate that
not only the distance between two basic nitrogen

NCICN a NCICN b
HN" N - N°'N -
O "

NC._CN NC._CN
)i c I
N‘_'N,\LOH fN\_IN'\L
13

Amine A Cl, OMs
12

Amine A

NC. CN

L. J/\NEN
Amine A
3g-3n

Amine B

Scheme 4. Reagents and conditions: (a) K,CO;, DMF, 1,3-dibromo-
propane, rt, 25 h, 72%; (b) amine A, K,CO;, DMF, Nal or KI, rt, 3—
10 h; (c) MsCl, TEA, CH,Cl,, rt, 1.5-3 h or CCly, Ph;P, DMF or
CHCl;, rt or reflux, 1-18 h; (d) amine B, K,CO3, KI, 1,4-dioxane,
reflux, 10-20 h.

atoms, but also the distance between an imidazolidiny-
lidene propanedinitrile moiety and each nitrogen atom
is important for high affinities to HsRs. In a func-
tional assay,'® compound 3d reversed NAMH-medi-
ated inhibition of [*H]-histamine release from rat
forebrain synaptosomes with an ICsy value of
28 nM. Therefore, compound 3d was a potent antago-
nist of rat neuronal H3R.

Next, we synthesized compounds 3g-n in order to
investigate the effect of the piperidine modification
of compound 3d on human and rat H3;R binding
affinities (Scheme 4). Common intermediate 9f was
prepared by the reaction of compound 8b and 1,3-
dibromopropane. As for compounds 3g—j, 4-methylpi-
perazine, morpholine, (*)-3-hydroxypyrrolidine and
()-2-methypyrrolidine were introduced to intermedi-
ate 9f as amine A, followed by chlorination or mesy-
lation of the primary alcohol of the resulting
compound 12 to afford the corresponding chloride
or mesylate 13. Then, piperidine was reacted with
compound 13 to give the desired asymmetrical deriv-
atives 3g—j. Furthermore, compounds 3k-n were also
prepared in the same way by the use of correspond-
ing 2-methylpyrrolidine as amines A and B.

As shown in Table 2, the affinities for human H3R of
compounds 3g-i markedly decreased as compared to
the dipiperidine derivative 3d. These cyclic amines were
not tolerated for potent H5R interaction. On the other
hand, compounds 3j possessing (*)-2-methylpyrrolidine
showed 6 and 3.5 times higher affinities to human
(K; = 0.38 nM) and rat (K; = 0.69 nM) H;Rs than those
of compound 3d. 2-Methylpyrrolidine was reported to
induce the high potency at both human and rat H3;Rs
by researchers of Abbott.!"!? Introduction of further
(*)-2-methylpyrrolidine into 3j afforded compound 3k,
it showed comparable high affinities to those of 3j for
both H;3Rs. Then, we synthesized all enantiomers of
racemate 3k, that is, 31 (R,R), 3m (R,S), and 3n (S,S)
by the use of the (R)- and (S)-2-methylpyrrolidine.
These chiral pyrrolidines were prepared by reported pro-
cedure.!>!* Although compound 31 showed slightly low-
er affinity for human and rat H3Rs, compounds 3m and
3n exhibited almost equal affinity to that of racemate 3k.
In the functional assay, compounds 3k and 3n were
shown to be potent rat H;R antagonists with 1Cs, values
of 4.9 and 1.9 nM, respectively. These results, combined
with those of compound 3d, revealed that the potency of
H;R antagonism in rat cortical synaptosome was well
correlated with the binding ability to rat forebrain
H;R for these molecules. Furthermore, compounds
3k-n showed excellent selectivity over Hy, H, and Hy
receptors.

In conclusion, we have developed a new series of imi-
dazolidinylidene propanedinitrile-based novel H3R li-
gands. They showed potent affinities to both human
and rat H;Rs and some of which have proven to
be potent antagonists at H3Rs in rat cortical synapto-
somes. Further structural modification and pharmaco-
logical evaluation of these compounds are in
progress.





S. Sasho et al. | Bioorg. Med. Chem. Lett. 18 (2008) 2288-2291

2291

Table 2. The effect of piperidine modification of compound 3d on human and rat H3;R-binding affinities and the selectivity between H3R and other
histamine receptor subtypes of compounds 3k-n

NC._CN

g el

I

Amine A Amine B

Compound Amine A Amine B Ki (nM) % Inhibition (1 uM/10 pM)

hH;* rH;* hH,* hH," hH,"
JNJ-5207852 0.57¢ 1.26° d d d
3d Piperidino Piperidino 24£0.9° 2.6£0.9° 3/21 —5/—-4 11/-1
3g 4-Me-piperazinyl Piperidino (37/74)f (43/82)f d d d
3h Morpholino Piperidino (37/69) (44/82)" d d d
3i (#)-3-OH-pyrrolidinyl piperidino (49/70)f (57/86) d d d
3j (%)-2-Me-pyrrolidinyl Piperidino 0.38 0.69 519 —8/—4 2/6
3k (£)-2-Me-pyrrolidinyl (£)-2-Me-pyrrolidinyl 0.33 £ 0.07° 0.68 = 0.08° 10/21 1/0 —8/—7
31 (R)-2-Me-pyrrolidinyl (R)-2-Me-pyrrolidinyl 1.3 1.1 0/—4 —71-1 9/8
3m (R)-2-Me-pyrrolidinyl (S)-2-Me-pyrrolidinyl 0.47 0.77 =3/7 —14/-9 6/-3
3n (S)-2-Me-pyrrolidinyl (S)-2-Me-pyrrolidinyl 0.34 0.48 8/14 2/-2 9/0

2 Binding potencies were assessed by the displacement of [*HJ-N*-methylhistamine (NAMH). The human Hj; values were from cloned human H;R
expressed in COS-7 cells, while rat H3R values were from rat striatal membranes.

® Affinity to H;R, H,R, and H4R was assessed by the displacement of [*H]-pyrilamine, [*H]-tiotidine and [*H]-histamine, respectively. Human H;R,
H>R and H4R were expressed in COS-7 cells.

“Data from Refs. 8 and 9.

9 Not tested.

¢ Values with standard error of the mean (SEM): n =3 or 4.

TPercent inhibition at 0.1 pM/1 pM.
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Abstract—A novel series of 3,5-diaminoindazoles were prepared and found to be CDK inhibitors. Potent inhibitors against CDK1
and CDK2 were obtained by introduction of 1A%-isothiazolidine-1,1-dioxide at 5-position of indazole. Anti-proliferative activities of
compounds were evaluated using EJ, HCT116, SW620, and A549 cancer cell lines.

© 2008 Elsevier Ltd. All rights reserved.

Cyclin-dependent kinases (CDKs) are serine/threonine
kinases which control the proliferation of eukaryotic
cell.! Activities of CDKs are regulated precisely by mul-
tiple mechanisms. CDKs are activated by cyclin binding
and phosphorylation while deactivated by either re-
moval of cyclin or binding with CDK inhibitors
(CDKIs) such as Cip/Kip and INK families.? Deregula-
tion of CDKs by abnormal high expression of cyclin
and/or downregulation of CDKIs have been found in
various human tumors.> These results prompted the
search for the inhibitors of CDKs as a possible candi-
date for the development of anti-cancer chemother-
apy.*® Researches have been mainly focused on the
searching for ATP competitive inhibitors.

The efforts to find new scaffold for the inhibitor of
CDK2 were started with the investigation of X-ray
structure of CDK2.% The docking study with the ATP
binding pocket of CDK2 resulted 3-aminopyrazole as
an initial hit. It was expected to form three hydrogen
bonds with hinge region of CDK?2. However, 3-amino-
pyrazole itself did not show inhibitory activity against
CDK2 up to 100 pM. Based on the X-ray structure of

Keywords: CDK inhibitor; 3,5-Diaminoindazole; Isothiazolidine-1,1-

dioxide.

* Corresponding author. Tel.: +82 53 580 5183; fax: +82 53 580
5164; e-mail: jinho@kmu.ac.kr

0960-894X/$ - see front matter © 2008 Elsevier Ltd. All rights reserved.
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CDK2, 3,5-diaminoindazole was designed to provide
hydrophobicity to 3-aminopyrazole while not bumping
into the gate-keeper residue (Phe80) of the enzyme.’
During the progress of research, 3-aminoindazole® and
3-aminopyrazole® derivatives were reported as potent ki-
nase inhibitors including CDK2. Also, three hydrogen
bonding interactions between pyrazole and CDK2 were
confirmed by the crystal structure determination.’

The preparation of 3-aminoindazole 5 is outlined in
Scheme 1. Commercially available 5-nitroanthranilonit-
rile was reacted with hydroxylamine to provide N-
hydroxyamidine 2. It was converted to 3-aminoindazole
by the reaction of 2 with ethyl phenylacetate via the for-
mation of [1,2,4]-oxadiazole.!® The reduction of nitro
group was followed by the derivatization of amino
group which provided 3,5-diaminoindazole 5.!!

The inhibitory activities of indazoles showed depen-
dency on the substituents at positions 3 and 5 (Table
1). Phenylacetyl type substituents at position 3 showed
better inhibitory activity against CDK2 than alkanoyl
or benzoyl (data not shown). Enzymatic inhibitory
activity depends largely on the substituents at position
5. Bulky substituents were favored but too flexible sub-
stituents were not allowed (5a, b vs 5¢, d). 11%-Isothiaz-
olidine-1,1-dione at position 5, not coplanar to the plane
of the indazole,'? provided high potency.
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N OH H
I HNs_NH N
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NH, — NH, — NH
OoN O,N O,N
1 2 3
H H
N N
c,d =N e =
- © N-Boc — ~ ° NH
H,N R’
4 5

Scheme 1. General synthetic route for 3,5-diaminoindazole. Reagents
and conditions: (a) NH,OH-HCI, 80% aqueous EtOH, reflux, 95%; (b)
1—NaH, C¢HsCH,CO,Et, THF-DMF (5:2) mixture, 48%; (c)
(Boc),0, NaOH, THF-H,O (6:1) mixture, quantitative; (d) Pd/C,
H,, MeOH, quantitative; (e) 5a,b,c,d: RCHO, NaBH(AcO);, DCE-
DMF, yields were 20-30%, 5e,f: 1—Br(CH,),,COCI (n = 3, 4), pyridine;
2—NaH, THF, yields in two steps were 41% (5e) and 34% (5f), 5g: 1—
CbzNHCH,CO,H, EDC, HOBt, DMF; 2—(n-Bu)4,NF, THF, 80%
yield in two steps,'> 5h: 1—CICH>CH,CH,SO-CI, pyridine, DCM,
quantitative; 2—NaH, DMF, quantitative; (e) sat. HCl in EtOAc,
quantitative.

Table 1. Structure and inhibitory activity for 3,5-diaminoindazoles

against CDK2*
Oy
N
=N

(e}

NH

R1
Compound R! CDK2 ICs,® (M)
4 NO, 2.0
5a C,HsNH 0.5
5b (C,Hs),N 0.2
Sc (n—C3H7)2N 1.8
5d (Vl-C4H9)2N >100
Se CO(CH,);N 0.17
5f CO(CH,),N 7.1
5g COCH,NHCON 2.0
5h SO,(CH,);N 0.036

#The CDK2 inhibitory assays were performed as described in Ref. 14
[ATP] = 100 uM.
®Values are means of three experiments.

© NH @
5h
HoN
=N
c N-Cbz
N
8

d

2293

After 1A%-isothiazolidine-1,1-dione at position 5 was
found, the effect of substituents at position 3 had been
examined. The modification of phenyl group was per-
formed by acylation of 8 followed by deprotection
(Scheme 2).!> Phenylacetyl group was removed using
regioselective cleavage of the Boc-imide.'® In contrast
to the references, Boc-imide formation, imide bond
cleavage and di-Boc formation were performed in one
step by using 1 equivalent of DMAP.!”

The effect of substituent at phenyl ring on the inhibitory
activity against CDK1 and CDK2 was not noticeable.
Even hydroxy and amino group (9j and 9k) which were
expected to make hydrogen bond with the y-carboxylate
of Glu8 did not improve the potency at all (Fig. 1). In
general, 3,5-diaminoindazole derivatives were about 2
order of magnitude more potent against CDK2 than
CDK4 while selectivity between CDK1 and CDK2
was less than 10 (Table 2).

X-ray crystal structures revealed that chair-shaped 3,5-
diaminoindazole compounds bind in the ATP pocket
of CDK2 using three hydrogen bonds (Fig. 1), which
are formed between aminoindazole moiety and the car-
bonyl group of Glu81, carbonyl and amide groups of
Leu83.!® One side of aminoindazole ring is packed
against the side chain of Phe80, the gate-keeping resi-
due. 1A% Isothiazolidine-1,1-dione at position 5 rotates
approximately 120 deg compared to the aminoindazole
ring, which makes its oxygen atom to form hydrogen
bond with the side chain of Aspl45 and its methylene
moiety in close proximity of Glyl3 and Vall8. These
additional interactions explain the high potency of
1A%-isothiazolidine-1,1-dione compounds. The phenyl
group makes an angle of 100 deg with respect to the
aminoindazole group and is packed against the side
chain of Ile10. In compound 9j, the hydroxy group
forms additional hydrogen bond with the side chain of
Glu8. In compound 9n, the side chain of Glu8 has an
alternative conformation to accommodate the piperi-
dine group.

Even though substituent at phenyl ring slightly affected
the potency against CDKs, the anti-proliferative activity
against several human cancer cell lines showed high

Scheme 2. General synthetic route for 9. Reagents and conditions: (a) CbzCl, TEA, DCM, 94%; (b) (Boc),O, TEA, DMAP, DCM, quantitative; (c)
sat. HCI in EtOAc, 47%; (d) 1-—corresponding acyl chloride, THF, reflux; 2—2 N NaOH, yields in two steps were 40-70% except 9j, k, I, m, n, t

which were 10-20%.
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Figure 1. Crystal structure of compounds in complex with CDK2. (a)
Complex structure of 9j (green) with CDK2 reveals three hydrogen
bonds with the CDK?2 hinge region. (b) Surface representation of ATP
binding pocket in complex with compound 9n (green). The C, N, and
O atoms are indicated as gray, blue, and red colors.

Table 2. Inhibitory activities of 3,5-diaminoindazoles against CDK1,
CDK2, and CDK4

Compound R ICso" (LM)
CDK1 CDK2 CDK4
sh C¢H; 0.08 0036 37
9a 3-F-C¢Hy— 0.03 0.01 0.71
9b 4-F-C¢Hy— 0.05 0.02 3.0
9c 2-Cl-CgHy— 0.08 0.024  0.89
9d 3-Cl-CgHy— 0.034 0.01 1.05
9e 4-Cl-CgHy— 0.012  0.01 2.0
9f 3-Br-C¢Hy— 0.047 0.007 1.8
9g 4-Br-CgHy— 0.022  0.007 2.0
9h 3-CH;3-C¢Hy— 0.05 0.01 4.0
9i 4-CH3-CgHy4— 0.04 0.007 1.8
9j 4-HO-C¢Hy— 0.028 0.009 1.75
9k 4-NH,-CgHy— 0.06 0.016 2.2
91 4-(CHa),N-C¢H 0.028 001 021
9m 4-(C,H5),N-CgHy— 0.06 0.04 >1
9n 4-(1-Piperidinyl)-CeH,—  0.15  0.03 075
90 4-CH;3S-C¢Hy— 0.04 0.01 1.3
9% 4-CH;SO,-CgH— 02 002 14
9q |-Naphthyl 0.067 002 3
or 2-Naphthyl 0.04 0009 1.6
9s 4-Biphenyl- 0.042 0.014 22
ot 4-(4-Pyridyl)-CiHs— 006 003 133

#Values are means of three experiments.

Table 3. Anti-proliferative activities of 3,5-diaminoindazole deriva-
tives on different human cancer cell lines

Compound Cytotoxicity® ICsy (uM)

EJ HCT116 A549 SW620
5h 3.6 4.6 b 22
9e 0.93 1.23 1.5 0.93
9g 1.57 1.4 3.87 2.0
9 1.67 1.77 2.57 1.56
9§ 52 6.53 b 3.83
9l o 0.83 0.35 o
9m 0.055 0.22 0.05 b
9n 0.98 1.2 1.1 b
9% 0.28 0.82 2.47 0.15
9p 35 48 b o
9q 1.3 23 14 0.93
9r 0.12 0.31 0.09 0.08
9s 0.052 0.18 0.055 0.04
9t 1.05 2.5 1.4 o

#Exponentially growing cells were treated with test compounds at
various concentrations for 48 h, and then the cell numbers were
measured. The compound concentration with 50% growth inhibition
activity was determined.'® Values are means of three experiments.

" Not determined.

dependency on the type of substituents (Table 3). There
were up to 2 order of magnitude differences in cell
growth inhibitory activity between compounds which
have similar enzymatic 1Csq values. 3,5-Diaminoindaz-
oles substituted by (4-diethylaminophenyl)acetyl 9m, 2-
naphtylacetyl 9r, and 4-biphenylacetyl 9s at 3-amino
group potently inhibited the proliferation of human can-
cer cell lines such as EJ (bladder carcinoma), HCT116,
SW620 (colon carcinoma), and A549 (lung carcinoma).

In summary, we have discovered a novel series of 3,5-
diaminoindazole by structure based drug design, which
is based on the initial hit obtained from the docking
study. Introduction of 1A%-isothiazolidine-1,1-dione at
position 5 of indazole provided high potency against
CDKI1 and CDK2. It was found that cytotoxicity de-
pended on the structure of substituent at 3-amino group.
Optimization of 3,5-diaminoindazole afforded effective
inhibitors against cyclin-dependent kinases 1 and 2
which had potent anti-proliferative activities on human
cancer cell lines.
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Abstract—Ten different chemically modified nucleosides were incorporated into short DNA strands (chimeric oligonucleotides
ON3-ON12 and ON15-ON24) and then tested for their capacity to mediate RNAse H cleavage of the complementary RNA strand.
The modifications were placed at two central positions directly in the RNase H cleaving region. The RNA strand of duplexes with
ON3, ON5 and ONI12 were cleaved more efficiently than the RNA strand of the DNA:RNA control duplex. There seems to be no
correlation between the thermal stability between the duplexes and RNase H cleavage.

© 2008 Elsevier Ltd. All rights reserved.

In the antisense technology, RNA is targeted by Wat-
son-Crick hybridization of a complementary antisense
oligonucleotide (AON). The goal of inhibiting gene
expression in a specific way may be accomplished by
preventing mRNA maturation, blocking translation or
more commonly by the induction of degradation.'> To
be effective the AON has to be able to enter the cell,
be stable towards nucleases, be non-toxic and show high
binding affinity and specificity towards the target
mRNA. Considerable progress with respect to stability
and binding has been made by use of chemically modi-
fied AONSs. Introducing nucleotide analogues with con-
strained North type (N-type; C3’-endo type) furanose
ring conformations has proven successful with respect
to obtaining strong binding towards an RNA target,
with LNA (locked nucleic acid) being a prominent
example.’ An LNA monomer contains an O2'—C4/ link-
age (Fig. 1) that locks the furanose ring in an N-type

Keywords: RNase H cleavage; Antisense oligonucleotide; Antisense

technology; Modified nucleotide; Modified oligonucleotide.
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conformation leading to unprecedented binding affinity
towards complementary RNA for AONs composed of
a mixture of, for example, LNA and DNA nucleotides
(LNA/DNA mixmers).** Incorporation of LNA nucle-
otides into an AON induces the formation of almost
canonical A-form helix structures of the duplexes
formed with RNA complements,®”!%!! and LNA can
thus be characterized as a structural mimic of RNA.
In contrary, the stereoisomeric. o-L-LNA monomer is
locked in a conformation that results in AONs that
structurally mimic DNA whereby duplexes between
DNA/a-L-LNA mixmers and RNA adopt intermediate
A/B duplex geometries.'>!3 Remarkably, both LNA
and o-L-LNA nucleotides induce very high RNA bind-
ing affinities of AONs with increases in thermal denatur-
ation temperatures (7, values) of ~2-8°C per
modification.?%14

The efficiency of AONs containing modified nucleo-
tides is often limited by their inability to induce deg-
radation of target mRNA by the ubiquitous RNase
H enzyme. Specifically, RNase H is incompatible with
substrate duplexes with N-type nucleotides like LNA
or O2’-alkylated-RNA nucleotides dispersed through-
out the AON.!*!5 This limitation has been circum-
vented by the use of the so-called gapmers, which
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Figure 1. Chemical structures of the modified nucleotides included in the study. See text for references.

are chimeric AONs with a central continuous stretch
of RNase H recruiting nucleotides (typically phosp-
horothioate DNA but alternatively, for example,
phosphorothioate  FANA nucleotides'®) flanked by
affinity-enhancing modified nucleotides (e.g. LNA, a-
L-LNA or O2'-alkylated-RNA nucleotides).!”2° Note-
worthy, it has been found that the optimal gap size is
motif-dependent, that a right balance between gap size
and affinity is required,!® and that the presence of one
or two DNA-mimicking o-L-LNA monomers within
the gap is compatible, at least in part, with RNase
H activity.!42°

We report herein the effect of twelve chemically modified
nucleotides on RNase H cleavage of DNA:RNA du-
plexes. This study supplements other reports on the ef-
fect of other nucleotide modifications on RNase H
cleavage.!> The modifications were incorporated at
two central positions in an oligodeoxynucleotide (ON)
where RNAse H cleaves the RNA strand of such a small
DNA:RNA duplex (Table 1). The structures of the
twelve modified nucleotides are shown in Figure 1,
and listed below with a short description:

T LNA (locked N-type furanose conformation; RNA
mimic)*

“LTE: 5-L-LNA (locked ‘inverted’ N-type furanose con-
formation; DNA mimic)'*

A: 4'-C-Hydroxymethyl-DNA (flexible S-type furanose
conformation; DNA mimic)?!

B: 3’-C-Hydroxymethyl-DNA (flexible S-type furanose
conformation; DNA mimic)??

C: 3’-C-Hydroxymethyl-ANA (flexible S-type furanose
conformation; arabino-configuration; DNA mimic).>3
D: 2’-spiro-RNA (flexible N-type furanose conforma-
tion; RNA mimic)**

E: 2’-spiro-ANA (flexible S-type furanose conforma-
tion; arabino-configuration; DNA mimic)?*

F: C3’,02'-linked-ANA (restricted E-type furanose con-
formation; arabino-configuration; DNA mimic)>>2¢

G: 2’-O-methyl-ANA (flexible S-type furanose confor-
mation; arabino-configuration; DNA mimic)?’

H: C3’-methylene-extended-2'-deoxy-XNA (S-type fura-
nose conformation; xylo-configuration; DNA mimic)?®
I: C3’-methylene-extended-XNA (S-type furanose con-
formation; xylo-configuration; DNA mimic)>?

J: Piperazino-functionalized C3’,02’-linked-ANA (restric-
ted E-type furanose conformation; arabino-configuration;
DNA mimic)?°

The RNA binding affinities (7}, values) of the chimeric
ONs with one modified nucleotide incorporated at dis-
tinct central positions in the strand were determined
by thermal denaturation studies in a medium salt buf-
fer solution (see Table 1). As expected from earlier re-
ports, significant increases in thermal stability relative
to the ONO:RNA reference duplex were observed for
monomers TY, “'TY and F. Monomers A, B and J in-
duced no significant changes, whereas the remaining
monomers exhibited decreased thermal affinities to-
wards RNA complements. These results underlines
the difficulties of obtaining strong RNA binding for
DNA mimicking monomers, with a-L-LNA,'
C3/,02'-linked-ANAs?® and FANA3® as the major
exceptions.

The compatibility of ONO-ON24 with respect to RNase
H cleavage of the corresponding duplexes formed with
complementary RNA was investigated using an RNA se-
quence 5~AGGUCCAUAGAGAC-3' that was [**P]-la-
belled at its 5'-end. The radioactive RNA was mixed with
unlabelled RNA (1 pmol/final sample) and a fourfold ex-
cess of the ON strand to be studied in a solution contain-
ing 20 mM Tris—-HCI, pH 7.5 and 100 mM KCI. The
reactions were incubated at 65 °C for 2 min followed
by slow cooling to 37 °C. An equal volume of a solution
containing 20 mM Tris-HCI, pH 8.0, 100 mM KClI,
20 mM MgCl,, 2 mM DTT with 0.2 U of E. coli RNase
H (Amersham) per final sample was added and incuba-
tion was continued at 37 °C. In control samples, RNase
H was not added. Aliquots were withdrawn at the time
points 2, 10 and 30 min after RNase H addition. A basic
hydrolysis of labelled RNA were performed by heating
to 90 °C for 15 min in 100 mM Na,CO;, pH 9.0, 2 mM
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Table 1. Differences in thermal denaturation temperature for the modified ONs towards the RNA complement relative to reference DNA:RNA
duplex (ONO:RNA)

5’-GTC TCX ATG GAC CT Monomer X 5-GTC TCT AXG GAC CT
ODN T(ATy) Amount cleaved ODN Tm(ATy) Amount cleaved
ONO 48.0 ++ T ONO 48.0 ++
ON1 (+6.5)* ++ T ON13 (+5.5)*
ON2 (+6.0)* + bt b ON14 (+5.0) +
ON3 (0.0) +++ A ONI15 (+0.5) ++
ON4 (—1.0) ++ B ON16 (—0.5) ++
ON5 (—4.0) +++ C ON17 (=5.0) ++
ON6 (=9.0) + D ONI18 (—10.0) +
ON7 (~11.5) + E ON19 (=10.5) +
ONS8 (+3.0) ++ F ON20 (+3.0) +
ON9 (=3.5)* + G ON21 (=5.5)* ++
ON10 (=2.5) ++ H ON22 (=2.5) +
ON11 (~4.0) ++ I ON23 (—6.0) +
ON12 (~1.0* 4+ J ON24 (0.0 +

The positions of incorporation of modified nucleotides (X in the sequences) are shown at the top. The thermal denaturation studies were performed
in 10 mM sodium phosphate, 100 mM sodium chloride, 0.1 mM EDTA, pH 7.0 with 1.5 uM concentrations of the two complementary strands. The
absorbance was monitored at 260 nm while raising the temperature at a rate of 1 °C min~'. The melting temperatures (7,, values) were determined as
the maxima of the first derivatives of the melting curves obtained. An estimate of the total RNAse H cleavage is also shown with a ‘+’ system; +++
for strong cleavage and + for weak cleavage (taken from Fig. 2).

#Reference duplex melted at 52.5 °C.

A B
g s
j=d g ONO ON1 ON 2 ON 3 ON 4 ON 5 2 % ONO ON13 ON14 ON15 ON16 ON17
T & el el el el el il T el el el el el el
C”----.- - — - - — e w—— C” e — —-—— . w——
é — — —— e — —
A A
G S — — — —— G — —
3 -—- :; - 4+ _.== —-: : —— ol - - -
A A
ON6 ON7 ON8 ON9 ON10 ONil ON12 ON18 ON19 ON20 ON21 ON22 ON23 ON24
el ] il il et il el el el el et il el il
- - - - —— . G —— - - — T — oy e —— G - - —
—S& =SS =28 == -c-S3 - " —cee
Amount Amount
Oligo Cleavage pattern cleaved  Oligo Cleavage pattern Cleaved
ONDO 5 G T CIT CHTHALT G G A C C T3 ++ ONO 5 G T CIT CJTHALTG G A C C T3 ++
ON1 = = =§= -314-i- - = = = = - ++ ONI3 - = = = = - =il - - - - - -
ON 2 e A A e + ON 14 - : - - - - - +
ON 3 - - : - = = = = = +++ ON 15 - == = = = ++
ON 4 - - - - - - - - ++ ON 16 - - - - - - ++
ON5 - - - - - - - - +++ ON 17 - - - - - - ++
ON 6 - - - - - - - - + ON 18 - - = = = = +
ON 7 - - - - - - - - + ON 19 - - - - - - +
ON 8 - - - - - - - - ++ ON 20 - - - - - - +
ON9 - - - - - - - - + ON 21 - - = = = = ++
ON 10 - - - - - - - - ++ ON 22 - - - - - - +
ON 11 - - - - - - - - ++ ON 23 - - - - - - +
ON 12 - - - - = = = = +++ ON 24 - - = = = = +
RNA 3CA CCUGG AS5EP RNA 3 C CUG G AS@P

Figure 2. RNAse H cleavage of target RNA analysed by gel electrophoresis. Representative gels for each duplex are shown with a triangle at the top
indicating the increase in incubation time (2, 10 and 30 min). A ladder resulting from basic hydrolysis of the RNA sequence is shown in the top left
box. All experiments were repeated at least twice. (A) Results for ONs modified at position no. 6; (B) Results for ONs modified at position No. 8. The
exact cleavage site and the extent of cleavage are shown with arrows below the gel figures—A bold arrow indicates strong cleavage while a thin arrow
indicates weak cleavage. (A) and (B) ‘I’ in the sequence designates a T~ monomer and 2" an **T" monomer.
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EDTA followed by cooling on ice and the addition of
formamide dye. All reactions were analysed by PAGE
(20% polyacrylamide containing 8.3 M urea) followed
by autoradiography.

The RNase H cleavage patterns are depicted in Figure
2(A and B) and discussed below in relation to the cleav-
age pattern observed for the unmodified reference
duplex ONO:RNA. The LNA (ON1 and ON13) and
o-L-LNA (ON2 and ONI14) containing duplexes are
among the worst substrates for RNase H. The enzyme
requires a base paired region of approximately 6-7
nucleotides for binding, and likely the incorporation of
LNA or a-L-LNA nucleotides in or around this region
is incompatible with RNase H binding. This correlates
with the preferred gap size of at least 7-8 DNA nucleo-
tides found for LNA-DNA-LNA gapmers.'>2° In fact
all modified duplexes were cleaved to some extent except
the LNA containing ON13:RNA duplex. The cleavage
pattern varies for the different duplexes indicating that
there are some alterations in RNAse H selectivity and
compatibility. Remarkably, duplexes containing ON3,
ONS5 or ON12 show enhanced cleavage even though
the cleavages occur directly across of the modified posi-
tion. As ON3, ON5 and ON12 do not form the most
stable duplexes, the extent of RNase H cleavage is not
directly correlated with increasing stability of a duplex.
Some of the duplexes show reduced RNase H activity
but many support cleavage as well as the unmodified
control, although the cleavage pattern varies (Fig. 2).
It is noteworthy that especially for the ONs modified
at position 8 (Fig. 2B), an additional cleavage site is
introduced near the 3’ end of the target RNA. It is fur-
thermore noteworthy that modifications A, C and J,
which all are DNA mimics, enable enhanced cleavage
despite being incorporated within the initial RNase H
binding region (modifications at position No. 6). RNase
H has been reported to bind along the minor groove of
DNA:RNA duplexes adopting intermediate A/B geome-
tries®! which provides an explanation for the observed
RNase H cleavage induced by the DNA mimics. As
RNase H binds in the minor groove it is not surprising
that the C3’ substituents of nucleotide monomers C and
J are well tolerated as they are oriented towards the ma-
jor groove. It is, however, notable that also the C4’ sub-
stituent of nucleotide monomer A that points towards
the minor groove is well tolerated.

In summary, this study has unambiguously demon-
strated that it is possible to apply modifications within
AONSs across RNA cleavage sites, which enable RNase
H cleavage of an RNA complement with equal or even
improved efficiency compared to unmodified DNA
AONSs. These results complement ongoing efforts to
optimize the chemical composition of the wing segments
of gapmer AONs.??
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Abstract—A series of novel N-acyl-2-arylethylamines and N-acyl-3-coumarylamines were synthesized and evaluated for their anti-
hyperglycemic activity. Compounds 3g and 6d exhibited lowering of postprandial plasma glucose by 30.7%, 23.3% in SLM and
25.6%, 25.4% in STZ models respectively which is significant compared to metformin and glybenclamide. Other compounds exhib-
ited moderate to good activity ranging from 19.5% to 32.8% in SLM and 3.26% to 25.4% in STZ models.

© 2008 Elsevier Ltd. All rights reserved.

Diabetes mellitus (type-11 diabetes, T2D) is an acquired
syndrome of elevated blood glucose and develops due to
the effect of sedentary lifestyle, dietary changes and ge-
netic factors. T2D is closely associated with obesity
and other metabolic syndromes, and is characterized
by initial phase progressive insulin resistance and subse-
quent phase exhaustion of B cells in the pancreas. It is
estimated that over 330 million people worldwide would
be affected by T2D by 2030.! The current treatment of
T2D includes efficient oral antidiabetic agents such as
Metformin, sulfonyl ureas, glinides, and glitazones.
Metformin though safe and well tolerated poses a risk
of inducing lactic acidolysis and is contraindicated in
the setting of renal failure. Both sulfonyl ureas and gli-
nides induce weight gain and have adverse effect in obese
patients. The glitazones pose a risk of oedema, weight
gain, and is contraindicated in the setting of congestive
heart failure. A number of candidates based upon action
on different molecular targets such as DPP4 inhibitors,
GLP1 analogues, SGL2 inhibitors are at various stages
of clinical trials and soon may replace existing drugs.?
Despite the remarkable progress in the management of
diabetes mellitus there has been a resurgence of phyto-

Keywords: N-Acyl 2-arylethylammines; N-Acyl-3-coumarylamines;

SLM; STZ.
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therapeutical approach for the generation of new leads
from active principle of medicinal plants traditionally
used worldwide for the treatment of T2D and related
metabolic disorders.> The active compounds isolated
from some of the plants such as Scoparone from
Artemesia Capillaris,* 3-hydroxyumbelliferone deriva-
tives from Bahia ambrosioides,” Glycyrin from Glycyr-
rhiza uralensis® and Marmesin and Umbelliferone ether
isolated from Aegle marmelos’ used traditionally for
the management of diabetes and related metabolic disor-
ders contain 7-hydoxycoumarin motif. An alkaloid,
Aegeline (N-cinnamoyl-4-methoxyphenylethanolamine)
isolated from the same plant Aegle marmelos reported
to exhibit both antihyperglycemic and antidyslipidemic
activities.® The active constituent isolated from the
plants Actaea dahurica, Cinnamomum aromaticum Nees,
Ipomoea batatas, Scrophularia buergeriana are derivative
of either mono or polyhydroxylated cinnamic acids.?
Based upon these phytochemical leads it was envisaged
that a library of N-acyl 2-arylethylamines and N-acyl-
3-coumarylamines of type A (Chart 1) should possess
antihyperglycemic activity. The synthesis and our
preliminary study on antihyperglycemic activity of N-
acyl-2-arylethylamines and N-acyl-3-coumarylamines
are presented in this letter.

N-Cinnamoyl-3,4-dimethoxyphenylethylamines 3 were
synthesized by the acylation of 2 with substituted cin-
namic acid 1 (Scheme 1). Thus, the acid chloride ob-
tained on treatment of cinnamic acid 1 with either
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Scheme 1. Reagents and conditions: (i) 1+ SOCI, (excess), reflux,
evaporation; the addition of 2, Et;N, DCM, 0 °C, rt, 2 h. (ii) 1 + oxalyl
chloride in DCM, stirring at rt evaporate; the addition of 2, Et;N,
dichloromethane, 0 °C, rt, 2 h. (iii) EDC-HCI, Et3N, 0 °C, rt.

oxalyl chloride or thionyl chloride was reacted with 2 in
the presence of triethylamine at low temperature to fur-
nish 3° (Scheme 1).

Alternatively condensation of 1 with 2 mediated by 1-
ethyl-3-(3-dimethylaminopropyl)carbodiimide  hydro-
chloride (EDC. HCI) at 0 °C afforded 3g.'°

The N-acyl-3-coumaryl amines 6 were synthesized'' in
moderate to good yield by modified Pechmann conden-
sation of N-acylglycine 5 with substituted salicyladehyde
4 in the presence of acetic anhydride and sodium acetate
as shown in Scheme 2.

All the compounds were tested for their effect on glucose
tolerance curve in mice of average body weight
160 £ 20 g, an indirect effect of measuring antihypergly-
cemic activity. The blood glucose levels of all animals
were checked after an overnight fasting (16 h) by Gluco-
strips (Boehringer-Mannheim). Animals showing blood
glucose levels between 60 and 80 mg/dl (3.33-4.44 mM)
were divided into groups of 5-6 animals in each. Ani-
mals of experimental group were administered the sus-
pension of the synthetic compounds orally (in 1.0%
gum acacia) at a dosage of 100 mg/kg-body weight. Ani-
mals of control group were given an equal amount of
1.0% gum acacia. A sucrose load (10.0 g/kg) was given
to each animal orally exactly after 30 min post adminis-
tration of the test sample/vehicle. Blood glucose profile
of each animal was determined at 30, 60, 90 and
120 min post administration of sucrose. Food but not

o
CHOk _ H w2
NN OH i N NYR
// H
R OH o
0 R 0o
4 5 6

Scheme 2. Reagents and condition: (i) Acetic anhydride, sodium
acetate, reflux.

water was removed from the cages during the course
of experimentation. Quantitative glucose tolerance of
each animal was calculated by area under curve
(AUC) method. By comparing the AUC of experimental
and control groups the percentage of antihyperglycemic
effect was calculated. Samples showing significant inhi-
bition (p<0.05) on postprandial hyperglycemia
(AUC) were considered as active samples. Streptozoto-
cin-induced diabetic mice model (STZ): Sprague-Daw-
ley strain male albino rats of average body weight
140 + 20 g were selected having blood glucose profiles
between 60 and 80 mg/dl. Streptozotocin (Sigma,
USA) was dissolved in 100 mM citrate buffer (pH 4.5)
and a calculated amount of freshly prepared solution
was injected to overnight fasted animals at a dose of
60 mg/kg-body weight intraperitoneally. Blood glucose
profile was checked after 48 h using Glucostrips (Boeh-
ringer-Mannheim) and animals showing blood glucose
profiles between 180 and 270 mg/dl were considered suit-
able for the experiment. These diabetic animals were
again divided into groups and their blood glucose pro-
files were again checked on the day of experiment (day
3). Animals showing almost equal or similar blood glu-
cose profiles were divided into groups consisting of 5-6
animals in each group. Animals of experimental group
were administered the suspension of the test sample or-
ally (in 1% gum acacia) at 100 mg/kg-body weight. Ani-
mals of control group were given an equal amount of 1%
gum acacia. A sucrose-load (2.5 g/kg) was given to each
animal orally exactly after 30 min post administration of
the test sample/vehicle. Blood glucose profile of each
animal was determined at 30, 60, 90, 120, 180, 240,
300 min and at 24 h post administration of sucrose.
Food but not water was removed from the cages during
the experimentation. The % fall in blood glucose by test
sample was calculated according to the AUC method.
The average fall in AUC in experimental group com-
pared to control group provided % antihyperglycemic
activity.

The antihyperglycemic activity evaluated in the above
two models were compared with standard drugs metfor-
min and glybenclamide (Table 1). The most active com-
pound 3g (N-feruloyl-3,4-dimethoxy phenethyl amine),
lowered blood glucose level up to 30.7% in SLM and
25.6% (5h) in STZ models. N-feruloyl-4-hydroxyphe-
nylethyl amine, an analog of 3g, isolated from Tinospora
tuberculata was reported to exhibit antibacterial activ-
ity.!? Ferulic acid amides were reported'? to exhibit their
stimulatory abilities on insulin secretion in rat pancre-
atic RIN-5F cells. Compounds 3f, 3g and 3h having
both electron donating or withdrawing substitution at
meta position of the cinnamoyl component showed an
appreciable increase in activity, whereas groups (elec-
tron donating or electron withdrawing) at para position
as in 3b, 3d, 3e sustain the activity in SLM model but
were found inferior in STZ models. Surprisingly, 3,4,5-
trimethoxycinnamic acid amide 3a has low antihypergly-
cemic activity.

In general, as compared to the compounds 3a-h, 3-
coumaryl amides 6a—c have uniformly higher effect in
the reduction of plasma glucose both in sucrose loaded
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Table 1. In-vivo antihyperglycemic evaluation of N-acyl-2-arylethyl-amines and N-acyl-3-coumarylamines in SLM and STZ-s model
Compound Structure % Antihyperglycemic activity
SLM STZ/5h STZ/24 h
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O A
3a g N o~ 241 ND ND
~o H
(SN
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3b /@/\)LN o 19.5 7.17 4.44
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(continued on next page)





2304 A. P. Dwivedi et al. | Bioorg. Med. Chem. Lett. 18 (2008) 2301-2305

Table 1 (continued)

Compound Structure % Antihyperglycemic activity
SLM STZ/5h STZ/24 h

OO

6e o ‘ 8.89 ND ND
A N

N
Standard Metformin 12.9 19.1 20.5
Standard Glybenclamide 33.7 29.0 25.5

ND, not done.

and streptozotocin induced models. Amongst the series,
6d 6,8-bis tert-butylcoumarin derivative lowered post-
pand- ial plasma glucose by 23.0 and 25.4% at 5 and
24 h, respectively, in steptozotocin induced mice. In con-
trast, 6e corresponding N-cinnamoyl analog has lower
effect in the reduction of plasma glucose. The reverse
trend was observed in series 6a—c. The benzamide 6c¢
had low antihyperglycemic activity compared to cin-
namic acid amides 6a and 6b. The variation of blood
glucose at different interval of time after the administra-
tion of most active compounds 3g, 3h and 6d has been
shown in Figure 1.

In conclusion, the N-acyl-2-arylethylamines 3 and N-
acyl-3-coumarylamines 6 exhibited moderate to excel-
lent in vivo antihyperglycemic activity ranging from
19.5% to 32.8% in SLM and 3.26% to 25.4% in STZ
models respectively. Compounds 3g and 6d were low-
ered of postprandial plasma glucose at 30.7%, 23.3%
in SLM and 23.8%, 25.4% after 24 h in STZ models,
respectively, which is significant compared to metformin
and glybenclamide. The activity of 3g was found to be
statistically overlapping with that of 3h and 6d in the
range of animals in both SLM and STZ models. Further

—— control

—e— comp. 6d
—=—comp. 3h
—¥— comp. 3g

)
=}
1
[V W

Blood glucose mmol | !

0 T T T T T T T T T — B
-30 0 30 60 90 120 150 180 210 240 270 300 24h
Time (min)

Figure 1. Blood glucose levels in sucrose challenged streptozotocin-
induced diabetic rats before, and up to 24 h after administration of
vehicle and test samples.

study on lead optimization and mechanism of action is
in progress.
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Naomichi, F.; Michiko, Y.; Takeatsu, K. Chem. Pharm.
Bull. 1983, 31, 156.

Nomura, E.; Kashiwada, A.; Hosoda, A.; Nakamura, K.;
Morishita, H.; Tsunod, T.; Taniguchia, H. Bioorg. Med.
Chem. 2003, 11, 3807.





		Synthesis and antihyperglycemic activity of novel N-acyl-2-arylethylamines and N-acyl-3-coumarylamines

		Acknowledgments

		Supplementary data

		References and notes






LSEVIER

ScienceDirect

Available online at www.sciencedirect.com

Bioorganic &
Medicinal
Chemistry
Letters

Bioorganic & Medicinal Chemistry Letters 18 (2008) 2306-2310

Solid-phase synthesis of oligomers carrying several
chromophore units linked by phosphodiester backbones

Anna Aviiid,*>¢ Isabel Navarro,®¢ Josep Farrera-Sinfreu,” Miriam Royo,>°
Juan Ayrnami,d’g Antonio Delgado,f’h Amadeu Llebaria,’

Fernando Albericio

a1 and Ramon Eritja

a,b.e,x

#Institute for Research in Biomedicine (IRB Barcelona), Josep Samitier 1-5, E-08028 Barcelona, Spain
°Networking Centre on Bioengineering, Biomaterials and Nanomedicine (CIBER-BBN ), Josep Samitier 1-5, E-08028 Barcelona, Spain
SCombinatorial Chemistry Unit, Barcelona Scientific Park (PCB), Josep Samitier 1-5, E-08028 Barcelona, Spain
dCrystax Pharmaceuticals S.L., Josep Samitier 1-5, E-08028 Barcelona, Spain
Institute for Advanced Chemistry of Catalonia (IQAC), Spanish Research Council (CSIC), Jordi Girona 18-26,
E-08034 Barcelona, Spain
'Research Unit on BioActive Molecules (RUBAM), Spanish Research Council (CSIC), Jordi Girona 18-26, E-08034 Barcelona, Spain
€Dpt. d’Enginyeria Quimica, Universitat Politécnica de Catalunya (UPC), Diagonal 647, E-08028 Barcelona, Spain
"Unitat de Quimica Farmacéutica ( Unitat Associada al CSIC),
Facultat de Farmacia, Universitat de Barcelona (UB), Avgda Joan XXIII, sin, E-08028 Barcelona, Spain
Department of Organic Chemistry, University of Barcelona (UB), Marti i Franqués 1, E-08028 Barcelona, Spain

Received 30 January 2008; revised 20 February 2008; accepted 29 February 2008
Available online 5 March 2008

Abstract—A method for the preparation of oligomers by linking chromophore units is described. Specifically, the synthesis of chro-
mophore units having a protected-hydroxyl group and a phosphoramidite function is described, along with a method to link several

units using solid-phase phosphite-triester protocols.
© 2008 Elsevier Ltd. All rights reserved.

DNA-intercalating drugs are planar molecules formed
by several fused aromatic rings that form stacks between
DNA base pairs, thus reducing the opening and unwind-
ing of the double helix. Each intercalating drug binds
strongly to particular base pairs due to several interac-
tions, ranging from van der Waals interactions to the
formation of hydrogen bonds with adjacent nucleo-
bases. Intercalating drugs have varying selectivity, which
may be improved by linking several intercalating units.
Various authors have described the synthesis of bis- or
tris-intercalating drugs with promising activity and
selectivity.!> However, there is no general methods for
the rapid synthesis of a small library of oligomers carry-
ing DNA-intercalating compounds.

Keywords: Chromophore; Fluorescence; Oligonucleotides; Solid-phase

synthesis; Phosphite-triester; DNA-intercalating drugs.
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The linkage of one single DNA-intercalating drug to
peptides and oligonucleotides has been reported.>* Oli-
gonucleotides carrying one DNA-intercalating drug
have better hybridization properties, nuclease resistance
and cellular uptake. Intercalating agents have also been
introduced in peptide nucleic acids (PNA)> and pep-
tides.® Recently Kool et al. described the preparation
and fluorescent properties of oligomeric fluorophores
based on C-glycoside backbones.”-?

In these two papers we describe the synthesis of oligo-
meric compounds containing several chromophore units
using solid-phase protocols. This paper reports the syn-
thesis of oligomers with phosphodiester linkages and the
accompanying paper reports the synthesis of oligomers
linked by amide bonds.

We chose the L-threoninol and (R)-3-amino-1,2-propan-
diol backbones for the oligomers with phosphodiester
links for several reasons. They have the adequate length
to hold the chromophore units between DNA base
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pairs. Both compounds can be obtained in enantiomeri-
cally pure form from commercial sources and they have
two hydroxyl groups (one primary and the other second-
ary) and one amino group. The chromophore can be at-
tached at the amino group position. Then, the primary
hydroxyl group can be protected by the 4,4’-dimethoxy-
trityl (DMT) group. Finally the secondary alcohol will
be used to prepare the phosphoramidite or the hemisuc-
cinate derivatives needed for the assembly of oligomers
by solid-phase methods (Scheme 1).

The threoninol molecule has been used to introduce sev-
eral units of Methyl Red moieties in oligonucleotides’
and the 3-amino-1,2-propandiol backbone has been
used to introduce a phenanthridinium unit into oligonu-
cleotides.!® Recently aminopropyl nucleic acids with a
3-amino-1,2-propanediol =~ backbone  have  been
described. !

Threoninol derivatives of general formula 2a-d can be
prepared according to the process summarized in
Scheme 2. As monomeric units we chose several hetero-
cyclic derivatives carrying a carboxylic acid function:
10H-indolo[3,2-d]quinoline (1a), acridine (1b), phenyl-
quinoline (1e), 3-oxo-3H-benzo[flchromene (1f), and
fluorenylmethyl (1g), neocriptolepine (1h), and ben-
zo[de]-1,3-diketoisoquinoline (1i). In order to increase
the distance between the intercalating drug and the thr-
eoninol linker molecule, and to give more flexibility to
the units a glycine unit was added in compounds la
and 1b by reaction of the corresponding carboxyl
derivative with glycine methyl ester and subsequent
hydrolysis of the methyl ester intermediate to yield
derivatives le—d.

L-Threoninol was reacted with carboxyl derivatives (la—
i) using diisopropylcarbodiimide and 1-hydroxybenzo-
triazole, yielding compounds 2a—i. The threoninol deriv-
atives (2a—i) were reacted with dimethoxytrityl (DMT)
chloride in pyridine to yield the DMT derivatives (3a—

e "
Ho” N }oH no ™__}+-oH

;

H o/\:Fo—P O>/\:FOH

Scheme 1. General preparation of the monomers.

NH,
HO\/\(OH HO
R-COOH, 1
2a=
2b = Act
2c=
2d =
2e = Pht R N(isopropyl),
2f=
2g =
2h = Nct 0\/\CN
0 2i=Gi
HNAR
DMTO o
V\r NH—CPG
o)
COOH COOH CONHCHZCOOH
o
seclive 'Lj
CONHCH,COOH COOH
19 \. ’ n
COOH

COOH COOH

Scheme 2. Synthesis of threoninol derivatives.

i). The DMT derivatives (3a-i) were reacted with
chloro-N,N-diisopropylamino-O0-2-cyanoethoxy phos-
phine to yield phosphoramidites 4a, b, e, f, g, and i or
loaded to controlled pore glass (CPG) solid supports
using the succinyl linkage (5a-i).

The synthesis of the 3-amino-1,2-propandiol derivatives
is shown in Scheme 3. The R isomer of 3-amino-1,2-
propandiol was reacted with the chloro acridine deriva-
tive (6a) or the chloro indoloquinoline derivative (6b),
yielding the corresponding diol derivatives 7a-b. In
addition, anhydride 6¢ was reacted with 3-amino-1,2-
propandiol to yield diol 7c. The resulting diols (7a—c)
were reacted with DMT chloride in pyridine to yield
DMT derivatives 8a—c, followed by the reaction with
chloro-N,N-diisopropylamino-0O-2-cyanoethoxy phos-
phine to yield phosphoramidites 9a and c.

In order to synthesize oligomers using solid-phase pro-
tocols, DMT derivatives of the chromophores described
above were coupled to CPG supports using the succinyl
linker as described elsewhere.'?> For this purpose, the
DMT-derivatives described above were reacted with
succinic anhydride, followed by coupling of the resulting
hemisuccinates with amino functionalized CPG yielding
glass beads loaded with the appropriate chromophores.

The phosphoramidites described above were assembled
into strands of up to 6 units (Table 1) using the appro-
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Scheme 3. Synthesis of 3-amino-1,2-propandiol derivatives.

priate solid supports (1-4 pmol scale). We used a three-
letter code for each monomer unit. The first two letters
of the code define the heterocyclic moiety (see Schemes 2

Table 1. Oligomers prepared in this study

and 3) and the last letter indicates the backbone (t for
threoninol and a for 3-amino-1,2-propandiol).

Standard phosphoramidite chemistry was used.'? This
consists of cycles of four chemical reactions: (1) removal
of the DMT group with 3% trichloroacetic acid in
dichloromethane; (2) phosphoramidite coupling using
S-fold excess of phosphoramidite and 20-fold excess of
tetrazole; (3) capping with acetic anhydride and N-meth-
ylimidazole; and (4) oxidation of phosphite to phos-
phate with 0.01 M iodine in tetrahydrofurane/pyridine/
water. Coupling yields were between 80% and 95%.
For the synthesis of the dimer containing a phosphoro-
thioate linkage (1-Act-ps-Cra-3) the oxidizing solution
was replaced by a solution of 3H-1,2-benzodithiol-3-
one 1,1-dioxide!* in acetonitrile.

After the assembly of the sequences, supports were trea-
ted with conc. aqueous ammonia to yield the desired
unprotected oligomers. Good yields and purities were
obtained during the synthesis of oligomers with L-thr-
eoninol backbone as reported in Figure 1.

Some oligomers decomposed in hot ammonia solutions,
for example, oligomers carrying the chromene ring (1f,
Obt) and those with the propan-1,2-diol backbone car-
rying acridine (7a, Aca) and benzo[d,e]-1,3-diketoiso-
quinoline (7c, Pia). Alternatively oligomers with the
propan-1,2-diol backbone were deprotected either with
(1) a 0.5M 1,8-diazabicyclo[5.4.0Jundec-7-ene (DBU)
solution in pyridine, or (2) NH; in methanol at room
temperature for 2-4 h. In both cases yields were very
low. Best results were obtained using an acid labile lin-
ker. In this strategy 4-trityloxybutanoic acid was reacted
with polystyrene loaded with Rink-amide linker.'> The

Compound MS (expected) MS (found) HPLC, retention time (min)
1-Act-p-Qut-3* 721.7 766.5 [M+2Na™] 12.7
1-Qut-p-Qut-3* 760.7 761.3 14.4
1-Act-p-Qut-p-Qut-3* 1133.0 1139.8 15.3
1-Act-(p-Act)s-3* 2171.8 2172.3 11.6
1-Act-p-Cra-3* 693.6 694.6 13.0
1-Act-ps-Cra-3* 709.6 708.4 15.0, 15.5 (2 isomers)
1-Pht-p-Act-3* 708.7 707.8 14.5
1-Pht-p-Pht-3* 734.7 733.7 19.1
1-Act-p-Pht-3* 708.7 707.6 14.9
1-Pht-p-Qut-3?* 747.7 746.6 16.8
1-Act-p-Qut-p-Agt-3* 1151.0 1152.2 12.3
1-Fmt-p-Fmt-3* 684 707 [M+Na*] 18.8
1-Qut-p-Fmt-3* 722 780.5 [M+Na*+K"] 17.9
1-Qut-p-Cra-2? 732.7 733 14.4
1-Qut-p-Qut-p-Qut-3* 1172.0 1238 [M+3Na"] 15.3
1-Act-p-Act-p-Act-3* 1154.9 1077.1 [M+Na"] 11.3
1-Act-p-Qut-p-Act-3* 1093.9 1093.9 11.3
1-Act-p-Qut-p-Nct-3* 1146.0 1146 16.8
1-Pia-p-Pia-p-ba® 769.5 792.4 11.6
1-Aca-p-Aca-p-ba® 763.6 764.6 5.8
1-Obt-p-Obt-p-ba® 881.6 880.1 13.8
1-Git-p-Git-p-ba® 911 934.3 [M+Na"] 12.7
1-Git-p-Obt-p-ba® 896 919 [M+Na'] 14.1

p, phosphate; ps, phosphorothioate; ba, (CH,);CONH,.
? Deprotection using ammonia.
® Deprotection using trifluoroacetic acid.
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Figure 1. HPLC chromatogram of hexamer 1-Act-(p-Act)s-3 after
ammonia deprotection.

resulting support was used for the assembly of the poly-
mers using phosphoramidite derivatives (4f, 9a, 9c).
After the assembly of the sequences, supports were trea-
ted with 0.5 M DBU solution, washed in acetonitrile
and treated with a solution containing 95% trifluoroace-
tic acid in water. Oligomers with the propan-1,2-diol
backbone (7a and 7¢) and the chromene ring (1f) were
obtained in excellent yields under these conditions.

Drugs that bind nucleic acids may show preference for
certain sequences. One of the methods to analyze the se-
quence specificity of DNA-binding drugs is the competi-
tion dialysis.'® In this method different nucleic acid
structures are dialyzed against a common ligand solu-
tion. Figure 2 shows the competitive dialysis experiment
for the monomer Act and the trimer Act-p-Act-p-Act
with oligonucleotide sequences representing alternated
or consecutive A-T or G-C duplex sequences. While
the monomer has little variation on the affinity for each
model duplex, the trimer has a clear affinity for contig-
uous A-T sequence.

The excitation and emission wavelengths of the new
compounds were measured (see Supporting informa-

AAAATTTT |

ATATATAT

0O Act-p-Act-p-Act
m Act

CCCCGGGG

CGCGCGCG

LB ILI

1 2 3 4 5 6

relative fluorescence (arbritary units)

o

Figure 2. Competitive dialysis of monomer Act and trimer 1-Act-p-
Act-p-Act-3 (see experimental conditions in Supplementary material).

tion). Optimal excitation wavelengths ranged from
247 to 433 nm and the corresponding emission wave-
lengths ranged from 395 to 499 nm. The phenyl-
quinoline derivatives had the lowest emission
wavelengths.

In summary, we report the synthesis of several fused
heterocyclic derivatives functionalized with threoninol
and propan-1,2-diol that are useful for the rapid syn-
thesis of oligomers of more than 6 units linked
through phosphodiester or phosphorothioate bonds.
The resulting oligomers are water soluble. The binding
properties of these molecules are under investigation.
Preliminary results show that the presence of the neg-
atively charged phosphodiester backbone does not
compromise the binding to DNA. Finally, the deriva-
tives described in this work can also be used to intro-
duce fluorescent and intercalating agents into synthetic
DNA and RNA.3#
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Abstract—The synthesis and structure—activity relationships (SAR) of Chk1 inhibitors based on a 5,10-dihydro-dibenzo[b,e][1,4]dia-
zepin-11-one core are described. Specifically, an exploration of the 7 and 8 positions on this previously disclosed core afforded com-

pounds with improved enzymatic and cellular potency.
© 2008 Elsevier Ltd. All rights reserved.

Progression of cells through the cell-cycle is mediated by
checkpoints where the integrity of the cell is monitored.!
Specifically, checkpoint kinase 1 (Chkl1 kinase) arrests p-
53 deficient tumor cells that have sustained DNA dam-
age due to radiation or chemotherapeutic agents at the
G2/M checkpoint.?? This prevents them from entering
mitosis and allows time for repair.* It is thought that
inhibition of Chkl kinase will lead to abrogation of
the G2/M checkpoint, therefore allowing DNA-dam-
aged cells to enter mitosis. This would result in cell
death, thus preventing the replication of aberrant cells
and the progression of cancer.® Since normal cells arrest
at the G1/S checkpoint and should remain unaffected,
small molecule Chk1 inhibitors have consequently been
targeted as possible adjuvant therapies to traditional
cancer treatments.>>

In a previous report from our laboratories, we disclosed
the identification and subsequent optimization of benzo-
diazepinone-based HTS hit 1. In that effort, position 3 was
targeted. The X-ray structure of 1 bound to the Chkl1 en-
zyme showed a deep cleft that could accommodate
additional functionality at that site. A variety of 3-substi-
tuted compounds were thus investigated, leading to the
identification of compound 2 as the most potent Chkl
inhibitor within this class.® Despite the favorable enzy-

Keyword: Chkl.
* Corresponding authors. Tel.: +1 847 937 7217; fax: +1 847 935 5165
(L.A.H.); e-mail: lisa.hasvold@abbott.com

0960-894X/$ - see front matter © 2008 Elsevier Ltd. All rights reserved.

doi:10.1016/j.bmcl.2008.02.080

matic activity, however, compound 2 did not significantly
potentiate the activity of the chemotherapeutic agent
doxorubicin during co-administration in an MTS assay
measuring antiproliferative ability.®” A survey of the
remaining sites of the molecule demonstrated that, with
the exception of positions 7 and 8, the Chk1 enzyme was
intolerant to further substitution of the benzodiazepinone
core.® Herein we disclose the SAR of 7,8-disubstituted
benzodiazepinones and detail the identification of a com-
pound with good enzymatic and cellular profiles.

(0]
NH
d re
N
H
1 O— 2

ICSO =10 nM
MTS ECsq = 47.7 uM
MTS ECj5q with Doxorubicin = 33.8 uM

We began our investigation by substituting position 7
with a number of ether- and carbon-linked moieties
while holding position § constant as a methoxy group.
Substitution at position 8 with a methoxy group had
previously given a compound with reasonable enzymatic
activity (ICsy = 14 nM).®

Synthesis of the 7-position ether-substituted benzodiaz-
epinones is shown in Scheme 1. SEM-protection of the
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Scheme 1. Reagents and conditions: (a) SEMCI (Me;SiCH,.
CH,0CH,Cl), DIPEA, CH,Cl,, rt; (b) 5% Pt/C, H,, EtOH, rt; (c)
Ac,O, DMAP, DCE, rt, 81% over 3 steps; (d) Ac,O, conc. HNOs,
—20 °C, 70%; (e) K,CO3, MeOH, rt, 91%; (f) Cu, K,COs3, PhCl, reflux,
84%; (g) LiOH-H,0, THF, H,0, 65 °C; (h) Et;N, SnCl,-2H,0, 65 °C;
(i) HATU, Et;N, DMF, rt, 89% over 3 steps; (j) Pd(PPh3)y, | M
Na,CO;, 7:2:3 DME/EtOH/H,0, 160 °C microwave, 62%; (k) 4 N
HCl/dioxane, MeOH, CH,Cl,, 100%; (1) RX, K,CO;, DMF, 100 °C.

hydroxyl group of 2-methoxy-5-nitrophenol (3) fol-
lowed by nitro reduction and acetylation of the resulting
aniline gave intermediate 4. Nitration followed by
deprotection of the amine afforded 5. Copper-assisted
coupling of compound 5 with methyl ester 6 (obtained
by esterification of the commercially available acid)
yielded amine 7. The benzodiazepinone core 8 was
formed in a 3-step, one-pot reaction through ester
hydrolysis, tin-mediated nitro-group reduction and
cyclization via HATU-activated amide formation. Suzu-
ki coupling of intermediates 8 and 9 (prepared from 5-
chloro-2-nitroanisole) followed by removal of the SEM
protecting group provided 10. Alkylation of the 7-hy-
droxy with various alkyl halides afforded the final ether
products (11a—j).

The 7-position carbon-substituted analogs 15, 17, and
18 were prepared as shown in Scheme 2. Acetylation
of 3-bromo-4-methoxyaniline (12) followed by nitration,
deacetylation, and copper-mediated coupling with 6 re-
sulted in intermediate 13. Platinum-catalyzed nitro-
group reduction, ester hydrolysis, and intramolecular
amide formation gave benzodiazepinone intermediate
14. The pyridylethyl analog 15 was prepared by a Heck
coupling with 4-vinylpyridine and subsequent hydroge-
nation of the double bond, then attachment of the 3-
methoxy-4-nitrophenyl ring via Suzuki coupling.
Alternatively, Heck coupling of intermediate 14 with
methyl acrylate followed by hydrogenation of the result-
ing olefin afforded intermediate 16. Lithium aluminum

/@COzMe
Cl NH

/@OMe a, b, cd NO, efg
HoN Br
2 Br
12 OMe
13
O
Q NH NH
M
OoMe . . Q OMe
N h,i,j H
cl H Br O B
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Scheme 2. Reagents and conditions: (a) Ac,O, Et;N, CH,Cl,, 0 °C,
95%; (b) Ac,0, conc. HNO;, —10 °C, 96%; (¢) MeOH, H,SOy,, reflux,
95%; (d) 6, Cu, K,CO;, PhCI, reflux, 88%; (e) 5% Pt/C, H,, MeOH, rt,
73%; (f) LIOH-H,0, THF, H,O; (g) HATU, Et;N, DMF, 97% over
two steps; (h) 4-pyridyl-CH=CH,, Pd(dppf)Cl,, Et;N, DMF, 110 °C;
(i) Hy, 5% Pt/C, MeOH, rt, 17% over 2 steps toward 15, 70% for 16; (j)
9, Pd(OAc),, Cy-Map, CsF, DMF, 85 °C, 29% for 15, 73% for 18; (k)
MeO,C-CH=CH,, Pd(dppf)Cl,, Ets;N, DMF, 110 °C, 82%; (I) LAH
(for 17a, 80%) or MeMgBr (for 17b, 78%), THF; (m) LiOH-H,O,
DMF, THF, H,0, 100 °C, 48%; (n) Me,NH-HCl, HATU, Et;N,
DMEF, rt, 91%.

hydride reduction of ester 16 followed by Suzuki cou-
pling with 9 gave 17a. Grignard reaction with methyl-
magnesium bromide and subsequent Suzuki coupling
produced 17b. Arylation of 16 with pinacol borate 9
provided 18a which was converted to 18b via ester
hydrolysis and HATU-assisted amidation.

Carbon-linked analogs 24 and 25 were synthesized as
shown in Scheme 3. Nitration of (2-hydroxyphenyl)ace-
tic acid (19) was followed by treatment with TMS-diazo-
methane resulting in methylation of both the hydroxyl
and carboxyl groups. Catalytic hydrogenation of the ni-
tro group afforded aniline 20. Acetyl protection of the
aniline followed by nitration and then deprotection gave
21. Copper-mediated coupling of 21 with 6 resulted in
intermediate 22. Reduction of the nitro group with sub-
sequent ester hydrolysis and intramolecular amide for-
mation gave benzodiazepinone 23. Treatment of 23
with methylmagnesium bromide then Suzuki coupling
with 9 produced compound 24. Alternatively, lithium
aluminum hydride reduction of the ester of 23 followed
by Suzuki coupling provided alcohol 25.
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Scheme 3. Reagents and conditions: (a) conc. HNO3, H,O, 0 °C; (b)
TMS-CHN,, CH,Cl,, MeOH, 45% over two steps; (c) Pd/C, H,,
MeOH; (d) Ac,O, Et;N, CH,Cl,, 0 °C, 88% over two steps; (e) Ac,0,
conc. HNOj3, —10 °C, 88%; (f) MeOH, H,SO,, reflux, 95%; (g) 6, Cu,
K,CO3, PhCl, reflux, 80%; (h) 5% Pt/C, H,, MeOH, rt, 93%; (i)
LiOH-H,O, THF, H,O; (j) HATU, Et;N, DMF, 75% over two steps;
(k) MeMgBr, THF, 75%; (1) 9, Pd(OAc),, Cy-Map, CsF, DMF, 85 °C,
68% for 24, 75% for 25; (m) LAH, THF, 80%.

We found that incorporation of polar groups at position
7 provided compounds with greater activity against
Chk1 than did hydrophobic groups. Specifically, com-
pounds containing hydroxy and methoxy groups, as well
as straight-chain hydroxyalkyl or aminoalkyl ethers had
1C5q values of <I nM (Compounds 10, 11a-d). Varying
the length of the substitution from 4-6 atoms did not al-
ter the activity. The hydrophobic 2-trifluorobenzyl ether
compound (11f) was over 1000-fold less active than the
straight-chain ethers. Heteroaryl and aliphatic heterocy-
cles were tolerated, however, they were typically 5- to
10-fold less active than the straight-chain ether-contain-
ing compounds (11g—j). The 7-position carbon-linked
analogs were generally less active than the correspond-
ing ether analogs (11b vs 17a and 11h vs 15). The addi-
tion of geminal dimethyl groups on the terminal carbons
of the straight-chain carbon-linked compounds was well
tolerated (17b vs 17a and 24 vs 25). The presence of lar-
ger or more hydrophobic substituents conferred deleteri-
ous effects on the enzymatic potency (data in Table 1
and data not shown).

Having surveyed substitutions at position 7 of the ben-
zodiazepinone, we proceeded with the analysis of posi-
tion 8 while position 7 was held constant as methoxy.
Our survey of position 8 was limited to carbon substitu-
tions as attempts to produce ethers via either alkylation
or Mitsunobu reaction resulted in preferential N-alkyl-

ation. Similar transformations to those described previ-
ously for Schemes 1-3 allowed for efficient preparation
of the carbon-substituted compounds (Scheme 4).

A limited number of compounds with small substitu-
ents at position 8 are presented in Table 2. As with
our findings for position 7, a hydroxyalkyl substituent
proved to be optimal for maximizing inhibitor potency
(compound 32). Methyl ester, dimethylamide, and ethyl
substitution (29a, 29b and 31, respectively) were not
well tolerated in comparison to the hydroxypropyl moi-
ety, conferring diminished activity by 5- to 8-fold. It
was not surprising that polar substitutions were supe-
rior to non-polar substitutions at both positions 7
and 8 since the X-ray structure of our HTS hit com-
pound 1 bound to the Chkl enzyme had shown that
these positions point toward the hydrophilic solvent
front.®

Compounds with enzymatic activities less than 50 nM
were taken forward into three cellular assays, MTS (a
measure of antiproliferative ability),>” FACS (a mea-

/@cozm

X

ab,cd c NH efg
EE— N02 - >

HoN OMe

26 MeO
X = Br or CO,Me x 27
d L
OMe X =CO,Me
CO,Me
k| h] I:CONMez
X =Br
m h
R CO,Et

,p?@«

Scheme 4. Reagents and conditions: (a) Ac,O, EtzN, CH,Cl,, 0 °C,
100% for X=Br; (b) Ac,0O, conc. HNOj3, —10 °C; (¢) K,CO3;, MeOH,
67% over two steps for X=Br, 91% for X=CO,Me; (d) 6, Cu, K,COs,
PhCl, reflux, 67% for X=Br, 57% for X=CO,Me; (¢) LiOH-H,O,
THF, MeOH, H,O0, 50 °C; (f) SnCl,-2H,0, 70 °C; (g) HATU, Et3N,
DMEF, rt, 65% over three steps for X=Br, 20% over three steps for
X=CO,Me; (h) 9, Pd(OAc),, Cy-Map, CsF, DMF, 85 °C, 95% for 29,
47% for 31, 60% for 32; (i) LiOH-H,O, DMF, THF, H,0, 100 °C,
27%; (j) Me,NH-HCI, HATU, Et;N, DMF, rt, 27%; (k) R-CH=CH,,
Pd(dppf)Cl,, EtsN, DMF, 110 °C, 66%; (1) H,, 5% Pt/C, MeOH, 95%
for R=H, 94% for R=CO,Et; (m) LAH, THF, 0 °C, 99%.
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Table 1. Inhibition of benzodiazepinones against the Chkl enzyme

(7

O
NH
3 o
N R

ON"
Compound R ICso (M)’ MTS (uM) ECs/ Facs (uM) ECso/ Cdc25A ECsy (uM)®
ECs, with doxorubicin’ ECs, with doxorubicin’

10 OH 0.9 >59/2.5 >10/2.3 0.07
11a OCH; 0.6 >59/2.7 >10/0.4 0.28
11b OCH,CH,OH 0.58 >59/1.2 >10/1.4 3.1
11c OCH,CH,CH,CH,OH 0.7 >59/1.0 >10/1.6 2
11d OCH,CH,CH,NH, 0.98 17.3/12.1 >10/>10 2.6
11e OCH,CH,OCH,CH,OCH; 3.1 52/0.8 >10/1.4 3.1
1f 0\/© 1050 >59/2.4 >10/2.4 NA

CFs

S
11g J[ N— 4.0 >59/>5.9 >10/>10 >10

0] N
11h | N 6.8 >59/1.7 >10/1.6 0.05
(0] Pz

1 OJOO 48 2.0/0.2 2.4/0.4 0.2
11j O N 8.1 2.0/0.2 2.4/0.4 0.2

_O

Z°N

15 HQCVQ 16.2 9.6/0.6 >10/0.4 2.1
17a CH,CH,CH,OH 2.6 >59/1.8 >10/0.45 1.5
17b CH,CH,C(CH3),OH 4.0 >59/0.6 >10/0.55 0.6
18a CH,CH,CO,CHj; 22 >59/>5.9 >10/>10 >10
18b CH,CH,CON(CHj3), 7.9 >59/2.6 >10/0.9 0.05
24 CH,C(CH,),OH 3.4 >59/1.2 1.8/0.6 0.04
25 CH,CH,OH 3.5 >59/3.0 >10/0.44 0.9

sure of specificity for Chkl through G2/M checkpoint
abrogation)®” and Cdc25A (a measure of Chkl inhibi-
tion through S checkpoint abrogation).® We defined an
ideal Chkl inhibitor as having no single agent activity
in the MTS and FACS assays (MTS ECsy > 59 uM
and FACS ECsy > 10 uM), but significant combination
activity when co-administered with a DNA-damaging
agent (ECso <1 uM). The ideal ECs, value for the
Cdc25A assay was also defined to be <1 uM.

According to the parameters set forth for an ideal
Chk1 inhibitor, only compound 17b performed as de-
sired in all three cellular assays. Compounds with un-
branched hydroxyalkyl substituents (11b—¢, 17a, and
25) typically possessed adequate cellular activity.
These compounds often showed ideal or near ideal
activity in one or more of the cellular assays. Com-
pounds 11b and 11c showed similar cellular profiles

with no single agent cellular activity in either the
MTS or FACS assays, but had combination activities
of 1.0-1.6 uM, just above the upper limit for an ideal
compound. The similar carbon-linked compounds
(17a and 25) also showed no single agent activity,
but were better G2/M abrogators with ideal combina-
tion FACS ECs, values of 0.45 and 0.44 uM, respec-
tively. They failed to meet the requirements of the
MTS assay, however, with compound 17a having
slightly diminished antiproliferative activity (MTS
ECs9 = 1.8 uM) and compound 25 (MTS
ECso = 3.0 uM) showing an even greater loss. In con-
trast, 8-substituted hydroxypropyl analog 32 demon-
strated significant single agent activity in both the
MTS (single agent ECso =22 uM) and FACS (single
agent ECso=4.3uM) assays. Ester substituents,
whether directly attached to the benzodiazepinone
core as in compound 29a or attached through a two-
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Table 2. Inhibition of 7-oxygen,8-carbon disubstituted benzodiazepinones against the Chkl enzyme

o)

NH

Sy

i H OMe
O3N O-
Compound R ICs, (aM)’ MTS (uM) ECsy/ Facs (uM) ECso/ Cde25A ECsy (uM)®
ECsowith doxorubicin’ ECs, with doxorubicin’
29a CO,CH; 11.2 >59/>5.9 >10/>10 >10
29b CON(CH;), 15.5 45/4.5 >10/>10 3.5
31 CH,CH; 9.0 4.5/2.6 >10/1.2 0.35
32 CH,CH,CH,OH 1.9 22/1.2 4.3/0.7 0.22

carbon linker as in compound 18a, showed no activity
in any of the three assays. The same results were seen
for the 4-pyridylmethoxy substituted compound 11h.
Interestingly, the corresponding carbon analog (15)
showed significant single agent activity in the MTS as-
say, ideal activity in the FACS assay and moderate
activity in the Cdc25A assay.

Herein we have described the synthesis and SAR of a
variety of 7,8-disubstituted-5,10-dihydro-dibenzo[b,e]
[1,4]diazepin-11-one compounds. Several of these com-
pounds showed an improved in vitro profile relative to
parent compound 2. Specifically, compound 17b
met all of our in vitro requirements having an 1Csy of
4.0 nM, combination ECs, values with doxorubicin of
0.6 and 0.55 uM in the MTS and FACS assays, respec-
tively, and an ECsy value of 0.6 uM in the Cdc25A as-
say. Thus, substitution of positions 7 and 8 provided
improved cellular activity and progress toward obtain-
ing the desired profile.

N —
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Deconstructing cytisine: The syntheses of (+)-cyfusine
and (%)-cyclopropylcyfusine, fused ring analogs of cytisine
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Abstract—A novel fused tricyclic analog (11) of cytisine has been prepared (coined ‘cyfusine’) and determined to have high affinity at
neuronal nicotinic acetylcholine receptors. A [3 + 2] cycloaddition protocol permitted entry into a 3,4-differentially difunctionalized
dihydropyrrole (7). The penultimate cyclization was accomplished using the modified Van Tamelen conditions developed in our ear-
lier synthesis of (+)-cytisine. Sequential ring-forming reactions ([3 + 2] cycloaddition/cyclopropanation/pyridone cyclization) gives a
unique cyclopropyl analog (16) possessing a skeleton isoatomic with that of cytisine.

© 2008 Elsevier Ltd. All rights reserved.

Cytisine (1, Fig. 1), a natural product isolated over a
century ago from legumes,! binds with high affinity to
the (a4),>(B2);" neuronal nicotinic acetylcholine receptor
(nAChR), the predominant heteromeric nAChR sub-
type in brain.> Cytisine has been shown to be a partial
agonist at these receptors,> and the natural product
had been evaluated in an early study for nicotine depen-
dence without conclusive evidence of effect.* Three total
syntheses of cytisine were published in the 1950s by Van
Tamelen, Bohlmann, and Govindachari,® and 50 years
passed before our work in this area resulted in two total
syntheses.® The expanding interest in cytisine has led to
additional racemic syntheses of the natural product’ and
the first asymmetric total syntheses of natural (—)-cyti-
sine® as well as non-natural (+)-cytisine.® To date, some
10 total syntheses and one formal synthesis of cytisine
have been reported.!® Subsequent to our earlier efforts
on cytisine came the identification of varenicline (4), a
structurally related (04),(B2);* nAChR partial agonist
now marketed for smoking cessation.!!

Keywords: Cytisine; Cyfusine; Nicotinic acetylcholine receptor; [3 + 2]

cycloaddition; Pyridone; Cyclopropanation; (£)-Cytisine; (*)-Cyfu-

sine; nAChR; (a3),(B4)5; (a4)2(B2)5".
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Figure 1. Natural products (1-3) and varenicline (4), ligands that act
at neuronal nicotinic acetylcholine receptors.

Cytisine analogs have been prepared as a part of numer-
ous synthetic'? and drug discovery!? efforts. However,
the dearth of cytisine analogues disclosed that include
carbocyclic skeletal modifications'* (compared to skele-
tal analogs of epibatidine (2) or nicotine (3), for in-
stance) has driven our interest in the development of a
flexible synthesis of cytisine-type scaffolds.

A key element in any total synthesis of cytisine is the
construction of the bridged bicyclic framework, a signif-
icant synthetic challenge, and a contributor to the length
of some of the syntheses of the natural product. We
therefore postulated that if the bridgehead methylene
was removed and replaced by a bond between the car-
bons previously bridged, the resulting fused tricyclic 11
might retain the structural rigidity found in cytisine. In
addition, the fused pyrrolidine tricyclic framework of
11 (which we have coined ‘cyfusine’) does appear to po-
sition the key pharmacophoric elements of cyfusine in
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Figure 2. Spatial relationship of cytisine (1, gray) and cyfusine (11,
black) with the pyridone rings of 1 and 11 superimposed.'>

approximately the same spatial arrangement as in cyti-
sine (Fig. 2). Furthermore, approaches to its synthesis
hold the potential to be more flexible than current avail-
able methods to generate analogs of cytisine. We de-
scribe herein a novel synthesis of cyfusine (11), which,
in principle, permits derivatization of each carbon of
its molecular scaffold.

The synthetic approach relies on the potential of alkyne
5'¢ to generate the [3 + 2] adduct 7 when treated with
commercially available dipole precursor 6!7 under ambi-
ent conditions (Scheme 1). This adduct (7) presents a
reactive double bond,'® which holds promise for the
introduction of additional functionality spanning the
eventual pyridone and the basic amine moieties. Our
exploitation of the ability of the olefin to participate in
concerted reaction processes (i.e., hydrogenation, cyclo-
propanation, etc.) is described below.

Accordingly, the double bond of 7 underwent catalytic
hydrogenation (Pd(OH),, 40 psi H;) to produce satu-
rated ester 8. The syn-display of the methoxypyridyl
and ester substituents of this fused analog makes it an
ideal candidate for elaboration to a tricyclic pyridone
utilizing the modified Van Tamelen approach described
in our earlier synthesis of (*)-cytisine.®® Indeed, reduc-
tion of 8 with lithium aluminum hydride (LAH) pro-
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methanesulfonylchloride and diisopropylethylamine at
0 °C, followed by warming to room temperature to gen-
erate 10 in an overall yield of 67%. Debenzylation under
conditions which permitted initial characterization of
the free amine as its Boc carbamate (H,, Pd(OH),,
(Boc),O; 1 N HCI/MeOH) afforded (*)-cyfusine (11)
as its hydrochloride salt.

Further reactivity of the o,B-unsaturated double bond of
7 was evidenced by its cyclopropanation to afford 12 in
61% yield. After reduction of the ester of 12 (95%), the
benzyl group was exchanged for a Boc-group in very
high yield (94%), with the anticipation that ultimate
deprotection of the N-benzyl group while preserving
an intact final cyclopropane would prove difficult.
Repeating the mesylation—pyridone cyclization sequence
on 14 as for 9 generated 15. Boc-deprotection quantita-
tively liberated the secondary amine to produce cyclo-
propylcyfusine (16-HCI salt) in 82% yield from
alcohol 14.

To confirm the value of these analogs as ligands at the
nicotinic acetylcholine receptor, we evaluated (%)-cyfu-
sine (11) and (*)-cyclopropylcyfusine (16) in nAChR
binding assays along with the natural product for com-
parison (Table 1). The nAChR subtypes chosen were the
(04)>(B2)3", (23)2(B4)3, and o7 receptor subtypes. The
04p2 subtype is thought to be involved in important
clinical indications such as addiction, while the o7 sub-
type is believed to be implicated in the neuroprotective
effects of nicotine. The (a3),(p4); subtype represents
one of the major ganglionic receptors and may mediate
cardiovascular effects of nicotinic agents. Cyfusine (11)
binds to the (a4),(B2);* nAChR subtype with a K; of
16 nM and exhibited good selectivity (at least 30-fold)
for that subtype over the (a3),(B4); subtype, similar
(in direction if not in magnitude) to that of natural
(—)-cytisine. Cyclopropylcyfusine (16) was found to pos-
sess less affinity, with a K; of 144 nM at (a4),(B2)3", and

vided alcohol 9, which was treated with with a separation of at least 3- to 4-fold over the
OMe OMe 0
4
AN / N « N
b =/ COMe =/, «OH 4
MeO N N N
e N OMe Bn Bn R
- — N R =Bn
{ )—="COxMe 7 N 8 9 e( 10 R=Bn
5 a =(_ CO,Me 11 R =H*HCI
7 _ ]
NN N
z
6 7 /N / N < N
f = CO,Me g = OH i
L — —
N N N
Bn R R
12 13 R=Bn i 15 R=Boc
" (13 R=poc  / “18 R=HHCI

Scheme 1. Reagents and conditions: TFA (0.1 equiv), CH,Cl,, 0 °C to rt, 2 h, 85%; (b) 40 psi Hy/Pd(OH),, MeOH, 2 h, 41%; (c) LiAIH4/Et,O
(1.6 equiv), Et,0, 0 °C to rt, 1.5 h, 67%; (d) MsCl (1.5 equiv), DIPEA (4 equiv), CH,Cl,, 0 °C, warmed to rt, 67%; (e) (i) 45 psi Ho/Pd(OH),, (Boc),0,
MeOH, quantitative; (ii)) 1| N HCl, MeOH, rt, 16 h, quantitative; (f) 1 M dimethylsulfoxonium ylide in THF, THF, rt, 1.5 h, 61%; (g) LiAIH4/Et,O
(1.6 equiv), Et,0, 0 °C to rt, 1.5 h, 95%; (h) 45 psi H,/Pd(OH),, MeOH, (Boc),0, 94%; (i) MsCl (1.5 equiv), DIPEA (4 equiv), CH,Cl,, 0 °C, warmed
to rt, 16 h, 82%; (j) 1 N HCI, MeOH/EtOAc/hexanes, rt, 16 h, quantitative.
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Table 1. In vitro affinity of 11 and 16 at nAChR subtypes'®

Compound K; (nM)

adp2 a3p4 o7
(—)-Cytisine 1 0.43 1560 5820
(£)-Cyfusine 11 16 >500 >500
(2)-16 144 >500 >500

(23)>(B4);™ subtype. Additionally, both ligands demon-
strate clear selectivity for the (a4)(B2)s* subtype over
the a7 subtype. Thus, cyfusine (11) represents a novel
scaffold that mimics the affinity and selectivity of cyti-
sine for neuronal nicotinic acetylcholine receptors and
as such, may serve as a novel starting point for drug dis-
covery efforts directed at the nicotinic acetylcholine
receptor.

In summary, we have completed a short (5-step) synthe-
sis of ()-cyfusine (11), which proceeds through two key
steps: a [3 + 2] cycloaddition incorporating a pyridylpro-
piolate ester, followed by a pyridine — pyridone cycliza-
tion.”® We have also generated an isoatomic analog of
cytisine, cyclopropylcyfusine (16), by inserting a cyclo-
propanation step into the previous sequence of ring-
forming reactions (cycloaddition — cyclopropanation
— pyridine cyclization). The [3 + 2] adduct 7 represents
a pluripotent synthon and a key intermediate for the
possible preparation of other analogs of cytisine. The
hypothesis that cyfusine could serve as a more syntheti-
cally tractable cytisine-like nicotinic ligand was sup-
ported by the affinity and selectivity of this compound.

In the recent exhaustive review of the synthetic ap-
proaches to cytisine, it was noted that ‘there is still a
need to develop an approach to cytisine that delivers a
late-stage intermediate that is equipped with the appro-
priate functionality for analogue preparation.’!® The
chemistry outlined here potentially addresses this need
in that it permits the functionalization of each aliphatic
carbon in the skeletal framework of 11, thereby enabling
cyfusine to serve as a structurally equivalent surrogate
scaffold for further skeletal interrogation of the SAR
of cytisine (Fig. 3).

Our current efforts are directed toward a total synthesis
of cytisine utilizing the cyclopropyl intermediate 12 in a
ring-expansion operation to generate a piperidine, which
later intersects with a known intermediate (17) in our
previous synthesis of the natural product (Scheme 2).
This approach offers promise for an enantiospecific syn-
thesis of cytisine via stereospecific cyclopropyl ring for-
mation. These efforts and our successes at the utilization

Rm
5 4
Rn N

Figure 3. Systematic derivatization of (%)-cyfusine (11) enabled with
the synthetic method described herein.

OMe

_ OMe
\{'p com _
2Me -
pyrrolidine to N
'}l piperidinering |
Bn expansion Bn
12 17

Scheme 2. Ongoing ring-expansion efforts.

of cycloadduct 7 to access substitution at all of the ali-
phatic carbons of (*)-cyfusine (11) and of (*)-cytisine
(non-bridgehead atoms) will be detailed in subsequent
publications.
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. The lowest energy conformation of 11 was compared to
the crystal structure of 1 (Overall RMS of over-
lay = 0.61 A) utilizing Chem3D Ultra (v.10.0), available
from CambridgeSoft Inc., 100 CambridgePark Drive,
Cambridge, MA 02140 USA. The X-ray structure of
(—)-cytisine was retrieved from: Freer, A. A.; Robins, D.
J.; Sheldrake, G. N. Acta Cryst. 1987, C43, 1119.

Made by the method of Cossy, J.; Pete, J.-P. Bull. Soc.
Chim. Fr. 1979, 559.

Available from the Aldrich Chemical Company, Cat #
42,069-7.

Compound 7 is oxidatively unstable, converting com-
pletely to the pyrrole over several days when exposed to
air.

The assays were conducted according to the protocols in
the supplementary information in Ref. 11.

General procedure for the pyridone cyclizations: To a 35-
mL round-bottom flask was added 6-methoxypyridine
substrate (either 9 or 14). The mixture was cooled to 0 °C
and treated with N,N-diisopropylethylamine (4 equiv),
followed by the addition of methansulfonyl chloride
(1.5 equiv). The reaction mixture was stirred at 0 °C for
1 h, then allowed to warm to room temperature. The
reaction mixture was stirred at room temperature for 16 h
then was partitioned between sodium bicarbonate and
dichloromethane. The crude reaction mixture was dried
with magnesium sulfate, and the solvent was evaporated.
Flash chromatography was performed on silica gel using
with 2.5-10% methanol/ethyl acetate to yield the pyridone
(10: 64% yield; 1H NMR (CDCl;, 400 MHz) 7.3 (dd, 1H),
7.25 to 7.17 (m, 5H), 6.35 (d, J=9.1 Hz, 1H), 6.00 (d,
J=17.1Hz, 1H), 429 (dd, J=9.1 Hz, J=13.3 Hz, 1 H),
395 (dd, 1H), 3.78 (t, J=79Hz, 1H), 3.60 (d,
J=129Hz, 1H), 3.48 (d, /=129 Hz, 1H), 3.02 (m,
1H), 3.54 (d, J=9.1 Hz, 1H), 2.66 (t, 2H), 2.50 (t, 1H)
ppm; mass spectrum (APCI) m/e 267 p + 1) (15: 82% yield;
IH NMR (CDCl;, 400 MHz) 7.51 (t, 1H), 6.35 (t, 1H),
6.39 (d, J=8.7Hz, 1H), 4.23(d, J = 6.6 Hz, 2H), 3.90 to
3.82 (m, 2H), 3.65 to 3.53 (m, 2H), 1.49 (d, J=5.8 Hz,
1H), 1.45 (s, 9H), 1.32 (d, J=5.8 Hz, 1H) ppm. Mass
spectrum (APCI) m/e 289 p + 1).
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Abstract—A series of aminophosphonates was synthesized, and their ability to carry alanine, a model hydrophilic molecule, across
phospholipid bilayer membranes was evaluated. Aminophosphonates facilitate the membrane transport at moderate rates, which
make them a suitable platform for the design of carriers for continuous drug release devices.

© 2008 Elsevier Ltd. All rights reserved.

One of the most important challenges in designing lipo-
some based drug release systems is the precise control
of transport kinetics across bilayer boundaries.'-> Encap-
sulated drugs should remain within liposomes during
storage, and release should only begin after the adminis-
tration. In an ideal system, a triggering event will initiate
continuous release with well-controlled rate. Synthetic
carriers of polar organic molecules through lipid bilayers
can potentially provide an elegant way to achieve this
goal. Insertion of carriers into bilayers of drug-contain-
ing liposomes immediately prior to administration would
trigger the release. Transport kinetics can be regulated by
varying the concentration of carriers in the bilayer.

Previously, a relatively small number of studies focused
on synthetic carriers for the transport of organic mole-
cules across bilayer lipid membranes compared to well
explored areas of artificial ion channels®* and transport
in supported liquid membranes.>® In the recent years,
however, the field has been gaining considerable interest.
Several papers described synthetic carriers for carbohy-
drates,”!? nucleosides,!' small peptides,!> and other
molecules.!*!'* Among the most recent beautiful exam-
ples is the transport of oligonucleotides guided by um-
brella carriers in the innovative ‘needle and thread

Keywords: Carriers; Liposomes; Drug delivery; Amino acids; Bilayers;

Aminophosphonates.
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concept’.!> Sunamoto et al. reported on the transport
of phenylalanine using a photoresponsive carrier.'®

Traditionally, high seclectivity and fast transport rates
were viewed as desirable albeit challenging. These char-
acteristics may not be necessary in the design of carriers
suitable for continuous drug release. This application re-
quires slow release of a single component over a long
period of time, measured between hours and weeks,
and neither selectivity nor fast transport is critical. In
fact, slow carriers are likely to have an advantage of
inherently low cytotoxicity, an important safety consid-
eration in the case a carrier molecule separates from a
liposome and inserts into a cellular membrane. Small
size of carriers is likely to be beneficial for rapid incorpo-
ration into the liposomal bilayer.

Considering the above, we decided to synthesize and
evaluate a series of a-aminophosphonates as carriers
of hydrophilic organic molecules across phospholipid
membranes. We used alanine, an amino acid, as a model
hydrophilic bifunctional molecule for transport studies.
In our view, aminophosphonates are excellent carrier
platforms. They possess two binding sites, a hydrogen
bond donor and a hydrogen bond acceptor suitable
for two-point binding of hydrophilic molecules creating
in the case of amino acids a complex with hydrophobic
exterior.!”>!8 They are readily prepared in a one-pot syn-
thesis by the Kabachnik—Fields reaction from a primary
amine, a phosphite, and a carbonyl compound.!®?*
Their hydrophilic-hydrophobic balance can be easily
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varied by using different substituents in the starting
materials. In previous studies, aminophosphonates did
not exhibit cytotoxicity or mutagenic properties.?!-??
Previously reported non-toxic concentrations as high
as 15 mM support the feasibility of successful in vivo
applications.?!>> Base aminophosphonate platform can
be further modified with substituents that provide steric
interactions or additional binding of a substrate mole-
cule. This can be utilized to adjust the selectivity and
strength of binding of a wide range of substrates.
Three-point interactions were shown effective in chiral
recognition.??

The synthesis of the a-aminophosphonates was done by
the Kabachnik—Fields reaction, a condensation between
an amine, a carbonyl compound, and a phosphite
(Scheme 1).%*

By using aniline and benzylamine, acetone and cyclo-
hexanone as carbonyl compounds and dimethylphos-
phite, dibutylphosphite, or bis-2-ethyhexylphosphite as
phosphites, we synthesized a series of seven aminophos-
phonates. We selected substituents for achieving varia-
tions in size and hydrophobic-hydrophilic balance of
products. Thus compound 3 is almost twice the size of
compound 1. Compounds 2 and 4 are similar in size
but are different in structure. Products were isolated
by column chromatography on silica gel using hexane/
ethyl acetate (5:1) as eluent. The most prominent feature

i ? o
RU-NH, + + <
RZ "R® H™ So—R*
H o .
iR
— NA P4
R o2”gs O R
1 R'=CgHs;  R®=R3=CHz; R*=CH,
2 R'=CgHs; R2=R%®=CHy;; R*=C,Hq
3 R'=CgH;;  RZ=R3=CH,;  R*= CH,CH(CH,CH3)CyH,
4 R'=CgHs;  R?2+R%=(CHyp)s R*=CH,
5 R'=CgHs;  R®+R%=(CH,s R*=C,Hy
6 R'=CH,CqHs; R2=R®=CH;; R*=CH,
7 R'=CH,CqHs R?+R®=(CH,)5; R*=C,Hg

Scheme 1. Synthesis of a-aminophosphonates 1-7 from an amine
(aniline or benzylamine), a carbonyl compound (acetone or cyclohex-
anone), and a phosphite (dimethyl phosphite, dibutyl phosphite, or
bis-(2-ethylhexyl)-phosphite).
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in "H NMR spectra that indicated the formation of the
condensation product was the long-range coupling be-
tween phosphorus and hydrogens contributed by the
carbonyl compound.

Transport properties of aminophosphonate carriers were
evaluated by liposome efflux experiments coupled with
enzymatic assays.>> In these experiments, unilamellar
liposomes loaded with alanine (300 mM) were prepared
from dipalmitoyl phosphatidyl choline (DPPC) and cho-
lesterol (3:1 molar ratio) by a standard literature proto-
col,?® and unentrapped alanine was separated by size
exclusion chromatography. The batch of alanine-loaded
liposomes was separated into several samples, and iden-
tical amounts of carriers were introduced to bilayers with
the help of a solvent vector, DMSO, so that each sample
contained a different carrier with the same concentration.
The rate of alanine efflux was determined from the con-
version of alanine to pyruvate, catalyzed by Glutamic-
Pyruvic Transaminase, and further to lactate, catalyzed
by lactate dehydrogenase, which is accompanied by the
oxidation of nicotinamide cofactor NADH to NAD".
Disappearance of NADH was monitored by UV
spectroscopy.?’

The carrier mechanism of transport was supported by
the lack of evidence of aminophosphonate induced
membrane lysis. In this experiment, we prepared lipo-
somes containing self-quenching fluorescent dye calcein.
Calcein loses 98% of its fluorescence at concentrations
above 100 mM.?® In the lysis experiment, liposomes with
calcein were mixed with aminophosphonate solution in
DMSO and the fluorescence was monitored for 1h,
the amount of time comparable with the amino acid ef-
flux experiments. No detectable change in emission was
observed. In the end of this period, liposomes were trea-
ted with Triton X-100 solution that caused lysis?® and an
immediate huge increase of emission, indicative of dye
dilution below self-quenching concentration due to re-
lease from liposomes. We conclude that the aminophos-
phonates did not cause bilayer membranes to become
more permeable, as this would have been accompanied
by a continuous increase of emission.

Data in Table 1 summarize average flow rates for ala-
nine using different aminophosphonates. All carriers in-
crease permeability of phospholipid bilayers to alanine.
In control experiments, we observed no measurable
enhancement of alanine transport when adding amines
or phosphites to the bilayers. Flux was calculated in
nmol/h x m? using volume and surface area of 100 nm
liposomes, which was the average size confirmed by
transmission electron microscopy. We chose these units
of measurement to enable comparison with other stud-
ies. Thus, we calculated the photoresponsive carrier-as-

Table 1. Transport of alanine across lipid bilayers, average flux from three experiments

Carrier None? 1? 2¢

32

42 52 6 72

Flux, nmol/h x m? 0.7 (£0.4)° 4.4 (£1.6) 3.1 (x1.0)

4.3 (£2.0)

72 (+1.8) 44 (0.5  7.8(+23) 44 (£1.8)

#Values are means of three experiments, standard deviation is given in parentheses.
® Measured by a liposome efflux experiment coupled with alanine dehydrogenase assay.
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sisted transport of phenylalanine to be 14 nmol/h x m?
from the data reported by Sunamoto et al., which is
comparable to the values we observed.'® Since all carri-
ers were always run together using the same batch of lip-
osomes, relative transport rates offer a meaningful
comparison. Compounds 4 and 6 exhibited fastest trans-
port rates in the series, and compound 3 was the slowest
carrier.

We observed no direct relationship between hydropho-
bicity and efficiency of aminophosphonate carrier. It is
likely that optimum transport efficiency is the function
of availability of the carrier at the bilayer boundary,
hydrophobicity of the complex, and mobility of both
complex and free carrier. We observed significant differ-
ences between carrier 2 and carriers 4 and 6 as well as
carrier 5 and carriers 4 and 6. This can open an oppor-
tunity for finding relationships between carrier structure
and transport efficiency.

Based on transport rates measured in this study, 50% re-
lease of alanine, encapsulated in a 100-nm liposome with
the concentration of 300 mM, over a period of 3 weeks
would require 4-5 mol % of aminophosphonate carriers
relative to membrane phospholipids. Such concentra-
tions are attainable, and can be scaled down for even
longer release. Further tuning of transport efficiency
through additional binding by side-arm substituents
may offer control of mass transfer kinetics in a wider
range. Rapid progress in long-circulating liposomes
makes artificial transporters an attractive component
of the drug delivery systems.?’

In summary, we synthesized a series of a-aminophos-
phonates and evaluated their transport properties. Ami-
nophosphonates are capable of transporting alanine, a
model hydrophilic compound, across bilayer lipid mem-
branes at moderate rates. Due to ease of structural vari-
ations, o-aminophosphonates can be attractive
platforms for building carriers for facilitating transmem-
brane transport and regulating permeability of long-cir-
culating continuous release drug delivery devices.
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Abstract—A novel series of 2-amino-6-carboxamidobenzothiazole was discovered to have potent Lck inhibitory properties. A highly
efficient chemistry was developed. Also described are the detailed SAR study and the BaF3 cell line profiling for this series.

© 2008 Elsevier Ltd. All rights reserved.

Lymphocyte specific protein tyrosine kinase (Lck), a
member of the Src family of non-receptor protein tyro-
sine kinases, is predominantly expressed in T-lympho-
cytes and natural killer cells.!> Lck plays an essential
role in the T cell receptor (TCR) signal transduction
pathway.? It phosphorylates the { chain of the TCR
complex on specific tyrosine residue located within a
motif termed the immunoreceptor tyrosine activation
motif (ITAM), resulting in coupling of TCR with pro-
tein tyrosine kinase ZAP-70 via its Src homology-2
(SH2) domains.! Subsequent phosphorylation of ZAP-
70 by Lck* triggers a series of downstream cascade
events that ultimately leads to cytokine release, T cell
activation and proliferation.’> Genetically modified mice
with Lck mutations exhibit defects in T cell maturation
and signalling.® These findings indicate that Lck inhibi-
tors should inhibit T cell activation and therefore be use-
ful therapies for T cell-mediated autoimmune diseases
and graft rejection. Additionally, a selective Lck inhibi-
tor will offer a more desirable safety profile compared to
other immuno-suppressive agents (e.g., cyclosporine or
steroids currently used for treating T cell-mediated auto-
immune and inflammatory diseases) since Lck is exclu-
sively expressed in lymphoid cells.?

Keywords: Lck inhibitor; 2-Amino-6-carboxamidobenzothiazole.
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Developing small molecule Lck inhibitors has been the
focus of major pharmaceutical research in recent years.”
Potent and bioavailable Lck inhibitors have been identi-
fied and demonstrated in vivo efficacy in several models
of T cell dependent immune responses.® Our research ef-
forts towards modifying the 2-amino-6-carbo-
xamidobenzothiazole series previously reported by
Bristol-Myers Squibb® resulted in a novel scaffold with
potent Lck inhibitory properties. Described here are
the chemistry for analogue synthesis, structure—activity
relationship (SAR) study and kinase profiling for this
series.

As shown in Scheme 1, the chemistry started by coupling
of 2-tert-butoxycarbonylaminobenzothiazole-6-carbox-
ylic acid (1a) with N-(4-amino-3-methylphenyl)-3-trifluo-
romethylbenzamide (1b) in the presence of HATU to
provide compound 2. After removing the Boc group with
TFA, the amino intermediate 3 was treated with different
isocyanates to generate the urea analogues 4a—e. Numer-
ous carbamates 4f—j were also generated by reacting com-
pound 3 with different chloroformates. Several
aminoalkyl and heteroaryl groups were attached to the
~NH at the C-2 position via chemistry described in
Scheme 2. First, mixing 2-aminobenzothiazole-6-carbox-
ylic acid methyl ester (5) with zerz-butyl nitrite and CuBr,
provided bromo ester 6, which was saponified to carbox-
ylic acid 7. Treating this intermediate with oxalyl chloride
and compound 1b in sequence resulted in bisamide 8.
Then, the 2-bromide was displaced with various amines
to generate analogues 9a-h. For the synthesis of com-
pounds 9d-h, the addition of NaH was necessary in order
to generate a more active N anion.
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Scheme 2. Synthesis of analogues 9a-h. Reagents: (a) fert-BuONO, CuBr,, CH;CN, 88%; (b) LiOH, THF/H,O (1:1), 85%; (c) (COCI),, CH,Cl,; (d)

1b, iso-Pr,NEt, CH,Cl,, 97%; (e) RNH,, DMF, 60-90%.

All analogues were tested for their cellular activity using
a TEL-Lck transformed BaF3 cell line that was stably
transfected with a Cytomegalovirus immediate early
promoter upstream of a luciferase gene. Briefly, the 3’
portion of Lck was fused to the 5’ region of TEL, a gene
encoding a member of the ETS transcription factor fam-
ily. The TEL-Lck fusion protein includes the catalytic
domain of Lck and the TEL-specific oligomerization do-
main. TEL-induced oligomerization of TEL-Lck re-
sulted in the constitutive activation of its tyrosine
kinase activity and conferred cytokine-independent pro-
liferation to the interleukin-3-dependent BaF3 hemato-
poietic cell line. Transformed BaF3 cells were plated in
384-well plates (25,000 cells per well) and incubated with
serial dilutions of inhibitor or DMSO for 48 h. Lucifer-
ase expression was used as a measure of cell prolifera-
tion/survival and was evaluated with the Bright-Glo
Luciferase Assay System (Promega, Madison, WI).

The inhibition of cell proliferation results is shown in Ta-
ble 1. Compound 3 with an unsubstituted amino group
only showed moderate cellular potency with an ICs of
170 nM. Converting the amine to urea resulted in more
potent compounds. A 10-fold increase in potency was ob-
served with simple alkyl and carbocyclic ureas (4a, 4b, 4¢),
though the potency improvement for aryl and heteroaryl
ureas (4d, 4e) was marginal. Transforming the amine to
carbamate was also beneficial to cellular potency. As seen
with urea analogues, alkyl carbamates (4f, 4g, 4h) were
more anti-proliferative than aryl carbamates (4i, 4j). In

Table 1. Cellular activity of compounds 3, 4a—j, 9a-h

H S N;@ CF3
0 O

Compound R Cellular activity
ICso (LM)

3 H 0.170
4a CH;NHC(O) 0.021
4b CH;CH,NHC(O) 0.016
4c CyclopentyINHC(O) 0.016
4d PhNHC(O) 0.094
4e Pyrid-3-yINHC(O) 0.125
4f CH;0C(0) 0.030
4g IsopropylOC(O) 0.030
4h CH;0CH,CH,0C(0O) 0.008
4i PhOC(O) 0.112
4j 4-MethoxyphenylOC(O) 0.131
9a N,N-(CH3;),NCH,CH,CH, 0.081
9b 1-Methylpiperazin-4-yICH,CH,  0.058
9c Morpholin-4-ylCH,CH,CH, 0.078
9d 4-Methylpyridin-2-yl 0.016
9e 4,6-Dimehylpyrimidin-2-yl 0.053
of 2,4-Dimethylpyrimidin-6-yl 0.0006
9g Pyrazin-2-yl 0.004
%h 5-Methylisoxazol-3-yl 0.008

particular, compound 4h had a single-digit nM ICs, pos-
sibly due to its high cellular permeability. Adding amino
groups (9a—c) not only improved solubility, but also in-





2326

0
N N
/ a J ¢
HzN%S]ijﬁ(O\/ _./\” H%S
10 ©
o
c /\N)kN/</
— H H

1"

S. Huang et al. | Bioorg. Med. Chem. Lett. 18 (2008) 2324-2328

o)
N
b )k 4
Q(OM 2. /\H H%SQH(OH
o}

12 O

o}
N N
H )’k 4 H
N NHBoc d SN N
o)
13 14 ©

Scheme 3. Synthesis of analogues 15a-i. Reagents: (a) EtNCO, THF, 86%; (b) LiOH, 1,4-dioxane/H,O (1:1), 92%; (c) 5-tert-butoxycarbonylamino-
2-methylaniline, HATU, Et;N, DMF, 82%; (d) TFA, 92%; (e) RC(O)OH, HATU, Et;N, DMF, 82%.

creased cellular potency. Attaching heteroaryls (9d-h)
generated the most potent analogues, for example, com-
pounds 9d and 9e had single-digit nM ICs, and the ICs
for compound 9f was <1 nM, indicating there might be
additional interactions between the Lck ATP binding
pocket and these heteroaryls.

The second stage of our SAR study was focused on the
right side benzoyl functionality while fixing the left side
as an ethyl urea group. Using the chemistry shown in
Scheme 3, 2-aminobenzothiazole-6-carboxylic acid ethyl
ester (10) was reacted with ethyl isocyanate to generate
compound 11, which was saponified to carboxylic acid
12. It was then coupled with compound 5-fert-butoxy-
carbonylamino-2-methyl-aniline to provide amide 13.
After removing the Boc group with TFA, the amino
intermediate 14 was coupled with various carboxylic
acids to provide analogues 15a—i. The cellular data are
displayed in Table 2. Adding F to the C-3 position of
the 5-CF;-phenyl ring (15a) increased potency slightly
while the effect of 4-methylimidizol-1-yl (15b) at the
same position was minimal. Attaching solubilizing
group 4-methylpiperizin-1-yl (15¢) to the C-3 position

Table 2. Cellular activity for compounds 15a—i

o)
N H
/\NkN/</ H N_ _R
Ay
) o)

Compound R Cellular
activity
ICso (LM)
15a 3-F-5-CF3-phenyl 0.007
15b 3-(4-Methylimidazol-1-yl)-5-CF5-phenyl ~ 0.015
15¢ 3-(4-Methylpiperizin-1-yl)-5-CF5-phenyl  0.019
15d 4-C1-3-CF;-phenyl 0.050
15e 3-Methoxyphenyl 0.158
15f 3-Methylphenyl 0.112
15¢ 3-Chlorophenyl 0.104
15h 2-tert-Butylpyridin-4-yl 0.009
15i 2-tert-Butylthien-5-yl 0.012

barely changed the potency. On the other hand, 4-Cl
on the 5-CF;-phenyl ring (15d) seemed to be harmful,
resulting in a threefold loss in potency. The negative im-
pact by substituting the CF3 with CH;0 (15e), Me (15f)
or CI (15g) was even more severe. Replacing 3-CF3-phe-
nyl group with 2-tert-butylpyridin-4-yl group (15h) or 2-
tert-butylthien-5-yl (15i) had very little effect in terms of
cellular inhibition.

Using chemistry in Scheme 4, compounds 16 and 18
were synthesized to explore whether the 2-NH is essen-
tial for cellular activity. Methylation of the 2-NH of
compound 2 under Mitsunobu conditions afforded ana-
logue 16. Next, the Boc was removed with TFA to gen-
erate intermediate 17, which was reacted with ethyl
isocyanate to afford analogue 18. Methylation of the
2-NH resulted in a dramatic loss in cellular potency
for both carbamate 16 and urea 18 (data shown in Table
3), demonstrating this NH is crucial for Lck potency. A
synthesis was also developed to examine the effect of
bromination of the middle ring. As shown in Scheme
5, intermediate 3 was reacted with fert-butyl nitrite
and CuBr, to generate dibromo compound 19. Next,
displacement of the 2-Br with 2-(morpholin-4-yl)ethyla-
mine provided analogue 20, which was nearly inactive in
BaF?3 cells (see Table 3), showing that adding Br to the
middle ring was detrimental to Lck potency. Finally, we
examined the effect of reversing the amide group at the
right side. By similar chemistry in Scheme 1, compounds
21 and 22 were synthesized, both of which exhibited sev-
eral fold lower cellular potency relative to their corre-
sponding analogues 4b and 4c.

Compounds 4b, 4c, 4f and 4h were also tested in two dif-
ferent Jurkat cell lines that have the interleukin 2 (IL-2)
promoter driving luciferase. In the Jurkat IL-2 anti-
CD3+28 assay, the T cell receptor is stimulated by incu-
bating cells with plate bound anti-CD3+CD28 antibod-
ies, leading to an increase in IL-2 promoter activity.
Therefore, Lck inhibitors would block this activation.
On the other hand, a Jurkat IL-2 PMA/Iono assay is
used to measure general off target effects, as the IL.-2
promoter is stimulated by PMA and ionomycinina T cell
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Table 3. Cellular activity for compounds 16, 18, 20-22

1 /N
o
RS

o
3
4

Compound R' R? R? —X- Cellular activity ICso (LM)
2 tert-ButylOC(O) H H ~NH(CO)- 0.036

16 tert-ButylOC(O) CH; H ~NH(CO)- 0.955

18 CH;CH,NHC(O) CH; H -NH(CO)- >10

20 2-(Morpholin-4-yl)CH;CH, H Br -NH(CO)- 2.099

21 CH;CH,NHC(O) H H —(CO)NH- 0.118

22 CyclopentyINHC(O) H H —(CO)NH- 0.139

HN/</N H HT(C\ a /</N H H
2 N - >
O
o BrO
3 19

O

o, V\MQYD[YQ

Scheme 5. Synthesis of analogue 20. Reagents: (a) tert--BuONO, CuBr,, CH3CN, 72%; (b) 2-(morpholin-4-yl)ethylamine, DMF, 70%.

receptor independent manner. For the anti-CD3+28 as-
say, anti-mouse IgG was bound to the plate using a so-
dium bicarbonate buffer followed by incubation with
OKT3 (mouse anti-human CD3) and mouse anti-human
CD28 antibodies. Plates were then washed and 100,000
Jurkat IL-2-luc cells were plated out in 0.05 mL for 5 h.
For the PMA/Iono assay, 50,000 cells were plated out in
0.025 mL followed by the addition of 0.025 mL of
40 ng/mL PMA and 1.5 pg/mL ionomycin. Luciferase
activity was evaluated with the Bright-Glo Luciferase As-
say System. As expected, these potent Lck inhibitors
exhibited high potency in the Jurkat IL-2 anti-
CD3+CD28 assay and low off target activity as deter-
mined in the Jurkat IL-2 PMA/Iono assay (see Table 4).

Compounds 4a and 4g were selected for screening
against a panel of BaF3 cell lines transformed with dif-
ferent kinases. The results are shown in Table 5. Excel-

Table 4. Cellular activity of compounds 4b, 4¢c, 4f and 4h

Compound Jurkat cell/anti-CD3+ Jurkat cell/PMA/Iono
CD28 ICs (LM) ICso (LM)

4b 0.044 0.373

4c 0.062 0.812

4f 0.036 0.851

4h 0.012 0.438

lent selectivity was achieved against a number of
structurally diverse kinases including JAK3, KDR,
InsR, Alk, FGFR-3 and FIt3. Both compounds also
showed good selectivity against Sky though their po-
tency for two other Src family members Lyn and Src re-
mains relatively high.

In summary, a novel series of 2-amino-6-carbo-
xamidobenzothiazole was discovered to have potent
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Table 5. BaF3 cell line profiling of compounds 4a and 4g
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Compound ICso (LM)

BaF3/Lck BaF3/Lyn BaF3/Src BaF3/Sky BaF3/JAK3 BaF3/KDR BaF3/InsR BaF3/Alk BaF3/FGFR3 BaF3/FLT3
4a 0.021 0.094 0.301 1.105 5.01 1.608 1.276 1.633 1.984 3.141
4g 0.030 0.268 0.517 2.436 >10 3.283 13.5 6.109 12.603 >10

Lck inhibitory properties. A highly efficient chemistry
was developed. Many potent analogues were synthesized
with urea, carbamate, heteroarylamine or alkylamine at
the C-2 position. The SAR for the middle ring, the right
side aryl group was also explored. The selectivity profile
was herein included. Future studies will be directed to-
wards determination of PK properties and in vivo
efficacy.

—
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Abstract—Littorachalcone (1) and diacid 10 were synthesized by direct routes. The antibacterial activity of 1, 10 and synthetic pre-
cursors were evaluated. Dialdehyde 3a showed potent antibacterial activity.

© 2008 Published by Elsevier Ltd.

Littorachalcone (1), a novel dihydrochalcone dimer, was
isolated from the aerial parts of V. littoralis H. B. K.
along with several flavonoids by Li and coworkers.! A
related compound verbenachalcone (2) was discovered
by Li in 2001.2 Both littorachalcone and verbenachal-
cone elicited a significant enhancement of nerve growth
factor-mediated neurite outgrowth from PCI2D cells.
Recently, both littorachalcone and analogs of verbena-
chalcone have been synthesized? (see Fig. 1).

Our plan for the synthesis of littorachalcone is shown
below. Dialdehyde 3a will react with two equivalents
of the protected 2,4-dihydroxyacetophenone 4 to gener-
ate the target compound. The dialdehyde, in turn, would
be generated from commercially available para-tolyl
ether (5) by hydroxylation, protection, and oxidation.
Our route is significantly more direct and operationally
convenient than that of Nishiyama® because we desym-
metrize commercially available para-tolyl ether, thus
avoiding the protection and deblocking steps necessary
in the Nishiyama diaryl ether synthesis (see Fig. 2).

Ether 5 was hydroxylated by taking advantage of the
selective metalation of diaryl ethers developed initially
by Gilman and coworkers.* Treatment of 5 with n-butyl
lithium at 0 °C followed by the addition of trimethyl bo-
rate afforded a boronic acid ester. Subsequent hydrogen

Keywords: Chalcones; Antibacterials; Aldol.
* Corresponding author. Tel.: +1 515 294 7794; fax: +1 515 294
0105; e-mail: gakraus@iastate.edu

0960-894X/$ - see front matter © 2008 Published by Elsevier Ltd.
doi:10.1016/j.bmcl.2008.02.082

OH o

1: X=H
2: X=0Me

Figure 1. Structures of littorachalcone (1) and verbenachalcone (2).

— OG0

OMe

O OMe
4

Figure 2. Retrosynthetic analysis for 1.

peroxide-mediated oxidation of the aryl boronic acid es-
ter provided 6 in 82% yield. Protection of the alcohol
with pivaloyl chloride and triethylamine afforded ester
7 in 90% yield. We then evaluated two methods to gen-
erate dialdehyde 3a from ester 7. Radical bromination
of 7 using NBS in carbon tetrachloride afforded a dibro-
mide that was unstable to storage. Attempts to convert
the dibromide to dialdehyde 3a using either tetraalkyl-
ammonium chromate®> or N-methylmorpholine oxide®
afforded a mixture of mono aldehyde and dialdehyde
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Scheme 1. Synthesis of 3.

along with unidentified polar byproducts. Direct oxida-
tion of 7 with ceric ammonium nitrate’ in aqueous acetic
acid at 25 °C produced dialdehyde 3a in 63% yield (see
Scheme 1).

The transformation of 3a into littorachalcone involves
the aldol condensation of two equivalents of a 2,4-dialk-
oxyacetophenone (4) with 3a followed by the reduction
of the double bond and deprotection. Although many
simple chalcones have been prepared by the reaction
of an acetophenone with an aromatic aldehyde in protic
solvents, there are few examples of highly hydroxylated
chalcones prepared in this manner.® Most syntheses uti-
lized di- or trimethoxy acetophenones. In our hands, the
use of 2,4-dimethoxyacetophenone in protic solvents
afforded only modest yields of aldol products. The opti-
mal conditions involved the use of the anion of 2,4-
dimethoxyacetophenone generated using lithium diiso-
propylamide (LDA) in THF at —78 °C and aldehyde
3a. The bis-aldol adduct was produced in 39% yield,
with approximately 30% of the mono-aldol product
and about 20% of dialdehyde 3a. The resulting hydroxy
ketone was cleanly dehydrated to 8 using p-toluenesul-
fonic acid. The resulting enone was reduced using so-
dium borohydride and nickel chloride.” The pivalate
group was cleaved using KOH in water and the methyl
ethers were cleaved using boron tribromide'® (see
Scheme 2).

Diacid 9 was isolated from Curcuma chuanyujin by Tak-
eda and coworkers as part of a study to identify new
plant antioxidants.!' Compound 10 could be readily
synthesized from dialdehyde 3 by a Wittig reaction using
carboethoxymethylene triphenylphosphorane followed
by hydrolysis of the triester using KOH in methanol
(see Fig. 3).

We further tested the antimicrobial properties of com-
pound A by measuring the minimum inhibitory concen-
tration (MIC) using the microdilution method described
by Andrews.!? The MIC value for compound A was
~25 mg/L, while the MIC for ampicillin was ~75 mg/L.

Littorachalcone (1) and diacid 10 were synthesized by
direct and scalable pathways.!® The antibacterial activ-

OPiv

OR
=
HO,C™ COH
9: R=Me
10: R=H

Figure 3. Structures of 9 and 10.

ity of 1, 10, and their synthetic precursors have been
evaluated. Dialdehyde 3a showed potent antibacterial
activity.
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was then added dropwise. The resulting mixture was
boiled for an additional 6 h. The reaction was cooled to
0°C and hydrogen peroxide (30% solution in water,
12mL) followed by aqueous sodium hydroxide (3 N,
12 mL) solution was added. It was stirred at rt for 1 h and
then at 40 °C for 2 h, acidified with 10% HCI and then
extracted with ethyl acetate. The organic layer was dried
over anhydrous MgSO, and the solvent was removed. The
residue was purified by flash chromatography on silica gel
(EtOAc/hexanes, 1:10) to give compound 6 (1.75 g, 82%
ield).
¥H NMR (400 MHz, CDCl;) ¢ 7.13 (d, J = 8.4 Hz, 2H),
6.89 (d, J = 8.8 Hz, 2H), 6.85 (s, 1H), 6.76 (d, J = 8.4 Hz,
1H), 6.64 (d, J = 8 Hz, 1H), 2.33 (s, 3H), 2.31 (s, 3H). 1*C
NMR (100 MHz, CDCls) § 155.08, 147.35, 141.59, 134.79,
133.08, 130.48, 130.36, 121.27, 118.85, 117.84, 116.86,
115.56, 21.25, 20.90.
2,2-Dimethyl-propionic acid 2-(4-methylphenoxy)phenyl
ester (7). To a stirred solution of compound 6 (1.8 g,
8.4mmol) in THF (20mL), triethyl amine (0.976 g,
9.66 mmol) was added. The mixture cooled to 0 °C and
trimethylacetyl chloride (1.08 g, 8.98 mmol) was added at
0 °C. The solution warmed to rt and stirred for 2 h. After
this the reaction mixture was filtered through Celite,
diluted with CH,Cl, and washed with water. The organic
layer was dried over anhydrous MgSO, and the solvent
was removed. The residue was purified by flash chroma-
tography on silica gel (EtOAc/hexanes, 1:10) to furnish
compound 7 (2.25 g, 90% yield).
'"H NMR (400 MHz, CDCl3) ¢ 7.07 (d, J =8 Hz, 2H),
6.98-6.95 (m, 2H), 6.89 (d, J=8Hz, IH), 6.83 (d,
J=6.8 Hz, 2H), 2.34 (s, 3H), 2.29 (s, 3H), 1.21 (s, 9H).
13C NMR (100 MHz, CDCI3) 6 176.78, 155.67, 14591,
142.48, 134.37, 132.28, 130.36, 130.18, 127.43, 124.30,
120.89, 118.81, 117.44, 39.26, 27.29, 21.02, 20.86.
2,2-Dimethyl-propionic  acid 5-formyl-2-(4-formyl-phen-
oxy)-phenyl ester (3). The compound 7 (1.10g,
3.69 mmol) was dissolved in 20 mL of aqueous acetic
acid. To this solution was added ceric ammonium nitrate
(11 g, 20 mmol) solution in 20 mL of aqueous acetic acid
in 10 minutes at rt. The reaction was stirred overnight. The
reaction was diluted with water and extracted with ethyl
acetate. The organic layer was washed with saturated
sodium Dbicarbonate solution, dried over anhydrous
MgSO, and the solvent was removed. The residue was
purified by silica gel chromatography (EtOAc/hexanes,
1:3) to yield compound 3 (0.76 g, 63% yield).
'"H NMR (300 MHz, CDCls) 6 9.97 (s, 1H), 9.95 (s, 1H),
7.89 (d, J=9 Hz, 2H), 7.78 (d, J=8.7 Hz, 1H), 7.73 (d,
J=2Hz, 1H), 720 (d, J=8.4Hz, 1H), 7.11 (d,
J=8.7Hz, 2H), 1.21 (s, 9H). '*C NMR (100 MHz,
CDCI3) ¢ 190.79, 190.13, 176.25, 161.33, 152.26, 143.39,
133.85, 132.58, 132.30, 132.25, 129.19, 125.21, 121.45,
119.59, 118.26, 39.38, 27.16.
1-(2,4-dimethoxyphenyl)-3-[4-[4-[3-(2,4-dimethoxyphenyl )-
3-oxoprop-2-enyl |-2-pivaloxyphenoxy [phenyl ]-2-propene-
one (8). To a stirred solution of diisopropyl amine (0.55 g,
5.5 mmol) in THF (10 mL), n-BuLi (2.5M solution in
hexane, 2 mL, 5 mmol) at 0 °C was added and the solution
was cooled to —78 °C. To this solution was added a
solution of 2,4-dimethoxyacetophenone (0.86 g, 4.8 mmol)
in THF (5mL) at —78°C and stirred for 30 min. A
solution of compound 3 (0.52 g, 1.6 mmol) in THF (5 mL)
was added to the reaction at the same temperature. The
resulting mixture was warmed to 0 °C and the reaction
was quenched by adding acetic acid (1 mL in 5mL of
THF). The reaction was diluted with water and extracted
with CH,Cl,. The organic layer was dried over anhydrous
MgSO, and the solvent was removed. The residue was

purified by column chromatography (EtOAc/hexanes, 1:1)
to provide the aldol product (0.42 g, 39% yield).

To a stirred solution of aldol product (0.10 g, 0.15 mmol)
in 1,2-dichloroethane, was added catalytic p-toluenesul-
fonic acid. The solution was heated to 50 °C and stirred
for 6 h. After this the reaction was diluted with CH,Cl,
and washed with water. The organic layer was dried over
anhydrous MgSQ,, the solvent was removed, and the
crude product was purified by silica gel flash chromatog-
raphy (EtOAc/hexanes, 1:1) to provide compound 8
(0.040 g, 41% yield).

'"H NMR (400 MHz, CDCl;) § 7.67 (d, J = 8.8 Hz, 2H),
7.57-7.53 (m, 2H), 7.46 (d, J = 8.8 Hz, 2H), 7.37-7.32 (m,
3H), 7.28 (d, / = 2 Hz, 1H), 6.96 (d, J = 8 Hz, 1H), 6.89 (d,
J=8.8 Hz, 2H), 6.47 (d, J = 8 Hz, 2H), 6.40 (s, 2H), 3.81-
3.77 (m, 16H), 1.13 (s, 9H).

13C NMR (100 MHz, CDCI3) & 190.55, 190.41,
176.52,164.47, 164.39, 160.63, 160.59, 158.54, 148.95,
143.02, 141.37, 140.52, 133.13, 132.83, 131.01, 130.20,
128.56, 127.69, 127.24, 126.48, 123.54, 122.44, 122.32,
121.32, 118.15, 105.41, 98.89, 98.87, 56.05, 56.00, 55.81,
39.36, 27.26.
1-(2,4-dihydroxyphenyl)-3-[4-[4-[3-(2,4-dihydroxyphenyl)-
3-oxopropyl -2-hydroxyphenoxy [phenyl J-1-propanone (1).
Compound 8 (40 mg, 0.06 mmol) was dissolved in 5 mL of
methanol and NiCl,,6H,O (285 mg, 1.2 mmol) followed
by 0.5mL of water was added to this solution with
stirring. After 5 min, NaBH, (18 mg, 0.48 mmol) was
added and the reaction was stirred vigorously at rt. After
6 h the reaction mixture was poured into water and the
aqueous layer was extracted with CH,Cl,. The organic
layer was dried over anhydrous MgSO, and the solvent
was removed. The crude product was purified by flash
chromatography (EtOAc/hexanes, 1:1) to furnish a dike-
tone (0.03 g, 72% yield).

Diketone (0.10 g, 0.15 mmol) was dissolved in 5 mL of
ethanol and KOH (0.080 g, 1.5 mmol) in 5 mL of water
was added with stirring to this solution. The resulting
mass was boiled for two hours. The reaction mixture was
then poured into brine and acidified with 10% HCI
solution. The product was extracted with EtOAc, the
organic layer was dried over anhydrous MgSO,, the
solvent was removed, and the crude product was filtered
through silica gel column to provide the hydroxydiketone
(0.060 g, 76% yield).

To a stirred solution of the hydroxy diketone (0.040 g,
0.07 mmol) was added boron tribromide (0.17 g,
0.70 mmol) at 0 °C. The solution was stirred for 24 h at
rt. The reaction mixture was quenched with water and
poured into brine. The mixture was extracted with ethyl
acetate. (3 x 50 mL). The combined organic extracts were
dried over MgSO,4 and the solvent was removed. The
crude product was purified by preparative TLC (EtOAc/
hexanes, 1:1) to yield 1 (0.010 g, 40% yield).

"H NMR (400 MHz, CDCls) é 7.87-7.83 (m, 2H), 7.25 (d,
J=8.8 Hz, 2H), 6.95 (d, J = 2 Hz, 1H), 6.85-6.79 (m, 4H),
6.44-6.41 (m, 2H), 6.33 (t, J = 2.4 Hz, 2H), 3.34-3.29 (m,
4H), 3.00-2.96 (m, 4H). MS: mle: 514, 363, 352, 313, 286,
264, 185, 163, 149, 108. HRMS: m/e calc 514.1628, mle
found: 514.1635.

Diacid 10. To a stirred solution of 3a (0.05 g, 0.15 mmol)
in dioxane (5 mL), carboethoxymethylene triphenylphos-
phorane (0.26g, 0.6 mmol), potassium bicarbonate
(0.12 g, 1.2 mmol) and chloroform (5ml) were added.
The mixture was heated to 110 °C for 18 h. It was cooled
to rt, diluted with ethyl acetate and washed with water.
The organic layer was dried over MgSO,4 and the solvent
was removed. The residue was further purified by column
chromatography (EtOAc/hexane, 4:6). To the stirred
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solution of the above compound (0.05g, 0.1 mmol) in
10 ml of 50% aqueous ethanol, potassium hydroxide
(0.017 g, 0.3 mmol) was added. The mixture was heated
to reflux for 3 h. After this the mixture was diluted with
ethyl acetate and washed with 10% HCI solution. The
organic layer was dried over MgSO,4 and was concen-
trated. The residue was further purified by column
chromatography (EtOAc/hexane 7:3) to give compound
10 (0.015 g, 92%)).

'"H NMR (400 MHz, acetone-dg) & 7.70-7.61 (multiplet,
4H), 7.35 (s, 1H), 7.24 (d, J = 8 Hz, 1H) 7.07 (d, J = 8 Hz,
1H) 7.69 (d, J = 8 Hz, 2H), 6.46 (d, J = 4 Hz, 1H), 6.42 (d,
J=4Hz, 1H). 3*C NMR (100 MHz, acetone-ds) 172.66,
171.5, 158.62, 146.79, 145.33, 140.79, 138.95, 134.92,

131.92, 129.64, 130.21, 119.64, 119.35, 115.48, 115.32,
114.12.

Methods. Bacterial cultures were prepared by inoculating
Sml of nutrient broth with single colonies of Bacillus
cereus and cultured overnight with aeration at 37 °C.
The next day, 100 pul of the culture was removed and
mixed with 3ml of nutrient top agar (nutrient broth
containing 7% agar) and the mixture plated onto the
surface of a nutrient agar plate. After the agar solidified,
a 5 mm diameter sterile filter disc was aseptically placed
in the center of the plate. 10 ul of each compound in
DMSO was pipetted onto the filter disc. After allowing
several minutes to dry at room temperature, the plates
were incubated overnight at 37 °C.
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Abstract—New analogues of the potent antihelmintic meclonazepam were prepared and evaluated against Schistosoma mansoni.
The biological data suggests substitution at positions 2 and 4 of meclonazepam could provide promising analogues for prophylactic

and therapeutic activity against S. mansoni.
© 2008 Elsevier Ltd. All rights reserved.

Infectious diseases such as Schistosomiasis spread by
parasites are the causative agents of several highly
disabling and often fatal human diseases especially in
the tropical and subtropical areas.! These parasitic
infections require a mammalian host which is indispens-
able for maintaining the parasite. There are limitations
associated with currently available drugs available for
the treatment of these diseases.”> Drug resistance has
further compounded the situation.®> This has necessi-
tated the continued search for new chemotherapeutic
agents.

The benzodiazepine derivative meclonazepam (3-methyl
clonazepam) (1), showed a marked degree of therapeutic
and prophylactic activity against all stages of schistoso-
miasis caused by  Schistosoma  mansoni  and
S. haematobium.* This drug appears to act by binding
to a low affinity benzodiazepine receptor on the epider-
mis of the schistosome, leading to an increase in the in-
flux of extracellular calcium and subsequent spastic
paralysis of the parasite’s musculature. These findings
are relevant both to the considerable clinical significance
of meclonazepam as well as the potential usefulness of
this drug in the treatment of various other tropical dis-

Keywords: Meclonazepam; Schistosomiasis.
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eases. One strategy to provide new drugs is the modifica-
tion of existing ones to restore or enhance their activity
against resistant strains of parasites or to remove unac-
ceptable side effects such as the sedative properties of
meclonazepam. In the field of tropical medicine, the
development of many conventional drugs can be traced
to dye precursors. This is due to the efficacy of dye chro-
mophores against drug resistant organisms.>® In
addition, the dye chromophore would facilitate investi-
gations into the location of the drug in the target organ-
ism.This prompted us to synthesize some meclonazepam
dyes reported in this paper. In addition other chemical
modifications were carried out to produce non-dye ana-
logues for comparison purposes.

O

H
’h&H
3)
.

5-N CHs

The dye analogues were synthesized from meclonaze-
pam by variation at the 7-position of the aromatic ring.
The synthesis of the targeted compounds was achieved
by diazotization of the amine using NaNO, and HCI
at 0-4°C followed by coupling with variously
(Scheme 1) substituted phenols.” In addition, MACLO-
NAC, RML-1, A-151 were prepared with a standard
combination of the reagents for the thionation® and
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Figure 1. Diazo-derivatives of meclonazepam along with their respective yields.
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reduction at positions 2 and 4 of meclonazepam. All the
prepared compounds were characterized by spectro-
scopic and analytical means (Fig. 1).°

These newly synthesized analogues were tested in vitro
for their activity at a concentration of 10 ug/ml against
S. mansoni. Some compounds were effective against
the parasite by killing and paralyzing the worms within
1 h of application to day 5 of the culture. The com-
pounds produced by variation at the 2- and 4-position
were highly active. Analogues RML-1, MACLONAC,
A-151 killed all worms within 1 h of application with se-
vere damage to the teguments of the worms. This shows

Table 1. In vitro activity of meclonazepam analogues against S. mansoni

that substitutions can be made at 2- and 4-positions
without destroying the antischistosome effects but so
far such substitutions have not enhanced the ICs, values
(Table 1). The other group of active compounds were
dyes (MACLODY-3, MACLODIC, MACLOETPH
and MACLOISO) produced by variation at the 7-posi-
tion were slower, producing signs of damage at day 3
and death by day 5, with severe to slight tegumental
damage. MACLOBR only killed a proportion of worms
by day 5 (Table 1). Some of the diazo compounds MA-
CLO-4 and MACLO-2,4, MACLODY were inactive as
all worms were found alive and moving. The diazo com-
pound MACLODIF caused severe tegumental damage

Compound

Observation®

ICso" (ng/ml)

MACLODY

MACLODY-3

MACLO-4

MACLOETPH

MACLOISO

MACLO-2,4

MACLODIF

MACLOBR

MACLODIC

MACLOT-3
MACLONAC

A-151

RML-1

Meclonazepam (Ro11-3128)

All worms were alive, appeared dark, granular, opaque and occasionally
moved their anterior and posterior ends. One egg®

All females and 67% males were dead by day 5 of culture (all alive on day
3). All worms looked dark, granular and opaque. Few worms showed
severe tegument damage. Most worms had blebs on their surfaces. No eggs®
All worms were alive, actively moving and stained red. Teguments of males
appeared wrinkled. One egg®

All worms were dead by day 5 of culture (all alive on day 3). All were dark,
granular, opaque and slender-shaped. Few worms showed severe tegument
damage and were covered in blebs. No eggs®

All worms were dead, dark, granular and opaque by day 5 (90% dead on
day 3). All showed severe tegument damage and teguments were covered in
blebs. No eggs®

All :vorms were alive, very slow in movement and were stained yellow. One
egg

All worms were dead by day 5 of culture (90% dead on day 3). All looked
dark, granular, opaque, showed severe tegument damage and teguments
covered in blebs. No eggs®

Fifty percent of worms killed by day 5 of culture. Dead worms showed
severe tegument damage with few blebs appearing on their teguments. Live
worms occasionally moved their anterior and posterior ends. All worms
looked dark, granular and opaque. No eggs®

All worms were dead by day 5 of culture. All looked dark, granular and
opaque. Most worms showed severe tegument damage and their surfaces
were covered in blebs. No eggs®

No effect on worms. Some eggs®

All worms were dead within 1 h of application. By day 5, all worms were
dark, granular and opaque. Females appeared thin and curled-up. All
worms showed severe tegument damage and males’ teguments were covered
in blebs. No eggs®

All worms were dead within 1 h of application. On day 5, all worms were
dark, granular and opaque, showed severe tegument damage and most male
teguments were covered in blebs. No eggs®

Some worms were killed within 1 h of application. By day 5, drug killed all
males and 50% females. Live worms occasionally moved their anterior and
posterior ends. All worms were dark, granular and opaque. Females
appeared slender and curled-up. All worms showed severe tegument
damage. Teguments of all males and most females were covered in blebs.
No eggs®

Some worms were killed by 1 h. By day 5, all worms were dead. All showed
severe tegument damage, and looked dark, granular and opaque. No blebs
formed on the teguments of dead worms. No eggs®

>10

9.10

>10

5.79

5.79

>10

10

5.79

>10

1.30

0.35

4.75

0.37

In vitro screening was performed against adult S. mansoni using five male and five female worms as described in reference.'® Drug stock solutions
were prepared in 100% DMSO immediately before use.
# Microscopic observations of motility and morphology are the criteria used for establishing drug activity. The descriptions above refer to the effects

on worms of 10 pg/ml compound.

®Subtle drug effects are manifest by inhibition of egg production by adult worms in the cultures.
°ICsp values were calculated using Microsoft Excelfit software [IDBS Ltd, UK] from % mortality of worms that were cultured in four serial drug
dilutions (1:3) starting with 10 pg/ml (10, 3.33. 1.11, 0.37 and 0.12 pg/ml).





2336

A. Mahajan et al. | Bioorg. Med. Chem. Lett. 18 (2008) 2333-2336

to females, whereas MACLOT-3 had no effect on worms
at all. The low level of activity of dye analogues and
MACLOT-3 indicate that substitution at the 7-position
is not favorable as the nitro group seems crucial to antis-
chistosomal activity.

In conclusion, the data suggest that these new meclo-
nazepam analogues could prove more promising for

the
intr

Wo

future development of antischistosomal agents by
oducing substituents at the 2- and 4-positions.
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FAB MS 447 (M+1)"; (c) 5-(2-Chlorophenyl)-3-methyl-
7-nitro-4,5-dihydro-1H-benzo(e)(1,4)diazepin-2(3 H)-one
(MACLONAC). Yield 90 %, mp 110-111 °C, IR: (cm ™)
3688 (NH), 1692 (CN). Diasteriomeric mixture 'H NMR
(400 MHz, CDCls) ¢ 1.34-1.36 (3H, d, J=6.54, CH;),
1.45-1.47 (3H, d, J=6.93 Hz, CH;), 3.44-3.44 (1H, q,
J=6.54 Hz, 1H), 3.93-3.99 (1H, q, J = 6.92 Hz, 1H), 5.64
(1H, s, CH), 5.72 (1H, s, CH), 7.08-7.06 (1H, J =8.79,
ArH), 7.13-7.15 (1H, d, J = 8.69, ArH), 7.28-7.51 (9H, m,
ArH), 7.80-7.82 (1H, m, ArH); 8.02-8.04 (1H, dd,
J=2.53, 876 Hz, ArH); 8.12-8.14 (1H, dd, J=2.53,
8.67, ArH); 8.51 (NH, D,O, exchangeable), 8.71 (NH,
D,O, exchangeable). presupl3C NMR: (100.6 MHz,
CDCl;) 16.3, 18.8, 52.3, 57.1, 58.4, 61.2, 110.8, 111.1,
120.8, 121.0, 123.7, 124.1, 124.2, 124.6, 127.3, 127.7, 129.6,
129.7,129.9, 130.0, 130.1, 134.2, 134.2, 138.4, 138.6, 142.2,
143.2, 168.0, 168.1. Anal. required for C;sH4CIN3;O3 C,
57.93 H, 425N, 12.67. Found: C, 56.65 H, 4.15 N, 11.97.
FAB MS 332 (M+1)"; (d) (E)-5-(2-Chlorophenyl)-
3-methyl-7-nitro-1H-benzo(e)[1,4]diazepine-2(3 H)-thione
(A-151). Yield 10%, mp 244 °C, IR: (cm)~' 3400 (NH),
3051-3026 (aromatic). '"H NMR (400 MHz, CDCl;) &
1.89-191 (3H, d, J=6.33 Hz, CH3), 4.0-4.07 (1H, q,
J=6.3, 1H), 7.24-7.27 (1H, d, J = 8.87, ArH), 7.34-7.44
(3H, m, ArH), 7.57-7.61 (1H, m, ArH), 7.97-7.98 (1H,
d=2.51, J=ArH), 8.31-8.35 (1H, dd, J=2.53, 8.86,
ArH), 9.89 (NH, D,O, exchangeable). '3C NMR:
(100.6 MHz, CDCl3) 20.6, 62.8, 111.2, 118.9, 121.3,
125.7, 126.6, 127.3, 127.4, 127.7, 130.4, 131.4, 143.2,
1521, 170.5. Anal. required for C16H12C1N3028 C, 55.57
H, 3.50 N, 12.15 S, 9.27. Found: C, 53.04 H, 3.33 N, 12.07
S, 7.46. FAB MS 346 (M+1)".

Ramirez, B.; Bickle, Q.; Yousif, F.; Fakorede, F.; Mour-
ies, M.-A.; Nwaka, S. Expert Opin. Drug Discov. 2007,
2(Suppl. 1), S53-S61.
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Abstract—Novel N-diazeniumdiolate based on hyperbranched polyethers(HP-g-DACA/N,O,) were prepared through a two-step
synthesized route. The alkyltrimethoxysilane containing secondary amine groups (DACA) was used to modify the hydroxyl end
groups of hyperbranched polyethers (HP) to obtain the precursor hyperbranched diamine (HP-g-DACA). Then HP-g-DACA
was reacted with NO at 80psi pressure to be converted into N-diazeniumdiolates. The structures were confirmed using '°C NMR
and IR spectra. UV-vis spectroscopy measurement indicated that the aqueous solution of obtained HP-g-DACA/N,O, had a char-
acteristic absorption at 246 nm. The final HP-g-DACA/N,O, product showed NO releasing within the prolonged periods of time,
and the apparent half-life 7, was more than 11 min in phosphate buffer at 37 °C. The total amount of NO released from HP-g-
DACA/N,O, could achieve to 0.43 pmol/mg and was proportional to the modified degree of HP by DACA. In addition, the
NO loading efficiency can be modulated by the modification degree of hyperbranched macromolecular end groups.

© 2008 Elsevier Ltd. All rights reserved.

Nitric oxide (NO) is an important bioregulatory agent
and is endogenously produced by human endothelial
cells to prevent platelet adhesion and activation,
decrease the propensity of thrombus formation,'™ re-
duce bacterial adhesion’, and kill cancer cells.® Recently,
the synthesis of compounds that will store NO is of great
interest due to its potential to serve as a source of nitric
oxide (NO) under a wide variety of conditions. Com-
pared with other organic NO donor species reported
to date, N-diazeniumdiolate (NONOates) are more
attractive candidates studied by many research groups
since they undergo slow decomposition and decompose
spontaneously under physiological conditions to regen-
erate NO.”® N-Diazeniumdiolate NO donors are pre-
pared by the reaction of amines with NO at certain
pressure.”!% The first reported N-diazeniumdiolate was
the NO adducts of diethylamine (DEA/NO) prepared
by Drago and co-workers in 1960,!! but it was really ig-
nored until the past decade when the central role of NO
chemistry in biology has emerged. The release of NO
from N-diazeniumdiolate is widely depending on the
chemical structure of the amine precursor and the pH

Keywords: Nitric oxide; N-Diazeniumdiolates; Hyperbranched polye-

thers; Modification.
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of the reaction medium.®!? The dissociation reaction
follows the simple pseudo-first-order rate laws, but in
some cases it has been found to be markedly effected
by the formation of bimolecular complexes at higher
concentrations and by the presence of metal ions. The
half-life of diazeniumdiolates varies from 1.8 s for PRO-
LI/NO" to 20 h for DETA/NO? as determined at 37 °C
in pH 7.4 of phosphate buffer.

More recently, the development of diazeniumdiolate
NO donors with enhanced nitric oxide loading on a
single molecule to produce materials capable of stor-
ing large quantities of NO has been achieved. For
example, Reynolds et al. demonstrated that the reac-
tion of symmetrical dialkyldiamine compounds with
NO can generate doubly loaded diazeniumdiolate
adducts. The resulting compounds can release 4 mol
of NO per mole of original diamine.!* However, the
NO loading and duration properties of macromolecu-
lar N-diazeniumdiolate are not received the improve-
ment. As these N-diazeniumdiolate applied in the
polymer matrix, the secondary amine precursor of
N-diazeniumdiolate is prone to leak into the aqueous
solution to form carcinogenic nitrosamine.'> As for
macromolecular N-diazeniumdiolate, the leakage is
much smaller than the relevant small molecular N-dia-
zeniumdiolate due to its stronger interaction with the
polymer matrix.'® Therefore, it is meaningful to
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Scheme 1. Schematic synthesis of HP-g-DACA.

prepare a macromolecular N-diazeniumdiolate with
higher NO loading and slower NO releasing
properties.

At present, dendritic polymers containing dendrimer
and hyperbranched polymer, have received significant
consideration due to their unique molecular structure
and excellent properties as compared with their linear
analogues.'”-!® Most important, a large number of end
groups of dendritic polymers offer the possibility for fur-
ther modification of terminated groups to fine tune their
properties for special applications.!” However, the den-
drimer has well-defined molecular structure and be pre-
pared by multistep reactions with laborious isolation
and purification process, which is very expensive and

CH;0—Si(CH,);NH(CH,),NH,

H
(6]
O
O_SI(CH2)3NH(CH2)2NH2
HP-g-DACA

limited its large scale synthesis and application. And
the molecular structure of hyperbranched polymer is
not perfect and can be synthesized in simple ‘one-pot’
procedure that suit for large scale synthesis and applica-
tion. In many cases, hyperbranched polymer is discussed
as a more rapidly prepared and more economical
replacement of perfect dendrimer.

This communication reported the first example for the
preparation of N-diazeniumdiolate based on hyper-
branched polyethers (HP) using N-(2-aminoethyl)-3-
aminopropyltrimethoxysilane (DACA) as the end group
modifier to provide the required secondary amine sites
necessary to generate N-diazeniumdiolate moieties.
The formation of N-diazeniumdiolate was confirmed
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Figure 1. IR spectra of HP (a), DACA (b), and HP-g-DACA (molar
ratio HP/DACA = 1:5) (c).

to be successful. In addition, the NO loading efficiency
of modified hyperbranched polyethers (HP-g-DACA)
can be modulated by the modification degree of end
groups.

The modified hyperbranched polymer (HP) was pre-
pared by cationic ring-opening polymerization of mono-
mer 3-ethyl-3-oxetanemethanol (EOX) using BF;0Et,
as a catalyzer and DACA as a modifier (Scheme 1).
The modified polymer (HP-g-DACA) was characterized
by solid-state '>*C NMR and FT-IR to determine the
covalent linkage of secondary amine of the molecular
backbone of hyperbranched polyether. Figure 1 shows
the IR spectra of HP (a), DACA (b), and HP-g-DACA
(c). As shown in Figure lc, the absorption peak at
1646 cm™! is attributed to the stretching of ~NH,, just
approximately similar to the absorption that exists in
Figure 1b. The results of solid state '*C NMR (in
Fig. 2) have demonstrated that, in comparision of the
3C NMR spectrum of HP-g-DACA with that of HP,
the additional resonance signal at 39.5 ppm is contrib-
uted to —-CH,-NH, group, indicating the covalent
attachment of DACA to the molecular structure of
HP. Both characterizations of FTIR and '*C NMR
have confirmed the successful modification of HP to
obtain amine-functionalized hyperbranched polyether
for the further reaction with NO to prepare
N-diazeniumdiolate.

The N-diazeniumdiolate based on hyperbranched poly-
ether was synthesized through the exposure of DACA
modified HP (HP-g-DACA) to NO flux at 80 psi pres-
sure (Scheme 2). UV-vis spectroscopy was used to con-
firm the formation of diazeniumdiolate-NO donor
within the hyperbranched matrix. Figure 3a illustrates
the UV-vis spectrum of the freshly prepared dia-
zeniumdiolate as dispersed in the PBS solution. It was
reported that the N-diazeniumdiolates of primary
amine has an absorption maximum at Ag., 252 nm,

ppm

Figure 2. Solid state '>*C NMR of HP (a) and HP-g-DACA (molar
ratio HP/DACA = 1:5) (b).

while the corresponding second amine N-diazeniumdio-
lates has an absorption maximum at Ag.. 246 nm?.
For the amine used in the present study, both primary
and secondary amino nitrogens are contained in the
molecular structure. As can be seen in Figure 3a, the
Amax 18 found to be 246 nm and indicates that the
N-diazeniumdiolate groups were predominantly linked
to the secondary amino nitrogen in the proceeding of
NO-addition. The result also demonstrates that the sec-
ondary amine is more favorable for reaction with NO

HP-g-DACA
NO 80 psi
QH JJJ_,O - Si
OH
0—Si v
-~
o OH
CH,0—Si(CH,);NH(CH,),NH,

H,N(CH,),N(CH,)3Si —0

+
0—Si(CH,);N(CH,),NH;3

OCH; N/;N\ o

HP-g-DACA / N,0,

Scheme 2. Synthesis scheme for preparing N-diazeniumdiolate based
on hyperbranched polyether HP-g-DACA/N,0,.
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Figure 3. Example of decomposition of HP-g-DACA/N,0, as determined by UV spectroscopy at room temperature (a) and '>*C NMR spectrum of

HP-g-DACA/N,O, (b). Molar ratio HP/DACA = 1:5.

than the primary amine sites. This observation is
consistent with previous results reporting the exclusive
NO-addition with the secondary amino nitrogen of
some triamines (e.g., diethylenetriamine).'® In addition,
the successful preparation of novel diazeniumdiolate
HP-g-DACA/N,O, could be monitored by '*C NMR
in MeOD as shown in Figure 3b. It demonstrated that
the signal at 57.2ppm was contributed to the
carbons (h+i) near the nitrogen to which the N,O,
group was attached. This result was in good agreement
with that of Red’kin et al.?® Furthermore, the charac-

terized chemical shifts of the carbons (g and j) appeared
at 18.8 ppm and 39.3 ppm, which were shifted upfield
as the relative carbons in DACA appeared at
23.3 ppm and 41.9 ppm?!. On the other hand, the indi-
rect measurement of NO release using griess reagent
spectrophotometric method further confirmed that dia-
zeniumdiolates were indeed formed within the hyper-
branched macromolecules upon exposure to NO.

In the present experiment, the total amount of NO re-
leased from HP-g-DACA/N,O, diazeniumdiolates
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Table 1. The preparation and properties of HP-g-DACA/N,0,

2341

Sample HP/DACA (molar ratio) t1» (min) tvop (nmol/mg) NO-addition eﬂiciencyb (%)
HP-g-DACA/N,0,-5 1:5 9 0.24 23
HP-g-DACA/N,0,-10 1:10 6.7 0.35 27
HP-g-DACA/N,0,-20 1:20 11 0.42 33
HP-g-DACA/N,0,-30 1:30 6.5 0.43 25
#Measured indirectly by Griss assay in phosphate buffer (pH 7.4) at 37 °C.
® Calculated according to the following equation: NO-addition efficiency = Tl g%iﬁfi%:;llf <G % 100%.
varied with the concentration of DACA relative to to- Acknowledgments

tal hyperbranched molecular structures. It was found
that NO loading increased with the content of loaded
DACA when molar ratio of DACA/HP was lower than
20, as illustrated in Table 1. However, the amount of
NO released changed very little as the molar ratio of
DACA/HP exceeded 20, as could be seen by comparing
the total amount of NO released values for the DACA/
N,0,-20 and DACA/N,0,-30 samples. The produced
HP-g-DACA/N,O, showed NO releasing within the
prolonged periods of time, and the apparent half-life
t1» was more than 11 min in phosphate buffer at
37 °C. The total amount of NO released from HP-g-
DACA/N,0, could achieve to 0.43 pmol/mg and was
proportional to the modified degree of HP by DACA.
The maximum total NO loading of HP-g-DACA was
much larger as compared with that of corresponding
linear polymer.?? As the number of amine groups in
the hyperbranched matrix was increased with the high-
er modification of end groups by DACA, the number
of sites available for diazeniumdiolate formation was
also increased, which was an advantage for the
enhancement of NO loading efficiency. However, with
the increase of DACA content to a certain degree,
the increase of diazeniumdiolate formation was not
obvious. Due to the unique spherical molecular struc-
ture of hyperbranched polymer, as the amount of
DACA in the molecule reached a degree, the spatial
hindrance for the reaction of NO with the amine was
increased. Therefore, the addition of NO was inter-
rupted to obtain N-diazeniumdiolates. The results
demonstrated that the NO loading efficiency of this no-
vel hyperbranched polyether N-diazeniumdiolate can
be regulated by the modification degree of end groups
by DACA.

In summary, the synthesis of a novel N-diazeniumdio-
late based on hyperbranched polyether was investi-
gated. The results clearly demonstrated the formation
of NONOates groups on the hyperbranched macromo-
lecular structure. The obtained N-diazeniumdiolate
can release NO up to 0.43 pmol/mg, which was much
larger than that of linear polymer. It indicated that
the NO loaded efficiency of HP-g-DACA can be en-
hanced due to the unique molecular structure of hyper-
branched polymer. Furthermore, the variation of
modification degree of end groups gave the modulation
of NO loading efficiency of hyperbranched polymers.
The decomposition properties of N-diazeniumdiolate,
which were essential aspects for the potential applica-
tion as NO donors, will be discussed in a forthcoming
full paper.

This work is supported by the National Natural Science
Foundation of China (Grant Nos. 20676079 and
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Technology Program of Science and Technology Com-
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Abstract—A series of novel dispirooxindolopyrrolizidine derivatives have been synthesized through 1,3-dipolar cycloaddition reac-
tion of azomethine ylide generated from proline and isatin with the dipolarophile (E)-2-arylidine-1-keto carbazoles. The synthesized
cycloadducts were evaluated for antimicrobial activities. Compounds 7d and 7e showed relatively good antibacterial and antifungal

activities.
© 2008 Elsevier Ltd. All rights reserved.

Functionalized pyrrolidine, pyrrolizidine and oxindole
alkaloids constitute a class of compounds with signifi-
cant biological activity.! Spiro compounds represent
an important class of naturally occurring substances
characterized by highly pronounced biological proper-
ties.> The spirooxindole ring system forms the core
structure of many pharmacological agents and alka-
loids. For example, spirotryprostatin A (Fig. 1), a natu-
ral product isolated from the fermentation broth of
Aspergillus funigatus, has been identified as a novel
inhibitor of microtubule assembly.? Spirooxindoles have
been reported to behave as aldose reductase, poliovirus
and rhinovirus 3C-proteinase inhibitors.* Moreover, the
derivatives of carbazoles show well-known pharmaco-
logical activities.> It was found to possess antileukemic®
and anti-HIV activities.”

The chemistry of azomethine ylides has gained signifi-
cance in recent years as it serves as an important route
for the construction of nitrogen containing five-mem-
bered heterocycles.® The 1,3-dipolar cycloaddition of
azomethine ylides with olefinic and acetylenic dipolaro-
philes offers an excellent route for the construction pyrr-
olizidines.’ Although there are reports available for the
synthesis of substituted pyrrolizidines, there seems to

Keywords: 1,3-Dipolar cycloaddition; Azomethine ylide; Microwave;

Pyrrolizidine.

*Corresponding author. Tel.: +91 44 22202811; fax: +91 44
22300488; e-mail: ragharaghunathan@yahoo.com

0960-894X/$ - see front matter © 2008 Elsevier Ltd. All rights reserved.
doi:10.1016/j.bmcl.2008.02.065

Figure 1. Spirotryprostatin A.

be no reports to the best of our knowledge for the syn-
thesis of a rare class of dispirooxindolopyrrolizidines
having ketocarbazole skeleton. Because of their remark-
able biological activities, significant efforts have been de-
voted to the synthesis of dispiropyrrolizidines.

An effort to synthesize biologically important compounds
we have synthesized a rare class of novel spiro heterocy-
cles wherein oxindole, pyrrolizidine and carbazole rings
are fused together. The synthesis was accomplished by
1,3-dipolar cycloaddition reaction of azomethine ylide
with arylidine-1-keto carbazoles as dipolarophiles. The
required dipolarophiles (E)-2-arylidine-1-keto carbazoles
were prepared by the reaction of 1-keto carbazole'® with
substituted benzaldehydes 4a—g (Scheme 1).

The reaction of azomethine ylide (generated in situ by
decarboxylative condensation of isatin and sarcosine)
with the dipolarophiles 4a—g using dioxane and metha-
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nol under reflux condition afforded dispirooxindolo-
pyrrolizidines 7a—g in good (50-68%) yields (Scheme 2).

The structure of the products was assigned on the basis
of their spectral analyses.!! In particular, the regiochem-
istry proposed for the product 7a was decided on the ba-
sis of its '"H NMR spectrum exhibiting a doublet at o
4.61 for the benzylic proton. If the other isomer 8a were
formed, one would expect a singlet instead of a doublet.
The '*C NMR spectrum of 7b showed two peaks at o
64.1 and 78.2 ppm for two spirocarbons and at 6 66.2
for one methine carbon. The oxindole and keto carba-
zole carbonyl carbons exhibited peaks at 6 177.3 and
190.8 ppm, respectively. Identical results were obtained
for compounds 7b—g. The structure of 7b was further
confirmed by X-ray (Fig. 2) single crystal analysis.'?

However, when the above reaction was carried out un-
der solvent-free microwave irradiation (600 W) grinding
with K-10 montmorillonite clay, we found that the
products 7a-g were obtained in better yield, 80-95%
(Table 1).

Dioxane:Methanol

0
(:ﬁg: 1:1
or [\ i
H H

5 6

ux

In the present study, minimum inhibitory concentra-
tion!'? of seven different newly synthesized dispirooxin-
dolopyrrolizidine compounds were evaluated against
four human pathogens and two plant fungal pathogens
viz. Proteus vulgaris, Proteus mirabilis, Staphylococcus
aureus, Salamonella typhi, by well diffusion method'
and two plant fungal pathogens Fusarium oxysporum,
Macrophomena phaseolina, by poison food technique.'’
The compounds at the concentration range 5-200 pg/
ml in 0.25% DMSO was used in this study with tetracy-
cline and carbendazim, respectively, for bacteria and
fungi being used as control.

Effect of dispirooxindolopyrrolizidines (Ta-g) on the
growth of human pathogens: The MIC of the tested com-
pounds (7a—g) against bacterial pathogen ranged from
10 to 65 pg/ml. The compound 7d was effective in con-
trolling all the pathogens at the lowest concentration
ranging from 10 to 35 pg/ml, followed by 7¢ and 7e
(1545 and 25-45 pg/ml) as compared with control, tet-
racycline (10-20 pg/ml). The MIC values are relatively
high for 7b, 7f and 7g as compared to control (Table 2).

7a-f

Scheme 2.

8a-f
R = a)H, b)Me, c)OMe, d)ClI, e)Br, f)lNO,, g)NMe,
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Figure 2. ORTEP diagram of 7b.

Table 1. Synthesis of dispirooxindolopyrrolizidines (7a-g)

Entry Compound R Conventional ~ Microwave
heating heating
Yield in 6 h (%) Yield in 10 min (%)

1 Ta H 62 95

2 7b Me 50 92

3 Tc OMe 65 88

4 7d Cl 65 94

5 Te Br 68 95

6 7t NO, 60 90

7 g NMe, 30 80

Table 2. Effect of dispirooxindolepyrrolizidines (7a-g) on the growth
of human pathogens

Compound  Minimum inhibitory concentration (MIC) (pg/ml)
Proteus  Proteus  Streptococcus — Salamonella
vulgaris  mirabilis  aureus typhi

Ta 30 55 0 20

7b 40 65 45 35

Tc 15 25 40 45

7d 10 35 20 30

Te 25 30 45 30

7f 35 55 25 40

7g 45 50 35 35

Tetracycline 15 20 10 15

Effect of dispirooxindolopyrrolizidines (7a—g) on the
mycelial of plant fungal pathogens: The MIC of the
tested compounds (7a-g) against plant fungal pathogens
ranged from 25 to 150 pg/ml. The synthesized com-
pound 7e was effective in controlling both fungal patho-
gens namely F. oxysporum and M. phaseolina with MIC
values of 50 and 25 pug/ml, respectively, followed by 7c
(75 and 25 pg/ml) and 7b (75 and 50 pg/ml). Compounds

Table 3. Effect of dispirooxindolepyrrolizidines (7a-g) on mycelial
growth of plant fungal pathogens

Fungal Minimum inhibitory concentration (MIC)
pathogens compound (pg/ml)
7a. 7b 7¢ 7d Te 7 Tg  Carben-
dazim
Fusarium 125 75 75 125 50 75 150 18
oXysporum
Macrophomena 50 50 25 75 25 100 75 15
phaseolina

7a, 7d, 7f and 7g inhibit mycelial growth at higher con-
centration (50-150 pug/ml) compared to control, carben-
dazim (ranged 15 and 18 pg/ml) (Table 3).

In conclusion, we have developed an efficient method for
the synthesis of dispiropyrrolizidine derivatives by [3+2]
cycloaddition methodology. Of the various conditions
employed, the solvent-free solid support approach accel-
erated by microwave irradiation was found to be syn-
thetically useful in achieving high yields. Though all
the compounds 7a-g showed antibacterial activity, the
compounds 7d, 7¢ and 7e showed pronounced activity
against four human pathogens. Similarly it has been ob-
served that 7e, 7c and 7b exhibited good bioactivity
against fungal pathogens.
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reaction was evidenced by TLC analysis. The solvent was
removed in vacuo. The crude product was subjected to
column chromatography using petroleum ether—ethyl
acetate (9:1) as an eluent. The products was crystallized
from hexane/ethyl acetate (1:1).
1,2,3,4-Tetrahydro-1-ketocarbazole spiro [2,3' ]-4'-phenyl-
pyrrolizidine spiro [2',3" | indoline-2"-one (7a). Pale yellow
solid, mp 190 °C; vmax (KBr) 3281, 1702, 1643 cm™'; 'H
NMR (400 MHz, DMSO-dq): ¢ 1.48-1.51 (m, 1H); 1.80-
1.82 (m, 1H); 2.50-2.78 (m, 7H); 3.00-3.02 (m, 1H); 3.17—
3.20 (m, 1H); 4.61 (d, 1H, J=11.6 Hz); 6.81-7.50 (m,
13H, ArH); 9.98 (s, 1H, NH); 10.16 (s, 1H, NH). *C
(100 MHz, DMSO-d): 0 18.4, 20.8, 21.0, 28.3, 32.2, 53.7,
64.1, 66.2, 78.2, 110.2, 112.7, 119.5, 120.9, 121.0, 124.8,
126.4,127.4,128.0, 128.9, 129.0, 129.6, 129.7, 131.3, 133.9,
136.4, 138.7, 142.0, 177.3, 190.8; EI-MS m/z 473.5 (M™).
Anal. Calcd for C33H,7N30,: C, 78.62; H, 5.75; N, 5.76.
Found: C, 78.81; H, 5.59; N, 5.81.
1,2,3,4-Tetrahydro-1-ketocarbazole  spiro  [2,3' ]-4'-(p-
methyl)phenyl pyrrolizidine spiro [2',3"] indoline-2"-one
(7hb). Pale yellow solid, mp 195 °C; v, (KBr) 3283, 1705,
1639 cm™'; "H NMR (400 MHz, DMSO-dq): & 1.51-1.54
(m, 1H); 1.81-1.83 (m, 1H); 2.31 (s, 3H); 2.58-2.83 (m,
7H); 3.03-3.06 (m, 1H); 3.22-3.25 (m, 1H); 4.66 (d, 1H,
J=11.6 Hz); 6.64-7.51 (m, 13H, ArH); 10.12 (s, |H, NH);
10.38 (s, 1H, NH). 1*C (100 MHz, DMSO-dq): 6 18.4, 20.9,
21.0, 24.5, 28.5, 31.63, 53.7, 64.6, 66.2, 74.7, 110.2, 119.5,
120.9, 121.0, 124.8, 124.9, 126.4, 127.5, 128.0, 128.9, 129.4,
129.6, 131.3, 133.9, 136.4, 138.7, 142.0, 177.3, 190.8; EI-
MS m/z 487.5 (M*). Anal. Caled for Cs3,HN30,: C,
78.82; H, 5.99; N, 8.62. Found: C, 78.75; H, 6.21; N, 8.
1,2,3,4-Tetrahydro-1-ketocarbazole ~ spiro  [2,3' ]-4'-(p-
methoxy) phenyl pyrrolizidine spiro [2',3"] indoline-2"-
one (7¢). Pale yellow solid, mp 260 °C; v, (KBr) 3285,
1708, 1640 cm™'; '"H NMR (400 MHz, CDCl;): 6 1.50—
1.52 (m, 1H); 1.82-1.85 (m, 1H); 2.51-2.78 (m, 7H); 3.00—
3.11 (m, 1H); 3.19 (m, 1H); 3.80 (s, 3H); 4.51 (d, 1H,
J=11.5Hz); 6.71-7.35 (m, 12H, ArH); 9.91 (s, 1H, NH);
10.22 (s, 1H, NH). '*C (100 MHz, CDCl5):6 17.8, 20.8,
21.0, 28.5, 31.6, 53.7, 58.7, 64.2, 66.2, 74.3, 111.8, 119.5,
120.6, 121.0, 124.8, 124.9, 126.4, 127.5, 128.8, 129.0, 129.6,
129.7,130.9, 133.9, 136.4, 138.7, 142.0, 156.8, 177.3, 191.0;
EI-MS m/z 503.5 (M*). Anal. Calcd for C3,H,9N;O5: C,
76.32; H, 5.80; N, 8.34. Found: C, 76.29; H, 5.91; N, 8.4.
1,2,3,4-Tetrahydro-1-ketocarbazole  spiro  [2,3']-4'-(p-
chloro) phenyl pyrrolizidine spiro [2',3"] indoline-2"-one
(7d). Pale yellow solid, mp 216 °C; vy, (KBr) 3290, 1702,
1648 cm™!; '"H NMR (400 MHz, DMSO-d): 6 1.36-1.38
(m, 1H); 1.78-1.79 (m, 1H); 2.48-2.65 (m, 7H); 3.04-3.06
(m, 1H); 3.14-3.17 (m, 1H); 4.61 (d, 1H, J=11.6 Hz);
6.92-7.58 (m, 12H, ArH); 9.98 (s, 1H, NH); 10.31 (s, 1H,

12.

13.

14
15
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NH). '*C (100 MHz, DMSO-dg): § 18.1, 20.8, 21.1, 28.5,
31.6, 53.7, 64.5, 68.2, 75.8, 111.2, 118.7, 120.6, 121.5,
124.6, 124.9, 126.4, 127.3, 128.1, 128.9, 129.1, 129.6, 129.7,
131.3, 135.9, 138.7, 142.1, 178.1, 192.6; EI-MS m/z 508.0
(M™). Anal. Calcd for C3;H56CIN;O,: C, 73.29; H, 5.16;
N, 8.27. Found: C, 73.48; H, 5.29; N, 8.38.
1,2,3,4-Tetrahydro-1-ketocarbazole spiro [2,3' ]-4'-(p-bro-
mo) phenyl pyrrolizidine spiro [2',3" ] indoline-2"-one (7e).
Pale yellow solid, mp 200 °C; vy.. (KBr) 3288, 1710,
1645 cm™!; "TH NMR (400 MHz, CDCls): 6 1.35-1.36 (m,
1H); 1.75-1.77 (m, 1H); 2.50-2.61 (m, 7H); 3.09-3.12 (m,
1H); 3.16-3.18 (m, 1H); 4.68 (d, 1H, J=11.6 Hz); 6.96—
7.61 (m, 12H, ArH); 10.2 (s, 1H, NH); 10.31 (s, 1H, NH).
13C (100 MHz, CDCl5): 6 18.4, 20.8, 21.1, 28.4, 31.6, 52.9,
64.5, 67.6, 79.8, 110.8, 119.5, 120.7, 121.5, 124.6, 124.9,
126.6, 127.4, 128.1, 128.3, 129.4, 129.6, 129.7, 130.7, 133.1,
138.7, 142.1, 177.3, 191.0; EI-MS m/z 552.4 (M"). Anal.
Caled for C;3HpsBrNz;O,: C, 67.40; H, 4.74; N, 7.61.
Found: C, 67.72; H, 5.02; N, 7.83.
1,2,3,4-Tetrahydro-1-ketocarbazole ~ spiro  [2,3' ]-4'-(p-
nitro) phenyl pyrrolizidine spiro [2',3"] indoline-2"-one
(7f). Pale yellow solid, mp 212 °C; v, (KBr) 3293, 1706,
1651 cm™'; '"H NMR (400 MHz, DMSO-dg):  1.57-1.60
(m, 1H); 1.85-1.87 (m, 1H); 2.56-2.78 (m, 7H); 3.11-3.13
(m, 1H); 3.30-3.31 (m, 1H); 4.97 (d, 1H, J=11.7 Hz);
6.92-7.63 (m, 12H, ArH); 10.13 (s, 1H, NH); 10.61 (s, 1H,
NH). 3C (100 MHz, DMSO-d,): 6 18.4, 20.9, 21.1, 28.4,
31.4, 53.7, 64.2, 66.2, 78.6, 110.2, 112.7, 119.6, 120.9,
121.1, 124.8,126.4, 127.4, 128.0, 128.9, 129.0, 129.4, 129.7,
131.3, 136.4, 138.7, 142.1, 178.6, 191.2; EI-MS m/z 518.5
(M™). Anal. Calcd for C5,H,6N4O4: C, 71.80; H, 5.05; N,
10.80. Found: C, 71.68; H, 5.26; N, 10.92.
1,2,3,4-Tetrahydro-1-ketocarbazole spiro [2,3' ]-4'-(p-N, N-
dimethyl) phenyl pyrrolizidine spiro [2',3" ] indoline-2"-one
(7g). Pale yellow solid, mp 186-188 °C; vy« (KBr) 3289,
1711, 1650 cm™'; '"H NMR (400 MHz, CDCly): 6 1.32-
1.35 (m, 1H); 1.71-1.73 (m, 1H); 2.48-2.51 (m, 7H); 2.61
(s, 6H); 3.01-3.05 (m, 1H); 3.11-3.25 (m, 1H); 4.53 (d, 1H,
J=11.4Hz); 6.86-7.61 (m, 12H, ArH); 9.95 (s, 1H, NH);
10.31 (s, 1H, NH). '3C (100 MHz, CDCls): 6 18.40, 20.8,
21.0, 28.5, 31.6, 40.5, 53.7, 64.5, 66.2, 80.1, 110.9, 114.2,
119.6, 120.8, 121.1, 125.6, 126.8, 127.4, 127.8, 128.1, 128.9,
129.3, 130.7, 131.1, 138.4, 142.2, 143.1, 172.9, 191.5; EI-
MS m/z 516.6 (M"). Anal. Calcd for C33H3,N4O,: C,
76.72; H, 6.24; N, 10.84. Found: C, 7.

The coordinates were deposited in Cambridge Crystallo-
graphic Data Centre (CCDC 666154).
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Abstract—A three-dimensional pharmacophore model was developed based on 25 currently available Raf-1 kinase inhibitors. The
best pharmacophore hypothesis (Hypol), consisting of four chemical features (one hydrogen-bond acceptor, one hydrogen-bond
donor, and two hydrophobic groups), has a correlation coefficient of 0.972. The results of our study provide a valuable tool in
designing new leads with desired biological activity by virtual screening.

© 2008 Elsevier Ltd. All rights reserved.

The Ras-MAP kinase pathway has a central role in reg-
ulating tumor cell growth and survival, differentiation
and angiogenesis and has been targeted for therapeutic
intervention in the past.> The Raf-1 (also termed as
c-Raf) kinase is required for Ras signal transduction
and is the first enzyme in a MAP kinase cascade consist-
ing of the three protein kinases Raf-1, MEK, and ERK.
Disruption of this cascade at various points inhibits Ras
signal transduction and transformation in many experi-
mental systems.>> Raf-1 also contributes to tumorige-
nicity by negatively regulating apoptosis through direct
interaction with bcl-2 family members.®® Thus, selective
inhibitors of the Raf-1 kinase may prove to be effective
broad-spectrum antitumor agents and have the potential
to enhance existing cancer chemotherapies.

At the end of 2005, Bayer and Onyx launched a new
anti-cancer drug named Sorafenib (tosylate salt of
BAY 43-9006). It mainly targets Raf-1 kinase and pos-
sesses excellent activity and extremely low side effects.
During the past several years, several Raf-1 kinase
inhibitors have been reported.’ !¢ The increasing knowl-
edge of the Raf-1 kinase structure, activity and regula-
tion, together with the generation of new data, is
giving momentum to the development of ligand-based
design. In a ligand-based design, identification of a
pharmacophore is one of the most important steps. In

Keywords: Raf-1 kinase; Pharmacophore; Homology modeling;
Docking.

* Corresponding author. Tel.: +86 25 86185180; fax: +86 25
86185179; e-mail: lutao@cpu.edu.cn

0960-894X/$ - see front matter © 2008 Elsevier Ltd. All rights reserved.

doi:10.1016/j.bmcl.2008.02.068

this paper, we identified pharmacophore model of the
Raf-1 kinase inhibitors for the first time and explained
it using a homology model of the Raf-1 kinase.

The study was performed using the Catalyst software
package (version 4.11, Accelrys Inc., San Diego, CA)
on a SGI Origin 3800 workstation. Chemical-feature-
based pharmacophore hypotheses can be generated
automatically using the HypoGen algorithm within Cat-
alyst, provided that structure-activity relationship data
of a well-balanced set of compounds are available.

Twenty-five compounds (Nos. 1-25 in Fig. 1) forming
the training set were used to generate HypoGen hypoth-
eses by considering structural diversity and wide cover-
age of activity in terms of ICsy ranging from 1.4 nM
to 50 uM (Table 1). All structures in the training set
were built and minimized to the closest local minimum
based on a modified CHARMM force field within the
Confirm module. Catalyst generated a representative
family of conformational models for each compound
using a Monte—Carlo-like algorithm together with Pol-
ing.!” This method uses a poling function that prevents
conformations of molecules from being too close to-
gether and allows the exploration of the conformational
space of molecules within a user-defined energy thresh-
old. Diverse conformational models for each compound
were generated using an energy range of 20 kcal/mol of
the calculated potential energy minimum. Specify 250 as
the maximum number of conformers of each molecule
to ensure maximum coverage of the conformational
space.



mailto:lutao@cpu.edu.cn



o}

N__N_S
SO0
S__ ONN)’

16
o
o

21

T. Zhu et al. | Bioorg. Med. Chem. Lett. 18 (2008) 23462350 2347

o-

o
N_N
sT ¥ L
= 0 OH
22

|
2 IO
NJLN _N
18

o-

(0] N
\NN XrNN \l h
E{JEON 7"‘)\\,3\5@\ gﬁN
F
23

8, "G 8, O
20

19

OH

/

O

(0]

\
O
)\N

Z

24 25

Figure 1. 2D chemical structures of the 25 molecules forming the training set used to obtain HypoGen pharmacophore hypotheses.

Table 1. Experimental biological data and estimated ICs, values of the
training set molecules based on the pharmacophore model Hypol

Compound  Experimental  Estimated  Error  Reference
IC50 (nM) ICSO (HM)
1 1.4 2.7 +1.9 16
2 6 5.8 -1.0 13
3 7 3.8 +1.8 13
4 9 28 +3.1 10
5 12 9.7 —-1.2 15
6 13 16 +1.2 12
7 25 110 +4.5 10
8 32 150 +4.7 10
9 46 120 +2.6 10
10 70 120 +1.7 13
11 100 280 +2.8 16
12 170 160 —-1.0 12
13 250 200 -1.3 13
14 630 290 —2.1 13
15 1000 250 -39 13
16 1200 1100 —1.1 11
17 1700 1400 -1.2 11
18 3500 2400 —1.5 12
19 6300 8200 +1.3 12
20 8600 6100 —1.4 12
21 11,000 4700 2.3 11
22 15,000 8800 —1.7 11
23 18,000 11,000 -1.6 11
24 25,000 7300 —34 11
25 50,000 31,000 -1.6 14

Taking into account the chemical nature of the com-
pounds considered in this work, the following four crite-
ria were selected to form the pharmacophore hypothesis
generation process: hydrogen-bond acceptor (HBA),
hydrogen-bond donor (HBD), hydrophobic group
(Hp), and ring aromatic (Ar). The uncertain factor for
each compound represents the ratio range of uncertainty
in the activity value based on the expected statistical
straggling (the square root of the variance) of biological
data collection. Here, we use default uncertainty value 3.
Pharmacophores were then computed using HypoGen
module implemented in Catalyst software package and
the top 10 scoring hypotheses were exported (Table 2).
In order to determine whether our quantitative model
is statistically significant, able to identify active struc-
tures and forecast their activity accurately, two valida-
tion procedures were followed namely: cost analysis
and test-set prediction.

Catalyst produced 10 hypotheses (Hypol-HypolO).
Hypol, which consisted of four features: one hydro-
gen-bond acceptor (HBA), one hydrogen-bond donor
(HBD), and two hydrophobic (Hp) groups were found
to be the best pharmacophore hypothesis in this study
(Fig. 2). This is characterized by the highest cost differ-
ence, lower error cost, lowest root mean square (rms)
divergence, and best correlation coefficient (Table 2).
The null cost of the 10 top-scored hypotheses was equal
to 185.371, the fixed cost value was 103.043, and the
configuration cost was 15.828. As the total cost of
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Table 2. Information of statistical significance and predictive power
presented in cost values for top 10 hypotheses®

Hypothesis Features Total cost Acost Rms Correlation (r)

1 ADHH 112582 72.789 0.705 0.972
2 ADHH 116.639  64.305 0.974 0.940
3 AHHR 124.415 58934 1.295 0.887
4 DHHR 124.800  57.532 1.371 0.870
5 ADHH 126472 57.469 1.400 0.866
6 ADHH 126516  56.934 1.358 0.875
7 AAHH 126.665  56.746 1.400 0.865
8 ADHH 128353  56.723 1.390 0.870
9 AAHH 129450  56.403 1.482 0.847
10 ADHH 129.550  55.469 1.401 0.868

# Abbreviations used for features: A, hydrogen-bond acceptor; D,
hydrogen-bond donor; H, hydrophobic group; R, aromatic ring.

9,078 45.073

3.545,/5.545

3.000.51099 ' :
5.787=7.787\
<0 3.502 - 5.502

0.824-.7,.824

Figure 2. Top-scoring HypoGen pharmacophoreol. Features are
color-coded as follows: hydrogen-bond acceptor green; hydrophobic,
blue; hydrogen-bond donor, violet.

Hypol was equal to 112.582, the large difference be-
tween null and total hypothesis cost, (Acost) 72.789,
coupled with a high correlation coefficient, (r) 0.972
(Fig. 3), and a reasonable root mean square (rms) devi-
ation 0.705 ensures that a true correlation will very
likely be estimated by the model. The total cost repre-
sents the combined error of estimation as calculated
by the ratios between experimental and estimated activ-
ities, the deviation of the feature weights from the ideal
weight, and the complexity of the hypothetical space;
the null cost pertains to a hypothesis with no features
which assumes there is no relationship between structure
and activity for the entire training set. Remarkably, the
most active compounds (compounds 2 and 6) can be
well mapped onto the Hypol model, (Fig. 4), indicating
that the Hypol model provides reasonable pharmaco-
phoric characteristics of the Raf-1 inhibitors for the
components of their activities. Then 20 compounds of

Lett. 18 (2008) 2346-2350
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Figure 3. The regression of actual versus predicted, activities by the
Hypol hypothesis for the training set inhibitors onto a linear
relationship.

Figure 4. Depicts compound 2 (left) and compound 6 (right) mapping
of Hypol.

the test set (Nos. 26-45 in Fig. 5) were mapped onto
the best pharmacophore hypothesis Hypol. A correla-
tion coefficient of 0.916 generated using the test set com-
pounds shows a good correlation between the actual and
estimated activities. As we can see from Table 3, all the
error values were found to be less than 10, which means
a not-more-than one order difference between estimated
and actual activity.

A homology model of the Raf-1 kinase was built to ana-
lyze the ligand—protein interaction. The tertiary struc-
ture of Raf-1, for which a crystal structure is not
available, was constructed by homology modeling using
the crystal structure of the kinase domain of human wild
type B-Raf and V599E B-Raf. In homology modeling,
3D structure of homologous protein is used as a tem-
plate to construct unknown structure. The alignment
of human Raf-1 (Entrez Protein: P04049),'% wild type
B-Raf and V599E B-Raf domain amino acid sequences
was refined in Swiss-PDBViewer.!*2° The 3D structure
modeling and refinements were carried out using
InsightIl. The model was finally minimized with CVFF
force fields and the final structure was further checked
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Figure 5. 2D chemical structures of the 20 molecules forming the testing set.

Table 3. Experimental biological data and estimated I1Cs values of the
test set molecules based on the pharmacophore model Hypol

Compound  Experimental  Estimated  Error  Reference
ICso (nM) ICso (nM)
26 6 14 +2.3 12
27 10 13 +1.3 13
28 23 37 +1.6 9
29 40 72 +1.8 13
30 61 370 +6.0 12
31 90 410 +4.6 9
32 158 140 —1.1 13
33 251 250 -1.0 13
34 330 420 +1.3 9
35 398 590 +1.5 13
36 610 390 —1.6 9
37 950 770 -1.2 9
38 1100 190 -5.8 16
39 1300 210 —6.2 16
40 2100 1700 —1.2 9
41 3000 5300 +1.8 12
42 4900 4800 -1.0 11
43 6300 4400 -1.4 11
45 15,000 11,000 —14 11

through PROFILE-3D program resulting in that all res-
idues are scored positive, which means that these resi-
dues are reasonable.?!

The protein and ligands were saved in a mol2 format
with the aid of Sybyl 6.9. Docking studies were per-
formed with AutoDock 3.0.5 using a Lamarckian genet-
ic algorithm.?> The standard docking procedure was
used for a rigid protein and a flexible ligand whose tor-
sion angels were identified (for 100 independent runs per
ligand).

¥ asp14g

Figure 6. Stereoviews of the docked conformation of compound 2 in
the active site of Raf-1.

Iustrated in Figure 6 is a docking model of compound
2 in complex with the Raf-1 kinase. The inhibitor’s pyr-
idyl ring binds to the kinase at the hinge region with its
nitrogen atom forming an H-bond interaction with the
backbone NH of Cys87. The 4-hydroxy-2,6-dimethyl-
phenyl moiety is positioned deep into the ATP-binding
pocket and is surrounded by mostly hydrophobic resi-
dues. It also forms an H-bond interaction with the side
chain of Glu56 through the carbamate NH. The addi-
tional H-bond interaction is formed between the inhibi-
tor’s carbonyl and the backbone NH of Aspl49.
Ilustrated in Figure 7 is a docking model of compound
6 in complex with the Raf-1 kinase. The 4-pyridyl ring
bearing amide group is located in the ATP-binding
pocket by forming a hydrogen-bond with Cys87 involv-
ing amide NH group. Three hydrogen-bonds are formed
between urea group and the Raf-1 kinase. Two of them
are formed with Glu56; the additional is formed with the
backbone NH of Aspl49. The trifluoromethyl phenyl
ring is located in the hydrophobic pocket formed be-
tween C and E helices and forming a hydrogen-bond
with Thr63. We hypothesize that besides the necessary
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Hydrophobic
pocket between
C and E helices

7~

Figure 7. Stereoviews of the docked conformation of compound 6 in
the active site of Raf-1.

pharmacophore indicated in Hypol, additional substitu-
ents that combine both electronegative and lipophilic
properties are preferred in the hydrophobic pocket
formed between C and E helices, which may increase
the stability and potency.

In summary, a three-dimensional pharmacophore model
was developed based on 25 inhibitors of the Raf-1 ki-
nase by a ligand-based computational approach. This
pharmacophore hypothesis consists of one hydrogen-
bond acceptor, one hydrogen-bond donor, and two
hydrophobic groups, and has a correlation coefficient
of 0.972. Besides, this hypothesis is further validated
by using an external test set of 20 compounds. The most
active compounds fit very well with this top-scoring
hypothesis. Furthermore, we built a homology model
of the Raf-1 kinase to analyze the interaction between
ligands and the Raf-1 kinase. Accordingly, our pharma-
cophore model should be helpful in identifying novel
lead compounds with improved inhibitory activity
through 3D database searches and providing a valuable
tool in designing new inhibitors of the Raf-1 kinase.

Supplementary data

Supplementary data associated with this article can be
found, in the online version, at doi:10.1016/
J.bmcl.2008.02.068.
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Abstract—Novel analogues of (+)-varitriol have been synthesized via olefin cross-metathesis reaction using Grubb’s catalyst. Newly
synthesized compounds were screened for cytotoxicity and they showed mild activity against RAW264.7 and HT29 cell lines.

© 2008 Elsevier Ltd. All rights reserved.

Cancer is currently the second common cause of death
in United States, and it is likely to become the most
common in the foreseeable future.! Hence the develop-
ment and testing of novel and more selective anticancer
drugs have become an important research area. Further
advances in cancer therapy can be brought by chemical
variation of known structural classes since it provides a
means for obtaining improved drugs, increased under-
standing of the biochemistry of the cancer cell and novel
structure-growth inhibitory relationship.

Natural products have a long history?*? of providing no-
vel, clinically useful anticancer drugs and they have also
served as prototypes for the development of novel ana-
logues of clinical importance. Moreover, National Can-
cer Institute (NCI) has recently reemphasized the
discovery of natural products potential anticancer
drugs.

Among various natural products, marine natural prod-
ucts* have received increasing attention from chemists
and pharmacologists during the last few decades. Natu-
ral product chemists have probed marine organisms,
while synthetic chemists have targeted these novel struc-
tures for the development of new synthetic methodolo-
gies and strategies.

Keywords: Varitriol; Analogues; Cross-metathesis reaction; Grubb’s

catalyst; Cytotoxicity.
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In 2002, Malmstrem et al.,’ have isolated (+)-varitriol
(1a) (Fig. 1) from a marine derived strain of the fungus
Emericella variecolor collected from the Caribbean
Waters of Mochima Bay. (+)-Varitriol (1a) was tested
in the National Cancer Institute (NCI) 60-cell line
in vitro panel. It showed a more than 100-fold increased
potency (over the mean toxicity) towards the RXF 393
(renal cancer, Glsy=1.63x10""M), T-47D (breast
cancer, Glso=2.10x 1077 M) and SNB-75 (CNS can-
cer, Glso =2.44x 1077 M) cell lines and lower potency
against DU-145 (prostate cancer, Glso=1.10x
10-° M), HL-60 (TB leukaemia, Glso = 2.52 x 107> M),
CCRF-CEM (leukaemia, Glso=2.60x 10> M), OV-
CAR-5 (ovarian cancer, Gls,= 6.82x 107> M), SNB-
19 (CNS cancer, Glso =9.13 x 107> M) and COLO 205
(colon cancer, Glsy=9.59x 107> M) cell lines. The
combination of potent biological properties and a rela-
tively straightforward molecular structure of (+)-varitri-
ol (1a) has rekindled an interest in us to obtain novel
analogues for detailed SAR studies.

OMe OMe
OH : HO

IL_o__cH, | Hee O

HO OH
(-)-Varitriol (1b)

HO OH
(+)-Varitriol (1a)

Figure 1.
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Two research groups have reported different synthetic
routes to (—)-varitriol (1b): (i) In 2006 Jennings and
Clemens® reported the total synthesis of (—)-varitriol
from p-(—)-ribose utilizing alkene metathesis to link to-
gether the carbohydrate and aromatic moieties of the
molecule. (i) In 2007 McAllister et al.” reported a short
and flexible route to (—)-varitriol by following Ramberg—
Bicklund reaction. Though the proposed route is
operationally straightforward and shorter, the low o/f ste-
reoselectivity is the major drawback. Of the two methods
available for the synthesis of varitriol, alkene metathesis
was found to be more suitable and more convenient for
the synthesis of novel analogues of (+)-varitriol (1a).

The establishment of olefin metathesis as a powerful
synthetic tool to C=C bond formation is due to the
development of ruthenium-based catalysts and their
derivatives introduced by Grubbs and coworkers.® More
specifically, cross-metathesis (CM) of simple alkenes has
now become one of the methods of choice to access
substituted alkenes.

In continuation of our studies’ towards synthesis of no-
vel compounds as useful biologically active compounds,
we report in this communication an efficient synthesis of
novel analogues of (+)-varitriol (1) by utilizing CM reac-
tion. To the best of our knowledge, in the literature
there appears no report for the synthesis and screening
of novel analogues of (+)-varitriol.

As a starting point for this study we have selected com-
pound (3)'? as a sugar olefin which is very closely related
in structural aspects to the carbohydrate-derived olefin
of (+)-varitriol (1). Initially compound (3) was allowed
to react with 4-methoxy styrene (2a) in presence of
Grubb’s second-generation catalyst (5 mol %) to afford
desired cross-coupled product (4a) with pronounced
E-selectivity (Scheme 1).

The formation of compound (4a) was characterized from
"H NMR by the appearance of characteristic aromatic
protons at 6 7.23ppm and o 6.79 ppm (2d, 4H,
J =9.0 Hz) and olefin protons at 6 5.99 ppm (dd, H-2',
Jyy=158Hz, Jyy =80Hz) and at 6 6.47 ppm
(d,H-1",J, » = 15.8 Hz). The coupling constant (J) val-
ues of olefinic protons confirmed the selective forma-
tion of E-isomer of product (4a). In EI-MS of
compound (4a) the characteristic [M*] appears at 306.
In this olefin cross-metathesis reaction, undesired homo-
coupled products are also expected, however, the forma-
tion of such by-products has not been observed.

After establishing the method for the synthesis of
(+)-varitriol analogue (4a), we have explored the applica-
bility of this methodology, for the general synthesis of
other novel analogues by using variously substituted sty-
renes (2b—e). Thus, reaction of compound (2b) and sugar
olefin (3) in the presence of catalyst (5 mol %) resulted in
the formation of compound (4b). In "H NMR of com-
pound (4b), characteristic olefinic protons resonated at
6 6.0l ppm (dd, H-2', Jyy =84 Hz, Jy» =157 Hz)
andat6.42 ppm (d, H-H-1', Jyy = 15.7 Hz). Similarly
other varitriol like compounds 4¢, 4d and 4e were also

synthesized and the spectroscopic features fully sup-
ported the assigned structures.

The scope of the reaction was further extended to carbo-
hydrate-derived olefin (5)!! and its reaction with sty-
renes (2¢ and 2d) in presence of 5 mol % catalyst gave
cross-coupled products (6a and 6¢) (Scheme 2).

The selective formation of E-isomer of the products has
been confirmed from the coupling constant (J) values of
olefinic products. The formation of compounds (6a) and
(6¢) was further confirmed by acetylation of hydroxyl
group using Ac,O/Py to obtain acetyl derivatives (6b)
and (6d), characteristic acetyl protons appeared at ¢
1.92 ppm (s, 3H).

This approach was again repeated for the simple and
easily available carbohydrate-derived olefin (7). How-
ever, the reaction of this olefin (7) with both styrenes
(2a and 2d) resulted in the formation of homocoupled
dimers (8 and 9a-b) as products instead of the desired
cross-coupled products (10) (Scheme 3). This homocou-
pling may be attributed to the absence of furanose ring
in the carbohydrate-derived olefin because the presence
of furanose ring may cause steric hindrance for the for-
mation of homocoupled product. The structures of com-
pounds 4a—e, 6a-d, 8 and 9a-b were deduced from 'H
and '*C NMR, mass spectral and elemental analysis.!2

Newly synthesized compounds 4a-e, 6a and 6¢ were
screened for cytotoxicity by following a previously re-
ported procedure.'* All the compounds (4a—e, 6a and
6¢c) were tested towards RAW264.7 (mouse macro-
phage), A549 (human lung carcinoma) and HT29 (hu-
man colon carcinoma) cell lines. They displayed mild
activity against RAW264.7 and HT29 cell lines (Table
1). In RAW264.7 cell line compounds 4a, 4b, 4d, 4e
and 6a showed activity, whereas compounds 4¢ and 6¢
were inactive. Similarly in HT29 cell line for compounds
4a, 4b, 4e, 6a and 6¢ was active and compounds 4¢ and
4d did not show any activity.

Among the tested compounds, compounds 4b and 4a
exhibited more activity towards RAW264.7 and HT29
cell lines, respectively. All the compounds (4a—e, 6a
and 6¢) were found to be inactive against A549 (human
lung carcinoma) cell line.

In conclusion, analogues of cytotoxic varitriol were syn-
thesized (by utilizing CM reaction), characterized and
screened for cytotoxicity against RAW264.7, A549 and
HT29 cell lines. All the compounds showed mild activity
and compounds 4a and 4b displayed more activity among
the screened compounds. Though the compounds
showed mild activity, the synthesis and screening of more
analogues of varitriol, both protected and unprotected,
would give scope for further work in this area.
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3.35 (s, 3H, OCH3), 3.90 (2s, merged, 6H, 2x Ar-OCH3),
4.60-4.73 (m, 3H, H-5', H-4', H-3'), 4.96 (s, 1H, H-6'),
6.02 (dd, lH, H'Z,,Jlf‘z’ =158 HZ,J2’.3/ =8.6 HZ), 6.48
(d,1H,H-1",J, 5 = 15.8 Hz), 6.76 (m, 1H, Ar-H), 6.85
(m, 2H, Ar-H). 3C NMR (CDCls, 75 MHz): § 24.9, 26.4,
29.6, 54.5, 55.8, 55.8, 84.7, 85.6, 88.3, 109.0, 109.1, 111.1,
112.3, 119.7, 126.6, 129.4, 132.5, 149.0, 149.0. Anal.
Calcd for CgH,40¢: C, 64.27; H, 7.19. Found: C, 64.31;
H, 7.11.

Compound 4e: Yield: 58%, [¢]p—8.6° (¢ 0.15, CHCly), 'H
NMR (CDCls, 300 MHz): ¢ 1.30, 1.50 (2s, 6H, 2x CH3),
3.25 (s, 3H, OCH3y), 3.90 (s, 3H, Ar-OCHs;), 4.6-4.72 (m,
3H, H-5', H-4, H-3'), 495 (s, 1H, H-6), 5.98
(dd, 1H,H-2",J » = 15.8 Hz,Jy 3y = 9.0 Hz), 6.46 (d, 1H,
H-1J;y =158 Hz), 6.78-6.90 (m, 3H, Ar-H). °C
NMR (75 MHz, CDCls): ¢ 25.0, 26.4, 29.6, 54.5, 55.8,
84.7, 85.6, 88.3, 108.5, 109.2, 114.4, 120.3, 126.3, 132.7.
Anal. Calcd for C;;7H,,O¢: C, 63.34; H, 6.88. Found: C,
63.41; H, 6.79.

Compound 6a: Yield: 61%, [«]p —7.0° (¢ 0.50, CHCI3), 'H
NMR (CDCls, 300 MHz): ¢ 1.33, 1.52 (2s, 6H, 2x CH3),
3.80 (s, 3H, Ar-OCH3), 4.10 (m, 1H, H-4"), 4.55 (d, 1H,
H-5,Jy ¢ = 3.0 Hz), 4.86 (m, 1H, H-3'), 5.95 (d, 1H, H-6/,
Js¢ =3.0Hz), 6.19 (dd,1H,H-2",Jy = 15.863,Jy 3 =
5.2 Hz), 6.8 (d,1H,H-1',J; » = 15.8 Hz), 6.73-6.97 (m,
3H, Ar-H), 7.20 (m, 1H, Ar-H). *C NMR (75 MHz,
CDCls): ¢ 26.074, 26.649, 29.570, 55.738, 108.5, 112.2,
119.4, 126.5, 127.9, 128.4, 130.5, 148.5, 149.0. Anal. Calcd
for C16H,0Os: C, 65.74; H, 6.90. Found: C, 65.81; H, 6.85.
Compound 6¢: Yield: 53%, [o]p —68.5° (¢ 0.48, CHCl3), 'H
NMR (CDCls, 300 MHz): ¢ 1.33, 1.52 (2s, 6H, 2x CH3),
3.88 (s, 6H, 2x Ar-OCH3), 4.05-4.15 (m, 1H, H-4"), 4.55
(d,1H,H-5',J5 ¢ =3.7Hz), 4.83 (d,1H,H-3,Jy 5 =
5.6 Hz), 5.92 (d,1H,H-6/,J5 ¢ = 3.7 Hz,), 6.05 (dd, 1H,
H-21,Jyy =56HzJy » =158 Hz), 6.74 (d,1H,H-1',
Jyy =158Hz), 6.78 (m, 1H, Ar-H), 6.88 (m, 2H, Ar-
H). *C NMR (CDCl;, 75 MHz): § 26.0, 26.6, 29.5, 55.7,
55.8, 76.1, 81.0, 84.9, 104.5, 108.8, 110.9, 111.6, 119.6,
129.1, 134.1, 148.9, 149.1. EI-MS: m/z = 322 [M *]. Anal.
Calcd for C;7H»,0¢: C, 63.34; H, 6.88. Found: C, 63.43;
H, 6.89.

Kan, S.-F.; Huang, W.-J.; Lin, L.-C.; Wang, P. S. Inz. J.
Cancer 2004, 110, 641.
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Abstract—A series of pyrimidinopyridones has been designed, synthesized and shown to be potent and selective inhibitors of the
FMS tyrosine kinase. Introduction of an amide substituent at the 6-position of the pyridone core resulted in a significant potency
increase. Compound 24 effectively inhibited in vivo LPS-induced TNF in mice greater than 80%.

© 2008 Elsevier Ltd. All rights reserved.

Increased tumor-associated macrophage numbers have
been associated with tumor progression.' In addition,
macrophage numbers present within target tissues have
been strongly correlated with disease severity in rheuma-
toid arthritis,> and immune nephritis.? In some solid tu-
mors, such as breast cancer, elevated macrophage
numbers are thought to contribute to disease progres-
sion and poor survivability.#® The proliferation and
survival of macrophages, monocytes, and their progeni-
tors are driven by macrophage colony-stimulating factor
(M-CSF or CSF-1).7 Binding of CSF-1 to its exclusive
receptor, colony-stimulating factor-1 receptor (FMS),
induces receptor dimerization and autophosphorylation
which leads to the phosphorylation of downstream sig-
naling proteins, and the subsequent differentiation and
activation of cells in the macrophage lineage.® Animal
studies with CSF-1 deficient mice suggest that CSF-1/
FMS is a crucial component of a positive cycle that
drives chronic inflammation.®!! Thus, the inhibition
of FMS has great potential in treating human diseases
such as rheumatoid arthritis as well as certain cancers
where macrophages are pathogenic.

By screening a focused kinase library using Thermoflu-
or® technology,'? pteridinone 1 was identified as a con-
firmed hit with an ICs, of 0.18 uM for FMS (Fig. 1). A

Keywords: FMS; cFMS; Colony-stimulating factor-1 receptor; CSF-1;

M-CSF; Macrophage; Pyrimidinopyridone.
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Figure 1. High-throughput screening hit 1.

small set of these pteridinones was synthesized and it
was observed that replacement of the N-8 phenyl of 1
with an indan ring resulted in a 10-fold potency increase
(data not shown).

Compound 1 was modeled in FMS (PDB ID: 2i0y)!? in
order to evaluate the interactions required for binding
(Fig. 2). Related pyrido[2,3-d]pyrimidin-7-one kinase
inhibitors have previously been shown to interact with
the hinge region via hydrogen bonds to the amino NH
and N-3 of the pyrimidine ring.'* The model was built
assuming similar interactions for the amino NH and
the pteridinone N-3 of hit 1 with, respectively, the back-
bone carbonyl and backbone NH of the hinge residue
Cys666. In addition, the following interactions were pre-
dicted by this model: a hydrogen bond between the side-
chain hydroxyl of Thr663 and the pteridinone N-5, a
hydrogen bond between either the pteridinone carbonyl
or the ester carbonyl and the terminal amine of Lys616
(depending on side chain conformation), and hydropho-
bic interactions for the N-8 phenyl.
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Figure 2. Model of 1 (cyan carbons) in FMS kinase (white carbons).
Hydrogen bonds and potential hydrogen bonds are shown as green
and magenta dotted lines, respectively.

Based on this model of pteridinone binding, novel scaf-
folds were explored in an attempt to improve potency.
One of the most promising designs was constructed
from a $5,8-dihydro-pyrido[2,3-d]pyrimidin-5-one scaf-
fold. Represented by 2 (Fig. 3), this scaffold was pre-
dicted to bind with a minimal shift of the ring system
away from Thr663. With an 1Cs, of 0.25 uM for FMS,
2 showed a 10-fold potency loss compared to its pterid-
inone analogue (ICsy = 0.02 pM). A detailed SAR study
was then conducted to improve its in vitro potency.
Herein, the structure-activity relationships at three
areas of the new scaffold are reported: the C-6 carboxyl-
ate ester, N-8 hydrophobic substitution and C-2 anilino
substitution.

A linear synthetic method was developed to quickly
synthesize analogues of 2 (Scheme 1). An amine, for
example, indan-5-ylamine, was reacted with ethyl
3-chloropropionate at elevated temperature in the pres-
ence of an inorganic base and a catalytic amount of tet-
rabutylammonium bromide to afford the
aminopropionate ester 3, which was treated with ethyl
4-chloro-2-methylthio-5-pyrimidinecarboxylate to pro-
duce the 4-substituted aminopyrimidine 4. Cyclization
of this diester under Dieckmann conditions afforded
bicyclic compound 5. Subsequent halogenation with
bromine followed by dehydrohalogenation gave 6.'°
The thiomethyl moiety was oxidized to the sulfone 7,
which was subsequently displaced with an amine or ani-

SNTY 0O O

N
~ @\ )l\f\\ 6 OEt
2NN

N
H |C50= 0.25 ].lM
2

Figure 3. A novel 5,8-dihydro-pyrido[2,3-d]pyrimidin-5-one scaffold
represented by 2.

line by nucleophilic substitution. The resulting carboxyl-
ate ester 2 was converted to the carboxylic acid 8 by
hydrolysis, or to the amides 9 and 11-34 by reaction
with the corresponding amines in methanol in a pressure
bottle.

Compound 10, where N-1 was replaced with CH, was
synthesized by the methods shown in Scheme 2. 4,6-
Dihydroxynicotinic acid ethyl ester 35 was obtained in
two steps from diethyl I,3-acetonedicarboxylate.'®
Treatment of 35 with phosphorous oxychloride gave
4,6-dichloronicotinic acid ethyl ester 36. The subsequent
nucleophilic displacement yielding 37 and Dieckmann
cyclization followed by halogenation/dehydrohalogen-
ation which yielded 38 were similar to the methods out-
lined in Scheme 1. Substitution of the 2-position
chloride of 38 with the piperazinyl aniline was carried
out under microwave conditions to afford ethyl ester
39, which was then converted to the amide 10 by treat-
ment with methanolic ammonia.

All compounds were tested in an in vitro enzyme assay
for their abilities to inhibit ATP-induced auto-phos-
phorylation of FMS (Tables 1 and 2).!” The most potent
compounds were also tested in a functional assay, which
was based upon inhibition of CSF-1 driven proliferation
of bone marrow-derived macrophages (BMDM).'® In
this cell-based assay, compound 2 was moderately active
with an ICsq value of 0.47 uM. According to the model,
the C-2 anilino substituents are largely solvent-exposed.
It seemed likely that the C-6 carboxylate ester and N-8
hydrophobic substitutions would be more important in
terms of binding at the active site due to their more inti-
mate contact with the protein. Thus, the C-2 substitu-
tion was initially fixed as 4-(4-methyl-piperazin-1-yl)-
phenylamine, while the C-6 and N-8 positions were ex-
plored (Table 1). The C-6 carboxylic acid 8 was about
fourfold less active, whereas transformation of the ester
to primary amide 9 resulted in a significant increase in
potency. The model of 9 in FMS suggested that the
amide could make an intramolecular hydrogen bond
to the C-5 carbonyl stabilizing a conformation of the
molecule that optimizes hydrogen bonding between the
amide carbonyl and the terminal amine of Lys616. The
model does not predict that N-1 of the pyrimidine ring
is making a direct interaction with FMS. However, re-
moval of N-1 as in 10 decreased potency about fourfold.
The greater potency of 9 is likely due to the lower basi-
city of the aminopyrimidine system, which favors the
neutral form of the molecule necessary for interaction
with Cys666.

Small alkyl substitution on the C-6 amide was well tol-
erated, though activity diminished with increasing size
of the alkyl group (11, 12). The N-8 substituents occupy
a hydrophobic pocket of the active site. Whereas ali-
phatic rings (13-15) maintained activity, the unsubsti-
tuted phenyl compound 16 significantly attenuated
potency. This trend also had been observed within the
pteridinone high-throughput screening hit series. Ben-
zylic substitution (17) also resulted in a potency de-
crease, although to a lesser extent than phenyl
substitution.
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Scheme 1. Reagents and conditions: (a) Ethyl 3-chloropropionate, K,CO;, BuyNBr (cat.), 100 °C, 71%; (b) Et;N, n-BuOH, rt, 90%; (c) +-BuONa,

toluene, 90 °C, 62%; (d) Bry, CH,Cl, rt; (e) Et;N, CH,Cl,, rt, 94%;

(f) m-CPBA, CH,Cl,, rt, 67%; (g) 4-(4-methyl-piperazin-1-yl)-phenylamine, i-

PrOH, 90 °C, 61%; (h) NaOH, THF, 50 °C, 60%; (i) methylamine, MeOH, rt or 70 °C.

The model predicts that the C-2 anilino NH hydrogen
bonds to the protein backbone and the phenyl ring occu-
pies a narrow hydrophobic pocket. Although the sub-
stituents at the para or meta positions of the aniline
ring are predicted to be solvent-exposed, they did have
an effect on activity, as was demonstrated by the potency
loss of 18 versus 9. In addition, this region provided a
solubilizing handle for the chemotype. There were no
protein backbone contacts in this solvent-exposed re-
gion which could adequately explain the changes in po-
tency afforded by different polar substitutions on the
aniline ring. Therefore, an extensive search for an opti-
mal C-2 substituent was carried out with C-6 fixed as
a primary amide and N-8 as indan (Table 2).

Excellent activity was observed among the 3- or 4-
substituted aniline analogues (9, 19-31) in both the
in vitro enzyme and the BMDM assays. With a 2-hydro-
xyl substitution, 22 showed a slight potency decline rel-
ative to 9. Introduction of small alkyl linkers between

the 4-methylpiperazine and the phenyl ring did not affect
the inhibitory activity (9, 24 and 25), although the
microsomal stability of the compounds was impacted.
With a one-carbon linker, 24 was the least stable com-
pound among the three in both rat liver microsomes
(RLMs) and human liver microsomes (HLMs) (Table
3). The same trend was observed with morpholino (26,
27) and dimethylamino analogues (28, 29). Small modi-
fications of the piperazine ring (19-21, 23) had little
influence on the activity. The compounds with neutral
substituents (30, 31) showed similar activities as those
with basic ones, but had poorer solubility. When the
C-2 substituents were derived from aliphatic amines
(32-34) as opposed to anilines, the activities markedly
diminished. This is probably due to the narrow-binding
pocket geometry that is better accommodated by flat
planar groups.

Because of its excellent BMDM activity, the binding
mode of 20 was analyzed using X-ray crystallography.
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Scheme 2. Reagents and conditions: (a) Trimethylorthoformate, Ac,0, 120 °C; (b) NH4OH, rt; (c) POCIs, 100 °C, 68%; (d) Et;N, DMF, 100 °C,
44%; (e) t-BuONa, toluene, 90 °C; (f) Br,, CH,Cl,, rt; (g) Et;N, CH,Cl,, rt, 34%; (h) 4-(4-methyl-piperazin-1-yl)-phenylamine, Et;N, NMP,

microwave irradiation, 200 °C, 18%; (i) NH3, MeOH, rt, 65%.

Table 1. 6- and 8-Position modifications to the 5,8-dihydro-pyrido[2,3-d]pyrimidin-5-one series

\N/H

LN
,

O O
N R?
NP
X~ N
N

217

Compound X R! R? Auto-P; ICso* (LM) BMDM ICs,® (uM)

2 N Indan-5-yl OEt 0.25 0.47

8 N Indan-5-yl OH 1.1 ND

9 N Indan-5-yl NH, 0.013 0.016
10 C Indan-5-yl NH, 0.056 ND
11 N Indan-5-yl NHMe 0.031 ND
12 N Indan-5-yl NHEt 0.068 ND
13 N Cyclohexyl NH, 0.035 ND
14 N Cyclopentyl NH, 0.056 ND
15 N Bicyclo[2.2.1]hept-2-yl NH, 0.081 ND
16 N Phenyl NH, 0.73 ND
17 N Benzyl NHMe 0.42 ND

#Reported ICsy values are means of three experiments. Inter-assay variance was <10%.

®Dose-response data are the average of at least two replicates per dose.

Like all previously analyzed FMS inhibitors,'® 20 is lo-
cated in the ATP binding pocket (Fig. 4A). Consistent
with the aforementioned model, this series interacts with
the hinge region of the kinase via crucial hydrogen-
bonding interactions mediated through the C-2 amino
NH and the pyrimidine N-3 (Fig. 4). Like the N-5 of
the pteridinones, the C-5 carbonyl oxygen of the 5,8-
dihydro-pyrido[2,3-d]pyrimidin-5-one forms a hydrogen
bond with the hydroxyl group of Thr663.

Since the oxygen and NH of the terminal amide share
the same number of electrons, their position cannot be

distinguished by crystallographic means. However,
based on an analysis of the hydrogen-bonding patterns
for both rotamers of the amide, the depicted rotamer
is proposed to be the favored orientation. Here the
amide is engaged in an intramolecular hydrogen bond
with the C-5 carbonyl oxygen (Fig. 4, magenta), thereby
stabilizing a flat conformation of the pyrimidinopyri-
done core and positioning the amide carbonyl for its
interaction with Lys616. Furthermore, the amide-nitro-
gen is also part of a water-mediated hydrogen-bonding
network, which includes the hydroxyl group of
Thr663, the C-5 carbonyl oxygen and two water mole-
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Table 2. 2-Position modifications to the 5,8-dihydro-pyrido[2,3-d]pyrimidin-5-one series

0O O
N‘ N NH,
3
R N )\ N/
H
18-34

Compound R? Auto-P; ICs5* (uM) BMDM ICs,° (uM)
18 Phenyl 0.28 ND

9 4-(4-Methyl-piperazin-1-yl)-phenyl 0.013 0.016
19 4-Piperazin-1-yl-phenyl 0.005 0.004
20 4-(3,5-Dimethyl-piperazin-1-yl)-phenyl 0.007 0.003
21 3-(4-Methyl-piperazin-1-yl)-phenyl 0.008 0.006
22 2-Hydroxy-4-(4-methyl-piperazin-1-yl)-phenyl 0.093 ND
23 4-Piperidin-4-yl-phenyl 0.008 0.051
24 4-(4-Methyl-piperazin-1-ylmethyl)-phenyl 0.014 0.011
25 4-[2-(4-Methyl-piperazin-1-yl)-ethyl]-phenyl 0.008 0.009
26 4-Morpholin-4-ylmethyl-phenyl 0.022 0.027
27 4-(2-Morpholin-4-yl-ethyl)-phenyl 0.008 0.008
28 4-Dimethylaminomethyl-phenyl 0.021 0.004
29 4-Dimethylaminoethyl-phenyl 0.003 0.016
30 3-(Piperidin-1-yl-methanone)phenyl 0.004 0.014
31 S-4-[4-(Oxazolidin-2-one)-methyl]-phenyl 0.012 0.09
32 2-Morpholin-4-yl-ethyl 33 ND
33 3-(4-Methyl-piperazin-1-yl)-propyl 1.8 ND
34 3-Imidazol-1-yl-propyl 2.3 ND

#Reported ICs, values are means of three experiments. Inter-assay variance was <10%.

® Dose-response data are the average of at least two replicates per dose.

cules present in close proximity. The co-crystal structure
confirmed the modeling predictions and provided the
structural basis for further lead optimization within this
series.

FMS is a member of the type III receptor tyrosine ki-
nases that also includes FLT-3, PDGFR-p and KIT. Ta-
ble 4 shows the kinase selectivity of compound 9 and 24.
Both are potent inhibitors of FLT-3 and KIT, but
highly selective over PDGFR-B, Axl, IRK- and Src.
They inhibited the neurotrophic type I tyrosine kinase
receptor, TrkA with modest potency. To further evalu-
ate specificity, compound 9 and 24 were assessed in a
standard counterscreening panel of fifty receptors, trans-
porters and ion channels (data not shown). At a concen-
tration of 5 uM, 9 inhibited human A3 binding at 55%
with no other assays showing greater than 50% inhibi-
tion. In the case of 24, only two assays indicated inhibi-

Table 3. The effect of alkyl chain length on microsomal stability

Compound HLM* RLM*
9 80.5 87.3

24 74 54

25 96 84

26 2.5 9.7

27 58 83

28 35 38

29 88 65

# Percent remaining 10 min after incubating the compounds with liver
microsomes.

tion of control-specific binding greater than 50% at a
concentration of 10 uM. These were human A2A and
A3 with 60% and 58% inhibition, respectively.

Due to their desirable in vitro properties, compound 9
and 24 were profiled for their pharmacokinetic (PK)
properties in the rat. After an intravenous injection at
2 mg/kg, 9 showed very high clearance (CL = 133 mL/
min/kg) and a high volume of distribution (V4=
18.7 L/kg). After an oral dose of 10 mg/kg, the plasma
concentrations of 9 were below detectable levels. The
PK profile of 24 was not significantly improved, with
high clearance (CL = 29 mL/min/kg) and high volume
of distribution (V4 =26.5 L/kg). Compound 24 exhib-
ited low oral bioavailability (4%).

Administration of FMS inhibitors was shown previously
to inhibit LPS-induced TNFa in mice.?’ To examine the
in vivo activity of 24, groups of eight male Swiss Web-
ster mice were administered vehicle (20% hydroxpro-
pyl-B-cyclodextrin) or 24 at 20 or 50 mg/kg by the
intraperitoneal route. Three hours later saline or LPS
(100 pg/kg) in saline was administered via the tail vein.
TNFao was measured by ELISA (R&D Systems) in plas-
ma harvested by cardiac puncture from mice euthanized
90 min after the LPS dose. Compound 24 at 20 and
50 mg/kg inhibited LPS-induced TNFa by 81% and
87%, respectively (Table 5).

In conclusion, a novel series of 5,8-dihydro-pyrido[2,3-
dlpyrimidin-5-ones was designed and synthesized as
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Figure 4. Close-up view of the ligand-binding site. (A) Ball-and-stick
representation of 20 (yellow carbons) bound in the active site of FMS
(grey carbons). Hydrogen bonds to the backbone of the protein and
within the water-network are depicted as green dashed lines and the
internal hydrogen-bond between the amide nitrogen and the CS5
carbonyl oxygen is drawn in magenta. (B) Ball-and-stick representa-
tion of 20 in a 2f,-f, electron density map (blue) contoured at 1.4¢ and
truncated to a radius of 2 A beyond each atom for clarity. Also drawn
is a f,-f; electron density map contoured to 3¢ (green) and -3¢ (red),
truncated beyond 3 A. (PDB ID: 3BEA).

Table 4. 1Cs, data of compound 9 and 24 in a kinase counterscreen

Kinase 9% (UM) 24% (uM)
FMS 0.013 0.014
FLT-3 0.003 0.001
KIT 0.056 0.028
PDGFR-B >1 >2

Axl >0.3 >0.5
TrkA 0.2 0.31
IRK-B >1 >2

Src 1 1.5

#1Cso values were determined at the respective ATP Km for each
kinase.

inhibitors of FMS. Conversion of the C-6 carboxylic es-
ter of 2 to a primary amide as in 9, led to a significant
increase in inhibitory potency. The structural basis for
this enhanced activity was provided by the co-crystal
structure of 20 in FMS. The exceptional in vitro potency
of this series translated into robust in vivo activity of 24
as demonstrated by inhibition of LPS-induced TNFa in
mice. Although 24 and 9 suffered from poor oral PK,
this series provided novel structural insight into the

Table 5. Compound 24 inhibits in vivo LPS-induced TNFa

Pretreatment® Challenge® TNFa® (pg/ml)
Vehicle Saline 12 (5)

Vehicle LPS 3688 (566)
Compound 24, 20 mg/kg LPS 687 (80)"
Compound 24, 50 mg/kg LPS 499 (61)°

#Mice were predosed by intraperitoneal injection with vehicle or 24
three hours prior to LPS challenge.

®Saline or 100 pg/kg LPS (Sigma, 0127:B8) via tail vein.

¢Mean (SEM) plasma TNFo, 90 min after challenge.

*p <0.01 versus vehicle plus LPS.

mechanism of FMS inhibition and serves as a lead series
for further optimization.
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Abstract—A novel series of non-covalent, benzimidazole-based inhibitors of DPP-4 has been developed from a small fragment hit
using structure-based drug design. A highly versatile synthetic route was created for the development of SAR, which led to the dis-
covery of potent and selective inhibitors with excellent pharmaceutical properties.

© 2008 Elsevier Ltd. All rights reserved.

Dipeptidyl peptidase IV (DPP-4) is a serine protease that
cleaves N-terminal dipeptides from polypeptides having
Pro (or Ala) at the penultimate position.! DPP-4 rapidly
cleaves and inactivates the incretin glucagon-like peptide
1 (GLP-1) in the blood. The active form of GLP-1 en-
hances glucose-stimulated insulin release from beta cells
in the pancreas. Inhibition of DPP-4 can serve as an
indirect way to increase the levels of circulating GLP-
1, and it has been shown to increase insulin secretion
and effectively regulate blood glucose levels.”? DPP-4
inhibitors are highly effective therapeutic agents in the
treatment of type 2 diabetes.®> Clinical validation has
been established with the FDA approval of sitagliptin
(Januvia™),* as well as the progression of several other
candidates through advanced stages of development.’

Numerous classes of DPP-4 inhibitors have been re-
ported, most of which are derived from o- and B-amino
acids that mimic the N-terminal dipeptide residues of
natural substrates. Many of the reported DPP-4 inhibi-
tors make a covalent interaction with the Ser630 residue
in the S1 pocket.® Both sitagliptin and alogliptin (SYR-
322)°¢ are notable exceptions. In some DPP-4 inhibitors,
the electrophile inherent in a covalent inhibitor in com-
bination with the basic nitrogen necessary for high-affin-
ity binding leads to chemical instability.” Therefore, we

Keywords: Dipeptidyl peptidase IV; DPP-4; Benzimidazole; Diabetes;

X-ray structure.
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focused our attention on developing non-covalent inhib-
itors of DPP-4. In addition, we aimed to design inhibi-
tors that would be potent, selective, and orally active.

We began our design of novel, non-covalent DPP-4 inhib-
itors with the aid of a co-crystal structure of DPP-4 with
compound 1, commercially available 2-phenylbenzyl-
amine. Although this fragment was found to be a weak
inhibitor of DPP-4 (ICs, = 30 pM),® we considered it to
be a very attractive starting point due to its low molecular
weight and functional simplicity. In addition, this frag-
ment is related to the 2-phenyl-aminomethyl-heterocycle
motif contained within other DPP-4 inhibitors.’

NH2 NH,
g 1
N

® P,

N

1 2

Several important interactions can be observed from the
co-crystal structure of compound 1 in the DPP-4 active
site (Fig. 1).1° The basic nitrogen forms a salt bridge be-
tween both Glu205 and Glu206, as well as a hydrogen
bond with Tyr662; the ortho-phenyl ring occupies the
S1 pocket formed by Tyr666, Trp659, Tyr631, Val656,
Val711, and Tyr662; and a stacking interaction can be
observed between the central phenyl ring and Tyr547.
The catalytic triad of Ser630, His740, and Asp708 does
not interact directly with compound 1.
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Figure 1. X-ray co-crystal structure of compound 1 bound in the DPP-
4 active site.

Utilizing this structure in molecular modeling, we pre-
dicted that the bicyclic benzimidazole ring of compound
2 would provide an additional m-stacking interaction
with Argl25, while possibly allowing for a hydrogen-
bonding interaction with the backbone carbonyl of
Glu205. In addition, the benzimidazole ring would pro-
vide a drug-like, heterocyclic central scaffold that would
be synthetically tractable in further derivatization and
SAR development.

The prototype compound 2 showed only a modest
improvement in potency (ICso =12 uM). We reasoned
that this compound could adopt a low-energy confor-
mation with an internal hydrogen bond between the
benzylic amine and the benzimidazole nitrogen. The
molecule would need to overcome such an interaction
(at significant energy cost) in order to adopt the proper
conformation for optimal binding in the active site of
the protein. The N-methylated compound 3a (Fig. 2)
was designed in order to prevent such an internal hydro-
gen bond, as well as restrict the rotation of the methyl-

2 pound conformation

| |

NH2 HaN
0 se¥
N
oo Crh
)

3b 1Cs50=40 UM

2 low-energy conformation

3a ICsp=1.0UM

Figure 2. Benzimidazole conformations leading to the design of
N-methyl benzimidazole isomers 3a and 3b.

amine appendage to a range that includes the preferred
conformation seen in the crystal structure. Compound
3a showed a 10-fold increase in potency (ICsy = 1.0 uM)
over compound 2, validating our rationale for the de-
sign, while the isomer 3b showed a predicted decrease
in potency (ICsy =40 uM). Although the N-alkylated
benzimidazole 3a has lost any possibility of gaining
affinity through a hydrogen-bonding interaction with
the backbone carbonyl of Glu205, the gain in affinity
due to conformational restriction more than compen-
sates for this.

Structural information was used to guide us in our SAR
development from compound 3a (Fig. 3). The position
on the phenyl ring that appeared to be most promising
for gaining affinity was the ortho-position, given the
available room to build and possibility for interaction
with nearby Argl25. There also appeared to be a small
hydrophobic pocket at the para-position. Substituents
larger than a methyl group at R' seemed possible, pro-
vided that these larger groups would be able to pack
along the backbone of Glu206 and Val207 while direct-
ing towards Arg358. Substitution at R? seemed promis-
ing due to the possibility of creating an interaction with
Ser209. Finally, derivatization at R> looked highly
promising due to the close proximity of Ser630.

The synthesis of the initial core compounds 2 and 3a is
outlined in Scheme 1.!! 2-Amino-6-chloro-3-nitro-ben-
zonitrile 4a (R'=H) was prepared according to the
method of Goldberg and coworkers.'”> A Suzuki reac-
tion with phenylboronic acid gave compound Sa
(R = H), and subsequent nitro reduction by hydrogena-
tion led to intermediate 6a. Acid catalyzed condensation
with formic acid gave compound 7a (R*= H), which
was reduced by high-pressure hydrogenation to produce
compound 2. Alkylation of intermediate 7a with dimeth-
ylsulfate followed by hydrogenation yielded compounds
3a and 3b as a 2:1 ratio of isomers.

The original synthetic scheme was expanded and modi-
fied to allow for SAR development at multiple positions
on the core. The general route outlined in Scheme 1 was
used in the syntheses of compounds 8-24. The R'
groups were installed from the start of the sequence by
the selective SyAr displacement of the C-2 chlorine of
2,6-dichloro-3-nitro-benzonitrile with primary amines.
Subsequent Suzuki reactions with R-substituted arylbo-
ronic acids led to intermediates 5. Nitro reductions were
carried out with hydrogenation as before, or by using

\T/rrfggg Arg125 backbone of
a V Glu206, Val207
S 7 NH2 1 = Arg358
R—T | /
A N
)—R? = gero09
R N
é/
Ser630

Figure 3. SAR strategy for benzimidazole DPP-4 inhibitors.
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Scheme 1. Synthesis of compounds 2-24. Reagents and conditions: (a) R'NH,, THF; (b) R-Ph-B(OH),, Pd,dba;, DavePhos, K;PO4, DMA, 68 °C;
(c) H,, Pd/C, MeOH; or Fe, HOAc; (d) R2CO,H, PPA; (e) Hy, Pd/C, HOAc, MeOH, 50 p.s.i.; or 1—BH3THF, reflux, 1 h; 2—HCI; (f)

dimethylsulfate, K,COs;.
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Scheme 2. Synthesis of benzotriazole and benzimidazolone com-
pounds 25 and 26. Reagents and conditions: (a) NaNO,, HCI; (b)
1—BH; THF, reflux, 1 h; 2—HCI; (c) CDI, THF.
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iron in acetic acid in instances with halogen-containing
substrates. The resulting diamine compounds 6 were
heated with carboxylic acids (or esters) in the presence
of a catalzytic amount of PPA to give the benzimidazoles
7 with R groups in place. Finally, nitrile reductions oc-
curred optimally through either high-pressure hydroge-
nation or borane reduction to yield the final
compounds 8-24.

The synthetic scheme was amenable to simple core mod-
ifications as well (Scheme 2). The benzotriazole 25 and
benzimidazolone 26 were sPlnthesized by treatment of
the aniline 6b (R = 2-Cl, R" = Me) with sodium nitrite
or carbonyldiimidazole, respectively, followed by bor-
ane reduction of the nitrile to give the desired amines.

_ bec J _d

O2 Br N
5b 27 28

Cl NH2 C NH2 Cl _NH2
L g ALy QL
N eng N N
(b e~y b
Br N NC N © N

29 30 NH, 31

Scheme 3. Synthesis of compounds 29-31. Reagents and conditions: (a) Br,, HOAc, 88 °C; (b) Fe, HOACc; (c) formic acid, PPA; (d) 1—BH;5 THF,
reflux; 2—HCI; (e) BOC,0; (f) Zn(CN),, Pd,dbas, DavePhos, K;PO4, DMA, 92 °C; (g) TFA, CH,Cl,; (h) H,O,, KOH, MeOH.
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Table 1. Selected data for benzimidazole analogues: R and R!-modified compounds

= NH2 ;
R | R
X N
?
N

Compound R R! DPP-4 ICsy (uM) DPP-8 ICso (uM) RLM/HLM ¢, (min)
3a H Me 1.0 63 46/93

8 2-CH,OH Me 0.4 NT 39/100

9 2-Cl Me 0.063 50 57/>200
10 2-CONH, Me 4.0 NT NT/NT
11 2-OMe Me 2.0 NT NT/NT
12 2-OH Me 1.6 NT NT/NT
13 2-Me Me 0.098 80 28/183
14 2,4-Di-Cl Me 0.062 25 46/>200
15 2-Cl, 5-F Me 0.32 NT NT/NT
16 2.4-Di-F Me 0.79 NT NT/NT
17 2,4-Di-Cl H 0.63 32 46/129
18 2,4-Di-Cl Et 0.066 50 42/>200
19 2-Cl CH,CH,OH 0.096 20 32/>200
20 2-Cl Bn 0.102 >100 4/8

NT, not tested.

Table 2. Selected data for benzimidazole analogues: R? and R>-modified compounds

Cl_NH2
QL
N\
O X-R?
R5
Compound X R? R® DPP-4 ICsy (uM) DPP-8 ICsy (uM) RLM/HLM ¢/, (min)
9 C H H 0.063 50 57/>200
21 C Me H 0.160 NT 7/>200
22 C Et H 0.097 32 2/>200
23 C CH,OCHj3; H 0.066 40 11/>200
24 C 3-Pyridyl H 0.011 4.0 26/96
25 N H 0.061 40 13/29
26 C= H 0.052 >100 76/>200
29 C H Br 0.050 >100 24/176
30 C H CN 0.008 >100 38/>200
31 C H CONH, 0.032 32 >200/>200

NT, not tested.

The synthesis of R’-substituted compounds 29-31 is
illustrated in Scheme 3. Bromination of intermediate
5b selectively produced compound 27. Nitro reduction,
benzimidazole formation, and nitrile reduction were car-
ried out as previously described to produce compound
29. Boc-protection of the resulting amine was necessary
prior to palladium-catalyzed cyanation of the aryl bro-
mide, and subsequent Boc-deprotection gave compound
30. Finally, hydrolysis of the nitrile with basic peroxide
yielded the benzamide compound 31. Compounds 29-31
were determined to exist as diastereomeric mixtures of
atropisomers by chiral SFC analysis.!> Experimental
data were collected for the compound mixtures.

Results of initial SAR development for the series are
shown in Table 1. Substitution at the ortho-position of
the phenyl ring with a methyl or preferably chloro group
(compounds 13 and 9, respectively) provided a substan-

Figure 4. X-ray co-crystal structure of compound 30 in the DPP-4
active site.
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Table 3. Selected PK parameters for compounds 14, 26, and 30

Compound Dose iv/oral (mg/kg) iv t1> (h) Oral t1)> (h) AUC,, (ug h/mL) Vyss (mL/kg) F (%)

14 0.8/8 7.0 4.4 11.5 4808 100

26 0.7/8.4 4.2 4.0 9.0 1137 49

30 1.0/11.6 3.8 2.9 22.1 1073 122
tial (>10x) boost in potency. Larger or more polar Acknowledgments

groups were not as well tolerated. The addition of a
chlorine at the para-position had little effect. SAR at
the R! position demonstrated that groups larger than
methyl could be tolerated, but no additional improve-
ment in activity was observed.

Once the R and R! groups were optimized (R = 2-CI,
R! = Me), we turned our attention to SAR work at R?
and R’ (Table 2). Substitution at R* with a 3-pyridyl
group (compound 24) resulted in a sixfold increase in
potency (ICso =11 nM), demonstrating the utility in
optimal engagement of Ser209. In addition, the central
core could be modified to the benzotriazole 25 or the
benzimidazolone 26 without significant change in activ-
ity. Substitution at R® proved to be highly productive,
with the 5-cyano group (compound 30) imparting the
greatest  improvement in  enzyme  inhibition
(ICso = 8 nM). This low molecular weight compound
also displayed excellent selectivity over the related S9B
protease DPP-8.

The co-crystal structure of compound 30 in the DPP-4
active site is shown in Figure 4.!* A single atropisomer
of the compound preferentially co-crystallizes with the
enzyme. In addition to the interactions described for
compound 1, the benzimidazole ring displays a n-stack-
ing interaction with Argl25. The chlorine on the phenyl
ring favorably increases the dihedral angle of the bicyclic
system and also makes an electrostatic interaction with
Argl25. The 5-cyano group favorably interacts with
neighboring residues and locks the orthogonal confor-
mation of the bicyclic system.

After acceptable enzymatic activity and microsomal
stability were demonstrated for compounds 14, 26,
and 30, the pharmacokinetic properties of these
compounds were determined in rats (Table 3). Com-
pound 14 showed long half-life, low clearance, and
excellent oral bioavailability. Compounds 26 and 30
showed moderate half-lives, low clearance, and mod-
erately high volume of distribution. The oral bio-
availability was determined to be 49% for
compound 26 and in excess of theoretical 100%
for compound 30.

In summary, we have utilized structure-based design to
build a novel series of non-covalent benzimidazole-
based DPP-4 inhibitors from a small fragment lead.
SAR development led to the discovery of multiple com-
pounds which are potent and selective while maintaining
excellent physical properties and drug-like characteris-
tics. We have developed highly versatile synthetic
schemes for the rapid development of SAR around this
core.
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Abstract—Orally bioavailable, dual inhibitors of TIE-2/VEGF-R2 were identified by elaborating the C3/N13 SAR around a fused
pyrrolodihydroindazolocarbazole scaffold. Analogs bearing a C3-thiophencarbonyl group were evaluated in enzymatic and cellular
biochemical assays; two orally bioavailable analogs were further profiled in functional assays and found to inhibit microvessel
growth in rat aortic explant cultures and inhibit Ang-1-stimulated chemotaxis of HUVECs.

© 2008 Elsevier Ltd. All rights reserved.

Angiogenesis, the development of new blood vessels
from the endothelium of a pre-existing vasculature, is
a critical process required by most solid tumors to sup-
port their localized growth and metastatic dissemination
within the host. This process entails the proliferation
and migration of endothelial cells, the controlled prote-
olysis of the pericellular matrix, the synthesis of new
extracellular matrix components by developing capillar-
ies, the establishment of new intra- and intercellular
junctions, and the morphological differentiation of
endothelial cells to capillary-like tubular networks pro-
viding the rudimentary framework for their subsequent
maturation, branching, remodeling and selective regres-
sion to a highly organized, functional microvascular net-
work.! The pathologic angiogenesis necessary for active
tumor growth is sustained and persistent, with the initial
acquisition of the angiogenic phenotype being a com-
mon mechanism for the development of a variety of so-
lid and hematopoietic tumor types.'® ¢

Inhibition or neutralization of a single factor or ligand—
receptor axis (e.g., VEGF-VEGFR) may not be suffi-
cient for robust inhibition of angiogenesis or tumor

Keywords: Kinase inhibitor; VEGF-R2; TIE-2; VEGFR2; Anti-

angiogenic.

* Corresponding author. Tel.: +1 610 738 6147; fax: +1 610 344
0065; e-mail: tunderin@cephalon.com

0960-894X/$ - see front matter © 2008 Elsevier Ltd. All rights reserved.

doi:10.1016/j.bmcl.2008.02.069

growth in every case.'™? Several angiogenic ligands
and their corresponding receptor tyrosine kinases that
have been implicated in angiogenesis and vasculogene-
sis, acting at distinct phases spatially and temporally
in the angiogenic process in coordinated and compli-
mentary roles to that of the VEGF-VEGFR kinase
axes. Principal among these is the angiopoietin family
of angiogenic growth factors (Ang-1-4) and their endo-
thelial cell-specific receptor tyrosine kinases, TIE-1 and
TIE-2/TEK, which have been implicated in vessel stabil-
ization, maturation and remodeling, and the proper
hierarchical organization of the rudimentary vascula-
ture.'™22.3 Fyrther, evidence indicates that inhibition
of both TIE-2 and VEGF-R2-mediated signaling results
in more dramatic effects on the integrity and stability of
both the normal vasculature and the tumor-associated
vasculature than inhibition of either pathway alone.3®b-#
Thus, optimal anti-angiogenic therapies may necessitate
the inhibition of multiple angiogenic targets such as
VEGF-R2 and TIE-2. Such a strategy is currently being
evaluated clinically® and preclinically.®

As reported earlier, our second generation pan-VEGF-
R dihydroindazolocarbazole (DHI-carbazole) scaffold
(2)7 derived from clinical candidate CEP-7055 (1) pos-
sessed inherently potent VEFG-R2 and moderate TIE-
2 inhibitory activity (respective ICsy values = 16 nM
and 1357 nM, Table 1).° Engineering the molecular
architecture appended to this core provided an effective
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Table 1. R¥R!®* SAR for DHI-carbazoles 5-7

Compound R? R"  TIE-2 VEGFR2
ICso (mM)  1Cso (nM)
5a H H 1357 16
5b H Et 1101 15
5¢ H nPr 136 16
5d H i-Bu 372 17
6a Ac H >1000* 35
6b Ac Me >10K 10
6¢ Ac Et  ~1000° 13
6d Ac Pr 272 3
6e Ac Bu ~300° 26
of Ac i-Pr 726 75
6g Ac i-Bu 83 21
Ta 2-Thiophene-CO H 136 2
7b 2-Thiophene-CO  Et 43 1
Te 2-Thiophene-CO  Pr 26 5
7d 2-Thiophene-CO i-Pr 24 15
Te 2-Thiophene-CO  i-Bu 20 6
8 3-Thiophene-CO i-Bu 63 13
9 2-Furan-CO i-Bu 72 4
10 3-Furan-CO i-Bu 58 8

2 Inhibition = 28% at 1000 nM.
® Inhibition = 50-60% at 1000 nM.
¢ Inhibition = 50-60% at 300 nM.

means to tune the activity against these kinases. The two
most amenable sites for synthetic manipulation included
the indole N13 and aromatic C3 positions. This paper
describes the syntheses and TIE-2/VEGF-R2 SAR, PK
and functional act1V1ty of C3-acyl substltuted DHI-car-
bazole analogs (2, R* = COR and R'* = alkyl).

o fused pyrrolodihydro-

CEP-7055 (1) indazolocarbazole (2)

Functionalization of the DHI-carbazole scaffold (2) is
described in Scheme 1.° Although indole alkylation
could be carried out on 5, (R” =H, Cs,CO3/MeCN/
R'3.1), superior yrelds and easier product isolation were
realized if the R'® group was installed prior to formation
of the fused lactam (e.g., 3). Friedel-Craft acylation
(AlCl3, RCOCI, DCM/MeNO,) proved cleaner with in-
dole- alk]ylated analogs (i.e., 5, R13 # H). However,
when R" = i-Pr (5e), AICI; induced Friedel-Crafts acyl-

NC_~ CO,Et NC CO.Et

Scheme 1. Tandem alkylation-acylation of DHI-carbazole scaffold.
Reagents and conditions: (a) R'*-I, acetone, 10 N aqg NaOH; (b) RaNi,
H,, DMF/MeOH; (c) RCOCI, AICl;, DCM/MeNO, or FeCl;, DCM;
yields for Friedel-Crafts acylations were higher with primary- over
secondary-R!'® and with alkyl over aryl acyl chlorides.

ation of 5 occurred concurrently with a substantial de-
gree of indole dealkylation and impeded product
isolation. In these instances, FeCls/DCM/0 °C proved
to be a more suitable, synthetic alternative. Such side
reactions were not observed with primary (e.g., Et or
i-Bu) indole substituents.

The R*/R"? SAR for DHI-carbazole analogs 5-7 is sum-
marized in Table 1. For analogs 5 (R® = H), VEGF-R2
inhibitory activity was maintained for a variety of R
alkyl substituents; on the other hand, TIE-2 inhibitory
activity increased w1th the length of the R'3 alkyl chain
and Pr and i- Bu groups appeared optimal. This trend
held when R*= Ac (6), and 2-thiophenecarbonyl (7).
Analogs 7b—e demonstrated potent dual inhibition of
TIE-2 and VEGF-R2 kinases and had VEGF-R2 cellu-
lar ICs, values between 10 and 50 nM.%*1 In general,
analogs with R'’=i-Bu demonstrated comparable
inhibitory activity to those with R'* = n-Pr, but the for-
mer possessed slightly superior solubility properties that
facilitated subsequent chemical transformatlons there-
fore the SAR of R? was explored with R as i-Bu.
Although isomeric 3-thiophenecarbonyl (8), 2-furancar-
bonyl (9) and 3-furancarbonyl (10) analogs had compa-
rable VEGF-R2 ICsy values as 2-thiophenecarbonyl
analog (7e), their TIE-2 ICs, values were typically 3-fold
higher. The most potent dual TIE-2/VEGF-R2 inhibitor
remained the thiophene DHI-carbazole ketone (7e).
Therefore the SAR around the thiophene ring was ex-
plored especially with regards to optimizing cellular
VEGF-R2 inhibition (NTH3T3 cells) and pharmacoki-
netic properties.

Substitution (methyl or halogens) around the periphery
of the thiophene ring of 7e led to analogs (7e-7i) that
maintained potent VEGF-R2/TIE-2 kinase inhibition;
however, TIE-2 inhibition fell 8-fold from 7h (3-
Me) — 7i (4-Me, Table 2). Cellular inhibition of
VEGF-R2 benefited from such modifications with ana-
logs 7g and 7h having estimated cellular 1Csy values





2370

Table 2. Thiophene SAR for analogs of DHI-carbazoles (7)
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Compound X TIE-2 ICs, (nM) VEGFR2 ICs, (nM) VEGFR?2 Cell IC 5, (nM) PK
Te H 20 6 10-50 +
7" 3-Cl 13 7 10-50 +
g 3-Br 15 25 <10 —
7h 3-Me 5 10 <10 -
7i 4-Me 43 11 >50 -
<10 nM. However, these latter two analogs had poor
10000 intrinsic PK properties (respective Cl values = 138 + 8
and 72 * 15 mL/min/kg with AUC values = 123 + 8§
{I AR and 261 *+ 67 ng h/mL) compared to_those for 7e and
£ i 7f (Fig. 1). In these latter cases, sustained plasma levels
_ 1000 | - >25-fold higher than cellular ICsy values (VEGF-R2)
£ {% i jf_{ could be achieved after oral dosing (5 mg/kg, rat). De-
& spite the low solubility of these analogs (e.g., aqueous
g ;{/ Q—g solubility at pH =2.0 and 7.4 for 7e and 7f <1 pg/
€ 100 Cz—g;gg mL), iv and oral formulations were homogeneous.
To assist in the design of other DHI-carbazole inhibitors
and support the SAR, a DFG-in inhibitor binding mod-
10

0 1 2 3 4 5 6 7

Time (hrs)
IV 1 mg/kg 7e Oral 5 mg/kg 7e
ty hr 2.32 G0y ng/mL 638
AUC_, ng*hr/mL 5679 naye DT 4
AUC_,, ng*hr/mL 6648 AUC,, ng*hr/mL| 2821
Vd, L/kg 0.52 AUC, ., ng*hr/mL| 4134
CL, ml/min/kg 2.63 tys hr| ND
estimated oral bioavailability ~ 12%
10000
N0
[ ] SN —— IV
vd L — 7foral
z 1000 1 “{
@ by _ S S S
£ - il
g il
L= -
€ 100 | %
=
10
0 1 2 3 4 5 6 7
Time (hrs)
IV 1 mg/kg 7f Oral 5 mg/kg 7f
[ 1.35 C v ng/mL 842
AUC, ng*hr/mL 1443 o BT 3.33
AUC ., ng*hr/mL 1492 AUC,, ng*hr/mL| 3330
V, L/kg 1.4 AUC,_., ng*hr/mL 5145
CL, ml/min/kg 12.0 Ly, hir| ND
Estimated Oral Bioavailability = 69%)

Figure 1. Plasma levels of 7e and 7f in rats, 1 mg/kg iv (3% DMSO,
30% solutol), 5Smg/kg po (5:4:1, Tween 80/propylene carbonate/
propylene glycol).

el of VEGF-R2 described previously was used for dock-
ing experiments.®® The proposed binding mode for 7e in
this model was consistent with the lactam moiety mim-
icking the ATP donor—acceptor interactions at the hinge
region with the lactam N-H sharing a hydrogen bond
with Glu917 carbonyl, and the lactam C=O accepting
a hydrogen bond with the backbone amide of Cys919.
The C3-thiophenecarbonyl occupied a hydrophobic
pocket with the ketone oxygen forming a significant
hydrogen bond with Aspl1046 and Lys868 as shown in
Figure 2.

A similar exercise was carried out to explore putative
binding interactions of 7e with TIE-2.!' Shown in Fig-
ure 3, 7e was anchored into the hinge region with lactam

Valg4a8

A Bludss
Val916 -
Phe918 GWSW/
Val8s9

=l o
.-

Cyso19 e
]

. Phe1047

Cys1045

/

— g

Leu1035 Asp1046

Figure 2. Molecular model depicting 7e docked into VEGF-R2 ATP
pocket.
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Figure 3. Molecular model depicting 7e docked into TIE-2 ATP
pocket.

N-H and C=0 forming a bi-dentate hydrogen bonding
interactions with GIu903 carbonyl, and the backbone
amide of Ala905. The C3-thienyl ketone occupied a
hydrophobic pocket with the carbonyl forming a hydro-
gen bond with Asp982. The hydrophobic pocket was
formed by a series of leucine residues (Leu888,
Leu900, Leu876, Leu985), Alag01, 11e902 and Phe98§3.
Figure 3 shows a hydrophobic surface map around 7e.
In this model, the 3-position (see arrow in Fig. 4) ap-
peared more accessible for substitution (7f-h) than the
4-position (7i) which was adjacent to Leu876 (see Figs.
3 and 4), and this may account for the observed SAR
favoring 7h over 7i.

Two functional assays were used to assess the biological
consequences of inhibiting VEGF-R2 and TIE-2. The
ex vivo anti-angiogenic activity of thiophene-DHI-car-
bazole ketones 7e and 7f were evaluated in a rat aortic
ring explant model, and inhibition of microvessel
growth was assessed (Fig. 5).!2 In this model, microves-
sel growth could be stimulated by a variety of endoge-
nous pro-angiogenic factors including VEGF-R2 and
TIE-2. Compounds 7e and 7f significantly inhibited
the growth of microvessels in a dose dependent manner
with estimated ECs, values of ~20 nM.

A recombinant human Ang-1-stimulated chemotaxis
model was developed to assess inhibition of cell
migration of HUVEC cells in a modified Boyden
chamber (8 pm pore size) assay. HUVEC cells (10°

Figure 4. Hydrophobic surface map of TIE-2 ATP pocket around 7e.

100
g H
Te
£ a -
3
w
" ___
g ED -
e
=
E
Y
° 40 4 -
c
2
s
_-g 20 -
il
04
1nM 4 nM 40 nM 100 nM

concentration

Figure 5. Dose-response (normalized to controls) of 7e and 7f for
inhibition of microvessel formation from rat aortic ring explants.!!
Microvessels counted in triplicate explant cultures during peak phase
(day 8) of microvessel growth ex vivo.

cells/well) and inhibitor (or serum-free media, EBM/
0.1% BSA) were seceded into the upper chambers
and exposed to Ang-1 (750 ng) in the lower chambers.
The cells were allowed to migrate for 16 h through a
fibronectin/gelatin-coated filter. After the migration
period, the filters were stained with Giemsa solution,
the non-migrating cells were removed from the upper
side of the filter, and migrated cells were quantified by
counting cells in three random fields at 100x magnifi-
cation per each filter. In contrast to the multiple fac-
tors driving rat aortic ring microvessel growth, in this
Ang-1-stimulated chemotaxis model, migration was
putatively mediated solely by TIE-2, the high-affinity

50 n

100 nid 4 Te

200 nM

50 nM

concentration

100 v 7f

200 nM

nontreated

0 50 100 150 200 250 300
cell count

Figure 6. Dose-response of 7e and 7f for inhibition of Ang-1-
stimulated chemotaxis of HUVECs. Data points represent means +
SEM of migrated cell numbers/filter. Assays were done in quadrupli-
cate. Statistical analyses were done by the Student-Newman-Keuls
test, with p < 0.05 deemed significant.
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receptor for Ang-1. Significant dose related inhibition
of migration was observed only at concentrations
>50 nM (Fig. 6). Furthermore, in both the rat aortic
ring assay and the HUVEC chemotaxis assays, no
apparent cytotoxicity was evident throughout the
course of the experiments (1-7 days).

When screened at 1 uM, analog 7e demonstrated >80%
inhibition of 21 out of a panel of 101 kinases (Milli-
pore).!3 Some of these 21 kinase targets have significant
roles in angiogenesis and the regulation of tumor cell
growth, progression and survival.

In conclusion, a number of dual inhibitors of TIE-2/
VEGF-R2 were identified by elaborating the C3/N13
SAR around a fused pyrrolodihydroindazolocarbazole
scaffold that possessed inherently potent VEGF-R2
inhibitory activity. A C-3 carbonyl group conferred po-
tent TIE-2, while maintaining VEGF-R2, inhibitory
activity. Two thiophencarbonyl analogs (7e and 7f) were
active in functional cellular assays and were orally bio-
available when assessed in rats. The SAR of alternatively
C3-substituted DHI-carbazoles is currently being pur-
sued,”'* and their in vivo anti-angiogenic and anti-tumor
properties in murine models will be reported separately.
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Abstract—The syntheses of a new class of barbiturate-based inhibitors for human and Escherichia Coli methionine aminopeptidase-1
(MetAP-1) are described. Some of the synthesized inhibitors show selective inhibition of the human enzyme with high potency.

© 2008 Elsevier Ltd. All rights reserved.

Cellular protein synthesis starts with an N-terminal
methionine in the eukaryotic cells or with a formylmethi-
onine in the prokaryotic cells. Removal of the methionine
residue is essential for proper folding, post-translational
modifications and translocation of the synthesized pro-
teins.! The metalloenzymes methionine aminopeptidases
(MetAPs) catalyze the hydrolytic removal of the N-termi-
nal methionine residue from the newly synthesized
proteins.! While the prokaryotic cells contain only the
type-1 enzyme, eukaryotic cells contain both the type-1
and -2 enzymes in the cytosol.> Deletion of the MetAP
is shown to be lethal in various bacteria.?

Since the discovery that the irreversible MetAP-2 inhib-
itor fumagillin prevents angiogenesis, both reversible
and irreversible inhibitors for this enzyme have been
extensively studied as potential anti-angiogenesis and
anti-cancer agents.? Selective inhibition of MetAP-1 in
bacteria (or in parasites) over the human enzymes has
been shown to be a promising approach in designing
new antibacterial* and antimalarial® agents. The role
of MetAP-1 in human cell cycle progression has been
elucidated recently.® Selective inhibition of the human
MetAP-1 (over MetAP-2) led to the arrest of cell
division and induction of apoptosis in leukemia cells.®

Keywords: Type-1 MetAP inhibitors; Barbiturates.
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In contrast to MetAP-2, there are only a few reports in
the literature on inhibition of human MetAP-1. Peptide
hydroxamic acids are reported to be competitive inhibi-
tors for human MetAP-1 with moderate potency.’
Substituted pyridines were identified as another class
of human MetAP-1 inhibitors using high-throughput
screening of 175,000 small organic molecules.*® Ovali-
cin, the highly-potent, non-competitive, natural product
inhibitor for MetAP-2, was found to bind human Me-
tAP-1 weakly.® We have recently initiated a research
program to design and synthesize selective inhibitors
for bacterial MetAP-1 as antibacterial agents and selec-
tive inhibitors for human MetAP-1 as anti-cancer
agents.

Under physiological conditions, the metal ions in the ac-
tive site of MetAPs are not firmly established. The active
site binds to two divalent transition metal ions and the
residues responsible for binding to the metal ions are
conserved.* One of these two bound metal ions under-
goes a rapid exchange with free metal ions in solution.*
Since Co (II) ions activate all MetAPs, usually the inhib-
itors are screened using Co (II) form of the enzyme. Be-
sides Co (II), Mn (II), Fe (II), Ni (II) and Zn (II) are
proposed as possible metal ions under physiological
conditions.* To complicate inhibitor design, the potency
of MetAP inhibitors depend on the identity of the metal
ions in the active site of the enzyme.® In addition, recent
NMR spectroscopic studies have demonstrated that in
the absence of any substrate or inhibitor, the enzyme
in solution has several structures in dynamic equilib-
rium.* For our studies, we added CoCl, (100 pM) in
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the assay buffer; hence the reported compounds are Co
(IT) coordinating inhibitors.

All of the reported competitive inhibitors for MetAPs
contain a Lewis base to coordinate to the transition
metal ions in the active sites of the enzymes. In pursuit
of designing new types of MetAP inhibitors, we noted
that barbiturate-based potent inhibitors are known for
the matrix metalloproteinases'® and for other metallo-
enzymes.'! Herein, we report that potent inhibitors for
MetAP-1 can be synthesized in one or two high-yielding
steps starting from barbituric acid. To the best of our
knowledge, this is the first report of MetAP inhibition
by the barbituric acid derivatives.

We observed that barbituric acid, 2-thiobarbituric acid
and 1,3-dimethylbarbituric acid were weak inhibitors
for recombinant Escherichia Coli and human MetAP-1
(K; > 100 pM). Preliminary docking studies suggested
that barbituric acid is binding to one of the Co (II) ions
in the active site through the oxygen atom on C-2. Our
goal was to introduce substituents on the barbiturate
moiety to produce more potent inhibitors. Knoevenegal
condensation of aromatic aldehydes appeared to be an
attractive method to achieve this goal as the products
will have alkenes conjugated to the aromatic benzene
ring. The general structures and the syntheses of the bar-
biturate inhibitors are shown in Scheme 1.

We performed the Knoevenegal condensation by heating
to reflux the barbituric acid (or thiobarbituric acid) and
the aromatic aldehydes in water.'? For 1,3-dimethylbar-
bituric acid, the condensation reaction was more conve-
niently performed by grinding the two solid reactants at
room temperature in the presence of amidosulfonic
acid.!? The residue was dissolved in dimethylsulfoxide
and poured into water to precipitate the crude products.
The solids obtained were recrystallized from dimethyl-
formamide to give the pure products.

Escherichia Coli and human MetAP-1 were expressed
and purified as described previously, from expression sys-
tems kindly provided by Dr. Anthony Addlagatta'# and
Dr. Brian Matthews.!> No attempt was made to remove
the His-tags from either protein. Purity of the proteins
was confirmed by SDS-PAGE. Protein concentration

1 X
A H20
HN" "NH 4 ArcHO HN™ “NH
o o Reflux O%\[go
X=08 Ar
0} (o}
HaC< J\ .CHs NH2SO3H HaC\NJJ\N/CHs
;I‘\/’L + AICHO ———
o o) Grind O%\[go
Ar

Scheme 1. General structures and the syntheses of the barbiturate-
based MetAP-1 inhibitors.

was determined using a BCA protein assay kit from
Pierce, with BSA as the standard.

The inhibitory potencies of the synthesized compounds
were determined by using the reported chromogenic
substrate for MetAPs, Met-Pro-p-nitroanilide.'® Proline
aminopeptidase was used as the coupling enzyme and
we ascertained that the synthesized compounds are not
inhibiting this enzyme.!” The yields obtained during
the syntheses of the barbiturate derivatives and the
measured inhibition constants with E. Coli and human
MetAP-1 are shown in Table 1.

We observed that the barbituric acid derivatives were
more potent inhibitors of MetAP-1 compared to the
derivatives of 2-thiobarbituric acid or 1,3-dimethylbar-
bituric acid. Under the enzyme assay conditions
(25 mM HEPES buffer, pH 7.5), the barbituric and thio-
barbituric acid derivatives are expected to exist as the
corresponding conjugate bases.'® It is likely that the
conjugate bases from the compounds 1-20 are the active
forms of these inhibitors. From our preliminary model-
ing studies, it is anticipated that the oxygen atom at C-2
of the barbituric acid moiety is binding to the active site
metal ion of MetAP-1.

The barbituric acid derivatives 1-9 showed moderate to
excellent potency in inhibiting the enzyme. Some of these
inhibitors were found to be selective for the human Me-
tAP-1 over the E. Coli enzyme. For example, compound
4 was 67 times more potent in inhibiting the human en-
zyme (K;=5puM) compared to the E. Coli MetAP-1
(K; =335 uM). In order to determine the effect of an
additional potential coordinating atom to the active site
Co (IT) atoms of MetAP, we synthesized the barbiturate
derivative of 2-hydroxy-4-methoxybenzaldehyde. How-
ever, the resultant compound was found to be a weak
inhibitor for both E. Coli and human MetAP-1
(K; > 100uM for both enzymes) (data now shown).

Inhibitors with substituents on the benzene ring were
more effective compared to the molecule containing
the unsubstituted benzene ring. In general, for E. Coli
MetAP-1, compounds with electron releasing groups
at the para-position of the benzene ring showed higher
inhibitory potency compared to compounds with elec-
tron withdrawing groups on the aromatic ring. We did
not observe any such trend for the inhibition of the
human MetAP-1. Based on our calculations employing
the semi-empirical PM3 force field (Spartan 06, Wave-
function Inc.), the charge densities at the oxygen atoms
of the barbituric acid moiety are not perturbed by the
nature of the substituents on the benzene ring. Cur-
rently, we are performing quantitative structure activity
relationship studies with the synthesized inhibitors and
MetAP-1 to determine the origin of this observed
selectivity.

All of the compounds excepting 10 were competitive
inhibitors for both E. Coli and human MetAP-1. Com-
pound 10 was the most effective inhibitor synthesized
(K;=50 and 10nM for the E. Coli and human
MetAP-1, respectively) and it demonstrated a mixed
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Table 1. Structures, synthetic yields and the inhibition constants of the barbiturate derivatives

X
R. N )J\ N R
O | (0]
Y
Product X R Y Yield (%) K; (uM), MetAP-1
E. Coli Human

1 (6] H CeHs 85 517+ 63 162 + 13

2 O H Ce¢Hy-pNO, 86 105+ 18 8§+1

3 (0] H Ce¢Hy-mNO, 61 29+2 2+0.3

4 (6] H Ce¢Hy-pCOH 79 335+47 5+1

5 (0] H Ce¢H4-pOH 86 4+1 102

6 (@) H CeHy-pF 89 89 £ 12 2+0.2

7 (6] H C¢Hy-pNMe, 96 131 102

8 (6] H CeH4-pOMe 94 25+2 2104

9 (6] H CH=CH,C4H; 88 12+3 9+2
10 (6] H CH=CH,C¢H4-pNMe, 83 0.05+0.03 0.01 = 0.002
11 S H C¢Hs 67 >100 >100
12 S H Ce¢Hy-pNO, 75 >100 >100
13 S H Ce¢Hy-mNO, 56 >100 >100
14 S H C6H4-pC02H 23 >100 >100
15 S H Ce¢H4-pOH 94 >100 >100
16 S H CeHy-pF 78 >100 6+0.6
17 S H C¢Hy-pNMe, 96 >100 >100
18 S H CeH4-pOMe 50 87 + 31 > 100
19 S H CH=CH,C4H; 89 >100 98t 4
20 S H CH=CH,CsH4-pNMe, 63 17£1 1£0.1
21 (6] Me C¢Hs 42 >100 >100
22 (6] Me Ce¢Hy-pNO, 56 >100 >100
23 (6] Me Ce¢Hy-mNO, 87 >100 >100
24 (6] Me Ce¢H4-pCOH 89 >100 >100
25 (6] Me C¢H4-pOH 69 >100 >100
26 (6] Me CeHy-pF 87 >100 >100
27 (6] Me C¢Hy-pNMe, 89 >100 >100
28 (6] Me C¢H4-pOMe 54 >100 >100
29 (6] Me CH=CH,C4H; 70 >100 > 100
30 (6] Me CH=CH,CsH4-pNMe, 45 >100 >100

mode of inhibition for both of the enzymes. In fact, 10 is
one of the most potent inhibitors reported for human
MetAP-1 so far. In addition to any electronic effect,
the hydrophobic alkene moieties also possibly contrib-
ute to the excellent inhibitory potency exhibited by com-
pound 10. Structurally, it appears that the addition of
the alkenyl spacer to compound 7 (i.e., compound 10)
leads to substantial improvement in the inhibitory
potency. A similar trend was observed for the inhibitors
1 and 9. Currently, we are evaluating the effect of this
structural modification on the inhibitory potency for
the compounds 2-6 and 8.

In contrast, most of the thiobarbiturate derivatives
synthesized did not inhibit MetAP-1. The thiobarbitu-
rate derivatives 18 and 20 showed weak inhibition of
E. Coli MetAP-1 (K;=287 and 17 uM, respectively).
Compounds 16 and 20 demonstrated moderate and
selective inhibition of human MetAP-1 (K;=6 and
1 uM, respectively). The synthesized derivatives of
1,3-dimethylbarbituric acid (21-30) failed to inhibit
the enzyme. We do not yet understand the molecular

basis for this lack of inhibition exhibited by this series
of compounds. The compounds 21-30 cannot deproto-
nate to generate the conjugate base under the enzyme
assay conditions. In addition, the two methyl groups
on the barbiturate moiety may sterically interfere with
the binding process in the enzyme-active site. Either
of these two factors (or a combination) may lead to
the lack of inhibition of MetAP-1 by this class of
compounds.

In conclusion, we have synthesized several derivatives of
barbituric acid and demonstrated their effectiveness in
inhibiting MetAP-1. All of the reported inhibitors were
synthesized in one step from commercially available
starting materials. One of the synthesized compounds
(e.g., 10) showed excellent inhibitory potency for
E. Coli and human MetAP-1 (K; < 100 nM). Another
moderate inhibitor (e.g., 4) showed very good selectivity
(>60) for human MetAP-1 compared to the E. Coli
enzyme. Detailed molecular modeling and cellular assay
studies are currently in progress and these results will be
reported later.
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Abstract—Oligodeoxynucleic acid (21-mer) containing both negatively charged phosphate and positively charged ribonucleic gua-
nidine linkages (RNG/DNA chimera) have been synthesized. DNA binding characteristics and nuclease resistance of RNG/DNA
chimeras have been evaluated. Using the ber-abl oncogene (cause of chronic myeloid leukemia) as a target, the binding of a 21-mer
RNG/DNA chimera that includes six RNG’s is more than 103.5 stronger than the binding of 21-mer composed solely of DNA.

© 2008 Elsevier Ltd. All rights reserved.

The possible therapeutic use of oligonucleotide analogs
as effective gene regulatory agents in antisense and anti-
gene approaches has kindled interest in their develop-
ment.! Key goals in the design of such agents include
increased binding affinity while maintaining sequence
specificity, resistance to degradation by cellular nucleas-
es, and improved membrane permeability. Rapid degra-
dation of natural oligonucleotides’ phosphodiester
backbones by cellular nucleases necessitated the creation
of chemically modified oligonucleotides including meth-
ylphosphonate,®” methylenemethylimino (MMI),® and
amide linkages.” An alternative approach involves
replacing the oligonucleotide backbone entirely, such
as in the case of peptide nucleic acid (PNA),'%"!2 phos-
phonic ester nucleic acid (PHONA),'3 and nucleic acid
analog peptide (NAAP).'* The modified backbones of
these oligonucleotide analogs render them resistant to
nuclease degradation.

To increase the free energy of oligonucleotide duplex
formation, the negative charge—charge repulsion in dou-
ble-stranded DNA and RNA can be minimized or elim-
inated if the phosphodiester linkages are replaced by
uncharged or positively charged linkages. Addressing
these design features led us to develop deoxynucleic gua-
nidine (DNG), which is obtained via the replacement of

Keywords: Ribonucleic guanidine (RNG); RNG/DNA chimera; Anti-

sense oligonucleotide.
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the negative phosphodiester linkages of DNA
[-O-(PO,™)-O-] by positively charged guanidinium link-
ages [[NH-C(= NH,")-NH-].!>"!7 This replacement al-
ters the electrostatic nature between strands from being
repulsive in native DNA duplexes to attractive in
DNG'DNA duplexes. These favorable interactions lead
to exceptional binding affinities accompanied by excel-
lent specificities, ideal characteristics for a potential anti-
sense agent.'® 2! In addition to these results, the
guanidinium linkage is nuclease resistant,?? and the pos-
itively charged backbones may give rise to increased cell
membrane permeability via electrostatic attraction of
the guanidine moieties to the negative phosphates on
the cell surface.

Because of the potential antisense/antigene aspects of
guanidium linkages of DNG, further studies on the syn-
thesis and properties of guanidium-linked oligonucleo-
tides are warranted.

The interesting differences and similarities between the
nature of DNA and RNA prompted us to explore the
synthesis and properties of ribonucleic guanidine
(RNG), a RNA analog of DNG. Even though RNA
possesses a strong affinity for DNA, its susceptibility
to various nucleases and the labile nature of the phos-
phodiester backbone limit its application.!> RNG
should be better suited as an antisense/antigene agent
because the guanidium linkages are neither suceptible
to cellular nuclease nor chemical degradation under
physiological conditions.
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Preliminary studies involving binding of cationic penta-
meric ribonucleic guanidine (RNG-Us) to DNA and
RNA have been reported.?** Melting temperature
(Ty) and change in circular dichroism (CD) spectra have
been employed to measure the stability of RNG-
UsDNA-As and RNG-UsRNA-A5 duplexes. These
data are compared with data for the corresponding
unmodified RNA, DNA duplex to determine the advan-
tage of the stability and structure of the duplexes. The
order of thermal stability observed was RNG-
U5'DNA-A5 > RNA-U5RNA-A5 > RNG-USRNA-As >
RNA-U5'DNA-A5 > DNA-T5'DNA-A5.23"24

The CD spectra of the RNG-UsRNA-A;5 duplex indi-
cate a structure that is different than the reference struc-
tures of the unmodified duplexes.?*** The CD spectra
and molecular dynamics simulation establish that the
instability of the RNG-RNA duplex results from the
alteration of the natural conformation of RNA upon
the formation of a duplex with RNG. Molecular
dynamics suggests that the different functional groups
of the RNG-RNA backbone lead to differences in back-
bone flexibility and length. The duplex compensates for
these differences by adopting high levels of base-pair
propeller, which in turn causes the natural U-O4. - -A-
N6 hydrogen bond to break. The propeller leaves the
U-04 atom in position to hydrogen bond with the A-
N6 atom of the previous base-pair. In contrast, these re-
sults also demonstrate that the sustained B-type DNA
conformation of the RNG'DNA duplex increases the
stability of this duplex due to the electrostatic attraction.
The affinity of pentameric ribonucleic guanidine (RNG-
Us) to bind to DNA-A; is greater than the affinity of
DNA-TSs.

The demonstration of a marked preference of RNG for
complementary DNA suggests the synthesis of mixed
RNG and DNA sequences and a study of the binding
of these DNA/RNG chimeras with long complementary
sequences of DNA. Such studies may lead to the synthe-
sis of biologically important antisense/antigene agents.

Ider developed oligonucleotides to target the bcr-abl
oncogene, which causes chronic myeloid leukemia
(CML) and bcr-abl-positive acute lymphoblastic leuke-
mia (ALL).% It was demonstrated that anti-bcr-abl oli-
gonucleotides specifically inhibit bcr-abl mRNA
expression up to 70% in hematopoietic cell line and pri-
mary CML. Substitution of uridine—uridine phosphodi-
ester linkages with uridine-uridine guanidium linkages
on the oligonucleotide strands to target the bcer-abl
oncogene (DNA/RNG chimeras) would be expected to
be the more potent candidate of antisense against bcr-
abl oncogene mRNA.

In this paper, we report the synthesis of 21 base-
paired RNG/DNA chimeras, having mixed anionic
phosphodiester linkages of DNA and cationic guanid-
inium linkages of RNG based on the oligonucleotide
sequence to target bcr-abl oncogene. The hybridiza-
tion properties of the RNG/DNA chimeras with com-
plementary DNA have been evaluated using
spectroscopic  techniques. The stability of these

RNG/DNA chimeras toward nucleolytic cleavage has
also been investigated.

Phosphoramidite 927 was synthesized (Schemes 1 and 2)
to facilitate the solid-phase synthesis of oligonucleotide
chimeras containing both the standard phosphodiester
and the guanidium linkages.?® Both the required mono-
mers 3 and 4 were prepared from commercially available
uridine. The amino uridine derivative 3?® was obtained
by benzylation? of 2’-hydroxy function of 13°3! and
subsequent cleavage of the 5’ trityl group of 2. Coupling
of amine 3 with in situ generated carbodiimide from
thiourea monomer 4°%3! using HgCL,/Et;N as reported
previously, resulted in Fmoc-protected guanido dimer
5.32 Debenzylation of 5 followed by phosphitylation
produced phosphoramidite 7.3 Finally, Fmoc and silyl
groups of 7 were removed to afford the desired phospho-
ramidite dimer 93* as shown in Scheme 2.

Phosphoramidite 9 was used as a building block to
introduce guanidium linkages at desired positions in
the chimeric oligonucleotides.?> The chimeras were syn-
thesized using an automated solid-phase synthesizer
with 5'-trityl groups on to allow for HPLC purification.
The final detritylated and HPLC purified oligonucleo-
tides were analyzed by mass spectrometry (ESI) and
found to be the desired chimeric products (Table 1).
Thus, RNG/DNA chimeric oligonucleotides, 10-15 hav-
ing cither one (10-13) or two (14-15) guanidium link-
ages were successfully prepared. RNG linkages were
introduced at the 3’-terminus (11, 13) and middle posi-
tions (10, 12) of chimeras to compare their thermal sta-
bility and resistance to nucleolytic cleavage.

Also, RNG/DNA chimeric oligonucleotides, 19-23
(Table 2), having from three to six guanidium linkages
were successfully obtained by using synthetic synton
12*! in (Scheme 3). Compounds 10*' were prepared by
a previously reported method.3%3! Four—six guanidium
linkages were introduced as blocking 21-mer DNA by
using automated solid-phase DNA synthesizer. The final
oligonucleotides were purified by HPLC and analyzed
by mass spectrometry. Oligonucleotides 19 and 20 have
4 guanidium linkages but in different positions. Also,
oligonucleotides 22 and 23 have 6 guanidium linkages
but in different positions (Table 2). In general, the pos-
itively charged peptide—oligonucleotide conjugates often
show the undesired aggregation formation causing in
difficulties for handling. However, there is no trace of
self aggregation in the RNG/DNA chimeras.??®

All chimeric oligonucleotides were hybridized with their
respective complementary strands in a 1:1 mol ratio in
phosphate buffer (10 mM Na,HPO,, pH 7.1, 0/10/
100 mM NaCl). UV-thermal denaturation studies were
performed to observe the effect of the guanidium linkage
on the formation of duplexes.

All of the temperature versus absorbance curves were
sigmoidal (Fig. 1) showing that the double helix forma-
tion is cooperative. For the duplex formed with RNG/
DNA chimeras (1-6) and complementary DNA, no
apparent difference in 7, occurs between the control
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DNA-DNA and RNG/DNA-DNA at all salt concen- significant effect on the hybridization properties with
trations. Furthermore, it is observed that the incorpo- complementary DNA sequences at all salt concentra-

ration of one or two guanidium linkages has no tions (Table 3).
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Table 1. Sequences used for RNG/DNA characterization

Compound RNG/DNA chimeras Yields (%) Calculated® (M) Founded® (m/z)
13 5'-AAGGGCUgUTTGAACTCTGCTT-3’ 42 6588.33 6589.54
14 5'-AAGGGCTTTTGAACTCTGCUgU-3’ 40 6588.33 6589.61
15 5'-AGGGCUgUTTGAACTCTGCTTT-3' 45 6565.45 6566.70
16 5'-AGGGCTTTTGAACTCTGCTUgU-3’ 43 6565.45 6566.61
17 5'-AAGGGCUgUUgUGAACTCTGCTT-3’ 31 6533.40 6534.50
18 5'-AGGGCUgUUgUGAACTCTGCTTT-3’ 29 6510.52 6511.74

Oligonucleotides RNG/DNA chimera with one or two guanidium linkages guanidinium linkages indicated as ‘g’.
# Calculated molecular weight (M) of oligonucleotides.
° Determined molecular weight (M+H)" of oligonucleotides by mass spectrometry spectra.

Table 2. Oligonucleotides RNG/DNA chimera with four—six guanidium linkages guanidinium linkages indicated as ‘g’

Compound RNG/DNA chimeras Yields (%) Calculated® (M) Founded® (m/z)
19 5’-AGGGTUgUgUgUgUTAACTCTGCTT-3’ 28 6311.18 6311.98
20 5’-AGGGTUgUgUgUTTAACTCTGCUgU-3’ 26 6313.16 6313.61
21 5’-AGGGUgUgUgUgUgUTAACTCTGCTT-3' 22 6292.24 629291
22 5’-AGGGUgUgUgUgUgUgUAACTCTGCTT-3’ 19 6273.33 6273.98
23 5'-AGGGUgUgUgUgUgUTAACTCTGCUgU-3’ 21 6275.31 6275.76
24 5'-AGGGTTTTTTTAACTCTGCTT-3’ Control
# Calculated molecular weight (M) of oligonucleotides.
® Determined molecular weight (M+H)" of oligonucleotides by mass spectrometry spectra.
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The stability of the RNG/DNA-DNA duplexes increases
with the increase in salt concentration (0-100 mM NaCl),
as is seen in DNA-DNA duplexes. This indicates that the

incorporation of one or two guanidium linkages in DNA
does not affect the overall electrostatics of duplex forma-
tion with complementary DNA strand.
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Figure 1. Melting studies 1; thermal denaturation curves for RNG/
DNA chimeras and complementary DNA duplexes. Absorbance was
measured at 260 nm; the concentration of each strand was 6 uM in
10 mM Na,HPO,, 100 mM NacCl, pH 7.1.

The AG® values (at 25°C) calculated using the van’t
Hoff enthalpy values for transitions’®3” involving
RNG/DNA chimera-DNA and DNA-DNA duplexes,
showed that the free energy for the formation of
RNG/DNA-DNA duplex is about the same as for
DNA-DNA duplex. This supports the idea that little
structural difference exists between DNA containing
one or two guanidium linkages and DNA composed en-
tirely of phosphodiester linkages.

Exonuclease I digests single-stranded DNA by catalyz-
ing the hydrolysis of the phosphodiester linkages from
the 3’ to 5'-terminus.?**° Thus, it is assumed that upon
modification of the phosphodiester linkage at the 3’-ter-
minus, the oligonucleotide could be resistant to
exonuclease digestion. To investigate this, RNG/DNA

oligonucleotides 1-6 were subjected to nucleolytic cleav-
age by exonuclease I and the hydrolyzate was analyzed
by RP-HPLC.3® Natural unmodified oligonucleotides
of same sequences were used as controls.

Under the conditions employed, the control oligonucleo-
tides were readily hydrolyzed to shorter length products
within 1 h of incubation; however, the RNG/DNA chi-
meras 2 and 5 were unaltered even after 12 h of incuba-
tion. The RNG/DNA chimeras 1, 3, 4, 6 (rt; retention
time = 24.3, 25.0, 24.9, 25.6), which contain one or two
guanidinium linkages at the center of the oligonucleo-
tide, was partially hydrolyzed after 1 h (rt =21.3 and
24.3,20.3 and 25.0, 22.2 and 24.9, 23.2 and 25.6) of incu-
bation and remained further unaltered even after 12 h.
These observations clearly indicate that the RNG/
DNA oligonucleotides with positively charged guanidi-
um linkages at 3’-terminus, 2 and 5, are totally stable
to cleavage by nucleolytic enzyme exonuclease I.

The melting temperatures and thermodynamic parame-
ters of chimeras (19-23) are provided in Figure 2 and
Table 3. All experimental conditions employed in melt-
ing studies of DNA/RNG chimeras 19-23 were exactly
the same as those of melting studies of DNA/RNG chi-
meras with one or two guanidium linkages.

As expected, chimeras 19 and 20 with four charged guani-
dium linkages in 21-mer DNA binds to complementary
DNA with much higher affinity (7}, = 65.0, 65.1 °C) than
DNA (48 °C) (Table 3). Also, chimeras 21-23, where five
or six phosphodiester linkages have been replaced by gua-
nidium linkages in 21-mer DNA/RNG, bind to comple-
mentary DNA with unprecedented higher affinity
(Tm, =78.7,82.4,83.0 °C). As shown in Table 2, chimeras
19 and 20, or chimeras 22 and 23 have the same number of
guanidium linkages but in different positions. The 3’-end
phosphodiester linkage has been substituted with guani-
dium linkage in chimeras 20 and 23.

Table 3. Melting temperatures and thermodynamic parameters for helix—coil transitions of RNG/DNA chimeras with complementary DNA

RNG/DNA chimera Duplex® 0 mM NaCl 10 mM NaCl 100 mM NaCl
T (°C) —AGY; kI/mol Tw? (°C) —AGY5 kI /mol T, (°C) —AGY5 kI /mol
13 25 33.1 35.9 38.3 41.5 49.0 53.1
14 26 329 35.6 37.7 40.8 49.5 53.6
15 27 31.8 34.5 37.3 40.4 48.6 52.7
16 28 32.6 35.3 38.5 41.7 50.1 54.3
17 29 333 36.1 38.0 41.2 51.3 55.6
18 30 33.1 35.9 38.6 41.8 49.6 53.7
Control 32.7 35.4 37.0 40.1 48.0 52.0
100 mM NaCl
T’ (°C) —AG55 kJ/mol
19 31 65.0 60.3
20 32 65.1 60,3
21 33 78.5 63.0
22 34 82.4 72.1
23 35 83.0 7.2
Control 46 51.6

Thermodynamic parameters were calculated by the method of Gralla and Crothers.

36,37

@ Absorbance was measured at 260 nm in phosphate buffer; the concentration of each strand was 6 pM.

®The reported T,, values are an average of three experiments (+0.2).%%
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Figure 2. Melting studies 2; thermal denaturation curves for RNG/
DNA chimeras and complementary DNA duplexes. Absorbance was
measured at 260 nm; the concentration of each strand was 6 uM in
10 mM Na,HPO,, 100 mM NacCl, pH 7.1.

Thermodynamic calculations were performed in order
to describe the duplex properties more quantitatively.
Standard free energies (AG") for duplex formation are
presented in the following equations:

AG'=—-51.6kJ/mol
DNA (control) + DNA = DNA - DNA (1)
AG"=—60.3 kJ /mol

RNG/DNAchimera, 20+ DNA = 20-DNA

2)
. AG"=—-63.0 kJ /mol
RNG/DNAchimera, 21 +DNA = 21-DNA
3)
. AG'=-72.2kJ /mol
RNG/DNAchimera, 23+ DNA = 23-DNA
(4)

The AAG® of —11.4kJ/mol (Eq. 3 AG°-Eq. 1 AG°)
and —20.6 kJ/mol (Eq. 4 AG’-Eq. 1 AG®) translates
into an increase in binding over multi orders of mag-
nitude. Results clearly demonstrate the over 10> tigh-
ter binding of RNG/DNA chimeras 22, 23 to its DNA
templates compared to natural DNA duplex. The tre-
mendous increase in the free energy of binding of
DNA/RNG chimeras 19-23 (Table 3) support the
powerful attraction between the positively charged
RNG guanidium groups and the negatively charged
phosphates of DNA. This increase is attributed to
both the formation of hydrogen bonds*’® in combina-
tion with electrostatic attraction of RNG for DNA.
This suggests that strategically substituted guanidi-
um-linked uridines may yield powerful antisense
oligonucleotide.

A method for the incorporation of a positively
charged ribointernucleoside into negatively charged
DNA has been demonstrated. The insertion of the
guanidium linkage was accomplished using the stan-
dard DNA phosphoramidite chemistry and automated

solid-phase synthesis techniques. Substitution of one
or two positively charged RNG into a 21 DNA se-
quence provides chimeras that bind to a complemen-
tary DNA strand with similar (or a little higher)
stability is found for the like DNA/DNA binding.
This is a true at various ionic strengths. Incorpora-
tion of positively charged guanidium linkages at the
3’-terminus of the DNA prevents digestion by exonu-
clease I.

The results of melting temperatures of RNG/DNA chi-
meras in which four-six phosphodiester linkages are re-
placed by guanidium linkages, show that four
guanidium linkages in 21-mer DNA are long enough
to enforce the affinity with complementary DNA. Fur-
thermore, oligonucleotide chimeras which have five or
six guanidium linkage in 21-mer have tremendously
higher T, temperature compared to natural DNA du-
plex. It has been strongly suggested that thermodynam-
ically favorable DNA/RNG chimeras may serve as
potent antisense candidates. In vitro experiments to
evaluate the antisense effect of RNG/DNA chimeras will
follow.
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To a mixture of oligonucleotides 10 (0.1 mmol) and
DIEA (0.15mmol) in dried dichloromethane was
added  [chloro-(diisopropylamine)-B-cyanoethoxyphos-
phine] (0.12 mmol) and stirred for 2h. The reaction
solvent was removed in vacuo. Extraction with ethyl
acetate followed by dilution with water, brine, drying

over anhydrous Na,SO,; and evaporating under
reduced pressure. The crude oligonucleotide was
dissolved in 1.0 M TBAF in THF (0.3 mmol) and
stirred at room temperature for 16h. Acetic acid
(0.3 ml) was added, diluted with H,O, and Et,O was
added. The aqueous phase was concentrated in vacuo.
The residue was purified by RP-HPLC (Altech
Macrosphere RP C8 column 0-40% acetonitrile in
3% aqueous acetic acid). Mass spectrometry data for
compound 10, 11, 12.

n 3 4 5 6

Compound  m/z Calculated for mlz Calculated for mlz Calculated for mlz Calculated for
(FAB) (M+H)" (FAB) (M+H)" (FAB) (M+H)* (FAB) (M+H)*

10 CsoH146N17019PSiy Cio7H181N22023PSs Ci25H216N27027PS6 Ci43H251N3,03,PS;
1871.01 1871.51 2283.25 2283.26 2696.73  2696.50 3111.75 3111.32

11 CogH163N19020PSiy Ci16H198N24024PSs Ci34H233N20025PS6 Ci52H26sN34032PS5
2.71.01  2070.11 2484.37 2484.36 2897.95 2898.61 3311.5  3311.8

12 C74H107N19020P Cs6H128N24024P CosH149N290025P Ci10H170N340322P
1613.77 1613.73 1911.93  1911.92 2212.09 2212.38 2511.75 2511.25
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Abstract—Cannabinoid CBI1 receptors have been the focus of extensive studies since the first clinical results of rimonabant
(SR141716) for the treatment of obesity and related metabolic disorders were reported in 2001. To further evaluate the properties
of CB receptors, we have designed a new series of tetrazole-biarylpyrazoles. The various analogues were efficiently prepared and bio-
assayed for binding to cannabinoid CB1 receptor. Six of the new compounds which displayed high in vitro CB1 binding affinities
were assayed for binding to CB2 receptor. Noticeably, cyclopentyl-tetrazole (9a) demonstrated good binding affinity and selectivity

for CB1 receptor (ICso = 11.6 nM and CB2/CB1 = 366).
© 2008 Elsevier Ltd. All rights reserved.

The World Health Organization (WHO) recently de-
clared that obesity has become a global epidemic, posing
a serious threat to public health because of the increased
risk of associated health problems.!? There are growing
evidences that obesity as a chronic disease cannot be
cured only by short-term diet or exercise. Reducing
weight by caloric restriction generally fail as most obese
patients readily regain their lost weight thereafter. There-
fore, medical treatment of obesity became a necessity.?>

Recent development of obesity drugs reveals that it is
possible to control appetite and reduce weight by block-
ing cannabinoid receptors in the brain, liver or muscle,
via cannabinoid (CBl) receptor antagonists or CBI
receptor inverse agonists.>’ A cannabinoid CB1 recep-
tor antagonist is designed to block the effects of endog-
enous cannabinoids. This type of drug is particularly
interesting since it not only causes weight loss but also
reverses the metabolic effects of obesity such as insulin
resistance and hyperlipidemia.® The other cannabinoid
receptor, CB2, is related to immune regulation and neu-
rodegeneration.” Therefore, the CBI/CB2 selectivity

Keywords: Rimonabant; Anti-obesity; Cannabinoid receptor antago-

nist; Tetrazole.

* Corresponding author. Tel.: +82 31 260 9892; fax: +82 31 260
9870; e-mail: jinhwalee@greencross.com

0960-894X/$ - see front matter © 2008 Elsevier Ltd. All rights reserved.
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should be taken into consideration for new drug devel-
opment of anti-obesity agent.

The first specific cannabinoid CB1 receptor antagonist,
rimonabant, was discovered in a high throughput
screening programme at Sanofi-Synthélabo in 1994.1°
Several CB1 receptor antagonists including rimonabant,
SLV319,!! CP-945,598 and MK-0364'2 have been re-
ported to be in various phase of clinical trials.!:%!3.14
A pharmacophore model for the binding of a low energy
conformation of rimonabant in the CB1 receptor has
been well-documented.'*!> The key receptor-ligand
interaction is known to be a hydrogen bond between
the carbonyl group of rimonabant and the Lys192-
Asp366 residue of the CB1 receptor, thereby exerting a

Trp255

Typ 27
Asp366 Lys192

M Val196
Phe278 oD
Phe170
~N C
Leu3s?
Trp279 Q_/ Met384

Trp356
Phe200

Figure 1. Rimonabant and its receptor-ligand interaction.
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stabilizing effect on the Lys192-Asp366 salt bridge as
shown in Figure 1.

So far, various analogues of rimonabant by using strat-
egy such as conformational constraints or scaffold hop-
ping have been designed for the purpose of enhancement
of binding affinity and selectivity for CB1 receptor.® For
the most part, replacements of pyrazole core to 5- or 6-
membered ring scaffolds were actively studied. We envi-
sioned that the key carbonyl group of rimonabant might
be replaced to the corresponding imine-type functional-
ity or ‘imine’-containing heterocycles. Similar ap-
proaches were already demonstrated successfully with
imidazole'%®? or oxadiazole' scaffolds.

Among many heterocycles involving ‘imine-type’ func-
tionality, we were particularly interested in tetrazole as
a viable surrogate of amide, since modification of the
amide moiety into tetrazole could impart a favourable
balance of potency and physicochemical properties to
allow for further in vivo efficacy evaluation. Herein,
we wish to describe the design, synthesis and biological
evaluation of tetrazole-biarylpyrazole analogues as no-
vel CBI receptor antagonists.

Synthesis of tetrazole-biarylpyrazoles commenced with
the generic acid 1.!7 Acid 1 was converted to the acyl
chloride 2 with thionyl chloride, and this intermediate
was then treated with ammonium hydroxide solution

Cl
—
NI CO.H —_—
cl Cl
1
Cl

S. Y. Kang et al. | Bioorg. Med. Chem. Lett. 18 (2008) 2385-2389

in methylene chloride to afford the corresponding amide
3. Subsequently, nitrile 4 was prepared by condensation
of amide 3 with phosphoryl chloride in a high yield.
Treatment of nitrile 4 with sodium azide efficiently gave
rise to tetrazole 5 in a [2+3]-cycloaddition fashion
(Scheme 1).13:1°

With requisite tetrazole 5 in hand, the synthesis of 2-
and 3-tetrazole was studied (see Scheme 2). Tetrazole 5
reacted with alkyl bromide or iodide in the presence of
potassium carbonate in DMF to yield alkyl tetrazole 6
and 7, respectively. Tetrazoles 6 and 7 were separated
by silica-gel column chromatography. Alternatively,
Mitsunobu reaction conditions were utilized for alkyl-
ation of tetrazole 5 with aliphatic alcohols to produce
tetrazoles 6 and 7, respectively, as shown in Scheme 2.

cl cl
a — 0 b = /N\’}l
2 / N 7 /‘N
N~N" NHR NN
&t :
[
Cl i c

8 6

Cl

Scheme 3. Reagents and conditions: (a) NH,R, Et;N, DMAP,
CH,Cl,; (b) PCls, PhCHj3, 10 min; then HNj, rt 1 day then reflux.

Scheme 1. Reagents and conditions: (a) SOCl,, PhCH3, reflux; (b) ammonium hydroxide solution, CH,Cl,, rt; (c) POCl;, DMF; (d) NaN3, NH4Cl,

DMEF, microwave (180 °C, 20 min), 96% overall yield (4 steps).

Cl
aorb _
5 —— N/
joth
cl Cl
6

Scheme 2. Reagents and conditions: (a) RX, K,CO3;, DMF, rt or 80 °C; (b) ROH, PPh;, DIAD, THF, 0 °C to rt.
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As another method, synthesis of alkyl tetrazole 6 pro-
gressed via different pathway as shown in Scheme 3.2°
Thus, treatment of acyl chloride 2 with primary, sec-
ondary and aryl amines in the presence of triethyl-
amine in methylene chloride generated the
corresponding amides 8. Preparation of tetrazole 6
from amide 8 was accomplished efficiently by the ac-
tion of hydrazoic acid and phosphorus pentachloride
as shown in Scheme 3.

As depicted in Scheme 4, each regioisomer of tetrazole
6s or 7s was unmistakably assigned by preparation of
tetrazoles 6s with different reaction pathways as previ-
ously described, and subsequent comparison of 'H
NMR spectra of each sample. All other tetrazole com-
pounds shown in Table 1 were also identified in an anal-
ogous fashion.

The inhibitions data of several key tetrazole-biarylpy-
razoles for the CBI receptor are shown in Table 1.%!
Basically, methyl tetrazole 6a and 7a had poor in vitro
activity for CB1 receptor. But when methyl was super-
seded with ethyl 6b or n-propyl 6c, it showed more than
fivefold increase in binding potency compared to 6a. 1-
Ethyl-1H-tetrazole 6b showed approximately fivefold
more potent than 2-ethyl-2H-tetrazole 7b. But the rela-
tionship between relative orientation of substituents of
tetrazole and in vitro binding activity became less obvi-
ous when the alkyl chain became elongated (see Table 1:
6¢c, 6e, 6g and 6h, or 7c, 7e, 7g and 7h). Better in vitro
inhibition of binding displayed when straight alkyl
chains on tetrazole than branched alkyl chains if the
same number of carbons was counted (see Table 1: 6¢
vs 6d and 6e vs 6f, or 7c vs 7d and 7e vs 7f). Among ali-
phatic alkyl chains tested, the best result for alkyl substi-
tuted tetrazole was obtained when n-octyl was alkylated
to 1H-tetrazole (6h) or 2H-tetrazole (7h). They showed
good binding affinity for rat CBIR (ICsy~ 50 nM),
indicating the importance of non-polar moiety in order
to optimally bind to a hydrophobic area of CBI recep-
tor. Interestingly, 1-cyclohexyl-1H-tetrazole 6s could
not be observed because of poor solubility in DMSO.

The 1-phenyl-1H-tetrazole 6i displayed an improvement
in inhibition of binding compared to the simple aliphatic
chains (ICso = 33.8 nM). Heteroaryl groups such as

Table 1. Inhibitions of rCB1 receptor of alkyl substituted tetrazole®®

Cl
= N~ N~ R
am
cl Cl 7

R Compound ICso? Compound IC 500
Me 6a 1060 Ta >1000
Et 6b 202 7b >1000
n-Pr 6¢ 68.9 Tc 62.1
i-Pr 6d 166 7d 101
n-Bu 6e 87.8 Te 87.7
‘Bu 6f 361
n-Pentyl 6g 184 g 122
n-Octyl 6h 47.3 7Th 50.6
Phenyl 6i 338
Benzyl 6j 94.3 Ti 105
2-Methylpyridine 6k 105 7k 93
3-Methylpyridine 6l 103 7 100
4-Methylpyridine ~ 6m 88.2 Tm 135
2-Methylfuran 6n 53.8 Tn 93.8
3-Methylfuran 60 105 7o 195
3-Methylthiophene 6p 39.8 Tp 77.6
Cyclopropyl 6q 181
Cyclobutyl 6r 423
Cyclopentyl 6s 26.5 Ts 67.9
Cyclohexyl 6t Insoluble 7t 75.8
Cycloheptyl 6u 26.7
Cyclohexylmethyl Tv 85.3

#CBI receptor was collected from brain tissue of SD rat.
® These data were obtained by single determinations.

methylpyridines (6k, 61, 6m) seemed to be tolerated for
the replacement to a degree (ICsy ~ 100 nM), but none
appeared more potent than the simple phenyl group.
However, hydrophobic methylthiophene (6p) appears
to restore similar level of inhibition of phenyl group
for the region. The carbocycle derivatives (6r, 6s, 6u) dis-
played good binding inhibitions (ICsq=42.3, 26.5,
26.7 nM, respectively), indicating that there might be
some SAR potential for other carbocycles. The surpris-
ingly poor result for cyclopropyl (6q, 1Csy = 181 nM)

Scheme 4. Reagents and conditions: (a) cyclohexylbromide, K,CO3;, DMF, 16% (6s) and 61% (7s); (b) cyclohexylamine, Et;N, CH,Cl,, rt; (¢) PCls,

PhCHj3;, 10 min; then HNj, rt 1 day then reflux, 74% overall yield.
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Table 2. Inhibitions of CB1 and CB2 receptors of cycloalkyl substi-
tuted tetrazole™®

X
R
N~
// Y hl
N\N N’N
L, -
Cl
of 9
R R’ X Compound rCBI1 ICs,° hCB2 ICs,°
Rimonabant 4.5¢ 1760¢
Cyclopentyl Me Cl 6s 26.5 >10,000
Cycloheptyl Me CI 6u 26.7 818
Cyclopentyl Me Br 9a 11.6 4240
Cycloheptyl Me Br 9b 16.5 >10,000
Cyclopentyl Et Cl 9c¢ 22.6 840
Cyclopentyl Et Br 9d 14.2 1930

#CBI receptor was collected from brain tissue of SD rat.

®CB2 receptor was recombinant human receptor expressed in CHO
cell.

“These data were obtained by single determinations.

4 These data were obtained by in-house assay.

suggested that there might be a size requirement for the
tetrazole alkyl region to attain good binding to the CBI
receptor. As shown in the case of cyclopentyl (6s, 7s), 1-
substituted 1H-tetrazoles often turned out to be more
potent than 2-substituted 2H-tetrazoles.

In order to improve inhibition levels to the CB1 recep-
tor, a structural replacement unit A to 4-bromophenyl
was undertaken. In addition, extension of methyl to
ethyl on pyrazole core was also studied. A structurally
related series of tetrazole-biarylpyrazole derivatives
was prepared in an analogous fashion previously de-
scribed in Scheme 3. The inhibitions of binding of these
tetrazole analogues are shown in Table 2.

With observation of inhibition activity of CB2 receptor,
interesting compounds were further evaluated. The I1Cs
values were measured for the recombinant human CB2
receptor expressed in CHO cells and employing
[3BH]JWIN-55,212-2 as a radio-ligand.?? Replacement of
5-(4-chlorophenyl) 6s (ICso=26.5nM) with 5-(4-
bromophenyl) 9a (ICso=11.6nM) improved CBI
receptor binding affinity in more than twofold. This phe-
nomenon is clearly demonstrated by comparing 6u
(IC50 =26.7nM) versus 9b (ICso=16.5nM) and 9c
(IC =22.6 nM) versus 9d (ICsy = 14.2 nM), indicating
the importance of bromine on the phenyl ring for the
improvement of activity of CB1 receptor inhibition.
Regarding CB2 receptor activity, there appeared to be
no improvement as chlorines were switched to the corre-
sponding bromides. On the other hand, extension of
methyl to ethyl on pyrazole ring in this series was not
as sensitive as the halogen substitution of phenyl ring
for the inhibition of CBI1 receptor, as exemplified by
two pairs of compounds involving 6s (ICsq = 26.5 nM)
to 9¢ (IC5o =22.6 nM) and 9a (ICs5o=11.6 nM) to 9d
(ICso = 14.2 nM).

In conclusion, we investigated a series of tetrazole-bia-
rylpyrazole derivatives for their inhibition of binding
for cannabinoid CB1 and CB2 receptors. We have iden-
tified a novel tetrazole-based series of small molecule
cannabinoid CB1 antagonists that show potency compa-
rable to that of known CBI1 antagonists. Several com-
pounds in this series exhibited potent CB1 receptor
binding affinities, validating the hypothesis that tetra-
zole could replace amide functionality to act as a bioiso-
stere of amide moiety of rimonabant.

Tetrazoles substituted with alkyl chains, aryl or hetero-
aryl showed moderate potency for CB1R binding. So
far, the best results in this series were obtained when
cycloalkyl tetrazoles were attempted. Thus, cyclopen-
tyl-tetrazole 9a exhibited high level activity as well as
good selectivity of CBIR over CB2R. Additional PK
and in vivo efficacy studies in addition to further SAR
studies of the novel tetrazole-based series will be the sub-
ject of future publications.
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Abstract—A family of aryl-substituted maleimides was prepared and studied for their activity against calmodulin dependant kinase.
Inhibitory activities against the enzyme ranged from 34 nM to >20 uM and were dependant upon both the nature of the aryl group
and the hydrogen bond donating potential of the maleimide ring. Key interactions with the kinase ATP site and hinge region were
found to be consistent with homology modeling predictions.

© 2008 Elsevier Ltd. All rights reserved.

Calcium signaling is a critical component of biological
pathways leading to cardiac' and neuropathic>*> re-
sponses. Additionally, calcium serves as an important
second messenger in processes including apoptosis, cell
cycle regulation, gene expression, and hormone signal-
ing.® In order to induce these responses, calcium utilizes
calmodulin as a ubiquitous intracellular receptor. The
resulting calcium-calmodulin complex binds to and acti-
vates the family of Ca**/calmodulin-dependant protein
kinases (CaMK)s.6 Figure 1. Lead aryl-indolyl maleimide.

The family of CaMKs consists of three types (CaMKI,
CaMKII and CaMKIV). Furthermore, CaMKII is
known to be a family of four isoforms (a, B, v, and 9d)

distributed in various tissue types. For example, CaM- y
KIlo and P are found primarily in the brain,” while Glu100 O N
CaMKIIS is found in the heart.® Utilizing recombinant Secondary W
CaMKII5, commercially available compound 1 Hydrophobic N
(Fig. 1)° was shown to inhibit the enzymatic activity Pocket
with an 1Csq of 380 nM. O
As shown in Figrue 2, compound 1 was docked into a N
homology model of CaMKII$ and key interactions J) Primary
within the ATP binding site and hinge region were iden- H Hydrophobic
tified. Specific interactions include dual hydrogen bonds TN 0 Pocket

e )%Gunoe

"0
Keywords: Calmodulin; Kinase; Inhibitors; Maleimides.
* Corresponding  author. Tel.: +1 650 704 3051; e-mail: Figure 2. Interactions between compound 1 and the CaMKII3
del345@gmail.com catalytic site as indicated by homology modeling.
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between the Glul00 hinge backbone and the maleimide
as well as a salt bridge between Glul06 and the terminal
amine. Additional hydrophobic pockets with varying
geometry were noted.

In order to develop our understanding of the structural
requirements necessary to inhibit CaMKII§, chemistry
was employed where an aryl glyoxalate was reacted with
an aryl acetamide to yield the desired maleimides under
basic conditions.'® Because the glyoxalate and acetam-
ide components were interchangeable, we were able to
utilize a diverse menu of commercially available starting
materials.

With the aryl component serving as the structural vari-
able in this study, enablement of the SAR depended
upon the availability of the required 3-acetamido and
3-methylglyoxalyl indoles. Preparation of the glyoxa-
late, as shown in Scheme 1, began by treating 3-bromo-
propylamine hydrobromide 2 with di-tert-butyl
dicarbonate and diisopropylethylamine giving the de-
sired 3-bromopropyl-tert-butylcarbamate 3. Compound
3 was then coupled with commercially available methyl
3-indoleglyoxalate 4 giving the required substituted
indoleglyoxalate 5

Preparation of the acetamide, as illustrated in Scheme 2,
began with the conversion of commercially available 3-
indole acetic acid 6 to its corresponding benzyl ester 7
utilizing benzyl bromide and cesium carbonate. Com-
pound 7 was then coupled with compound 3 utilizing
conditions already described, and yielding compound
8. The benzyl group was removed via catalytic hydroge-
nation giving carboxylic acid 9. Final conversion to
acetamide 10 was achieved utilizing carbonyldiimidazole
and ammonia.

Continuing with compound 10, commercially available
methyl arylglyoxalates 11 were utilized in the prepara-
tion of target aryl-indole maleimides 13. Alternatively,
commercially available arylacetic acids were converted
to their corresponding arylacetamides 12 utilizing
chemistry identical to conditions (d) shown in Scheme
2. These aryl acetamides were combined with com-
pound 5 yielding additional target aryl-indole malei-

Br

Br
= 7

HBr H,N BocHN
3
OCH,
OCH; >
N
Q ; (b)
4 BocHN 5

Scheme 1. Reagents: (a) (Boc),O, DIEA, CH,Cl,, 100%; (b) NaH,
DMF, 78%.

BocHN 10 BocHN 9 BocHN~ 8

Scheme 2. Reagents: (a) BnBr, Cs,CO3;, CH;CN, 96%; (b) 3, NaH,
DMEF, 60%; (c) H,, 10%Pd/C, MeOH, 87%; (d) CDI, THF then NHj3
(0.5M in MeOH), 94%.

mides, 13. All compounds 13 were converted to their
corresponding primary amine hydrochlorides 14 under
acidic conditions. The chemistry utilized in these
transformations is illustrated in Scheme 3. In order
to study the importance of the basic amine, as shown
in the homology model, examples of compounds 13
were assayed in addition to all of the deprotected ana-
logs 14.

Finally, in order to verify the importance of the hydro-
gen bond associated with the maleimide NH, N-methyl
maleimides were prepared. As shown in Scheme 4,
examples of compounds 13 were treated with methyl

OCH, HN o

+ Aryl
12 \ H
(a) (0] N (0]
BocHN \ Aryl
H, HiCO__o N
OI 4
+ Aryl
1 BocHN 13
(b)
BocHN 1 0 o ¥ o
\ Aryl
N

HCI* H,N 14

Scheme 3. Reagents: (a) ‘BuOK, THF, 40-80%; (b) HCI, dioxane,
MeOH, 100%.
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H CHa
N o N o
a

o o
N N
BOCHNJ)B BocHN/H15

l(b)
o
o N\ 0
\ — Aryl

HCI" H,N 16

Scheme 4. Reagents: (a) Mel, Cs,CO3;, CH3CN, 90-100%; (b) HCI,
Dioxane, MeOH, 100%.

iodide and cesium carbonate to form the methylated
analogs 15. Final cleavage of the carbamate under
acidic conditions yielded the desired primary amines
as their hydrochloride salts 16.

Table 1. SAR based on fused bicycloaryl groups (R')

Rz/\)
Compound R! R? 1Cso (UM)
1 m NH, 038 (n=1)
13a N NHBoc  3.81£0.25 (n=2)
%,
14b / NH, 0.36 £ 0.01 (n=2)
13b s NHBoc >20 (n=2)
14c NH, 029 (n=1)
=,
14d NH, 0.50 £ 0.05 (n = 2)
%,
14e /7 \ NH, 0.63 % 0.04 (n=2)
=N
N
14f /N NH, >20 (n=2)

Table 2. SAR based on monocyclic aryl and heteroaryl groups (R')

Rz/\)
Compound R R’ ICso (LM)
1° m NH, 038 (n=1)
13a N NHBoc  3.81+0.25(n=2)
kS
14g @ NH, 1.35+0.64 (n=2)
13¢ NHBoc  >20 (n=2)
N
14h VAR NH, 1.58 (n=1)
14i 7\ NH, 0.54 (n=1)
14j / N\ NH, 1.60 (n=1)
=N
Y
14k = NH, 1.49 +0.47 (n=2)
SN~
141 = NH, 119 (n=1)
131 SN NHBoc >20 (n=1)

ICs, values!'! for all tested compounds are listed in the
following tables. The data contained in Tables 1-4 re-
fer to the general structure shown in Figure 1. As
shown in Table 1, multiple fused bicycloaryl groups
were studied in an effort to understand the importance
of the indole moiety. As the data suggest, fused bicy-
cloaryl groups were tolerated with ICsy values ranging
from 0.38 to 0.63 uM. Of particular interest is the low-
er potency noted for compound 14f. This supports the
possibility of significant lone-pair/lone-pair repulsion
between the quinoline nitrogen and the adjacent malei-
mide carbonyl thus raising the energy of the bound
conformation.

In an effort to expand the SAR beyond fused bicyclo-
aryl groups, monocyclic aryl and heteroaryl modifica-
tions were studied. As shown in Table 2, monocyclic
substituents were less tolerated than the bicyclic groups
shown in Table 1. In general, these modifications re-
sulted in a 3- to 4-fold loss in potency compared to
compound 1. A notable exception is the 3-pyridyl ana-
log 14i suggesting the possibility of a new interaction
within the active site. However, evidence did not exist
that these relatively small groups were sufficiently capa-
ble of taking full advantage of the active site geometry.
Therefore, a series of substituted monocyclic aryl
groups was studied.
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Table 3. SAR based on substituted monocyclic aryl and substituted
monocyclic heteroaryl groups

Table 4. SAR based on modifications to the indole ring system (R')

Compound R! I1Csp (UM)
Compound R 1Cs¢ (uM) 2,
Y 1 [_Q NH, 038@=1)
° / 0.38 (n= 1) 13a N NHBoc 3.81%0.25 (n=2)
N
S AN
. _ 14 NH 456 (n=1)
14i VAR 0.54 (n=1) q q 2
Is®,
14m O& 0.18 + 0.06 (1 = 3) 14r2 /N NH, 031 (=1
CH,
14n @cm 0.28+0.07 (1 =2) i
14s / NH,  075+031 (n=2)
, 13 e NHBoc 7.6 (n=1)
140 1.3240.26 (n = 2) .
2, %,
o 14t / NH,  0.034£0.009 (n=3)
14p Z 1.68 (n=1) 13t N NHBoc 7.54 (n=1)
H

Based on the relatively higher potency noted for the 3-
pyridyl analog 14i compared to all other monocyclic
derivatives, a series of meta-substituted phenyl analogs
were prepared. The data, summarized in Table 3, indi-
cate that small groups such as bromo 14m or methyl
14n can further enhance potency through more optimal
hydrophobic interactions. However, larger groups such
as phenyl 140 or phenoxy 14p caused reductions in po-
tency. This indicated that the steric capacity of the
hydrophobic pocket is too small to accommodate such
groups.

With the promising results noted resulting from place-
ment of small groups on the phenyl ring, similar studies
were applied to the parent indole compound 1. As
shown in Table 4, with the exception of inverting the ori-
entation of the indole ring, substitutions on this group
were generally well tolerated. Of particular note was
the 5-bromoindole analog 14t which, according to the
homology model, makes highly efficient use of the
hydrophobic site geometry shown in Figure 2.

Having probed the indole-region hydrophobic site
geometry, attention was directed to the predicted hydro-
gen bonding interactions between the maleimide and the
hinge region. As shown in Table 5, the N-methyl malei-
mide variants of several analogs were prepared and as-
sayed. In all the cases, a significant reduction in
potency was noted. The apparent imbalance between
the 10-fold reduction noted for compounds 16a, 16b,

Table 5. SAR based on methylation of the maleimide nitrogen

Compound R! 1Cso (M)
1 H 038 (n=1)
13a CH; 3.81+0.25 (n=2)

0.36 £0.01 (n=2)

232(m=1)
14g H 135+ 0.64 (n1=2)
16g CH, 15.02(n=1)

Br

14t
16t

H 0.034 £ 0.01 (n = 3)
CH, >20(n=1)

%
/
N
14b w H
16b s CH;
S
/
N
H

and 16g as compared to 16t can be rationalized based
on the methyl group forcing a shift in the binding geom-
etry. The larger substituted indole fits very well when the
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hinge interaction is intact but fits very poorly if the ori-
entation of the inhibitor in the active site is shifted.

In summary, novel inhibitors of CaMKII6 were prepared.
SAR efforts supported homology model predictions
pointing to critical hydrogen bonds between the primary
amine and Glul06 as well as between the maleimide and
Glul100 of the hinge region. These data are supported by
the decreased potency associated with NHBoc and N-
methyl maleimide groups. Inhibitory activity was opti-
mized through incorporation of a 5S-bromoindole generat-
ing compound 14t possessing an ICs, of 34 nM.
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Abstract—A family of aryl-substituted maleimides was prepared and studied for their activity against calmodulin-dependant kinase.
Inhibitory activities against the enzyme ranged from 34 nM to >20 uM and were dependant upon both the nature of the aryl group
and the tether joining the basic amine to the indolyl maleimide core. Key interactions with the kinase ATP site and hinge region,
predicted by homology modeling, were confirmed.

© 2008 Elsevier Ltd. All rights reserved.

Calcium is critical to cardiac' 3 and neuropathic>*3 sig-

naling pathways. Additionally, calcium is an important
second messenger controlling apoptosis, cell cycle regu-
lation, gene expression, and hormone signaling pro-
cesses.® To induce these responses, calcium forms a
complex with calmodulin in order to and activate the
family of Ca®*/calmodulin-dependant protein kinases
(CaMKs).®

The family of CaMKs consists of three types, among
which multiple tissue specific isoforms are known. For
example, CaMKIlIao and B are found primarily in neural
tissue’ while CaMKIIS is found in cardiac tissue.® Previ-

ous work in our group’ identified compound 1 (Fig. 1) GIu100 W
as a 34 nM inhibitor of CaMKII®. .0 /N

Figure 1. Lead aryl-indolyl maleimide.

. H
As shown in Figure 2, compound 1 was docked into a Hydrophobic N
homology model of CaMKIIS and key interactions Pocket ° © Q
within the ATP binding site and hinge region, previously
identified, were verified.>!'” Specific interactions include Q )7
N N
H

dual hydrogen bonds between the Glul00 hinge back-

bone and the maleimide as well as a salt bridge between
Glul06 and the terminal amine. Additionally, optimal Hydrophobic
utilization of the hydrophobic binding pocket by the p A Pocket
bromoindole was noted. N o)
H- . Glu106
\O)S
Keywords: Calmodulin; Kinase; Maleimides; Inhibitors.
* Corresponding author. Tel: +1 650 704 3051; e-mail: del345@ Figure 2. Interactions between compound 1 and the CaMKII$
gmail.com catalytic site as indicated by homology modeling.

0960-894X/$ - see front matter © 2008 Elsevier Ltd. All rights reserved.
doi:10.1016/j.bmcl.2008.02.058
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Based on the observation that the amine is tethered to
the indolyl maleimide core via a flexible linker, our
group became interested in the possibility of improving
inhibitory activity by constraining the tether or utilizing
additional substituents. In order to realize this goal, pre-
viously described chemistry® was employed where aryl
glyoxalates were reacted with aryl acetamides to yield
the desired maleimides under basic conditions (Scheme
1).!! This chemistry reduced the synthetic problems to
the preparation of suitably functionalized indole-3-
acetamides or methyl indole-3-glyoxalates.

Referring to the structures listed in Tables 1 and 2, com-
pounds 6a—c, 7b—f, and compounds 7h-i were prepared
according to Scheme 1 using acetamides prepared from
commercially available arylacetic acids as shown in
Scheme 2. Of the required glyoxylates, commercially
available methyl 3-indoleglyoxylate and methyl (1-meth-
ylindole)-3-glyoxylate were utilized. The 1-(3-aminopro-
pylindole) glyoxylate required for compounds 7a-d was
prepared as previously described.’

Regarding the structures in Table 4, the required indole-
glyoxylates were prepared from commercially available
3-(1-indole)- and 4-(1-indole)piperidine. As shown in
Scheme 3, protection of the piperidine nitrogen was fol-
lowed by treatment with oxalyl chloride and methanol
giving the desired compounds 2.

Having addressed various patterns of rigidity and the
structural requirements of the amine-tether combina-
tion, interest turned to actual substitutions on the tether
itself. In accessing this SAR, compound 7q (Table 5) was
prepared using the chemistry described in Scheme 4. As

0« _OCHs  HN__q¢

(¢}
+ Aryl
\ ry

’T‘ 3 \ H
Tether (a) 0o 0

Boc/Bnl-Amine —

2 \ Aryl
0 NH, H;CO o / N
|
OI (@) Tether
\ + Aryl Boc/Bn-Amine
6
N 5
Tetlher J (b) or (c)
Boc/Bn-Amine
4 H
o~N~ 0
\ Aryl
\
Tether
Amine ‘HCI
7

Scheme 1. Reagents: (a) ‘BuOK, THF, 40-80%; (b) HCI, dioxane,
MeOH, 100%; (c) H,, 10% Pd/C, MeOH, 50-80%.

Table 1. SAR indicating the relationship between the amino group
and potency

Compound R! 1Cs (UM)
7a'? m CH,CH,CH,NH, 0.38 (n=1)
7g! N H 1.19 (n=1)

H

Br

7b %, CH,CH,CH,NH, 0.034 % 0.009 (n = 3)
Te / CH; 0.87 (n=1)

N

H
7e CH,CH,CH,NH, 1.35+0.64 (n=2)
7t CH; >20 (n=1)
7h H >20 (n=1)
7d i3 CH,CH,CH,NH, 0.18 0.06 (1 = 3)
7i QBr H 353 (n=1)

Table 2. SAR indicating the dependence of amine basicity on potency

Compound R' R? ICso (ULM)
7al3 iLL CH,CH,CH,;NH, 038 @m=1)
6a / CH,CH,CH,NHBoc 3.81 % 0.25 (n = 2)

N

H

Br

7b CH,CH,CH,NH, 0.034 £ 0.009 (n =3)
6b / CH,CH,CH,NHBoc 7.54 (n = 1)

N

CH,CH,CH,NH,  1.35+0.64 (n=2)
CH,CH,CH,NHBoc >20 (1 = 2)

H
Tc
6¢

illustrated, compound 7h (prepared using previously de-
scribed chemistry)® was first reacted with epibromohy-
drin and then with ammonia thus providing the
desired 1,2-amino alcohol.

ICs values'? for all tested compounds are listed in the
following tables. As shown in Table 1, the importance
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HO.__o H,N

\<40
Aryl (a)

8 3

Scheme 2. Reagents: (a) CDI, THF then NH; (0.5 M in MeOH), 94%.

0 OCH;
o
OOy O
N (a) N (b) N
/‘\ (CHy), (‘\ (CHy)y (CHy),
/ / /
(CH,),—NH (CH,),—NBn (CH,),—NBn
9 10 2

Scheme 3. x=1, y=2 or x=2, y = 1. Reagents: (a) BnCl, K,COs,
H,0, CH,Cl,, 60-70%; (b) oxalyl chloride, CH,Cl, then MeOH, 70—
80%.

Scheme 4. Reagents and condition: (a) NaH, DMF, epibromohydrin;
(b) NH3/H,O0, 100 °C, sealed tube, 24% (2 steps).

of an amine tethered to the indole moiety was confirmed
via the study of a series of amines as compared to in-
doles with N-CHj3 or N-H substitutions. The data illus-
trate a drop in potency from 3- to 20-fold over the
corresponding amine-based compounds.

As an extension to the importance of an amino group
tethered to the indole, the importance of basicity was
addressed via a comparison of the potency of amine-
based analogs to their corresponding NH-Boc deriva-
tives. The data, shown in Table 2 and summarized from
a previous report,” demonstrate that elimination of the
amine basicity results in potency losses ranging from
10- to 220-fold. While one can argue that the steric bulk
of the Boc group could be interfering with the ability of
the inhibitors to bind in the active site, homology mod-
eling indicates that the salt bridge is near the solvent
front and that there is sufficient space available to
accommodate large groups. Furthermore, if binding
was truly impaired, one might expect substantially larger
reductions in potency for parent compounds that do not
possess optimized hydrophobic groups such as 5-
bromoindole.

In dealing with entropic factors, a study was conducted
in order to elucidate the effect of tying the amine group

Table 3. SAR related to the incorporation of cyclic amines connected
to the indole via flexible tethers

\
R
Compound R 1Cs (uM)
7a'? &/\ 038 (n=1)
NH,
7it \/\N/\ 202 (n=1)
K/NH
7k w 145m=1)
N
H
713 g\/O 1.89 (n=1)
’\‘l . n

into a more rigid cyclic structure. The data, summarized
in Table 3, indicate that such modifications result in po-
tency losses ranging from 5- to 8-fold based on the par-
ent tethered primary amine. These results may simply
result from the inhibitors’ inabilities to present the
amine groups to Glul06 while maintaining low-energy
conformations.

Continuing with the exploration into the entropic effects
of flexible tethers, rigidified tethers were incorporated
into our studies. As illustrated in Table 4, such modifica-
tions were generally well tolerated with equipotent activ-
ities noted between the parent structure and the 3-
piperidyl analog. Conversion of a cyclic secondary
amine to a bulky tertiary amine did result in further loss
in potency presumably due to an interruption in the
ability of the inhibitor to present the rigid amine to
Glul06 in a low-energy conformation.

Finally, with respect to direct substitution of the tether
with additional functional groups, addition of a hydro-
xyl group demonstrated the potential for increased
activity. As shown in Table 5, incorporation of this
group onto the parent phenyl maleimide resulted in a
3-fold increase in potency. While this is only a represen-
tative example, this result supports further exploration
in this area. Specifically, the stercochemistry and the
nature of the functional group substitution are of
interest.

In summary, synthetic and commercially available aryl-
indolyl maleimides were studied for their activity
against CaMKIIS. A specific emphasis was placed on
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Table 4. SAR related to the incorporation of rigid cyclic amines amines, rigid amine-tether combinations exhibited equi_
directly connected to the indole potent activity to the previously identified leads. In one

Compound 1Cso (UM) b

5.
6.
7n 0.30 (1= 1)
7.
NH 8.
9.
70 0.64 (1= 1)
N
H 10.
7p flij 1.87+0.18 (n=2)
11.
Table 5. Effect of hydroxyl substitution on tether 12.
Compound R 1Csp (M)
7e 135+ 0.64 (n=2)
NH,
7q ﬁANH2 045 (n=1)
OH
13.
observing the influence of the amine tether on potency.
While primary acyclic amines generally demonstrated 14.

better activity than cyclic secondary or cyclic tertiary

specific example, hydroxylation of the tether indicated
that enhanced activity over the parent may be
achieved.
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Abstract—A family of aryl-substituted maleimides was prepared and studied for their activity against calmodulin dependant kinase.
Inhibitory activities against the enzyme ranged from 10 nM to >20 uM and were dependant upon both the nature of the aryl group
and the tether joining the basic amine to the indolyl maleimide core of the inhibitors. Key interactions with the kinase ATP site and

hinge region, predicted by homology modeling, were confirmed.

© 2008 Elsevier Ltd. All rights reserved.

Calcium is critical to cardiac' 3 and neuropathic>*> sig-
naling pathways. Additionally, calcium is an important
second messenger controlling apoptosis, cell cycle
regulation, gene expression and hormone signaling
processes.® To induce these responses, calcium forms a
complex with calmodulin in order to activate the
family of Ca®*/calmodulin-dependant protein kinases
(CaMK)s.®

The family of CaMKs consists of three types, among
which multiple tissue specific isoforms are known. For
example, CaMKIla and B are found primarily in neural
tissue’ while CaMKIIS is found in cardiac tissue.® Previ-
ous work in our group’-'? identified compound 1 (Fig. 1)
as a 34 nM inhibitor of CaMKIIo.

Docking compound 1 into a homology model of CaM-
KIIS verified previously identified interactions within
the ATP binding site and hinge region.®!® Of particular
interest are hydrogen bonding interactions involving
Glu100 and Glul06 in conjunction with potentially opti-
mal utilization of the hydrophobic binding pocket by
the bromoindole moiety.

Keywords: Calmodulin; Kinase; Inhibitors; Maleimides.
* Corresponding author. Tel: +1 650 704 3051; e-mail: del345@
gmail.com

0960-894X/$ - see front matter © 2008 Elsevier Ltd. All rights reserved.
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Figure 1. Lead aryl-indolyl maleimide.

While exploring the SAR of compound 1, we noted that
repeat assays of previously described compounds® fre-
quently resulted in increases of potency by as much as
10-fold. Following up on the composition of the original
stock solutions, LCMS analysis revealed the presence a
new peak (<20% as measured by HPLC) with identical
mass to the original structure. These observations were
made in comparison with freshly prepared solutions
and stock solutions that were approximately three weeks
old. Finally, this chemical transformation was noted in
all samples where increased activities were observed.
Representative results are shown in Table 1.!!

We speculated that these observations were based on a
photochemically induced Cope rearrangement (observed
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Figure 2. Interactions between compound 1 and the CaMKII§
catalytic site as indicated by homology modeling.

Table 1. Potency variations between fresh and older samples

Compound R 1Cso (UM) fresh 1Cso (UM) old

0.36 £0.01 (n=2) <0.039

w0

1.35+0.64 (n=2) 0.23

hv, O,

Q. Lu et al. | Bioorg. Med. Chem. Lett. 18 (2008) 2399-2403

&5
"’OCH,4

NHCH,

Figure 3. Structure of staurosporine.

by LCMS analysis) followed by spontaneous oxidation
as illustrated in Scheme 1. A survey of the literature re-
vealed that such transformations are known.'? Further-
more, according to our homology model, these planar
structures are not postulated to bind in the same manner
as the parent structures. A binding region exists adjacent
to the ATP binding site which accommodates known
potent and non-specific kinase inhibitors such as stauro-
sporine (Fig. 3)."3

In order to address the problem of spontaneous cycliza-
tion, we designed structures with impaired abilities to
undergo the initial transformation to intermediates sim-
ilar to structure 4. Consequently, all compounds in this
phase of our studies either incorporated substituents to
sterically block cyclization or possessed interrupted con-
jugated systems incapable of participating in Cope-type
rearrangements. Preparation of these compounds is gen-
erally illustrated in Scheme 2. Specifically, acetamides
and methylglyoxalates were combined under basic con-
ditions to generate maleimides.-!° Deprotection of the
amino group yielded the final compounds.

In order to generate the specific compounds of this
study, indole N-acetamides were required. As shown in
Scheme 3, commercially available aminopropylindole
12 was protected as its Boc analog and treated with

L.

HoN

Scheme 1. Cyclization and oxidation of bis-aryl maleimides.
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Scheme 3. Reagents: (a) (Boc),O, CH,Cl,, 100%; (b) iodoacetamide,
NaH, DMF, 70%.

iodoacetamide in the presence of sodium hydride giving
the required structure 13. The conditions for the alkyl-
ation of indoles proved general and were used in the
preparation of all indole N-acetamides required for this
study. These compounds were then substituted for in-
dole-3-acetamides 8 illustrated in Scheme 2. Finally,
the preparation of the indazole based maleimide 19
was accomplished using published procedures for the
synthesis of related structures.'*

As shown in Table 2, an interesting SAR evolved out of
our attempts to generate cyclization impaired structures.
Compared to compound 14.° inserting a methyl group
on either the right hand or left hand indole ring was gen-
erally tolerated. This modification, intended to intro-
duce a steric deterrent to cyclization, resulted in a 2-
fold loss in potency for both compounds. Furthermore,
replacing the left hand indole with an indazole was fully
tolerated with no detrimental effects on potency. This

modification was designed to block the oxidation step
of the proposed cyclization. Finally, by flipping the in-
dole rings, the conjugated system required for Cope-type
cyclizations was blocked. These modifications provided
the most striking observations, with potency highly
dependant upon which indole ring was flipped. As
shown, while compound 16 exhibited greater than a
10-fold reduction in activity, compound 18 was shown
to be 2-fold more potent than the parent. Thus, this
compound became our next generation lead.

Continuing with our improved lead, SAR studies were
designed to assess the importance of the aminopropyl
side chain. Previous reports, as well as our homology
model, have alluded to the need for a basic group. Con-
sequently, our SAR focused on tether rigidity and sub-
stitutions on the amine. All compounds in this study
were prepared using chemistry described in this and pre-
vious reports.”!® Furthermore, all substituted indoles
were obtained from commercial sources.

As shown in Table 3, the conversion of the amine to an
alcohol lent further support to the importance of the
presence of a basic group by causing a 30-fold drop in
potency. Furthermore, converting the primary amine
to a tertiary amine resulted in a 4-fold drop in potency.
Cyclization of the aminopropyl group into a rigid piper-
idine was also not helpful and resulted in a significant
loss in potency. An apparent breakthrough came when
studying the importance of the tether length between
the indole and the amine. Specifically, reducing the
tether length from 3 to 2 carbons resulted in a 2-fold in-
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Table 2. Activity of cyclization impaired bis-aryl maleimides com-
pared to previously reported parent inhibitor®!°

H
X Y
Compound X Y 1Cso (M)
s
14 \ / 0.38
N N (n=1)
H H
s
15 \ / 075 0.31
N H:C™ ™y (n=2)
p H
Y
16 \ N 4.56
N AN (n=1)
H
s
17 \ / 0.74
N~ CHs Sy (n=1)
4 H
s
\ %,
18 P / 0.19 +0.01
N (n=2)
H
N N (n=2)
$ H

crease in activity. As no significant benefit was noted for
the mono-methylation of the aminoethyl side chain,
both tryptamine and N-methyltryptamine became our
next platforms for SAR studies.

Having identified the utility of tryptamine in our analog-
ing efforts, our attention turned to the importance of
substitutions on the 5-position of the right hand indole
ring. These studies were based on our early success in
the identification of compound 1 coupled with our pro-
posed binding model (Fig. 2). All compounds for this
study were prepared using chemistry already described
in this and previous reports.”-!°

As shown in Table 4, analogs based on tryptamine and
N-methyltryptamine were prepared and studied. For in-
dole modifications that were made on both tryptamine
and N-methyltryptamine, no significant differences were
noted in enzyme inhibitory activity. With respect to spe-
cific indole substituents, Cl provided the best results.
Incorporating more electron withdrawing substituents

Q. Lu et al. | Bioorg. Med. Chem. Lett. 18 (2008) 2399-2403

Table 3. SAR related to the aminopropyl side chain

H
o~N~_0
S
7 N
H
R
Compound R ICsp (uM)
18 &/\ 0.19£0.01 (n=2)
NH,
20 &/\ 074 (n=1)
N(CHs),
21 § 6.00 (n=1)
\/\OH
+ =
22 é\/NHQ 0.11£0.05(n=2)
23 &/NHCHS 0.15(n=1)
24 0.56£0.10 (n=2
EV N(CHa), =2
25 é\ 241 £0.20 (n=2)
N(CHg),
26 0.68 £0.003 (n=2)
N
H
Table 4. SAR of 5-substituted indoles
H
[ NG}
R2
Nl
7 N
] H
R'HN
Compound R! R? ICso (LM)
22 H H 0.11£0.05 (n=2)
23 CH, H 0.15(m=1)
27 H Cl 0010 m=1)
28 CH, Cl 0013 (n=1)
29 H F 0.038 £ 0.008 (n=2)
30 H CF; 0.032 (n=1)
31 H CN 0.046 £ 0.004 (n =2)
32 CH;  CH,CH; 0.11£0.03 (n=23)
33 H OCHj; 0.17£0.06 (n=2)
34 CH, CO,CH, 0.021 + 0.003 (1 = 2)
35 CH; CO,H 0.38£0.10 (n=2)
36 CH; CONH, 019 (n=1)
37 CH,  CONHCH; 028 (n=1)
38 CH, CON(CH;), 11.85(n=1)
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Figure 4. Biaryl- and aniline-based maleimides studied as CaMKIIS inhibitors.

such as F, CF; and CN resulted in 3- to 4-fold reduc-
tions in potency. This trend carried forward into car-
boxyl-based substituents. One dramatic observation is
the activity change noted when moving from a primary
to a secondary to a tertiary amide. While the primary
and secondary amides are comparable in potency
against CaMKIIo, the tertiary amide is 60-fold weaker
than the primary. Finally, the incorporation of electron
donating substituents such as ethyl and methoxy results
in 10- to 20-fold reductions in potency. While these
modifications did not yield analogs with activity compa-
rable to the corresponding Cl analog, these results may
be due to steric interactions with the binding site associ-
ated with the C-O-C or C-C-C bond angles.

In addition to the compounds presented herein, addi-
tional SAR studies were carried out incorporating biaryl
substituents and aniline-based groups. These structures,
generically illustrated in Figure 4, were further substi-
tuted with various electron donating and withdrawing
groups ranging from halogens to alkoxy groups to car-
boxyl-based functionalities. While the data are not in-
cluded in this report, it is important to note that no
benefit was realized when these groups were used as
replacements for the right hand indole system. Further
details will be presented in a future report.

In summary, novel bis-aryl maleimides were prepared
and tested for activity against CaMKIIS. Problems asso-
ciated with spontaneous cyclization of the parent struc-
tures to staurosporine-type scaffolds were addressed and
solved through the inversion of the orientation of one
of the indole rings. Optimization of the basic side chain
resulted in the identification of tryptamine and N-meth-
yltryptamine as core building blocks. Finally, the incor-
poration of 5-chloroindole resulted in an almost 50-fold
increase in enzyme activity compared to the parent
compound 14.
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Abstract—Non-ATP competitive pyrimidine-based inhibitors of CaMKII§ were identified. Computational studies were enlisted to
predict the probable mode of binding. The results of the computational studies led to the design of ATP competitive inhibitors with
optimized hinge interactions. Inhibitors of this class possessed improved enzyme and cellular activity compared to early leads.

© 2008 Elsevier Ltd. All rights reserved.

The importance of calcium signaling to the regulation of
biological pathways, along with the associated roles of
the Ca**/calmodulin-dependant kinases (CaMK)s, was
summarized in previous reports from our group.' In
these reports, maleimide-based compounds capable of
inhibiting a recombinant preparation of CaMKIIS were
described. Concurrent to these studies, a class of pyrim-
idine-based CaMKIIS inhibitors was identified. The
preparation of the initial lead series, shown in Scheme
1, began with a Suzuki coupling* with 2,4-dichloropy-
rimidine generating compounds 3. Buchwald coupling®
of a-S-methylbenzylamine with 2-chloro-4-nitropyridine
followed by the reduction of the nitro group gave com-
pound 6. Compounds 3 and 6 were joined using Buch-
wald conditions.

As shown in Table 1, the initial SAR studies resulted in
a series of inhibitors with ICs values ranging from 1 to
3 uM (Table 1) against the cloned enzyme.® These com-
pounds were determined to be non-competitive inhibi-
tors with respect to ATP. Furthermore, using a
computationally generated homology model for CaM-
KII3,” these compounds were predicted to bind in a
groove near the opening to the ATP site and pointing
towards the solvent front. With this binding hypothesis
in mind, one additional compound, 7f, was prepared in
order to provide better interactions with the solvent
front residues. As the breakthrough structure, this com-

Keywords: Calmodulin; Kinase; Inhibitors; Pyrimidines.
* Corresponding author. Tel.: +1 650 704 3051; e-mail: del345@gmail.com

0960-894X/$ - see front matter © 2008 Elsevier Ltd. All rights reserved.
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pound, for the first time, demonstrated sub-micromolar
potency and was determined to bind competitively with
ATP. This indicated that we were, at that time, interact-
ing with the ATP site, itself. This hypothesis was further
supported through computational analyses where the
carboxylic acid of compound 7f was shown capable of
binding, via salt bridge, to Lys22 thus blocking the
entrance to the ATP site.

Building upon the initial SAR, we studied the parame-
ters surrounding the activity of 7f. In particular, could
the carboxylic acid be modified to alternate functional-
ities, isosteres or homologated analogs? To support this
SAR, compounds 7g-i were prepared according to
Scheme 1. Furthermore, compounds 7j and 71 were pre-
pared from the methyl ester (7e) using standard condi-
tions. Finally, the tetrazole analog 7k was prepared
from a nitrile generated according to Scheme 1 and
reacting the nitrile with TMS azide.®

The data associated with this extended SAR are summa-
rized in Table 2. As illustrated, the position of the car-
boxylic acid was critical with essentially all activity
being lost when this group was moved to the 3-position
(7g). Further supporting the importance of the position-
ing of the carboxylic acid is the loss in potency resulting
in one-carbon homologation (7h). Maintaining an acidic
pH was demonstrated necessary when noting the re-
duced activity resulting from replacing the carboxylic
acid with a dimethylamino group (7i). Like the ester
(7e, Table 1), the methyl amide (7j) failed to demon-
strate an advantage. This was also noted with the tetra-
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Scheme 1. Reagents and conditions: (a) PA[P(Ph)s]4, Na,CO3, CH3CN, 90 °C, 4 h, 50-60%; (b) Pd(OAc),, Cs,CO3, BINAP, dioxane, 90 °C, 20 h,

65-80%; (c) H,, 10%Pd/C, EtOH, 40 psi, 24-48 h, 95%.

Table 1. SAR of initial pyrimidine-based leads

S Nﬂ\
: ~
(W
H H
Compound X 1Cso (UM)
F

7a ‘M©/ 128 (n=1)
7b 314 (=1
7c K\O/ 0.92 (n=1)
7d @q 287 (n=1)
7e w<;>fcozc;|.|3 1.69 £ 0.47 (n=3)
7t NWQCOZH 0.21%0.01 (n=2)

zole (7k) introduced as a carboxylic acid isostere. In
fact, the only additional analog demonstrating sub-
micromolar activity was the hydroxamic acid (71). All re-
sults can be explained by recognizing that non-acidic
groups or acidic groups in sub-optimal positions are
not able to optimally interact with Lys22 at the entrance
to the ATP site as predicted by our homology model.

With compound 7f remaining as our lead analog, our
next exercise was to determine the minimum active

structure of this series. This was accomplished by sys-
tematically carving away the structural components of
7f and testing the activity of the resulting analogs. The
compounds of this new SAR were prepared according
to Scheme 2. As illustrated, dichloropyrimidine was cou-
pled with a boronic acid under Suzuki conditions. Sub-
sequent Buchwald coupling of anilines with the resulting
chloropyrimidine followed by the base hydrolysis of the
methyl esters gave target compounds 11. For compound
11a, the aniline utilized was prepared by coupling
p-methoxybenzylamine with compound 4 followed
by the reduction of the nitro group to an amine (Scheme
1). Subsequent cleavage of the p-methoxybenzyl
group was achieved by treating the ester analog with tri-
fluoroacetic acid. Compounds 11b, 11¢, and 11d were
prepared using commercially available anilines and
aminopyridines.

As shown in Table 3, elimination of the methylbenzyl
group resulted in a 3-fold increase in activity against
CaMKII5. However, when the resulting amine was
removed, the activity trended lower. The true break-
through came when the pyridyl group was replaced
with a phenyl. This modification resulted in a 3-fold
increase in activity over our previous lead 7f. Fur-
thermore, by utilizing our homology model, 11c was
predicted to be capable of entering the ATP site
and making a dual hydrogen bond interaction be-
tween the hinge region and the aminopyrimidine unit.
Additionally, modeling also suggested that the car-
boxylic acid was now forming a new salt bridge with
Lys43 within the ATP site while the phenyl group
was filling a hydrophobic pocket. Additional enhance-
ment of activity was noted by introducing a chloro
group to the meta position of the phenyl ring in or-
der to maximize the occupation of the hydrophobic
pocket. This resulted in an additional benefit to
activity.
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Table 2. SAR surrounding the carboxylic acid of 7f
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Table 3. SAR resulting from structural minimization of 7f

z N Nq Q )N\ Z |
: I
NS \S
N ZSNT N X R ZSNT N
H H H
CO,H
Compound X 1Cso (M) Compound R X ICso (uM)
7t 0.21+0.01 (n=2 -
NWQCOZ'-' ®=2 7 ©/\N“’r N 021£001 (n=2)
H
CO,H
78 1299 (n=1)
@ 11a HN N 0.066 (n=1)
CO,H 11b H 0.39 £0.10 (n =2)
7h WQ_/ 342+033 (n=2) 11c H CH  0.064£0.031 (n=2)
11d Cl CH 0.042 £ 0.007 (n = 2)
7i N@N(CH3)Z 222(=1) Table 4. SAR surrounding the carboxylic acid of 11¢
NZ
7 ~w<;>fcol\“.|c|.|3 0.72£0.39 (n=2) - |
N N X
H H
~N _
7k M"’<;>—<\ Il 226£021 (n=2) Compound X Enzyme Cell-based
n—N ICso (uM) %l at 5 uM
7 0.17 (n=1
M@CONHOH =1 ¢ NVQCOZH 0.064£0.031 0
n=2)
. . . .. . CO,H
Having identified 11c as the critical active structure, the 11e >20 (n=1)
SAR applied to the carboxylic acid region of 7f was ap-
plied to our new lead. The compounds of this SAR were
prepared using chemistry illustrated or described in this 1f NOCO CH. >20(n=1) 0
report and the data are summarized in Table 4. As illus- e
trated and supported by the data in Table 2, the pres-
ence and positioning of an acidic group was essential 11g WQCONHCH >20 (n=1)
.o . . 3
for activity. In fact, where a carboxylic acid and a
hydroxamic acid were essentially interchangeable in Ta-
ble 2 SAR, Table 4 shows this modification to result in a 11h WQCONHOH 029 (n=1) 90
5-fold loss in activity when applied to 11c.
H
Advancing from direct binding assays, CaMKII5-medi- 11i N 077 m=1 0

ated phosphorylation of vimentin was studied in whole
cell systems and modulation of this process was mea-
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Scheme 2. Reagents and conditions: (a) Pd[P(Ph)s]4, Na,CO3, CH3CN, 90 °C, 4 h, 50-60%; (b) Pd(OAc),, Cs,CO3, BINAP, dioxane, 90 °C, 20 h,
75-85%; (c) NaOH, MeOH, H,0, 95%.
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Figure 1. Amine-based maleimides interact with Glul06.

sured as a function of inhibitor concentration.® As
shown in Table 4, there was initially no significant cellu-
lar activity noted for our inhibitors. Recognizing the va-
lue of tetrazoles and hydroxamic acids as carboxylic
acid isosteres, these groups were studied for their poten-
tial to improve cell penetrance. As shown, only the
hydroxamic acid exhibited interesting activity. There-
fore, with a narrow SAR for aryl functionality and the
poor cellular activity of acid-based inhibitors, we sought
new alternatives.

Turning to work presented in previous publications,' 3
we recognized that our homology model indicated that
the amine tether of our maleimide inhibitors interacted
with Glul06 (Fig. 1). Furthermore, our model placed
Glul106 in close proximity to Lys43. Using this informa-
tion, coupled with computational docking studies in the
homology model ATP site as well as solvation energy
calculations,'® compounds were designed with acidic
groups at the aryl 4-position replaced with basic groups
at the aryl 3-position. Preparation of these analogs,
illustrated in Scheme 3 involved Suzuki couplings of
boronic acids with dichloropyrimidine. Subsequent
Buchwald coupling with 3-chloroaniline gave the target
compounds 15. For analogs 15a, 15b, and 15e, the
sequence was executed using boronic acids with Boc-
protected amines. Formation and cleavage of the

Cl

N~ N

Table 5. SAR surrounding amine-substituted aryl groups

Enzyme
ICso (M)

Cell-based
ICsp (uM)

Compound X

0.042 £0.007 0% I at

11d @COZH
(n=2) 5uM

NH,
15a 0.66 = 0.04

(n=2)

15b /N 0.009 0.32
N NH
/

n=1 n=1

15¢ /7 N\ 0.24 +0.05
N O n=2)
15d 0.93 +0.04
N (n=2)
s
15¢ \/\NH2 0.012 0.11
(n=1) (n=1)

Boc-protecting group was achieved under standard con-
ditions. Furthermore, the boronic acid required for 15e
was prepared by first treating 3-bromoaniline with Boc-
2-bromoethylamine followed by conversion of the bro-
mide to the required pinacolatoboronic ester.

Assay results of the amine-based compounds are shown
in Table 5 and compared to the parent carboxylic acid
analog, 11d. As illustrated, replacing the 4-carboxylic
acid with a 3-amino group resulted in a significant drop
in potency. This confirmed the modeling prediction that
a simple aniline could not reach Glu106. However, when
the amine was replaced with a piperazine, a significant

Cl
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Scheme 3. Reagents and conditions: (a) Pd[P(Ph)s]4, Na,CO3, CH3CN, 90 °C, 4 h, 50-60%; (b) Pd(OAc),, Cs,CO3, BINAP, dioxane, 90 °C, 20 h,

75-85%.
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improvement in activity was noted. In fact, compound
15b demonstrated that we could overcome cell pene-
trance issues with sub-micromolar activity in our cell-
based assay. Furthermore, we validated the importance
of the extended basic group using morpholine or piper-
idine as piperazine variants. In both cases, enzyme activ-
ity was compromised. Finally, an unexpected benefit
resulted from relaxing the positioning of the extended
amine by replacing the piperazine with ethylene dia-
mine. While this compound showed no improvement
in enzyme activity, a 3-fold increase in cellular activity
was noted.

In summary, novel pyrimidine-based inhibitors of CaM-
KII$ were prepared. Homology model predictions were
used to advance the SAR from micromolar inhibitors to
low nanomolar inhibitors. Activity in cell-based assays
was improved by introducing basic groups at the phenyl
3-position and generating a predicted salt bridge with
Glul06. Our most potent inhibitor possessed a flexible
tether to the amine and exhibited an ICsy of 12 nM
against the isolated enzyme.

References and notes

1. Levy, D. E.; Wang, D-X_; Lu, Q.; Chen, Z.; Perumattam,
J.; Xu, Y-J.; Liclican, A.; Higaki, J.; Dong, H.; Laney, M.;
Mavunkel, B.; Dugar, S. Bioorg. Med. Chem. Lett. 2008,
18, 2390.

2. Levy, D. E.; Wang, D-X.; Lu, Q.; Chen, Z.; Perumattam,
J.; Xu, Y-J.; Higaki, J.; Dong, H.; Liclican, A.; Laney, M.;
Mavunkel, B.; Dugar, S. Bioorg. Med. Chem. Lett. 2008,
18, 2395.

3. Lu, Q.; Chen, Z.; Perumattam, J.; Wang, D-X.; Liang,
W.; Xu, Y-J.; Do, S.; Bonaga, L.; Higaki, J.; Dong, H.;
Liclican, A.; Sideris, S.; Laney, M.; Dugar, S.; Mavun-
kel, B.; Levy, D. E. Bioorg. Med. Chem. Lett. 2008, 18,
2399.

4. Zapf, A. In Transition Metals for Organic Synthesis:
Building Blocks and Fine Chemicals, 2nd ed.; Beller, M.,
Bolm, C., Eds.; Wiley-VCH: Weinheim, 2004; p 1344.

5. Wolfe, J. P.; Buchwald, S. L. J. Org. Chem. 2000, 65, 1144.

6. Assays were performed with inhibitor or suitable control
solvent added 10 pl per well in a 96-well microtiter plate
(Corning, NY). CaMKII§ was diluted in enzyme buffer
(50 mM PIPES, pH 7, 0.2 mg/ml BSA, 1 mM DTT) and
added 10 pl per well. Reactions were initiated with 30 pl
reaction buffer (62.5 mM PIPES, pH 7, 0.25 mg/ml BSA,
33.3mM MgCl,, 83 uM ATP, 0.4 mM CaCl,, 8.3 pg/ml
calmodulin, 25 uM [His 5] Autocamtide-2, 120 nM [g-
33P]ATP) and incubated at RT for 3 min. Reactions were
terminated by transferring 25 pl to a UNIFILTER 96-well
P81microplate (Whatman, UK), pre-wet with 15 ul 1%
phosphoric acid. After 10 min, the plate was washed three
times with 1% phosphoric acid and one time with 95%
ethanol on a BiomekFX (Beckman—Coulter, CA)
equipped with a vacuum manifold. Plates were dried for
approximately 60 min, scintillant was added to the wells,
and the plates were read on a TopCount NXT Microplate
Scintillation and Luminescence Counter (Perkin-Elmer,
MA).

7. An homology model of autoinhibited CaMKIId was built
based on the crystal structure 1A06 of autoinhibited rat
CaMKI. Because rat CaMKI shows high sequence
homology with CaMKIIJ, this model was used to study
inhibitors that were not ATP competitive. Due to the
lack of availability of a crystal structure of activated
CaMKII3, homology models were built based on crystal
structures 1CDK, 1PHK, and 1KOB. From these homol-
ogy models, we selected the one best explained the SAR.
The accuracy of this model was validated using point
mutation studies.

8. Amantini, D.; Beleggia, R.; Fringuelli, F.; Pizzo, F.;
Vaccaro, L. J. Org. Chem. 2004, 69, 2896.

9. HL-2 cells were pre-incubated with increasing concentra-
tions of an inhibitor for 1h at 37°C. CaMKII was
activated by cell treatment with 1 rmuM ionomycin for
15 min at 37 °C. Cells were then lysed in ice-cold M-PER
cell lysis buffer (Pierce) and frozen at —80 °C. Inhibitor
1ICso values were determined by an ELISA assay of
cell lysate measuring intracellular vimentin phosphory-
lated at Ser82 (Delling, Catalano, Wang, Higgins,
unpublished).

10. Solvation energy calculations were generated using ZAP
(Openeye Scientific Software).
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Abstract—The synthesis, selectivity, rat pharmacokinetic profile, and drug metabolism profiles of a series of potent fluoroolefin-
derived DPP-4 inhibitors (4) are reported. A radiolabeled fluoroolefin 33 was shown to possess a high propensity to form reactive
metabolites, thus revealing a potential liability for this class of DPP-4 inhibitors.

© 2008 Elsevier Ltd. All rights reserved.

Since the approval of sitagliptin (1, Fig. 1) as a new treat-
ment option for type 2 diabetics, inhibition of dipeptidyl
peptidase IV (DPP-4) has become an established mech-
anism for the treatment of type 2 diabetes.! DPP-4 is
responsible for the inactivation of glucagon-like peptide
1 (GLP-1) and glucose-dependent insulinotropic poly-
peptide (GIP), both of which enhance the secretion of
insulin in a glucose-dependent manner. Additionally,
GLP-1 has been shown to stimulate insulin biosynthesis,
inhibit glucagon secretion, slow gastric emptying, reduce
appetite, and stimulate the regeneration and differentia-
tion of islet B-cells.>* DPP-4 inhibition increases circu-
lating GLP-1 and GIP levels in humans, which leads
to decreased blood glucose levels, hemoglobin A levels,
and glucagon levels.>* DPP-4 inhibitors offer a number
of advantages over existing diabetes therapies including
a lowered risk of hypoglycemia, the potential for weight

Keywords: Fluoroolefin; DPP-4; Dipeptidyl peptidase IV; Oxadiazole;

Amide bond mimic; Amide bond mimetic; Amide bond bioisostere;

QPP; DPP-II.
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5350; e-mail: scott_edmondson@merck.com
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loss, and the potential for the regeneration and differen-
tiation of pancreatic B-cells.’

Previous reports from these laboratories described the
optimization of a B-substituted phenylalanine derived
class of DPP-4 inhibitors which culminated in the dis-
covery of the potent and selective orally active DPP-4
inhibitor 2.% Further work with B-substituted o-amino
amides afforded a potent and selective oxadiazole class
of DPP-4 inhibitors represented by 3.7 Surprisingly, X-

F
F NH, o
N =N
F N ¢
R
N
MeO,S ) I\O C>_<\ N
N N-O  NH,
4

Figure 1. Potent and selective DPP-4 inhibitors, including sitagliptin
(1), a-amino amides 2 and 3, and fluoroolefins 4.
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ray crystallographic analysis of compounds from these
structure classes revealed that 2 and 3 interact with dis-
tinct pockets of the DPP-4 binding site.

The identification of suitable amide bond bioisosteres is
an active area in medicinal chemistry research.® Fluoro-
olefins represent one such class of bioisosteres that mi-
mic amide bonds both geometrically and
electronically,” and the successful incorporation of flu-
oroolefins as amide bond mimetics has been reported
in multiple biologically relevant systems.!® Welch and
co-workers studied a series of fluoroolefin-derived
DPP-4 inhibitors,'! and more recently Van der Veken
et al. also reported structure—activity relationships of a
series of fluoroolefin-derived dipeptidyl peptidase inhib-
itors.!?> We sought to incorporate fluoroolefins as amide
bond mimetics into the oxadiazole-derived DPP-4 inhib-
itors 3 in an effort to improve the selectivity and phar-
macokinetic properties of this inhibitor class. This
paper will describe the chiral synthesis and biological
profile of a fluoroolefin class of DPP-4 inhibitors repre-
sented by the general structure 4.

The synthesis of fluoroolefin DPP-4 inhibitors began
with a Horner—-Emmons reaction of triethyl 2-fluoro-2-
phosphonoacetate with cyclopentanone (5) to form the
somewhat volatile fluoroenoate, which was quickly re-
duced to afford allylic alcohol 6 (Scheme 1). Oxidation
of 6 with Dess—Martin periodinane afforded the corre-
sponding volatile aldehyde, which was immediately con-
densed with Ellman’s (R) tert-butyl sulfinamide to give
chiral imine 7. Exposure of 7 to the titanium ester eno-
late of methyl acetate generated the desired S-amino ste-
reocenter and  subsequent  protecting  group
manipulation produced the Boc protected amine 8.3
Alkylation of the potassium enolate of 9 with methyl io-
dide selectively afforded the syn ester diastereomer 9,”
which was hydrolyzed to give acid 10. Condensation
of 10 with the substituted benzamidoximes was followed

il H
c,d
Oﬁ 2% Ho &5 s
t-Burmig”
‘ ¥
F Me F
€9  MeO N RO N
O NHBot O NHBo
8 9,R=Me
'|__.10,R H
Me g
. R
ik TSN \N\ X
= N-O  NHg
TFA
20-28

Scheme 1. Synthesis of DPP-4 inhibitors 20-28. Reagents and condi-
tions: (a) THF, NaH, (EtO),POCHFCO,Et, rt; (b) DIBAI-H, Et,0,
—78°C (79% yield, 2 steps); (c) Dess—Martin periodinane, CH,Cl,
(93% yield); (d) (R)---BuSONH,, Ti(OEt),, THF, A (96% yield); (e)
MeCO,Me, LDA, TiCl(Oi-Pr);, THF; (f) MeOH, HCI; (g) THF,
NaHCO; (aq), Boc,O (75% yield, 3 steps); (h) KHMDS, Mel, THF,
—78°C (78% yield); (i) LiOHq, THF (86% yield); (j) EDC,
ArC(=NOH)NH,, CH,Cl, then tol, dioxane, A; (k) TFA, CH,Cl,.

by thermally induced cyclocondensation to furnish the
desired oxadiazoles.!* Deprotection of the Boc group
then afforded the desired inhibitors 20-28.13

Ester 8 was also alkylated with allyl bromide to give a
mixture of syn/anti diastereomeric o-allyl esters 11
(Scheme 2). Ester hydrolysis was followed by oxadiazole
formation as above to afford 12. The terminal olefin of
12 was next converted to an alcohol using the following
three-step sequence: osmylation of the olefin to afford a
diol, oxidative cleavage of the diol to give the acid, and
reduction of the corresponding mixed anhydride to fur-
nish the alcohol. Alternatively, 12 could be chemoselec-
tively cyclopropanated by treatment with diazomethane
under palladium catalysis.'® Separation of the syn/anti
diastereomers (syn was minor, Fig. 2) was followed by
deprotection of the Boc groups to give alcohols 29/30
and cyclopropanes 31/32.

A carbon-14 radiolabeled ethyl sulfone 33 was synthe-
sized by treatment of methyl sulfone 13 with KHMDS
and labeled methyl iodide (Scheme 3). Deprotection of
the Boc group furnished ethyl sulfone 33.

The potency and selectivity profiles of selected oxadiaz-
ole amides and fluoroolefins are reviewed in Table 1.
Compounds were tested for inhibition of DPP-4 and
selectivity over quiescent cell proline peptidase (QPP,
DPP-1I), prolyl endopeptidase (PEP), aminopeptidase
P (APP), prolidase, DPP8, and DPP9.!”-!8 The fluoro-
olefins generally displayed excellent (>1000-fold) selec-
tivity for DPP-4 inhibition over the counterscreens,

. Me0:S
8 —
NHBOC NHBoc
\'/\I\(\E> 29, syn, R = CH,OH
30, anti, R = CH,OH
MeOZSO—< = o
or N’O NH,* 31, syn, R=c-Pr

32, anti, R = ¢-Pr
TFA

Scheme 2. Synthesis of DPP-4 inhibitors 29-32. Reagents and condi-
tions: (a) KHMDS, allyl bromide, THF, —78 °C; (b) LiOH,q), THF
(60% yield, 2 steps); (¢) EDC, 2-Cl-4-(MeSO,)C¢H3~C(=NOH)NH,,
CH,Cl, then tol, dioxane, A (33% yield); (d) OsO4, THF, pyr (73%
yield); (e) NalO4, KMnO,, THF, H,O; (f) CICO,i-Pr, THF then
NaBH,, MeOH, separate diastereomers (43% yield, 2 steps; syn/
anti = 1:2 ratio); (g) TFA, CH,Cly; (h) CH,N,, Pd(OAc),, Et,0,
separate diastereomers (55% yield, syn/anti = 1:1.5 ratio).

MeF

S a, b
MeOZS
N’O

NHBoc

F
14CH30H2802—©—< \V/|\|/\|:>
NH*

TFA

Scheme 3. Synthesis of radiolabelled ethyl sulfone 33. Reagents: (a)
KHMDS, “CH;l, THF; (b) TFA, CH,Cl.
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including DPP8 and DPP9.!° They were less selective
over QPP, however, thus only QPP data are presented
for comparison. Although the dichlorophenyl amide
14 was more potent than the fluoroolefin counterpart
20, the phenyl methyl sulfone amides such as 15 and
16 (DPP-4 ICsy’s =122 nM and 17 nM, respectively)
were somewhat less potent than the corresponding flu-
oroolefins 23 and 26 (DPP-4 ICsy’s=90nM and
7.5 nM, respectively). Similar to previously reported
data in the oxadiazole series,’ the addition of a fluorine
atom to the pyrrolidine ring in the amides resulted in
~2.4-fold loss of potency at DPP-4 (e.g., 16 vs 17).
Thus, while structurally similar fluoroolefins 29 and 31
were 22-fold and 62-fold more potent at DPP-4 com-
pared to 18 and 19, some of the reduced potency ob-
served with 18 and 19 is likely due to the presence of a
fluorine atom on the pyrrolidine ring in this series of
inhibitors.

Not surprisingly, potency for QPP inhibition also in-
creased substantially in the fluoroolefin series relative
to the amides.'?® In contrast to previous reports, how-
ever, many of the fluoroolefins in Table 1 possess excel-
lent potency for DPP-4 inhibition. To better understand
the structural features of these fluoroolefins that afford
potent DPP-4 inhibition, X-ray crystal structures of 3
and 31 bound to DPP-4 were obtained.

Co-crystallization of 3 (green) and 31 (yellow) with
DPP-4 shows that the major interactions of these inhib-
itors with DPP-4 are similar (Fig. 2).2° Additionally, the

Table 1. Selected oxadiazole-derived DPP-4 inhibitors with amide
bonds and with fluoroolefins

R o R ¢
Rz N Rz N
LT D oI
=/ N0  NH" =/ NO  NHg
3, 14—19TFA x 20-32 TFA
Compound R R’ X 1Cs (WM)
DPP-4 QPP
3 2-F, 4-SO,Me CH,cPr F 0.019 18
14 2,4-diCl Me H 0.203 1.4
15 4-SO,Me Me H 0.122 15
16 2-Cl, 4-SO,Me Me H 0.017 6.4
17 2-Cl, 4-SO,Me Me F 0.040 3.5
18 2-Cl, 4-SO,Me (CH,),OH F 0.070 45
19 2-Cl, 4-SO,Me CH,cPr F 0.013 17
20 2,4-diCl Me — 1.165 0.25
21 2-Cl, 4-CF; Me — 0.525 1.66
22 2-Cl, 4-Br Me — 0.645 0.14
23 4-SO,Me Me — 0.090 391
24 4-SO,CF; Me — 1.490 3.44
25 2-Cl, 4-NHSO,Me Me — 0.057 0.33
26 2-Cl, 4-SO,Me Me — 0.0075 0.33
27 2-Cl, 4-SO,Et Me — 0.050 0.42
28 2-Cl, 4-SO,Me H — 0.021 0.46
29° 2-Cl, 4-SO,Me  (CH,),OH — 0.0032 1.16
30 2-Cl, 4-SO,Me (CH,),OH — 0.093 1.40
31* 2-Cl, 4-SO,Me CHycPr — 0.00021 0.13
32¢ 2-Cl, 4-SO,Me CHycPr — 0.012 0.21

429 and 31 are syn disastereomers, 30 and 32 are anti diastereomers.

)

Figure 2. X-ray crystal structures of amide 3 (green) and fluoroolefin
31 (yellow) bound to DPP-4.2° Interactions of 3 and 31 with DPP-4 are
shown in blue dotted lines. All water molecules and their hydrogen
bond networks have been omitted for clarity.

X-ray structure confirms the syn stereochemical assign-
ment of potent DPP-4 inhibitor 31. Consistent with
the previously reported X-ray structure of compound
15,7 the phenyl ring of 3 appears to stack against the side
chain of Tyr547. Although the cyclopropyl groups are
oriented into a hydrophobic pocket, they do not reach
far enough into this pocket to interact with Arg358,
which has been shown to be an important DPP-4 bind-
ing residue with other selective inhibitors such as 2.° Not
surprisingly, the fluoroolefin functionality of 31 forces
the cyclopentane ring into a coplanar orientation with
the double bond. In contrast, the pyrrolidide ring of 3
appears to be bent slightly out of the plane of the amide
pi-system. Consequently, the cyclopentane ring of 31
and the pyrrolidine ring of 3 adopt slightly different ori-
entations in the DPP-4 binding pocket. The fluorine
atom in 31 aligns well with the amide carbonyl oxygen
of 3 and each of these atoms forms two hydrogen bond
interactions with Asn710 and Glu206 in their respective
X-ray crystal structures.

Inhibitors that possessed superior potency and selectiv-
ity profiles were evaluated for their rat pharmacokinetic
properties (Table 2). Activity at hERG was also mea-
sured in order to assess potential cardiovascular liabili-
ties.?! Selectivity over hERG was excellent for the
three fluoroolefins evaluated, but the oral bioavailabili-
ties of alcohol 29 (F=4%) and cyclopropane 31

Table 2. Pharmacokinetic properties of selected DPP-4 inhibitors in
the rat (1/2 mg/kg iv/po) and hERG binding

Compound Clp (mL/min/kg) #,, (h) F (%) hERG ICsy (uM)

16 6 086 27 37
26 20 2.0 62 19
29 51 1.6 4 47
31 54 1.5 1 7.1

#Value for mean residence time (MRT) is reported since #1/, could not
be calculated due to secondary peaks in the plasma concentration
time profile.
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Table 3. Rat hepatocyte and rat liver microsomal stability of amide 16
and fluoroolefin 26

Compound % Parent remaining at 60 min
RLM? + NADPH Rat hepatocytes

16 56% 88%

26 <LOQ® 3%

2RLM, rat liver microsomes.
®LOQ, limits of quantitation.

(F = 1%) were too low to merit further profiling. In con-
trast, methyl analog 26 displayed improved oral bio-
availability (F = 62%) relative to 29 and 31 and the
corresponding amide derivative 16 (F=27%). On the
other hand, 26 also exhibited increased clearance rela-
tive to amide 16.

In order to better understand the difference in rat intrin-
sic clearance between 16 and 26, each compound was
incubated with rat hepatocytes and rat liver microsomes
and the percentage parent remaining was measured at
60 min (Table 3). Fluoroolefin 26 was significantly less
stable than amide 16 in rat liver microsome and hepato-
cyte incubations, and the metabolism of 26 in liver
microsomes was NADPH-dependent. Mass spectromet-
ric analyses of the rat liver microsome and hepatocyte
incubations of 16 revealed a predominance of oxidative
metabolites formed on the pyrrolidine ring.?? In con-
trast, major metabolites identified from fluoroolefin 26
were oxidized at the cyclopentanyl fluoroolefin moiety.
Moreover, multiple glutathione adducts were detected
in the incubations with fluoroolefin 26, indicating a po-
tential propensity for this compound to form reactive
metabolites.

To further assess the potential for bioactivation of the
fluoroolefin series of DPP-4 inhibitors, a “C-radiola-
beled ethyl sulfone derivative 33 was synthesized and
evaluated in the in vitro covalent binding assay in rat
and human liver microsomes.?>?*> Compound 33 dis-
played a high potential for metabolic activation in both
species, with levels of irreversible binding of 662 pmol/
mg protein and 287 pmol/mg protein in rat and human
liver microsomes, respectively. The irreversible binding
of 33 was NADPH-dependent and was attenuated in
the presence of glutathione in the incubations, indicating
that chemically reactive intermediates were formed and
trapped by the nucleophilic thiol of glutathione. High
levels of irreversible binding can indicate a potential
propensity for a drug to form covalent linkages with
proteins or other large biomolecules in vivo. The result-
ing haptens can then lead to idiosyncratic drug reac-
tions.?* Consequently, further evaluation of this potent
and selective fluoroolefin series of DPP-4 inhibitors
was discontinued.

In conclusion, a new series of potent and selective DPP-
4 inhibitors were described in which a fluoroolefin moi-
ety replaced a central amide bond. Comparison of an X-
ray crystal structure of the potent fluoroolefin 31 with
the structurally related amide 3 shows that the fluoroole-
fin moiety behaves as an effective amide bioisostere in

the DPP-4 binding pocket. Evaluation of a series of flu-
oroolefins in rat pharmacokinetics studies revealed that
26 shows improved oral bioavailability but higher
intrinsic clearance compared to the structurally related
amide derivative 16. Incubation of the radiolabeled flu-
oroolefin 33 with rat and human liver microsomes
showed that this compound has a high propensity to
form reactive metabolites that can irreversibly bind to
biomolecules. Consequently, the potential liabilities
associated with the high propensity for bioactivation
of these fluoroolefins led to discontinuation of the eval-
uation of this class of potent and selective DPP-4
inhibitors.
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of the chemokine receptor CXCR3
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Abstract—Modification of a 2-iminobenzimidazole series derived from an HTS hit resulted in compounds with improved in-vitro
species selectivity. Incorporation of an 8-quinoline amide and conformational rigidification of an aliphatic tether furnished potent

compounds suitable for further lead optimization.
© 2008 Elsevier Ltd. All rights reserved.

Chemokines are chemotactic cytokines that mediate leu-
kocyte migration and recruitment in response to pro-
inflammatory cytokines!> They bind to 7-transmem-
brane G-protein coupled receptors on the surface of T
cells, macrophages, and mononuclear cells, and the
expression of these receptors is correlated with immune
diseases such as multiple sclerosis. The receptor CXCR3
is found primarily on T cells and is specific for the che-
mokine ligands MIG (monokine induced by
y-interferon; CXCL9), IP-10 (y-interferon-inducible
protein 10; CXCL10), and I-TAC (interferon-inducible
T cell a-attractant; CXCLI11). MIG, IP-10 and I-TAC
are not known to be ligands for any other chemokine
receptors besides CXCR3. Binding of any one of these
ligands to CXCR3 activates signaling pathways that re-
sult in actin polymerization, cytoskeletal rearrange-
ments, adhesion, and ultimately cell activation and
chemotaxis.

CXCR3 has been of interest as a therapeutic target due
to its role in T cell chemotaxis and the presence of
CXCR3" cells and CXCLI10 in lesions from multiple

Keywords: Chemokine; Chemokine antagonist; CXCR3; IP-10; CXC-

L10; Multiple sclerosis; Benzimidazole; 2-Iminobenzimidazole.
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sclerosis patients.> Recent studies using CXCR3 (—/—)
mice have demonstrated a critical role for CXCR3 and
CXCL10 in regulating leukocyte effector functions such
as IFN-y production in an autoimmune disease model.*
Several small molecule antagonists of CXCR3 have been
reported including 4-N-aryl-[1,4]diazepine ureas,’ 1-aryl-
3-piperidin-4-yl-ureas,® aminotropane derivatives,” N-
arylimidazoles,® and a quinazolinone antagonist,
AMG-487, which has been progressed into clinical trials
for both psoriasis and rheumatoid arthritis.’

In our screen for inhibitors of CXCR3, we identified a
benzimidazole hit (1) with moderate molecular weight
and low cLog P. Through modifications of the heterocy-
cle and benzenoid ring, we were able to identify tractable
SAR for the pharmacophore (see Fig. 1) and address

N o] N/ N
) NH
: N>—/< N>=NH =

NO, Cl Cl
1 2 3

huRLB IC5q = 3 pM huRLB IC5 = 0.8 uM huRLB IC5 = 0.03 uM

Figure 1. SAR identified during initial hit-to-lead efforts.
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partial solubility associated with the core in order to ob-
tain complete dose response values at the higher concen-
trations of the competition-binding assay.'® Our interest
then turned toward the impact of further substitution at
the N-3 position of benzimidazoles such as 3.

Substituents at the N-3 position of benzimidazoles such
as 6 were introduced through nucleophilic aromatic sub-
stitution of an o-flouro- or an o-chloronitrobenzene (4)

2415

with an appropriate amine as shown in Scheme 1.!!
Reduction of the nitro group was effected with iron in
protic acid!'?> and formation of benzimidazoles such as
5 was achieved using an excess of BrCN in acetonitrile.'
Alkylation with a bromoacetophenone under neutral
conditions furnished benzimidazoles of type 6.'* Com-
pounds such as 9 were prepared in the same manner
using an amino ester nucleophile. To generate amide
substrates of the type 11, conversion of the ester to an

R4
0 R4 R
R L RS N4
N N’& R’ )
R1 ) o] 1 ) (0] n=1-3
fgn=1-3 gh R f"/n=1-3 o N
N —"820/ N - >=NH
/)—NH, b P—NH o4 N o o
N N
12 13 14
a,b,c
59% cl
R1 'RZ
R! N
F/CI R' g2 )=NH
ab,c N d N 5
—_— —_—
NO, 88% Nf% NHz 959
4
5 6
a cl
99%
0y_OR® O _0RS
Q 5 1
) OR R )
R! n=0,1 n=0,1
R ) N
NH b,c n=0,1 d >:NH
e N I
77% J—NH,  95% N o
NO, N
7 8 9
cl
6
RG (@] ’R
ef,bc (0] : N, ,
N R ) R
49% R ) R’ n=0,1
N n=0_1 d N>:
— NH
»—NH; 92% N
N 0
10 11
cl

Scheme 1. Synthetic routes to N-3 substituted CXCR3 antagonists 6a—c, 9a, 11a-b, and 14a-n. Yields given in the scheme are for compounds 6a, 9a,
11b, and 14f. Reagents and conditions: (a) R?°NH,, EtOH, reflux, 16 h; (b) Pd/C, NH,CO,H, EtOH, rt, 16 h; or Fe, AcOH, rt, 16-48 h; (c) BrCN,
Na,CO;, MeCN, rt, 8-16 h; (d) ArC(O)CH,Br, DMF, rt, 4-12 h; (¢) NaOH, EtOH/H,O0 (2:1), rt, 15 h; (f) NH,RR’, HOBt, DCC, THF, rt, 15 h; (2)

TFA, CH,Cl, rt, 2 h; (h) CICOR?, TEA, CH,Cl,, 1t, 2 h.
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amide moiety prior to benzimidazole formation was nec-
essary in order to avoid a competing intramolecular
reaction. For the preparation of reversed amides such
as 13, a mono-Boc protected diamine was employed in
the aromatic substitution step. We reasoned that a Boc
protecting group would be stable to the subsequent
reduction and cyanogen bromide condensation steps in
order to facilitate a late-stage diversification strategy.
Several analogs of type 14, derived from a variety of
mono-Boc protected diamines were prepared in this
manner.

Compounds were initially evaluated for their ability to
inhibit ['**I]-labeled CXCL10 binding to membranes
of CHO cells stably expressing human CXCR3.' Func-
tional antagonism was also measured in CHO cells using
a FLIPR-based calcium mobilization assay.'®

Our earlier work on the benzimidazole series identified
small aliphatic substituents at the C-4 position to be
an important element of the pharmacophore.!® How-
ever, we chose to examine substitution at the N-3 posi-
tion with less potent analogs devoid of this C-4
substitution in order to better gauge the impact of mod-
ifications. Initial replacement of the N-3 methyl with
increasingly larger aliphatic groups showed no signifi-
cant impact on the binding potency (entries 6a—c), as
shown in Table 1. It is notable, though, that the receptor
was tolerant of groups with increasing steric demand at
this position. We next examined substitution at N-3 with
more functionalized groups in order to identify an addi-
tional point of interaction of the receptor-ligand com-
plex (entries 9a, 11a, 11b, 14a—d). While incorporation
of increasingly larger, tethered-amides provided com-

Table 1. SAR of N-3 substituted analogs
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pounds that were essentially equipotent with 2 in the
binding assay, the functional antagonism, as measured
by a FLIPR assay, showed notable improvement with
the incorporation of an extended amide group (compare
entries 14c and 14d).

The improvement in functional activity with incorpora-
tion of N-benzylamides came with the addition of con-
siderable molecular weight. We hoped to offset this
substantial weight increase through optimization of
binding activity associated with the distal amide moiety.
We quickly crossed over the newly identified N-benzyla-
mides onto our core with a chloro substituent at the C-4
position (entries 14e-g). We reasoned that a chloro
group could provide an increase in potency (compare
entries 14f and 14h) through potential interaction with
a putative hydrophobic pocket of the receptor while
avoiding potential metabolic liabilities that could be
associated with small aliphatic groups such as methyl
or ethyl. Variation of the tether identified a three-atom
chain as optimal for the placement of the amide (entry
14f). We then executed a focused library of suitably di-
verse aryl, heteroaryl, and aliphatic amides to probe
for a more optimal amide substituent. Several aryl
groups with heteroatoms at the ortho position were
identified as potent, functional antagonists at the human
receptor, as shown in Table 2.

We were also interested in screening for potency at
the mouse receptor since species differentiation is com-
monly observed with small molecule inhibitors of che-
mokines'” and one of the early milestones for the
project included in-vivo efficacy in a rodent model
of multiple sclerosis. Compound 14n stood out

0
i
Cl
Entry R! R? huRLB ICs* (M) huFLIPR ICs?* (uM) muRLB ICs* (M)
6a H Me 0.7 9
6b H Et 0.7 3.5
6¢ H Propyl 1.1 —
9a H CH,CH,CO,Et 1.2 2.5
l1a H CH,C(O)N(Me)CH,Ph 22 —
11b H CH,CH,C(O)N(Me)CH,Ph 0.4 0.2
14a H CH,CH,N(Me)C(O)Me 1.3 3.4
l4c H CH,CH,N(Me)C(O)Ph 0.3 23
14d H CH,CH,N(Me)C(O)CH,Ph 0.4 0.8
l4e cl CH,CH,N(Me)C(O)CH,Ph 0.4 0.3 1.5
14f cl CH.(CH,),N(Me)C(O)CH,Ph 0.3 0.07 1.4
l4g cl CH,(CH,);N(Me)C(O)CH,Ph 0.4 0.4
14h Et CH,(CH,),N(Me)C(O)CH,Ph 02 0.1 18

#1Csq values are an average of two runs.
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Table 2. Library of tethered amides at N-3 position
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0
Cl
Compound R huRLB ICsy" (uM) huFLIPR ICsy* (uM) muRLB ICsy* (uM) MLM T}, (min)
0
14i ;Iﬂw< 0.6 0.4
o)
14J }1 0.015 0.04 0.5 9.5
o)
14k Ek@ 0.3 0.02 0.8
o)
141 }L}D 0.05 0.02 0.15 5.4
MeO
o)
14m & N 0.03 0.02 0.2
N~
o
14n 0.02 0.02 0.05 15
N
I =

#1Csq values are an average of two runs.

amongst the various amide-tethered compounds for its
potency at both the human and murine receptors
(compare entries 14n with 141 and 14m). However,
this compound, as well as several amide-tethered sub-
strates exhibited rapid transformation upon exposure
to mouse liver microsomes (entries 14j, 141, 14n).
Mass spectral analysis of the microsome homogenates
(data not shown) indicated that N-demethylation was
the primary metabolic event in-vitro. To address this
potential liability, we examined the impact of varying
the N-methyl substituent. However, incorporation of
larger aliphatic groups, such as the N-cyclopropyl
moiety (Table 3, entry 14s), provided compounds that
maintained potency at the human receptor but were
less potent at the mouse receptor.

We considered another strategy to address the poten-
tial metabolic liabilities of an N-methyl amide tether.
Constraining the n-propyl linker into a ring would
provide a blocking group to minimize N-dealkylation
while also reducing the number of rotatable bonds
to enhance the drug-like properties of the molecule.'®

Replacement of the aliphatic tether with a piperidine
ring, as shown in Table 3, was well-tolerated in-vitro
showing no substantial impact on functional activity
or binding potency across species (entry 140). Each
enantiomer was independently prepared (entries 14p—
q) and no discernable preference for either stereoiso-
mer was observed. Additional ring-containing tethers
were explored and most were well tolerated with a
2-pyrrolidine amide (entry 14r) demonstrating excel-
lent potency and functional activity across species.
However, when compound 14r was exposed to mouse
liver microsomes, rapid modification (75, = 7.5 min)
to an unidentified metabolite was observed.

In summary, through systematic modification of the
N-3 position of compound 3, we identified an n-pro-
pyl tethered amide containing an ortho-heteroatom
motif, as exemplified by an 8-quinoline amide, as a
key element of our pharmacophore. This group im-
parts substantial binding potency at both the human
and mouse receptors. Through modification of the al-
kyl tether we also identified a number of cyclic amides
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Table 3. Alternate tethers of §-quinoline amide analogs

Cl

R
N
NH
N o
(¢]]
Compound R huRLB ICsy* (uM) huFLIPR ICs* (uM) muRLB ICs* (uM)
(0]
140 N Nx l 0.015 0.02 0.08
?Q
o
14p H/\NJ N | 0.015 0.02 0.06
(e}
14q N N | 0.016 0.02 0.07
[
~v
(0]
14r 0.008 0.02 0.04
}{/\Ll\l) N
(e}
14 0.02 0.01 0.10
’ ~ N

T

#1Csq values are an average of two runs.

with excellent potency and functional activity that rep-
resent good candidates for further lead optimization.
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Abstract—A number of sterically-hindered o-aminophenol derivatives have been synthesized, and their antiviral activity in parallel
with reactivity towards commonly encountered free-radical intermediates was investigated. Of the compounds tested, the highest
activity in suppressing replication of Herpes simplex type 1 viruses was displayed by N-acyl and N-aryl derivatives of 4,6-di-tert-
butyl-2-aminophenol, which were able to interact with organic free radicals and, at the same time, manifested low reactivity towards

reactive oxygen species.
© 2008 Elsevier Ltd. All rights reserved.

Although studies in the area of free-radical virology
have started relatively recently, it has already been
shown that the course of a number of viral infections,
including rhino-, cytomegalo-, influenza, HIV, and var-
ious neuroviral infections, as well as chronic viral hepa-
titis,! is accompanied by generation of reactive oxygen
species (ROS) and activation of lipid peroxidation
(LPO) processes. Therefore, investigation of the possi-
bility of using antioxidants for prevention and treatment
of viral diseases is a trend in pharmacological research
that is worthy of notice.! Nevertheless, the information
available at present does not allow a relationship to be
found between the effects produced by chemical com-
pounds on free-radical processes and antiviral activity
of these compounds. The complexity of the problem
(i.e., finding out such relationships) is due to an ambig-
uous role of free-radical processes in the development of
viral pathology. The reason is that the reactions involv-
ing ROS generally take place in a non-selective manner,
so they can cause damage to both viruses and host cells.
Thus, the question as to which compounds should be
introduced into biosystems to modify the direction of
free-radical reactions so that a predominantly antiviral
effect is obtained, remains open. The search for such

Keywords: Aminophenols; Radicals; Viruses; Inhibition.
* Corresponding author. Tel.: +375 17 206 6146; fax: +375 17 209
5464; e-mail: shadyro@open.by

0960-894X/$ - see front matter © 2008 Elsevier Ltd. All rights reserved.

doi:10.1016/j.bmcl.2008.02.055

compounds and investigation of their properties is the
main purpose of this study.

Some time ago, we have developed an antiviral product,
Butaminophen®, based on a sterically-hindered o-amino-
phenol derivative, effective against herpetic injuries of
various types.>? Many aminophenol derivatives are
known to be effective antioxidants*> and to be capable of
modifying the direction of various free-radical processes.®

We have synthesized a number of o-aminophenol deriv-
atives and carried out investigations of their antiviral
activity in parallel with their reactivity towards various
free radicals—for the purpose of finding out interrela-
tions between structures, antiviral and anti-radical prop-
erties of these compounds, which would be helpful for
the search for new antiviral agents.

A general scheme depicting the synthetic pathways is
shown in Figure 1.

Synthetic procedures used to prepare compounds (1-9)
and other aminophenol derivatives are described in
Refs. 710 Structures of all the compounds synthesized
have been confirmed by 'H NMR and mass spectrometry.

Antiviral properties of the synthesized compounds were
studied in cell cultures infected with Herpes simplex
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R'COCI/Et3N

xé[OH RNH, / Et,N

R= Ph(5)CHCH (6), CgH,OCH, (7)

Figure 1. A general scheme depicting synthetic pathways.

virus of type I (HSV-1). The investigation was per-
formed using the method based on the evaluation of
cytopathic effects (CPE) produced by the virus in the cell
culture of human rhabdomyosarcoma (RD) infected
with HSV-1.!! The compound tested was predissolved
in 10% ethanol and then twofold dilutions in mainte-
nance medium (medium 199, Sigma Chemical Co.) were
prepared. Virus titer reduction in the presence of the test
compounds as compared to control was taken as a crite-
rion of antiviral activity. Based on the data obtained,
concentrations of the test compounds that suppressed
virus replication by 50% and 90% were calculated
(ECso and ECy,, respectively) (Table 1). Maximum
non-toxic concentrations (MNTC) of the substances
were determined in non-infected cell cultures after 72-h
incubation. As seen from Table 1, the MNTC values
are much higher than ECsy and ECy,,.

The obtained results show that the aminophenol deriva-
tives under study possess antiviral properties expressed
to a variable degree, depending on the respective struc-
tures. The named properties are the most pronounced
for those structures, in which one hydrogen atom in
the amino group is replaced by an acyl (2-4) or an aryl
(5-7) group. For structures, where free amino and hy-
droxyl groups are present (compound 1), or where H
atom in the hydroxyl group is replaced by a methyl
group (compounds 8 and 9), low antiviral activity is
observed.

The reactivity of aminophenol derivatives towards ROS
was investigated in a cellular model named ‘the oxidant
burst’, which was induced in peritoneal macrophages of

Table 1. Antiviral properties and toxicity of the test compounds

Compound MNTC ECsg (Ios)® (uM)  ECog (Igs)* (LM)
(1M)

Ac,0 Xé[ (MeO), SO,/ K,CO, X(E[O'V'eo
Il
NH- c cH, NH-C—CH,
8

= C,H; (3), C;H, (4)

H 9 R’
_ _R'
OMe
(MeO), SO, / K,CO,
NHR

1132 87.3 (214.9-35.3)
379.7 8.5 (10.5-6.9)
7209  38.2 (41.3-35.3)
6862 8.6 (10.3-7.2)
3367 23.0 (56.4-9.4)
643.1  30.9 (37.0-25.7) 83.0 (99.4-69.1)

611.6 18.0 (22.4-14.5)  41.9 (52.3-33.6)
1444.0 798.0 (1053.8-604.3) 1960.5 (2588.8-1484.8)
722.0 2552 (569.2-114.4) 623.8 (1373.9-283.3)

288.2 (709.9-117.2)
14.8 (18.2-12.1)
64.5 (69.6-59.5)
14.1 (17.2-11.7)
169.4 (316.2-90.9)

O 01NN A WN -

#Tos is confidence interval at 95% probability.

9
R = Ph (9)

rats by particles of opsonized zymosan.'?> The oxidant
burst in phagocytes provoked an effective production
of ROS due to the activation of the NADPH-oxidase
mechar}gsm that generates superoxide radical anions
(0,7).

The intensity of ROS production was evaluated by the
luminol-derived chemoluminescence method in the
absence and in the presence of the test compounds.
Effective inhibitory concentrations (ECsy and ECy)
of the compounds under study were measured, that
is, the concentrations, at which the luminescence
intensity decreased by 50% and 90%, respectively (see
Table 2).

It follows from the obtained data that compound (1) re-
acts with ROS by two or three orders of magnitude
more actively as compared with other aminophenol
derivatives. Compounds (24, 6, and 7) and (9), taken
at concentrations within the range studied, produced
no effect on the intensity of chemoluminescence, while
compound (5) decreased it slightly, evidencing the ab-
sence or low reactivity of the named compounds to-
wards ROS. Similar results were obtained in our
experiments performed in order to assess reactivity of
aminophenol derivatives towards ROS generated using
fermentative systems.'*

The ability of the synthesized compounds to modify the
probability of free-radical reactions involving alkyl (R"),
peroxyalkyl (ROO) and a-hydroxyalkyl (R"CHOH) rad-
icals, was investigated using y-radiation as initiator of
various free-radical processes. Radical intermediates of
such types are known to arise in the course of ROS-in-

Table 2. Effective concentrations of aminophenols inhibiting the
zymosan-stimulated production of ROS by macrophages

Test Concentration ECso (tM)
compound range (LM)

1 0.001-10 0.06 0.65
2 0.001-10 No inhibition

3 0.001-10 No inhibition

4 0.001-10 No inhibition

5 0.001-10 9.8 >10
6 0.001-10 No inhibition

7 0.001-10 No inhibition

9 0.001-10 No inhibition
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duced processes of oxidation and fragmentation occur-
ring in cell membrane components.'® y-Irradiated hex-
ane and ethanol have been selected as model systems
because radiolysis of these substrates was extensively
studied and its features are well known. The methods
used for analysis of products formed in radiolysis of eth-
anol and hexane, as well as those employed for the
determination of the respective yields, are described in
detail in Ref. 16.

The main products obtained on radiolysis of hexane in
the absence of oxygen are dodecanes of various struc-
tures formed by recombination of hexyl radicals on
‘C, and "C; atoms.°

Y . C.H
VAVAVAN 6 13i
CBH14 C6H13 C12H26

Hence, by measuring the overall yield of dodecanes in
the presence of additives, reactivity of the latter towards
alkyl radicals can be evaluated (Table 3).

When y-irradiation of hexane is performed in the pres-
ence of O,, the formation of dodecanes does not occur
because oxygen is an effective acceptor of alkyl radicals,
transforming them into peroxyalkyl radicals (ROO").
From the latter, after further transformations, the corre-
sponding alcohols and ketones are formed, hence, the
main products to be expected on radiolysis of hexane
in the presence of O, are hexanols and hexanones.!”

hexanol-2, hexanol-3,

+H
—— C¢H,;00H hexanone-2, hexanone-3

The overall yield of hexanols and hexanones (£G(0x)) in
the presence of aminophenols depends on the effective-
ness of interaction of the latter with CcH;300" radicals
(Table 3).

Table 3. The effects of compounds (1-9) on yields (G, mol/J) of
dodecanes G(Cj,H,¢), hexane oxidation products £G(ox) and 2,3-
butanediol G(2,3-BD)

Test compound G(Cy,Hog) 2G(ox) G(2,3-BD)
(C=107M)

— 0.48 £0.03 2.04£0.11 1.29 £0.04
1 0.09 +0.01 1.46 £ 0.11 0.10 £ 0.01
2 0.27 £ 0.01 1.07 £ 0.09 0.72 £ 0.04
3 0.27 £ 0.02 1.07 £0.09 0.85 £ 0.06
4 0.32£0.02 1.06 £0.08 0.76 £ 0.05
5 0.11+£0.01 1.36 £ 0.09 0.28 £ 0.01
6 0.09 £ 0.01 1.70 £0.13 0.31 £0.01
7 0.08 £ 0.01 0.87 £0.05 0.25£0.02
8 0.46 £ 0.02 2.02£0.14 1.28 £0.05
9 0.44 £ 0.02 1.99 +0.09 1.26 £ 0.07

Reactivity of the additives towards a-hydroxyalkyl rad-
icals can be evaluated by studying the effects of additives
on radiolysis of ethanol. This appears to be important
because radicals of such kind are formed when ROS at-
tack hydroxyl-containing biologically relevant sub-
stances, such as carbohydrates, lipids and nucleosides,
and further transformations of these radicals result in
fragmentation of the starting material.'3 23

Radiolysis of ethanol has been studied in detail,?* and its
main product was found to be 2,3-butanediol (2,3-BD),
formed by the reaction of a-hydroxyalkyl radicals:

Y .
CH,CH,OH —/\>\—> CH,CHOH —>

CH,CHOH
> CH,CH(OH)CH(OH)CH,

Evaluation of yields of 2,3-butanediol in the presence
of various additives makes it possible to judge about
reactivity of the latter towards CH,"CHOH radicals.
The data obtained on this issue are presented in
Table 3.

It follows from the data shown in Table 3 that com-
pounds (8) and (9) produce virtually no effect on the
probability of processes involving alkyl, peroxyalkyl
and o-hydroxyalkyl radicals. Compounds (1-7) display
the ability to inhibit, to a greater or lesser extent, the
processes involving various organic free radicals.

While assessing the relationship between anti-radical
and antiviral activities of the test compounds we pro-
ceeded from the following experimental facts. Com-
pound (1) effectively interacted with both ROS (Table
2) and the organic radicals (Table 3), but manifested
low antiviral activity (Table 1). Compounds (2-7), as
well as compound (9), displayed low activity towards
ROS (Table 2), however, unlike (8) and (9), reacted with
organic radicals (Table 3) and manifested marked anti-
viral properties (Table 1). Hence, the obtained data indi-
cate that those aminophenol derivatives, which interact
with organic radicals while being indifferent towards
ROS, display the highest activity as inhibitors of HSV
replication.

The question why just such compounds manifest antivi-
ral activity is open at the moment, and we shall try to
find out an answer to it in our further studies.

The facts set forth above indicate that sterically hin-
dered aminophenol derivatives possess antiviral proper-
ties and hence may be regarded as a novel class of
antiviral agents. Of the compounds tested, N-acyl and
N-aryl derivatives of 4,6-di-tert-butyl-2-aminophenol,
which are able to interact with organic free radicals
and, at the same time, display low reactivity towards
reactive oxygen species, possess the most marked activ-
ity in suppressing replication of Herpes simplex type 1
viruses in cell cultures.
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Abstract—Sulfonated aluminum phthalocyanines (AIPcS) are potent photosensitizers for the photodynamic therapy (PDT) of can-
cer. In this study we evaluate the possibility to improve the efficacy of AIPcS-PDT for prostate cancer by targeting tetrasulfonated
aluminum phthalocyanines (AIPcS,) to the gastrin-releasing peptide receptor (GRPR) through coupling to bombesin. A mono-car-
bohexyl derivative of AlPcS, is attached to 8-Aoc-bombesin(7-14)NH, via an amide bridge to yield a bombesin—AlIPcS, conjugate
linked by a C-14 spacer chain. The conjugate is characterized by mass spectroscopy and shown to bind to the GRPR with a relative
binding affinity (RBA) of 2.3, taking bombesin (RBA = 100) as unity. The in vitro photodynamic efficacy of the conjugate against
PC-3 human prostate cancer cells is improved by a factor 2.5 over the non-conjugated mono-carbohexyl derivative of AlPcS,.

© 2008 Elsevier Ltd. All rights reserved.

Photodynamic therapy (PDT) of cancer involves sys-
temic administration of a photosensitizer followed by
red-light activation of the diseased tissue. The activated
photosensitizer interacts with ground state molecular
oxygen to yield activated oxygen species (ROS) including
singlet oxygen and different radical species. The resulting
oxidative stress initiates a cascade of biochemical reac-
tions resulting in cell death either by direct cell kill or
by destruction of the micro vasculature of the tumor.!
Selective retention of the photosensitizer in the tumor tis-
sue combined with local illumination thus induces tumor
regression without affecting the surrounding healthy tis-
sues. Problems associated with photosensitizers presently
approved for clinical use, such as Photofrin®, include
lack of chemical homogeneity, non-optimal light absorb-
ing properties, prolonged retention in non-target tissues
such as the skin and low selectivity for tumor tissues.’

Keywords: Sulfonated phthalocyanines; Bombesin conjugate; Photo-

dynamic therapy.

* Corresponding author. Tel.: +1 819 564 5409; fax: +1 819 564
5442; e-mail: johan.e.vanlier@USherbrooke.ca

0960-894X/$ - see front matter © 2008 Elsevier Ltd. All rights reserved.
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Targeting photosensitizers as receptor mediated delivery
systems has received increased attention as a means to
improve the outcome of PDT.3*

Sulfonated aluminum phthalocyanines (AIPcS) are water
soluble, second generation photosensitizers that exhibit a
strong absorption band between 660 and 700 nm with a
peak at 680 nm, where tissue penetration is optimal. A
mixture of mono- through tetrasulfonated aluminum
phthalocyanines has been used for over a decade for clin-
ical PDT of cancer in Russia.’ The negatively charged
peripheral sulfonate groups assure water solubility, while
the chelated central aluminum ion provides the complex
with long-lived excited triplet states and good capacity to
generate reactive singlet oxygen. We have previously
shown that the tetrasulfonated analog, that is, AIPcS,,
can be modified with a free C6-carboxyl sulfonamide
side-chain (AIPcS4A ), allowing facile amide-coupling
to free amine groups of proteins and peptides.®’

Bombesin, first discovered in skin of the frog Bombina
bombina, and its human counterpart, gastrin-releasing
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peptide (GRP), are neurohormones with a wide range of
biological effects such as stimulation of hormone secre-
tion, memory retention, body temperature, cardiac out-
put, blood pressure, control of food intake and changes
in the dorsal vagal complex neuron.®° Bombesin also
has been shown to affect tumor growth, cell prolifera-
tion and inflammation.'® In the case of prostate cancer,
the receptor subtype GRPR is expressed early in tumor
development and is correlated with tumor aggressive-
ness.!! Therefore, GRPR is an obvious target for the
development of novel agents for treatment and diagno-
sis of prostate cancer.!? In this study we evaluate the po-
tential to improve the efficacy of phthalocyanine-based
PDT of prostate cancer by targeting the photosensitizer
to GRPR using 8-Aoc-bombesin(7-14)NH,, a potent
bombesin analog previously developed by Hoffman.!?

The preparation of the bombesin—AlPcS,; conjugate
(Scheme 1) involves the following steps.!* A solution
of 8-Aoc-bombesin(7-14)NH, (1.8 mg, 1 umol) in
1 mL of sodium carbonate (0.2 M, pH 8.5) was added
to the lyophilized, carbodiimide activated aluminum
mono-(6-carboxypentylamino-sulfonyl)-trisulfophthalo-
cyanine (AIPcS4A) (5 pmol, 5 equiv) and stirred 1 h at
25 °C while the pH was maintained at 8.5. The reaction
mixture was kept in the dark at 4 °C overnight. The
bombesin—AlPcS, conjugate was purified by HPLC on
a spherisorb ODS-2 column and characterized by MAL-
DI-MS: C89H107023N23SSA1, found (M—HzO)I 203509,
calcd.: 2034.62.

Competition assays for GRPR bindin, ng in PC-3 human
prostate tumor cells against '’I[Tyr*]-bombesin were
performed as described in the literature.'> Bombesin
and 8-Aoc-bombesin(7-14)NH, show similar strong
binding affinity for the GRPR with ECsy of
2.58 x 1071 M and 3.73 x 10719 M, respectively. These
values correspond to dissociation coefficients (Kj4) of
2.17x 107" and 3.33 x 107'°, respectively, and are in
good agreement with lported literature values
(1.10 x 107" and 4.90 x 107", respectively).'®!” In the
same competition assay, blndlng affinity of the bombe-
sin—AlIPcS,4 conjugate also shows a characteristic s1gm01d
curve clearly indicating competition with '**I[Tyr*-bom-
besin, confirming retention of binding affinity for GRPR
(Fig. 1). However the lower ECso of 2.94 x 1078 M (K4
2.9 x 107®) indicates loss of specificity, which is reflected

SO,-
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Scheme 1. Structure of the bombesin—-AlPcS, conjugate.
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Figure 1. Competitive binding assay of the AlPcS,~bombesin conju-
gate (A) and bombesin (H) versus 125 I-Tyr4-bombesin in PC-3 cells.

in a lower relative binding affinity (RBA = 2.3), taking
bombesin as unity (RBA = 100).

Cellular phototoxicity was evaluated in PC-3 human
prostate tumor cells.!® Cell metabolic activity curves
after incubation with free and conjugated photosensi-
tizer in concentrations ranging from 1 to 20 uM as a
function of red-light fluences are presented in Figure 2.
In all cases, conjugated bombesin—AlPcS, exhibits a
slightly higher phototoxicity than the free AIPcS4A;
and a substantial higher phototoxicity when compared
to the non-substituted AIPcS,. These differences in effi-
cacy are more apparent when the LDsq and LCsq values,
derived from the cell survival curves, are plotted against
photosensitizer concentration and light dose, respec-
tively (Fig. 3). The latter reveal a significant two- to
threefold increase in photodynamic efficacy of conju-
gated over free AIPcS;A; or AlPcS, at lower drug
and/or light doses. At 3 J/cm? the conjugate requires
2.5 and >5 times less photosensitizer to inflict 50% cell
inactivation as compared to the non-conjugated AlPc-
S4A; and free AlPcS,, respectively. It should be noted
that mono-carbohexyl substituted AlPcS4A; already
exhibits significantly higher phototoxicity than the
non-substituted AlPcS, reflecting an increase in amphi-
philic nature of the latter. Differences in the aggregation
state of AIPcS, in the three photosensitizer preparations
do not appear to play a role in the observed differences
in phototoxicity.

Iz

Y fmr Ny

HN\
\=y -5





2426 C. Dubuc et al. | Bioorg. Med. Chem. Lett. 18 (2008) 2424-2427

1000

100

10

Metabolic activity (%)

1 T T T T T 1
0 2 4 6 8 10

Concentration (uM)

1000

10

Metabolic activity (%)

Concentration (uM)

1000

100

10

Metabolic activity (%)

1 T T T T 1
0 5 10 15 20

Light dose (J/cm?)

Figure 2. PC-3 cell inactivation after 24 h incubation with 1-20 uM of
AlPcS, (O), AlPcS4A, (O) or bombesin—-AlPcS, conjugate (A) follow-
ing exposure to 3 J/cm? (top) or 18 J/em? (middle) of red light, and
after 24 h incubation with 1 uM of AlPcS, (O), AIPcS;A, (O) or
bombesin-AlPcS, conjugate (A) following exposure to 3-18 J/em?
graded doses of red light (bottom).

As estimated from the ratios of the absorbance maxima
at 635 nm (aggregate) and 680 nm (monomer),® both the
AlIPcS; and AIPcS4A| are largely monomeric in cell
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Figure 3. Light dose (top: LDs in J/cmz) and drug dose (lower: LCs,
in pM) required to induce 50% PC-3 cell inactivation after 24 h
incubation with AlPcS; (O), AIPcS4A; (J) or bombesin—AlPcS,
conjugate (A).

medium (74% and 68%, respectively), while for the bom-
besin conjugate the AlPcS, appears >90% aggregated.
Thus the significantly higher phototoxicity of the latter
below 2 uM suggests monomerization of the photosensi-
tizer conjugate at the cellular level permitting internali-
zation by GRPR. At higher drug and/or light doses
the differences between the activities of the three photo-
sensitizer preparations are less pronounced due to the
higher level of phototoxicity under these extreme
conditions.

In conclusion, linking AIPcS,; to bombesin via a C-14
spacer chain yields a conjugate that binds to GRPR with
a relative binding affinity of 2.3 and that provides a
modest gain in photodynamic potency against GRPR-
rich prostate cancer cells. Further studies on the effect
of the length of the spacer chain and polarity of the pho-
tosensitizer moiety on the GRPR binding affinity and
cell penetrating capacity will be required in order to de-
velop a bombesin—phthalocyanine conjugate with opti-
mal properties for PDT of prostate cancer.
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(Perkin-Elmer) and 50 pL of competitor solution (i.e.
bombesin—AlPcS, conjugate, 8-Aoc-bombesin(7-14)NH,
or bombesin) at increasing concentrations from 1x 107°
to 1x 1073 mol. After incubation, cells were incubated
with 1mL of 0.05% (w/v) trypsin and counted. A
competition curve of the cpm bound as a function of the
concentration of cold competitor was made with Graph-
Pad Prism computer-fitting program (GraphPad software,
Inc.), providing ECs, values, dissociation coefficients (Ky)
and relative binding affinities (RBA: bombesin concentra-
tion required for 50% competition, divided by the com-
petitor’s concentration required for 50% competition,
100x).

Aprikian, A. G.; Han, K.; Chevalier, S.; Bazinet, M.;
Viallet, J. J. Mol. Endocrinol. 1996, 16, 297.

Reile, H.; Armatis, P. E.; Schally, A. V. Prostate 1994, 25,
29.

Cell phototoxicity was estimated using a colorimetric
MTT assay as described previously.® Briefly, 1 x 103 PC-3
cells per well in Ham’s F12 growth medium were inocu-
lated in 96 multiwell plates and incubated overnight at
37 °C in the presence of 5% CO,. The cells were rinsed
with PBS and incubated with drug at concentrations
ranging between 1.0 and 20 uM of AIPcS, (free or
conjugated) in Ham’s F12 1% FBS for 24 h at 37 °C and
5% CO,. After incubation, the cells were rinsed with PBS,
refed with Ham’ F12 medium and exposed to red light.®
The cells were incubated at 37 °C and 5% CO, overnight
before assessing cell viability. MTT in Ham’s F12 growth
medium was added to each well. After 4 h, sodium dodecyl
sulfate (SDS) was added. Plates were incubated overnight
at 37 °C and the absorbance was read the next day at
570 nm with a microplate reader (BIO-TEK Instruments
Inc., Winooski, VT). Average absorbance of blank wells is
subtracted from the readings. The average absorbance of
control cells incubated with Ham’s F12 1% FBS, was
taken as 100% cell survival. The light dose required to
inactivate 50% of cells (LDs) at a given drug dose and the
photosensitizer concentration required to kill 50% of cells
(LCsp) at a given light dose was extrapolated from survival
curves.





		Targeting gastrin-releasing peptide receptors of prostate cancer cells for photodynamic therapy with a phthalocyanine - bombesin conjugate

		Acknowledgments

		References and notes






ELSEVIER

ScienceDirect

Available online at www.sciencedirect.com

Bioorganic &
Medicinal
Chemistry
Letters

Bioorganic & Medicinal Chemistry Letters 18 (2008) 2428-2433

Sulfonamidolactam inhibitors of coagulation factor Xa

Joanne M. Smallheer,*

Shuaige Wang, Mia L. Laws, Suanne Nakajima, Zilun Hu,

Wei Han, Irina Jacobson, Joseph M. Luettgen, Karen A. Rossi, Alan R. Rendina,
Robert M. Knabb, Ruth R. Wexler, Patrick Y. S. Lam and Mimi L. Quan
Bristol-Myers Squibb Company, Cardiovascular Diseases Chemistry, PO Box 5400, Princeton, NJ 08543-5400, USA

Received 2 January 2008; revised 14 February 2008; accepted 21 February 2008
Available online 26 February 2008

Abstract—As part of an effort to identify novel backups for previously reported pyrazole-based coagulation Factor Xa inhibitors,
the pyrazole 5-carboxamide moiety was replaced by 3-(sulfonylamino)-2-piperidone. This led to the identification of a structurally
diverse chemotype that was further optimized to incorporate neutral or weakly basic aryl and heteroaryl P1 groups while maintain-
ing good potency versus Factor Xa. Substitution at the sulfonamide nitrogen provided further improvements in potency and as did

introduction of alternate P4 moieties.
© 2008 Elsevier Ltd. All rights reserved.

Safer and more efficacious oral anticoagulants that elim-
inate the need for the patient monitoring remain an un-
met medical need in the treatment of thromboembolic
disorders. Therapeutic agents that target specific coagu-
lation serine proteases are a major focus of ongoing
antithrombotic drug research. In particular, selective
inhibitors of Factor Xa (fXa) have been shown in ani-
mal models to offer a greater safety margin and better
efficacy when compared with heparin, LMWH, warfa-
rin, or direct thrombin inhibitors.! Numerous potent
and selective small molecule Factor Xa inhibitors have
been reported, several of which have progressed into hu-
man clinical trials.?

Previous reports from our laboratories have described
various pyrazole-based inhibitors of fXa including clin-
ical candidates DPC423 (1)* and razaxaban (2).* In a
phase II clinical trial, 2 was shown to prevent deep vein
thrombosis in patients undergoing total knee replace-
ment, displaying increased efficacy, and similar safety
to the LMWH, enoxaparin.’

The identification of suitable backups for these initial
clinical candidates focused on preparing structurally di-
verse compounds that would address potential issues in

Keywords: Factor Xa inhibitors; Anticoagulant; Serine protease inhib-

itors; Antithrombotic.
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the parent series. To this end, targets were designed to
maintain the key interactions in the S1 and S4 pockets
of fXa by modifying the central scaffold, which provides
the conformational constraint necessary to present the
P1 and P4 groups in the appropriate orientation for
binding to the enzyme. Various strategies were investi-
gated for the modification and/or the removal of the
pyrazole amide linkage to eliminate the potential for
metabolic cleavage. Non-cleavable amide bond replace-
ments were prepared,® as well as a number of alternate

NH2 N= SO,Me
HO
1, DPC423

CFs NMe,

5o o

2, razaxaban

Z

O
HzNﬂ\Q
4 O
N \ N
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scaffolds resulting from cyclization of the amide nitro-
gen back to either the central aromatic ring’ or the pyr-
azole.® The latter strategy culminated in the design and
synthesis of apixaban (3),” which is currently undergoing
clinical trials. In the work presented here, we incorpo-
rated the amide linkage into a monocyclic piperidone
ring and removed the pyrazole ring to give compounds
of formula 4-7 in Table 1, where X is an ether, amine,
amide, or sulfonamide linker.!® As can be seen from
the fXa K; data for these compounds, there was a clear
difference in potency seen between the linkers, and sul-
fonamide 7 was 4- to 10-fold more potent compared
to compounds 4-6.

Further optimization of 7 via a library of P1 sulfona-
mides was therefore carried out. Among the substituted
phenyl sulfonamides, a para substituent was generally
preferred over the same substitution at the meta posi-
tion, with the p-chlorophenyl compound 10 having the
best potency at 23 nM. Both the 6-chloronapthyl (22)
and the 5-chloro-2-thienyl (25) compounds were single
digit nanomolar inhibitors of fXa. Analogs with 7-chlo-
ronaphthyl (23), 3-aminobenzisoxazolyl (24), 6-indazol-
yl (28), and 3-quinolinyl (29) P1 groups also showed
promising potency in this series.

Despite relatively good affinity for fXa, the chloronaph-
thyl compound 22 had poor potency in the prothrombin
time (PT) assay'?® used for assessing the in vitro antico-
agulation efficacy of these compounds (See Table 3). In
view of the highly lipophilic nature of this compound
(clog P =5.63), this is most likely due to high plasma
protein binding.'* Substitution of polar groups on the
sulfonamide nitrogen as a means to lower protein
binding and increase aqueous solubility was therefore
investigated. Introduction of carboxymethyl, (methoxy-
carbonyl)methyl or 3-hydroxypropyl groups in this posi-
tion provided compounds 31-33 with similar or slightly
improved fXa affinity, but did little to improve PT. In
contrast, acetamide compounds 34-39, which incorpo-
rated a terminal tertiary amine, were both 2- to 4-fold
more potent inhibitors of fXa and provided approxi-
mately 5-fold improvement in PT as compared to 22.

Further reduction in overall lipophilicity was achieved
by replacing the terminal phenylsulfone P4 group in
the parent compound with more polar heterocyclic

Table 1. SAR of linkers

Meo\©\ F
x NN O SO,Me
hae

Compound! X fXa K* (nM)
4 (0] 200
5 NH 450
6 CONH 560
7 SO,NH 53

groups such as the N,N-(dimethylaminomethyl)-imidaz-
ole P4 group of 2 (See Table 4). Similar potency versus
fXa was observed for this analog (40) with ~10-fold
improvement in PT as compared to 22. Quaternary
compounds 41 and 42 which were obtained from at-
tempted alkylation of the sulfonamide nitrogen of 40
were ~10-fold more potent fXa inhibitors with similar
potency in the PT assay to 40. A loss in potency as com-
pared to the 2-methylsulfonyl-phenyl and N,N-dimeth-
ylamino-methylimidazole compounds was observed
with 4-pyridine, 43, 1-piperidine, 44, and 2-oxo-1-piper-
idine analogs, 45, although most of this potency loss
could be regained in the latter analog by the introduc-
tion of the ~N-methyl, N-(2-N,N-dimethylamino-
methyl)acetamide substitution on the sulfonamide
nitrogen (46). As previously observed in the pyrazole-
based series,!” the replacement of the saturated lactam
P4 group of 45 with a 2-pyridone moiety results in en-
hanced affinity for fXa. Pyridone P4 analog 47 was in-
deed the most potent in this group with fXa K; of
0.11 nM, however, the translation to the PT assay was
poor as compared to imidazole 40. Again substitution
at the nitrogen of the sulfonamide nitrogen resulted in
a 5-fold increase in fXa potency over 47 in N-methyl,
N-(2-N,N-dimethylaminoethyl)-acetamide analog 48,
along with a 10-fold improvement in the PT assay.
The (S)-enantiomer of 48'° was evaluated in a PK study
in dogs. The compound had clearance of 1.19 L/h/kg, a
6.45 h half-life and low oral bioavailability (F% = 4%),

Table 2. P1 sulfonamide SAR

0.0 F
RSN N2Me
e
R

Compound® fXa K" (nM)

7 4-MeO-phenyl 53

8 Phenyl 370

9 4-F-phenyl 44.5
10 4-Cl-phenyl 23
11 4-Et-phenyl 78
12 4-Cyanophenyl 420
13 3-Cl-phenyl 380
14 3-MeO-phenyl 100
15 3.4-diF-phenyl 270
16 3,4-diCl-phenyl 61
17 2,5-Cl-phenyl 650
18 3,5-diCl-phenyl 730
19 3-Pyridyl 2600
20 2-NH,-5-pyridinyl 260
21 Benzyl 3200
22 6-Cl-naphthyl 2.2
23 7-Cl-naphthyl 18
24 3-NH,-5-benzisoxazolyl 19
25 5-Cl-2-thienyl 5.3
26 5-Cl-3-Me-2-benzothienyl 160
27 5-(3-Isoxazolyl)-2-thienyl 26
28 6-Indazolyl 19
29 3-Quinolinyl 28
30 6-Quinolinyl 73

% K’s obtained from purified human enzymes and are averaged from
two experiments (n = 2).'>

% K’s obtained from purified human enzymes and are averaged from
two experiments (n = 2).
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consistent with its lack of permeability in a Caco-2
assay.!”

An additional improvement in potency versus fXa in
compounds with the pyridone P4 group was realized

Table 3. SAR of substituted sulfonamide analogs
F

08,3

s N
fseaate B
: C

fXa Ki* PT® EC,,

Compound® R

(oM) (M)

22 H 22 102
31 CH,CO,H 1.0 250
32 CH,CO,Me 0.88 89
33 (CH,);0H 2.3 208
34 CH,CONH(CH,),NMe, 2.2 ND®
35 CH,CON(Me)(CH,),NMe, 0.84 17
36 CH,CON(Me)(CH,),NEt, 1.1 19.5
37 CH,CON(Me)(CH,),OH 2.7 ND¢
38 -CH,CON(Me) CN-Me 0.43 19.5

/N
39 -CH,CO-N  N-Me 0.71 24.4

—/

#K;s are obtained from purified human enzymes and are averaged from
two experiments (n = 2).

°PT values were measured according to Refs. 3 and 4.

°ND, not determined.

by replacing the 6-chloronaphthyl P1 with a 6-chloro-
thieno[2,3-b]pyridinyl moiety to provide the compounds
in Table 5. This allowed the replacement of the basic
sulfonamide substituent in analog 50 with the neutral

Table 4. P4 heterocycle SAR

N-methylamide of compound 51, which maintained
good potency and anticoagulant activity, but still had
poor Caco-2 permeability. Removal of the o-fluoro sub-
stitution from the phenyl of 49 provided 52 with better
translation to the PT assay. Des-fluoro analog 53 with
a primary amide substituent on the sulfonamide linker
also showed good PT potency, but no Caco-2 perme-
ability. Acid 54 was similar in fXa affinity to amide 53
but had a ~3-fold drop off in vitro anticoagulant actvi-
ty. Improved permeability over amides 50, 51, and 53
was achieved with methyl ester 55, which had a similar
fXa affinity and potency in the PT assay to 51. These re-
sults suggest that further optimization could provide
additional potent compounds with improved oral bio-
availability in this series. The compounds described
herein are highly selective for fXa with >10000-fold
selectivity over thrombin, trypsin, and fVIla. Com-
pounds (S)-48 and 55, were selected for evaluation in
mechanistic studies.'® As predicted for reversible inhibi-
tors binding in the active site, both compounds were
competitive inhibitors with a chromogenic tripeptide
substrate,'® but exhibited mixed-type inhibition versus
the physiological substrate, prothrombin, which inter-
acts with FXa primarily at exosites.?° This mechanism
is advantageous since these compounds are potent
inhibitors at both low and high physiological levels of
prothrombin.

The racemic compounds in Tables 1-5 were synthesized
from commercially available 2-tetrahydrofuran carbox-
ylic acid as outlined in Scheme 1. The acid was
converted to the acid chloride which was coupled with
2-fluoro-4-[2-(methylsulfonyl)-phenyl]aniline® in the
presence of DMAP to provide amide 56. Treatment of
56 with BBrj; led to the open chain bromoalcohol, which
was acetylated and then cyclized by treatment with

00 F
|
Cl R O p4
P4 groups:
Me Me o} o
NMe, “NCH,CO,Me
~ ~ ~
Wl WA ~ N N "@
N N N N
A B (o3 D E F

Compound R P4 fXa K* (nM) PT® EC,, (uM)
40 H A 2.4 13
41 H B 0.35 13
42 CH,CO,Me B 0.21 12
43 H C 28 ND*¢
44 H D 16 ND°
45 H E 10 ND¢
46 CH,CON(Me)(CH,)>NMe, E 1.7 12
47 H F 0.11 35
48 CH,CON(Me)(CH,),NMe, F 0.02 33
(5)-48 CH,CON(Me)(CH,),NMe, F 0.016 1.7

# K;s are obtained from purified human enzymes and are averaged from two experiments (n = 2).

®PT values were measured according to Refs. 3 and 4.
°ND, not determined.
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Hunig’s base to give the 3-acetoxylactam. Hydrolysis of
the acetate and treatment of the resulting alcohol with
PBr; provide the key bromolactam intermediate 57.
The bromide was displaced with p-methoxyaniline or
the corresponding phenol in the presence of sodium hy-
dride to give the N and O linked analogs 58 and 60,
respectively, or converted into the corresponding pri-
mary amine 59 by displacement with sodium azide fol-
lowed by reduction either by catalytic hydrogenation
or by triphenylphosphine in ether. Amide analogs 61
were prepared by condensation of 59 with carboxylic
acids in the presence of TBTU and TEA, and sulfon-
amide analogs 62 by reaction of 59 with the correspond-
ing sulfonylchlorides which were either commercially
available or prepared as described by Becker et al.”!
Bis-sulfonylation was avoided by use of a two phase
reaction mixture consisting of 1 M K,CO; and EtOAc,
and the excess sulfonylchloride was scavenged with
PS-trisamine resin. The sulfonamide products could
then be alkylated with the appropriate alkyl bromides
or iodides in the presence of K,CO3; in DMF to provide

Table 5. 6-Chlorothieno[2,3-b]pyridinyl analogs

2431

compounds of formula 63. To prepare the acetamide
analogs, 62 was first alkylated using terz-butyl bromo-
acetate followed by the cleavage of the fert-butyl ester
with TFA in CH,Cl,. Amides were prepared from the
resulting acids by reaction with amines in the presence
of BOP, TEA, and DMAP at 50°C. Analogs with het-
erocyclic P4 groups were similarly prepared from amine
intermediates 66, 67, and 68, which were obtained as
outlined in Scheme 2 from aryliodide intermediate 65
using copper mediated N-arylation chemistry.

A model of (S)-48 overlaid with the crystal structure of
1?2 is shown in Figure 1. The biaryl P4 fits as expected
into the hydrophobic box formed by residues Phel74,
Trp215, and Tyr99. The carbonyl of the central lactam
core is within H-bonding distance of the backbone
NH of Gly216. The chlorine at the 6-position of the
naphthyl P1 moiety extends deeper into the S1 pocket
to displace a structural water molecule and engage in a
hydrophobic interaction with Tyr228. Similar close
hydrophobic contact between aromatic chloride moie-

(o} ,,0
X
7 N\ _§
=N
Cl

Compound R X fXa K;* (nM) PT® ECoy (M) Caco-2° Papp x 107° (cm/s)
49 H F 0.02 32 8.3
50 CH,CON(Me)(CH,),NMe, F 0.013 2.1 0
51 CH,CONHMe F 0.037 4.2 0.1
52 H H 0.05 15 2.0
53 CH,CONH, H 0.1 4.8 0
54 CH,CO,H H 0.13 16 ND
55 CH,CO,Me H 0.043 4.4 3.5

# K;s are obtained from purified human enzymes and are averaged from two experiments (n = 2).

°PT and Caco-2 values were measured according to Ref. 3 and 4.
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Scheme 1. Reagents and conditions: (a) oxalyl chloride, DMF, CH,Cl,; (b) CH,Cl,, DMAP, 2-fluoro-4-(2-methylsulfonylphenyl)aniline; (c) BBr3,
CH,Cl,; (d) Ac,0, heptane; (e) DIPEA, DMF, reflux; (f) K,CO;, MeOH/H,0; (g) PBr;, CH,Cly; (h) NaN3, DMF, 50 °C; (i) H,, Pd/C MeOH; (j)
ArNH,, NaH, THF; (k) ArOH, NaH THF; (1) ArCO,H, TBTU, TEA, DMF; (m) ArSO,Cl, 1 M K,COs3, EtOAc; (n) PS-trisamine; (o) zert-butyl
bromoacetate, K,COs;, DMF; (p) TFA, CH,Cl,; (r) RNHR’, BOP, TEA, DMAP, DMF, 50 °C.
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Scheme 2. Reagents and conditions: (a) oxalyl chloride, DMF, CH,Cl,; (b) CH,Cl,, DMAP, 2-fluoro-4-iodoaniline; (¢) BBr;, CH,Cl,; (d) Ac,O,
heptane; (e) DIPA, DMF, reflux; (f) K,CO;, MeOH/H,0; (g) 2-(N,N-dimethylamino)methylimidazole, Cul, K,CO3;, DMSO, 140 °C, 3 h; (h)
piperidinone, K;PO,, Cul, 1,2-diaminocyclohexane, dioxane, 85 °C (i) 2-hydroxypyridine, Cul, K,CO;, DMSO, 140 °C, 3 h; (j) PBr3;, CH,Cl,; (k)

NaNs, DMF, 50°C; (1) SnCl,, MeOH.
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Figure 1. Model of Compound (S)-48 in white overlaid on crystal
structure of 1 (DPC423) in blue complexed with fXa (in green).

ties and the aromatic ring of Tyr228 has been observed
in several recently reported fXa-inhibitor crystal struc-
tures.>> One of the oxygens of the sulfonamide linker
is directed toward the backbone NH of GIn192 similar
to the N2 of the pyrazole ring of 1 while the other sul-
fonamide oxygen points toward the oxyanion hole.
The N-methyl of the acetamide substituent at the sulfon-
amide nitrogen extends toward the Cys191-Cys220
disulfide bridge occupying a similar position as the tri-
fluoromethyl moiety of 1, while the basic dimethylamine
group is most likely solvent exposed.

In summary, highly potent inhibitors of fXa which com-
bine biaryl P4 groups with chloronaphthylsulfonyl and
chlorothienylpyridinesulfonyl P1 moieties linked by an
aminopiperidone conformational constraint have been
identified. Potency and molecular properties can be
fine-tuned by introduction of appropriate functionality
at the sulfonamide nitrogen in these molecules. The
best combination of fXa potency, in vitro anticoagulant
activity and permeability was obtained with compound
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Abstract—A new class of C8-linked pyrrolo[2,1-c][1,4]benzodiazepine—chalcone conjugates have been prepared by employing a
solid-phase synthetic protocol. In this strategy an intramolecular aza-Wittig reductive cyclization approach has been utilized. Inter-
estingly, some of these molecules have shown enhanced DNA-binding affinity and promising anticancer activity on a large number

of human cancer cell lines.
© 2008 Elsevier Ltd. All rights reserved.

Solid-phase combinatorial synthesis has become an
important tool in many areas of research; including
chemical biology and drug discovery,' as the demand
for libraries of small organic molecules continue to
grow. The development of practical synthetic strategies
for building libraries of drug-like molecules is an impor-
tant aspect for medicinal chemists to enable the cellular
functions and to explore new drug candidates.

During the course of our efforts directed towards the
development of new anticancer agents as well as in the
combinatorial diversification, we were interested in the
development of solid-phase synthetic strategy for some
new molecules based on PBD linked-chalcone conju-
gates as potential anticancer agents. Chalcones have re-
ceived significant attention for their antitumour
properties over the last few years, particularly in view
of their similar mode of action to the structurally related
combretastatin (1).? The anticancer activity of certain
chalcones, known to result in binding to tubulin and
prevent it from polymerizing microtubules,? is the target
for a number of clinical useful anticancer compounds
including natural products like paclitaxel, vincristine
and colchicine. Furthermore, the ease of preparation
of chalcones from substituted benzaldehydes and ace-

Keywords: Pyrrolo[2,1-c][1,4]benzodiazepines; Chalcones; DNA-bind-

ing affinity; Anticancer activity; Aza-Wittig reductive cyclization.
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tophenones makes them an attractive pharmacophoric
scaffold.

The pyrrolo[2,1-c][1,4]benzodiazepines (PBDs) are a
group of potent, naturally occurring, antitumour antibi-
otics produced by various Streptomycies species.* These
compounds bind selectively in the minor groove of
DNA, forming a covalent aminal bond between the elec-
trophilic C11-position of the PBD and the nucleophilic
N2-amino group of a guanine base,’ resulting in their
biological activity. A number of naturally occurring syn-
thetic compounds based on this PBD ring system, such
as anthramycin, chicamycin, abbeymycin, DC-81 (2)
and its dimers,® have shown varying degrees of DNA-
binding affinity and anticancer activity. Recently, we
have investigated mixed imine-amide PBD dimers’ as
efficient DNA-binding agents with significant anticancer
activity in a number of human cancer cell lines and also
developed new hybrids of PBD monomers.® A number
of PBD conjugates have been designed and synthesized
in this laboratory, that have exhibited significant cyto-
toxic property with increased DNA-binding ability.’
Further, a variety of PBD based molecules have been
synthesized by employing aza-Wittig reductive cycliza-
tion strategy in solution-phase!'® as well as on solid-
phase.!! In continuation of these efforts towards the syn-
thesis of structurally modified PBD hybrids and also
development of new solid-phase synthetic strategies,'?
we herein report the preparation of a new class of CS8-
linked PBD-chalcone conjugates (Fig. 1). Moreover,
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Figure 1. Chemical structures of biologically important combretasta-
tin (1), DC-81 (2) and PBD-chalcone conjugates (3a—c and 4a—c).

these molecules have been evaluated for their DNA-
binding ability and a representative compound has been
investigated for its potential as an anticancer agent.'3

The synthetic pathway started from commercially avail-
able 2-hydroxyacetophenone (5), which was coupled to
commercially available Merrifield resin (6, 2.00 mmol/
g) with NaH to give resin-bound 2-hydroxyacetophe-
none (7) in excellent yield. This reaction was confirmed
by IR spectrum, Wthh showed the keto group absorp-
tion at 1739 cm™". Further, in attempts to condense
the resin-bound 2- hydroxyacetophenone 7 with alde-
hyde, NaOMe (as a 0.5 M solution in MeOH) was found
to be the base of choice, the co-solvent with suitable re-
sin swelling properties is necessary to ensure complete
conversion to the enone product. Toluene as well as
THF gave satisfactory results for this reaction; however,
THF is better with respect to consistency of the results

%*%

for larger scale reactions. Typically 12 equivalents of
both aldehyde 8 (vanillin) and NaOMe (0.5M in
MeOH) was added to resin 7 (preswelled in an equal vol-
ume of THF) to afford the required resin-bound enone
(9) as shown in Scheme 1. This reaction was monitored
by FT-IR, which shows a strong peak of the carbonyl
absorption at 1747 cm ™.

The starting materials 12a—c were prepared from methyl
2-azido-4-hydroxy-5-methoxybenzoate (10) which was
accomplished by employing the reported method.!#
Etherification of these compounds was performed by
using a variety of dibromoalkanes to provide the bro-
mo-substituted azidoesters (11a—c). These upon hydroly-
sis in the presence of 2 N LiOH followed by coupling
with proline methylester by employing Et;N afford
12a—c in good yield ranging from 78% to 83% as shown
in Scheme 2.

The PBD-chalcone conjugates (3a—c¢ and 4a—c) were
prepared by employing the resin-bound compound 9
and bromo-substituted azidobenzoyl proline methylest-
ers (12a—c), which were then coupled in the presence
of K,COs; to afford the corresponding solid-supported
compounds 13a—c as indicated by IR spectra that shows
a strong azide stretching at 2110 cm™ °. These resin-
bound ester functionalities (13a—c) were reduced selec-
tively with DIBAL-H followed by aza-Wittig reductive
cyclization (Staudinger reaction) with triphenyl phos-
phine (TPP) to produce 14a—c. This step is also con-
firmed by IR analysis wherein the azido peak is
absent. Finally, the resin-bound compounds 14a—c were
cleaved by employing TFA/CH,Cl, (1:1) to afford the
crude products. This procedure was further repeated
once again to ensure the complete cleavage of the prod-
uct from the resin, which was later purified by column
chromatography using (silica gel, 100-200 mesh) ethyl
acetate/methanol (9:1) to give 3a—¢!> (yields 65-78%).
The resin-bound chalcone-PBD dilactams (4a—c) have
also been prepared by employing a similar procedure.
The reduction of resin-bound azido group 15a-c was
accomplished by employing TPP and followed by cleav-

OHC/C:OCHs : |

0 OH
‘ x ! OCH;
o)

9

Scheme 1. Reagents and conditions: (i) NaH, dry DMF, 50-60 °C, 48 h; (ii)) NaOMe/THF/MeOH, rt, 4 days.
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Scheme 2. Reagents and conditions: (i) K,COs3, dibromoalkanes, DMF, rt, 12 h; (ii) LiOH (2 N), THF/MeOH/H,O (3:1:1), rt, 2 h; (iii) (a) (COCl),,
dry CH,Cl,, 1-3 drops DMF, 0 °C-rt, 2 h; (b) Et3N, L-proline methylester hydrochloride, THF, 0 °C-rt, 2 h.
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age with TFA/CH,Cl, (1:1) to give 4a—c'> as shown in
Scheme 3.

The DNA-binding ability of these C8-linked chalcone—
PBD conjugates was examined by thermal denaturation
studies using calf thymus (CT) DNA. These studies
show the melting stabilization (AT,,) for the CT-DNA
duplex at pH 7.0, incubated at 37 °C, where PBD/
DNA molar ratio is 1:5. In this assay, the helix melting
temperature changes (ATy,) for each compound were
studied after 0 and 18 h of incubation at 37 °C. Interest-
ingly, in this study PBD-chalcone conjugates com-
pounds 3a—c have shown melting temperature
increases from 1.7 to 8.1 °C (Table 1). The AT, of com-
pound 3a is 5.0 °C at 0 h, while the melting temperature
increases to 8.1 °C upon incubation for 18 h at 37 °C.

Compound 3b elevates the helix melting temperature
of CT-DNA by 1.7 °C at 0 h; however, there is not much
difference in the melting temperatures after incubation
for 18 h (2.1 °C). Whereas for compound 3c the AT,
is 3.1 °C at 0 h while the helix melting temperature in-
creases to 5.0 °C after incubation for 18 h at 37 °C. In
the same experiment the naturally occurring DC-81 ele-
vates the helix melting temperature of CT-DNA by
0.7 °C after incubation for 18 h. It is interesting to ob-
serve that for both the PBD conjugates 3a and 3c the
ATy, values are significant when the length of alkyl
spacer is odd numbered, probably as they have a better
fit in the minor groove of DNA.

Similarly, non-covalent DNA-interactive chalcone—
PBD dilactam conjugates were evaluated for their
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Table 1. Thermal denaturation data for C8-linked PBD-chalcone
conjugates (3a—c and 4a—c) with calf thymus (CT) DNA

Compound [PBDJ/[DNA] AT,° (°C) after
molar ratio® incubation at
37 °C for
Oh 18h
3a 1:5 5.0 8.1
3b 1:5 1.7 2.1
3¢ 1:5 3.1 5.0
4a 1:5 2.0 3.5
4b 1:5 1.0 1.9
4c 1:5 7.1 9.0
DC-81 1:5 0.3 0.7

#For CT-DNA alone at pH 7.00 £ 0.01, T, = 69.6 °C £ 0.01 (mean
value from 10 separate determinations), all 7}, values are * 0.05—
0.1°C.

®For a 1:5 molar ratio of [PBDJ/[DNA], where CT-DNA concentra-
tion = 100 uM and ligand concentration = 20 uM in aqueous sodium
phosphate buffer [10 mM sodium phosphate + | mM EDTA, pH
7.00 £ 0.01].

DNA-binding affinity by thermal denaturation studies
using a similar procedure. These conjugates 4a—c also
exhibited significant helix melting temperature values
ranging from 1.0 to 9.0 °C. Compounds 4a and 4b have
shown noticeable DNA-binding affinity of 2.0 and
1.0 °C with calf thymus CT-DNA and there is not
much difference in their helix melting temperatures
upon incubation at 37 °C for 18 h (3.5 and 1.9 °C).
However, AT, of compound 4c¢ is 7.1 °C at 0 h while
the melting temperature increases to 9.0 °C upon incu-
bation for 18 h (Table 1). It is interesting to observe
that compound 4c¢ showed enhanced DNA-binding
ability compared to chalcone-PBD imine conjugates
(3a—c).

Compound 3a as a representative member of this class
that exhibited significant DNA-binding ability has been
evaluated for its in vitro activity against the standard
sixty human tumour cell lines, derived from nine can-
cer types (leukaemia, non-small cell lung, colon,
CNS, melanoma, ovarian, renal, prostate and breast
cancer). This compound shows good anticancer po-
tency in a wide spectrum of cell lines causing 50% cell
growth inhibition (Glsp), and the values range from
0.01 to 0.40 uM as seen from Table 2. Moreover, it
exhibits less than 30 nM potency as seen from the
GlIs, values in almost 32 cancer cell lines. Further the
cytotoxic potency (LCs) is significant in some selected
human cancer cell lines ranging from 0.07 to 0.98 uM.
The in vitro cytotoxicity (LCs) for the naturally occur-
ring DC-81 is 0.38 and 0.33 pM in L1210 and PC6 can-
cer cell lines, respectively.!® It is interesting to note that
the mean graph midpoint values of compound 3a are
log10G150 (7743), lOgloTGI (7651) and 10g10LC50
(—5.18).

In conclusion, the synthesis of biologically important
DNA-interactive C8-linked pyrrolo[2,1-c][1,4]benzodi-
azepine—chalcone conjugates has been demonstrated
for the first time. In this process solid-supported syn-
thetic method, aldol condensation and intramolecular

Table 2. In vitro anticancer activity of compound 3a on 60 human
cancer cell lines

Cancer panel/cell Glso (uM)  Cancer Glso (uM)
line panel/cell line
Leukaemia Ovarian
CCRF-CEM 0.021 IGROV1 0.018
HL-60(TB) 0.017 OVCAR-3 0.021
K-562 0.026 OVCAR-4 0.061
MOLT-4 0.017 OVCAR-5 0.025
RPMI-8226 0.025 OVCAR-8 0.036
SR 0.012 SK-OV-3 0.406
Non-small cell lung Renal
AS549/ATCC 0.031 786-0 0.025
EKVX 0.204 ACHN 0.047
HOP-62 0.039 CAKI-1 0.025
HOP-92 0.044 RXF 393 0.02
NCI-H226 0.138 SN12C 0.028
NCI-H23 0.039 TK-10 0.041
NCI-H322M 0.307 UO-31 0.105
NCI-H460 0.034
NCI-H522 0.026 Prostate
DU-145 0.025
Colon Breast
COLO 205 0.027 MCF7 0.032
HCC-2998 0.138 NCI/ADR-RES  0.308
HCT-116 0.033 231/ATCC 0.026
HCT-15 0.247 HS 578T 0.023
HT29 0.030 MDA-MB-435  0.019
KM12 0.018 BT-549 0.017
SW-620 0.019 T-47D 0.029
MDA-MB-468  0.016
CNS
SF-268 0.024
SF-539 0.028
SNB-19 0.029
SNB-75 0.036
U251 0.022
Melanoma
LOX IMVI 0.018
MALME-3M 0.037
Ml14 0.046
SK-MEL-2 0.067
SK-MEL-28 0.020
SK-MEL-5 0.024
UACC-257 0.112
UACC-62 0.021

aza-Wittig reductive cyclization process have been uti-
lized. These chalcone-PBD conjugates have shown
noticeable DNA-binding affinity and potential antican-
cer activity in a number of human cancer cell lines for
a representative compound of this class.
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H,0 (3% 10 mL), CH30H (3% 10 mL), CH,Cl, (3% 10 mL)
and then dried under vacuum to give resin-bound 2-
hydroxyacetophenone (7). Later a solution of NaOMe in
MeOH (31.30mL of a 0.5M solution in MeOH,
15.6 mmol) was added to a mixture of resin-bound 2-
hydroxyacetophenone (7, 2.34g) and 4-hydroxy-3-
methoxybenzaldehyde (8, 2.63 g, 17.38 mmol) in anhy-
drous THF (30 mL). Then the flask was capped and
placed on an orbital shaker for 4 days. The reaction
mixture was filtered and washed sequentially with the
following solvents THF (3x 40 mL), MeOH (3x 40 mL),
THF (3x 40 mL), MeOH (3x 40 mL) and finally washed
with THF (3x 40 mL). After which the resin was dried on
a Buchner funnel to give 9. Later to a suspension of resin
(9, 0.886 g, 1.7mmol/g) in dry DMF (15mL), K,CO;
(1.17 g, 8.5 mmol) and 12a (1.49 g, 3.4 mmol) were added
and the reaction mixture was stirred at 50 °C for 48 h to
afford 13a. Then the reaction mixture was brought to
room temperature and filtered, washed sequentially with
the following solvents DMF (3x 15 mL), DMF/water (8:2,
3x 15mL), DMF (3% 15 mL), THF (3% 15 mL) and finally
washed with CH,Cl, (3x 15 mL) then dried. Further, to a
suspension of resin (13a, 0.440 g, 0.80 mmol) in CH,Cl,
(10 mL) was added DIBAL-H (2.28 mL of a 1 M solution
in hexane, 2.28 mmol) drop wise at —78 °C under nitrogen
atmosphere, and the reaction mixture was stirred at the
same temperature for 2 h. Then the reaction was quenched
by the addition of 10 mL of 0.5% HCI, filtered off and
rinsed with hexane, water, THF, CH,Cl, and dried in
vacuo for 2 h. The derivatized resin (0.382 g, 0.57 mmol)
was taken in round bottom flask, dry toluene (20 mL) and
TPP (0.760 g, 2.85 mmol) was added and allowed to stir
for Sh at room temperature to afford reductive cyclized
resin-bound product 14a. This resin was filtered and
washed with toluene (2x 25 mL), CH,Cl, (2x 25 mL),
ether (2x 25 mL) and then dried. Finally, the resin (14a,
0.345 g) was cleaved by employing TFA/CH,Cl, (1:1,
10 mL) to afford the crude product 3a. This procedure was
repeated once again to ensure the complete cleavage of the
product from the resin. The filtrate was saturated with
aqueous NaHCOj; solution, and then extracted with ethyl
acetate; the organic layer was separated, dried over
Na,SO, and evaporated in vacuo to afford the crude
product. This upon purification by column chromatogra-
phy using (silica gel, 100-200 mesh) ethyl acetate/metha-
nol (9:1) as eluent gave compound (3a, 25 mg, 68%). 'H
NMR (400 MHz, CDCls): 6 12.94 (s, 1H); 7.92-7.95 (d,
IH, J=17.79 Hz); 7.65-7.67 (t, 1H, J=3.12, 3.90 Hz);
7.47-7.54 (m, 2H); 7.16 (s, 1H); 6.93-7.07 (m, 4H); 6.86 (s,
1H); 5.39-5.44 (dd, 1H, J = 3.12, 10.13 Hz); 4.20-4.34 (m,
4H); 3.93 (s, 3H); 3.88 (s, 3H); 3.53-3.84 (m, 2H); 2.28—
2.45 (m, 4H); 2.02-2.08 (m, 2H); 1.71 (m, 2H); '*C NMR
(50 MHz, CDCly): 6 14.0; 22.5; 24.1; 29.3; 31.5; 44.5; 46.6;
53.6; 56.0; 65.3; 79.4; 112.8; 117.8; 118.5; 121.5; 123.3;
126.9; 127.7; 129.5; 131.5; 136.1; 140.7; 145.6; 147.8; 149.7;
150.7; 151.2; 161.5; 162.3; 164.5; 192.0; 193.5; FABMS:
mlz 557 [M*+H]; HRMS calcd for C3,H3,N,07 556.3768,
found 556.3772.

Compound 3b: '"H NMR (400 MHz, CDCls): § 12.94 (s,
1H); 7.91-7.96 (m, 3H); 7.66-7.67 (d, 1H, J = 4.30 Hz);
7.47-7.54 (m, 2H); 6.91-7.07 (m, 5H); 6.82 (s, 1H); 5.40—
5.44 (dd, 1H, J = 2.15, 10.77 Hz); 4.09-4.22 (m, 4H); 3.93
(s, 3H); 3.89 (s, 3H); 3.55-3.85 (m, 2H); 2.30-2.36 (m,
2H); 2.01-2.12 (m, 6H); FABMS: m/z 571 [M"+H].
HRMS caled for C;3H34N,O; 570.4033, found
570.4028.
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Compound 3¢: '"H NMR (400 MHz, CDCl5): 6 12.81 (s,
1H); 7.81-7.90 (m, 3H); 7.60-7.61 (d, 1H, J=3.90 Hz);
7.42-7.49 (m, 2H); 6.83-7.04 (m, 5H); 6.72 (s, 1H); 5.35—
5.39 (dd, 1H, J = 2.34, 10.13 Hz); 4.02-4.12 (m, 4H); 3.92
(s, 3H); 3.91 (s, 3H); 3.52-3.85 (m, 2H); 2.27-2.34 (m,
2H); 1.89-2.08 (m, 6H); 1.66-1.75 (m, 2H); FABMS: m/z
585 [M*"+H]; HRMS caled for Ci,HigN,O; 584.4293,
found 584.4298.

Compound 4a was prepared according to the procedure
described in the earlier preparation of 3a. The resin-bound
dilactam (15a, 0.325 g) was added by employing TFA/
CH,Cl, (1:1, 10 mL) to afford the product (4a, 20 mg, 75%).
'"H NMR (400 MHz, CDCl3): 6 12.79 (s, 1H); 8.74 (br s,
1H); 7.77-7.90 (m, 3H); 7.36-7.50 (m, 2H); 7.15-7.19 (m,
1H); 6.85-7.04 (m, 4H); 6.54 (s, 1H); 5.33-5.38 (dd, 1H,
J=3.02,10.57 Hz); 4.10-4.20 (m, 4H); 3.92 (s, 3H); 3.87 (s,
3H); 3.50-3.75 (m, 2H); 2.20-2.33 (m, 2H); 1.85-2.02 (m,
4H); FABMS: m/z 573 [M*+H]; HRMS caled for
C32H32N208 5723762, found 572.3768.

16.

Compound 4b: 'H NMR (400 MHz, CDCly): 5 12.82 (s,
1H); 8.88 (br s, 1H); 7.78-7.92 (m, 3H); 7.38-7.56 (m,
2H); 7.19-7.25 (m, 1H); 6.88-7.10 (m, 4H); 6.56 (s, 1H);
5.31-5.35 (dd, 1H, J=3.12, 10.26 Hz); 4.11-4.22 (m,
4H); 3.96 (s, 3H); 3.89 (s, 3H); 3.51-3.80 (m, 2H); 2.21-
2.36 (m, 2H); 1.84-2.12 (m, 6H); FABMS: m/z 587
[M*+H]; HRMS caled for C33H34N,Og 586.4027, found
586.4039.

Compound 4¢: 'H NMR (400 MHz, CDCls): & 12.98
(s, 1H); 8.91 (br s, 1H); 7.85-7.98 (m, 2H); 7.41-7.59
(m, 3H); 6.91-7.12 (m, 5H); 6.42 (s, 1H); 5.40-5.45 (dd,
1H, J=3.11, 10.68 Hz); 4.09-4.19 (m, 4H); 3.96 (s,
3H); 3.88 (s, 3H); 3.55-3.79 (m, 2H); 2.21-2.25 (m,
4H); 1.95-2.12 (m, 6H); 1.65-1.75 (m, 2H); FABMS:
mlz 601 [M++H] HRMS caled for C34H36N203
600.4292, found 600.4298.

Bose, D. S.; Thompson, A. S.; Smellie, M.; Berardini, M.
D.; Hartley, J. A.; Jenkins, T. C.; Neidle, S.; Thurston, D.
E. J. Chem. Soc. Chem. Commun. 1992, 9, 1518.
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Abstract—The preparation of oligomers made up of several chromophore units as compounds with potential fluorescent and anti-
proliferative properties is described. Specifically, chromophore units with protected-amino groups and one carboxylic group are
described, together with methods to assemble these units using peptide chemistry. Some of these compounds have antiproliferative

activity.
© 2008 Elsevier Ltd. All rights reserved.

Interest in new DNA-intercalating drugs has led to the
development of protocols for the rapid synthesis of com-
pounds carrying several chromophore units. In the pre-
vious paper we described the preparation of oligomers
with phosphodiester bonds using the phosphoramidite
method and solid-phase synthesis protocols. Here we de-
scribe the synthesis of oligomers carrying amide bonds.

For the synthesis of these polymers, three trifunctional
scaffolds were chosen: 4-aminoproline, 2-aminoethylgly-
cine, and ornithine. All three have two amino groups
and one carboxylic acid function. This distribution al-
lows both the growth of a polyamide skeleton and the
incorporation of the DNA-intercalating unit on the
other amino group if suitable amino-protecting groups
are used. y-Aminoproline backbones had been used pre-

Keywords: Chromophore; Fluorescence; Peptides; Peptide nucleic acids;

Ornithine; 4-Aminoproline; Solid-phase synthesis; Antiproliferative.

* Corresponding authors. Tel.: +34 934039942; fax: +34 932045904
(R.E.); e-mail: recgma@cid.csic.es

0960-894X/$ - see front matter © 2008 Elsevier Ltd. All rights reserved.

doi:10.1016/j.bmcl.2008.02.045

viously for the synthesis of conformational constrained
peptide nucleic acids.!? Polyproline oligomers form a
rigid backbone that is suitable for drug delivery.>* The
2-aminoethylglycine backbone is more flexible and has
been used for the design of peptide nucleic acids
(PNA) DNA backbone mimetics.>® The synthesis of
several functionalized PNA oligomers containing
anthracene, ’ flavin,® pyrene,” and naphthalimide!® has
led to compounds with improved DNA binding proper-
ties. Using similar procedures, ornithine has also been
used as a DNA mimetic; deoxyribose has been replaced
with a poly-ornithine chain.!!

For the synthesis of 4-aminoproline polymers the back-
bone was grown on solid-phase, and then the intercalat-
ing agent was assembled on solid support. This strategy
is more convenient for the rapid synthesis of large li-
braries, as it is unnecessary to construct each monomer
with its intercalating agent. The synthesis protocols were
based on a previous study.'? Thus, the assembly of
4-aminoproline oligomers was carried out using the
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methylbenzhydrylamine (MBHA) resin applying an
Fmoc/Boc hybrid strategy and using trans-y-Fmoc-ami-
no-o-Boc-L-proline [Boc-Amp(Fmoc)-OH] as a building
block. The Fmoc group was used to protect the y-amino
group of each monomer, which thus facilitated the elon-
gation of the backbone. Boc was the semi-permanent
protecting group for the a-amino group through which
the chromophore units were introduced. a-Amino deriv-
atizations were carried out on solid-phase using stan-
dard Boc chemistry protocols. A glycine molecule was
introduced as a spacer between this amino group and
the chromophore moiety. In general, the Fmoc group
was removed using 20% of piperidine in N, N-dimethyl-
formamide (DMF) and Boc-Amp(Fmoc)-OH (5 equiv)
was coupled to the resin using diisopropylcarbodiimide
(DIPCDI, 5 equiv) and 1-hydroxybenzotriazole (HOBt,
5 equiv) as coupling reagents. Boc groups were removed
using 40% trifluoroacetic acid (TFA) in dichlorometh-
ane (DCM), followed by the treatment of the resin with
5% diisopropylethylamine (DIEA) in DCM. Boc-Gly-
OH (5 equiv) was coupled to the resin using DIPCDI
(5 equiv) and HOBt (5 equiv) as coupling reagents.
Carboxyl derivatives (la—g, 3 equiv) were coupled to
the resin using O-(benzotriazol-1-yl)-N,N,N,N-tetram-
ethyluronium tetrafluoroborate (TBTU, 3 equiv) and
DIEA (6 equiv) as coupling reagents. Acetylations were
carried out using acetic anhydride (Ac,O, 5 equiv) and
DIEA (5 equiv).

The solid-phase procedures depended on whether homo-
polymers or heteropolymers were the objects of synthe-
sis, as described below.

Protocol I, for homopolymers (see Scheme 1). The
v-peptide backbone was synthesized first by repetitive
couplings of Boc-Amp(Fmoc)-OH using Fmoc chemis-
try and, after the removal of Boc protecting groups,

a)  Fmoc
@ el

\
MBHA resin Boc

the spacer (Boc-Gly-OH) was introduced at the o-amino
positions. After the removal of the Boc groups, carboxyl
derivatives (1a, 1b) were introduced through these gly-
cines, forming the final homopolymers. A range of di-
mers and trimers (Table 1) were synthesized in this way.

Table 1. Oligomers prepared in this study

Compound MS (expected) MS (found)
Ac-Agr-Agr-NH, 807.8 808.4
Ac-Qgr-Qgr-NH, 885.9 886.5
Ac-Agr-Agr-Agr-NH, 1182.2 1182.6
Ac-Qgr-Qgr-Qgr-NH, 1299.3 1299.7
Ac-Agr-Qgr-Agr-NH, 1221.3 1222.6
Ac-Qgr-Qgr-Agr-NH, 1260.3 1260.2
Ac-Qgr-Agr-Agr-NH, 1221.3 1222.6
Ac-Qgr-Agr-Qgr-NH, 1260.3 1261.6
Ac-Agr-Agr-Qgr-NH, 1221.3 1221.7
Ac-Agr-Qgr-Qgr-NH, 1260.3 1260.6
Ac-Qgr-r-Agr-r-Pgr-NH, 1555.6 1557.6
Ac-Pgr-r-Ogr-r-Pgr-NH, 1559.6 1559.4
Ac-Agr-r-Pgr-r-Qgr-NH, 1555.6 1557.1
Ac-Fgr-r-Pgr-r-Agr-NH, 1517.6 1519.2
Ac-Qgr-r-r-Agr-r-r-Pgr-NH, 1864.0 1865.8
Ac-Pgr-r-r-Ogr-r-r-Pgr-NH, 1868.0 1868.6
Ac-Agr-r-r-Pgr-r-r-Qgr-NH, 1864.0 1865.2
Ac-Fgr-r-r-Pgr-r-r-Agr-NH, 1826.0 1827.7
Ac-Ago-Ago-Ago-NH, 1188.3 1189.0
Ac-Qgo-Qgo-Qgo-NH, 1305.4 1305.9
Ac-Ago-Qgo-Ago-NH, 1227.3 1227.9
Ac-Ago-Qgo-Qgo-NH, 1266.4 1266.9
Ac-Agp-Agp-NH-C¢H,-OH 885.9 884.4
Ac-Agp-Agp-Agp-NH-C¢H,-OH  1249.3 1246.4
Ac-Qgp-Qgp-NH-C¢H;,-OH 964.0 962.6

4-Aminoproline backbone: Agr (Acridine), Qgr (indoloquinoline), Fgr
(fluorenyl), Pgr (2-phenylquinoline), Ogr (chromene); ornithine back-
bone: Ago (acridine), Qgo (indoloquinoline); 2-aminoethylglycine
backbone: Agp (acridine), Qgp (indoloquinoline), Ac: acetyl; r:
N?-acetyl-y-aminoproline.

CeHo: n-hexyl.

COOH

Scheme 1. Solid-phase synthesis of homo-oligomers. Reagents and conditions: (a) i—piperidine-DMF (2:3), 30 min; ii—(2S,4R)-Boc-Amp(Fmoc)-
OH/DIPCDI/HOBt (3 equiv, 3 equiv, 3 equiv) in DMF, iii—repeat steps i and ii n times; (b) i—TFA-DCM (4:6), 30 min. ii—DIEA-DCM (1:9),
1 min. (c¢) i—Boc-Gly-OH/DIPCDI/HOBL (3 equiv, 3 equiv, 3 equiv) in DMF; ii—TFA-DCM (4:6), 30 min. ii—DIEA-DCM (1:9), 1 min. iv—R-
COOH (1a or 1b)/TBTU/DIEA (3 equiv, 3 equiv, 6 equiv) in DMF. (d) i—Piperidine-DMF (2:3), 30 min; ii—Ac,O/DIEA (5 equiv, 10 equiv) in

DMF, 2 h. (e) Anhydrous HF.
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Protocol 11, for heteropolymers (see Scheme 2). In this
procedure, the fluorophore was introduced sequentially
after each aminoproline coupling. Thus, Boc-Amp(F-
moc)-OH was attached to the MBHA resin, the Boc
protecting group was removed and the spacer (Boc-
Gly-OH) was coupled. After the removal of the
Boc group the fluorophore was introduced using the
coupling agents mentioned below. This cycle gave
the first aminoproline functionalized with the first fluo-
rophore. Then, the Fmoc group was removed, and the
sequence was repeated, obtaining an aminoproline
dimer with two different fluorophores. Repetitions of
these steps allowed the synthesis of several dimers and
trimers (Table 1).

Protocol III. This protocol was applied for those poly-
mers that did not have monomer at all the o-amino
proline positions. These compounds were treated as
heteropolymers. They were synthesized using protocol
IT (see Scheme 2), with the difference that those a-amino

ZN_O - Fmoc Vj\

MBHA resin Boc

Frmos. MMO

R', RZ = Chromophore R2?

1a

H
COOH COOH

1f

1
!/COOH

positions of the proline that did not have a fluorophore
were acetylated. Thus, the a-amino positions that were
maintained without monomer were acetylated after the
Boc group removal.

All y-aminoproline oligomers were finally treated with
20% piperidine solution to remove the N-terminal Fmoc
group, acetylated at this position, and treated with
anhydrous HF to obtain the desired products. Products
were finally purified by a reverse-phase semi-preparative
HPLC (Fig. 1).

Ornithine polymers (Table 1) were synthesized following
the same synthetic strategies used in the synthesis of vy-
aminoproline oligomers, just replacing the Amp scaffold
by Boc-L-Orn(Fmoc)-OH. Backbone elongation was
carried out through the §-amino function using Fmoc
chemistry and monomers were introduced in the o-ami-
no group using Boc chemistry and using glycine as a
spacer.

Fmoc\ V{ Q
(E
o~(

o), a) ‘

Fmos. M&(fkg

0#NH

R!

O p ‘ O
" ‘ N\ N
O _
/
/ N

COOH

Y

COOH

Scheme 2. Example of the solid-phase synthesis of a heterodimer. Reagents and conditions: (a) (2S,4R)-Boc-Amp(Fmoc)-OH/DIPCDI/HOBt
(3 equiv, 3 equiv, 3 equiv) in DMF. (b) i—TFA-DCM (4:6), 30 min. ii—DIEA-DCM (1:9), 1 min; iii—Boc-Gly-OH/DIPCDI/HOBL (3 equiv, 3 equiv,
3 equiv) in DMF; iv—TFA-DCM (4:6), 30 min. v— DIEA-DCM (1:9), 1 min. vi—R,-COOH (1a or 1b or 1e or 1f or 1g)/TBTU/DIEA (3 equiv, 3
equiv, 6 equiv) in DMF. (c¢) Piperidine-DMF (2:3), 30 min. (d) i—Piperidine-DMF (2:3), 30 min; ii—Ac,O/DIEA (5 equiv, 10 equiv) in DMF, 2 h;

iii—anhydrous HF.
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Ac-Fgr-r-Pgr-r-Agr-NH2

Abs 260 nm

o

0 2 4 6 8 10 12 14

Figure 1. HPLC chromatogram of trimer Ac-Fgr-r-Pgr-r-Agr-NH,.

For the solid-phase synthesis of 2-aminoethylglycine
backbones, the scaffolds containing several intercalating
agents were prepared in solution (see Scheme 3). These
aminoethylglycine derivatives were prepared from the
N-Boc-2-aminoethylglycine methyl ester, which was re-
acted with the carboxyl derivatives of acridine (1c) and
indoloquinoline (1d) using DIPCDI and hidroxy-3,4-
dihydro-4-oxo-1,2,3-benzotriazine (HOOBLt) as coupling
reagents, yielding compounds 2¢-d. Hydrolysis of the
resulting compounds with aq NaOH in dioxane (1:1)
gave the desired derivatives 3c-d. Oligomers with these
N-aminoethylglycine scaffolds were then synthesized
on polyethyleneglycol-polystyrene supports with the 6-
aminohexylsuccinyl linker.'* Standard solid-phase pep-
tide synthesis protocols were used. The synthesis cycle
consisted of two reactions, removal of the Boc group
using 50% TFA in DCM and 5% cresol as a scavenger,
followed by the coupling of the appropriate monomer (5
molar excess) using [O-(7-azabenzotriazol-1-yl]-1,1,3,3-
tetramethyluronium hexafluorophosphate (HATU, 4.5
molar excess) and DIEA (15 molar excess) as coupling
reagents. After the assembly of the sequence, the result-
ing supports were treated with conc. aqueous ammonia
for 2 h at 55 °C to yield the desired unprotected oligo-
mers (Table 1).

The excitation and emission wavelengths of the new
compounds were measured (see Supporting informa-
tion). Optimal excitation wavelengths ranged from 248
to 360 nm and the corresponding emission wavelengths
ranged from 396 to 505 nm. The indoloquinoline (Qgr)
derivatives with y-aminoproline backbone had the
higher emission wavelengths.

0 R (0]
y a) Y ©
Boc N\)J\ - =
SN OCH, Boc< /\/N\)]\OCHS

N
H H
1c 1d ‘b)
N )
R__O
o}
O / O Z~N \f
H Boc< /\/N\)J\
N OH
CONHCH,COOH CONHCH,COOH N

Scheme 3. Synthesis of 2-aminoethylglycine derivatives. Reagents: (a)
R-COOH (1¢ or 1d)/DIPCDI/HOOBt/N-ethylmorpholine, (b) NaOH
(water/ethanol).

Table 2. Antiproliferative activity

Compound ICso (nM)  ICsp (HM) ICsp (LM)
Jurkat GLC-4S NIH-3T3
clon E6-1

1c n.a. n.a. n.a.

1c, methyl ester n.a. n.a. n.a.

1d 12 n.a. n.a.

1d, methyl ester 8 n.a. n.a.

Ac-Agr-Agr-NH, 149 135 n.a.

Ac-Qgr-Qgr-NH, 37 54 n.a.

Ac-Agr-Qgn-NH, 92 125 376

Ac-Qgr-Agr-NH, 120 165 n.a.

Ac-Agr-Agr-Agr-NH, n.a. 134 n.a.

Ac-Qgr-Qgr-Qgr-NH, 130 n.a. n.a.

Ac-Agr-Agr-Qgr-NH, 86 174 426

Ac-Agr-Qgr-Agr-NH, 87 91 n.a.

Ac-Qgr-Agr-Agr-NH, 129 169 357

Ac-Qgr-Agr-Qgr-NH, 112 82 263

Ac-Agr-Qgr-Qgr-NH, 103 151 227

n.a., not active; n.d, not determined.

The antiproliferative activity of the new compounds
having the aminoprolyl backbones were analyzed on
two human cancer cell lines, Jurkat clon E6-1 and
GLC-4S, and one mouse fibroblast cell line, NIH-3T3.
MTT assay was performed to determine ICs, values. Re-
sults are shown in Table 2. All compounds had a mod-
erate antiproliferative activity in cancer cell lines (ICs
37-170 uM), whereas ICsy values for NIH-3T3 were
very high (ICsy > 227 uM), suggesting a low toxicity to
non-tumoral cells. As comparison the carboxyl deriva-
tive 1c and its methyl ester were not active in these con-
ditions whereas the carboxyl derivative 1d and its methyl
ester were only active on Jurkat clon E6-1 cell lines.

In summary, we report an efficient solid-phase synthesis
of several oligomers carrying fused heterocyclic deriva-
tives linked through amide bonds. y-Aminoproline,
2-aminoethylglycine, and ornithine backbones were
studied. All oligomers were obtained rapidly and in high
yields, suitable for the preparation of a wide range of
these derivatives. Preliminary antiproliferative assays
showed moderate but selective growth-inhibitory prop-
erties. The methods described here can be used in the
search for more active compounds and for the introduc-
tion of fluorescent compounds into synthetic peptides.
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Abstract—Polyhydric alcohol derivatives of the anticancer agent lonidamine (LND) have been synthesized. The increased water sol-
ubility showed by prodrugs 4, 7, and 25 together with their log P values (2.19, 2.55, and 2.54, respectively) and chemical stability
might be beneficial for prodrugs absorption after oral administration. Moreover, the new prodrugs undergo enzymatic hydrolysis
in plasma and release LND demonstrating that they are promising candidates for in vivo investigations.

© 2008 Elsevier Ltd. All rights reserved.

Lonidamine (LND) 1, a drug used in the treatment of sev-
eral neoplasia (i.e., lung, breast, prostate, and brain), was
first synthesized in 1976 with the aim of obtaining an anti-
spermatogenic agent,' and it was only later that the anti-
neoplastic activity of this agent was discovered. The
mechanism of action of LND does not involve protein
or nucleic acid synthesis. LND acts by reducing both
the oxygen consumption and the glucose utilization of
neoplastic cells by inhibiting the mitochondria-bound
glycolytic enzyme hexokinase that is usually absent in
normal cells.? Lactate efflux and intracellular accumula-
tion are also lowered.? LND strongly potentiates the ther-
apeutic efficacy of other antineoplastic drugs, for
example, cis-platin,* adriamicyn’, and alkylating agents.®

Cl

HO ~ N Cl

(¢}

1

Due to its particular mechanism of action, LND is de-
void of the usual side effects induced by antiproliferative
agents and no serious adverse reactions have been re-

Keywords: Lonidamine; Anticancer; Prodrug; Polyalcoholic; Polyhy-

dric; Synthesis.
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ported even over a long-term treatment period.” How-
ever, pancreatic and hepatic toxicity were observed in
dogs receiving LND by intravenous injection whereas,
in the same studies, oral administration of LND was de-
void of such toxicity.® The bioavailability of LND after
oral administration might be limited by its extremely
low water solubility (17 mg/L).® Attempts to increase
LND water solubility have been performed by preparing
inclusion complexes with B-cyclodextrins,” and solid dis-
persions of LND in both PVP and PEG 4000.!° Such
preparations induced a considerable improvement in
LND water solubility as well as an improvement in
LND bioavailability after oral administration. Such re-
sults confirmed the hypothesis that bioavailability after
oral administration and water solubility is strictly
correlated.'?

To improve LND water solubility we designed and syn-
thesized prodrugs by conjugation of LND with hydro-
philic molecules such as carbohydrates and polyhydric
alcohols to form water soluble esters which can be cleft
by chemical and enzymatic hydrolysis in the living body.
Hydroxyl groups can modulate the hydrophilicity of the
conjugated compound and may affect both its absorp-
tion after oral administration and its bioavailability.

The choice of carbohydrates was based on: (a) several
antitumor antibiotics such as bleomycin, mithramycin,
and anthracycline, which contain a glycosidic moiety
embedded in their structure; (b) glycosyl promoiety!!
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which might work as a transporter to enhance intestinal
absorption'?; (c) the observation that tumor cells have
higher than normal glucose metabolism!? probably due
to an overexpression of the glucose transporter
(GLUT-1)'%; (d) since glucose and galactose are actively
transported through the blood—brain barrier, their inclu-
sion in prodrugs could help the antitumor agent reach
tumor cells in the central nervous system.

The synthesis of the new prodrugs (Table 1) was carried
out by condensation of glucofuranose and mannitol di-
acetonides or glycerol, xylofuranose, and threitol aceto-
nides with LND in the presence of N-ethyl-N'-(3-
dimethylaminopropyl)carbodiimide = hydrochloride
(EDC) and 4-(dimethylamino)pyridine (DMAP) to give
the esters 3, 6, 8, 11, 14, 16, 19, and 21.'> Mannitol,
xylofuranose, and threitol acetonides gave a mixture of
mono- and bis-adducts, which were separated by col-
umn chromatography using a 1:1 mixture of ethyl ace-
tate/hexane. As an exception, the galactose ester 24!
was synthesized from the reaction of 1,2:5,6-di-O-iso-
propylidene-a-p-galactopyranose  with  1-(3,5-dichlo-
robenzyl)-1H-indazole-3-carbonyl chloride.!” The
hydrolysis of the acetonide protecting group was carried
out using trifluoroacetic acid to give the target com-
pounds 4, 7,9, 12, 15, 17, 20, 22, and 25.!8

With the aim to verify whether the new prodrug mole-
cules are endowed with cytotoxic activity, in vitro sulfo-
rhodamine B (SRB) assay on human PC-3 prostate
cancer cells was carried out,'® according to the National
Cancer Institute protocol.?’ In such a test, LND and its
conjugates did not show significant cytotoxicity up to
100 uM dose. Moreover, LND did not show measurable
growth inhibition activity, whereas compounds 7 and 25
showed a Glso=3.16 uM. Furthermore, the effects of
the derivatives on ovarian carcinoma cell line (SK-OV)
were evaluated treating SK-OV for 12 h at three differ-
ent concentrations (50, 150, 300 pM) of drugs in the
presence of 0.01% DMSO. The cell viability was depen-
dent on the concentration of 7 (at 300 uM %  inhibi-
tion = 30%) and 25 (at 300 uM % inhibition ~60%),
whereas no cell viability reduction was detectable after
the cell treatment with both the other prodrugs and
LND. However, at doses 50 and 150 uM of all drugs

A
100
oGl
s
75 [ mG2M

cell cycle distribution (%)

50 1
25
0
LND 25 7 4

no significant reduction in cell viability was observed.
In addition, the effect of these drug concentrations on
the cell cycle was investigated. The cells were incubated
for 12 h at two different drug concentrations and then
analyzed with a flow cytometry.?! The 50 uM pro-
drugs-treated SK-OV showed a cell cycle profile compa-
rable to LND-treated cells (Fig. 1A), however a
decreased number of cells in the S-compartment was evi-
dent after 12 h exposure to 25 at 50 uM dose. A similar
decreased cell number was observed after the treatment
with prodrugs at 150 pM dose (Fig. 1B). Interestingly,
for 25 at 150 uM dose, the cell depletion in S-phase
was associated to a concomitant accumulation of cell
percentage in G1-phase. These results indicated that 25
at 150 uM dose blocked the cell cycle at G1/S transition.

The physical-chemical properties such as water solubil-
ity and the octanol/water partition coefficient of the new
compounds were evaluated (see Table 2).?> Glucose,
mannitol, and galactose conjugates (4, 7, and 25)
showed water solubility from 5 to 8 times higher than
LND. Such monoconjugates bear in their structure five
or four hydroxyl groups. The mono-adducts, 12, 15, and
20, bearing only two or three hydroxyls, as well as the
bis-adducts 9 and 17 showed lower solubility than
LND. Threitol derivative 22 was insoluble.

All LND polyhydroxyesters, except 22, showed higher
log P values than LND. Compounds 4, 7, and 25 dem-

Table 2. Measured water solubility and log P values

Compound Water solubility® (mg/L) log P*

4 118.3 (+8.3) 2.19 (£0.34)
7 137.3 (£8.4) 2.55 (£0.28)
9 0.92 (£0.12) 3.52 (£0.36)
12 0.51 (+0.06) 3.96 (£0.32)
15 1.3 (£0.20) 3.40 (£0.24)
17 3.3 (£0.30) 2.86 (£0.14)
20 1.2 (£0.09) 3.04 (£0.18)
22 Insoluble

25 84.3 (£8.4) 2.54 (£0.20)
LND 17 (2£0.6) 1.30 (£0.05)

#The reported values are the means of three experiments. The SEM are
reported in parentheses.
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Figure 1. Effect of drugs on cell cycle distribution. Cell cycle analysis by propidium iodide and flow cytometry after cell treatment with 50 uM (A)
and 150 uM (B) drugs. The results represent means £ SEM of three independent experiments. *P < 0.05 when compared with LND-treated cells.
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Table 3. Kinetic data for chemical hydrolysis of prodrugs 4, 7, and 25 at 37 °C

Compound pH 1.3* pH 7.4*
ti2 () Kops (W71 ti2 () Kops (W71
4 >>120 — 44.07 (£1.32) 0.0068 (£2.0 x 1074
7 >>120 - 80.70 (£1.61) 0.0037 (£7.5% 1075)
25 >>120 _ 114.03 (£0.57) 0.0026 (+1.3x 10°)

#The reported values represent means of three experiments. The SEM are reported in parentheses.

Log (% residual)

T T T T
0 20 40 60 80 100 120
Time (h)

Figure 2. First order kinetic plots for hydrolysis of prodrugs 4, 7, and
25 in phosphate buffer of pH 7.4 at 37 °C.

onstrated aqueous solubility and lipophilicity. Conju-
gates 9, 12, 15, 17, and 20 with a log P > 2.6 bearing only
two or three hydroxyl groups exhibited high lipophilicity
and poor aqueous solubility.

The prodrugs 4, 7, and 25 were evaluated for their chem-
ical stability in both pH 1.3 buffer (non enzymatic gas-
tric environment simulation) and pH 7.4 at 37°C
(Table 3).22 The kinetics of chemical hydrolysis were
determined (Fig. 2). The results showed that the tested
prodrugs were extremely stable in acidic media and were
not hydrolyzed 120 h after their administration. Quite
good stability at pH 7.4 was also observed. Thus, com-
pounds 4, 7, and 25 potentially pass unchanged through
the stomach and might be adsorbed at the intestinal le-
vel. Moreover, it has been reported that for good
absorption after oral administration a logP > 2 is re-
quired.?> Compounds 4, 7, and 25 showed log P values
of 2.19, 2.55, and 2.54, respectively. These findings, ta-
ken together with the improved water solubility and
the observed chemical stability, suggest that derivatives
4,7, and 25 might be candidate drugs with good absorp-
tion after oral administration.

The enzymatic stability of compounds 4, 7, and 25 (Ta-
ble 4) at 37 °C in 80% rat plasma and in 80% human
plasma was studied.>* Figure 3 shows the first order ki-
netic plots for hydrolysis of the prodrugs.

Table 4. Rate constants for the hydrolysis of prodrugs 4, 7, and 25 in 80% rat plasma and in 80% human plasma at 37 °C

Compound Rat plasma® Human plasma®
fi2 (min) Kops (min”") fi/2 (min) Kobs (min”)
4 32.06 (+0.96) 0.0094 (£2.8 x 1073) 42.64 (+3.84) 0.0071 (£6.4 x 10~%
7 130.32 (£2.61) 0.0023 (£4.6 x 10~%) 360.02 (+7.20) 0.0008 (+1.7 x 10~%)
25 59.73 (£2.99) 0.0050 (£2.5 % 1074) 123.88 (£2.48) 0.0024 (£4.9 x 1075)

#The reported values represent the mean of three experiments. The SEM are reported in parentheses.
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Figure 3. First order kinetic plots for hydrolysis of prodrugs 4, 7, and 25 in 80% rat and human plasma at 37 °C.
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It was observed that prodrugs 4, 7, and 25 underwent
faster hydrolysis in rat plasma than in human plasma
and compound 7 proved to be the most stable prodrug
(t1» = 360.02 min). Comparing the rate of hydrolysis
in buffer at pH 7.4 and in both rat and human plasma,
it can be argued that an enzymatic hydrolysis occurs in
plasma. In human plasma glucose conjugate 4 was
quickly hydrolyzed (¢, = 42.6 min) and could generate
high levels of LND in the blood. Prodrugs 7 and 25
were more slowly hydrolyzed; galactose derivative 25
(t1p =2 2h) might be a substrate for the transporter
GLUT-1. Further pharmacokinetic and biological stud-
ies are in progress to investigate whether an increased
delivery of LND to the tumor cells occurs.

In conclusion we have reported the effects of the conju-
gation of LND with polyhydric molecules on water sol-
ubility. Higher water solubility was obtained when LND
was conjugated with glucose, galactose and mannitol.
The measured physical-chemical properties might be
beneficial for prodrugs absorption after oral administra-
tion. Moreover, the new prodrugs undergo enzymatic
hydrolysis in plasma and release LND demonstrating
that they are promising candidates for in vivo
investigations.

Acknowledgments

This work was supported by the CARIMA Foundation,
and by the University of Camerino. Lonidamine was a
generous gift from Aziende Chimiche Riunite Angelini
Francesco (ACRAF), Rome, Italy.

References and notes

1. Corsi, G.; Palazzo, G.; Germani, C.; Scorza Barcellona,
P.; Silvestrini, B. J. Med. Chem. 1976, 19, 778.

2. Floridi, A.; Paggi, M. G.; D’Atri, S.; De Martino, C.;
Marcante, M. L.; Silvestrini, B.; Caputo, A. Cancer Res.
1981, 41, 4661.

3. Fanciulli, M.; Valentini, A.; Bruno, T.; Citro, G.; Zupi,
G.; Floridi, A. Oncology Res. 1996, 8, 111.

4. Raaphorst, G. P.; Feeley, M. M.; Heller, D. P.; Danjoux,
C. E.; Martin, L.; Maroun, J. A.; De Santis, S. J.
Anticancer Res. 1990, 10, 923.

5. Zupi, G.; Greco, C.; Laudonio, N.; Benassi, m.; Solves-
trini, B.; Caputo, A. Anticancer Res. 1986, 6, 1245.

6. Rosbe, K. W.; Brann, T. W.; Holden, S. A.; Teicher, B.
A.; Frei, E. Cancer Chemother. Pharmacol. 1989, 25, 32.

7. Di Cosimo, S.; Ferretti, G.; Papaldo, P.; Carlini, P.; Fabi,
A.; Cognetti, F. Drugs Today 2003, 39, 157.

8. Price, G. S.; Page, R. L.; Riviere, J. E.; Cline, J. M;
Thrall, D. E. Cancer Chemother. Pharmacol. 1996, 38,
129.

9. Palmieri, G. F.; Wehrle, P.; Martelli, S. Drug Dev. Ind.
Pharm. 1998, 24, 653.

10. Palmieri, G. F.; Cantalamessa, F.; Di Martino, P.;
Nasuti, C.; Martelli, S. Drug Dev. Ind. Pharm. 2002, 28,
1241.

11. Thomas, M.; Rivault, F.; Tranoy-Opalinski, I.; Roche, J.;
Gesson, J.-P.; Papot, S. Bioorg. Med. Chem. Lett. 2007,
17, 983.

12. Steffansen, B.; Nielsen, C. U.; Brodin, B.; Eriksson, A. H.;
Andersen, R.; Frokjaer, S. Eur. J. Pharm. Sci. 2004, 21, 3.

13. Gatenby, R. A.; Gillies, R. J. Int. J. Biochem. Cell Biol.
2007, 39, 1358.

14. Brown, R. S.; Wahl, R. 1. Cancer 1993, 72, 2979.

15. General method for the preparation of LND-esters 3, 6, 8,
11, 14, 16, 19, and 21: To a solution of LND (0.45 g,
1.4 mmol) and the proper acetonide in anhydrous DMF
(4ml), EDC (0.34g, 1.7mmol) and DMAP (0.27 g,
2.2 mmol) were added. The mixture was stirred over-
night at room temperature. A 2 N HCI solution (10 ml)
was added and the mixture extracted with CH,Cl, (3x
5ml). The organic extracts were washed with 2 N HCI
solution, and water, then dried over anhydrous sodium
sulfate, filtered, and rotary evaporated to give the
product.

Data for (3aR,5R,6S,6aR)-5-((R)-2,2-dimethyl-1,3-dioxo-
lan-4-yl)-2,2-dimethyl-dihydro-5 H-furo[3,2-d][1,3]dioxol-
6-yl 1-(3,5-dichlorobenzyl)-1 H-indazole-3-carboxylate
(3): mp 136-137°C from ethanol. Yield 73%. 'H
NMR (6) (DMSO-dg): 8.05 (d, 1H), 7.90 (d, 1H), 7.68
(d, 1H), 7.54 (t, 1H), 7.42 (m, 2H), 7.13 (d, 1H), 6.02 (d,
1H), 5.87 (m, 2H), 5.36 (d, 1H) 4.78 (d, 1H), 4.28 (m,
2H), 3.96 (m, 2H), 1.45, 1.33, 1.28, 1.14 (four s, 12H).
Data for 1,2-bis(2,2-dimethyl-1,3-dioxolan-4-yl)-2-hydro-
xy-ethyl  1-(3,5-dichlorobenzyl)-1H-indazole-3-carboxyl-
ate (6): foam. Yield 19%. '"H NMR (5) (DMSO-dj):
8.20 (d, 1H), 7.82 (d, 1H), 7.70 (d, 1H), 7.52 (t, 1H),
7.32 and 7.43 (m, 2H), 6.98 (d, 1H), 5.88 (s, 2H), 5.83
(d, 1H), 5.48 (dd, 1H), 4.50 and 4.35 (q, 1H), 1.30, 1.24
and 1.16 (three t, 12H).

Data for 1,2-bis(2,2-dimethyl-1,3-dioxolan-4-yl)ethane-
1,2-diyl bis(1-(3,5-dichlorobenzyl)-1 H-indazole-3-carbox-
ylate) (8): foam. Yield 13%. 'H NMR () (DMSO-dy):
8.22 (d, 2H), 7.86 (d, 2H), 7.70 (d, 2H), 7.53 (t, 2H),
7.35-7.18 (m, 4H), 6.90 (d, 2H), 5.92 (s, 4H), 5.75 (d,
2H), 4.42-4.28 (m, 4H), 1.22 (s, 12H).

Data for (2,2-dimethyl-1,3-dioxolan-4-yl)methyl 1-(3,5-
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(m,2H), 6.96 (d, 1H), 5.85 (s, 2H), 4.86 (t, 1 H), 4.48 (m, 2H),
4.17 (m, 1H), 3.97 (m, 1H), 3.60 (t, 2H), 1.55and 1.30 (twos,
6H).

Data for ((4R,5R)-2,2-dimethyl-1,3-dioxolane-4,5-diyl)
bis(methylene) bis(1-(3,5-dichlorobenzyl)-1H-indazole-3-
carboxylate) (21): foam. Yield 22%. 'H NMR (5)
(DMSO-dy): 8.14 (d, 2H), 7.85 (d, 2H), 7.66 (d, 2H), 7.52
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Method for the preparation of 1-(3,5-dichlorobenzyl)-1H-
indazole-3-carboxylic acid (5R,5aS,8aS,8bR)-2,2,7,7-tet-
ramethyl-tetrahydro-bis[1,3 Jdioxolo[4,5-b;4',5'-d |pyran-
5- ylmethyl ester (24): To a solution of 1,2:5,6-di-O-
isopropylidene-a-D-galactopyranose (0.24 g, 0.92 mmol)
in dry THF (5ml), dry triethylamine (0.3 ml, 1.8 mmol)
and 1-(3,5-dichlorobenzyl)-1H-indazole-3-carbonyl chlo-
ride (0.31 g, 0.92 mmol) were added. The reaction mixture
was stirred for 3 h at room temperature, then the solvent
was removed under reduced pressure. The residue was
dissolved in dichloromethane, the organic solution was
washed with brine, then dried over anhydrous sodium
sulfate. After filtration of the solid, the solvent was
removed under reduced pressure, the hard foam residue
was dissolved in dichloromethane and filtered through a
small pad of silica gel. The solvent was removed in vacuo
and the residue recrystallized from cyclohexane. Mp 119-
120 °C. Yield 97%. "H NMR (5) (DMSO-dg): 8.18 (d, 1H),
7.86 (d, 1H), 7.71 (d, 1H), 7.53 (t, 1H), 7.37 (m, 2H), 6.98
(d, 1H), 5.88 (s, 2H), 5.53 (d, 1H), 4.68 (dd, 1H), 4.40 ( m,
4H), 4.20 ( m, 1H), 1.32, 1.42 and 1.50 (three s, 12H).
Preparation of 1-(3,5-dichlorobenzyl)-1H-indazole-3-
carbonyl chloride: Thionyl chloride (2ml) was added
portionwise to 1-(2,4-dichlorobenzyl)-1H-indazole-3-car-
boxylic acid (0.5 g). The mixture was warmed for 5 min to
80 °C. The excess of SOCI, was removed under reduced
pressure. The resulting solid was recrystallized from
AcOEt. Mp 144-145°C. Yield 81%. H' NMR (DMSO-
dg) 6 8.15 (d, 1H), 7.82 (d, 1H), 7.70 (d, 1H), 7.45 (m, 3H),
6.95 (d, 1H), 5.86 (s, 2H).

General method for the preparation of compounds 4, 7, 9,
12, 15, 17, 20, 22, and 25: A solution of the LND-
acetonide conjugate (0.1 g) in TFA (0.9 ml) and water
(0.1 ml) was stirred for 5 min at room temperature. Water
(5 ml) was added and the mixture extracted three times
with dichloromethane. The organic extracts were washed
with water, dried over sodium sulphate, filtered, and
evaporated to give the product.

Data for (4S,5R)-2,3,5-trihydroxy-6-(hydroxymethyl)-tet-
rahydro-2H-pyran-4-yl  1-(3,5-dichlorobenzyl)-1H-inda-
zole-3-carboxylate (4): foam. Yield 59%. (o:f
isomer = 2:3 based on 'H NMR). '"H NMR (5) (CD;0D):
8.25(d, 1H), 7.48 (m, SH), 7.22 (dd, 1H), 6.83 (d, 1H), 5.84
(s, 1H), 5.61 and 5.32 (two t, 1H, J=9.53), 5.21 (d, 1H,
J =3.66),4.66 (d, 1H, J="7.7), 3.85 (m, SH), 3.50 (m, 1H).
Data for 1,2,4,5,6-pentahydroxyhexan-3-yl 1-(3,5-dichlo-
robenzyl)-1H-indazole-3-carboxylate (7): foam. Yield
80%. 'H NMR () (CD;OD): 8.34 (d, 1H), 7,66 (d, 1H),
7.48 (m, 3H), 7.25 (m, 1H), 6.86 (d, 1H), 5.88 (s, 2H), 5.56
(d, IH, J=17.55), 4.12 (m, 2H), 3.69 (m, 5H).

Data for 1,2,5,6-tetrahydroxyhexane-3,4-diyl bis(1-(3,5-
dichlorobenzyl)-1 H-indazole-3-carboxylate) (9): foam.
Yield 92%. 'H NMR () (DMSO-dg): 8.33 (d, 2H), 7.84
(d, 2H), 7.72 (d, 2H), 7.50 (t, 2H), 7.38 (m, 2H), 7.20 (m,
2H), 6.88 (d, 2H), 5.90 (s, 4H), 5.72 (m, 2H), 5.0, 4.52 and
4.10 (3bs, 4H), 3.76 (m, 2H), 3.42 (m, 4H).

Data for 2,3-dihydroxypropyl 1-(3,5-dichlorobenzyl)-1H-
indazole-3-carboxylate (12): mp 125-128 °C from ethyl-
acetate. Yield 86%. '"H NMR () (CD;OD): 8.24 (d, 1H),

19.

20.

21.

22.

23.

24.

7.65 (d, 1H), 7.36 (m, 4H), 6.81 (d, 1H), 5.84 (s, 2H), 4.56
(m, 2H), 4.04 (m, 1H), 3.68 (d, 2H).

Data for [(2R,3R,4R)-3,4,5-trihydroxy-tetrahydrofuran-2-
yljmethyl 1-(3,5-dichlorobenzyl)-1H-indazole-3-carboxyl-
ate (15): mp 66-69 °C. Yield 77%. (a:p isomer = 2:3 based
on 'H NMR). '"H NMR (9) (DMSO-dg + D>0): 8.15 (m,
1H), 7.80 (d, 1H), 7.65 (m, 1H), 7.50 (t, 1H), 7.37 (m, 3H),
6.97 (d, 1H), 5.80 (s, 2H), 5.18 and 4.96 (two d, 1H,
J' =3.62, J" =1.28), 4.40 (m, 3H), 4.05 (m, 1H), 3.78 (m,
1H).

Data for (2R,3R,4R)-2-((1-(3,5-dichlorobenzyl)-1H-inda-
zole-3-carbonyloxy)methyl)-4,5-dihydroxy-tetrahydrofu-
ran-3-yl 1-(3,5-dichlorobenzyl)-1 H-indazole-3-carboxylate
(17): mp 159-162°C from ethanol. Yield 77%. (o:B
isomer = 1:1 based on 'H NMR). '"H NMR (8) (DMSO-
de): 7.98 (m, 2H), 7.75 (t, 2H), 7.68 (s, 2H), 7.49 (m, 2H),
7.30 (m, 4H), 6.88 (m, 2H), 6.62 (d, 1H), 5.78 (s, 4H), 5.45
(m, 2H), 5.22 and 4.16 (two d, 1H, J' =2.8, J' = 1.06),
4.57 (m,4H).

Data for (2R,3R)-2,3,4-trihydroxybutyl 1-(3,5-dichlorob-
enzyl)-1 H-indazole-3-carboxylate (20): mp 120-123 °C
from ethylacetate. Yield 57%. 'H NMR (6) (CD;OD):
8.13 (d, 1H), 7.62 (d, 1H), 7.50 (m, 2H), 7.38 (t, 1H), 7.24
(m, 1H), 6.82 (d, 1H), 5.92 (s, 2H), 4.54 (m, 2H), 4.08 (m,
1H), 3.65 (m, 3H).

Data for (2R,3R)-2,3-dihydroxybutane-1,4-diyl bis(1-(3,5-
dichlorobenzyl)-1 H-indazole-3-carboxylate) (22): mp 199—
200°C from chloroform. Yield 63%. 'H NMR ()
(DMSO-dg): 8.10 (d, 2H), 7.81 (d, 2H), 7.68 (d, 2H),
7.49 (t, 2H), 7.34 (m, 4H), 6.92 (d, 2H), 5.83 (s, 4H), 5.15
(d, 2H), 4.42 (m, 4H), 4.04 (m, 2H).

Data for ((2R,3R,4S,5R)-3,4,5,6-tetrahydroxy-tetrahydro-
2 H-pyran-2-yl)methyl 1-(3,5-dichlorobenzyl)-1 H-inda-
zole-3-carboxylate (25): mp 176-178 °C from ethanol.
Yield 79%. (o:p isomer = 3:4 based on 'H NMR). 'H
NMR (0) (DMSO-ds + D,0O): 8.14 (d, 1H), 7.82 (d, 1H),
7.68 (d, 1H), 7.54 (t, 1H), 7.39 (m, 2H), 6.98 (m, 1H), 5.85
(s, 2H), 4.97 and 4.30 (two d, 1H, J' =34, J' =17.4), 442
(m, 2H), 4.12 and 3.83 (two m, 1H), 3.77 ¢ 3.70 (two d, 1H,
J =347 =174).

For experimental details see Quaglia, W.; Santoni, G.;
Pigini, M.; Piergentili, A.; Gentili, F.; Buccioni, M.;
Mosca, M.; Lucciarini, R.; Amantini, C.; Nabissi, M. 1;
Ballarini, P.; Poggesi, E.; Leonardi, A.; Giannella, M.
J. Med. Chem. 2005, 48, 7750.

Grever, M. R.; Shepartz, S. A.; Chabner, B. A. The
National Cancer Institute: Cancer Drug Discovery and
Development Program. Semin. Oncol. 1992, 19, 622.
Brisdelli, F.; Coccia, C.; Cinque, B.; Cifone, M. G.; Bozzi,
A. Mol Cell. Biochem. 2007, 296, 137.

For experimental details see Farghaly, A. O. Eur. J. Med.
Chem. 1998, 33, 123.

Yalkowsky, S. H.; Morozowich, W. In A Physical
Chemical Basis for the Design of Orally Active Prodrugs;
Ariens, E. J., Ed.; Drug Design; Academic Press: New
York, 1980; Vol. 9, p 121.

For experimental details see Mahfouz, N. M,
Tarek, A.; Ahmed, K. D. Eur. J. Med. Chem. 1988,
33, 675.
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Abstract—A xylosylated carborane was synthesized by standard carbohydrate methodology and tested on normal HFL-1 cells as
well as transformed T24 cells. The xylosylated carborane initiated glycosaminoglycan (GAG) synthesis in both cell lines and treat-
ment with the carborane gave a pronounced translocation of proteoglycans to the nuclei of T24 cells. However, most of the boron-
containing compounds were secreted to the medium. We conclude that xylosides carrying carboranes are not suitable for boron neu-
tron capture therapy (BNCT) for T24 cells. However, the uptake of boron-containing xyloside, the GAG priming capacity, and the
nuclear translocation of glypican-1 make this xyloside a candidate for further investigation for selectivity toward other tumor cell

lines.
© 2008 Elsevier Ltd. All rights reserved.

The main difficulty in cancer therapy is to achieve high
selectivity between healthy cells and tumor cells. Boron
neutron capture therapy (BNCT) is a binary therapeutic
method utilizing the ability of boron-10 to capture a
thermal neutron and thereby creating an excited form
of boron-11 which rapidly decays emitting an alpha par-
ticle and a lithium ion.! The released species can only
travel a distance shorter than the diameter of most cells,
and therefore the damage they cause in biological sys-
tems is confined to a small volume. If a sufficient con-
centration of boron-10 (approx. 10° atoms per cell)
has been achieved in the tumor, and the neutrons are
targeted to the tumor cells, a high selectivity and effi-
ciency should be obtained. The measured biological
effectiveness of BNCT-agents has been termed com-
pound biological effectiveness (CBE) factor and is
dependent on the drug administered and the distribution
of boron within the cells, tumor and normal tissue.?

The agents used to deliver boron to the tumor cells need
to have low toxicity as well as a pronounced uptake into
tumor cells, compared to normal cells, to give high tu-
mor to tissue ratio. The uptake into the tumor needs

Keywords: Boron neutron capture therapy; Carborane; Xyloside;

Glycosaminoglycan.

* Corresponding authors. Tel.: +46 46 2228220; fax: +46 46 2228209
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0960-894X/$ - see front matter © 2008 Elsevier Ltd. All rights reserved.
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to be efficient to reach the necessary 10° atoms of bor-
on-10, but the agent should also be rapidly cleared from
normal tissue and blood. At present no single BNCT-
agent possesses all these properties. The carboranes
are interesting building blocks for drugs developed for
BNCT due to their high boron content. Several carbo-
rane-containing compounds, including nucleosides and
carbohydrates, have been investigated.>©

We have earlier shown that 2-(6-hydroxynaphthyl) B-p-
xylopyranoside 1 (Fig. 1) selectively inhibits the growth
of tumor cells in vitro as well as in vivo and treatment
with this xyloside reduced the average tumor load by
70-97% in a SCID mice model.”

Xylose is an unusual structural component in mamma-
lian cells that has, so far, only been found in one unique
position, that is, as the linker between protein and car-
bohydrate in proteoglycans. Proteoglycans are macro-
molecules composed of glycosaminoglycan (GAG)
chains covalently attached by the xylose residue to a
core protein. Many biological functions of proteogly-
cans are due to interactions between GAG chains and
a variety of pathogens and molecules, such as prion pro-
tein, viruses, growth factors, cytokines, and factors in-
volved in blood coagulation.®1°

The first step of the GAG biosynthesis is xylosylation of
the serine residue and a specific linker tetrasaccharide,
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Figure 1. (a) Example of a proteoglycan. The glycosaminoglycan chains consist of a linker tetrasaccharide unit (GlcA(B1-3)Gal(B1-3)Gal(Bl1-
4)XylpB) coupled to serine residues of the protein. (b) 2-(6-hydroxynaphthyl) B-p-xylopyranoside (1) and 1-(1,12-dicarba-closo-dodecaboranyl) -p-

xylopyranoside (2).

GIcA(B1-3)Gal(B1-3)Gal(B1-4)Xylp, is assembled and
serves as an acceptor for elongation of GAG chains

(Fig. 1).

The biosynthesis of GAG chains can also take place
independently of the core protein by using xylopyrano-
sides as primers. Xylosides with hydrophobic aglycon
can thus penetrate cell membranes and initiate GAG
synthesis by serving as acceptors in the first galactosyla-
tion step.!!”'* We reason that some of these GAG
chains are transported into the cell nuclei and that the
effects are pronounced in cancer cells. The xyloside thus
gives a selective transportation of cell toxic compounds
to tumor cells.

Since the volume of a carborane group roughly is the
same as that of a three-dimensional sweep of a phenyl
group,® carboranes carrying xylosides may show high
selectivity toward transformed cells. We therefore
decided to investigate the biological properties of the
carborane xyloside 2 (Fig. 1).

1-Hydroxy-p-carborane 3'> has been reported earlier
and Lewis acid-promoted xylosylation using peracety-
lated trichloroacetimidate xylosyl donor'® gave the pro-

HO o
RO
OR
3 4:R=Ac
b

2:R=H

Scheme 1. Reagents and conditions: (a) Xyl(OAc);OC(NH)CCl;,
CH,Cl,, BF;OEt,, 0 °C, 30 min. (b) NaOMe/MeOH-CH,Cl,, 0.2 M,
rt, 1 h.

tected carborane xyloside 4 in 90% yield (Scheme 1).
Deprotection under standard Zemplén conditions gave
xyloside 2 in 91% yield."”

To test the GAG priming ability of the xylosides, nor-
mal HFL-1 cells (human fetal lung fibroblasts) and
T24 cells (human bladder carcinoma cells) were incu-
bated with 100 pM xyloside and [*’S]sulfate. GAG
chains were then isolated from the extracellular space,
from cell extracts and from the nuclei, and subsequently
analyzed by size separation chromatography. Both cell
lines secreted alkali sensitive proteoglycans to the extra-
cellular space (Fig. 2, Pool I). However, treatment with
the xylosides also initiated synthesis of free GAG chains
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Figure 2. Priming of GAG chains in T24 cells incubated with
compound 2. Pool II and III contain xyloside-primed GAG chains
of different lengths (solid line). The dashed line shows the results for
untreated cells.
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Table 1. GAG priming capability and antiproliferative activity (ED50,
uM) of compound 2 toward HFL-1 cells and T24 cells

Cell line  GAG-priming GAG-priming GAG/PG EDs
(medium) (intracellular)  (nuclei) (M)

HFL-1 3.7 n.d. 1.1 130

T24 2.9 0.6 1.9 330

The GAG-priming is given as the integrated value of [*Slsulfate
detected per minute for fractions containing GAG chains, divided by
the integrated value for fractions of untreated cells.

of intermediate (Pool II) and short lengths (Pool III).
The proportion of GAG-priming is given as the inte-
grated value of [**S]sulfate detected per minute for frac-
tions in Pool II and III divided by the integrated value
for fractions of untreated cells (Table 1). As a compari-
son, the GAG-priming capability (medium) of com-
pound 1, in T24 cells, was 7.2.18

Depending on the structure of the aglycon, different
GAG chains, such as heparan sulfate (HS) or chondroi-
tin sulfate/dermatan sulfate (CS/DS), are formed. Our
earlier results indicate that priming of HS is neces-
sary for the selective antiproliferative activity of
xylosides.” Furthermore, the HS primed by antiprolifer-
ative xyloside appeared in the nuclei of growth inhibited
cells.

The amount of HS chains primed by the cells treated
with compound 2 was determined by digestion of
GAG pool with HNO, at pH 1.5, which cleaves HS
chains. No HS was detected and the secreted chains thus
mainly consisted of CS/DS. Treatment with compound 2
did not increase the amount of intracellular, soluble
GAG chains in T24 cells. However, the amount of
GAG/PG in the nuclei of T24-cells treated with com-
pound 2 was almost doubled (Table 1). In comparison,
treatment of HFL-1 cells with compound 2 did not raise
the levels of GAG/PG in the nuclei. The GAG/PG con-
taining fractions isolated from the nuclei of T24 cells
treated with compound 2 were hydrolyzed by alkali
and the shown degradation indicated the presence of
PG and not soluble GAG chains (Fig. 3).

Finally, the antiproliferative activity of the carborane
carrying xyloside 2 was determined for HFL-1 cells
and T24 cells. Xyloside 2 was added to the growth med-
ium at various concentrations and cell proliferation was
recorded using the crystal violet method.? The inhibitory
effect of the compound is expressed as EDsy (WM) scored
after 96 h of exposure relative to untreated cells (Table
1). The HFL-1 cells were more sensitive to xyloside 2,
compared to the effect on T24 cells.

In summary, we have synthesized a xylosylated carbo-
rane by standard carbohydrate methodology and
tested this compound on normal HFL-1 cells as well
as transformed T24 cells. The xylosylated carborane
initiated GAG synthesis in both cell lines and also in-
duced a pronounced translocation of proteoglycans
into the nuclei of T24 cells. T24 cells predominantly
express the HSPG glypican-1.!° The amino acid se-
quence of glypican-1 contains a nuclear localization
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Figure 3. Isolation of PG/GAG from nuclei of T24 cells treated with
compound 2 (solid line). Alkali hydrolysis indicate that the isolated
material mainly consist of PG (dashed line).

signal KRRR(G/A)K, situated upstream from the
HS attachment region, and transport of the full length
glypican to the nuclei of COS cells, C6 glioma cells
and T24 cells has been demonstrated.’®?! Interest-
ingly, the translocation of glypican-1 to the nuclei
was shown to be a dynamic process and correlated
with different phases of cell cycle, suggesting the
involvement of glypican-1 in the regulation of cell
division and survival.!® It is not clear how glypican
is transported across the membranes. However, it
has been speculated that this is a cell specific process
requiring interaction with other proteins expressed by
certain cell types.?’ Treatment with carborane carrying
xyloside may have arrested the T24 cells in the Gl
phase acquiring prominent nuclear glypican-1 localiza-
tion. We have earlier shown that the formation of HS
is a necessary requirement for selective effect toward
tumor cells and the exclusive formation of CS/DS
may be one reason for this unselective targeting
shown by carborane xylosides. We conclude that xylo-
sides carrying carboranes are not suitable for BNCT
therapy for T24 cells. However, the priming capability
indicates uptake of carborane carrying xyloside by
cells, and therefore it might be possible to induce
HS priming in different cells. The uptake of boron
containing xyloside, the GAG priming component,
and the nuclear translocation of glypican-1 make this
xyloside a candidate for further investigation for selec-
tive antiproliferative activity towards other tumor cell
lines.
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Abstract—A focused library of C2-substituted-1,4,7,10-tetraazacyclododecanes was synthesised and the compounds were tested for
their ability to kill trypanosome and malaria parasites. Several compounds showed significant in vitro activity and were selectively
active against the parasites over human embryonic kidney cells used as a counter screen.

© 2008 Elsevier Ltd. All rights reserved.

Human African trypanosomiasis, also known as sleep-
ing sickness in the late stage of the disease, threatened
to run out of control in the final years of the twentieth
century when a series of epidemics swept across Africa.!
The disease is caused by protozoan parasites, transmit-
ted between people by tsetse fly vectors. Two drugs, sur-
amin and pentamidine are registered to treat the disease
during the haemolymphatic stage and a further two,
melarsoprol and eflornithine are licensed to treat the late
stage disease. However, a number of problems are
associated with the administration and use of these
compounds.? For example, all are administered by injec-
tion, adverse events are common (in the case of melarso-
prol some 5% of patients taking the drug die from a
reactive encephalopathy) and they are expensive. For
these reasons, there is an urgent need for new drugs to
treat human African trypanosomiasis.

A mode of action is known for only one of the currently
registered drugs, eflornithine 1 (difluoromethylornithine,
Fig. 1),> a suicide inhibitor of the enzyme ornithine
decarboxylase that plays a key role in polyamine biosyn-
thesis.* Since administration of high levels of extracellu-
lar spermidine protects trypanosomes against the toxic
effect of eflornithine,> polyamine metabolism is consid-
ered as a validated drug target in these cells.® We

Keywords: Macrocycles; Anti-protozoal; Trypanosomes; Malaria.
* Corresponding author. Tel.: +33 141 330 5936; fax: +33 141 330
4888; e-mail: andrews@chem.gla.ac.uk
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recently reported the synthesis of carbamate-derived
polyazamacrocycles 2, which are compounds that we be-
lieved may interfere with polyamine biosynthesis in par-
asites.” While biological testing of these compounds
revealed significant anti-parasitic activity against blood-
stream form African trypanosomes, the structural
requirements for their mode of action were unclear.
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In order to probe further the anti-protozoal activity of
1,4,7,10-tetraazacyclododecanes, we now report the syn-
thesis and biological testing of a focused library of C2-
substituted polyazamacrocycles 3, which are compounds
that lack reactive carbamate side-chains but still retain
significant in vivo activity against bloodstream form
African trypanosomes. The toxicity of these compounds
against malaria parasites from Plasmodium falciparum is
also described.

Our first aim in this study was the synthesis of the parent,
unsubstituted 1,4,7,10-tetraazacyclododecane, cyclen 8.
Many different approaches for the synthesis of cyclen
have been reported due to its importance as an interme-
diate for the preparation of diagnostic and therapeutic
pharmaceutical agents.®'° These methods include high
dilution conditions,!! Richman-Atkins cyclisations,'?
as well as phase transfer conditions.!3 All these processes
involve the condensation of terminal halides with bis-sul-
fonamide sodium salts. We recently used the phase trans-
fer approach for the synthesis of our carbamate-derived
polyazamacrocycles.” However, for the preparation of
cyclen 8 on a large scale with reproducibly high yields,
a three-step approach involving bis-imidazoline 6 proved
the most efficient.!* Reaction of triethylenetetraamine 4
with N,N-dimethylformamide dimethyl acetal 5 under
neat conditions gave bis-imidazoline 6 in quantitative
yield (Scheme 1). Macrocyclisation of 6 with 1,2-dibro-
moethane in the presence of potassium carbonate gave
the imidazolinium compound 7 in quantitative yield.
Hydrolysis of 7 using potassium hydroxide gave cyclen
8 in 71% overall yield in only 3 steps.

Having synthesised the parent 1,4,7,10-tetraazacyclod-
odecane, a series of C2-substituted analogues were then
prepared using a metal-templated approach involving
condensation of cis-iron dichloride complex 9 with a ser-
ies of glyoxals 10-20, followed by the reductive removal
of the metal template (Scheme 2).!> Glyoxals 1020 were
easily prepared in one step by selenium dioxide oxida-
tion of the corresponding methyl ketone.'® This gave
glyoxals 10-20 in generally high yield and the majority

NH  NH, ’jTe N //N
NH  NH,
__/

4 5

ENH BEO®
NH HN [\
\ / Br
8

Scheme 1. Reagents and conditions: (a) neat, A, 100%; (b) 1,2-
dibromoethane, K,CO;, MeCN, A, 100%; (c) KOH, H,0, A, 71%.
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__/

4

~
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NH o
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[ /\/
/\)
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d
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NH HN
__/
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Scheme 2. Reagents and conditions: (a) FeCl;, MeOH; (b) SeO,, 1,4-
dioxane, H,O, R ='Bu (10), 100%; 4-NO,-Ph (11), 80%; 4-MeO-Ph
(12), 100%; 4-C1-Ph (13), 100%; 4-Br-Ph (14), 100%; 4-CF;-Ph (15),
100%; thiophen-2-yl (16), 100%; naphthalen-2-yl (17), 83%; 3,5-
bis(trifluoromethyl)phenyl (18), 100%; 2-fluorenyl (19), 42%; phenan-
thren-2-yl (20), 99%; (c) i—NaBH4, MeOH, A, ii—HCI then NaOH,

= "Bu (21), 63%; Ph (22), 84%; 4-NO,-Ph (23), 67%; 4-MeO-Ph (24),
83%; 4-Cl-Ph (25), 78%; 4-Br-Ph (26), 71%; 4-CF;-Ph (27), 64%;
thiophen-2-yl (28), 79%; naphthalen-2-yl (29), 77%; 3,5-bis(trifluoro-
methyl)phenyl (30), 54%; 2-fluorenyl (31), 100%; phenanthren-2-yl
(32), 79%.

of these were stored as their hydrates prior to the con-
densation reaction. Attempts were made to prepare
these glyoxals using solvent-free microwave condi-
tions.!” However, conversions were generally poor,
and thus the longer solvent-based approach was pre-
ferred. The glyoxals were then treated with cis-iron
dichloride complex 9 which was prepared using triethyl-
enctetraamine 4 and iron(III) chloride. Reduction of the
resulting diimine with sodium borohydride gave the de-
sired  C2-substituted-1,4,7,10-tetraazacyclododecanes
21-32 in good overall yield (Scheme 2).'®

The library of C2-substituted polyazamacrocycles was
tested for anti-protozoal activity against bloodstream
form Trypanosoma brucei using a derivative of the Alamar
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blue assay.!® The compounds were also tested for their
ability to kill asexual erythrocytic stages of P. falcipa-
rum. The successful development of useful anti-para-
sitic agents requires the compounds to have low
toxicity to human cells, and thus, the C2-substituted
polyazamacrocycles were also tested against human
embryonic kidney (HEK) cells. The results of the bio-
logical testing are shown in Table 1 (also shown are
two positive standards, pentamidine for 7. brucei
and chloroquine for P. falciparum). Several of these
compounds including cyclen 8 and aromatic analogues
22-24 show little or no toxicity towards either try-
panosome or malaria parasites tested. However, a
number of other aromatic derivatives (25, 27 and
29-32) show significant anti-protozoal activity, with
less activity against the mammalian HEK cells. In par-
ticular, the p-Cl-phenyl 25 and naphthalene 29 are the
most selective for the parasites and thus, these com-
pounds provide some scope for the future develop-
ment of more potent and selective analogues. The
subtle effect of the structural activity of these com-
pounds should also be noted. For example, changing
the para-substituent on the phenyl group (e.g., 23 or
24 vs 25) has a dramatic effect on the ability of the
compound to kill trypanosomes. The exact mode of
action of these compounds is still unknown and thus,

Table 1. Anti-protozoal activity of cyclic polyamines 8, 21-32

we are unable to explain these subtle structural effects.
Future work will focus on the preparation of struc-
tural analogues to probe the mechanism of cytotoxic-
ity, including a targeted analysis of metabolites of the
polyamine pathway in these cells.

In summary, we have designed and synthesised a small
library of C2-substituted-1,4,7,10-tetraazacyclodode-
canes with the aim of interfering with polyamine bio-
synthesis in parasites. On testing, a number of
compounds showed significant, selective toxicity to
both trypanosome and malaria parasites. This second
generation of 1,4,7,10-tetraazacyclododecanes contains
more stable compounds than in our first generation
(carbamate derived analogues) but the new com-
pounds still retain significant activity against these
parasites. These C-2 substituted derivatives should
have greater bioavailability judging from their esti-
mated log P values (Table 1), and thus they possess
greater potential in leading to a useful drug to treat
parasitic infection. Work is currently underway on
the development of more potent and selective ana-
logues of C2-substituted-1,4,7,10-tetraazacyclodode-
canes including the preparation of derivatives tagged
with moieties that are recognised by the P2 aminopu-
rine and other transporters.?

[NH HN j/ R
NH HN
_/
Compound R Estimated log P T. brucei ECsy (LM) P. falciparum ECsy (UM) HEK ECsy (M)
Pentamidine — — 0.006 — —
Chloroquine — — — 0.008 —
8 H -1.8 >200 >100 5.0
21 ‘Bu —0.1 133.0 >100 >200
22 Ph —-0.2 >200 26.0 >200
23 4-NO,-Ph -04 >200 13.0 >200
24 4-MeO-Ph —0.1 >200 26.0 >200
25 4-Cl-Ph 0.8 2.8 2.3 181.2
26 4-Br-Ph 0.7 21.8 5.8 >200
27 4-CF5-Ph 0.8 6.8 5.0 73
ST

28 /Q —-0.4 72.3 46.7 >200

%
29 1.0 6.9 1.7 >200

%
30 /@ 1.7 6.8 4.8 61.0
31 O’O 1.8 26 13 26.0

%
32 % O% 2.2 1.3 <l.5 24.9
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Abstract—The reaction of triptolide and its analogues with a fluorinating agent, that is, bis(2-methoxyethyl)aminosulfur trifluoride
(Deoxo-Fluor) or (diethylamino)sulfur trifluoride (DAST), was studied. One of the fluorinated products, 14p-dehydroxy-14p-fluoro
triptolide, was found to be more cytotoxic than the parent natural triptolide.

© 2008 Elsevier Ltd. All rights reserved.

Fluorination of biologically active natural products is
known to sometimes enhance the activity. Therefore,
in the medicinal chemistry, fluorination of such com-
pounds is often designed and studied' by using
dimethylaminosulfur trifluoride (DAST) or bis(2-
methoxyethyl)aminosulfur trifluoride (Deoxo-Fluor),
well-known efficient nucleophilic fluorinating reagents
for hydroxyl and carbonyl groups.? Of triptolide (1a)
and its related compounds (2-4) isolated from Triptery-
gium wilfordii (Celastaceae) (Fig. 1), 1a, 2, and 3 have a
unique triepoxide system on the B/C ring system, which
is reported to be associated with the cytotoxic activity.>*
In our previous paper on the synthesis of triptolide ana-
logues,” we reported that the stereochemistry at C-14
and the presence of 120, 13a-oriented epoxide might
be important and essential factors for the triptolide
analogues to show cytotoxic activity. This present paper
describes the reactions of natural triptolide and its ana-
logues with these fluorinated agents and the cytotoxic
activities of the products on human tumor cells.

Starting material 1a was isolated from 7. wilfordii, and
the other starting materials, 14-epi-triptolide (1b) and
12a-hydroxytriptolide (8), were prepared from 1la
according to the reported procedure.* Compound 2
was also prepared for comparison by the procedure de-

Keywords: Triptolide; Semisynthesis; Cytotoxicity; SAR; Fluorination;

Tripterygium wilfordii.

* Corresponding author. Tel.: +81 426 76 3007; fax: +81 426 77
1436; e-mail: takeyak@ps.toyaku.ac.jp

0960-894X/$ - see front matter © 2008 Elsevier Ltd. All rights reserved.
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triptodiolide (3)

triptochlorolide (4)

Figure 1. Triptolide (la) and its related compounds (2-4) from
Tripterygium wilfordii.

scribed.’ Fluorination of triptolide (1a) proceeded
efficiently to give the corresponding 14a-fluorinated ana-
logue (5a) in 77% yield, as reported in Ref. 6 (Scheme 1).

On the other hand, fluorination of 14-epi-triptolide (1b)
gave the corresponding 14B-oriented fluorinated com-
pound (5b) in very poor yields along with a series of
by-products. The reactions of 1b with DAST or
Deoxo-Fluor under several different reaction conditions
are summarized in Table 1. When the reaction was car-
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DAST / CH,Cl,
0°C/2h

77 %

Scheme 1. Reaction of triptolide (1a) with DAST.

ried out with DAST at 0 °C for 3 h, for example, the
corresponding 14B-fluorinated compound 5b was ob-
tained in a yield of 12%, along with 6, 7, 5a, and the
starting material 1b in yields of 28%, 20%, 6%, and
2%, respectively (entry 2 in Table 1). The addition of
bases’ apparently had no effect (entries 6-8 in Table
1). The difference in the reactivity was not observed be-
tween the two fluorinating agents, DAST and Deoxo-
Fluor (entries 3 and 9 in Table 1). The structures of
the products were determined on the basis of 'H and
13C NMR, of which those of 5a, b, and 6 were further
confirmed by the X-ray crystallographic analysis. The
ORTERP representation of 6 is shown in Figure 2.8

The plausible reaction mechanism involved in the reac-
tions producing 5a, b, 6, and 7 from 1b is shown in
Scheme 2. Thus, by the reaction with DAST, 1b gave
a carbocation B via the corresponding intermediate A.
Some of the carbocation B gave, by further skeletal rear-
rangement, an intermediate C. By a nucleophilic attack

Y. Aoyagi et al. | Bioorg. Med. Chem. Lett. 18 (2008) 2459-2463

Figure 2. ORTEP representation of compound 6.

by a fluoride anion, B gave 14a- and B-fluoro triptolide
analogues 5a and b, whereas C gave 6. When the reac-
tion mixture was treated with water after the reaction,
7 was considered to have been produced from the
remaining C via hemi-acetal D (Scheme 2). Rearrange-
ment of bicyclic a-oxiranyl cyclohexanol to the oxabicy-
clo[3.2.0] system is to be reported for the first time in this
paper, though a skeletal rearrangement of bicyclic o-
oxiranyl cyclooctanol to oxabicyclo[5.2.0] system with
DAST is known.’

Fluorination of 8 gave, as shown in Scheme 3, o- and B-
fluorinated triptolide analogues (9a and 9b) in 11% and

Table 1. Reactions of 14-epi-triptolide (1b) with fluorinating agents under several reaction conditions

DAST or Deoxo-Fluor
CH,Cl,

Entries Reaction conditions® Yields® (%)
Fluorinating agents (equiv) Additives (equiv) Reaction temp. (°C) Reaction time (h) 5b 6 7 5a 1b
1 DAST (5) None —78 3 _ = = — 89
2 DAST (5) None 0 3 12 28 20 6 2
3 DAST (5) None 0 4 12 32 32 7 —
4 DAST (5) None rt 4 13 35 35 6 3
5 DAST (10) None 0 4 10 23 28 6 2
6 DAST (5) Pyridine (10) 0 4 — - — — 62
7 DAST (5) Et;N (10) 0 4 _ = = — 88
8 DAST (5) Et;N (5) 60 4 — —  — — 85
9 Deoxo-Fluor (5) None 0 4 11 32 32 10 2
10 Deoxo-Fluor (5) None rt 4 10 23 27 6 4

#The reaction was performed by adding a fluorinating reagent to a CH,Cl, solution of 1b. After the reaction, the reaction mixture was treated with
AcOEt, washed with water, and evaporated to give a crude reaction product, which was separated by HPLC (column RP-18; eluting solvent

MeCN:H,O0 (45:55); detection by UV 215 nm).
®Yield after HPLC separation.
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DAST

skeletal o}
rearrangement

Scheme 3. Reaction of compound 8 with DAST.

60% yields, respectively. The results suggested that the
reaction likely proceeded via the allylic cation.

Natural diterpene triptolide (1a and 2) and its semisyn-
thetic analogues prepared in the present study (1b, 5a, b,
6-8, 9a, and b) were evaluated for their cytotoxic activities
on A549 human lung and HT29 human colon tumor cells.

The results are shown in Table 2. Of them, 14p-fluoro
triptolide analogue (5b) was found to be the most active
and significantly more active than the parent natural tri-
ptolide (1a). The semisynthetic analogues 6 and 7 having
five-membered C ring and analogues 8, 9a, and b with

DAST / CH,Cl,
0°C/4h

Ie} 9b 60 %

no 12,13-epoxide substructure and no fluoride atom
were shown to be only weakly cytotoxic.

The results suggest that the electron-withdrawing group
such as the fluoride atom on 14-carbon may enhance the
cytotoxicity and that the stereochemistry of 14-carbon is
important, as 1a and 5b, having 14B-substituents, are
more potent than the corresponding 14a-substituted tri-
ptolide analogues (1b and Sa). The relationship between
the 3D-structure and activity was studied by aligning the
X-ray structures of 1a, 1b, 2, 5a, and 5b,® having rela-
tively potent cytotoxicity, by their common A/B ring
system, by using SYBYL7.3 software.!® The superimpo-
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Table 2. Cytotoxicity of triptolide (1a) and its analogues (1b, 2, Sa, 5b, 6-8, 9a, and 9b) on A549 and HT29 cells

Compound 1Cso (ng/mL) Compound 1Csp (ng/mL)
A549 HT29 A549 HT29

la 1.3 0.1 6 997 72

1b 59 9.1 7 >1.0 86

2 3.5 <0.46 8 81 17

5a 3.0 0.24 9a 1500 150
5b 0.42 0.06 9b 2200 210

(a) side view

(b) top view

compound 1a - red
compound 5a --- empire red compound 5b --- purple

compound 1b - pink

compound 2 -

Figure 3. Stereodrawing of aligned compounds 1a, 1b, 2, 5a, and 5b which were produced by X-ray crystallographic analysis.

sition drawings are shown in Figure 3. Although those
of compounds 5b and 1b, having much higher activity
and much weaker activity than 2, respectively, were
slightly deviated from those of 1a, 2, and 5a, the 3D-
whole molecule structures of 1a, 1b, 2, 5a, and 5b were
almost superimposable. The fact may suggest that a cer-
tain 3D-alignment is needed for the present series of tri-
ptolide analogues to be cytotoxic.

As described above, the reaction of 14-epi-triptolide (1b)
with DAST or Deoxo-Fluor gave 14B-fluoro triptolide
analogue (5b), which was much more cytotoxic than
the natural and semisynthesized triptolide analogues
known. The 3D-alignment of 5b, revealed by X-ray crys-
tallographic analysis, suggests that the conformation
may be significantly related to the cytotoxic activity.
New compounds 6 and 7, having a novel carbon frame-

work, were found to be produced by rearrangement in
the present reaction.

Acknowledgments

This work was supported by a Grant-in-Aid for Scien-
tific Research from the Ministry of Education, Science
and Culture.

References and notes

Thomas, C. J. Curr. Top. Med. Chem. 2006, 6, 1529.
Singh, R. P.; Shreeve, J. N. M. Synthesis 2002, 2561.
Kupchan, S. M.; Court, W. A.; Dailey, R. G., Jr;
Gilmore, C. J.; Bryan, R. F. J. Am. Chem. Soc. 1972,
94, 7194.

wo =





Y. Aoyagi et al. | Bioorg. Med. Chem. Lett. 18 (2008) 2459-2463 2463

. Xu, R.; Fidler, J. M.; Musser, J. H. In Studies in Natural
Products Chemistry; Atta-ur-Rahman, Ed.; Elsevier B.V.:
Amsterdam, 2005; Vol. 32, pp 773-801, and the references
cited therein.

. Aoyagi, Y.; Hitotsuyanagi, Y.; Hasuda, T.; Fukaya, H.;
Takeya, K.; Aiyama, R.; Matsuzaki, T.; Hashimoto, S.
Bioorg. Med. Chem. Lett. 2006, 16, 1947.

. Dai, D.; Musser, J. H. WO 2004075853, 2004; Chem.
Abstr. 2004, 141, 236644.

. Takamatsu, S.; Maruyama, T.; Katayama, S.; Hirose, N.;
Naito, M.; Izawa, K. J. Org. Chem. 2001, 66, 7469.

8.

10.

Crystallographic data for compounds 1a, b, 2, 5a, b, and 6
have been deposited with the Cambridge Crystallographic
Data Centre as supplementary publication No. CCDC
669919, 669920, 669921, 669922, 669923, and 669924,
CCDC (e-mail: deposit@ccdc.cam.ac.uk).

. Lakshmipathi, P.; Gree, D.; Gree, R. Org. Lett. 2002, 4,

451.

Molecular modeling software SYBYL7.3 (Tripos associ-
ates, St. Louis, MI, USA) was employed. The X-ray
structures were aligned so that A and B rings are the
common structure by using the database aligned method.





		Fluorination of triptolide and its analogues and their cytotoxicity

		Acknowledgments

		References and notes






ELSEVIER

ScienceDirect

Available online at www.sciencedirect.com

Bioorganic &
Medicinal
Chemistry
Letters

Bioorganic & Medicinal Chemistry Letters 18 (2008) 2464-2466
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Abstract—The role of radical-scavenging antioxidant against oxidative stress has received much attention. The antioxidant capacity
has been assessed by various methods. Above all, oxygen radical absorbance capacity (ORAC) has been frequently employed [Prior
et.al., J. Agric. Food Chem. 2005, 53, 4290]. In the present study, the antioxidant capacity of 2,3-dihydro-5-hydroxy-4,6-di-tert-
butyl-2,2-dipentylbenzofuran (BO-653) and uric acid was assessed by ORAC method using pyranine as a reference probe and com-
pared with that against lipid peroxidation of human plasma. It was found that BO-653 was assessed to be much less potent than uric
acid by ORAC method, whereas BO-653 exerted much higher antioxidant activity than uric acid against plasma lipid peroxidation.
The reason for such discrepancy is discussed. The results suggest that ORAC method is suitable for the assessment of free radical
scavenging capacity, but not for the assessment of antioxidant capacity against lipid peroxidation in plasma.

© 2008 Elsevier Ltd. All rights reserved.

The free radical-mediated lipid peroxidation in vivo has
been implicated in the pathogenesis of various disorders
and diseases.! Consequently, the role of antioxidants
against lipid peroxidation has received much attention
and the antioxidant capacity of many natural and syn-
thetic compounds has been assessed by various meth-
0ds.2® Above all, the method called oxygen radical
absorbance capacity (ORAC) is one of the most widely
used methods.>¢ In this ORAC assay, the effect of anti-
oxidant compound on the consumption of reference
probe induced by free radicals is measured. The antiox-
idant capacity is determined by a decreased rate and
amount, which is measured from the ‘area under the
curve’ (AUC).° This technique is applied for quantita-
tion of both inhibition rate and inhibition time. Several
kinds of reference probes have been applied’ such as
B-phycoerythrin,® fluorescein,® BODIPY,’ and pyrogal-
lol red.'® The ORAC method has such advantages that
it applies for antioxidants which exhibit distinct lag
phase and also those samples which have no lag phase.

Keywords: AAPH; Antioxidant capacity; BO-653; Lipid peroxidation;

ORACGC; Pyranine; Uric acid.
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Furthermore, it measures both the lag time and the rate
and it can be used for samples containing multiple ingre-
dients. In fact, a direct linear correlation between the net
AUC and antioxidant concentration has been ob-
served.!! Thus, it may be said that ORAC is an appro-
priate method to measure the total amount and rate of
oxygen radical scavenging by pure antioxidant and also
samples containing several antioxidants.

One of the characteristics of lipid peroxidation in vivo is
that it proceeds in heterogeneous system such as cellular
membranes and lipoproteins. Both hydrophilic and lipo-
philic antioxidants exert their role at respective sites
in vivo. This should be taken into consideration in eval-
uation of the antioxidant capacity.'> In the present
study, the antioxidant capacity of hydrophilic uric acid
and lipophilic BO-653 was assessed by ORAC method
and by the inhibition of lipid peroxidation in human
plasma. BO-653 is a synthetic, lipophilic radical-scav-
enging antioxidant and it has been shown that it inhibits
lipid peroxidation of low-density lipoprotein (LDL)'3
and plasma'# as well as that in organic solution.'’

In the present study, pyranine, 8-hydroxy-1,3,6-pyrene-
trisulfonic acid, trisodium salt, was used as a reference
probe. Pyranine acts as a radical scavenger with moder-
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ate reactivity and its reaction with free radicals can be
followed quantitatively by either visible light absorption
or fluorescence spectroscopy. Pyranine has been used as
a probe to assess the antioxidant capacity.!®!” A water-
soluble azo compound 2,2’-azobis(amidinopropane)
dihydrochloride, AAPH, was used as a radical initiator
to generate free radicals at a constant rate.'® The oxida-
tion of plasma lipids was initiated by the addition of
AAPH into phosphate buffered saline (pH 7.4) contain-
ing 10% human plasma with or without added antioxi-
dant as described before.'* Blood was collected from
healthy subject in EDTA-containing tube after over-
night fasting. Plasma was separated by centrifugation
in 10 min at 4 °C. This study was conducted in accor-
dance with the principles of the Declaration of Helsinki
and was approved by the Local Ethics Committee of the
National Institute of Advanced Industrial Science and
Technology.

A consumption of pyranine at a constant rate was ob-
served when AAPH was added to PBS solution contain-
ing 10 vol% of human plasma. In the absence of plasma,
pyranine was consumed at a constant rate without any
lag phase. The addition of human plasma produced
lag phase, apparently because the endogenous antioxi-
dants contained in plasma scavenged free radicals faster
than pyranine. The addition of uric acid suppressed the
consumption of pyranine and extended the lag phase in
a concentration dependent manner (Fig. 1). On the
other hand, BO-653 did not suppress the rate of pyra-
nine consumption, nor did it extend lag phase as long
as uric acid (Fig. 2). The rates of pyranine consumption
during and after the lag phase were calculated from the
slope in Figure 2 and summarized in Table 1. The rates
of pyranine consumption after the lag phase were simi-
lar to that without plasma independent of the antioxi-
dants added. The AUC was also measured and
included in Table 1. Integration of the AUC was per-
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Figure 1. Effect of uric acid on the consumption of pyranine in the
oxidation of human plasma. The oxidation of human plasma (10% in
phosphate buffered saline) was induced by the addition of 50 mM
AAPH in the presence of 50 pM pyranine and added uric acid at 37 °C.
The numbers in the Figure show the concentration of uric acid added
in uM.
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Figure 2. Effects of addition of uric acid or BO-653 (50 uM) on the
consumption of pyranine in the oxidation of human plasma. The
experimental conditions are the same as those in Figure 1.

formed up to a time such that the absorbance at
454 nm reached a constant value of around 0.2 (Figs.
1 and 2). The net AUC produced by antioxidant was
calculated from the difference AUC (with added antiox-
idant)—AUC (without added antioxidant, that is, with
10% plasma only).® The results in Table 1 show that uric
acid is assessed to be more potent antioxidant than BO-
653 as judged by ORAC method, both by rate and
AUC.

The antioxidant effects of BO-653 and uric acid against
lipid peroxidation in human plasma were measured. It
has been well established that the free radical-mediated
oxidation of plasma gives cholesteryl ester hydroperox-
ides (CEOOH) as a major product with minor amount
of phosphatidylcholine hydroperoxide and hydroxide,
PCOOH and PCOH, respectively.'* PCOOH is reduced
readily by extracellular glutathione peroxidase (GPx),
whereas CEOOH is not. Therefore, the extent of plasma
lipid peroxidation can be estimated by CEOOH. In the
present study, the formation of CEOOH and CEOH
was measured by HPLC-UV method using absorption
at 234 nm due to conjugated diene formed.'® The results
are also included in Table 1. As reported previously,'? it
was confirmed that BO-653 inhibited the formation of
CEO(O)H efficiently. On the contrary, uric acid was
found to be ineffective in the suppression of CEO(O)H
formation. Thus, in contrast to the ORAC method,
BO-653 was more effective in suppressing the lipid per-
oxidation in plasma than uric acid.

That uric acid is assessed as a potent antioxidant by
ORAC method, but it does not act as an efficient antiox-
idant against lipid peroxidation of plasma is conceiv-
able. The lipid peroxidation in plasma proceeds
substantially in the lipophilic domain within the lipopro-
tein particles. Pyranine is a hydrophilic probe which re-
acts with free radicals at moderate rate and uric acid can
compete well with pyranine for scavenging peroxyl rad-
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Table 1. Oxidation of human plasma in the presence of pyranine with and without added antioxidant®

Plasma (%) Antioxidant® Lag phase (s) Rate 1° Rate 2° AUC? (relative) [CEOOH]I/[CEOOH],*
0 None 0 — 1.54 0.23 —

10 None 1920 0.26 1.81 1.0 1.0

10 Uric acid 3960 0.13 1.84 1.52 0.78

10 BO-653 2760 0.29 1.58 1.23 0.23

#The oxidation was induced at 37 °C by the addition of 50 mM AAPH to the PBS containing 50 mM pyranine and 10% human plasma, unless
otherwise stated. The consumption of pyranine was followed by absorption at 454 nm.

®When used, 25 mM in final reaction mixture.

“Rate of pyranine consumption during (rate 1) and after (rate 2) the lag phase, in arbitrary unit.

9The area under the curve (relative).

¢ The ratio of the cholesteryl ester hydroperoxide formed in 60 min in the presence of added antioxidant to that without added antioxidant.

icals formed in the aqueous region from AAPH. How-
ever, uric acid is not capable of scavenging free radicals
localized in lipophilic domain, nor can it reduce a-toco-
pheroxyl radical present in lipoprotein particle. In fact,
it was observed previously that both ascorbic acid and
uric acid could spare a-tocopherol in the oxidation of
human LDL initiated by aqueous radicals produced
from AAPH, whereas uric acid, unlike ascorbic acid,
did not spare o-tocopherol when the free radicals were
generated within LDL particles from lipophilic radical
initiator.?? Uric acid has also been assessed as a major
antioxidant in plasma by TRAP (total radical trapping
antioxidant parameter) method.?' Uric acid present in
aqueous phase cannot scavenge radicals within lipo-
philic domain. It may be also added that the efficacy
of scavenging radicals by ascorbic acid decreases as
the radicals go deeper into the LDL particles from the
surface.??

In conclusion, this study clearly shows that BO-653 acts
as a potent antioxidant against lipid peroxidation in
plasma, although it is assessed as a poor antioxidant
by ORAC assay. On the contrary, uric acid is assessed
as a potent antioxidant by ORAC assay, but actually
it does not exert a potent antioxidant activity against
plasma lipid peroxidation. These results show that
ORAC assay is not always a reliable method for the
antioxidant capacity evaluation.
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Abstract—The structural features of an anthrax lethal factor inhibitor, N-oleoyldopamine (OLDA, 1) have been probed. The oleic
acid moiety is critical, but, more interestingly, the presence of the double bond and its geometry were found to play an essential role.
One compound, 5, was found to be an uncompetitive inhibitor of lethal factor (LF) with a K; value of 2.2 uM and a cell-based ICs,

value of 4.3 uM.
© 2008 Elsevier Ltd. All rights reserved.

The disease anthrax is caused by the Gram-positive bac-
teria Bacillus anthracis whose virulence results from
three secreted proteins: protective antigen (PA), lethal
factor (LF), and edema factor (EF).! PA binds to the
cellular receptor®? and, after furin cleavage,*> forms a
heptameric prepore® that binds LF and EF7!° and
transports them into the cytosol of the cell.!'"!3 Once
in the cytosol, lethal factor, a Zn2+-metallopr0tease,
cleaves members of the mitogen-activated protein kinase
(MAPK)-kinase (MEK) family,'*!> disrupting signal
transduction pathways and causing cell death.'®!” Cur-
rently, the only treatments for post-exposure infection
are antibiotics, such as ciprofloxacin and doxycycline,
which are effective at treating the bacterial infection,'
but do not afford protection against the toxins that still
persist.'8

Because LF has been shown to act as a key virulence
factor for anthrax pathogenesis,!” a number of studies
have focused on identifying LF inhibitors.'”3? Some
of the most potent LF inhibitors include peptide
hydroxamates that are based upon known metallopro-
tease substrates,! a hydroxamate from an SAR study
of a lead compound identified through high throughput
screening,’? and a catechin gallate isolated from green
tea.!” The above compounds demonstrated good cell-
based activity with ICsy values of 4 uM, 210 nM, and
<1 pM, respectively. The above compounds, along with
a handful of others,2%-27-2% are the few to inhibit LF sub-
strate cleavage in vitro as well as maintain activity in the

Keywords: Anthrax; Uncompetitive inhibition; Lethal factor; Anti-
toxin.
* Corresponding author. E-mail: chml@purdue.edu

0960-894X/$ - see front matter © 2008 Elsevier Ltd. All rights reserved.
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lethal toxin challenge of macrophages, an important dis-
tinction since LF functions in the cytosol.!> Therefore,
there is a need to identify additional compounds that in-
hibit LF substrate cleavage, and enter and remain active
within cells.

Previous work in our lab identified N-oleoyldopamine
(OLDA) (Fig. 1, 1) as an uncompetitive inhibitor of
LF with a K; value of 3.0 £ 0.2 uM and almost equipo-
tent activity in the cell-based assay (ICs, value of
5.0 £ 0.2 uM). OLDA was found to have low cytotoxic-
ity itself, with complete cell viability up to 30 uM. A

Figure 1. Structures of analogs that probe the importance of length,
double bond conformation, and double bond presence in the oleic acid
moiety of OLDA (1).
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subsequent SAR study showed the importance of the in-
tact catechol for activity.33 The goal of the current study
was to determine the importance of features within the
hydrophobic tail of OLDA for inhibition and mecha-
nism of action.

In probing the role of the hydrophobic tail of OLDA on
activity, we first focused on three questions: the need for
the full-length oleic acid tail, the preferred geometry of
the double bond, and the role of the double bond on
activity (Fig. 1). In order to address the first concern,
we significantly truncated the tail of OLDA from oleic
acid to hexanoic acid (2).3* Compound 2 was synthe-
sized as previously described, and this general synthesis
scheme was employed for all of the compounds.3® This
modification led to a complete loss of LF inhibition
up to a concentration of 100 uM in a fluorescence assay
that monitors the proteolytic cleavage of an optimized
LF substrate (LF FRET assay), confirming the impor-
tance of the full oleic acid moiety for activity.

The second question that we addressed was the pre-
ferred conformation of the double bond in OLDA for
LF inhibition. Interestingly, switching the geometry of
the double bond from cis to trans (3)** led to a complete
loss of inhibition of LF up to a concentration of
100 uM. This may be due to a preferred conformation
of the oleic acid in which the tail may fold back onto it-
self for LF binding. Third, we replaced oleic acid with
stearic acid (4)** to probe the role of the double bond it-
self. Again, a complete loss of LF inhibition up to a con-
centration of 100 uM was observed, perhaps also due to
the loss of a preorganized conformation of the hydro-
phobic chain for binding to LF. An alternative possibil-
ity for the lack of activity with compounds 3 and 4 could
be potential aggregation of these agents, leading to loss
of potency. Recent work has shown that 0.01% Triton
X-100 can be used to prevent aggregation of inhibitors
in enzymatic assays.’® Therefore, 0.01% Triton X-100
was employed in the LF FRET assay with compounds
3 and 4, but, again, no inhibition was demonstrated
up to a concentration of 100 uM. These data indicate
that aggregation is most likely not the cause for lack
of efficacy.

The importance of the distance between the catechol ring
and the tail was next investigated. With this in mind, one
methylene unit was removed between the aromatic ring
and the amide nitrogen of OLDA, yielding compound
5% (Fig. 2). This modification resulted in an inhibitor
that is equipotent with OLDA (ICs, value of
15 £ 1 uM), indicating that this feature of OLDA can
be a point of modification in future libraries. With this
in mind, and with the knowledge that hydroxamic acid
analogs of OLDA demonstrated potency,** we synthe-
sized a hydroxamic acid variant of 5 containing the above
truncation between the amide and the phenyl ring (6).3*
This modification led to an additional inhibitor of LF, al-
beit with reduced potency (ICsq value of 42 £ 1 puM).

Kinetic studies were undertaken to determine the mech-
anism of inhibition and K; values for 5 and 6. A Linewe-
aver—Burk analysis of 5 with LF37 produced data whose

OH

HO.
o]
N
;)5
d/\ﬁ

5
ICsp= 15+ 1 uM
K=2.2+0.1uM

ICsp= 42 +1uM
K=62+1.0uM

“°m
HO
74

IC50-15+2uM
K=3.0+0.2 uM

Figure 2. Structures of analogs with a truncation between the amide
and phenyl moiety of OLDA (1) or within a hydroxamate-containing
analog.

lines were parallel (Fig. 3), indicative of uncompetitive
inhibition (as did analysis of the non-double reciprocal
kinetics data). Compound 5 was found to have a K] va-
lue of 2.2 + 0.1 uM, a slight improvement as compared
to OLDA. Compound 6 was also found to be an uncom-
petitive inhibitor of LF with a K; value of 6.2 + 1.0 uM.
An uncompetitive mechanism of inhibition suggests that
these inhibitors, along with substrate, may co-occupy
LF to produce an inactive ESI complex. Uncompetltlve
inhibition may seem to be at odds with possible Zn**-
binding of the catechol m01ety It has been demon-
strated that Zn**, however, is not essential for substrate
binding to LF; 1ndeed a co-crystal structure of LF
(without zinc) and substrate has been obtained.3® The
true nature of this co-occupation awaits structural
elucidation.

Because LF functions in the cytosol,'® it is imperative
that compounds are not only active in vitro but also in
cyto. With this in mind, compound 5 was evaluated in

0.00 002 004 006 008 010 012 014 016 018
18]

Figure 3. Lineweaver—Burk analysis of compound 5 with LF
(12.5nM): (@) OpM 5, (W) 4.1 uM 5, (V) 8.2 uM 5; pH 7.4, Hepes
buffer, 25 °C.
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the lethal toxin challenge of macrophages.®® In this as-
say, PA, LF, and 5 were allowed to incubate with J774
macrophages for four hours, and cell rescue, as com-
pared to PA and LF alone, was quantified via the
MTT assay. Compound 5 was found to have good po-
tency in cyto with an ICsq value of 4.3 = 0.3 uM, thereby
providing another agent with anti-toxin and cell-based
activity.

In conclusion, the structural features of OLDA neces-
sary for LF inhibition have been probed. The oleic acid
tail of OLDA is critical, but, more interestingly, the
presence of the double bond and its geometry were
found to play an essential role. These studies, in addi-
tion to previous work that focused on the catechol ring
of OLDA, contribute to our understanding of the
importance of the functionality within OLDA for LF
inhibition.
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4H), 0.88 (t, J=6.6 Hz, 3H); MALDI MS: m/z 252.50
(M+H"), 274.42 (M+Na ).

Compound 3: '"H NMR (200 MHz, CDCl;) 6 6.79 (d,
J=28.1Hz, 1H), 6.75 (s, 1H), 6.54 (d, /= 8.1 Hz, 1H), 5.65
to 5.52 (m, 2H), 5.37 (s, 1H), 3.48 (q, J = 6.6 Hz, 2H), 2.65
(t, J=6.6 Hz, 2H), 2.16 (t, J = 7.5 Hz, 2H), 2.05 to 1.99
(m, 4H), 1.59 to 1.55 (m, 2H), 1.29 to 1.27 (m, 20H), 0.88
(t, J=6.6 Hz, 3H); MALDI MS: m/z 418.41 (M+H"),
440.30 (M+Na™).

Compound 4: '"H NMR (300 MHz, CDCl3) 6 6.79 (d,
J=28.1Hz, 1H), 6.75 (s, 1H), 6.54 (d, /= 8.1 Hz, 1H), 5.58
(s, 1H), 3.48 (q, J = 6.6 Hz, 2H), 2.65 (t, J = 6.6 Hz, 2H),
2.16 (t, J = 7.5 Hz, 2H), 1.59 to 1.55 (m, 2H), 1.29 to 1.25
(m, 28H), 0.88 (t, J=6.6 Hz, 3H); MALDI MS: m/z
420.71 (M+H"), 442.73 (M+Na™).
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Compound 5: "H NMR (300 MHz, CDCl;) & 6.79 (d,
J=28.1Hz, 1H), 6.75 (s, 1H), 6.54 (d, J = 8.1 Hz, 1H), 5.87
(s, 1H), 5.36 to 5.30 (m, 2H), 4.31 (d, J = 5.7 Hz, 2H), 2.16
(t, J=7.5Hz, 2H), 2.05 to 1.99 (m, 4H), 1.59 to 1.55 (m,
2H), 1.29 to 1.27 (m, 20H), 0.88 (t, J=6.6 Hz, 3H);
MALDI MS: m/z 404.43 (M+H"), 426.42 (M+Na™).
Compound 6: "TH NMR (300 MHz, Acetone-dg) o 7.89 (s,
1H), 7.77 (d, J=9.0 Hz, 2H), 7.35 (d, J=9.0 Hz, 2H),
5.36 to 5.30 (m, 2H), 4.45 (d, J=4.2 Hz, 2H), 2.16 (t,
J=17.5Hz, 2H), 2.05to 1.99 (m, 4H), 1.59 to 1.55 (m, 2H),
1.29 to 1.27 (m, 20H), 0.88 (t, J = 6.6 Hz, 3H); MALDI
MS: miz 431.40 (M+H"), 453.28 (M+Na™).

FRET assay conditions (ICsp): Compounds 2-6 (0.6%
DMSO) were incubated with 50 nM LF (List Biological
Laboratories) in assay buffer (65puL) for 1h before
addition to 4 uyM MAPKKide (List Biological Laborato-
ries) in assay buffer (10 uL). Fluorescent measurements
were performed over 10 min (excitation and emission of
485 nM and 590 nM, respectively). Assay buffer consisted
of 20 mM Hepes, pH 7.4.

Feng, B. Y.; Shoichet, B. K. Nat. Prot. 2006, 1, 550.

37.

38.

39.

Kinetic assay conditions (K;): Compounds 5 and 6
(1.6% DMSO) were incubated with 12.5nM LF (List
Biological Laboratories) in assay buffer (65 puL) for
1 h before addition to 6-12uM MAPKKide (List
Biological Laboratories) in assay buffer (10 pL).
Fluorescent measurements were performed over
10 min (excitation and emission of 485nM and
590 nM, respectively). Assay buffer consisted of
20 mM Hepes, pH 7.4.

Pannifer, A. D.; Wong, T. Y.; Schwarzenbacher, R.;
Renatus, M.; Petosa, C.; Bienkowska, J.; Lacy, D. B.;
Collier, R. J.; Park, S.; Leppla, S. H.; Hanna, P.;
Liddington, R. C. Nature 2001, 414, 229.

Lethal toxin challenge conditions: J774A.1 cells were
allowed to grow to confluency in 96-well plates before
3nM PA, compound 5 (0.6% DMSO), and 0.61 nM LF
(List Biological Laboratories) were added. Cells were
allowed to incubate with the PA/LF/compound mixture
for 4h at 37°C before MTT was added. Cells were
allowed to incubate for an additional 1.5 h at 37 °C before
cell viability was determined.
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Abstract—Six kinds of chitooligosaccharides (COSs) with different molecular weight (MW) and degree of deacetylation (DD) were
prepared using ultrafiltration membrane reactor, and their renin inhibition modes were evaluated. All the COSs showed the renin-
inhibitory activities with dose-dependent manner, and 90-COSs had the potent renin-inhibitory activity than that of 50-COSs.
Among them, 90-MMWCOS (1000-5000 Da) exhibits the highest activity with ICs, value of 0.51 mg/mL and acts as competitive
inhibitor with K; value of 0.28 mg/mL by Lineweaver-Burk and Dixon plots. These results indicated that DD value and MW of

COSs are important factors affecting renin-inhibitory activity.
© 2008 Elsevier Ltd. All rights reserved.

The renin-angiotensin system (RAS) plays a pivotal role
in the control of blood pressure and the pathophysiol-
ogy of cardiovascular diseases such as congestive heart
failure and hypertension.!?> Renin, also known as angi-
otensinogenase, is a circulating enzyme secreted from
the granular cells of juxtaglomerular apparatus in the
kidney. Renin has high substrate specificity, and cata-
lyzes the hydrolysis of only one naturally occurring sub-
strate, angiotensinogen.® Renin is a rate-limiting enzyme
in RAS and cleaves plasma angiotensinogen to angio-
tensin I (Ang I), which is further converted by soluble
or endothelial cell-associated angiotensin converting en-
zyme (ACE) to angiotensin II (Ang II), a powerful vaso-
constrictor that has been identified as a major factor in
hypertension.* ACE is also involved in the inactivation
of bradykinin, a potent vasodilator. Today, ACE inhib-
itors are widely developed to prevent Ang II production
for cardiovascular diseases and utilized in clinic. How-
ever, Ang II can be produced through the hydrolysis
of Ang I by chymase in the heart, which can reduce
the efficacy of ACE inhibitors. Since renin is a rate-lim-
iting step in the RAS and has a specific substrate as
angiotensinogen, renin inhibition is thought to be an
attractive target for antihypertension strategy.

Keywords: Renin; Chitooligosaccharide; Kinetics; Inhibition.
* Corresponding author. Tel.: +82 61 659 3416; fax: +82 61 659
3419; e-mail: jjy1915@chonnam.ac.kr

0960-894X/$ - see front matter © 2008 Elsevier Ltd. All rights reserved.

doi:10.1016/j.bmcl.2008.02.041

Chitosan, a polycationic polymer comprised of mainly
glucosamine units, is known for biocompatibility, biode-
gradability and less toxic nature. It has been developed
into physiological bioactive substances that possess var-
ious biological activities such as antibacterial activity,”
hypocholesterolemic activity,” antitumor activity,'® im-
muno-stimulating effect,'! antioxidant activity!?> and
antihypertensive  activity.!>  Chitooligosaccharides
(COSs) are derivative of chitosan and it can be obtained
by either enzymatic or chemical hydrolysis of chitosan.
COSs are not only water-soluble but also possess versa-
tile biological activities such as antitumor,'* immuno-
stimulating,'’ antioxidant'® and antimicrobial activity.!”
In recent years, ACE inhibitory activity and antihyper-
tensive activity of COSs with different molecular weights
have been reported.'®!® Furthermore, several chitosan
derivatives with water-soluble property have been devel-
oped for improving inhibitory activity against ACE in
order to prevent production of Ang I1.2%2! However,
Ang II, which is the main product increasing blood pres-
sure in RAS, can be produced by chymase in the heart,
leading to decrease the efficacy of ACE inhibitors.
Therefore, more specific inhibitions are needed for the
treatment and prevention of hypertension. The objective
of this study is to determine the in vitro activity and ki-
netic study of COSs with different molecular weight and
degree of deacetylation against renin, a potential target
for the hypertension.

Two kinds of COSs (90-COSs and 50-COSs) were pre-
pared from 90% to 50% deacetylated chitosan as de-
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scribed in our previous report, and further fractionated
into three kinds of COSs using an ultrafiltration mem-
brane system.?> COSs were designated based on their
molecular weights as high molecular weight COSs
(5000-10,000 Da: 90-HMWCOSs and 50-HMWCOSs),
medium molecular weight COSs (1000-5000 Da: 90-
MMWCOSs and 50-MMWCOSs) and low molecular
weight COSs (below 1000 Da: 90-LMWCOSs and 50-
LMWCOSs).

Renin activity was determined as follows using the fluo-
rescence method of Yuan et al.>3 For enzyme assay, the
substrate stock solution and renin were each diluted to
the appropriate concentration using 50 mM Tris—HCI
buffer (pH 8.0 containing 100 mM NaCl). The buffer
(control) and/or sample (inhibition) was first mixed with
the substrate (5 uM) and incubated at 37 °C for 10 min
and then the reaction was initiated by the addition of re-
nin solution (0.1 pg). The time-dependent increase in
fluorescence intensity was monitored for 10 min in a
GENions® fluorescence microplate reader (Tecan Aus-
tria GmbH, Austria). Instrument parameters were as
follows: excitation wavelength, 340 nm; emission wave-
length, 490 nm; excitation bandwidth, 5 nm; and emis-
sion bandwidth 10 nm.

A Lineweaver-Burk and Dixon plots were drawn to esti-
mate the renin inhibitory types of COS. The inhibition
constant (K;) of COS was obtained from the secondary
plot of Lineweaver-Burk plot and was directly calcu-
lated from Dixon plot. The intercept on the horizontal
axis is the value of the K.

Renin-inhibitory activities of chitooligosaccharides
with various molecular weights produced from differ-
ent degree of deacetylation were investigated using
the fluorescence assay, and their results are depicted
in Figures 1 and 2. Three COSs, 90-HMWCOS, 90-
MMWCOS and 90-LMWCOS, showed different re-
nin-inhibitory activities with dose-dependent manner,
and percentage inhibitions were reached to 75.06%,
98.43% and 90.61% at the concentration of 1.6 mg/
mL, respectively (Fig. 1). Among them, 90-MMW-
COS showed the strongest renin-inhibitory activity
than that of 90-HMWCOS and 90-LMWCOS. On
the other side, three COSs, 50-HMWCOS, 50-MMW-
COS and 50-LMWCOS, possessed weaker renin-
inhibitory activities than that of 90-COSs. At the
concentration of 6.4 mg/mL, 50-HMWCOS, 50-
MMWCOS and 50-LMWCOS showed lower renin-
inhibitory activities than 50%. The renin-inhibitory
activity was in the order of 50-MMWCOS > 50-
HMWCOS > 50-LMWCOS and the activity was
dose-dependent. According to these results, the re-
nin-inhibitory activities were increased with increasing
degree of deacetylation at COS, but factor affecting
renin-inhibitory activities regarding their molecular
weight was not clear. So, we could conclude that ma-
jor factor affecting renin-inhibitory activity of COSs
was degree of deacetylation. The ICsy values of 90-
COSs were calculated by the non-linear regression
method and are shown in Table 1. They confirm that
90-MMWCOS has the highest potency against renin.
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Figure 1. Human recombinant renin-inhibitory activities of 90-COSs.
Results are means + SE of three independent experiments. The
reaction mixture contained 5 pM substrate, 20 uL Tris—=HCI buffer,
and 0.1 pg of renin. Excitation wavelength 340 nm; emission wave-
length, 490 nm; excitation bandwidth 5nm; emission bandwidth,
10 nm.
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Figure 2. Human recombinant renin-inhibitory activities of 50-COSs.
Results are means = SE of three independent experiments. The
reaction mixture contained 5 uM substrate, 20 uL Tris-HCI buffer,
and 0.1 pg of renin. Excitation wavelength 340 nm; emission wave-
length, 490 nm; excitation bandwidth 5nm; emission bandwidth,
10 nm.

Several renin inhibitors by chemically synthesized
compounds were reported with lower ICs, values
(high potent) than that of chitooligosaccharides,?*?°
and renin inhibitors with similar ICsy values were
also reported from naturally occurring compound
analogs.?® In this study, we used the fluorogenic sub-
strate for renin inhibition assay, however, angioten-
sinogen, natural substrate, is used in some cases as
the substrate for renin inhibition assay. So, direct
comparison of ICsq values is difficult.
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Table 1. ICs, values of chitooligosaccharides against human recombi-
nant renin

Chitooligosaccharides
90-HMWCOS 90-MMWCOS 90-LMWCOS
ICs, (mg/mL)  0.94 0.51 0.59

The kinetic behavior of the fluorogenic substrate cata-
lyzed by human recombinant renin with 90-MMWCOS,
the most potent of chitooligosaccharides, was studied.
Determination of the inhibition type is important to
understand the mechanism of enzyme action and the
inhibitor-binding site. Renin inhibition pattern of 90-
MMWCOS was analyzed by Lineweaver-Burk and Dix-
on plots without and with 90-MMWCOS (at three con-
centrations of 0.4, 0.6 and 0.8 mg/mL). The inhibition
kinetics analyzed by Lineweaver-Burk plots indicating
that 90-MMWCOS acts as competitive inhibitor, which
means that 90-MMWCOS can bind competitively with
substrate at the active site (Fig. 3). Therefore, 90-
MMWCOS formed enzyme-inhibitor complexes during
the enzyme reaction to reduce the efficiency of catalysis.
The K; value was calculated by the secondary plot of
Lineweaver-Burk, with the slopes of each line in the
Lineweaver-Burk plot being plotted against different
concentrations of 90-MMWCOS, and the K; value is
the intercept on the x-axis. The obtained K; value was
determined to be 0.28 mg/mL. We also analyzed the ki-
netic behavior using Dixon plots, and the results showed
that 90-MMWCOS acts as competitive inhibitor
(Fig. 4). The K; value was directly measured from Dixon
plot as an intercept on the x-axis. Crystal structures of
human renin revealed that the enzyme is composed
mainly of two B-sheet domains with the cleft between
two domains. The active site cleft of human renin be-
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Figure 3. Lineweaver-Burk plot for the inhibition of human recombi-
nant renin by 90-MMWCOS. The inhibitory potency of 90-MMW-
COS for human recombinant renin was measured by using fluorogenic
peptide substrate. The reactions were performed in the absence of
inhibitor or in the presence of 90-MMWCOS as indicated.
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Figure 4. Dixon plot analysis for the inhibition of human recombinant
renin by 90-MMWCOS. The inhibitory potency of 90-MMWCOS for
human recombinant renin was measured by using fluorogenic peptide
substrate at the concentrations indicated.

came so apparent that the S3 and S1 pockets form a
contiguous and large hydrophobic cavity.?® So, main
binding sites of 90-MMWCOS toward renin are not
S3-S1 pockets, however, 90-MMWCOS could be
formed by the hydrogen bonding and/or the electrostatic
interaction between the positively charged amide group
at C-2 position and the carboxylates of the catalytic res-
idues. These are reasons for 90-COSs having the potent
renin inhibition activity compared to 50-COSs. How-
ever, more studies on relationship between molecular
size and inhibition activity are needed.
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Abstract—A series of 1-aryl-6,7-dihydroxyl(methoxy)-1,2,3,4-tetrahydroisoquinolines (compounds 1-36) were synthesized via Pic-
tet—Spengler cyclization. All the synthesized compounds were assayed for activities against HIV-1j;;p in C8166 cell cultures by
MTT method for the first time. The results of the anti-HIV screening revealed that 6,7-dihydroxytetrahydroisoquinolines possessed
higher selective index than 6,7-dimethoxyl analogs due to the significantly decreased cytotoxicities. Compounds 6, 24, and 36
showed potent anti-HIV activities with ECs, values of 8.2, 4.6, and 5.3 uM respectively, and the cytotoxicities (CCsg) of these three
compounds were 784.3, 727.3, and 687.3 uM, which resulted in SI values larger than 95, 159, and 130 respectively.

© 2008 Elsevier Ltd. All rights reserved.

1,2,3,4-Tetrahydroisoquinoline (THIQ) was a common
core structure of many alkaloids isolated from natural
sources and showed antitumor,! antimicrobial,> and
other biological activities.>” The recent success in total
synthesis of ecteinascidin 743%° and its human clinical
trials!®!! have shed light on this class of natural
products.

Prompted by a report of the anti-human immunodefi-
ciency virus (HIV) activity of michellamine B (Fig. 1),
a naphthylisoquinoline alkaloid dimmer from Ancistro-
cladus korupenis,'*> evaluations of natural THIQs as
inhibitors of HIV-1 were continuously reported in the
literatures. The rigid THIQ derivatives chelidoneme,'?
O-methyl psychotrine sulfate,* and magnoflorine!?
inhibited HIV-1 target at reverse transcriptase (RT).
More recently, a series of active anti-HIV benzyl THIQ
derivatives were isolated from the leaves of Nelumbo
nucifera, among which R-coclaurine inhibited HIV rep-
lication in H9 cell with an ECs, value of 0.8 pg/mL

Keywords: 1-Aryl-tetrahydroisoquinoline; Anti-HIV activity; Pictet—

Spengler cyclization.

*Corresponding author. Tel/fax: +86 871 5223265; e-mail:
chenjj@mail.kib.ac.cn

0960-894X/$ - see front matter © 2008 Elsevier Ltd. All rights reserved.

doi:10.1016/j.bmcl.2008.02.040

(selective index > 125).'* Besides, Iwasa and colleagues
reported that 1-methyl-6,7-dihydroxytetrahydroisoquin-
oline (compound A, Fig. 1) still possessed an ECs, value
0f 0.117 pg/mL (SI = 181) in HY cell.? During the course
of our continuous search for anti-HIV compounds from
natural sources, it was suggested that compound B, an
isomer of A, showed 48% inhibitory ratio against
HIV-1 RT at 210 pg/mL.'3

Based on the anti-HIV activities of THIQs derivatives
reported previously, our interest in this study was to
synthesize simple 1-aryl-tetrahydroisoquinoline analogs
(C) and assess these compounds as anti-HIV agents to
identify active compounds and reveal structure—activity
relationship (SAR) trends. The syntheses of compounds
C focused on the replacement of methyl (C-1) and hy-
droxyl (C-6 and C-7) in compound A by various aro-
matic moieties and methoxyl group, respectively.

THIQs were generally prepared as racemates by acid
catalyzed Pictet-Spengler cyclization.'®!” On the basis
of this method, compounds C (1-36) (Table 1) were syn-
thesized as outlined in Scheme 1. When R was hydroxyl
group, dopamine hydrochloride and aromatic aldehyde
were selected as starting materials. A solution of dopa-
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OH *

MeO
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HO

MeO

Magnoflorine R-Coclaurine

Figure 1. Structures of some THIQ derivatives.

mine hydrochloride and aromatic aldehyde in dichloro-
methane (DCM) was stirred under nitrogen atmosphere
for 72 h to afford the target compounds in moderate to
good yields after column chromatography separation
(Table 1).

When the starting material changed to 3,4-dimethoxy-
phenylethylamine, the one-pot procedure only afforded
the target compounds in poor yields after a screening
of various Bronsted acid catalysts including 4-methyl-
phenylsulfonic acid,'® trifluoroacetic acid (TFA),! and
trifluoromethylsulfonic acid (TFSA).?° A further litera-
ture survey demonstrated that Pictet-Spengler cycliza-
tion would be favored if the imine was used as
substrate directly.> 23 As a result, the methoxyl THIQs
were synthesized in two steps: imine intermediates were
obtained without further purification. Then, the already
usable imines were dissolved in TFA and heated to re-
flux?? or 120 °C in Schelenk sealed tube for 4 h to afford
target compounds in good yields after column chroma-
tography. It should be noted that refluxing the corre-
sponding imines in TFA for 4h at normal boiling
temperature only afforded the compounds 7, 9, 11, and
29 in very poor yields. The reactions performed at high-
er temperature (120 °C in Schelenk sealed tube for 4 h)
gave good yields for the electron-rich imines.

According to the previous literatures reported by other
research groups, l-aryl-tetrahydroisoquinolines dis-
played various biological activities including antibacte-
rial,>>  bronchodilator,>* and  anticonvulsant®
properties. Herein, Compounds 1-36 were evaluated
for activity against HIV-1;;15 in C8166 cell cultures for
the first time. AZT (zidovudine) was included as a refer-
ence compound. The anti-HIV activities (ECsg), cyto-
toxicities (CCsg), and selective index (SI) for the tested

Chelidoneme

rﬁaaﬂii
HO NH HO
H
|‘§| HO
HO

5
T
NH HO NH R : 1.-NH
OH
A

Me
O-Methyl psychotrine sulfate

Ar

R = OH or OMe
B (o]

compounds were summarized in Table 1. The results
suggested that the 6,7-dimethoxy derivatives only exhib-
ited weak anti-HIV activities (SI < 10) except compound
7. O-Demethylation led to significantly decreased cyto-
toxicities with higher SI values. For example, 1-para-
methylphenyl-6,7-dihydroxytetrahydroisoquinoline (6)
showed a CCsy value of >784.3 uM (SI > 95), while its
methoxyl derivative 5 possessed a CCsy of 280.7 uM.
In addition, hydroxyl groups bond to C-6 and C-7 might
play an important role in potent anti-HIV activity as to
the title compounds. For example, compound 24 exhib-
ited an ECsy of 4.6 uM (SI > 159), but its methoxyl
derivative 23 only showed an ECsy of 31.8 uM. When
Ar moiety located at C-1 changed to 2-furyl, 2-pyridinyl
or naphthyl, compounds 30, 32, and 36 still had antiviral
activities. Especially, compound 36 showed anti-HIV
activity with ECsy and CCsy values of 5.3
and >687.3 uM, respectively, resulting in a SI value of
>130.

The above-mentioned anti-HIV activity information
suggested the importance of hydroxyl groups at C-7
and C-8 for minimal cytotoxicities and potent antiviral
activities. But there were exceptions, which were the
cases for the inactive hydroxyl compounds 14 and34.
Compound 14  (Ar = para-trifluoromethylphenyl)
showed ECsy and CCs, values of 8.52 and 13.07 pg/
mL respectively (SI = 1.5), indicating that the trifluoro-
methyl group was a cytotoxic moiety compared with
compound 6 (Ar = para-methylphenyl). Compound 34,
the 1-naphthyl analogue, only exhibited SI value of
1.9 (CCsgp=47.4 uM). Interestingly, the 2-naphthyl
derivative 36 showed an obviously increased SI value
of >130 due to the decreased cytotoxicity (CCsy>
687.3 uM) and increased anti-HIV activity (ECsy =
5.3 uM).
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Table 1. Structures, physical data, and anti-HIV activities of compounds C*
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Compound C R Ar Yields (%)°  State Mp (°C) ECse® (uM) CCso (uM)  SI® (CCs¢/ECso)
1% ~OMe  Phenyl 72 White solid 77-80  119.6 293.5 2.4
2% ~OH  Phenyl 65 Yellow solid 115-117  67.3 >829.9 >12
3 —~OMe 2-Methylphenyl 75 White solid 68-70 42.5 197.0 4.6

4 -OH  2-Methylphenyl 59 Yellow solid 109-113  61.9 >784.3 >13
526 ~OMe  4-Methylphenyl 60 White solid 84-86 67.3 280.7 42
6> ~OH  4Methylphenyl 77 White solid 112-115 82 >784.3 >95
728 ~OMe 2-Methoxyphenyl 78 Viscous oil — 459 555.1 12

8 -OH  2-Methoxyphenyl 85 Yellow solid 220-222 422 >738.0 >18
9% —-OMe 4-Methoxyphenyl 77 Viscous oil — 127.2 312.1 2.5
10% —OH  4-Methoxyphenyl 68 Pale yellow solid  94-96 34.1 >738.0 >22
11 —OMe 2,4-Dimethoxyphenyl 73 Viscous oil — 43.8 227.3 52
12 -OH  2,4-Dimethoxyphenyl 55 Pale yellow solid 109-112  46.5 >664.4 >14
13% —OMe  4-Trifluoromethylphenyl 71 White solid 137-139 278 30.9 <1
14 -OH  4-Trifluoromethylphenyl 80 White solid 78-80 27.6 423 1.5
15° —OMe 4-Bromphenyl 72 White solid 109-113  16.9 37.9 2.2
16 -OH  4-Bromphenyl 75 Pale yellow solid 116-118 36.2 >625.0 >18
17% -OMe 3-Bromophenyl 74 White solid 80-82 435 106.7 2.4
18 -OH  3-Bromophenyl 62 Yellow solid 93-96 53.5 >625 >12
19* —OMe 2-Bromophenyl 73 Viscous oil — 31.3 89.0 2.8
20 -OH  2-Bromophenyl 67 Yellow solid 112-114 237 >625 >26
21 —OMe  2-Fluorophenyl 75 Viscous oil — 69.0 175.4 2.8
22 -OH  2-Fluorophenyl 61 Yellow solid 183-185 584 >772.2 >13
23% -OMe 3-Chlorophenyl 64 White solid 83-85 31.8 183.6 5.9
24 -OH  3-Chlorophenyl 62 Yellow solid 114-116 4.6 >727.3 >159
2578 —OMe 2-Chlorophenyl 77 Viscous oil — 58.4 248.7 43
26% —~OH  2-Chlorophenyl 56 Yellow solid 109-111 51.8 >727.3 >14
272633 —OMe 4-Nitrilephentyl 76 White solid 110-112  60.1 46.2 7.7
28% —OH  4-Nitrilephentyl 78 White solid 208-210 53.7 >751.9 >14
29 —-OMe 2-Furyl 68 Viscous oil — 152.4 572.5 3.8
30 -OH  2-Furyl 63 Yellow solid 83-85 61.7 >865.8 >14
31% —~OMe Pyridin-2-yl 76 Viscous oil — 171.2 444.5 2.8
32 -OH  Pyridin-2-yl 80 Yellow solid 215-217 484 >826.4 >11
33 -OMe 1-Naphthyl 76 Viscous oil — 22.6 64.8 2.9
34 -OH 1-Naphthyl 68 Yellow solid 236-238 332 47.4 1.9
35 —-OMe 2-Naphthyl 76 White solid 93-96 6.9 54.6 7.9
36 -OH  2-Naphthyl 63 Pale yellow solid 110-113 5.3 >687.3 >130
AZT! — — — — — 0.011 >749 >68,091

% Anti-HIV data represent the mean values of two separate experiments.

®Isolated yields.

© Effective concentration required to protect C8166 cells against the cytopathogenicity of HIV by 50%.3¢
d Cytostatic concentration required to reduce C8166 cell proliferation by 50% tested by MTT method.>¢
¢ Selectivity index; ratio CCso/ECs.

TAZT (zidovudine) was used as positive control.

HO HO
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Scheme 1. Synthesis of target compounds C.

Structure modification of compounds C had led to three
active anti-HIV compounds 6, 24, and 36. Based on the
previous literature,>” THIQs generally inhibited HIV-1
replication as non-nucleoside reverse transcriptase

MeO
m L’ NH
=N MeO

( reflux

imine Ar Ar

inhibitors (NNRTIs). These three compounds that
showed potent anti-HIV-1 activity were also evaluated
on their inhibitory activity of recombinant HIV-1 RT,
but they only showed 28%, 20%, and 30% inhibitory rate
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to HIV-1 RT at a concentration of 200 pg/mL, respec-
tively. The suboptimal enzymatic activities of these as-
sayed compounds suggested that further study on the
possible mechanisms of action is needed to provide the
detailed properties of 1-aryl THIQ as anti-HIV agents.

Supplementary data
Supplementary data associated with this article can be

found, in the online version, at doi:10.1016/
j.bmcl.2008.02.040.
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Abstract—11p-Hydroxysteroid dehydrogenase (11B-HSD) enzymes catalyze the conversion of biologically inactive 11-ketosteroids
into their active 11B-hydroxy derivatives and vice versa. 113-HSD1 has been studied as a potential treatment for metabolic disease
such as diabetes and obesity. To find correlation between 113-HSD1 and inhibitors, three-dimensional quantitative structure—activ-
ity relationship (3D-QSAR) studies were performed on 70 inhibitors, based on molecular docking conformations obtained by using
FlexX-Pharm. The studies include comparative molecular field analysis (CoMFA) and comparative molecular similarity indices
analysis (CoMSIA). Based on the docking results, highly predictive 3D-QSAR models were developed with ¢* values of 0.543
and 0.519 for COMFA and CoMSIA, respectively. A comparison of the 3D-QSAR field contributions with the structural features
of the binding site showed good correlation between the two analyses. Therefore, these results should be useful to the prediction of

the activities of new 11p-HSDI inhibitors.
© 2008 Elsevier Ltd. All rights reserved.

The metabolic syndrome is increasingly recognized as a
major cause of cardiovascular disease and type 2 diabe-
tes. Recently, 11p-Hydroxysteroid dehydrogenase type 1
(11B-HSD1) has attracted significant attention from the
pharmaceutical research as a target for the treatment of
metabolic disease'™ and the significance of 118-HSDI
in metabolic diseases such as type 2 diabetes and obesity
has been demonstrated in various rodent studies.* ® The
enzyme 11B-HSDI1, which is mainly expressed in liver
and adipose tissue, plays a central role in regulating
intracellular concentrations of glucocorticoids by con-
verting inactive cortisone to the metabolically active
hormone cortisol. The type II isoform (11B-HSD2) is lo-
cated primarily in the kidney and catalyzes the inactiva-
tion of cortisol. Therefore, inhibitors of 113-HSD1 are
being examined as the potential treatment for metabolic
syndrome, diabetes, obesity, and other indications.

In this paper, we carried out molecular docking study
and then 3D-QSAR models were constructed by using
approaches of comparative molecular field analysis
(CoMFA) and comparative molecular similarity analy-
sis (CoMSIA) using the docking results. So it is possible

Keywords: 118-HSD1; 3D-QSAR; Docking; Inhibitor design.
* Corresponding author. Tel.: +82 42 860 7452; fax: +82 42 860
7635; e-mail: nskang@krict.re.kr

0960-894X/$ - see front matter © 2008 Elsevier Ltd. All rights reserved.

doi:10.1016/j.bmcl.2008.02.042

to get new insights into the relationship between the
structural information of the series of 70 compounds.

A set of 70 compounds, which covered 4 log orders
(pICsop =4 ~ 8) for their enzyme inhibitory activity,
was selected from among published 113-HSD1 inhibi-
tors.” '3 The dataset of 70 compounds was grouped into
training set and test set containing 50 and 20 com-
pounds, respectively. Both the training and the test sets
were divided according to a representative range of bio-
logical activities and structural variations. These com-
pounds’ inhibitorial activities were converted into the
corresponding plCsg(—log ICsg) values in the COMFA
and CoMSIA analyses. These inhibitors were con-
structed by using molecular modeling software package
Sybyl7.3.1'* and energy minimizations were carried out
using Tripos force field'> and the Gasteiger—Huckel
charge with a distance-dependent dielectric and conju-
gate gradient method.

FlexX-Pharm!® employed a fast algorithm for flexible
docking of small ligands into fixed protein-binding site
using an incremental construction process. This pro-
gram was interfaced with Sybyl 7.3.1 and was used for
docking of all of the 113-HSD1 inhibitors at the active
site. To understand the binding mode of 1lrbeta-
HSD1 inhibitors, we analyzed all the known crystal
structure including cortisol. As shown in Figure 1, two
extension directions, which are hydrophobic pocket 11
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Solvent eprsed regmin
EEEEERNY U B

" The part of NADP

Figure 1. The superposition of the known inhibitors extracted from X-
ray co-crystallized structure. The extension direction of inhibitors
based on the hydrophobic pocket I is considered as two parts, one is
hydrophobic pocket II, the other is the solvent exposed region.

Figure 2. The 3D superimposed structures of the used compounds.

and solvent exposed region, are considered as the bind-
ing mode of its inhibitors against 11rbeta-HSD1. The X-
ray crystal structures of 3 human 11rbeta-HSD1 com-
plexes with ligands were retrieved from the PDB (PDB
entry; 2BEL, 2IRW, 2ILT). The active site was defined
as including all atoms within a 6.5 A radius of the
cocrystallized ligand (PDB ID:2ILT)!” and NADP was
mentioned in order to obtain the appropriate bioactive
conformation of the ligand within the active site. For
docking with FlexX-Pharm, the most critical interac-
tions between ligands and 11rbeta-HSD1 were mapped
in crystal structures. The default SYBYL/FlexX param-
eters were used.

All the molecules in a database containing both training
and test sets were docked into the active site, and 30 con-

formations were obtained through FlexX-Pharm for
each ligand. The conformation was selected as the most
probable binding conformation. These conformations
were aligned together inside active site and used directly
for COMFA!® and CoMSIA !° analyses.

The steric and electrostatic interactions for CoMFA
were calculated using the Tripos force field with a dis-
tance-dependent dielectric constant at all intersections
in a different grid taking a sp> carbon atom as steric
probe and a +1 charge as electrostatic probe. In CoM-
FA, when the grid spacing changed, a shift in the r* val-
ues is observed. So in this paper we used the different
grid boxes with 1.0, 1.5, and 2.0 A grid spacing, respec-

Figure 3. The docking of active compounds (7-8, 23, 42, 52, 56, 60)
compared with X-ray crystallized structure. Green colored compound
is the reference structure deposited in the protein data bank, 2ILT.
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Figure 4. D_Score obtained for 32 compounds in active site of 11p-
HSDI.
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Table 1. Structures of 11b-HSDI1 inhibitors used in this study
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Compound Structure pICso
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Compound Structure pICso
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Table 1 (continued)

Compound Structure pICso
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4 Test set.

tively, were used for the CoMFA calculations. The influ-
ence of the different grid spacing on the CoMFA model
is shown in Table 3. The cutoff was set to 30 kcal/mol.
With standard options for scaling of variables, the
regression analysis was carried out using the full cross-
validated partial least-squares (PLS) method of LOO
(leave-one-out). The minimum-sigma was set to
2.0 kcal/mol to improve the signal-to-noise ratio by
omitting those lattice points whose energy variation
was below this threshold. The final model was developed
with the optimum number of components to yield a
noncross-validated +* value. In CoMSIA, a distance-
dependent Gaussian-type physicochemical property
has been adopted to avoid singularities at the atomic
positions and dramatic changes of potential energy for
those grids in the proximity of the surface. The steric,
electrostatic, hydrophobic, hydrogen-bond donor and

hydrogen-bond acceptor potential fields were calculated
at each lattice intersection of a regularly spaced grid of
2.0 A. The probe atoms with radius 1.0 A and +1 charge
with hydrophobicity of +1 and hydrogen-bond donor
and hydrogen-bond acceptor properties of +1 were used
to calculate five fields. Gaussian-type distance depen-
dence and the default value of the attenuation factor
(o0 =0.3) were used.

In order to determine the probable binding conforma-
tions of these inhibitors, we used FlexX-Pharm pro-
gram. The docking reliability was validated using the
known X-ray structure (PDB ID:2ILT) of 11B-HSDI
in complex with a small molecular ligand NN1. The li-
gand was re-docked to the binding site of protein and
the docked conformation corresponding to the lowest
free energies was selected as the most probable binding
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Figure 5. Correlation between actual pICsy and predicted pICs from
training (blue square) and test set (red triangle) (a) CoMFA; (b)
CoMSIA.

Table 2. Experimental activities (pICsy) and predicted activities with
residual by COMFA and CoMSIA studies

Table 2 (continued)

Compound plICsg CoMFA CoMSIA
Predicted Residual Predicted Residual
1 432 435 —0.03 4.28 0.04
28 4.64 5.876 —1.24 5.38 —0.74
3 5.05  5.00 0.05 5.12 -0.07
4 7.28 7.18 0.10 7.33 —0.05
5¢ 796  7.621 0.34 7.68 0.29
6" 7.14 7.541 —0.40 7.65 —0.51
7 8.30 8.14 0.16 8.23 0.07
8 8.70  8.73 —0.03 8.74 —0.04
9 8.40 836 0.04 8.36 0.04
10 8.59 8.45 0.14 8.43 0.16
117 8.07  8.237 -0.17 7.62 0.45
12 8.03  8.01 0.02 8.09 —0.06
13 7.66  7.58 0.08 7.62 0.04
14 8.01 8.00 0.01 7.91 0.11
15 8.14  8.09 0.05 8.37 -0.23

Compound plICs, CoMFA CoMSIA
Predicted Residual Predicted Residual
16* 8.70  8.147 0.55 8.25 0.45
17* 8.28  7.811 0.47 7.92 0.36
18* 8.33  8.579 -0.25 8.17 0.17
19 7.70 7.84 —0.14 7.68 0.02
20 8.39 848 —0.08 8.27 0.12
21 8.31 8.36 —0.05 8.31 0.00
22% 8.38  8.286 0.09 8.44 —0.06
23 8.72 8.57 0.15 8.78 —0.06
24 7.64 7.0 —0.06 7.46 0.18
25 7.01 7.01 0.00 6.87 0.14
26 6.79 6.75 0.04 6.75 0.04
27 7.06 6.94 0.12 7.05 0.01
28 7.36  7.36 0.00 7.30 0.06
29 7.21 7.10 0.11 7.19 0.02
30 7.89 7.82 0.07 7.92 —0.03
31° 7.66 8.056 —0.40 8.00 —0.34
32 8.30 843 —0.13 8.38 —0.08
33 7.60 8.323 —0.72 8.35 —0.75
34 782 7.82 0.00 7.82 0.00
35 7.96 8.06 —0.10 8.02 —0.06
36 6.98  7.01 —0.03 7.07 —-0.09
37 7.41 7.50 —0.09 7.34 0.07
38 7.35  8.045 —0.70 7.76 —0.41
39 7.39 7.04 0.35 7.45 —0.06
40 7.05  6.96 0.09 7.06 —-0.01
41 7.46  6.995 0.47 7.94 —0.48
42 8.00 7.93 0.07 8.04 —0.04
43* 8.22 7.976 0.24 7.68 0.55
44 7.55  17.76 —0.21 7.49 0.06
45 7.36  7.26 0.10 7.39 —-0.03
46 6.73  6.73 0.00 6.73 0.00
47* 8.30 7.923 0.38 8.40 —0.10
48 7.85  8.201 —0.35 8.45 —0.60
49 7.33  7.39 —0.06 7.43 —-0.10
50 7.54  7.46 0.09 7.60 —0.06
51 741  7.56 —0.15 7.68 -0.27
52 8.30 8.25 0.05 8.17 0.13
53 8.10 8.12 —0.02 8.07 0.03
54 7.82  7.61 0.21 7.76 0.06
55 7.66  7.94 —0.28 7.77 -0.11
56 8.22 8.17 0.05 8.28 —0.06
57 822 8.8 0.04 8.17 0.05
58* 7.80  8.244 —0.44 8.33 —0.53
59 7.92  8.01 —0.09 8.00 —0.08
60 8.05 8.04 0.01 7.89 0.16
61 6.96 7.04 —0.08 6.77 0.19
62 7.96 7.79 0.17 8.08 —0.12
63 5.10  5.25 —0.15 5.25 -0.15
64° 597  6.69 —0.72 6.30 —0.33
65 596  5.87 0.09 6.07 —0.11
66" 5.80 6.718 —0.92 6.62 —0.82
67 7.85  8.02 —0.17 7.90 —-0.05
68 642 646 —0.04 6.29 0.13
69 7.30  7.40 —0.10 7.28 0.02
70% 6.74 7.082 —0.34 7.07 —0.33
@ Test set.
conformation. The root-mean-square  deviation

(RMSD) of the docked conformation to the experimen-
tal conformation was 1.18 A, suggesting that a high
docking reliability of FlexX-Pharm in reproducing the
experimentally observed binding mode for 11B-HSDI
inhibitors and the parameter set for the FlexX-Pharm
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simulation is reasonable to reproduce the X-ray struc-
ture. The FlexX-Pharm method and the parameter set
could be extended to search protein-binding conforma-
tion for other inhibitors. In this study, for FlexX-Pharm
constraints, four residues (SER170, TYR177, VALI180,
and TYRI183) were selected. The H-bond donor of

phenyl_center of TYR 177 and TYR 183 and ch3_phe
of VALI180 were set as optional. Thirty-two compounds
in the training set considering structural varieties were
chosen to decide the docking conformation using the
above-mentioned docking strategy. In Figure 2, the re-
sult of docking study was shown. The * value of 0.56

SER170 was set as essential constraint, while the was obtained and thus we used the docked conforma-

Figure 6. CoMFA contour map displayed with the compound 23 and superimposition in the active site residues of 113-HSDI1 for (a) steric contour
map; (b) electrostatic contour map.

Table 3. Summary of CoMFA and CoMSIA results for various models

Component CoMFA CoMSIA

SE SEDA SEE"D'A'HF
Grid spacing (A) 1 1.5 2 2 2 2
7 0.536 0.543 0.418 0.481 0.488 0.519
NOCP 5 5 6 6 6 6
% 0.985 0.987 0.991 0.975 0.986 0.988
SEE? 0.118 0.110 0.090 0.154 0.117 0.105
F 573.372 654.615 824.504 276.991 487.312 598.511
Field contribution (%)
Steric 36.5 33.9 36.8 24.8 11.7 7.9
Electrostatic 63.5 66.1 63.2 75.2 39.3 28.3
Donor — — — 27.6 24.2
Acceptor — — — 21.4 16.2
Hydrophobic — — — — 234
red 0.764 0.829

#CV correlation coefficient.
® Number of components.

¢ Correlation coefficient.
dStandard error of estimate.
¢ F-ratio.

fCorrelation coefficient of test set.
£ Steric field.

" Electrostatic field.
"H-bond donor field.
JH-bond acceptor field.

X Hydrophobic field.
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Figure 7. CoMSIA contour map displayed with the compound 23 and superimposition in the active site residues of 113-HSD!1 for (a) steric contour
map; (b) electrostatic contour map.

Figure 8. CoMSIA contour map displayed with the compound 23 and superimposition in the active site residues of 113-HSD1 for (a) hydrophobic
contour map; (b) hydrogen-donor contour map; (c) hydrogen-acceptor contour map.
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tions as the initial conformations for 3D-QSAR studies.
The alignments of the used molecules obtained from the
docking study are represented in Figures 3 and 4. Spe-
cially, in Figure 4, docking conformations of active com-
pounds (7-8, 23, 42, 52, 56, 60) are compared with X-ray
crystallized structure (green color). Totally, the align-
ments from docking study corresponded with the be-
fore-mentioned binding mode in Figure 1 (see Table 1).

For training set, PLS analysis results are listed in Table
3, which show a CoMFA model with a cross-validated
g° of 0.543 with a grid spacing 1.5 A. The noncross-val-
idated PLS analysis with the optimum components of 5
revealed a conventional > value of 0.987, F = 654.615,
and an estimated standard error of 0.110. The steric field
descriptors explain 33.9% of the variance, while the elec-
trostatic descriptors explain 66.1%. Figure 5a shows cor-
relation between the actual values and the predicted
values and the calculated results are also listed in Table
2. The CoMFA contour plots of steric and electrostatic
interactions are shown in Figure 6. To aid in visualiza-
tion, the most active compound (23) is displayed with
green color in the map. The green contour near

Tyr 183

Tyr 183 .
Leu 217
Fi
Gly 216 Ser170@y

Tyr183 indicates that more bulky substituents in these
positions could significantly improve the molecular bio-
logical activities. Thus, compounds 23 and 52 with bulk-
ier substituents such as CF; or adamantane at this
position are more active. The electrostatic contours, in
which blue color represents regions where an increased
positive charge is favorable for inhibitory activity and
red color(represents) regions where an increased nega-
tive charge is favorable for the activity, are shown in
Figure 6b. Figure 6b shows that there is a red-colored
region situated close to Serl77, that is to say, the
Ser177 acts as hydrogen donor so that the negative sub-
stituents should strengthen the binding of the inhibitors.

CoMSIA analysis computed the steric and electrostatic
field, as in CoMFA, but it also computes additional
hydrophobic, hydrogen-bond donor, and hydrogen-
bond acceptor fields. The CoMSIA results are also
summarized in Table 3. The CoMSIA model showed
leave-one-out cross-validation ¢> and conventional r
values of 0.519 and 0.988 when all the five descriptors
were used. The F value and standard error of estimation
are 598.511 and 0.105, respectively. These data indicate

),

Figure 9. The subsites are labeled, the broken lines represent hydrogen-bonding interactions. The figure was drawn using the program LIGPLOT.*
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that a reliable CoMSIA model was successfully con-
structed. Figure 5b shows correlation between the actual
values and the predicted values and the calculated re-
sults are also listed in Table 2. The steric and electro-
static contour maps from the CoMSIA analysis
(Fig. 7) are generally in accordance with the field distri-
butions of COMFA maps (Fig. 6). Thus, the discussion
of the CoMSIA result would be focused on hydropho-
bic, hydrogen-bond donor, and acceptor interactions.
Figure 8a shows a superimposition of the hydrophobic
CoMSIA field with the active site. Yellow contours refer
to areas where the hydrophobic substituents are favor-
able to improve inhibitor activities, while the white con-
tours indicate the area where hydrophilic substituents
are favorable to increase inhibitory activity. The yellow
contour is surrounded by the hydrophobic pocket
formed by Leul26, Vall80, and Tyr183. Figure 8b and
¢ shows a superimposition of the hydrogen-bond donor
and acceptor CoOMSIA field with the active site. In Fig-
ure 8c, contour map for the hydrogen-bond acceptor
properties highlighted in magenta represents regions
where hydrogen-bond donors are expected on the recep-
tor site. This is satisfied by the presence of Ser170 near
the magenta maps. To clarify the ‘favorable’ binding be-
tween 11B-HSD1 and compound 23 shown Figures 6-8,
2D schematic representation using LIGPLOT? pro-
gram is given in Figure 9.

In this work, using the alignment scheme generated from
the docking study, highly predictive CoOMFA and CoM-
SIA models were developed on 11B-HSD1 inhibitors.
The satisfactory models of CoOMFA and CoMSIA were
obtained with leave-one-out (LOO) cross-validated ¢°
values of 0.543 and 0.519, respectively, and the non-
cross-validated PLS analyses with the optimum compo-
nents of 5 and 6 having conventional »~ values of 0.987
and 0.988, respectively. These models match well with
the 3D topology of the binding site of 113-HSD1 and
both models showed similar predictive capabilities.
According to this study, we have established the 3D-
QSAR models for 113-HSDI1 inhibitors and the built
model will be used for virtual screening to find 11 B-
HSD1 inhibitors.
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Abstract—f-Lactam derivatives of orlistat were prepared and their inhibitory activities toward the thioesterase domain of fatty acid
synthase (FAS-TE) were evaluated using a recombinant form of the enzyme. While in general these derivatives showed lower
potency compared to B-lactones, a reasonably potent, lead compound (—)-9 (ICsq = 8.6 M) was discovered that suggests that this

class of compounds should be evaluated further.
© 2008 Published by Elsevier Ltd.

As the sole complex machine responsible for cellular
synthesis of palmitate, human fatty acid synthase!
(FAS) has recently attracted attention as a drug target
in oncology for its well-documented up-regulation in
cancer cells,” including most carcinomas such as those
of the breast,? prostate,* and ovaries.’ The pharmaco-
logical inhibition of FAS has also been shown to en-
hance the effectiveness of current antineoplastic
therapies such as paclitaxel® and trastuzumab.” Despite
these promising results, a suitable FAS inhibitor for
clinical use has not emerged.® Recently, the first FDA-
approved over-the-counter weight-loss medication, tet-
rahydrolipstatin (orlistat), a pancreatic lipase inhibitor
and a reduced form of the natural product lipstatin,
was discovered to also be a potent inhibitor of the thio-
esterase domain of fatty acid synthase (FAS-TE).%!°
This finding led to a renaissance in the synthesis of orli-
stat and congeners,!!2 as it is an important lead com-
pound for further structure—activity relationship (SAR)
studies to identify FAS inhibitors as potential
therapeutics.

In previous synthetics studies toward FAS inhibitors, a
variety of orlistat congeners were prepared using our
ZnCl,-mediated tandem Mukaiyama aldol-lactonization
(TMAL) process as a key step (Scheme 1).'? In addition,

Keywords: B-Lactone; Thioesterase domain; Anticancer; Tandem

Mukaiayama aldol-lactonization.

* Corresponding authors. Tel.: +1 979 845 9571; e-mail: romo@mail.
chem.tamu.edu

0960-894X/$ - see front matter © 2008 Published by Elsevier Ltd.
doi:10.1016/j.bmcl.2008.02.043

the structural requirements for inhibition of FAS-TE
and factors for improving solubility, potency, and selec-
tivity were delineated.!?

As part of ongoing efforts to develop new P-lactone-
based transformations, we previously reported a mild,
efficient two-step, one-pot method for conversion of f-
lactones to B-lactams based on the method of Miller.'*
In conjunction with our ongoing SAR studies of orlistat
targeting FAS, we envisioned that conversion of the f-
lactone core to a B-lactam,'> which of course has a long
history as an effective pharmacophore,'® might impart
greater stability and lead to a new class of FAS inhibi-
tors. Herein, we report the first synthesis of B-lactam
derivatives of orlistat that exhibit inhibition of the re-
combinant form of FAS-TE.

Our strategy for the synthesis of orlistat B-lactams uti-
lized our stereocomplementary SnCly-promoted TMAL
process.!” This provides the required cis-p-lactones since

~NHCHO TBSO O
* 1
Y:[\ 0 ZnCly,-Mediated RMH
0”0 O TMAL 1
Rl G (G
51
®) 2 RZ\/\ —

.
OTBS
Orlistat S—\ /
(R'= n-CyoHar; R2= n-CghHy) 2 N

Scheme 1. Key disconnection for the synthesis of orlistat and
congeners employing the TMAL process.
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the conversion to B-lactams leads to inversion at the -
stereocenter of the B-lactone (Scheme 2). We initially
targeted the synthesis of B-lactam (—)-5, which directly
mimics the stereochemistry and substitution pattern of
orlistat. The synthesis commenced with the SnCly-pro-
moted TMAL reaction with known aldehyde (S)-1'2
and thiopyridyl ketene acetal 2'® to efficiently deliver
the desired B-lactone 3 as a 15:1 mixture of anti/syn dia-
stereomers (Scheme 3). Complete cis-selectivity of the p-
lactone core was verified by analysis of coupling con-
stants  (Jyqup = 6.5Hz) as previously described,'®
whereas the relative stereochemistry with respect to the
d-center was confirmed by comparison with the known
alcohol 8! after desilylation. The sterochemical out-
come is consistent with Evans’ model for additions to
B-silyloxy aldehydes?° as previously observed for similar
TMAL reactions.!8® Next, application of the one-pot
conversion of B-lactones to B-lactams generated the N-
benzyloxy-B-lactam (—)-9.'* Subsequent desilylation
afforded the 6-hydroxy-p-lactam (—)-10, which follow-
ing acylation with N-formyl glycine generated ester
(—)-11. Finally, employing Sml,-promoted reductive
N-O bond cleavage of the benyloxy-p-lactam provided
the orlistat-type B-lactam (—)-5.!4 In addition, the enan-
tiomeric series was also prepared for comparison pro-
viding PB-lactam (+)-5 in comparable yields (not
shown)?! starting from aldehyde (R)-1

Based on our previous SAR studies with orlistat-deriva-
tives,!3 compounds containing shorter side chains at the
B-position often exhibited superior inhibitory activity.
In efforts to determine if this finding translated to B-lac-
tam inhibitors, we targeted the synthesis of B-lactam 6
using a similar strategy (Scheme 4). SnCly-promoted
TMAL reaction of aldehyde (S)-7 and thiopyridyl ke-
tene acetal 2 afforded the cis-B-lactone 4 along with a
minor diastereomer (not shown, dr 6:1). As with alde-
hyde (S)-7, both diastereomers possessed cis-f-lactones
with differing relative stereochemistry at the 3-silyloxy
stereocenter. Instead of doing a tedious separation, the
mixture of diastereomers was carried forward for preli-
minary studies by conversion of the mixture to -lactam
12 and diastereomer (not shown) via the single-pot pro-
tocol.'* Subsequent desilylation afforded alcohol 13 and
following acylation with N-formyl-L-valine this pro-
vided ester 14. Reductive N-O cleavage using Sml, com-
pleted the synthesis of B-lactam 6 (dr 6:1). In addition,

RZ__.NHCHO B-lactone—
;\ 0 B—Iactam o
O~ "0 HN conversion TBSO O
z ——————» 1 - o
R1 R
CeHis 8 CeH13
5:R! = CygHyq, R2= H 3:R" = CyoHyy
6:R" = C4Ho, R? = i-Pr 4:R' = CyHg
SnCl,-promoted TBSO O
R~ + 2
R" = CyoHy
7:R'=C4Hg

Scheme 2. Strategy for the synthesis of orlistat-type p-lactam
derivatives.

0]
CeH13 CeHi3

C10H21 CioHz1 8
|||
BnO_
BnO
TBSO ;o\/_J(
CGH13
CioH 06H13 C10H21
10H21 ©-
NHCHO NHCHO
BnO
O HN
(\/—J(CGHQ (\/—J(CGHQ
CioHar (. CioH21 (-)-5
NHCHO

é[ 0

S b=
C1oH21

(+)-5

CeH13

Scheme 3. Synthesis of B-lactams (—) and (+)-5. Reagents and
conditions: (i) 2, SnCly, —78 °C, CH,Cl,, 1.5h, 60%, dr 15:1; (ii)
HF, CH;CN, 0 °C, 78%; (iii) BnONH,; DIAD, Ph;P, 56% over two
steps; (iv) HF, CH;CN, 0 °C, 75%; (v) DMAP, EDCI, N-formylgly-
cine, 80%; (vi) Sml,, THF/H,O, 0°C, 82%. DIAD: diisopropyl
azodicarboxylate; EDCI: 1-ethyl-3-(3-dimethylaminopropyl)carbodi-
imide); DMAP: 4-dimethylaminopyridine.

o)

oTBS i TBSO O i
CaHo g~ CaHo~ -
97 CeH13
(S)- 4 4 diast.
TBSO he"O A
C4Hg C H =
CeH1s i CeH1s
+ diast. 13 + diast.
NHCHO NHCHO
C4H9 C4H9
CeH
14+ diast 0112 +d|a§t °
Vi HO HN
13 [N : H
CeH13
15 4 diast.

Scheme 4. Synthesis of B-lactam derivatives 6 and 15. Reagents and
conditions: (i) 2, SnCly, —78 °C, CH,Cl,, 49%, dr 6:1; (ii)) BnONH,;
DIAD, Ph3P, 44% over two steps; (iii) HF, CH3CN, 68%; (iv) DMAP,
EDCI, N-formylvaline, 80%; (v) Sml,, THF/H,0, 66%; (vi) Sml,, THF/
H,0, 35%.

B-lactam 15 was also obtained (dr 6:1) by reductive re-
moval of the benzyloxy group from B-lactam 13 using
SmIz.

The inhibitory activities of the synthesized B-lactam
derivatives were determined in a biochemical fluorogenic
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Table 1. Inhibitory properties of B-lactam derivatives of orlistat to
recombinant FAS-TE

Compound Complement Compound Complement
inhibition inhibition
ICso (M) ICs (LM)
(-)-5 No inhibition (+)-10 61.2
(+)-5 No inhibition (—-)-11 68.9
6° Y (+H)-11 39.2
(-)-9 8.6 13 50.5
(+)-9 97.4 14° 58.2
(—)-10 86.8 15¢ 67.6
ddr=6:1.
® Inconclusive (see text).
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Figure 1. A representative dose-response curve illustrating the inhibi-
tion of FAS-TE by B-lactam (—)-9 in the fluorogenic assay.

assay using recombinant FAS-TE applying a protocol
previously described (Table 1).!”> Not surprisingly, in
general the B-lactam derivatives showed reduced inhibi-
tory activity compared to orlistat. Most of the B-lactam
derivatives retaining the N-benzyloxy group including f-
lactams 10-11 and 13-14 exhibited only modest activity
with ICs¢’s ranging from ~30 to 100 uM. A clear and
surprising exception was B-lactam (—)-9, which retains
the N-benzyloxy group, a silyl ether and also shares
the same absolute stereochemistry with orlistat. This
derivative showed the highest activity (ICsy = 8.6 um)
among all the B-lactams studied (Fig. 1). It is also note-
worthy that a shorter chain at the B-position of the B-
lactam, relative to the B-lactone of orlistat, did not show
obvious improvement in inhibition activity as in the case
of B-lactone inhibitors. Surprisingly, neither B-lactam
(+)-5 nor its enantiomer, which is structurally most sim-
ilar to orlistat, showed inhibitory activity, however, this
may be due to reasons of solubility as is the case with
orlistat itself. Unfortunately, inhibitory studies of B-lac-
tam 6 were inconclusive as it failed to exhibit a regular
dose-response in the fluorogenic assay.

In summary, the first B-lactam derivatives of orlistat
were synthesized and their inhibitory activities toward
FAS-TE were evaluated against a recombinant form
of FAS-TE. While in general these derivatives showed

lower potency compared to P-lactones, one B-lactam
(—)-9 possessing a N-benzyloxy-B-lactam was discovered
to have a good potency (ICso = 8.6 uM) providing evi-
dence that this class of compounds should be evaluated
further as potential inhibitors of FAS.
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Abstract—A new series of coumarin inhibitors of hsp90 lacking the noviose moiety as well as substituents on C-7 and C-8 positions
of the aromatic ring was synthesised and their hsp90 inhibitory activity has been delineated: for example, their capacity to induce the
degradation of client proteins and to inhibit estradiol-induced transcription in human breast cancer cells. In cell proliferation assay,
the most active compound 5g was ~8 times more potent than the parent novobiocin natural compound.

© 2008 Elsevier Ltd. All rights reserved.

The aminocoumarins novobiocin and clorobiocin are
well-established antibiotics agents that act as inhibitors
of the bacterial ATP binding gyrase B, a type II DNA
topoisomerase.! The natural product novobiocin (Nvb)
has attracted renewed attention because of its antitu-
mour activity.?> The mechanism of action of novobiocin
was found to inhibit the heat-shock proteins 90 (hsp90)
via interaction with a previously unrecognized C-termi-
nal ATP binding site.? This ATP-dependent molecular
chaperone is well known to be involved in the folding
of many client proteins including, among others, kinases
(Akt, Raf-1, Her-2, cdk-4), transcription factors like ste-
roid receptors and p53, that are directly associated with
all six hallmarks of cancer.* Inhibition of hsp90 by Nvb
induced the degradation of the hsp90 client proteins via
the ubiquitin—proteasome pathway.>? Consequently,
hsp90 has evolved as an exciting new target in cancer
drug discovery.’

Keywords: hsp90; Novobiocin; Coumarin inhibitors; Anti-tumour;

Steroid receptors.
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Unfortunately, the ability of Nvb to induce degradation
of hsp90 client protein (e.g., ErbB2 in SkBr3 breast can-
cer)? is relatively weak (700 pM) and requires further
investigation to provide more potent compounds with
improved pharmaceutical properties. Among the most
active analogues, Blagg et al.® highlighted the crucial
role of the noviose moiety at the 7-position of the cou-
marin ring for the biological activity, whereas the 4-hy-
droxy and 8-methyl groups in Nvb are not
indispensable. In more recent studies,” 3’-descarba-
moyl-4-deshydroxynovobiocin DHN2 proved to be a
more effective and selective hsp90 inhibitor (Fig. 1).

As part of our research devoted to nonsugar coumarin
analogues that target hsp90, we recently showed that
the removal of the noviose moiety together with the
introduction of a tosyl substituent at C-4 coumarins
provides 4-tosylcyclonovobiocic acid (4TCNA) as a lead
compound having a C-7 free-phenolic function and a
C-8 methyl group.® Biological evaluation of 4TCNA
revealed higher potency than Nvb itself to induce
client-protein degradation. In our continuing struc-
ture—activity relationship (SAR) study, our aim was to
determine what modifications are necessary to selec-
tively provide more potent nonsugar coumarin com-
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Figure 1. Hsp90 inhibitors and general structure A of the synthesised compounds.

pounds that target hsp90. Herein we report the synthesis
of a simplified scaffold 3-(N-substituted) aminocouma-
rin of type A (Fig. 1), which includes two centres for
introduction of diversity into coumarin molecule and
disclose the impact of the absence of the 7-hydroxy moi-
ety and the 8-methyl groups on the hsp90 inhibitory
activity. The potencies of newly synthesised coumarins
were evaluated for their capacity to inhibit estradiol
(E»)-induced transcription in human breast cancer cells,
to induce the proteasome-mediated degradation of sev-
eral known hsp90 client proteins, including Raf-1, the
estrogen receptor o (ERa) and the progesterone recep-
tors A and B (PRA, PRB).

Initially, the synthesis of 3-aminocoumarin derivatives
4 was examined by the palladium-catalysed C-N bond
coupling reaction of known 3-bromo-4-hydroxy-cou-
marin 1 with a series of amide nucleophiles as we pre-
viously described.® All our attempts to react 1 with 2,4-

dimethoxybenzamide to provide directly 4a using vari-
ous combinations of Pd/L/base mixtures (e.g.,
Pd(OAc),, Pd,(dba)s/Xantphos, BINAP, Xphos, dppf/
Cs,CO3, K3POy4, K,COs, etc.) resulted unfortunately
in unsuccessful results, presumably for steric consider-
ations. Therefore, the requisite aminocoumarins of gen-
eral structure A were prepared by the route shown in
Scheme 1. The synthesis was initiated with the reduc-
tion of the nitro function of commercially available
3-nitro-4-hydroxycoumarin 2 under Pd/C-catalysed
hydrogenation to afford the corresponding 3-amino-4-
hydroxycoumarin 3 in 84% yield. Further coupling
with a series of aryl and alkyl carboxylic acids in the
presence of PyBOP and DIEA in DMF at room tem-
perature gave 3-acylaminocoumarin derivatives 4a-1
in moderate to good yields (44-91%). Because of the
strong insolubility derivatives 4k and 4l in the usual or-
ganic solvents, their biological activity could not be
delineated.

OH OH OH K OTs (4 Ar 4y
X NH»> N R N R N R
X X A X X
CLX 2= 02 Gy 2= O 2= OIS
O” ~O O” ~O O~ ~0O O~ ~0 O~ ~0
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Scheme 1. Reagents and conditions: (a) H,, Pd/C, MeOH, HCI (1%), 3 h, rt, 84%; (b) RCO,H (1.2 equiv), PyBOP (1 equiv), DIEA (3 equiv), DMF,
18 h, rt; (c) TsCl (2 equiv), pyridine, 16 h, rt; (d) ArB(OH), (1.3 equiv), K3PO, (3 equiv), BuyNBr (10 mol %), PdCLdppf (5 mol %), MeCN, 80 °C,

overnight.
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In order to evaluate the importance of the free 4-hydro-
xyl group in derivatives 4, we planned to introduce an
aryl substituent by metal-catalysed cross coupling reac-
tion. For this purpose, the use of aryl tosylates as elec-
trophiles for the Suzuki-type coupling is a very
attractive procedure.!? The synthesis of the required 4-
tosylcoumarins 5 was achieved from coumarins 4 using
tosyl chloride in the presence of pyridine as a solvent
at room temperature. Compounds 5 were then submit-
ted to cross-coupling with various arylboronic acids un-
der our previously best conditions (K3POy4, PACl,(dppf),
BusNBr, MeCN, 80 °C).® As expected, the correspond-
ing coupling products 6 were obtained in good yields
(52-96%).

We had previously established that 4TCNA inhibits
estradiol (E2)-induced transcription in MELN cells,
and targets several hsp90-client proteins including ERa
to proteasome-mediated degradation. In addition,
4TCNA promotes apoptosis through activation of casp-
ases 7 and 8 in ER-positive MCF-7 human breast cancer
cells. With Nvb and 4TCNA in hands as reference com-
pounds, in a large screening experiment, we found that
among all the novobiocin analogues from the three ser-

2497

ies 4-6, compounds 4b, 4c, 4j, 4k, Se, 5g, 5i, 5h and 6¢
were able to decrease the levels of ERa and Raf-1,
whereas compounds 4f and 5d were able to induce the
loss of only ERa without affecting Raf-1 (Fig. 2A).
The activity of all these compounds was inhibited by
the proteasome-inhibitor MG-132, except that of 6c¢
(not shown). Other derivatives proved to be inactive.
These data suggest that different analogues may affect
selectively various hsp-90/client protein complexes lead-
ing to depletion of different key signalling proteins. As
shown in Figure 2A, compound 6¢ induced the degrada-
tion of other proteins reflecting a strong toxicity likely
unrelated to hsp90 inhibition and was not further eval-
uated. In dose-response analysis (Fig. 2B) compound
5g revealed to be the strongest inhibitor since processing
of ERa, Raf-1 and both progesterone receptors (PRB
and PRA) occurred over a range of 40-100 pM .

We further assessed the potency of these novobiocin
analogues to affect transcription in MELN cells. As
shown in Figure 3, compound 4g enhances both the ba-
sal and the E,-induced transcription, whereas 4h, 5d, 5c,
5i, Se, 5h and 5g inhibit the E,-induced Luciferase
(LUC) expression. Surprisingly, almost all compounds

=
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ERa [ I - - - —_me eee NS m.
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Figure 2. Stability of hsp90 client proteins in the presence of various novobiocin analogues. (A) MCF-7 breast cancer cells were exposed to 100 uM
Nvb or analogues for 16 h and cell lysates were analyzed by Western blotting with regard to the levels of ERa and Raf-1. (B) In addition to detection
of these two hsp90 client proteins, PRA and PRB fate was analyzed in cell lysates following exposure of MCF-7 cells to increasing amounts of 5g.
Primary antibodies were: ERa (HC20), Raf-1 (C12) from Santa Cruz; PR (Ab-8) from Labvision Corp., all used at 1 pg/mL. Complexes were
detected with peroxidase-labelled secondary antibody. C, control cell lysate from cell exposed to DMSO. The visualization of a nonspecific (NS) band

served as constant protein loading.
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Figure 3. Effects of novobiocin analogues on ER-mediated transcription in MELN breast cancer cells. Cells were grown and treated for 18 h as
described before® with 200 uM Nvb and analogues in the presence (+) or not (—) of 0.1 nM E,. LUC activity was measured and expressed as fold
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Table 1. Anti-proliferative activity of the most active inhibitors

Compound 1C50" (uM)
5d 40 (6)

5g 35 (£3)

5i 50 (£5)

Se 70 (£4)

5h 75 (+4)
4TCNA 45 (£8)
Nvb 260 (£15)

#Values are means of three experiments, carried out in sextuplate and
standard deviation is given in parentheses.

of series 5 having a tosyl substituent on the C-4 position
of the coumarin nucleus, behave as stronger inhibitors
of ER-mediated transcription, except compound 5a, as
compared to Nvb.

The in vitro activity of these derivatives was further
evaluated by their growth-inhibitory potency in MCF-
7 cells. The quantification of cell survival in MCF-7 cells
(initially 5000 cells/well of a 96-well plate, exposed after
24 h to serial dilution of the different analogues for 72 h)
was established by using the 3-(4,5-dimethylthiazol-2-
yD)-2,5-diphenyltetrazolium bromide assay (MTT, Sig-
ma). The experiment was conducted as described before®
and the ICs, values were measured as the drug concen-
tration that inhibits the cell growth by 50% compared
with growth of vehicle-treated cells. As shown in
Table 1, the ICsq of the most active analogues was in
the range of 35-75 uM not strongly different from that
of our lead compound 4TCNA. Furthermore, all the
analogues exhibited improved growth inhibition
potentials as compared to the parent compound Nvb.
Consistent with the degradation of hsp90 client proteins,
the most active inhibitors are those with the lowest
1Cs.

In summary, results from these studies demonstrate that
the newly synthesised novobiocin analogues, based on a
simplified 3-aminocoumarin scaffold exhibited increased
inhibitory activity against the hsp90 protein folding pro-
cess. In this SARs study, we highlighted in denoviose
analogues 5, bearing a tosyl group on the 4-position,
that removal of C7/C8 substituents is not detrimental
for hsp90 inhibitory activity and strongly enhances the
capacity of the analogues to inhibit hsp90. Among these
analogues, compound 5g was identified to be the most
potent representative of the new family of simplified
coumarins. Our results suggest that 5g and 4TCNA
which exerted similar biological profile may be consid-
ered interesting compounds for the development of
more potent novobiocin analogues.

Acknowledgements

The authors gratefully acknowledge support of this pro-
ject by the Ligue Nationale contre le Cancer (grants to
J.-M. R). C.B. is the recipient of the Ministere de 'Edu-
cation Nationale de la Recherche et de la Technologie.
GLB is a recipient of the Société de Chimie Thérapeu-
tique (SERVIER group).

References and notes

1. For reviews on structure and mode action of coumarins on
DNA gyrase, see: (a) Reece, R. J.; Maxwell, A. Crit. Rev.
Biochem. Mol. Biol. 1991, 26, 335; (b) Maxwell, A. Trends
Microbiol. 1997, 5, 102; (c) Lewis, R. J.; Singh, O. M. P.;
Smith, C. V.; Skarzynski, T.; Maxwell, A.; Wonacott, A.
J.; Wigley, D. B. EMBO J. 1996, 15, 1412.

2. Marcu, M. G.; Schulte, T. W.; Neckers, L. J. Natl. Cancer
Inst. 2000, 92, 242,

3. (a) Marcu, M. G.; Chadli, A.; Bouhouche, I.; Catelli,
M.; Neckers, L. M. J. Biol. Chem. 2000, 275, 37181; (b)
Prodromou, C.; Siligardi, G.; O’Brien, R.; Woolfson, D.
N.; Regan, L.; Panaretou, B.; Ladbury, J. E.; Piper, P.
W.; Pearl, L. H. EMBO J. 1999, 18, 754; (c) Prodro-
mou, C.; Roe, S. M.; O’Brien, R.; Ladbury, J. E.; Piper,
P. W.; Pearl, L. H. Cell 1997, 90, 65; (d) Young, J. C;
Obermann, W. M. J.; Hartl, F. U. J. Biol. Chem. 1998,
273, 18007; (e) Harris, S. F.; Shiau, A. K.; Agard, D. A.
Structure 2004, 12, 1087; (f) Allan, RK.; Mok, D,
Ward, BK.; Ratajczak, T. J. Biol Chem. 2006, 281,
7161.

4. (a) Hanahan, D.; Weinberg, R. A. Cell 2000, 100, 57,
(b) Richter, K.; Buchner, J. J. Cell. Physiol. 2001, 188,
281; (¢) Neckers, L. Trends Mol. Med. 2002, 8, S55; (d)
Neckers, L.; Ivy, S. P. Curr. Opin. Oncol. 2003, 15,
419; (e) Zhang, H.; Burrows, F. J. Mol Med. 2004, 82,
488.

5. (a) Chiosis, G.; Caldas Lopes, E.; Solit, D. Curr. Opin.
Invest. Drugs 2006, 7, 534; (b) Workman, P.; Burrows, F.;
Neckers, L.; Rosen, N. Ann. N.Y. Acad. Sci. 2007, 1113,
202.

6. Yu, X. M.; Shen, G.; Neckers, L.; Blake, H.; Holzbeier-
lein, J.; Cronk, B.; Blagg, B. S. J. J. Am. Chem. Soc. 2005,
127, 12778.

7. Burlison, J. A.; Neckers, L.; Smith, A. B.; Maxwell, A.;
Blagg, B. S. J. J. Am. Chem. Soc. 2006, 128, 15529.

8. Le Bras, G.; Radanyi, C.; Peyrat, J.-F.; Brion, J.-D.;
Alami, M.; Marsaud, V.; Stella, B.; Renoir, J.-M. J. Med.
Chem. 2007, 50, 6189.

9. (a) Audisio, D.; Messaoudi, S.; Peyrat, J.-F.; Brion, J.-D.;
Alami, M. Tetrahedron Lett. 2007, 48, 6928; (b) Messao-
udi, S.; Audisio, D.; Brion, J.-D.; Alami, M. Tetrahedron
2007, 63, 10202.

10. (a) Wu, J.; Wang, L.; Fathi, R.; Yang, Z. Tetrahedron
Lett. 2002, 43, 4395; (b) Boland, G. M.; Donnelly, D. M.
X.; Finet, J. P.; Rea, M. D. J. Chem. Soc., Perkin Trans. 1
1996, 2591.





		Synthesis and biological activity of simplified denoviose-coumarins related to novobiocin as potent inhibitors of heat-shock protein 90 (hsp90)

		Acknowledgements

		References and notes






ELSEVIER

Available online at www.sciencedirect.com

ScienceDirect

Bioorganic &
Medicinal
Chemistry
Letters

Bioorganic & Medicinal Chemistry Letters 18 (2008) 2499-2504

Sugar Chips immobilized with synthetic sulfated disaccharides
of heparin/heparan sulfate partial structure™

Masahiro Wakao,* Akihiro Saito,* Koh Ohishi,* Yuko Kishimoto,®
Tomoaki Nishimura,*® Michael Sobel® and Yasuo Suda®®*

2Department of Nanostructure and Advanced Materials, Graduate School of Science and Engineering, Kagoshima University,
1-21-40 Korimoto, Kagoshima 890-0065, Japan
®SUDx-Biotec corporation, 5-5-2 Minatojima-cho, Kobe 650-0047, Japan
“Department of Surgery, University of Washington and VA Puget Sound Health Care System, Seattle, WA 98108, USA

Received 21 August 2007; revised 24 December 2007; accepted 16 January 2008
Available online 19 January 2008

Abstract—Carbohydrate chip technology has a great potential for the high-throughput evaluation of carbohydrate—protein interac-
tions. Herein, we report syntheses of novel sulfated oligosaccharides possessing heparin and heparan sulfate partial disaccharide
structures, their immobilization on gold-coated chips to prepare array-type Sugar Chips, and evaluation of binding potencies of pro-
teins by surface plasmon resonance (SPR) imaging technology. Sulfated oligosaccharides were efficiently synthesized from glucosa-
mine and uronic acid moieties. Synthesized sulfated oligosaccharides were then easily immobilized on gold-coated chips using
previously reported methods. The effectiveness of this analytical method was confirmed in binding experiments between the chips
and heparin binding proteins, fibronectin and recombinant human von Willebrand factor A1 domain (rh-vWf-A1), where specific
partial structures of heparin or heparan sulfate responsible for binding were identified.

© 2008 Elsevier Ltd. All rights reserved.

Carbohydrate chips and related array technologies!™

have attracted a great deal of attention as a powerful
tool for glycomics. Like DNA#* and protein chips,’ they
can rapidly and simply evaluate carbohydrate—protein
interactions in parallel, with a minimum amount of
sample. Our ongoing research involves this functional
analysis of sulfated polysaccharides such as heparin
(HP) and heparan sulfate (HS).>* HP and HS are
highly sulfated polysaccharides and belong to the gly-
cosaminoglycan (GAG) superfamily. They are among
the most complex of carbohydrates, and play a signif-
icant role in biological processes through their binding
interactions with numerous proteins,® such as growth
factors, cytokines, viral proteins, and coagulation fac-
tors, among others. HP/HS have a basic structure com-
posed of a repeating o or P(1,4)-linked disaccharide

Keywords: Sugar; Carbohydrate; Chip; Heparin; Heparan sulfate;

Carbohydrate—protein interaction; Surface plasmon resonance; SPR;

SPR-imaging.

* Syntheses of sulfated oligosaccharide of heparin and heparan sulfate
partial structures and their application to Sugar Chips are described.

*Corresponding author. Tel./fax: +81 99 285 8369; e-mail:
ysuda@eng.kagoshima-u.ac.jp

0960-894X/$ - see front matter © 2008 Elsevier Ltd. All rights reserved.
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moiety which is derived from uronic acid (either glucu-
ronic acid or iduronic acid) and N-acetyl-glucosamine
residues. In general, HP/HS chains are very heteroge-
neous and contain innumerable substitution patterns
due in part to some randomness in the multiple enzy-
matic modifications in their biosynthesis. This hetero-
geneity makes it difficult to elucidate the structure-
function relationships of HP/HS at the molecular level.
Therefore, structurally defined HP/HS sequences are
necessary for the precise elucidation of the mode of
HP/HS actions on their target molecules. So far, many
synthetic efforts have been dedicated to the synthesis of
HP/HS fragments.®<7-8

Previously, we have reported that a specific disaccharide
unit in HP, O-(2-deoxy-2-sulfamido-6-O-sulfo-o-D-
glucopyranosyl)-(1-4)-2-O-sulfo-a-L-idopyranosyluronic
acid (abbreviated as GIcNS6S-IdoA2S), is a key unit
for binding to human platelets’ and von Willebrand
factor (vWI),' and that the clustering of these disac-
charides significantly enhanced the interaction.!’"'> To
systematically investigate heparin’s binding properties,
we have developed a method®* for the immobilization
the sulfated oligosaccharide onto a gold-coated chip,
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and have devised an analytical system using surface systems can be applied to the investigation of the bind-
plasmon resonance (SPR) technology, which permits ing interactions of a variety of structurally defined
their real-time study without further labeling. These oligosaccharides.

HP/HS partial structure

1, GIcNS6S-1doA2S: R'=S0;, R?=S0;, R*=S0y", X=H, Y=CO,
2, GIcNS-IdoA2S: R'=S0,, R%=H, R®=S0,’, X=H, Y=CO,

3, GIcNS6S-GIcA: R! =80y, RZ:SOS', RS:H, X=COy,, Y=H

4, GIcNS-GlIcA: R'=S05, R?=H, R®*=H, X=CO., Y=H

Figure 1. Sulfated disaccharide partial structures of heparin/heparan sulfate.
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Scheme 1. Synthesis of ligand conjugate 2 containing GlcNS-1doA2S. Reagents: (a) TBDMSCI, imidazole, MS4AP in CH,Cl,, 45%; (b) | M NaOH,
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H, (7 kg/em?) in HyO/AcOH (5:1), 29% (5 steps); (h) NaBH;CN in DMAc/H,O/AcOH (1:1:0.1), 82%.
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To better understand the HP/HS disaccharide structures
involved in specific protein interactions, we designed three
kinds of sulfated trisaccharide ligand conjugates 2-4 con-
taining the disaccharide units as shown in Figure 1;
GIcNS-IdoA2S (2): O-(2-deoxy-2-sulfamido-a-D-gluco-
pyranosyl)-(1-4)-2-O-sulfo-a-L-idopyranosyluronic acid,
GIcNS6S-GlcA (3): O-(2-deoxy-2-sulfamido-6-O-sulfo-
o-D-glucopyranosyl)-(1-4)-a-p-glucopyranosyluronic
acid, GIcNS-GIcA (4): O-(2-deoxy-2-sulfamido-a-D-glu-
copyranosyl)-(1-4)-o-p-glucopranosyluronic acid. The
disaccharide units contained in ligand conjugates 1-4 of
Figure 1 are frequently found in HP/HS disaccharide unit.

For efficient synthesis, four monomeric building blocks
were prepared. 2-Azido glucose derivative 5, idose deriv-
ative 6, and 4,6-benzylidene glucose derivative 17 were
used for glucosamine, iduronic acid, and glucuronic acid

o 0Bn o OBn
Ph OBz ocoo|3 + _=7,Ph OH

2501

moieties, respectively. Selective sulfation onto glucosa-
mine and iduronic acid or glucuronic acid moieties can
be carried out by an appropriate functionalization.
The 6-OH glucose derivative 7 was used as the reducing
end for the conjugation to linker molecule 16 after
deprotection on the glucose, which works not only as
a reducing end donor for reductive amination but also
as the hydrophilic moiety in the molecule to minimize
any non-specific hydrophobic interactions between the
linker and target proteins or cells.

The synthesis of ligand conjugate 2 containing GIcNS-
IdoAZ2S unit was carried out as shown in Scheme 1. Tri-
saccharide 8, which was prepared according to the meth-
od reported previously,'? was selectively protected by ¢-
butyldimethylsilyl (TBDMS) group. The methyl ester of
trisaccharide 9 was hydrolyzed and the remaining 2’-hy-

OAc 18
O
OBn OCCCly
co, Me NH OAc CcOo, Me
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N, 5 (¢}
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MeO
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Scheme 2. Synthesis of ligand conjugates 3 and 4 containing GIcNS6S-GlcA and GIcNS-GIcA, respectively. Reagents and conditions: (a) BF;0Et,,
MS4AP in CH,Cl,, —20 °C; (b) 0.1 M NaOMe, 90% (2 steps); (c) NaH, BnBr in DMF, 0 °C — rt, 88%; (d)16% TFA, 8% MeOH in CH,Cl,,
0 °C — rt, 93%; (¢) TEMPO, KBr, NaClO in CH,Cl,; TMSCHN,, 83% (2 steps); (f) TBDMSOTT, MS4AP in toluene, —20 °C, 84%; (g) 5 M NaOH
in MeOH/THF (1:1), 89%; (h) SO5Pyr in Pyr; 10% Pd-C, H, (1 kg/cm?) in THF/H,O (2:1); SO5Pyr in H,O (pH ~ 9.5); 10% Pd-C, H, (7 kg/em?) in
H,O/AcOH (5:1), 28% (4 steps); (i) 10% Pd—C, H, (1 kg/cm?) in THF/H,O (2:1); SO;Pyr in MeOH/H,O (3:2); 10% Pd-C, H, (7 kg/em?) in H,O/
MeOH/AcOH (5:5:2), 39% (3 steps); (j) NaBH3CN in DMAc/H,O/AcOH (1:1:0.1), 62%; (k) NaBH3CN in DMAc/H,O/AcOH (1:1:0.1), 50%.
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droxy group was sulfated using sulfur trioxide-pyridine
complex at room temperature. After removing the
TBDMS group with HFpyridine complex, the azido
group was reduced using a catalytic amount of Pd-C un-
der hydrogen atmosphere and the resulting amino group
was N-sulfated. All benzyl protecting groups were
removed by hydrogenolysis using catalytic Pd-C to give
the desired trisaccharide 15. Finally, the reductive ami-
nation of trisaccharide 15 with linker compound 16
was performed using NaBH;CN to afford the desired li-
gand conjugate 2 in good yield. Compound 2 was puri-
fied by gel-filtration chromatography with Sephadex G-
25 fine and confirmed by 'H NMR and ESI-TOF/MS
analyses.!’

The syntheses of ligand conjugates 3 and 4 were carried
out in the same fashion as the syntheses of 1 and 2
(Scheme 2). Glycosylation of 6-OH glucose 7 and imi-
date 17 with trimethylsilyl trifluoromethanesulfonate
(TMSOTY) as a promoter and treatment of the resultant
with NaOMe gave disaccharide 18 in a good yield. The
resulting hydroxy groups of 18 were then protected with
a benzyl group. After removal of the benzylidene group,
the primary 6’-OH group was selectively oxidized to car-
boxylic acid using 2,2,6,6-tetramethyl-1-piperidinyloxy
(TEMPO).'* The resulting carboxyl group was esterified
with (trimethylsilyl)diazomethane to afford the disac-
charide 20. The 2-azido imidate 5 was condensed with
disaccharide 20 using TBDMSOTf at —20 °C to give
selectively an a-linked trisaccharide 21.'"-'> Hydrolysis
of the acetyl group and methyl ester was then carried
out using aqueous NaOH to give the common interme-
diate 22 for trisaccharides 23 and 24. The sulfated trisac-
charide 23 was obtained by O-sulfation of the 6"-
hydoxyl group and reduction and N-sulfation of 2’-azi-
do group was followed by hydrogenolysis. Conversely,
the sulfated trisaccharide 24 was prepared by the same
method as the synthesis of trisaccharide 23, omitting
the O-sulfation. The ligand-conjugates 3'® and 4!7 were
synthesized in satisfactory yields as similar to the de-
scribed procedure for compound 2.

Binding interactions were investigated by use of the SPR
imaging sensor.!® When fibronectin was tested (Fig. 2),
specific binding interactions were clearly observed with
compounds 1 (GIcNS6S-IdoA2S, Kp =5.5nM) and 3
(GIcNS6S-GIcA, Kp =6.5nM), but not with com-
pounds 2 (GIcNS-IdoA2S, Kp=30nM) and 4
(GIcNS-GlIcA, Kp = 33 nM). These results indicate that
the N-sulfation and 6-O-sulfation of glucosamine in HP/
HS are important for fibronectin binding, while 2-O-sul-
fation of iduronic acid is less important. Recently,
Couchman and coworkers showed that N-sulfation of
glucosamine was essential for fibronectin binding and
2-O-sulfation of iduonic acid or 6-O-sulfation of gluco-
samine has marginal effects.'® Additionally, N-sulfation
and 6-O-sulfation of glucosamine were important for fo-
cal adhesion formation through syndecan-4, heparan
sulfate proteoglycan. Our results are in agreement with
those data.

In contrast, when recombinant human vWf Al do-
main (rh-vWf-A1)?° was injected over the chips, a dif-
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Figure 2. Binding study with fibronectin. (a) SPR difference imaging
on the chip immobilized with compounds 1, 2, 3, 4, and Glca(1-6)Glc-
mono (Glc). Measurements were carried out with analyte in the range
between 0.98 and 125nM. (b) Bar graph profiles of different
concentrations of protein. The error bars represent +/— SEM.

ferent pattern of oligosaccharide binding preference
was noted (Fig. 3). A strong interaction was observed
with compounds 1 (GIcNS6S-1doA2S, Kp = 1.0 uM)
and 2 (GIcNS-1doA2S, Kp = 0.9 uM). Weaker interac-
tion was seen with compound 3 (GIcNS6S-GIcA,
Kp =14 M), while distinctly low binding was ob-
served with compound 4 (GIcNS-GIcA, Kp = 4.3 uM).
Although the GIcNS6S-IdoA2S (1) disaccharide struc-
ture was considered a key binding domain of vWTf!°
the exact disaccharide structure responsible for vWf
binding is still unclear. We found previously that clus-
tered compounds containing three units of GIcNS6S-
IdoA2S!'? possessed higher competitive binding activity
compared to compounds containing less than two
units of GIcNS6S-IdoA2S (unpublished data). To-
gether with those data, the current results indicate
that the tri-sulfated disaccharide binds vWTf best, that
loss of either the 6-sulfate of GIcN or the 2-sulfate of
IdoA reduces vWf binding significantly, and that the
N-sulfate of GIcN alone is not sufficient for binding
vWT.
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Figure 3. Binding study with rh-vWf-Al. (a) SPR difference imaging
on the chip immobilized with compounds 1, 2, 3, 4, and Glco(1-6)Glc-
mono (Glc). Measurements were carried out with analyte in the range
between 0.23 and 1.80 pM. (b) Bar graph profiles of different
concentrations. The error bars represent +/— SEM.

In conclusion, we have designed new, precisely sulfated
oligosaccharides of HP/HS partial structures. These oli-
gosaccharides were efficiently synthesized using appro-
priate monosaccharide intermediates. Their application
in an array type Sugar Chip, using SPR imaging analysis
has been shown to be an efficient and specific technology
to elucidate the interactions between a protein and mul-
tiple sulfated disaccharides, on a real time scale. These
techniques can be used for high-throughput screening
of protein samples, as well as for solving the struc-
ture—function relations of an individual protein—glycos-
aminoglycan interaction at the molecular and nano-
scale.
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(2H, m), ESI-MS (negative mode); Found: m/z 484.62
[(M-3Na+H)*>"], Caled. for C33HsoN302,S4Nas: 1037.15.
(a) Davis, N. J.; Flitsch, S. L. Tetrahedron Lett. 1993, 34,
1181; (b) Anelli, P. L.; Biffi, C.; Montanari, F.; Quici, S.
J. Org. Chem. 1987, 52, 2559.

Kovensky, J.; Duchaussoy, P.; Petitou, M.; Sinay, P.
Tetrahedron: Asymmetry 1996, 7, 3119.

Spectral data for compound 3: '"H NMR (600 MHz, D,0),
o 7.13 (1H, t, J=8.2 Hz), 7.11 (1H, s), 6.77 (1H, d,
J=82Hz), 6.60 (1H, d, J=8.2Hz), 544 (1H, d,
J=34Hz), 430 (1H, d, J=7.6Hz), 4.15 (1H, d,
J=10.3Hz), 401 (I1H, d, J=10.3Hz), 390 (1H, d,
J=11.0Hz), 3.83-3.82 (I1H, m), 3.76-3.71 (3H, m),
3.66-3.60 (6H, m), 3.52 (1H, dd, J=10.3Hz,
J=9.6Hz), 342 (3H, s), 3.27-3.18 (3H, m), 3.14 (1H,
dd, J=3.4 Hz, J=10.3 Hz), 3.07-3.02 (3H, m), 2.34-2.30

17.

18.

19.

20.

21.

(1H, m), 2.30-2.27 (2H, m), 1.88-1.80 (1H, m), 1.65-1.46
(4H, m), 1.35-1.33 (2H, m), ESI-MS (negative mode);
Found: m/z 484.65 [(M-3Na+H)*7], Caled. for
C33H50N3022S4Na3: 1037.15.

Spectral data for compound 4: '"H NMR (600 MHz, D,0),
0 7.09 (1H, t, J=17.9 Hz), 7.04 (1H, s), 6.67 (1H, d,
J=79Hz), 652 (1H, d, J=79Hz), 543 (IH, d,
J=4.1Hz), 430 (1H, d, J=8.2 Hz), 391 (1H, d, /=8.9
Hz), 3.83-3.79 (1H, m), 3.79-3.74 (1H, m), 3.70-3.50
(11H, m), 3.38 (3H, s), 3.25-3.18 (2H, m), 3.14 (1H, dd,
J=9.6 and 9.6Hz), 3.11-2.96 (4H, m), 2.35-2.28 (1H, m),
2.26 (2H, t, J = 6.9 Hz), 1.86-1.80 (1H, m), 1.65-1.45 (4H,
m), 1.45-1.27 (2H, m), ESI-MS (negative mode); Found:
mlz 444.71 [(M-2N3)27], Calcd. for C33H5]N30]9$2N32:
935.21.

Binding interactions were measured by use of the SPR
imaging sensor, Multi SPRinter (TOYOBO Co. Ltd.,
Osaka, Japan), under the recommended manufacture’s
guidelines with slight modification. Array-type Sugar
Chips were prepared with the purified ligand-conjugates
1, 2, 3, and 4. An oGlc-containing ligand-conjugate
(GlcadGle-mono) was also included in the chips as a
non-sulfated control. Typical procedures were as follows.
After cleaning the chip surface by UV/O; treatment, 1 pl
of each sample solution (0.5 mM) in H,O containing 10%
glycerol was spotted on the chip by a spotter (TOYOBO),
and left to stand overnight at room temperature. The
resulting chip was then washed with water, treated with
TEG conjugate®! to mask the unmodified Au surface, and
washed with 0.05% Tween 20 aqueous solution and water
in an ultrasonic cleaner. A protein solution in PBS
containing 0.05% Tween 20 was injected over the surface
at a flow rate of 150 pl/min at various concentrations. The
binding interaction was monitored at 25 °C as the change
in luminance intensity.

Mabhalingam, Y.; Gallagher, J. T.; Couchman, J. R.
J. Biol. Chem. 2007, 282, 3221.

Cruz, M. A.; Handin, H. 1.; Wise, R. J. J. Biol. Chem.
1993, 268, 21238.

TEG conjugate is easily prepared by coupling of thioctic
acid and 2-{2-[2-(2-hydroxy-ethoxy)-ethoxy]-ethoxy}-
ethylamine.
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A novel cholic acid-based contrast enhancement
agent for targeted MRI
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Abstract—The novel Gd(IIT) complexes of heptadentate ligands NE3TA and NE3TA-Bn were prepared, and their relaxivities were
measured and favorably compared to the commercially available MRI contrast enhancement agent GA(DOTA). NE3TA was con-
jugated with cholic acid (CA) to produce CA-NE3TA. TEM images of Gd(CA-NE3TA) indicate that the complex self-assembles
forming nano-sized micelles and displays an over threefold increased relaxivity compared to Gd(DOTA). The new cholic acid-con-
jugated nanoparticle MR contrast enhancement agent, Gd(CA-NE3TA) possesses great promise for use in targeted MRI.

© 2008 Published by Elsevier Ltd.

Magnetic resonance imaging (MR1) is a non-invasive and
high resolution imaging technique that has become a
powerful diagnostic tool in the clinic. The images due to
the MR signal of water protons provide a sharp contrast
between tissues with different proton relaxation times (7
or T5). Signal intensity, i.e., relaxivity (1/7; or 1/7») re-
sults from proton exchange between a slowly exchanging
gadolinium-bound water molecule and bulk water.! In or-
der to enhance contrast between tissues, paramagnetic
metal complexes have been introduced in vivo. The lan-
thanide Gd(III) is known to be an optimal paramagnetic
metal for MRI due to its high electronic spin (7/2) and
slow electronic relaxation rate.> A number of Gd(III)
complexes such as Gd(DOTA) and Gd(DTPA) are clini-
cally approved for use in MRI.! However, most contrast
agents have non-specific extracellular distribution and the
disadvantages of low relaxivity, low tissue specificity, and
rapid clearance.? Considerable research efforts have been
directed towards developing safe Gd(I11)-based MR con-
trast agents with high tissue specificity and sensitivity.
MRIis proven to be more sensitive and specific than other

Keywords: Chelating agents; Macrocyclic ligands; MRI contrast

agents; Gd(III) complexes; Cholic acid; CA-NE3TA; NE3TA;
NE3TA-Bn.

* Corresponding author. Tel.: +1 312 567 3235; fax: +1 312 567
3494; e-mail: chong@iit.edu

0960-894X/$ - see front matter © 2008 Published by Elsevier Ltd.
doi:10.1016/j.bmcl.2008.01.044

medical tests for detecting liver malignancies and for
distinguishing them from benign lesions.* The gadolinium
complexes of two DTPA analogues, benzyloxypropio-
nictetraacetate (BOPTA) and ethoxybenzyl-diethylenetri-
aminepentaacetic acid (EOB-DTPA) are the clinically
approved hepatobiliary agents.> The Gd(III) complexes
provide low detection and characterization of metastatic
lesions, although the agents are useful in detection and
characterization of hepatocelluar lesions.®

In our continued effort to develop liver-specific MRI
contrast agents,”® we planned to use bile acid as a liver
or intestine targeting moiety. The property of amphifa-
cial bile acid to undergo enterohepatic circulation and
form helical aggregates makes it a useful shuttle system
to deliver various drugs to the liver and intestine with
favorable intestine absorption and pharmacokinetic
profile.®'° Bile acids are efficiently taken up into the cells
by two types of carriers: apical sodium-dependent bile
salt transporters (ASBT) and Na'-independent carri-
ers.!! Experimental studies demonstrate that bile acids
enter liver and colon cancer cells which over express bile
acid transporters and carriers.!!-12

We have recently reported a new series of bimodal che-
lators, NETA, NPTA, NE3TA, NE3TA-Bn containing
both macrocyclic and acyclic components that have var-
ious biomedical applications.®!3>!4 The Gd(III) com-
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Figure 1. MRI contrast enhancement agents in preclinical and clinical use.
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Figure 2. Relaxivity of the new Gd(I1I) complexes.

plexes of octadentate NETA and NPTA are stable in
both serum and mice and possess enhanced relaxivity
compared to those of DOTA.® In the present study,
the Gd(III) complexes of heptadentate NE3TA and
NE3TA-Bn were prepared as potential MRI contrast
agents. Heptadentate NE3TA contains four amines
and three carboxylates as potential donor groups.

t- BUOZC_\

NE3TA-Bn is a heptadentate ligand with a benzyl
group which can be further modified for conjugation
to a targeting moiety. Both NE3TA and NE3TA-Bn
can produce neutral Gd(III) complexes that have an
advantage of less protein interaction and a potentially
more favorable in vivo tissue distribution, and the corre-
sponding Gd(III) complexes may provide enhanced
relaxivity due to increase in hydration number (g) when
compared to that of DOTA (Fig. 1) and DTPA.

Herein, we report the synthesis and characterization of
the new Gd(IIT) complexes, GA(NE3TA), Gd(NE3TA-
Bn), and Gd(CA-NE3TA). Transmission electron
microscopy (TEM) images of cholic acid analogues,
CA-NE3TA and Gd(CA-NE3TA) were obtained.

Gd(NE3TA) and Gd(NE3TA-Bn) were synthesized by
reacting GdCl; with NE3TA and NE3TA-Bn, respec-
tively. NE3TA or NE3TA-Bn were mixed with GdCl;
in a molar ratio of 1-0.9, and the resulting mixture
was adjusted to pH 7 and heated to 90 °C and stirred
until no free Gd(III) ions were detected using Arsen-

I- BUO2C_\
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Scheme 1. Synthesis of CA-NE3TA.
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azolll (AAIII) assay. Relaxivity of the aqueous Gd(III)
complexes (pH 7) was measured on a Bruker MQ60
NMR analyzer, and the concentration of the Gd(III)
complexes was measured by ICP-MS. The relaxivity
data (Fig. 2) indicate that the Gd(III) complexes of
NE3TA (3.94 mM ' s™!) and NE3TA-Bn 3.74 mM s )
provided higher relaxivity as compared to Gd(DOTA)
(2.97 mM~'s 7!), probably due to increase in g. NE3TA
was successfully conjugated with the most common bile
acid, cholic acid (Scheme 1). A number of reports have
shown that conjugation of cholic acid to various drugs
via the amide bond little affects interaction of the conju-
gates with the human bile acid transporters.®!'> Amphi-
facial cholic acid is a good targeting moiety, and its
conjugation to MR contrast agent is expected to form
helical globular aggregates'® with a favorable pharma-
cokinetic and relaxivity profile.! Cholic acid was preac-
tivated with 2-mercaptothiazoline to afford 1, which
was further reacted with a functionalized NE3TA (2)'¢
containing an amino group to provide 3. The t-butyl
group of 3 was removed by treatment with 4 M HCI
in 1,4-dioxane to provide CA-NE3TA (4). TEM image
of CA-NE3TA (10 uM aqueous solution) indicates that
the bile acid conjugated NE3TA forms discrete spherical
micells in nanometer size (~10-50 nm, Fig. 3) due to the
presence of hydrophobic cholic acid moiety surrounded
by hydrophilic NE3TA ligand. The Gd(III) complex of
CA-NE3TA was prepared as described above. Gd
(CA-NE3TA) self-assembles into nano-sized micells as
evidenced by TEM measurement (~10nm, Fig. 4).
Interestingly, when the complex Gd(CA-NE3TA) was
taken in low concentration (10 uM aqueous solution),
it was shown to rapidly agglomerate into stacked spher-
ical micells (Fig. 5). Aggregation of Gd(CA-NE3TA) as
evidenced by TEM images is proposed to result from
heating during the complexation reaction and/or gado-
linium induced cross linking.!” 7, relaxivity of
Gd(CA-NE3TA) in aqueous solution (0.8 mM) was
measured to 10.85mM 's™!. The relaxivity data

8 .

W

Figure 3. TEM image unstained of CA-NE3TA (10 uM aqueous
solution).

Figure 4. TEM image unstained of Gd(CA-NE3TA) (100 uM aqueous
solution); (inset, scale bar in 10 nm).

Figure 5. TEM image unstained of Gd(CA-NE3TA) (10 uM aqueous
solution).

indicate that incorporation of cholic acid with NE3TA
produced more than threefold increase in 7 relaxivity.
This increase in relaxivity may be a result of slower
molecular rotation due to aggregation of the complex
as evidenced by TEM image.

In summary, we have prepared a series of novel Gd(I1I)
complexes, GA(NE3TA), GA(NE3TA-Bn), and Gd(CA-
NE3TA). Relaxivity of Gd(NE3TA) and Gd(NE3TA-
Bn) is high when compared to that of the commercially
available MR contrast agent Gd(DOTA). Both the cho-
lic acid-based NE3TA, CA-NE3TA and the correspond-
ing Gd(III) complex, Gd(CA-NE3TA) self assemble
forming nano-sized micells as shown by TEM images.
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Gd(CA-NE3TA) displayed much increased relaxivity as
compared to Gd(DOTA). The new cholic acid-conju-
gated Gd(III) complex, Gd(CA-NE3TA) possesses
promise for use in targeted MRI. Studies of serum sta-
bility and cellular uptake and in vivo biodistribution,
MRI of Gd(CA-NE3TA) in mice are underway.
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Abstract—A novel series of barbituric acid derivatives were identified as selective inhibitors of 0437 MAdCAM (mucosal addressin
cell adhesion molecule-1) interactions via a high throughput screening exercise. These inhibitors were optimized to submicromolar
potencies in whole cell adhesion assays, retaining their selectivity over o431 VCAM.

© 2007 Elsevier Ltd. All rights reserved.

The circulation and homing of leukocyte subsets is char-
acterized by an intricate series of cell—cell interactions
that collectively contribute to a tissue specific homing
event.!? This multistep process that leads to the infiltra-
tion of leukocytes into target tissues involves multiple
interactions, which include the association of carbohy-
drates with selectins, chemokine receptors with chemo-
kines, and integrins with immunoglobulin-like (Ig-like)
cell adhesion molecules. Lymphocytes bearing the inte-
grin a04B7, a heterodimeric protein expressed on T-lym-
phocytes, home specifically to tissues expressing the cell
adhesion molecule mucosal addressin cell adhesion mol-
ecule (MAdCAM).*> ¢ This cell adhesion molecule is spe-
cifically expressed on specialized vascular endothelial
cells within gut associated lymphoid tissues and within
lamina propria as well. Under inflammatory activation
conditions the expression of MAdCAM is highly upreg-
ulated and results in increased recruitment of odfB7+
lymphocytes. This phenomenon is associated with tissue
damage in both murine and non-human primate models
of inflammatory bowel disease (IBD) where anti-a4p7
mAbs have shown efficacy.”®

Keywords: Integrin; Cell adhesion molecule; MAdCAM; a4f7; Barbi-

turic acid.
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0960-894X/$ - see front matter © 2007 Elsevier Ltd. All rights reserved.
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MAdCAM is known to interact with its ligand o4p7
using a very select group of residues in the c-d loop of
its first immunoglobulin domain where the recognition
binding sequence is leucine-aspartic acid—threonine (1,
LDT).>!% The literature contains several examples of
modified tripeptides,!'"!3 tripeptide mimics,'*!> and
modified amino acids (phenylalanine derivatives)!'®>!
as integrin antagonists. Close mimics of the recognition
binding motif including modified LDT analogs®*? and
mannose scaffolded LDT mimics®* have proven to pro-
vide highly selective molecules. Most members of the
phenylalanine class of 04B7-MAdCAM inhibitors are
non-selective and inhibit both o4p7-MAJdCAM and
04B1-VCAM mediated cell adhesion. Recent reports in
the literature regarding potential undesirable immuno-
modulatory effects via the inhibition of a4pf1-VCAM
illustrate the importance of selective inhibitors for use
in the treatment of diseases driven by 0437/ MAdCAM
lymphocyte trafficking.?* In our efforts to develop small
molecule antagonists of leukocyte trafficking, we identi-
fied 2 as an inhibitor of cell adhesion mediated by the
leukocyte cell surface integrin a4f7 and the cell adhesion
molecule MAdCAM via a high throughput screen of
our small molecule collection.

We herein report on the chemistry involved in our
optimization efforts in this series of novel and selective
barbituric acid based integrin antagonists. The starting
molecule 2, proved to be a selective inhibitor of
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04p7 binding to MAJCAM, had an ICsy=2.2uM
(Fig. 1).

The chemistry leading to the barbituric acids was initi-
ated by the formation of the appropriately substituted
urea (Scheme 1, synthesis of compound 2 used as exam-
ple) via the reaction of potassium cyanate and a substi-
tuted amine 3.23-26 This provided the urea 4 in 90% yield.
This was followed by a two component reaction involv-
ing the condensation of a diacid equivalent with the
appropriately substituted urea 4 in refluxing sodium eth-
oxide in ethanol producing the barbituric acid 5 in 40%
yield.?’?8 Reaction of the activated methylene with
benzaldehyde in the presence of a catalytic amount of
acetic acid produced the exocyclic olefin 2 in 85%
yield.?®

We investigated the structure—activity relationships of
the barbituric acid for their ability to inhibit the interac-
tion between 04p7 and MAdCAM. Our initial approach
included the modifications of three functional groups
outlined in Figure 2. These molecules were evaluated

NEEREE
> YOH @

1, LDT 2

Figure 1. The recognition binding motif sequence 1 of MAdCAM and
the barbituric acid 2.

o O

KOCN NH N NH, EtOJ\/U\O Et

O o

NaOEt, EtOH

ACOHHQO o A

Scheme 1. General schematic of the synthesis of barbituric acids.

o}
.
R \NJI/\RZ
O)\l}l o
R3

Figure 2. Three sites of diversity (R', R? and R3) were investigated.

in a 04f7-MAdCAM mediated whole cell adhesion
assay.>?

Inltldl andlogs were synthesmed systernatwdlly holding
R! and R? constant (R' = hydrogen, R* = phenyl) and
varying the substituent at R~. From these data we were
able to identify certain functionality for R* that resulted
in more potent molecules. Examples of this are shown in
Table 1. The scope of the analogs ranged from small al-
kyl groups (exemplified by 11) to larger heterocyclic
groups. The optimal functional groups identified were
in general heterocyclic, with the analog containing the
3-indolyl group (9) being one of the most potent early
molecules. Position of the heteroatom proved important
as the 2-indolyl 10 was less potent than the 3-indolyl 9.
Aromatic substitutions affecting the electronics of the
phenyl containing analogs were inconsequential to the
potency of the compounds (exemplified by 14, 15, and
16).

Once the 3-indolyl was identified as an important phar-
macophore component, the relative importance of the
free N-H hydrogens was investigated, Table 2. Methyl-
ation at the indole nitrogen resulted in a decrease in
activity (exemplified by 17). In addition methylation at
the barbituric N-H also resulted in decreased potency
(exemplified by 18).

Selected analogs were then evaluated for their selectiv-
ity against two additional integrin/cell adhesion mole-
cule pairs to determine the structure—activity trends in
selectivity (Table 3). Since we were interested in
advancing selective a4B7-MAJdCAM selective inhibitors
only, we were pleased to find that our molecules
proved to be inactive against both the related inte-
grin/cell adhesion molecule pair a4f1-VCAM and the
non-related integrin/cell adhesion molecule pair a531-
fibronectin.

Table 1. Potency of inhibitors

0
H. N JI/\ R
O)\N o
e
Compound R? R? 04p7/MAdCAM
ICso (LM)
2 Ph Ph 22
6 Cynamoyl Ph 8.6
7 2-Furyl Ph 1.3
8 N-CHj;-3-indoyl Ph 4.1
9 3-Indoyl Ph 0.9
10 2-Indoyl Ph 10
11 3-Indoyl t-Butyl >20
12 3-Indoyl 2-Biphenyl 0.26
13 3-Indoyl Naphthyl 0.06
14 Phenyl 4-ChloroPh 1.0
15 4-CF;Ph Ph 1.3
16 Ph 3,5-DichloroPh 1.6
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Table 2. Potency of certain 3-indoyl substituted inhibitors

0]

R'.
N

N
A \

by

=
6}

)

Compound R! R? 04Bp7/MAdCAM ICsq (uM)
13 H H 0.06

17 H CH; 0.18

18 CH; H 5.5

Table 3. Selectivity of certain potent inhibitors a41/VCAM

Compound 04pf7/MAdCAM 04p1/'VCAM aSBI/FN
ICso (LM) ICso (LM) ICso (LM)
7 1.3 >20 >20
12 0.26 >20 >20
13 0.06 >20 >20
The pharmacokinetic properties in mouse of compound

13 were examined, and it showed an oral bioavailability
of 62%, a t1/2 of 4.1 h, a clearance of 71 mL/min/kg, a
volume of distribution of 24.8 L/kg, and an AUC of

170
was

mg min/mL. The pharmacokinetics of this molecule
not suitable for its evaluation in the DSS (dextran

sulfate sodium) derived mouse model of inflammatory
bowel disease.>! Further optimization of this chemical
series is ongoing and may result in molecules with more
suitable exposure profiles to enable a proof of concept
study with this class of molecules.

W N =

10.
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